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Content of the Course

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)

Introduction

Basics of Solar Irradiation
Measuring Solar Irradiation
Principles of CSP Technology
Parabolic Trough Plants
Solar Tower Plants

Solar Dish Plants

Condenser Cooling

Site Evaluation

Calculation of Electricity Generation Cost
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Learning Targets

Students attending this course shall learn how to:
1) Investigate and judge the solar resource at a site
2) Prepare a concept design of a CSP plant

3) Simulate the energy yield of a CSP plant with given solar irradiation

data
4) Perform a site selection for a CSP project

5) Calculate electricity generation cost of a CSP plant

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 4 20.02.2020
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Introduction:
Reasons for Using Solar Energy
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Two Reasons for the Utilization of Renewable Energies

1) Fossil Fuels are running out. Remaining ‘production’ time:
e oil: 40 years*
 natural gas: 40 years*
 coal: 200 years™ *static reach
2) The “Greenhouse Effect”
* Burning fuel generates CO,
* CO, reflects infrared radiation
 The Planet has “closed windows” and heats up

* Climate starts to change

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 6 20.02.2020



o™ - :
o®"® PROJETO Energia

‘ s . - .
13: Heliotérmica
LSRR 4
‘ot

The Problem of Depleting Fossil Energy Resources

*  Fuels are the ‘blood’ of modern economy
*  Fuels become scarce

*  Fuels become more expensive (oil price increased sixfold 2001 to 2008)
(The current low of oil prices is expected to last not very much longer)

*  Onlyrich countries can afford to buy fuels
*  Poor countries will have no chance for Development

Conflicts will arise for the access to the fuel sources (Iraq)

* Renewable Energies will ease these problems!

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 7 20.02.2020
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Regional Distribution of Oil Reserves

2012 PP\OVED OII_ P\ESERVES(Bi"ionsofBarrels)

>200 Saudi Arabia (267.0)
Venezuela (211.2)

100- Canada (173.6) Iran
200 (151.2) Irag (143.1)
Kuwait (104.0)

50- United Arab Emirates
100 (97.8) Russia (60.0)

25-50 Libya (47.1) Nigeria
(37.2) Kazakhstan (30.0)
United States (26.5) Qatar
(254)

10-25 China (20.4) Brazil (14.0)
Algeria (12.2) Mexico

(10.4)
<10 80 countries
0 117 countries
(none)
NA No Value reported

(s) = Less than 500,000
barrels

Source: zion oil&gas
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Regional Distribution of Oil Reserves

Reserves by Region, end-2011 Production by Region, 2011
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World Crude Oil Production 1930 - 2012

80

2012:

-~
(=]

)]
(=

1979:
62 Million

73 million

=,

wu
o

M\/’/J

B
[=]

/

/

w
o

/

World Crude Oil Production, Millions of Barrels per Day
[
o

=
o

--I"-'-.-

0

1930 1940

1950

1960

1970

1980

Source: Wikipedia: https://en.wikipedia.org/wiki/Peak_oil

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016

1990 2000 2010

Nr. 10

2020

20.02.2020


https://en.wikipedia.org/wiki/Peak_oil

L Energia

& . ” .

¥: e Heliotérmica

’...'0

oil price history 1946 to 2014
Diagram by 0. Goebel, Data from www.Inflationdata.com
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from "The golden century of oil”

Historical Perspective of Oil Age
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Greenhouse Effect 1/6

e The natural CO, circuit

Animals

Plants
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Greenhouse Effect 2/6
e Today’s CO, “Circuit”

Animals
Machines
CO,

Plants

e Today machines generate much more CO, than animals

e C (carbon)is added to the circuit by burning fossil fuels

e Plant population on Earth is reduced (cutting of rain forest)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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Greenhouse Effect 3/6
e Rising CO, content of our atmosphere
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Greenhouse Effect 4/6

e Rising CO, content of our atmosphere
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Greenhouse Effect 5/6
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The Greenhouse Effect

Some solar radiation
is reflected by the Some of the infrared radiation
4 Earth and the passes through the atmosphere.
‘ | atmosphere. Some is absorbed and re-emitted
in all directions by greenhouse
‘ gas molecules.The effect of this
is to warm the Earth’s surface
o and the lower atmosphere.

Most radiation is abserbed
by the Earth’s surface . Atmosphere

. Infrared radiation
and warms it.

Earth’s surface is emitted by the
B £ Earth’s surface.

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 17
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Greenhouse Effect 6/6
EARTH'S ENERGY BUDGET

Reflected by Reflected Reflected from
atm osphere by clouds earth's surface
6%  20% 4% 64% 6%
Incoming Radiated to space
solar energy from clouds and
100% atmosphere

Absorbed by
atm osphere 16%

a Absorbed by
clouds 3%

Radiated
directly

to space
from earth

Radiation
absorbed by
atmosphere

Absorbed by land
and oceans 51%
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The Basics of Solar Irradiation
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Solar Irradiation is an Electro-Magnetic Wave

1 Planck curve T=5780 K at mean sun-

earth distance
2 extraterrestrial solar spectrum

2000 — 2 3 3 absorption by 03
Wi(mum) ! 1 4 scattering by 0, und N,
1500 i ;' 5 scattering by aerosols
R 1," 6 absorption by H,O vapor
=] !
il 7 absorption by aerosols
1000 — ey
500 — UV radiation: 0.01-0.39pum, ~7 %
5 Visible Spectrum: 0.39 - 0.75 pm, ~ 46 %
0 Near infrared: 0.75 -2.5um, ~ 47 %

0.2 04 06 0.8 1.0 12 ¥m 14 www.volker-quaschning.de/articles/fundamentalsi/index.php
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Solar Irradiation

* The sun irradiates a power (Luminosity of the sun, L) of:
e L=3.846 *10° W

* The average distance between earth and sun (called “Astronomical Unit”,
AU) is:

e AU =149.6 million km

* The flux density of the solar irradiation, | at this distance is:

. =L 3.846x10%°W  3.846x10%°wW 1367 Y
AU (149,6+10%m) sdsmr  28124x10%3m* m?2

* In reality this value is not constant over the year, due to the eccentricity of
the earth’s orbit around the sun

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 21 20.02.2020
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The Eccentricity of the Earth’s Orbit and resulting variation of

Solar Irradiation, |
22.9.

