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ABSTRACT

Solar energy continues to play pivotal role in the delivery of clean and affordable source of
generating electricity. Photovoltaic is the most promising technologyngshothe
types/methods of producing electricity from solar energy. The aim of this thesis is to
evaluate the performance of Serhatkoy PV power plahe results of the analysis will be
useful in expanding the existing solar park or replicate such jaailitocations with
favorable weather conditions, evaluate the investments made, plan maintenance and
estimate the efficiency of productiorRVsyst software is used to model Serhatkoy PV
power plant and simulation done to determine the performance sitig mneteorological

data provided by NASA. Also the capacity factor is determined and the PR calculated
using SAM formula proposed NREL. The payback period of the plant is also estimated
using revenue generated and exchange rate between Turkish lirarand Eu

Keywords: Solar energy, photovoltaic systems, performance ratio, Capacity factor,
payback period



¥zet

G¢egnek enerjisi temiz ve ekonomi k enerji é |
et mektedir. Fotovoltaiklereineki earirgisde g e
°neml i bir yer ikgal et mektedir. Bu tez - a
dejerl endirmek i-in gerr-eklextirilmixktir.
bu santral én muhéeemel ggleacek eyat meé&ml awv i -
yaneée Sér a mevcut yat ér @émeén dejerlendirilmn
pl anl anmaséna yardémcé ol acakteéer. Santral ér
ve simulasyon NASAntmeaténdbhojiyayenl bheari k
oraneéene hesapl ama amaceé il e ger -ekl ektiri

performans katsayésé NREL taraféndan sunul .
ger i °deme s¢resiEuiroe aTaslkenbdakas&ur!| far ke

yaratélan ©°zvarl ékl ar dikkate al éeénarak hesa

Anaht ar kel i mel er: G¢ének Enerjisi, fotov

kapasitekatsayésé, geri ©°deme s¢iresi



TABLE OF CONTE NTS

ACKN OW LED GMENT S .ot i
A B S T R A T et e iii
X B o e s iv
TABLE OF CONTENT S oottt ettt et e et e e ema e et e e e e e e e eae e e s maeeeeens v
LIST OF TABLES ... e e e Viii
LIST OF FIGURES ... e e e X
LIST OF ABBREVIATIONS ..ot aeee e e e e e e e eeenaaaes Xi
CHAPTER 1: INTRODUGCTION oottt et e e e e e e e e e e e eenas 1
1.1 OV BIVIEW. . . oot e et et et eem e e e e 1
1.2 Tal oo [UTe] 110 o THANUTT TR 1
1.3 LTI AUIE RBVIBW. .. e e eeee e et et e e ee e e e e e e e e e e e e e e e ranmaaeens 2
14 TheSISODJECHVER € ... e e e 4
15 Thesis@ gani S al Q.. € i 4.
CHAPTER 2: SOLAR ENERGY € € . oo 5
2.1 (@ AV Y AV L=} T TR 5
2.2 RadIiation Of tNe SUNL . ..o e et e e anmans 5
2.3 (€100] oL 1 1= Lo [F= 1 o= WU RPRPRRPRRRN 7
2.4 Yo ] = Ul 0] | 111 (0] £ VU U OO PRPRRRUPR 8
2.5 PhOtOVOItAIC SYSEIMS.......oeiiiiiiiiei e erre s e e e e e e e e e e e e e eaeeeas 8
P Y0 R = 10 10} Y01 r= 1[o3l = j (] o1 PR 8
2.52 Types of PRLOVOIAIC CelIS.......cccoiiiiiiiiiiiiee e 9.
26 PV Cell CaraCteriStiCS. .. cu et 11
2.6.1 CurrentVoltage CharaCteriStiCS.......ccuuuuuiiiieiiiiiiie e ee e emme e 11
2.6.1 CurrentVoltage CharaCteriStiCS.........cuuuurruruumiiiicreeeeriininaasee e e e e e e erennnneeeens 13
A T Y [0 o O [ (o U1 A O U] 4 £=] o OO TS 13
2.6.3  Open CirCUIt VOIAQGE. ......uuii et eeee e ereee e e e e 13
2.6.4  MaXimuUmM POWEIPOINT ... e e e e eeaes 13



2.7 Types of PM. . SY.S.L.eMS. € 15
2.7.1  StaNAaloNe SYSTEIM.......uuuiiiiiiiiiiiiiii ettt e e neeas 15
2.7.2  Grid CoNNECLE SYSIEML.....cciii i i e e eieieeeeeeeeee e e as 16
P T o 1Y/ o1 [0 IS V] (=] o o U RRSSPRR 16
2.8 CellS/MOAUIESIAITAY. ...t 16
2.9 Equivalent Circuit of PV Cell.........oomiiiieee e, 17
2.10 Application of PhotovoltaiC SYStEMS........ccoeeieiieeiiiiiiiieeei e 19
211 Concentrated SOlar POWEE.........ccuiiiiiiiiiii e 20
2.12  CSP REQUIMMENIS. .. ..ottt reess et eeees e e e e e e e e e e e e aeeeeamameeees 20
2.13  TypesS Of CSP SYSIEIMIS.....ooiiiiiiiiiiiie e 21
2.13.1 Parabolic TrOUQRL........oooiii e eeee s 21
2.13.2 Linear Fresnel RefleCtOr...........ouuuiiii e 22
P20 G 3 Yo =T g 0 Y= ORI 23
2.13.4 S0alr DIS SYSIEM.....oiiiiiiiiiiie e e 24
CHAPTER 3: MPPT ALGORITHMS AND RESULTS ..ottt cveeeesiiee e 27
3.1 OVEIVIBN ..ttt ettt mr e e e e e s s bbb bbb e s enensssssbbbneneee e 27
3.2 PV Performance Evaluation Methods.............ccoovvviiiiiiieen e 27
3.3 Purpose of Performance Evaluation...........cccccooooiiiiiccc e 27
3.4 Methods of Evaluating PV Performance............oooooiiiiiiiee e 28
3 R T o SR UOTPPPPPR 28
3.4.2  Performance RatiO............ooiiiiiiiiiiieees e ceeea e e e e e 28
3.5 Factors that Affect the PerformancetiBaf PV Systems.........cccccoeeeiiiiiiiiiicen. 30
36 Manual Calculation Of PR.........cooiiiiieeee s 31
3.7 Automatic Calculation of PR.........ooooiiiiiiiee e 31
CHAPTER 4: CALCULATIONS AND SIMULATION RESULTS ....ccooiiieeiiiiiiiieee e 32
4.1 L@ Y= 1= S 32
4.2 CapAaCIty FACOr (CF)...uuiiiiiiiiiiiiiiiee e 32
4.3 PVSYSt SIMUIALION.........uiii e errer e s 33
7 J0t R S | (<N o To= [0 o PO 34
I F A @ L = o] = 11 0] o 35
R TG ) V1 (<] 1 PP PPPPPPPPPPPPRRN: 35



