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• Solar energy – lecture 1 – solar thermal:

– Solar energy, solar potential

– Conversion pathways

– Solar thermal

• Solar energy – lecture 2 – photovoltaics (week 9)

• Solar enegry – lecture 3 – solar fuels (week 11)

Renewable Energy
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• Solar energy:

– Theoretical potential, real potential, exploited potential

– Characteristics of solar energy / solar irradiation

– Possible conversion pathways

– Solar energy for thermal applications (non-concentrated, low 

temperatures; and concentrated, high temperatures)

Learning outcomes of todays lecture
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• Solar energy – lecture 1 – solar thermal:

– Solar energy, solar potential

– Conversion pathways

– Solar thermal

Renewable Energy
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Solar energy

• Potential of solar energy1,2:

– Global primary energy demand 17 TW 

– Of which 87% non-renewable (fossil, nuclear)

– Additional supply of renewable in the future 10-20 TW 

– Solar radiation is the indirect source for other renewables

Solar energy / Solar potential

Potential
(only land)

Based on: Practical,
Economical?

Solar 36000 TW Annual average irradiation 500 TW

Wind 50 TW Annual average wind speed 2 TW 

Geothermal 9 TW Average heat flux at earth surface 1 TW 

Hydro 5 TW Earth topology and water flow 2 TW

Biomass 108 TW Annual average plant efficiency 7 TW

1International Energy Agency, Statistics, 2012
2Lewis, MRS Bulletin, 2007
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Solar energy

• Solar irradiation: 

Solar energy / Solar potential

Source: NASA

- Earth’s ultimate recoverable oil resource delivered in 1.5 days

- Global annual energy need delivered in 1 hour

- 0.1% of earth surface covered (20% efficient) delivers global annual energy
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Solar energy

• Solar energy characterization:

– Due to fusion in the sun (41H → 4He + radiation/energy)

• Solar radiation at earth surface: 

– θ = sin-1(R/D) = 4.65 mrad

– qsun·4πR2 = qorbit·4πD2 → qorbit = 1353 W/m2

– Achievable stagnation temperature: 

quse = αqorbit – εσ(T4 – Tamb
4)     →   Tstag = 422 K

– qsun = σT4 → T = 5780 K

Solar energy / Solar potential

qorbit qrerad

quse

quse=0
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Solar energy

• Solar radiation at earth surface:

– Wavelength distribution

Close to black body at 5780 K:

– Smaller than qorbit (atmosphere)

– Partially diffuse/direct

Solar energy / Solar potential
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Solar energy

• Solar radiation at earth surface:

– Effect of the atmosphere on power, spectrum and directionality

• Power reduction due to absorption, scattering 

and reflection in the atmosphere

• Spectral changes due wavelength-dependence

of extinction

• New diffuse component

– Varies locally according to atmospheric conditions

(e.g. such as water vapor, clouds and pollution)

Solar energy / Solar potential

Hu and White: 
Solar Cells, 1983
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Solar energy

• Definitions:

– Air mass (AM):

AM is the path length which light

travels through the atmosphere 

normalized to the shortest possible path 

length (sun is directly overhead). 

AM quantifies the reduction in the 

power of light as it passes through the 

atmosphere and is absorbed by air and dust:

– AM0: solar spectrum outside of the atmosphere with 1353 W/m2

– AMx defines both the spectrum and the power density

– AM1.5D = only direct radiation, normalized at 900 W/m2

– AM1.5G = including diffuse radiation, normalized at 1000 W/m2

Solar energy / Solar potential
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Solar energy

• Solar radiation at earth surface:

– Wavelength distribution

Close to black body at 5780 K:

Solar energy / Solar potential
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Solar energy

• Solar radiation at earth surface:

– Wavelength distribution

Solar energy / Solar potential
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Solar energy

Solar energy / Solar potential

1 2
F 
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Solar energy

Solar energy / Solar potential

1 2
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Solar energy

Solar energy / Solar potential
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• Spatial and temporal distribution

– Local position:

• ϕ: latitute angle

• δs: solar declination,                                                    , n = 1 ... 365