5
N 21.6.
N
«— 147 ¢ 108 km —— @ «<—— 152 ¢ 108 km ——
21.12. S
1410 5
1400 ‘\

1390

1380 Peri-
helion

1360

1350 aphelion

1340

1330 Source: Vorlesung , Nutzung

1320 Solarer Strahlungsenergie”
0 50 100 150 200 250 300 350 Universitat Kassel

Day of the year
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Ekliptikal-Ebene

Source: Vorlesung , Nutzung
Solarer Strahlungsenergie”
Universitat Kassel
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Reason for the Seasons

* The seasons are caused by the tilt of the earth’s axis (and not by the
distance earth — sun)

* The declination angle, 6 can be calculated with the equation below
N

Declination. &
""" 30 21.6.

| &

N

i c“ -— to Sun 05 10 (/\Z?’/// \\‘
_Equatorial 0 ¥ day of the year, n

v
/e

30

\€/90 120 130 180 2\6}
Al

)0 330 360

plane

-10

Declination, d [°]

/ Vv \\I_ 21.12
s 0T y -20 // ~
Variation of the declination angle:
Declination angle 6 = 23.45° & =23.45*sin [360/ 365 * (284 + n)]
. , ) o with n = day of the year
Omax = the tilt angle of earth’s axis = 23.45 source: Duffie Beckman
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Reduction of Solar Irradiation Along its Way Through the
Atmosphere

Radiation at the top of atmosphere

Ozone Absorption (ca. 1%)

Hayleigh scattering and absorption (ca. 15%)

VY

Air molecules.. ...

atter and Absorption (& ca. 15%, max. 100%])

Clouds. ‘eﬂectinn, Scatter, Absorption (max. 100%}
Water Vapor..._................ Absorption (ca. 15%)

'---' "
Direct normal irradiance at ground ™ Source: DLR

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 25 20.02.2020
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The Definition of (Relative) Air Mass, AM

The (relative) air mass, AM describes the multiple of path length through the
atmosphere compared to the shortest way (perpendicular to the ground)

e AM=1/sing ¢ = elevation angle
———————————— —— - ———————————————Q___ top of atmosphere
A, 4
4 N 47{$ AM 1
M3
AM=1/sing : 418°
£=19,5° 30

Earth surface

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 26 20.02.2020
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Radiative Transfer in the Atmosphere

Source: Masdar / CSP Services

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016

1400
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E 1000 / "\\H
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Atmospheric Extinction Mechanisms

Absorbed

Source: Masdar / CSP Services

Direct transmitted
to surface
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Different Scattering Mechanisms

Rayleigh scattering Mie scttering Mie Scattering,
larger particles

» Direction of incident light

Source: Masdar / CSP Services
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Direct and Diffuse Irradiation

* Due to the above mentioned scattering mechanisms two different types
of irradiation are measured on the Earth’s surface:

e Direct Irradiation and

e Diffuse Irradiation

 The Direct Irradiation comes directly from the direction where the sun is
* The Diffuse Irradiation comes from all directions above the horizon

e The sum of both is called Global Irradiation

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 30 20.02.2020
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Inclined Irradiation is less dense at a Horizontal Surface [kW / m?]

DNI'=1000 W/m” DNI = 1000 W/m?

(DNI = Direct Normal Irradiation)
(DHI = Direct Horizontal Irradiation) DHI = DNI * sin ¢

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 31 09.10.2015
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Horizontal or Normal

* We also distinguish on what target we receive the Irradiation:

* Horizontal surface (Letter “H” at 2" position)

* Surface Normal to Direct Beam (Letter “N” at 2" position)

e DHI=DNI*sine (g, “epsilon” is the elevation angle of the sun)

* |f there is Diffuse Irradiation in addition to the Direct Irradiation (which is
always the case), then the Global Horizontal Irradiation (GHI) is: GHI = DHI + DIF

e DIF = Diffuse Irradiation

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 32 20.02.2020
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Global Horizontal Irradiation, GHI

@ / GHI = DHI + DIF
2 i

S ;) Example:

(¢B)

g_) | ) DHI = 600W/m?
7 diffuse DIF = 150W/m?
= g — GHI = 750W/m?
(4+] _

2 a

> |

a <

§ Global-Horizontal-Irradiation (GHI)
%)
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Measured DNI and GHI in Madinat Zayed, Abu Dhabi, UAE

DNI = 1000 W/m?

