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Solar Thermal Electricity Generation

CSP = Concentrated Solar Power




Solar Concentrating Technologies
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Solar thermal power generation by through technology
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Clausius-Rankine Cycle

"

i)

fow; T

Siedelinie; x=0

Fllszigkeit Dampt
1 4 2
Nassdampf Taulinie; x=1

™
Ll

T-s-Diagramm S h-s-Diagramm

Changes of heat transfer fluid:

1 after the condenser: liquid at givenpand T

1-2 Isentropic compression in the liquid phase (entropy remains constant)

2 after the feed pump: compressed liquid at high pressure

2-3 Isobaric heat input (preheating, evaporation and superheating)

3 after the solar receiver: superheated steam

3-4 Isentropic expansion

4 after the turbine: mixture of liquid and steam; condition given by steam quality x

ﬂ-F:,LI_IEobaric heat removal and condensation
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SEGS: Solar Electricity Generation Systems

-

.

354 MW, at Mojave Desert

Annual production: 1100 GWh
(approx. 220,000 households)

In operation: since 1985.
Operated by Kramer Junction Co.
2.5 million m? parabolic troughs.

Synthetic oil as HTF heated to 391°C.

Thermal energy fed to turbines: 75% solar / 25% NG
fired.

Operational strategy: 55% income for selling 16% of
solar electricity at peak hours.

Mean annual efficiency: 14%






Solar Collector Assembly
LS-3 (545 M )

99 Meters
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Solar Absorber
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Efficiency of parabolic through
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Solar efficiency
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Solar Efficiencies Measured at SEGS Plant by KJC Operating Company
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50 MW, AndaSol 1 (Spain)

Absorber
Tube

« 510,120 m2 solar field
« 180 GWh annual production
« Start-up Nov. 2008 _ Sl - et e >
 Annual production: 176 GWh R R et

(approx. 35,000 households) . _ : | A
« 7.5 hours storage (molten salt)
» 12% natural gas (NG) backup

* Investment: 260 MioEUR™™ =




50 MW, Andasol Plant in Spain

Colectores Slares
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Amacenamiento de
dos tanques de sal

¢672 trough collectors
150 m long each
8 m aperture diameter

cPrL EICSED

Sobrecalentador

Generador
de vapor

Precalentador
solar

Turbina de vapor

Condensador

Recalentador
solar

Tanque de
expansion

Precalentador de
presion baja

OCEANO ATLA

ICO M

AndaSol

50 MW _
Solar Only

9 h heat storage

Required land  (km?) 1.8
Investment cost 260 Mio €
Annual electricitv 181.7
production (GWh e)

LEC (€/kWh ) 0.15
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50 MW, Andasol Plant in Spain
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Loop
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50 MW, Andasol Plant in Spain

Layout parabolic trough collector
support structure steel frame work, pre-galvanized,
three variants; light weight, low torsion
collector length 12 m per element;
100 - 150 m collector length
drive hydraulic drive
max. wind speed operation: 14 m/s, stow: 40 m/s
Tracking control clock + sun sensor, T, "
DHI=900 Yiim*
parabola y = x%/4f withf=1 Cloan mirore
075 | ET100 PSA
aperture width 5.8m
Reflector 4 glass facets "
: o _ LS-2 Sandia Labs
optical efficiency 0.80 (design) 0565 |
B
absorber tube evacuated glass eng —er —E
application depencz "
Fluid oil, steam, applicat® -
. = 2
cost <200 Euro/m? for DNI'= 900 W/m
o4 « SOLEL HCE vacuum absorber
tes | * clean mirrors p = 93.6 %
« Reference area: 4x11.9x5.7m?
0.40

T T T T T T T
0 a0 100 150 200 250 300 350 400
Average temperature above amhbient [*C]
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64 MW, Solar One (Nevada, USA)
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\ - Indirect Steam Generation
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Direct Steam Generation
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e Sizes of Modules: 5,8 x 12 m? Local ime

* Diameter Absorber Tubes: 70 mm o e s S S

e Mass Flow: 1.2 kg/s 5 ' | | | [ o6 -

e Temperature: 375 C I T ottt e e FAA VAR 16 S0l B :gf’é

e Pressure: 30 - 100 bar : oo
S S S S S W
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Direct Steam Generation

Solar Collectors
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Feed pump

Solar Collectors
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Once Through Boiler
% Lowest Costs
%Least complexity

éJBest Performance
%Controllability ?
P Flow Stability ?