• ω: hour angle, ω = 15(ST-12)

• ST: solar time

– Sun position:

• ψ: solar azimuth angle,

• α: solar altitude angle, 
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Solar energy

Solar energy / Solar potential

• Spatial and temporal distribution

– Local position:

• ϕ: latitute angle: angle between a line from the center of the earth to 
the site of interest and the equatorial plane. Values north of equator 
are positive and those south are negative, [-90°,90°]

• δs: solar declination: angular position of the sun at solar noon with 
respect to the plane of the equator. Declinations are positive in 
northern hemisphere and negative in southern hemisphere, 

[-23.45°,23.45°]

• ω: hour angle: angular displacement of the sun east or west of the 
local meridian, based on the nominal time of 24 hours for the sun to 
travel 360°, or 15° per hour. When the sun is due south for northern 
hemisphere (due north for southern hemisphere), the hour angle is 0, 
morning values are negative, afternoon values are positive
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Solar energy

• Latitude of Lausanne is 46.51 and longitude of Lausanne is 6.62

Example - Lausanne

http://www.sunearthtools.com/dp/tools/pos_sun.php?lang=de



Haussener – RE | April, 2024 18/86
Solar energy

• Solar radiation, variations:

• Solar energy: dilute, unequally distributed, intermittent

Solar energy / Solar potential

Measured solar irradiation in Guadalupe, one day in 2005-2006, Soubdhan et al. 2009
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• Solar energy – lecture 1 – solar thermal:

– Solar energy, solar potential

– Conversion pathways

– Solar thermal

Renewable Energy
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Solar energy Conversion

• Solar energy conversion 

– Solar to electric

– Solar to thermal

– Solar to fuel/material

Conversion pathways
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Solar energy Conversion

• Solar energy conversion 

– Solar to electric: 

photovoltaic

– Solar to electric: 

solar thermal plus power cycle

Conversion pathways

Source: Solarcellideas
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Solar energy Conversion

• Solar energy conversion 

– Solar to thermal: 

low temperature, unconcentrated

– Solar to thermal:

high temperature, concentrated

Conversion pathways

Mojave desert
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Solar energy Conversion

• Solar energy conversion 

– Solar to fuel/material

photoelectrochemical

Conversion pathways

Haussener et al., EES, 2012.

H+

H2O

h+

e-

O2

H2

PECs

Energy 

from sun

Storage 

tank

Delivery

Adapted from Photovoltaic-solar-power

Haussener et al., JSEE, 2009. 

reactant

HTF

Source: DOE

product

solar thermochemical
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• Solar energy – lecture 1 – solar thermal:

– Solar energy, solar potential

– Conversion pathways

– Solar thermal

Renewable Energy



Haussener – RE | April, 2024 25/86
Solar energy Conversion Solar thermal

• Solar to thermal: 

– non or low-concentrating

– concentrating

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating

– A solar collector is a heat exchanger that 

converts solar energy into heat. It absorbs 

the solar radiation and transfers the thermal 

energy to a working fluid.

– Common working fluids: water, oil, air

• Air collectors suitable for space heating 

and convective dry applications.

• Liquid collectors suitable for domestic 

and industrial hot water applications.

– Collector types:

• Flat-plate collectors

• Evacuated tubular collectors

• 2D compound parabolic concentrators

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Flat-plate solar collectors

• Diffuse and direct radiation

• Losses:

– Reflection at window

– Convection at window

– Convection and 

conduction 

through insulation

– Emission from 

absorber through 

window

• Temperature range: 30-80°C

• Concentration: 1

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Flat-plate solar collectors: typical absorber configurations

• Liquid working fluid

Conversion pathways: Solar to thermal

Kalogirou, 2004
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Flat-plate solar collectors: typical absorber configurations

• Air as working fluid

– Lower specific heat capacity (larger volume flow rates, larger 

pumping power) 

– Lower heat transfer coefficients between air and absorber

– Open loop or closed loop

Conversion pathways: Solar to thermal

Kalogirou, 2004
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Flat-plate solar collectors: Efficiency

• Useful energy:

• F’: Flat-plate efficiency (depends on absorber design), ηopt: optical 

efficiency (transmission through window and absorption on plate)

• Using inlet collector temperature, Hottel-Whillier-Bliss equation:

with

• FR: heat removal factor

• Efficiency: 

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Top heat loss coefficient, UT (UL=UT+UB+UE):

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Collector efficiency factor, F’:                         Heat removal factor, FR:

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Flat-plate solar collectors: Other characteristics

• Collector time constant:

• Stagnation temperature:

• Pressure drop for active systems: keep parasitic energy 
consumption low (electricity for pumps and blowers)

– Improving performance: 

• selective window and absorber coating

• two glass cover

• improved absorber and heat transfer fluid tube connections (e.g. 
high quality welding)

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Flat-plate solar collectors:

Conversion pathways: Solar to thermal

Kaidun solar energy
Conversion

Source: wksolar

Glazed flat plate collectors integrated in building,

Architect Philippon

12m2 air collectors for Bettelwürfhütte, Austria (source: Grammer Solar)
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Evacuated tubular collector

• Diffuse and direct radiation

• Advantage:

– Convection losses reduced

– More flexible to weather 

variations as condensation 

and moisture is avoided 

– Inherent freezing/overheating

protection

• Temperature range: 50-200°C

• Concentration: 1

• Use liquid-vapor phase change

heat transfer fluids in evacuated 

tubes

Conversion pathways: Solar to thermal

Phase change heat transfer fluid
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Evacuated tubular collector: typical absorber configurations

• Metal-fin-in-vacuum tubes

Requires glass-metal seal

• Dewar tubes

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Evacuated tubular collector:

Conversion pathways: Solar to thermal

Source: solarstart

Conversion

Source: SunBest
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– 2D compound parabolic concentrator (CPC)

• Direct and some diffuse radiation

• Advantage:

– Higher performance

– Higher temperatures

• Temperature range: 60-240°C

• Concentration: 1-5

Conversion pathways: Solar to thermal

Outer glass tube

Inner glass tube

Cu-tube with heat

transfer fluid

Selective coating

Metallic conductor

Vacuum

Reflecting

CPC-mirror
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– 2D compound parabolic concentrator

– All radiation within CPC incidence angle will be concentrated

Conversion pathways: Solar to thermal

f(x)=ax2+b

f(x)=ax2+b

x
x
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– 2D compound parabolic concentrator

• Acceptance angle Φ

• Concentration, C = 1/sin(Φ)

• Outlet radius, rout = rin·sin(Φ)

• Length, L = (rin+rout)·cot(Φ)

• r and z coordinates

with 

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– 2D compound parabolic concentrator: typical absorber configurations

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– 2D compound parabolic concentrator

• Tubular receiver radius, r

• Acceptance angle, θa

• x and y coordinates

with 

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Compound parabolic concentrator:

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating 

– Global installed capacity of water and air collectors by 2022 (542 GW):

Conversion pathways: Solar to thermal

REN21, Renewable 2023 Global Status Report 
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Solar energy Conversion Solar thermal

• Solar to thermal: non or low-concentrating: where and how much 

Conversion pathways: Solar to thermal

Weiss and Mauthner, Solar Heat Worldwide, Solar heating and cooling, IEW, 2011

REN21, Renewable 2023 Global Status Report 
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Solar energy Conversion Solar thermal

• Solar to thermal: 

– non or low-concentrating

– concentrating

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: Why (high) concentrated radiation?

• Concentration is achieved by interposing an optical device between the 

source of radiation and the energy absorbing surface

• Advantages:

– Higher temperatures/efficiencies achievable

– Smaller areas: (i) smaller infrared losses 

and (ii) cheaper systems, or expensive 

processing steps are more viable 

– Reflecting surfaces require less material 

and are structurally simpler than collectors 

• Disadvantages:

– Concentrator systems collect little diffuse radiation

– Tracking required to enable the collector to follow the sun

– Performance of reflecting surfaces decreases with time

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Power generation

– Optimum temperature (temperature high)

but reradiation losses still low:

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Concentration limits

• Thermodynamic concentration limit 

2-axis tracking:

1-axis tracking:

• Solar irradiation is not perfectly collimated but has solid angle (θ), 

leading to focal spot not point

• Concentration limitations: 

3D concentrator:

2D concentrator:

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Concentrating technology: parabolic through

– Line focusing

– C = 30 - 80

– Unit 30 - 80 MW

– Temperatures 60–300°C

– Unidirectional trough

– curvature

– 1-axis tracking N-S

Conversion pathways: Solar to thermal

Mojave desert
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Concentrating technology: linear fresnel

– Line focusing

– C = 30 - 80

– Unit 30 - 80 MW

– Temperatures 60–250°C

– Unidirectional trough

– 1-axis tracking N-S

Conversion pathways: Solar to thermal



Haussener – RE | April, 2024 52/86
Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Concentrating technology: towers

– Point focusing

– C = 200 – 1000

– Unit 10 - 200 MW

– Temperatures 300–1000°C

– 2-axis tracking heliostats

Conversion pathways: Solar to thermal

Jülich
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Concentrating technology: dishes

– Point focusing.

– C = 1000 – 4000

– Unit 5 - 25 kW

– 2-axis tracking parabolic dish

– Autonomous power generation

via Stirling engines or Brayton

miniturbines

– Modularity

– Remote applications

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• For residential applications:

Use of solar heat / residential & industry heat 

Source: Brosley

Prozesswärme
, 12.9

Warmwasser; 
6.1

Raumwärme, 
28.9

Antriebe, …
I&K, …

Klima, Lüftung & …
Beleuchtu…

sonsti…

Mobilität …

~50% of final energy used for heating services

1Swiss Federal Office of Energy, Analyse des schweizerischen Energie-verbrauchs nach Verwendungszwecken, October 2015
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Solar energy Conversion Solar thermal

Use of solar heat / residential & industry heat 

• Largest solar district heating plant in Silkeborg, Denmark:

– Flat plate collectors

– 156’694 m2

– 110 MWth

– Covers 20% of heating 

demand of 43’000 users

– No seasonal heat storage, 

day-time storage only

– Operation since 2017



Haussener – RE | April, 2024 56/86
Solar energy Conversion Solar thermal

• Industry: capacity of 143 MWth in 2017 of concentrating technology for 

industrial heating applications

– Miraah solar thermal plant

Mirrors in a greenhouse

For thermal enhanced oil recovery

4 units (100 MWth) inaugurated in early 2018

1.9 km2 are planned for total of 1GWth

– Emmi Dairy Saignelégier

For dairy production

627 m2, 360 kWth

• Database for Solar Heat for Industrial Processes (SHIP): http://ship-plants.info/

Use of solar heat / residential & industry heat 
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Solar energy Conversion Solar thermal

• Concentrated Solar Power (CSP): use concentrating technology and 

connect to thermal power cycle

- Fresnel

- Parabolic trough

- Tower systems

- Dish systems

Use of solar heat / electricity
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, parabolic through

– SEGS plants in CA: 310 MWel, 1100 GWh/year, 

hybrid (solar/natural gas), no storage, synthetic oil 

as HTF (390°C), mean annual efficiency 14%

2 mio m2 solar field

Conversion pathways: Solar to thermal

NextEra Energy
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, parabolic through

– Absorber tubes for through concentrator

Conversion pathways: Solar to thermal

Schott Solar
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Solar energy Conversion Solar thermal

Conversion pathways: Solar to thermal

• Solar to thermal: concentrated radiation

– Application: concentrated solar power 

e.g. via Combined cycle
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, parabolic through

– Indirect vs. direct steam generation

Oil as HTF DSG

Conversion pathways: Solar to thermal

Feldhof, SFERA summer school, 2012
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, parabolic through

– Indirect vs. direct steam generation

Processes to avoid stratification:

Conversion pathways: Solar to thermal

Flow direction

Feldhof, SFERA summer school, 2012
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, fresnel

– PE1 in Spain 

• 1.4 MWel

• 2 GWh/year 

• Water HTF (270°C)

• Two lines: 