4.3.4 Detail@dLOSSES ... . i ettt eeee ettt e nrnnna 35
4.3.5  SYSIEMSIZING ...uuieiititiiieee et e eeeert e e ettt e e e e e e e e e s ammt e e e e e e e e e e e e e e e e e e e s nnee e e e e e 35
4.3.5  HOFIZON. ..ot ettt ettt seet ettt et e e e e e e e e e e e e e e e s amme e e e e e e e e e e e aaaans 35
4.3.5 Near SNAGING ......uuuuiiiiiiie e e 36
4.4 Simulation and RESUILS...........ooiiiiiieeeeeeeee e 37
4.4.1 Normalized production (per installed KWP)..........cooooiiiiimiimmmneeeeee 37
4.4.1  PerformMancCe RAUO.........uuuiiiiiiiiiii et ne e e eneees 39
4.4.1 PVsyst Simulation and Serhatkoy Power Plaatput chart..................coooooiiiieess 40
45 NEeW SIMUIALION VAIANT..........uuiiiiiiiis et e e e e e e eneesa s e e e e e e e e e e e eeeeeeeenes 53
4.6 LOSSDIAGIAM ...ttt en e 54
4.7 PerformanceRatio (PR) Galculations...............ooooviiiiiiiicceni e 56
4.8 PaybadC PeriOd. . ........uiiii e e 57
49 D o U 7] o] 1P PRUPPN 58
CHAPTER 5: CONCLUSION ...ooiiiii e rreee et smma e e e e e e e e eaaas 60
51 FULUIE WOTKS. ... ee ettt e e e e e e e e e e e e e s smmmreeaaaaeeesd 60
REFERENGCES. ... ..ottt ittt s et e seete e e e e st e e e e e e s s s b s annnsseeeeeeeannseneeas 61l

vii



LIST OF TABLES

Table2.1: Applications of CSP type teChim@ies............ooooieiiiiiiiiiiieen e 25
Table2.2: Advantages of CSP typeechnOlOgIeS........uuiiiiiiieeeeiiiieeeeeee e 25
Table2.3: Disadvantages of CSP types technologies................uuvvvviicccrrveeeeieiiiiiiieenn, 26
Table4.1: Balances and main reSUILS.........ccoooii oo e 53
Table4.2: Detailed Monthly SyStem LOSSES.........ccccuuuiiiiiiiiiieeeiiiiiiiiieei e eeeeeeeeees 55
Table4.3: Revenue generation for Serhatkoy PV Plant..............cccoooovieeeeiiiii e 57
Table4.4: Serhatkoy PV Plant PerformancCe...........cooovvvviiiiieeee i 59

viii



LIST OF FIGURES

Figure2.1: TheSu n Bosition over Serhatkoy.............oovvviiiiiiiiire e 5
Figure2.2 Extraterrestrial and Terrestrial Spectrum of Sunlight...........ccccooeiiiiiceeiinnnnnn 6
Figure2.3: Types of insolation on the earth surface............cccooooiiiiiicce e 7
Figure2.4: Crosssection of @ solar Cell..............ueiiiiiiiiiieeeii e 9
Figure2.5: Polycrystalline cell and male............ccooooeeiiiiiiiiieeee e 10
Figure2.6: Current voltage and powéroltage solar cell characteristics........................ 12
Figure2.7: The effect of tempetare and irradiance on the.............occcvvvvviiiecce e 13
Figure2.8 Simple PV system(DC) used to power a water pUmMp.........cccoeeeeeviiicceennn. 15
Figure2.9: Diagram showing the building blocks of a PV system from a.cell............... 16
Figure2.10:PV Cell one diode equivalent CIrCUIL................oovvvvivimemeeeiieeeeee e 17
Figure2.11 Layout d @ PV @ITAY.......ccouiiiiiiiaiiiii e re e 18
Figure2.12 ParaboliCc TroUQN..........oooiiii i 22
Figure2.13 Kimberling liner Fresnel power plant (California).............ccccoovvvvvvieeeeennnee. 22
FIQUrE2.14 Central RECEIVEL.........uuueeiiicii e et e e e e e e e e s eeeei s e e e e e e e e e e e e e e e e eeeeaasaees 23
Figure2.15:solar dish (dish SYStem).........cooiiiiiiiiii e 24
Figure4.1: Flow chart flowing for determining PR uSINQ/BYSt...........ccooiiiiiiiiiiieenins 34
Figure4.2: Horizon line drawings for SerhatkQy..............oooooiiiiiimmmn e 36

Figure4.3: Satellite imagery of the landscape of Guzelyurt showing the PV power pladit

Figure4.4: Normalized productions (per installed KWp)...........cooovvriiiiiieeme e 38
Figure4.5: Monthly performance ratio Vali$ ............oooooiiiiiiiiiieeen e 39
Figure3.6: Comparisons between simulation and plant power output results............... 40
Figure4.7: January energy output fOr PVSYSL.........uvvviiiiiiiiii i eeee 41
Figure4.8: January energy output for Serhatkoy plant..............ccccovvveeeneeeeeeiiinieennnnn 41
Figure4.9: February energy output for PVSYSL.........ccooiiiiiiiiiiieeriiiiiiiieeeeeee e 42
Figure4.10: February energy output for Serhatkoy plant...........cccoeeeiiiiieeeiiiiiiiiiienn. 42
Figure4.11: March energy output for PVSYSL........coooiiiiiiiiiiieeee e 43
Figure4.12: March energy output for Serhatkoy plant...............ccoovviccciiiii i, 43
Figure4.13: April energy OULPUL FOL........ueiiiiiiiiiiiii i 44
Figure3.14: April energy output for Serhatkoy...........ccccvviviiiiiieeniiiiiiiiiiiiieeeeeeeee e A4
Figure4.15: May energy OUtPUL fOr........coooiiiiiiiii e rrene e 4D