Injection Process

& Better Controllability
é’Flow stability equally good
$More complex

@Higher investment costs

Recirculation Process
& Better Flow Stability
éBetter Controllability
$More complex

@Higher investment costs
@Higher parasitics
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Airlight Energy Ethergy

ETFE foil

* Pre-cast concrete durable and rigid

* Wind induced vibrations eliminated

* Small structural deformation - ap =10 m
Recsiver * Self-cleaning scratch/UV-resistant ETFE

* High-quality mirror foils protected

Low costs per m?

e

ETH:zurich

* J. Solar Energy Engineering 134, 021002-1/8, 2012.
* Solar Energy 95, pp. 308-318, 2013.

‘;'.'-:-; . 29 ,-.}
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Solar Thermal Power Generation by Solar Towers
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Name
Location

Country
Start of Operation
Electric Output

Heliostat field reflective
surface area

Receiver heat-transfer
fluid

Receiver heat-transfer
fluid temperature
Storage medium

Storage capacity (full
power hours)

SSPS-CRS EURELIOS @ SUNSHINE

Almeria

Spain
1981
500 kW,

3655 m?
Liquid
Sodium
530 °C

Sodium

Adrano
(Sicily)
Italy
1981

1 MW,
6216 M2

Steam

512 °C

HITEC salt /
hot water

0.5

Nio Town

Japan
1981
1 MW,

12912 m?

Steam

249 °C

HITEC salt /
hot water

3

CESA-1
Almeria

Spain
1983
1 MW,

11880 m?

Steam

525 °C
HITEC salt

3.5

THEMIS
Targasonne

France
1982
2-2.5 MW,

10794 m?

Molten salt
(HITEC)

450 °C

Molten salt
(HITEC)

Solar One

Barstow

USA
1982
10 MW,

71447 m2

Steam

516 °C
Qil/rock

Solar Two
Barstow

USA
1996
10 MW,

71447 me
Molten Salt

565 °C
Molten Salt

Haussener —

SPP-5
Shchelkino
(Crimea)
Russia
1986

5 MW,

40000 nv

Steam

250 °C

Water /
steam

not available

27/81



SolarTwo: Solar Towers with Molten Salt

[LL1A\NY

Receiver

Hot Storage

Steam Genera

Heliostat Field

\ P

Cold Storage

Turbine
Electric Generator

tor

-

Facts:

Operated by Sandia National Laboratories at Barstow, CA.
Solar One (steam) operated 1982-1988.
Solar Two (molten salt) operated 1996-1999.

Heliostats:
1,818 heliostats of 39 m?2 each, 108 heliostats 95 m?2 each;
total reflective area = 81,162 mZ.

Solar receiver:

Cylindrical shape of 5.1-m ¢ x 6.2-m high;

33 25-mm ¢ tubes in each of 24 panels;

43 MW, solar thermal power with 800-sun peak flux.

Thermal Storage:

Two 12-m f x 8-m high storage tanks;

1400 tons molten nitrate salt (K, Na) as HTF; m.p. 240 °C;
hot storage @ 565°C; cold storage @ 280 °C;

storage capability: 24 hr. power delivery.

Steam Generator:
Preheater, evaporator, superheater vessels;
35.5 MW thermal rating at 538 °C, 100 bar.

Electric Power Generation System:
10 MW, net electric power rating Rankine-cycle.