DHI = 1000 W,,'mQ DNI = 1000 VV"IrT.]2 14 —— GHI (Global Horizontal Iradiance)
DHI = 707 W/m?2 —— DNI (Direct Normal Irradiance)
(DNI = Direct Normal Irradiation) —— DHI (Diffuse Horizontal Irradiance) Jan u ary
(DHI = Direct Horizontal Irradiation)
DHI = DNI *sin ¢
& 800
S ARntt CEEEEDEEETEN EPEERE: > 2
1m z
° 600
g£=|90°
— 20
L R CE L LR PP E R PP RT R >
1m
The diagrams show: FEPFPIPEPFS LSS PPLLFP I PP LS L PSS E L
Local Time (UTC + 4h)
e DNI (Direct Normal |rradiation) 1 GHI (Global Horizontal Iadiance)
. . . . ——DNI (Direct Normal Irradiance)

* DHI (Diffuse Horizontal Irradiation) — OHI Diftuse Horzontal nadiance) MarCh
Here it is important to note the difference between “Horizontal“ and
“Normal“! “Horizontal” is the flux density on a horizontal plane, while

“Normal”is the flux density on a plane normal to the direct beam.
Conversion from “Normal“ to “Horizontal“:

* DHI = DNI * sin (Elevation Angle, €)

The Elevation Angle, € is the angle of the sun above the horizon. At low
€ the flux density on a horizontal plan is much smaller than on the
plane perpendicular to the direct beam. Note the Diagram for March,

GHI, DNI and DHI in W/m?
@
3
3

200

where DNIis much higher than GHI in the morning and evening. 0

Attention: Because the letter “D” stands for “Direct” and “Diffuse” as FISTTIESESECEELFILF PP IISF LS ESE S
well, there is potential for confusion.

Direct + Diffuse = Global (only for the same plane!)

Local Time (UTC +4h)
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Measured Irradiation Madinat Zayed 27.2.2012

1200 The diagram shows GHI, DNI
= GHI (Global Horizontal Irradiance) )
=—DNI (Direct Normal Irradiance) and DHI for one day It IS
= DHI (Diffuse Horizontal Irradiance) hazy In the mornlng GlObal

1000 and diffuse Irradiation are

almost identical, while DNI

/M.\_\ is almost zero. Only after
800
t 09:00 also the DNI
= increases. After that, itis a
z co0 clear day with relatively
2 little diffuse irradiation.
z
[=]
T
O 400
200 \/\
0 rrrrrrrrerrererrererrrrerrrrrrerrrrerrrrrr e T T T T T T T T I T T T T T T T T T rr T rr T T T T T T rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr et reT
c O o O O g O O Q O QO Q9 O 9O Q9 O QO g O O g O QO Q9 O g Q9 o o Qo O Qo g o o Q
R T A e R T I S S A S S L R S ANLC B R, ERNC S S AT S SO C A S L T S S CC S e TAN !
Sgc8gg83z8sggsgggecrdogFrvderseoagganygay
Madinat Zayed, United Arab Emirates Local Time (UTC + 4h)
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Sun‘s diameter and distance from Earth

Sun Earth

Source: Vorlesung
,Nutzung Solarer

Photosphéare, T = 6000 K Strahlungsenergie”

Universitat Kassel

e s ] e,
- —

Konvektive Zone, T = 130000 K

______
-
.....

Kern, T~ 20 -10° K e

rs =6,96-.10m rse = 1,496 10" m re = 6,37 105 m

Comparing dimensions: Sun is a ball of 20 m diameter, then Earth is a ball
of 18 cm and both balls are 2 km apart.
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Time Zones

 The Earth rotates from west to east with a frequency of one revolution per
24 hours.

 Thisis a rotation speed of 15° per hour or 1° per four minutes.

* Each degree of longitude experiences solar noon (sun passing the plane of
the degree of longitude) at a different point in time.

 |n order to have the solar noon close to 12:00 local time, different time
zones have been defined.

 The middle degree of longitude of each time zone is a number which is a
multiple of 15°.

 Time zones are described by their time difference to Greenwich Mean
Time (GMT), also called United Time Coordinated, UTC

* Central Europe e.g. is GMT + 1h
* The eastern part of Brazil e.g. is GMT -3 h.

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 37 20.02.2020
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Time Zones

S:I'AN'DARD TIME ZONES OF THE WORLD
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Solar Time vs. Local Time

* Onadegree of longitude which is a center of a time zone, solar time and
local time coincide.

e East of the center of a time zone solar noon occurs before 12:00 local time
and west of it, it occurs later than 12:00.

 The difference is 4 minutes per each degree distance to the center of the
relevant time zone.

 Example:

 Berlin L=13.4°E, center of time zone: L=15°

e Difference = 1.6° west

e =>solar noonis 1.6°-4min/° = 6.4 minutes after 12:00 = 12:06’:24”
e Brasilia: L=48.0°W, ct. of time zone: L=45°W; solar noon =12:12:00
* Note: In some countries in summer the clock is put 1 hr forward

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 39 20.02.2020
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Two Additional Variations

 The time for solar noon as calculated on the previous page is only correct
in annual average.

 On aconcrete date it can be up to 14 minutes later or up to 16 minutes
earlier.

* This is caused by two different mechanisms:
1) The tilt of the Earth’s axis against the ecliptic plane
2) The Eccentricity of the Earth’s orbit around the sun
 Mechanism 1) is rather difficult to explain:

When the rotation of the earth’s axis is projected onto the ecliptic plane,
this projection is faster than the earth’s rotation at some positions of the
earth along its orbit around the sun, and at some positions it is slower.

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 40 20.02.2020
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Solar Time Variation due to Tilt
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time [minutes]
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Variation of solar noon due earth axis tilt

day of the year/
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\/ \V

Negative value: solar noon later than in average

Positive value: solar noon earlier than in average
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Variation due to Eccentricity

The Earth’s orbit around the sun is not circular.
Average distance sun —earth: 149.6 * 10% km
Maximum distance sun — earth: 152.1 * 10® km
Minimum distance sun — earth: 147.1 * 10® km
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Q_ e B R SR Rl : ------------
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distant star

Variation due to Eccentricity T
The sidereal length of a day is 23:56:04

The remaining 3min and 56 sec are needed to
complete one revolution in relation to the sun

Due to the eccentricity of the earth’s orbit the
angle travelled by earth per day changes (fast
at Perihelion, slow at Aphelion).