4



Figure4.16: May energy output for SerhatkQy.............ooooiiiiiiiimn e 45

Figure4.17: June energy OUtput fOr PVSYST..........uuuiiiiiiiiiiiieeeiiiiiiee e 46
Figure4.18: June energy output for Serhatkoy plant................ooovviieeeiieieeee, 46
Figure4.19 July energy OUtput fOr PVSYSL......cccoiiiiiiiieeeeeeeee e 47
Figure4.20: July energyoutput for Serhatkoy.............cceeviiiiiiiiieemi e a7
Figure4.21: August energy Output fOr PVSYSt........ueiiiiiiiiiiiiiieeeeeeeeee 48
Figure4.22: August energy output for Serhatkoy plant.............cccccevvveee i 48
Figure4.23: September energy output for PVSYSt..........coiviiviiiiiiieemeeeceeeeee e 49
Figure4.24: September energy output for Serhatkoy plant.................ccccoii s 49
Figure4.25: October energy output for PVSYSL.......cooiiiiiiiiiieeee e 50
Figure4.26: October energy output for Serhatkoy plant..............oooeiiieeeiiiciii 50
Figure4.27: November energy output for PVSYSt.........coooiiiiiiiiiiiieeee e 51
Figure4.28: November energy output for Serhatkoy plant............ccccooiiieeniiiinnn. 91
Figure4.29: December energy output for PVSYSt........coooiiiiiiiiiieen e 52
Figure4.30: December energy output for Serhatkoy plant.............cccoooeviieeeiiiiiiieeennn. 52
FIQUrE4.31: LOSS QIagram.... .o e e e e e e eeeeeeeeeeeeeee ettt e e e e e e e emnnns 54



LIST OF ABBREVIATI ONS

DC: Direct Current

MPPT: Maximum Power Point facking

PSCAD: Power System Computer Aided Design
NREL : NationalRenewableEnergyLaboratory
SAM: System Advisor Model

PV: Photovolaic System

CSP. Concentrated Solar Power

STC: Standard Test Condition

CF: Capacity Factor

PR: Performance Ratio

E_Grid: Energy injected into grid

E_Array: Effective energy at the output of the array

AP_Results Actual Plant Results

Xi



CHAPTER 1
1.1 Overview

This chapter is made of introduction, literature review, objectives of the thesis and
organization of the thesish& subject matter is briefly introduced in the introduction and
literature review is composed of scientific literature concerning solar energy and its

performance evaluation.
1.2 Introduction

The demand for electricity has surged over the years; thisisodthe rise in consumption

of both developed and developing nation. This demand is expected to grow by 37% by
2040[15]. Though electricity is useful in driving industrial developments, health and
agricultural developments, real estates and transpaortdkie cost and effects of electricity
generation using fossil fuels is of concern because of the harmful effects of these fuels.
Renewable energy sources (solar, wind, hydroga® etc) of producing electricity are

safe, cheap, clean and environmentaigndly.

Sol ar energy 1iIs the energy derived from t|
earthdés atmosphere; it is converted into
Enormous amount of solar energy is by the earth from the sun everd.giaywh/m/day of

solar energy is received by the earth. Part of this is reflected back into the atmosphere,
others are used by biological lives and the rest goes to waste. The prospect of renewable

for the future is undoubtedly growing fast with solarremey | eadi ng the gr
matter of national security for countries which rely on fossil foil.

The four main solar energy technologies for producing electricity from the sun are solar
photovoltaic systems, concentrated solar power, concentrated phaiovand solar
thermal energy. The advantages of solar energy is vast, aside providing electricity at
cheaper rates compared to fossil fuel, the biggest advantage of solar energy is
environmentally friendly; does not produce anygdmgducts which are hanful to the
environment. The major setback for solar energy is the unavailability of sun light at night,

winter and cloudy and stormy days. Photovoltaic system use silicon solar cells to produce



electricity when exposed to light. The amount of electripityduced depends on several
factors including the amount of irradiation and the size of the cell [16].

Serhatkoy PV power plant is located in North Cyprus. The plant has a nominal power of
1275.5kWp. The plant is made up 6192 Photovoltaic panels occugyiagea of 8124m

The panels are manufactures by KIOTO Photovoltaic and 205Wp panel type is used for the
sol ar park. From the manufactureros manual
and 80% efficiency for 25year [3] 86 group of Aurora invertgesused to convert the CD

power into AC, it has an efficiency of 98% and it is manufactured Ronef17].

1.3 Literature review

This part of the thesis is a review of published articles and research papers relating to
performance evaluation of staatbne or grid connected photovoltaic systems. The authors

in [18] finds calculative accuracy of PVsyst, TRNSYS ,PVGIS, Archelios, Polysun and
PV*SOL (software) with to 19.8kWp grid connected PV system. System losses of 7% is
used and to analyze the collettelata from the software and plant, the following
parameters were used; RMSE, MAD, MAPE and EF. The authors discovered the main
source of error to be the model of PV cell and proposed further research into PV simulation

against realorld results to impree the accuracy for each software.

Performance evaluation of PV systems using MPPT algorithm with backup battery is
proposed by [19]. The proposed system is made up of 280vVdc PV module with 34kW to
supply DC and AC load, 10kwdc series RL load and 100vag@vdc), 16kWc parallel

RL load and 800Var (at 40QV,nAC). 150 (800mANh) Lilon batteries are used as backup
when the PV cell fails. The authors concluded that MPPT with charge controller is a better
way to maximize the power of photovoltaic systemsgibackup batteries. Power output
can be maintained even with varying irradiation and thiel iarmonics of Ac load is than

5%. Also the authors in [20] propose a system consisting of DC/DC buck converter with
MPPT, PV model, BESS to interface DC bui6/DC boost converter and VSC used for
grid interfacing. This is used to evaluate grid connected PV performance with battery
energy storageRSCAD/EMTDC is used for simulation, the simulations results show that
BESS (for DC bus voltage regulation) is atlsd by power converter characteristics and

chemistries of leadcid battery stantip transient.

2



The aim of this research work was to evaluate the performance of subsystems operating
under solar powered water pump [21]. The system is made up of 900Wpes¢drVv
nominal DC bus), DC/DC converter. VFD and 3phase induction motor. MPPT algorithm
to maximize power of the model is used; the system was test€tennai, India. Two
different topologies are used, one; 24 array PV modules, 3phase bridge maG&o$ 6l
functions as a bridge. The second topology consists of 900Wp PV array, DC/DC converter,
VFD, induction motor. Maximum peak overshoot is the 1100V of the cable rating used
(3phase motor). Due to subsystems inefficiencies, water delivery and soddioradie

not proportional.