T e P T T T T T T

N
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Mirror Reflectivity
Field efficiency
Field availability
Mirror cleanliness
Receiver

Storage

Overall Solar Collection
Power Generation
Parasitics

Overall Daily Efficiency

= g
;T"' 3 -:it

Solar-Two Commercial

7/4/98

90%
61%
94%
95%
88%

Plant

94%
74%
99%
95%
87%

>99%

99%
43%
34%
87%

13%

57%
43%
93%

23%



15 MW, SolarTres in Spain

SOLAR TRES

Technical specifications

......... Heliostat field reflectant surface | 264825 m?2
ﬁﬁﬁﬁﬁﬁ Number heliostats 2750
Land area 142.31 Ha
Receiver thermal power 120 MWt
565 °C :
s l — 200° C Q Tower height . 120 m
— e e Heat storage capacity 15 hours
—g — Power at turbine 17 MWe
Steam Generator Power NG burner 16 MWt
EPGS Operation
Solar irradiance onto heliostats {2062 kWh/m?2
105566
Electricity dispatched MWhe
Production from fossil (annual) 15%
Capacity factor 71%

16-hour storage (580 MWh,) with 6,250 salt tons
24 hours/day solar-only power production

84 GWh annual production

Investment: 147 M€
Haussener — Solar Energy | Oct, 2025




® Solar radiative power: 300 MW,
prox. 25000 households)
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i | ® Reflected area: 265,000 m?
® 15-hour storage (molten salt)
® Solar power output: 19.9 MW,
® |n operation: since 2011
® Annual production : 110 GWh

20 MW-electric GEMASOLAR (Sevilla, ES)
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20 MW, Gemasolar in Spain

u 25,000 households enegy supply capacity e
» Energy efficiency that guaranties electrical ‘ l
production for around 6,600 hours per year '
® More than 30,000 COz emissions tons 0 In the sunlight
saved every year receiver, the salts
heat up and
descend to the hot
salts tank where
they are setored at
mrs than 500
Sunlight Salts are 0

: 9. - Electrical transformer
Pumests ©) .

the tower

The steam moves the turbine
and the generator that produces

Cold salts tank the electrical energy

- Steam
W @
Pl — -
From the hot salts tank, salt '- their heat, they
Sunlight comes into contact Hot salts tank are tm,,g,e,,,d to tll('eat S Heat release the steam
with the heliostats, reflecting exchangers through pipes exchangers

it towards the receiver
Fuente: voww iorresolenergy com / infogratia: GRAFIA

cPrL BICSED
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11 MW-electric/ 55 MW-thermal(Sevilla, ES)

® 524 Heliostats; each 120 m?
® Tower height: 100 m
® Costs (incl. power block): 35 M€

® Efficiency solar-to-electricity: peak 21%,
mean annual 17%

® |n operation: since 2007

® Annual production : 23 GWh
(approx. 15000 households)

® 1 hour storage (steam)



20 MW-electric/ 100 MW-thermal (Sevilla, ES)

(incl. power block): 80 M€
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® |n operation: since 2009
® Annual production : 46 GWh
® 12-15% NG backup

® Costs




11 MW, In Sevillia, Spain

Solar receiver

PR

Heliostat Field

Steam
Drum

Steam

Steam Storage System

Turbine 11.0MWe

40 bar, 250°C l

CondenserI
0,06 bar, 50°C
)

General Description

Emplacement

Sanlucar M. (Sevilla), Lat 37.49, Lon 6.23¢

Nominal Power

11.02MWe

Tower Height

100m

Receiver Technology

Saturated Steam

Receiver Geometry

Cavity1809, 4 Pannels 5m x 12m

Heliostats

624 @ 121m2

Thermal Storage Technology

Water/Steam

Thermal Storage Capacity

15MWh, 50min @ 50% Rate

m

Steam Cycle 40bar 2502C, 2 Pressures
Electric Generation 6.3kV, 50Hz -> 66kV, 50Hz
Land 60Has
Annual Electricity Production 23.0GWh

Haussener — Solar Energy | Oct, 2025
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11 MW, in Sevillia, Spain ~PS10