12:00:00 11:56:04 12:00:00

Therefor 24h are not enough top catch up with Q{ @4

the sun in December, while it is more than
enough in June.

3" 56
a sidereal day

24h
a mean solar day

‘ 23 h56' 04"

Source: Wikipedia
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Solar Time Variation due to Eccentricity
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Variation of solar noon due to Eccentricity
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Negative value: solar noon later than in average

Positive value: solar noon earlier than in average
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Solar Time Variation due to Both Effects Together

* The following equation describes both effects together:
*  E=229,2*(0,000075+0,001868*cos(B)-0,032077*sin(B)-0,014615*cos(2B)-0,04089*sin(2B))

e With: B=(n-1)*360/365

n =the number of the day of the year  E in [minutes]

20

15

10

early, neg. = later)

-10

-15

E, [Minutes] (positive

-20

Variation of solar noon due to earth tilt and eccentricity

TN

/1N

/I

day of the year

AN
50 \30 210 (] 270 300 330 3
N

=

N

Negative value: solar noon later than in average
Positive value: solar noon earlier than in average

Source: Duffie Beckman
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Describing the Sun’s Position

Zenith
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Knowing the Sun‘s Position

The elevation, € and the azimuth, a can be calculated for every day of the year
and hour of the day with the following equations:

g = arcsin (sin @ * sin 8 + cos @ * cos 0 * cos m)
o= arcsin (cos o * sin ® / cos g€)

With:
* ¢ =degree of latitude
0O =declination of the day

o =hour angle (zero at noon, negative before noon, positive after noon)
® = hpm™15 (examples: 3 pm => ® =45°;,9 am =-3pm => ® = -45°)
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Solar Position Diagram Brasilia

=

3
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Knowing the Sun‘s Position

Knowing the sun’s position is important for Solar Engineering, especially in
CSP, because:

 The CSP Solar Collectors have to follow the sun, and hence their tracking
mechanisms has to be programmed, knowing the sun’s position at any
day of the year at any hour of the day.

e Also for PV plants with fixed modules, the sun’s position has to be known
in order to avoid shadowing of the modules at certain times of the day /
year.
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Solar Resource Maps

* Solar Resource Maps show the quantity of the solar resource for certain

regions of the world (or the whole world)
e Usually they show either GHI or DNI (map below: GHI)

 Common units are: average annual flux density [W/m?] or annual / daily

sum [kWh/(m? a)]

WORLD MAP OF GLOBAL HORIZONTAL IRRADIATION GeoModel

—— , o

B I e 00 s SRS ., S

. solargis

http://solargis.info L e~ SolarGIS © 2013 GeoModel Solar

Long-term average of: Annualsum <700 900 1100 1300 1500 1700 1900 2100 2300 2500 2700 >

: : : KWh/m?
Dailysum <20 25 30 35 40 45 50 55 60 65 7.0 75>

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 50

20.02.2020



o™ - )
# . 0*¥ PROJETO Energia
'.’_kﬁﬁv H |o t’ .
T eliotermica
‘ LT\
L

4
ezt

Solar Resource Maps

WORLD MAP OF DIRECT NORMAL IRRADIATION Geolodel
g o — e Sdeiadi Al

solargis

http://solargis.info

SolarGIS © 2013 GeoModel Solar

Annualsum <400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 >
Long-term ' '

S D o’
average of: !

Daily sum <10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 10.0 10.5>
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Global Horizontal Irradiation (GHI)  Latin America and the Caribbean

Solar Resource Maps v

: &x ¢ sollar g is
a KY -, Hm P?\\':T(;é:!\gp http://solargis.info
° . o = M M
GHI Map of Latin America M 6%
R - . i GD
¥,
b GHI Solar Map © 2014 GeoModel Solar
Average annual sum, period 1999-201 I

.
<1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 KWh/m®
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Direct Normal Irradiation (DNI) Latin America and the Caribbean
T

Solar Resource Maps —
solargis

http://solargis.info

DNI Map of Latin America
Attention:

* DNI maps are often generated
from Satellite data only. They
have a high degree of
uncertainty (up to 12%), unless
they are calibrated against
ground based measurements.

e Satellite based data tend to
overestimate the DNI resource!

R A

4
4T DNI Solar Map © 2014 GeoModel Solar

Average annual sum, El:iod 1999-@3 0 500km

< 400 800 1200 1600 2000 2400 2800 3200 3600> KWh/m®
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Annual sums of Solar Irradiation

GOOd SOlar SlteS Offer annual sums Of Direct Normal Irradlatlon (DNI) Latin America and the Caribbean
. . - solargis

solar irradiation of 2400 kWh/(m? a) poeti

and more. (This is true for DNI and

GHI as well).

Considering, that one barrel of oil has
an energy content of 1600 kWh, this
is equivalent to 1.5 barrels of oil per
m? each year!

A very important number in energy
engineering is the energy content of

.
oil:
.

DNI Solar Map © 2014 Solar

» 10 kWh / Liter (36 MJ / Liter) | i
» 11,7 kWh / kg (42 MJ / kg) N ——
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The Energetic Potential of Solar Energy

Mankind’s power Consumption:

e 15TW (www.lEA.org)

Solar power on earth disk:

e 127500 TW (6371 km)? * n* 1 kW/m?=127.5 *¥10*? kW

* Hence, Solar power is 8500 times bigger than
mankind’s power consumption

Annual energy consumption of mankind

Wind In other words:

The energy the earth receives in
one hour from the sun is
equivalent to the energy demand

of mankind in one vyear.