Comparison between NREL SAM and PVsyst on PV performance/yield comparison to
determine the best software for analyzing PV systems [22]. The plant used for the analyses
is IMW Suniva (250 OPTIMUS monarystalline) system composeadf 4004 modules

with 14 string size (286 strings). The location of the plamtlanta Hartsfield Airport

TMY3; tilt angle is 38 with azimuth angle of 18Gor SAM system and Tor PVsyst. The

results of simulation shows 1586.206 MWH/yr and 1560 MWIghergy yield output for

SAM and PVsyst respectively. The specific yield output for SAM is 1586MWH/yr and
1558MWHY/yr for PVsyst. The PR recorded was 88% for SAM and 84.30% for PVsyst.
From the results, SAM system performed better than PVsyst by 2%. SARI5201 and
PVsyst 5.56 software versions were used.

NREL explains the different methodology required in analyzing the performance of
photovoltaic systems, explanations of predicted energy, expected energy and measured
energy is made [23]. The test boundarare also defined. Two case scenarios are made for
test boundaries, the difference is in the first scenario ambient temperature, wind speed and
global horizontal irradiance are measured and in the second scenario module temperature
and plane of arraynadiance is measured. In the conclusion, the results of using the two
scenarios are presented.

This research is of two parts; calculation and simulation. The field data will be used to
calculate the CF and PR. Simulation is done using PVsyst and thes rasulcompared

with plant energy output. This is to assess the efficiency and performance ratio of the plant.
The energy yield, specific energy yield and grid injected energy is compared with energy
injected into the grid. The losses are also analyzed.



1.4 ThesisObjectives

The main objective of this thesis is to evaluate the performance of Serhatkoy PV power

pl ant . Since itdéds the first grid connected
research will be useful in solar energy policy planniagalysis of solar investments,

future solar park or expansion of the existing one, plan maintenance and for educational

and research purposes.

1.5 Thesis organization

The these is composed of five chapters
Chapter one

This chapter is made of introdumti, literature review, objectives of the research/thesis

and organization of the thesis.
Chapter two

Explanation of solar energy, history of solar energy, isolation, Photovoltaic system and
concentrated solar power are made in this section, also advaatagetar energy is

mentioned
Chapter three

In this chapter, we look at the recommend PV performance evaluation methods by industry

players, purpose of evaluation and factors that affect the performance of PV systems
Chapter four

This chapter is made gierformance evaluation calculations and PVsyst simulation. The
energy output from the plant will be used to calculate the capacity factor, Performance
ratio and payback period of the plant. Simulation of Serhatkoy PV power plant is done

using PVsyst to detmine the Performance of the plant.
Chapter five

This chapter is made up of conclusion and recommendation for future works.



CHAPTER 2

SOLAR ENERGY

2.1 Overview

In this chapter, we take a look at the following topics; radiation of the sun, Photovoltai
systems types, PV cell characteristics, and current/voltage characteristics, types of
photovoltaic system, Cells/modules/Array and application of PV system.

2.2 Radiation of the sun

The sun radiates gargantuan amount of energy into solar system osenihs energy
travelsat 3.0 x fn/s; t hus being able to reach the ea
By the process of nuclear fusion the sun is able to produce this energy in its core which is
made of Hydrogen and Helium gases [11]. The amoupementage of energy produced

by the sun which reaches the earth &a§rface
is enough to supply the requi fPédSolarerergygy o f
is considered renewable because it anstantly available (in the absence of weather

conditions like winter, clouds, night, rainfall etc.) and it is replenistagdrally [2].

Plane: tilt 25°, azimuth 0°
T T T

a0

O
Azimuth [[°]]

Figure 2.1 the sunds position ove

It takes 365 days for the earth to orbit the sun. Due to the rotdttbe earth, only half of

the earth is lit by sunlight at a time. Solar radiation comes in the form of electromagnetic
wave which has wide spectrum. The longer the wavelength of the spectrum, the less energy

it has and the shorter the wavelength the moexgy it possess. Of all the spectrum of
wavelengths of the sun, only wavelength ranging betweet 29 and 2. 3em r eac
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earthoés surface [4]. Mo st of the solar =ene
back into space, others are used for the evaporation of water resulting in rainfall, plants
absorb part of the solar energy for photosyrithasd also the earth (land) and water

bodies also absorb part, the rest goes unu$sbd amount of solar radiation that is
absorbed or scattered in the atmosphere de
through the atmosphere; this quantity is called air mass (AM) ratio. It is the ratio

between the length of the actual path taken by the rays and the minimum path length, i.e.,

the path length when the sun is at the zenith. Zenith is the point in the sky directly
overhead the location, by definitipAM =1 when Zenith = 0 at sea level while AM=0

outside the atmosphefé]. AM=1.5 is considered to represent the average terrestrial

radiations in US.

2500 —
IUiraviolet| Visible | Infrared
{ +—= -
w0 2000
£ ]
=
2 1500
o
B ] N\
= 1000
=
g f \
g2 ]
oy

S
iﬂllﬂ
:-h

T — T T —T

.
1.5 2 2.5 d
wavelength [ um]

.u“ I

— Spectrum AL 0 (extraterrestrial) m—— Spectrum AM 1.5 (terrestrial}

Figure 2.2Extraterrestrial and Terrestrial Spectrum of Sunl[§ht

Irradiance or isolatiors the solar radiation intensity which falls on a surface. This quantity
is measured or expressed in watts per meter square’\Whmglobal irradiance Gg, is
the solar radiation that reaches horizontal surface on the earth through the atmosphere. The
following factors account for global irradiance.
1 Beam radiation (Ib):is the radiation that passes straight through the atmosphere
and hits the earthds surface, hitfey t he ¢

directional)



71 Diffuse radiation (Id):in diffuse radiationthe solar radiation is scattered in all
direction in the atmosphere and part of
1 Total radiation (It):is the sum of the beam and diffuse radiation, sometimes known

asglobal radiation

16-11%

Absorbed (lost)
11-30%

Refelected

(Albedo)

—_—
Earth’s Surface Ll

Figure2.3 Types of insolation on the earth surface [5]

Scattered to Earth
5-26%
(Diffused Insolation)

Direct to Earth
83-33%
(Beam Insolation) \

2.3 History of Solar Energy

The history of solar energy is as old as mankind. Solar energy has been used in various
form until the last two centuries when solar energy was purposefully harnessed for
electricity production, in the 7th century BC magnifying glass was used to converge light
from the sun onto surfaces which resulted in fire [11]. Alexandre Edmond Becquerel in
1839 discovered that small amounts of electricity could be produced in certain material
when exposed to the sun [12]. Ever since there have been various breakthroughs in the
development of solar energy industry, notably was the invention of solar powered steam
engines by French scientist, solar boiler invented in 1936 by Charles Greddett, Am
American astrophysicist. The solar energy industry has since then made great strides,
Homes, cars, boats/ships, airplane, satellites etc are now powered by means solar energy
[13].