Sanlucar Solar Project

Steam Turbine 14 ovwe

0
Solar receiver @ Steam 40 bar, 250°C
Drum _’Té I ' @

Steam Storage System

CondenserI
0,06 bar, 50°C
PR o

Heliostat Fiel
Nominal Rate Operation
Optical Efficiency 77.0% 67.5MW -> 51.9MW
Receiver and Heat Handling Efficiency 92.0% 51.9MW -> 47.7MW
Thermal Power to Storage 11.9MW
Thermal Power to Turbine 35.8MW
Thermal Pow. -> Electric Pow. Efficiency 30.7% 35.8MW  -> 11.0MW
Total Efficiency at Nominal Rate 21.7%
Energetical Balance in Annual Basis
Mean Annual Optical Efficiency 64.0% 148.63GWh(useful) ->95.12GWh
Mean Annual Receiver&Heat Handling Efficiency 90.2% 95.12GWh -> 85.80GWh
Operational Efficiency (Starts Up/Stops) 92.0% 85.80GWh ->78.94GWh
Operational Efficiency (Breakages, 0&M) 95.0% 78.94GWh -> 75.00GWh
Mean Annual Thermal Ener.  -> Electric Efficiency 30.6% 75.00GWh ->23.0GWh
cPFEL _ Total Annual Efficiency 15.4%
Haussener — Solar Energy | Oct, 2025




BrightS<&urce

UPPER DRUM
( 1.3X2.5 M)

78 N

. . s

S.G PANEL

[ VIEW B

VIEW B

-

———

F.W. LINE

——

LOWER DRUM
( 0.6X0.6 M)

\\\\\

« Direct solar-to-steam at 550° C
» Air-cooled power block
« 15 m?2 heliostat mirrors
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lvanpah Solar Electric Generating S§{s'“tem &

w1l ”'- T — -
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* Solar F|eId

Hellostat Solar Fleld Aperture

 Area: 2,600,000 m?
. # of Heliostats: 173,500

Heliostat Aperture Area: 15.0 m?
Tower Height: 459 ft

Receiver Type: steam generator
Heat-Transfer Fluid Type: Water
Receiver Inlet Temp: 480F
Receiver Outlet Temp: 1050F

- Power Block

Turbine Capacity: 392.0 MW
Turbine Manufacturer: Siemens
Qutput Type: Steam Rankine:
Power Cycle Pressure: 160.0 bar

~Cooling Method: Dry cooling
-Annual-Efficiency: 28%

Fossil Backup Type: Natural gas
Thermal Storage: None



eSciar

eSolar Sierra SunTower

* 2 modules, 20 acres

» 2 towers, 2 x 65-ton thermal receivers

* 1 GE steam turbine generator

* 24,000 mirrors reflecting the power of
20,000 suns

* 5 MW of clean, supplied to 4,000
Southern California Edison households

Haussener — Solar Energy | Oct, 2025
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Tube vs. Volumetric Absorber

Properties:

» Higher incident flux

* Improved absorption

* Lower extinction

o . Higher heat transport
+ Higher thermal stability
* Lower cost
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Volumetric Absorber

Metallic wire mesh

|
fwltal
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Air-Based Solar Tower Scheme

Hot Air 680°C

Receiver

Steam

Generator

Thermal
Storage

Steam

I

65 bar, 460°C

Heliostat Field Blower cold Air Blower

110°C
Power Block
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Solar Air Recelver

Technical Sheet

Steam Parameters: 700°C, 100 bar

Heat Transfer Medium: Air

Backup Options: Thermal Storage, Duct Burners

Backup Fuels: Natural Gas, Oil

Technology Status 3 MW Demonstration at PSA

Circuit I 1Chean
(1]

. ‘ 200°C

Blower

cPrL BICSED
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Heliostats
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GM-100 SAIC-170 ATS-150 ASM-150
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Heliostat Field
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Heliostat Losses | \

to solar
tower

atmospheric
attenuation T

incident
solar

: flux
' mirror
\ reflectivity /
N (n)
N rl
RV I (W/m?)
blocking e R =
’ ‘ o H
()
'
. L)
cosine loss - A
y .’ |
s R - shading

_-~ direct interception width
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Optical Efficiency

[ | N | | . | | | |
77 774 824 874 91 85 887 807 827 947 BE7 87 99 83 833 954 95 1 a1 98
COSINE FACTOR SHADOWS + AIR TRANMITTANCE SPILLAGE FACTOR

()

B LOCK- -
Atmosnheric

\ A \’{\_ ///// a4 492 542 _592 642 68

lnr:ldent )