Graphik by Prof. O. Goebel using data from IEA,

Annual solar energy Photosynthesis
world energy outlook
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The Energetic Potential of Solar Energy

Practical Potential of Solar Energy:

e The theoretical potential of solar energy is in practice reduced by:
— weather

— non suitable sites (oceans and mountains)
— efficiency of conversion systems are below 100%

e Theses effects alone reduce the theoretical potential by a
factor of 100: remaining factor is: 8 000 / 100 = 80

e A more detailed analysis shows some further reductions

e However, solar energy has the potential to satisfy all energy
demand of mankind several times, even under the most
pessimistic assumptions.
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Solar Irradiation, Summary

Solar Flux Density:

e Qutside of earth’s atmosphere: 1367 W / m?
e At sea level at a clear day:
— 1000W / m? or 1 kW / m? (1.36 HP / m?)

e Sun shine hours up to
4000 h / a at good sites

_ Irradiation
e Received energy up to Best Case:
2600 kWh / m? a at very good sites 1000 W/m2
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Measuring Solar Irradiation
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Measuring Solar Irradiation
 Global Irradiation = Diffuse Irradiation + Direct Irradiation

* Global Irradiation is measured with a Pyranometer

e Direct Irradiation is measured with a Pyrheliometer or with two
Pyranometers, where one of them is covered with a Shadow Band.

Important for CSP: Only Direct Irradiation can be concentrated.
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Rotating Shadowband Pyranometer, RSP

Low maintenance
requirement

Measures Direct, Diffuse and
Global Irradiation

Less accurate than
Pryheliometer

= The shadow band rotates
periodically (usually every 30 s)
around the sensor., such that it is
temporarily shaded and able to
measure Diffuse Irradiation., while it
measures Global Irradiation when
not shaded. By subtracting the
Diffuse from the Global Irradiation,
the Direct Irradiation can be
calculated. Seite 23
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Rotating Shadowband Pyranometer, RSP

The shadow band rotates periodically (usually every 30 s) around the sensor.,
such that it is temporarily shaded and able to measure Diffuse Irradiation.,
while it measures Global Irradiation when not shaded. By subtracting the
Diffuse from the Global Irradiation, the Direct Irradiation can be calculated.

I Licor silicon photodiode ]

[ Rotating shadowband

Housing of mechanics
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Rotating Shadowband Pyranometer, RSP

1200 -
1000 Sy N R N A TN L e S e I S --=-Global

° Irradiation
ol E ----Diffuse
600 - 2 Dlrectlrradlatlon Irradiation
400 5 Sensor

Signal
200 | mmemmmmmm e e e e e
0

Simplified sensor signal during shadow band rotation:
once per minute, rotation lasts about 1.5 seconds

E ﬁ’ ',~‘= L;, %
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High Precision Measuring Station

Pyrheliometer and Pyranometer on sun tracker

Advantages:

shadowball 4+ high accuracy (1 to 2%)

+ separate sensors for

__ Pyranometer _ GHI, DNI and DHI
(ventilated) -

(cross-check through redundancy)

Disadvantages:
meter . = high acquisition costs
= high maintenance costs

= high susceptibility for soiling

= high power demand
(grid connection required)

e CSP sen'ices 4th Sfera Summer School, Hornberg Castle, 2013 - 31
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Soiling Characteristics of Pyrheliometer vs. RSP

Solar
Irradiation
direct
sunlight
gvdam) glass plate iﬂi
tube with T
200 mm . -
length diffusor disk
over
photodiode
e  7bsorber
_ RSP
Pyrheliometer sensor head

N CSP Services

croseraing Sour Frver fervom

signal reduction due Lo soiling in %

2%

5% A

«10% 1

«18% 4

=25% -

Fa R DN cakzilaing
Pt PR RN saaTs

Pyrheliometer and RSP soiling

within ane rmanth withow! sleaning

— Pryrhilizmetar — RSE
== Tundency Pyrheliomeier +++ Tandency RSP
B EE.. o o

4th Sfera Summer School, Hormmberg Castle, 2013 - 38
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Measuring the Solar Resource

When evaluating a site for solar projects, the solar resource is estimated initially without on site
measurements. Reason: Time and money

With some existing measuring stations in the area:

Interpolation of the existing data for the candidate site

— Attention: Interpolation not possible if there are weather influencing barriers between the
meteo stations (e.g. mountain ranges).

Without existing measuring stations in the area:

20% Min and max deviations of the annual sums

ope . . 15%
— Utilization of Satellite Data o
* These non site based data should be available for a 5%
period of at least 5 years, in order to have a o
. -5%
representative long term average value. The longer o
. R . Mean annual sum: 1 017 kWh
the period, the more reliable is the average value. o R i Ty L S s T e T e RV R L I EL E
Number of averaged years

Note: The bottom figure shows the deviations from long-term average CHI of the moving averages acrass | fo 22 years.

Sources: Datasource: DWD GHI Data from 1937 to 2003 (top); Volker Quaschning, DLR/Hoyer-Klick et al. 2010 (bottom).
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Measuring the Solar Resource

Using existing measurements from the region 1/2

Measurements of the solar resource are
conducted by the following institutions:

1. National Meteorological Institutes

2. Airports

Warning: The quality of the solar data is
often not good. Many meteorological
institutes and airports mainly pay
attention to temperature, air pressure,
humidity and wind speed. Solar
Irradiation is often measured with a glass
ball only.