2.4 SolarCollectors

A perfect example of a solar collector ieetcar. When a car is parked under the sun with

al | wi ndows <c¢l osed, the wind screen (gl ass
heat in the car, because thereds no way f ot
and this usually resulis breaking or cracking of the windscreen. Solar collectors use this
technology to transfer heat energy into other mediums (useful mediums) such water, air, or

solar fluid which is basically used for heating [13].
2.5 PhotovoltaicSystems

Photovoltaic PV) is the combination of two words, photo and voltaic. Photo means light
and Voltaic means voltage. Photovoltaic systems are also daletbvoltaic power
systemsSolar PV system#®V systenor solar array[11]. Photovoltaic systems consist of
number omponents which is able convert energy from the sun into electricity.
Photovoltaic cell is the primary component of a PV system, it converts solar energy into
electricity other components such as Battery Bank, iDBC inverter, DC and AC
isolators, Meterig systems etc. These components makes it possible for generation,
transmission and distribution of solar energy i.e. electricity [9]. There are various ways of
using solar energy. The main use of solar energy is converting sun light directly into
electricty by the Photovoltaic effectAlso there two other ways of using solar energy,
namely concentrating solar power (CSP) and solar thermal collectors (SHC).

2.5.1 PhotovoltaicEffect

When irradiance occurs on the surface of a PV cell, electric field isageddn the cell,

this leads to the separation of positive and negative charge carrigqze(pand rype).
Photonswhich are particles of sunlight bounces into negatively charged electrons of the
Silicon atom, this leads to the breakaway of electroom fthe Si atoms. The photon
transfers its energy to the electron, several electrons are freed in this process and this leads
to the flow of electrons. The flow of electrons in the internal field of the PV cells is what is
called electric current. The greatthe irradiance, the higher the amount of electric current

generated.
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Figure 2.4 @osssection of a solar cell [3]
2.5.2 Typesof Photovoltaic Cells

PV cells can be defined as the basic photovoltaic device which is the building block for PV
modules. Silicon is the most basic material for producing solar cells. The following

manufacturing technologies are used for solar cell production:
1 Monocrystalline
1 Polycrystalline
1 Bar-crystalline silicon
9 Thin-film technology [11]
2.5.2.1 MonocrystallineSilicon Cell

The conversion efficiency for the silicon solar cell ranges between 13% to 17%, this makes
it very common for most commercial use. Under very good light conditions, it is the best
type of photovoltaic cell. The silicon solar cell can convert soldatiad of 1,000W/rito
140W of electricity with a surface area of Ambsolute pure semiconducting material is
required for the production of motowystalline silicon cell. Mon@rystalline rods are
extracted from the molten silicon and sliced into tthips (wafer). The lifespan of mono
crystalline silicon cell is between 25 to 30 years.
Some properties of monecrystalline PV module

1 Form: round, semi round or square shape.

 Thickness: 0.2mm to 0.3mm.



1 Color: dark blue to black (with ARC), grey (Witho&RC).[14]
2.5.2.2 PolycrystallineSilicon Cell

Polycrystalline also known as multicrystalline cell, Polysilicon or p@y, is high purity
polycrystalline form of silicon and it is the raw material used by electronics and
photovoltaic industry. Multigrstalline Si cell converts solar radiation of 1000\f/r
130W of electricity with a total surface area of % is more economical to produce
multicrystalline Si cell compared to monocrystalline Si célslysilicon is produced from
metallurgical gradesilicon by a chemicgburification process This process involves
distillationof volatile silican compoundsjecompositiorat high temperatures, or
refinement irfluid phase Its life gan is between 20 and 25 yeaRroperties of

polycrystalline PV modukeare

Efficiency: 13% to 16 %.
Form: Square.

Thickness: 0.24mm to 0.3mm.

= =2 -4 -

Color: blue (with ARC), silver, grey, brown, gold and green (without ARC).[14]

Figure 2.5Polycrystalline cell and module [14]
2.5.2.3 Barcrystalline silicon

Ribbon silicon has the advantage in its production process in not needing a wafer cutting
(which results in loss of up to 50% of the material in the process of cutting). However,
guality and the possibility of production of this technology will not make it a leader in the

near future. The efficiency of these cells is around 11%.
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2.5.2.3 Thin film Technology

Thin film technology is the second generation of PV technologies. efFpwaterials are

used for its production and also its energy consumption is low. When compared to
crystalline technology it is cheaper. Copper Indium Selenium (CIS), amorphous silicon and
cadmium Telluride (CdTe) are used as semiconductor materials. Mia¢seals have high

light absorption properties therefore when layer thickness of 0.001lmm is used, it is
sufficient to convert incident irradiation theoretically. Because of the high light absorption
of these materials, layer thicknesses of less than Gu@0are theoretically sufficient for
converting incident irradiation [14]. Analyzing thin film and crystalline technologies

shows that thin film technology has the following properties:

9 Lower cell thickness,

1 Lower semiconductor consumption

1 Lower primaryenergy consumption
2.6 PV Cell Characteristics

There are certain important parameters which must be considered when modeling any PV
system, these electrical characteristics determines the relation between the cell voltage and
current and cell voltage angower. These parameters are the cell voltage under open
circuit conditions,Voc, the cell current under short circuit conditiohss, and the cell
voltage, current and power at the maximum power pope, Impp, and, Pupp,

respectively.
2.6.1 Current-Voltage (I-V) Characteristics

I-V characteristics or parameter curve represents all the possible operating points that can
be obtained by the current and voltage for PV cell. Experimentally, the curve can be
generated by changing the electrical load vafuem figure 2.6if the voltage is increased,

the current begins from the maximum value and gradually reduces to the zero point.
Electrical load determines the operating point on fMecurve. The standard for measuring

or evaluating 4V curve points isdetermined at standard test condition (STC) with the

following characteristics:

x Irradiance (G) = 1000 w/fn

11



x Temperature (T) = 2&
x Air Mass (AM) =1.5
The knee points, iV and RV is the maximum power point which is at 0.5Vda& 75A
in figure 2.6The optimum electrical load is the load that operates the PV at its maximum

power point (MPP), if the PV generator is able to deliver maximum power.