TOTAL OPTICAL FIELD EFFICIENCY

. g
‘ i A Shudawing
’ lass )
i
Raflectivity .
Figure -3 Collector Field Optical
Loss Processes

cPrL BICSED

Haussener — Solar Energy | Oct, 2025 48/81



Solar Rankine Cycle
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Solar Combined Cycle
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Solar Thermal Combined Cycle Power Generation

Improved Performance = Cost reduction
— High Temperature

— High Concentration

F=A2200°C 0 MG = 600%C

n=25% | =16 %
(@annual) f (annual)
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Solar Recelver Technology for CC Plants

Sekundarkonzentrator Fenster Isolierung  Luft-EinlaiR

Ahsorher Kessel Luft-Auslalz
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NORN

SOLAR ENERGY. LOCAL POWER.

e 100 kW electricity
e 170 kW heat
e 1,600 sqg. meter
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ALSTOM

Solar Receiver Technology

Inlets

Concentrated
Solar Radiation

ETH:zurich

ASME J Sol Energy Eng 137, 031002-1/7, 2015.

..... - Energy | Oct, 2025 54/81
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Solar Thermal Power Generation by Dish Technology
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Solar dish Technology: Glass-Facet Concentrators

Name
Manufacturer

Year

Aperture Diameter/Area
Concentration Ratio (geometric)
Output at 1000 W/m? insolation
Optical Efficiency

Number Built

http://solstice.crest.org/renewables/dish-stirling/index.html

JPL-TBC
E-Systems

1979

11m
1500-3000
82 kW
89%

2

Vanguard |
Advanco
Corp.
1984

10.6 m
2700

73.1 KW
89%

MDAC
McDonnell
Douglas
1984

10.6 m
2793
70-80 kW
88%

Haussener — Solar Energy | Oct, 2025
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Solar Dish: Single-Facet Stretched-Membrane Concentrators

Manufacturer Schlaich Berger- Schlaich Berger- Solar
mann und Partner mann und Partner Kinetics Inc.

Year 1984 1989 /1997 1990
Aperture Diameter/Area 17 m 7.5m/85m 7m
Concentration Ratio (geometric) 600 4000 /4000

Output at 1000 W/mz? insolation 179 kW 36 kW /45 kw 23.3 kW
Optical Efficiency 79% 82% 67%
Number Built 3 6 and 3 1

http://solstice.crest.org/renew ables/dish-stirling/index.html
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Stirling Heat engine

Cold Hot
| Piston - Regenerator eater PiSton
| > D
2 ;
- Cooler Compression
(T = const.)
Power [
In o> 9. @
(1-2)
Volume | Heat Out Displacement
- ;1 (1-2) e V = const. heatin
Nt | s | g
/ / T
o8 = | @
= ey £ Expansion
9] //o° /Qne S (T = Const.)
5 » / \ A Power
/\ M= &/ 34
N :\ I Displacement
| .
| 'm\ : (V = const. cooling)
b d
° Entropy ? ‘
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The Big Dish

Manufacturer Anutec Ltd

Year 1995

Aperture Diameter/Area 23 m/400 n??

Output 350 kW, / 55 kW (in test runs) expect to achieve between
60 and 80 kW, at full operation

Number Built 2 MW, power plant soon to be established at Tennant

Creek (Northern Territory) using this dish technology

http://www.anutech.com.au/physci/opps/bigdish.html
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Storage

Power booster Fuel saver

Power Power

Solar

Time of day Time of day
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Thermal Storage

105 1

100

no storage,
electricity costs = 100%

95 -

90 -

85

80

Relative electricity costs [%]

75

Storage capacity [hours]

5 10

15

* assuming specific investment costs for the
storage of 10 Euro/kWh

m

Temperatur [°C]

1200
1000+
800
600 1
400
200+

Moégliche Warmetrager-Temperaturen

lo]| Natrium Wasser Salz Luft

Sand




m

Temperature|Average |Average | Average Volume | Media Media
density heat heat specific | costs costs
conduc- | capacity heat per kg per kWh;,
tivity capacity