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 66 20.02.2020



o™ - .
’-W- PROJETO Energia

13: Heliotérmica
' LT\

&

Measuring the Solar Resource

Using existing measurements from the region 2/2

Measurements of the solar resource are conducted by the following institutions:

3. Research Institutes

— Here it is possible to obtain high quality data. Besides the budget for proper
measuring equipment, here is also available the necessary knowledge for
operation & maintenance of the equipment.

4. Project Developer

— If there are already some solar power plants (of a certain minimum capacity) in
the area, then there have been conducted respective measuring campaigns.
There are cases where the project developers are willing to sell the data, and
there are cases where they are not willing to do so.

— From existing solar power plants in the area also some other relevant information
can be obtained (e.g. about Storms, Soiling, Vandalism), if the developer
cooperates.
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Measuring the Solar Resource Satellite Based Measurements
* Itis possible to calculate (or better: estimate) the solar resource at the earth’s surface
from the information measured by meteorological satellites.

 The algorithms used in that process are dependent on calibration with ground based
measurements. Therefore satellite based solar resource measurements without such
calibration are rather imprecise. (Example: Shams 1)

* DNl is more difficult to derive than GHI.

* Uncertainty at DNI:
— Without ground based calibration in the region: up to +/- 15%

— With ground based calibration in the region: approx. +/- 5%

* Uncertainty at GHI:

— Without ground based calibration in the region: up to +/- 10%
— With ground based calibration in the region: approx. +/- 3 to 4%
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Measuring the Solar Resource Ground Based Measurements

* |In case a site has been positively evaluated by non site based investigations
(nearby site data or Satellite), then site based solar resource measurement is
initiated.

* On site measurement shall last at least one year.
» Sites of solar power plants are often located in remote locations.
* Therefore data transmission shall be done via cell phone network.

 The cleaning of the sensors (RSP approx. 1x per week) needs to be organized. For
this task a person living near to the site shall be trained and contracted. Attention:
The cleaning has to be conducted according to a well defined plan, and the
execution shall be well documents. (Keep in mind the importance of the data for
the evaluation of the project site!)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 69 20.02.2020



o™ - :
o®"® PROJETO Energia

‘ s . - .
13: Heliotérmica
LSRR 4
‘ot

Measuring the Solar Resource:
Correlating Data from the Two Sources

* Once on site data will be available for one complete year, then they shall be
correlated with the non site based long term data.

e Concretely: The year for which we have both, the on site measurements and the
long term data (the overlap period) is used to calibrate the long term data for the
candidate site. This way the long term average value of the site is obtained.

e Example:

— The long term average annual sum of DNI for the site according to Satellite data
is 2200 kWh/(m? a).

— In the overlap period the Satellite showed 2100 kWh/(m? a) and the on site
measurement showed 2000 kWh/(m? a)

— Then the long term average value of 2200 kWh/(m? a) is corrected with the
factor of 2000 / 2100, and hence the corrected value is 2095 kWh/(m? a)
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Measuring the Solar Resource:
The TMY (Typical Meteorological Year)

e With the above mentioned method the long term average value for the site is
available.

* However, the annual sum of DNI [kWh / (m? a)] is not sufficient for the
simulation model which calculates the annual energy yield. For this purpose
hourly values (or better10 minutes values) are required.

* If we would simply average each hourly value of several years we would
eliminate the dynamic of the weather. However, this dynamic is needed for a
realistic simulation of the plant behavior.

* Solution: We take the hourly values (or 10 minutes values) of the ground based
data and correlate them with the long term average of the monthly sums of DNI.
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Measuring the Solar Resource:

The TMY (Typical Meteorological Year)

Example of a GHI measurement of January 15t for 5 different years

The

does not show the

dynamic of the years 2007 and 2011.

800
200 ——2007
-=-2008
600 ——2009
——2010
500 - ——2011

—o—Mittelwert

GHI [W/ m2]
=y
8

w
o
o

200

100

04:48:00

07:12:00 09:36:00 12:00:00 14:24:00 16:48:00 19:12:00
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Measuring the Solar Resource Describing the uncertainty

* In case the energy yield calculations based on the TMY are satisfactory, then the site is
declared as positive (at least from the solar resource point of view).

* For an objective judgment, the uncertainty of the TMY shall be described. For this task
the uncertainties of all components involved in the process (measuring instruments,
satellite data, correlation method, number of years of long term data) are combined by
relevant statistical methods.

* The resulting overall uncertainty is then expressed as a c—value in the Gaussian

Equation. Flz) = —_e¥(=2) f(x)
oV 2w .
02\
/0,25 AN
foon X,
/ 015 \
GaussianCuvewithMedian=0ando=1 S m N
4 3 2 a0 . 2 3
Sigma, o
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Measuring the Solar Resource Describing the uncertainty

* Is has to be calculated which percentage of deviation from the calculated value of the

annual DNI sum represents 1c.
0,0045 B 1 _1(%&)2
0,004 A f(I) - (}'\/Q_ﬂ'e z

0,0035 #
TN

-L%

0,002

f \

0,001
o #/ \
0

1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
DNI [kWh / (m? a)]

Wahrscheinlichkeit der DNI Werte

* Example:

* The long term average value of the DNI calculation is 2000 kWh/(m? a), and 1c is 5%
or here 100 kWh/(m? a). Then the average minus 16 =1900 kWh/(m? a) and the
average plus 16 =2100 kWh/(m? a)
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Measuring the Solar Resource Describing the uncertainty

0,45% 1 1(z0)
0,40% f(z) = e 2o
’ Lan o271
2 o35 s
8 o3s% # X
S 030%
H
S 0,25%
B
Z0,20%
B 0,15%
S
2 0,10% 7
0,05%
e s
0,00% L Y e
1600 1700 1800 ‘Peoo 280 2100 2200 2300 2400
DNI [kWH / (m? a)]

* 68,27 % of all values are located in the interval +/- 1 6 around the average value,
* 95,45 % of all values are located in the interval +/- 2 ¢ around the average value,
* 99,73 % of all values are located in the interval +/- 3 ¢ around the average value.
Investment bankers use the term P-Value to describe uncertainty (P = probability)

* P50 (0c) means that 50% of the possible values are higher than the P50 value and 50% are lower. P 50
is the most probable value.