– Line length: 806 m

– Width: 16 m

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Application: concentrated solar power (CSP)

e.g. via Rankine cycle

Conversion pathways: Solar to thermal

Heliostat field
Cold storage tank
Tower with receiver
Hot storage tank
Steam generator
Turbine
Electric generator
Electrical transformer

Source: Torresol

1

2

3

4
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, towers

– Gemasolar in Spain: 20 MWel, 110 GWh/year, molten salt heat storage, 

molten salt HTF (565°C), 2’650 Heliostats (120m2 each), tower height 

140m

Conversion pathways: Solar to thermal

Heliostat field
Cold storage tank
Tower with receiver
Hot storage tank
Steam generator
Turbine
Electric generator
Electrical transformer
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, towers

– Sierra Sun tower, in USA (CA)

• Two towers

• 5 MWel

• Water HTF (440°C)

• Tower heights 55m

• Heliostat field: 24000#, 1m2 each

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, towers

– Sierra Sun tower, in USA (CA)

• Three towers

• 377 MWel

• 1079 GWh/year (expected)

• Water HTF (565°C)

• Direct steam generation in mounted boiler

• Tower heights 140m

• Heliostat field: 173500#, 15m2 each

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Application: CSP e.g. via combined cycle

Conversion pathways: Solar to thermal

Conversion
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, towers

– PS10 and PS20 in Spain 

• 10 MWel and 20 Mwel

• 23.4 GWh/year and 48 GWh/year 

• Mean annual efficiency 17%

• Water HTF (250-300°C)

• Tower heights 115m, 165m

• Heliostat field: 

– 624#, 120m2 each

– 1255#, 120m2 each

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, towers

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, tower

– Heliostat:

• Field layout: 

– North (south) vs. surrounding

– Grid vs. circular 

• Mirrors: 

– Facetted

– Stretched 

membrane

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, tower

– Receivers

• Cavity vs. external

– Radiation and conduction 

losses smaller

– Smaller acceptance angle

• Flat vs. cylindrical

Conversion pathways: Solar to thermal

PS10          Gemasolar
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, tower

– Receivers

• Tube vs. volumetric vs. particles

Conversion pathways: Solar to thermal

HTF

air
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, tower

– Heliostat: losses

• Shading

• Cosine losses

• Reflectivity, cleanliness

• Blocking

• Attenuation

• Spillage

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, tower

– Heliostat: losses

– Gemasolar on March 20 at solar time 07:00, Augsburger 2013

Conversion pathways: Solar to thermal



Haussener – RE | April, 2024 76/86
Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, tower

– Heliostat: losses

– Average over three days, Augsburger 2013

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, dish

Conversion pathways: Solar to thermal
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• Application: CSP e.g. via Stirling cycle

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, dish

Conversion pathways: Solar to thermal
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation, dish

Conversion pathways: Solar to thermal
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LRESE’s solar dish

7 

m 25.4 

cm

Optical efficiency: 86%

Dish collector area = 38.5 m2

x (m)

y
(m

)

Concentration
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Application: concentrated solar power

– 6.3 GWel world wide installed capacity in 2018

Mostly parabolic through and towers

Conversion pathways: Solar to thermal

REN21, Renewable 2023 Global Status Report 

Chile, China, Israel,
Morocco, South Africa,
United Arab Emirates
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Solar energy Conversion Solar thermal

• Solar to thermal: concentrated radiation

– Application: concentrated solar power, land use

Conversion pathways: Solar to thermal
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Conversion pathways: Solar to thermal to electrical

REN21, Renewable 2018 Global Status Report 

• CSP and PV, cost and capacity factor comparison
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Solar energy Conversion Solar thermal

• CSP and PV, learning curve comparison

Conversion pathways: Solar to thermal to electrical

Norwich Technologies, confidential Haysom et al., Progress in Photovoltaics, 2015
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• Solar energy:

– Theoretical potential, real potential, exploited potential

– Characteristics of solar energy / solar irradiation

– Possible conversion pathways

– Solar energy for thermal applications (non-concentrated, low 

temperatures)

Learning outcomes of todays lecture