35 , 14
G=1000W/m2 L N\ o
T=25 Dergee C P I N P = \
AM=1.5 25 MPP E N 1
.y < Vd ; z
ce. k= / : -
~, = 2 ; 08
— £ 1\ z
/ o 1.5 ) 0.6 2'
) 3 E 8
“\ 1 r 0.4
/\. ) ;: / 5
\ Py I 05 0.2
| Vipe | 0

| 0
P I J 0 01 02 03 0.4 05 07

CeAll vltane in

Figure 2.6Current voltage and powéroltage solar cell characteristics, [7]

Irradiance and cell temperature determines the electrical characteristics of a PV cell. In
figure 2.6, there is a proportional relation between irradiance and current at different stages
of constant temperature and irradiance. In figure 2.7 (a) and (b),ighgest change in
irradiance has a strong effectontheslgortr cui t current and the
But the effect on the operircuit voltage is negligible. Also figure 2.7 (c) and (d) shows
that at constant irradiance, any change in temperatffects the output power and open

circuit voltage of the cell, but the effect on the ogpeuit current is negligible.
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Figure 2.7the effect of temperature and irradiance on the power output aneciopeit

voltage of a cell [5].
2.6.2 ShortCircuit Current ( 1sc)

The short circuit current of a PV system is dependent on the amount of sunlight available.
Short circuit current at STC is the maximum possible current that can be delivered into a

circuit by photovoltaic system [8].
2.6.3 Opencircuit voltage (Voc)

Open circuit voltage is the maximum voltage which occurs at zero current, i.e. open circuit
voltage represents the maximum possible voltage in a PV system under STC which does
not allow the flow of current between the terminals of photaiolimodule under

conditions of zero current and therefore no power [8].
2.6.4 Maximum Power Point (Rypp)

No power is generated for short circuit and open circuit systems; therefore the operating
point falls into the rangelsodueiPiecdieglbyads ma
pair of voltage and current values, ranging between 0 @ndnid between 0 and ¢

Maximum power output is defined as the product of the voltage and the current at the MPP
Maximum power point = Mpp X lypp (2.0)

Where:
13



Vwmpepis the voltage at maximum operating point
Imppis the current at maximum operating point
MPP has a unit of Wp (watt peak) [8, 4]

2.6.5 Currentat maximum powe

Current delivered to the device at maximum power under standard conditions. It is used as
nominal current of the photovoltaic module.

2.6.6 Voltageat maximum power

Voltage delivered by the device when the power reaches its maximum value under
standarctonditions. It used as a nominal voltage of the device

2.6.7 Fill Factor (FF)

The fill factor (FF) indicates the quality of a PV cell. One is the maximum value of the fill
factor i .e. i t 6 sV arvewshould have fa &lldactor cledo dne. f s o0 d |
defined as the ratio of the practical maximum power point and theoretical maximum power
point. Practical maximum power point is the product voltage and current at maximum
power point and Theoretical maximum power point is the product af ojpeuit voltage

and short circuit current. 0.88 is the practical maximum value for silicon [4].

"0°0 2.1)

2.6.8 Efficiencyof Solar Cell

PV system are able to convert only part of the incident radiation into electricity, this ability
is defined as the ratio of electrical power produced to the amount of solar energy incident
in a secad. [10]

Efficiency of a solar cell is given by:

(2.2)

= (2.3)
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Where |a4s the current at maximum power
VmaxiS the voltage at maximum power,
This is the solar intensity, which shows the relationship between fill effect and cell
efficiency. [9]
2.7 Typesof PV Systems
PV system can vary from simple PV modules to complex one. An example of a simple
form of PV system can be solar water pump where the motor of the water pump is powered
directly by the s ol ageunitforsuch asgstera. Whereastalmere e 6 s
complex form is the PV system designed to power a home. Basically there are three main
types of PV Systems:

1 Stand alone

7 Grid connected

1 Hybrid[15]
The principle, elements and function remain the same for the ofpeY systems. The
systems are designed to meet specific energy requirements; this is done by varying the
guantity and type of basic elements.
2.7.1 Standalone Systems
The staneblone system is made up PV modules, load, batteries, sometimes and t@n. inver
Charge regulators or controllers are used systems where batteries are incorporated, its
function is to switch of the PV modules when the batteries are fully charged. This system
is usually suitable for places which are not connected to national ygiens or where

power is erratic.

L

I

Figure 2.8 Simple PV system(DC) used to power a water pump [15]
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2.7.2 Grid-connected Systems

The Gridconnected PV system is the staaldne PV system which connected to the national
grid via inverters. Most gridannected systems do not use battery or have storage units since
all the power generated can easily absorbed by the grid. There is a metering system integrated
into the setup which helps in calculating the amount of electricity generated.

2.7.3 Hybrid Sygem

The hybrid system is composed of PV Modules in combination with a complementary
means of power generation such as wind, gas or diesel generator. A common problem
which is associated with the hybrid PV/diesel generator is the inadequate control of the
diesel generator. If the batteries are maintained at too high sobttarge by the diesel
generator, then energy, which could be produced by the PV generator, is wasted.
Conversely, if the batteries are inadequately charged, then their operatienailllibe
reduced15].

2.8 Cellg modules/ Array

PV cells can be described as semiconductor withimersection which is able to directly
convert sunlight into electrical power. PV modules are formed when a set of cells are
connected in series or inagallel. Likewise PV arrays are formed when modules are

connected in series or parallel.

From a solar cell A
to a PV System A
Solar Module

Solar Cell
i clarcel IIHADEDD
Etectricity Meter (DIHIMEE
lonliter MMM EEm

Fusebox

Inverter PV_SyStem

Battery
Charge Controller
. Generation Meter
DC Isolator
Cabling

Mounting
Tracking System

Figure 2.9 Diagram showing the building blocks of a PV system from a cell.
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2.9 TheEquivalent Circuit of PV Cell

A PV cell is usually embodied by an electrical maglent of onediode, resistance series Rs
and resistance parallel Rp. When the junction is formed in the semiconductor material
a diode is formed as a result of this junction. Thus the equivalent resistance of a PV cell is

made up of a diode and serignd parallel resistancessimwn in figure 2.10.