Cold  Hot
Storage Medium °C °C kg/m® W/mK kJ/kgK kwht/m® | $/kg $/KWh,
Solid media
Sand-rock-oil 200 300 1,700 1 1.30 60 0.15 14
Reinforced concrete 200 400 2,200 1.5 0.85 100 0.05 1
NaCl (solid) 200 500 2,160 7 0.85 150 0.15 1.5
Cast iron 200 400 7,200 37 0.56 160 1.00 32
Cast steel 200 700 7,800 40 0.60 450 5.00 60
Silica fire bricks 200 700 1,820 1.5 1.00 150 1.00 7
Magnesia fire bricks 200 @ 1,200 3,000 5 1.15 600 2.00 6
Liguid media
Mineral oil 200 300 770 0.12 2.6 55 0.30 4.2
Synthetic oll 250 350 900 0.11 2.3 57 3.00 43
Silicone oll 300 400 900 0.10 2.1 52 5.00 80
Nitrite salts 250 450 1,825 0.57 1.5 152 1.00 12
Nitrate salts 265 565 1,870 0.52 1.6 250 0.70 5.2
Carbonate salts 450 850 2,100 2 1.8 430 2.40 11
Liquid sodium 270 530 850 71 1.3 80 2.00 21
Phase change media
NaNO; 308 2.257 0.5 200 125 0.20 3.6
KNO; 333 2.11 0.5 267 156 0.30 4.1
KOH 380 2.044 0.5 150 85 1.00 24

500-

Salt-ceramics 850 2.6 5 420 300 2.00 17
(Na,CO;-BaCO,/MgO)
NaCl 802 2.16 5 520 280 0.15 1.2
Na,CO3 854 2.533 2 276 194 0.20 2.6
K,CO4 897 2.29 2 236 150 0.60 9.1

25



ETHzurich Packed Bed Rocks - Concept

Charging

Discharging

* Applied Energy 137, pp. 812-822, 2015. Haussener — Solar Energy | Oct, 2025  64/81



Packed Bed Rocks - Concept

Charging X/H Thermoclines
1 | | Charging

¥

0.8

0.6

/—
0.4 /
/—

Discharging

0.2

: 5

|
0 02  Ofsnargrld6 0.8 1
(T_ Td,in)/(Tc,in — Td,in)

* Applied Energy 137, pp. 812-822, 2015. Haussener — Solar Energy | Oct, 2025  65/81



Packed Bed Rocks - Concept

* Airas HTF
* Applicability in a wide range of temperatures

* No degradation or chemical instability

* No safety concerns

* Mechanical stability due to conical shape

* Direct heat transfer between storage material and HTF

* High efficiency charging-discharging

* Low-cost (~15 SFr/kWh)

* Applied Energy 137, pp. 812-822, 2015. Haussener — Solar Energy | Oct, 2025



Packed Bed Rocks - Concept  aright\eneray

6.5 MWh,, Thermal Storage Pilot in Biasca, Switzerland
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Packed Bed Rocks Concept airight\energy

Stora Morocco
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Combined Sensible/Latent Heat Storage

Discharging
600
PCM

2

E 580

=

=

T

= 560

jaD)

= —e— Sensible
4 \ | N
. OO 1 2 3 4

* AlSiy, (m.p. 572 C)
» Heat of fusion = 466 kJ/kg

* Encapsulation: steel (316 mm i.d., 1 mm thick)
* Mpey=9.6 kg

* Mpus = 245 kg

* Applied Thermal Engineering 70, pp. 316-320, 2014.
* Applied Thermal Engineering 101, pp. 657-668, 2016.




Combined Sensible/Latent Heat Storage

Discharging
600
PCM
3
E 580
=
=
T
= 560
T
= —e— Sensible
—e— Combined |  Nl_____... A
540 ‘ ' ‘
0 1 2 3 4
Time [h]

* AlSiy, (m.p. 572 C)
» Heat of fusion = 466 kJ/kg

* Encapsulation: steel (316 mm i.d., 1 mm thick)
* Mpey=9.6 kg

* Mpus = 245 kg

* Applied Thermal Engineering 70, pp. 316-320, 2014.
* Applied Thermal Engineering 101, pp. 657-668, 2016.