* P90 (-1,250) means that 90% of the possible values are higher than the P90 value and 10% are lower.

* For the assessment of the creditworthiness of a project the banks want to know the P50, P75 and the
P90 value of the DNI annual sum. (Or better directly the energy yield [GWh_/a] calculated with these

DNI values.)
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The Principles of CSP Technology and Overview
of different CSP Technologies on the Market
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Classification of Solar Energy Technologies

high temp. medium temp.
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Principle of Concentrated Solar Power, CSP

Sola A

Concentrator and Collector|

Heat

P Electricity

»(Waste) Heat
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Types of CSP Power Plants

Trough

Linear Fresnel

absorber tube
reflectors

Radiation from the sun

Reflected radiation

@ @c
\f

reflector refleciu%
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Types of CSP Power Plants

)7 gty Energia
gas s T Status of Application
‘.."0
* Most mature 1) Trough D
and most ;Q; e Similar to trough
used CSP ) * Not yet accepted
technology. _ by mar!<et |
* Operational in 7/ . e Operational in
2014: 3’2 GW / absorber tube 2014 36 MW
- LA reflectors
tube
reflecior
2) Tower
Radiation from the sun A
Reflected radiation :‘O_ ° 2”d in maturity

™ and utilization

£
;Q: Q Q“‘”’“"' * Most promising
" Q ‘:J | CSP technology
1_/\ 1

<f v ‘H e Operational in

m 2014: 0.44 GW

3
reflector rerlecm&
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Systematic of Describing the Different CSP Technologies

1) Plant scheme

2) Heat Engine

3) Collector and collector field
4) Performance of the system
5) Status of application

6) Current developments

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 81 20.02.2020



’—Q .
# . 0*¥ PROJETO Energia
'.’~\" H ln t’ .
TR eliotermica

0t

Parabolic Trough Solar Power Plants
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Scheme of Parabolic Trough Solar Power Plant

o

SOLAR FIELD
e
T SUPERHEATER
OfL HEATER
—
COOLING WATER LOOP |- i)
T T
e <
HTF LOOP Quelle: Solar Paces
SOLAR STEAM
— STEAM LOOP (www.solarpaces.org)
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Possible Heat Engines

Possible are:

* Rankine Cycle with steam turbine or steam piston engine
e Stirling engine

* Gasturbine

So far used:

* Rankine Cycle with steam turbine

Reasons for not using the others:

e Stirling engine and steam engine are less suitable due to their small capacities
(max. a few MW)

 Gas turbine is less suitable, because it requires very high temperatures which

cannot be achieved with Trough Collectors
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The Rankine Process, the Process used in Steam Turbine
Power Plants

@ Steam

¢ Turbine

Super-
Heater Generator
4
Evaporator \
1—2 pressure increase in pump
@_ 2—3 pre heating

3—4 evaporation

\ O]

Pre-Heater

Condenser 4—5 super heating

Pump

3 O

5—6 expansion in turbine

6—1 condensing in condenser

@ ®
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The Rankine Process in h,s-Diagram

4000

3500

Fol

" A hTL ri

ine= Ns - hg

3000

2500

2000

h [ki/kg]

1500

1000

500 -

74

1,_, shown larger than in reality

s [kl/(kg K)]

2 4 6 8

10

12 pump

2—3 pre heating
3—4 evaporation
4—5 super heating
5—6 turbine

6—1 condenser
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S h,s-Diagram of Water and Steam
as
i wov T ; A
i e ] o %%;——wg%-awo
The start point of the expansion is defined i - y s J;_z Z
by the temperature and pressure of the ﬁ?} ,/ 1:,11 7 S -~ ) 3374
. . . 4 S Y £ =7
steam at the inlet of the turbine (point 5). 2200 o P /’7 ]l, ¥, Ilf/;{% -
y amsy axise 4 r s pe—r 4 yay &) ™
§ X T VA Y Ay S i Y A 4
The end point is defined by the pressure in ; ’Lflj’lz -5 . .
the condenser and the steam quality, x at Ry ~ e e 17—1300‘7(: |Sentr0p|C
the outlet of the turbine (point 6). 3000 ; . L/ e et ) 3000 expa nSion
: i e i P
Determining the end point with a given = 47:’/* e Y700
inner efficiency of the turbine (1 1, inner): < 2600 Z g/ / ,Li[ 5 ,‘éso%-zeoo
o f Z pA 7L \J
!nitially we draw the expansiqn Iine‘ s A e = oF technical
isentropically downward, until we hit the S o _— .
isobar of the condenser pressure (isentropic x 260 2 < % 600  €XPaANsion
expansion). Measuring the enthalpy & g s e
difference of the isentropic expansion (Ah 3 R o
exp_isentrop)- 1h€N we follow the isobar to the A 24004 950:%¢ : - 2400
right, until we have gained Ah ., icentrop » 095
(1- M 1urb inner) ©N the enthalpy scale. There F~ B
is the end point of the technical (real) ]_'OO bar . X XA <X o 709 2257
expansion. line Z = - 2200
< P~ *S08s|
__1 o5
Example: p;, = 100 bar, T;, = 500°C, pyng = 2060
0,1 bar, n Turb_inner — 85%: 20F \ 80 ' 12000
AN 4 sentrop = 3374 —2060 = 1314k / kg
’ |
Ah exp_isentrop *15% =197 kJ / kg 1800 T T 1800
h =2060+197 =2257kJ / k } !
Kond_real g 0,1 bar 55 60 65 70 7"5 80 85 30