G Py R _I,
0
\\«\,L\ k *
SO Y[
T

Figure 2.10PV Cell one diode equivalent circuit [4]

From figure 2.10, the different parameters or characteristics of the PV cells are:

lpn: currents generated by thelar cells (A) I: output current of the PV (A)

V: output voltage of the PV (V) s Rresistance series
R, resistance parall el (q)

Gz irradiance from the sunlight (WAn dl diode current (A)

2.9.1 Seriesand Parallel Connections of PV Modules.

The connection of cells usually depends on the expected voltage or current output. Mostly
PV cells are camected in series from manufacturing to a module. Also power condition
units are taken into consideration when arranging PV cells. There are basically two ways
of connecting PV cells; series and parallel

2.9.2Parallel Connection

Parallel connections ofhptovoltaic panels can be seen in figure 2.11. Parallel connection

is obtained when all negative terminals are connected together and also when all positive
terminals are connected together. Parallel connections of PV panels are needed when
higher voltages required. The sum of currents of each PV module constitutes the total
current of the system. Whilst the total voltage of the system is the voltage across any of the
PV modules [4, 7].
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Vou=Vi=Voé é. 7 \and =B OQ (2.4)

The output power of the solar array is given by:
Pout= lout X Vout= VoutX B O Q (2.5)

2.9.3 SerieConnection

Photovoltaic modules are coruted in series for higher voltage output of a system or an
array. It can be seen from figure 2.11 that the positive terminal of one module is connected
to the negative terminal of the next module. This method of connection forms a sting with
positive and agative terminals. The output voltage at the end of each string is the sum of
voltages of the modules which makes up the string [4, 7]. Equations 2.6 and 2.7 give the

current, voltage and power of the system:
lw=li=hééé. . =adVu=B WQ (2.6)
Power of the each string:

Pout = lout X Vout = lout X B W Q (2-7)

T4
T}

Figure 2.11ayout of a PV array [8]

v i
v

To minimize electrical losses, similarity of voltages for modules connected in series should
be taken into consideration [6, 8]. Fully or partially shaded modules affect current output
of series connected modules. This effect is as though the whole module hakdmbeh if

even itbés only one celll which is shaded.
18
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the module temperature which damages the shaded cell, to correct this problem, bypass
diodes are connected in series with the modules for each stringvas ishfigure 2.11[4].

2.10 Applicationsof Photovoltaic systems

Solar Photovoltaic system produce cheap,reliable and clean (without g@n@alssions)

electric power, there are countless advantages for using Solar PV systems, examples [25,
9]

2.10.1 Applicationsin space

Photovoltaic systems are used in space by satellites; they are the source of power for most
orbiting space craft. Due to the versatility of PV technology, it can be used in wide range
of sun intensity and temperature. Solar cells ate sbwithstand radiation properties of

the sun in space.

2.10.2 Theapplication of PV in the communications

The most familiar application of solar photovoltaic power system is communications in the
industrial field. Solar power used in unmanned microwaley station, cable maintenance
station, electricity /radio / communications / paging power systems, rural telephone carrier

photovoltaic systems, small communication equipment, and soldiep@R&ed, etc.

2.10.3 Solaright

Solar light is the systemif producing light using solar energyolarcells, batteries, power
conditioning unitsetc. are all incorporated to supply light to areas which lack electricity
via grid system. Examples are street lights, traffic lights, village and communities not
conneted national grid, farm lands and houses, security posts etc.

2.10.4 Theapplication of PV in the highway

Because of their unique characteristics of the highway, it is one of the solar photovoltaic
places. Power supply system of highway plays a cruaialin the safety of the highway.

In the urban areas of less electricity, if you use mains as power supply, the cost of pull
based power grid is very expensive. | fusing solar energy photovoltaic power generation on
the highway to supply power to necessafgctrical facilities, it is energy saving,
environment al protection and economic secur
First, the service area on the highway which is away from the city power can build

photovoltaic power station or phetltaic-diesel hybrid systems, to supply are alighting,
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catering and other power needs to the service; The second is the emergency telephone
system.

2.10.5 Residential

Providing electric power to homes without power, reducing the cost and reliance on grid
power. Avoiding power cuts in countries with unreliable power supply. This technology is
very suitable for developing countries.

2.10.6 Health

PV systems are used in developing countries to power refrigerators to store vaccines, blood
and other drugs wbh require specific temperatures.

2.10.7 Agriculture

Water pump powered by PV systems to reduce labor and increase production all year
round.

2.10.7 Remote observation Post

Remote weather and comunication installation use photovoltaic systems to @leciie

power.

2.11 Concentratedsolar power (CSP)

Concentrated solar power (CSP) also known as Thermal power is a method of producing
electricity by the use of solar energy. Unlike Photovoltaic which uses cells to directly
convert solar energy intoesdtricity, CSP uses mirror, lens or glass to concentrate or focus

t he sunds -ramsfes medianis(ike boleetabk) to heat water to steam which is
used to power turbines to produce electricity. This method of electricity generation is clean
i.e. without CQ emission, renewable and free. [24]

2.12 CSPRequirements

Concentrated Solar Power requires certain factors to make it suitable for a specific
location; CSP uses beam radiation or DNI (Direct Normal Radiation) of sunlight. Beam
radiation isnot deviated by fumes, dust or clouds before reaching the earth surface.
Regions which are able to receive a minimum of 2000K\ifkilowatt hours per square
meter) of sunlight radiation annually are good locations for citing CSP systems.
2800KWh/nf is the amount received by very good sites.[25].

Australia, southwestern United States, Former Soviet Union, South and North Africa,
Mediterranean countries of Europe, China, Pakistan, Deserts regions of India, Near and

Middle East, and Iran are very good @ for CSP systems because they are without
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large percentages of fumes and dust, atmospheric humidity and they lie less’tiofn 40
attitude North or South.[25]
Concentrated Solar Power requires cooling at the steam turbine cycle. Evaporating (wet)
cooling is used in place where water is readily available or Cooling with air (Dry Cooling)
is used. But dry cooling builds the cost of operation by 5 to 10%. To reduce this cost, a
system of Hybrid cooling is employed.
2.13 Types of CSP systems
Concentrated sar power system is made up mainly of four systems/types.