Characteristics of CSP Systems

Ref.: “Concentrating Solar Power in 2001”, Tyner at al., SolarPACES

Concentrating Solar Peak Annual Annual Capacity
Power System Efficiency Efficiency Factor

Trough 21 % 10-12 % 25-100 %
Tower 23 % 14 -20 % 25 -100 %
Dish 29 % 18-23 % 25 %

*A.C.F = fraction of year the technology can deliver solar energy at rated power

cPrL BICSED
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Technology

Parabolic trough / HTF

Parabolic trough DSG

Molten salt Central receiver
system

P =65 bar
T=

=400°C
G = 26000 kg/h

290°C @

Technical design parameter:

Collector Parabolic trough Parabolic trough Heliostat field
Receiver Linear receiver (tubes) Linear receiver (tubes) Molten salt receiver
Storage 2-tank-molten-salt storage No storage system available up to 2-tank-molten-salt storage
system date

Cycle Rankine steam cycle Rankine steam cycle Rankine cycle

Planed / built power size

50 MW Andasol | & Il, under
preparation, Spain

4.7 MW INDITEP study

Solar Tres (17MW), planed,
Spain

Several commercial units up to

Single row experimental plant in

Solar 2 (11 MW) experimental

Maturity 80 MW, are in operation in : : : T )
southern USA Spain plant in California in the 1990ies

Temperature 393°C 411°C 565°C

Size ref sys 50 MWq 10 x 4.7 MW, 3 x 17 MWe

Capacity 29 % 22 % 33 %

factor

LEC for a sing

le ECOSTAR reference system, solar-only

0.172 €/kWhe

0.187 €/kWhe

0.183 €/kWhe

LEC for power plant park consisting of several reference systems with total c

apacity of 50 MW, solar-only

0.172 €/kWhe

0.162 €/kWhe

0.155 €/kWhe




Saturated steam central
receiver system

Atmospheric air central

Technology receiver system

Pressurized air central
receiver system

Dish engine System

Combined
Cycle Plant

& Generator
Conontratad
/ Sl
Solar Recriva
& Comburstor Parbalic
Dish

Technical design parameter:

Collector Heliostat field Heliostat field Heliostat field Parabolic dish
. , Volumetric atmospheric air- . : : Cavity receiver with tube
Receiver Saturated steam receiver ) Pressurized air receiver
cooled receiver bundle
Ceramic thermocline thermal | No storage system available No storage system
Storage system |Water/steam buffer storage available
storage up to date up to date

Cycle Rankine cycle Rankine cycle

Combined cycle

Stirling engine

Planed / built power size

PS 10 (11MW),
under construction, Spain

PS 10 conceptual design
study

Solgate study 14.6 MW,

22 kW,

Several experimental plants 2.5 MW, experimental plant

2 x 200 kW, under

About 30 units up to 25

Maturity up to 2 MWy, have been tested in Spain in 1993 constructlon KW, are in ope_ratlon at
tested in Italy different sites

Temperature 250°C 750°C 800°C 800°C

Size of the

reference 5x11 MW, 5x 10 MW, 4 x14.6 MW, 2907 x 25 kW,

system

i 0
1:Solar capacity 26% 33 % 11 % (55%)" 22%
actor

LEC for asingle ECOSTAR reference system, solar-only

0.241 €/kWhe 0.234 €/kWhe

0.147 €/kWhe (0.1 €/kWhe)

0.281 €/kWhe

LEC for a power plant park consisting of several reference systems with t

otal capacity of 50 MW, solar-only

0.169 €/kWhe 0.179 €/kWhe

0.139 €/kWhe (0.082 €/kWhe)

0.193 €/kWhe




Land Use

Coal power plant
0.01 km?/ MW

Biomass
6 km2/ MW \

Aswan Hydro
2 km?2/ MW

Itaipu Hydro
0.1 km?/ MW

SEGS Solar
0.02 km2/ MW

cPrL BICSED
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Zones for Development of CSP