1 Parabolic Trough(PT)

1 Linear Fresnel Reflector (LFR)

1 Solar Tower (ST)

1 Solar Dish(SD)
2.13.1 ParabolicTrough (PT)
Parabolic Trough use very high reflectors (mirror) to concentrate solar radiatmfilod-
carrying thermally efficient tube | ocated
heats the fluid (e.g. synthetic thermal oil) in the tube to a temperature of ab&dt %08
produces steam which is used to generate electricity byectanal steam turbine
generator or a combined cycle of steam and gas generator. PT are the best developed CSP
technology and able to generate more power [24, 25].
Californiads Sol ar EiXeusetPT and hazgeneratem 12 mllgn Sy s t
MW and earned more than $2 billion since 1934
Collector field is a group of troughs placed in parallel rows. They are aligned along the
north-south path axis of the sun so as to be able to track the sun when it is moving from
east to west. This makespossible for a continuous radiation of the sun onto the receiver
pipe all day. Most individual trough system can generate close to 80MW of power.
Thermal storage can be incorporated into parabolic troughs this makes it possible for
power generation durgnevening hours. Parabolic troughs are hybrid systems which makes
them more efficient. Most are combined with natural gas fired or gas steam boiler/heater.

Coal can also be incorporated with PT. [24]
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Concentrator -
Receiver \

Figure 2.12 Parabolic Trough [24]
2.13.2 LinearFresnel Reflector (LFR)
The principle of operation of the Linear Fresnel reflector is the same as the Parabolic
Trough, But the Fresnel uses flat mirror instead of curved mirrors. These flat mirrors are
used to concentrate solar energy onto elevated invertearlreceivers. Water moving in
the receivers is converted to steam to generate electricity. This technology is relatively new
compared to the parabolic trough, and has the advantages of low cost and small area (land)

required [27].

Figure 2.13 Kimberhg liner Fresnel power plant (California) [Areva Solar][28]

22



2.13.3 SolarTower (ST)/Central Receiver

An array of mirrors called Heliostats with sun tracking mirrors concentrates the reflected
solar radiation onto a central receiver on top a tower ofiderable height. The central
receiver is a heat transfer medium which converts the heat into thermal energy used to
produce steam for power generation. Water/steam, air or molten salt is used as the heat
transfer medium, molten salt is used in most cassmtral receivers are able to
concentrate heat energy at very high temperatures, thus making them very efficient for
conversion rates. If air or pressurized gas is used at high temperatures of S&y fli60

can replace natural gas producing an excettentbined cycle of steam and modern gas.
The central receiver is made up five main parts:

Heliostats,

Receiver

Heat transport and exchange

Thermal storage

Controlg24, 25, 27]

= =2 4 A -

CENTRAL RECENER

8

g
HELICSTATS
\Aff@ Ll’

Figure 2.14 Central Receivi24].
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2.13.4 SolamDish (SD)/Dish System
The Solar dish system looks exactly like a satellite receiver. Mirrors shaped into dish form
are used to focus and concentrate solar radiation onto a receiver mounted in the middle or
center of the dish. This system is a stal@he system composed of:

1 A collector

1 Receiver

1 Engine
The receiver transfers the absorbed energy to the engine(which similar to car engines), then
the energy is converted to heat by the engine, by means of mechanical power, is
compressed and expanded throug piston or turbine to produce mechanical power.
Electric generator is used to convert the mechanical power into electricity, also an
alternator can be used to achieve the same purpose as the generator. Dual axis collectors
are used by Dish systems tadk the sun, north to south movements. Parabolic is the ideal
shape of the concentrator, and itodéos made b\
Concentrating photovoltaic modules, mitwwbine, Stirling cycle are types of engines

used for Did system.

Receiver

and Concentrator —
generator \ \

Figure 2.15 solar dish (dish system) [25]
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Table 2.1 Applications of CSP type technologies [24]

PARABOLIC CENTRAL PARABOLIC FRESNEL LINEAR
TROUGH RECEIVER DISH REFLECTOR
Grid-connected plants, mi| Grid-connected Standalone, small Grid conneatd plants,
to highprocess heat plants, high| off-grid power| or steam generation 1
temperature systems or clustere be used in conventiona
process heat to larger grid| thermal power plants.
connected
dish parks
(Highest single unisolar | (Highest single uni| (Highest single uni| (Highest single uni
capacity to date: 80MWsg solar solar solar

Total capacity built:
over 500 MW and morg
than 10 GW under

construction or proposed)

capacity to date: 2|
MWe under
construction, Total
capaity~50MW with
atleast 100MW unde
development)

capacity to date: 100
kWe, Proposals for
100MW and 500
MW in

Australia and US)

capacity to date is 5SMW
in US, with 177 MW
installation under
development)

Table 22 Advantages of CSP type technologies [24]

PARABOLIC CENTRAL PARABOLIC FRESNEL LINEAR
TROUGH RECEIVER DISH REFLECTOR
ACommerci al |[AGoodternmi d [AVery hi ghlAReadily a
I over 16 billion kwh of | prospects for efficiencies T peak
operational experience; | high conver®n solartonetelectric |[A Fl at mir
operating temperature | efficiencies, operating conversion over 30% | purchased and bent
potenti al u | temperature potential on site, lower
(400AC comm/beyond A Mo dul ar i|manufacturing costs
proven) (565AC

proven at 10 MWMA Most ef flA Hybrid o
A Commer ci alscale) integrate thermal Possible
annual net plant storage a large plant
efficiency of 14% (solar |A St or age A Very hi
radiation to net electric | Temperatures A Op e r | efficiency around
output) experience of firs] solar noon.

Commerci alA Hybrid o]fdemonstration

investment and operatin Possible Projects
costs A Easily m
A Modul arit|A Better s|andmasgproduced
A Go o-tse faetan d | cooling concepts than| from available parts
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A Lowest ma
demand
A Hybrid co

A Storage c

troughs and Fresnel

A Better o

nonflat sites

ANo
requirements
for cooling the cycle

Table2.3 Disadvantages of CSP types technologies [24]

PARABOLIC CENTRAL PARABOLIC FRESNEL LINEAR
TROUGH RECEIVER DISH REFLECTOR
A The uwased A ProjecteA No -staelA Recent mj

heat transfer media
restricts operating
temperatures today to
400AC, res|(
in only moderate steam
qualites

performance values,
investment and
operating costs need
wider scale proof in
commercial operation

commercial examples
A Projecteg
of mass productiof
still to be proven
A Lower
ability potential
grid integration
A Hybrid
an R&D goal

fo

only small projects
operating
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