1.20
1. Global solar radiation on earth (TWh/year) 240*10 ° O 100 e
2. Dessertic areas (7% of earth surface) (TWh/year) 16 * 10 ° - — 77%
3. Solar fraction of DNI available (70%) (TWh/year) | 11,2%10 ° | < 080 69%
4. Efficiency of CSP plants (15%) (TWh/year) 1,68 * 10 ° g 0.60]
5. Percentagea rea with good infrastructures (TWh/year) 16,8 * 10 * ZB' 0.40
(1% of dessert areas) 2 0.201
6. World electricity demand year 2000 (TWh/year) 15*10 3 0.00] | | |

2000 2300 2600 2900
1% of arid/semi-arid areas are enough to supply annual world

demand of electricity
1 1 =

Annual Direct Normal Insolation (kWh/m?2 a)
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Applications

Parabolic Trough Central Receiver Parabolic Dish




Conversion pathways: Solar to thermal

 Solar to thermal: concentrated radiation
— Application: concentrated solar power

— 6.7 GW,, world wide installed capacity in 2023
Mostly parabolic through and towers

. . . Gigawatts
FIGURE 30. Concentrating Solar Thermal Power Global Capacity, by Country and Region, 2008-2018
Gigawatts S— 7 6.3 6.7
ar ota
6 5.5 Gigawatts Rest of World 61 62 a1 :
. 6
Spain 5.5
5 —— W |nited States
— 4748 -
CSP capacity 4.3
N N increased 4 . B
11« 3.4
3 . in 2018, led
by China and 3 —
Morocco.
2 — - . 3
ﬂ -’Q-
1 | ]
<€
e 0
2008 2009 2010 20m 2012 2013 2014 2015 2016 2017 2018 2{]13 2':]15 2'}1? Ecldlg 2{}21 Euza
REN21, Renewable 2019 / 2024 Global Status Report
cPFL D
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Conversion pathways: Solar to thermal

e Solar to thermal: concentrated radiation
— Application: concentrated solar power, land use

Coal power plant
0.01 km2/ MW \-

Biomass e
6 km?/ MW TT—

Aswan Hydro o
2 km?/ MW

Itaipu Hydro e

0.1km2/ MW

SEGS Solar #——»
0.02 km2/ MW
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Conversion pathways: Solar to thermal to electrical

 CSP and PV, cost and capacity factor comparison

3 | | +
Africa - 0.3 0.53 0.3a
Azia L ] 0.Z1 0.54 028
Central America and the Caribbean
Eurasiz
Euwrope » 023 0.41 032
Middle East - 0.24 0.30 029
MNorth Amenica [ ] 0.27 0.52 0.35
Ocearia - on 0.23 oz
South America
China - 0.28 0.2o 028
India - iy 0.54 028
Unitad States L 027 0.52 035
3 | | -
Adrica . 014 0.2E o8
Aizia - o 0.23 oarF
Central Amarica and the Caribbean L ] 016 0ae oar
Euwrasiz L ol 0B o4
EIJ"C-p'E' » on 01E oz
Middle Eazst - oaa 0.35 o2z
Morth America - 014 0.3z 02
Ocearia . 0.z 0.26 022
South America - oz 0.34 0.2
China L ] o oae oar
India L ] 015 0.22 o9
Unitad States L ] 014 0.32 0.2

REN21, Renewable 2018 Global Status Report
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Conversion pathways: Solar to thermal to electrical

« CSP and PV, learning curve comparison

1 .
- . “\i\\
- e g
" ‘ Global CPV systems Global CSP systems Global PV systems
—_ r .l-! Eg = open triangles USS
§ L ‘“‘ﬁ* E 10 1 solid triangles €
L e - ) ~
= \ SN 2
£ 01 — S — T 3
oo} C IR B s
8 B m Solar PV = g
i &
- + Solar CSP £ | ——
- g 2013 TN LR = 18%
L & N
0.01 | | | | ‘ | 1 10 100 1,000 10,000 100,000 1,000,000
. . . . . Yearly Cumulative Deployment Volume (MW)
1 10 100 1000 10000 100000 1000000

Global Installed Capacity (MW)

Norwich Technologies, confidential Haysom et al., Progress in Photovoltaics, 2015
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Solar Chimney
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