line Spezifische Entropie § in kJ/kg K —m
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The max. temperature of the HTF o #7?:75/—77?—1% i
is limited to approx. 400°C. A 22001, e FE /11,17'}77 1,%1,29? 3
typical steam temperature at the ¥ . i i - o
turbine inlet is 375°C. & S S S
@ T I 83 6 S A4 v
5 e e o
. _ 3000 FFFFFAF T IL ST 550 oc-3000 3020
A technical expansion would end x e A i
at a steam wetness, x of 0.79. = . ?I;ZZ; e
This is not acceptable for a steam £ 2600 s S S (oo R
g < S
turbine due to the amount of H AT g . .
droplets entrained in the steam. -~ = Isentropic
< Q 2660~
p A LI expansion
Q
The smallest tolerable values of x 2 2 2 =7 P
> (V)
are around 0.85. 2400+ , . s .
& 005 technical
/’— .
100 bar oy expansion
line P o e 2200
A S 205! 2101
2000 s S 2S |
rd 08y T 12000
' 1939
1800 : 7 — —_—t 1800
» '
0,1 bar #5 60 65 70 75 80 85 30
line Spezifische Entropie § in kJ/kg K ———
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Solution: We introduce a re-heat 3400 +————+ 93 = 7 %xi FF—F—450 °C-3400
at the point when the expansion o #I,} 1/7{,(7,7 s
line first hits the wet steam line. 1200, & e A e S Ak
The steam is super heated again ik i 3190
in the re-heater until it reaches &5 EAAAHE 115745 77— 300%C
again 375°C. But now at a 3000 bttt FA AL LA S et oct 3000 3020
pressure of only 20 to 30bar. 2 = ;,/;7;’?175 2"t«»7;°~
Hence, the expansion path is 2 2 EE— e | 2810
g q q < 004 —~ Ao §() OCH- 2800
shifted to the right in the h,s- o : it
Diagram, and the isobar of the 2 AR -
condenser pressure is reached at g 260 X — 20 2600
an acceptable steam wetness of 2 S =
X=O 90. { { 00\
’ 2400+
z;x) Kol A *=095 %00 2350
Furthermore the efficiency of the 190 par - ;77
process is increased. We do need  |io o 1 9% 5350
additional heat for the re-heat, / | '
N 85
but we also do get more work >
out of the turbine. The gain in 2k “*2089 ! 12000
work is larger then the increase Yo ‘
of heat demand. o < o | '
o*\‘ ‘ — ‘800
0,1 bar 7} | "2 | !
i 55 60 65 70 75 80 85 90
line Spezifische Entropie § in kJ/kg K ———
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Multi Stage Feed Water Pre-Heating

* The scheme below shows the multi stage feed water pre heating in a Parabolic Trough Solar Power Plant
without Re-Heat.

* The feed water has already a temperature of 220°C when it enters the solar pre-heater.

* The pre-heating is performed with steam extracted from the turbine.
Lt d =¥ N AT

Steam Turbine

Generator .
1

ps 380°C
| e e--- Iisepessssss =
1 Solar
-
HTF-Heater : SuDerheater : Dry Cooler
: 1 4
1 Steam -
1
1
1

Solar .
Preheater

Heat Exchanger Heat Exchanger

Deaerator

S Ll LLTT

— 220°C

:

Expansion Vessel
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Example Calculation: Solution:

How much temperature gain, AT fecqwater €aN Power provided by the extraction:

be achieved for the feed water flow in the 2

pre-heater with the following given data? Q = Mextraction * AR = 10.238 MW

m — 103%9 . 4 _ 48k Power received by the feed water flow (the same as above):
feedwater — s 7 Mextraction = - I

k] kJ Q = Mgeeawater * Cp * AT

hextr. JHX in = 2600 hextr.,HX out — 467@

Q 10238 kJ/s

ATfpeq = = 23.78K
t : .
LT 2PN DT J T feedwater Mfeedwater Cp 103kg/54-18L
’ [N Y 4 /[\&
N/ 2N/ &/ ¢/ &/ o\
’ /e '/ ¢ /) 2 ¢ )
,/ / & ’, V 4 ,,
) /' 2 4 Y 4 F 4 y / V4
4y Y& 4y Y57 &%) Steam Turbine
4y 4 oy ’ /
7.0 S e/ ) e/
{'I { )ll { U 45 4
/ VA / o
Ol DL e DL A 0% Field §— 380°C
Y
---------- fmw- -
: >So’av . z |
HTF-Heater : Superheater
: : I 4 Y I—
1
[} - -
' Genersior rrir ‘ Lesson learned:
] ]
rm——- ' - —{W-<+ | I A rather small mass flow
Solar -
preneater < HeEwungs L eewEigge of extracted steam causes
a rather big increase of
| » feed water temperature.
Q 220°C P

Expansion Vessel
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Efficiency of Rankine Process

The efficiency of a Rankine Process can be calculated by the following equation:
_ Ahg_s5—Ahy_4
Ahs_;
In case of a re-heat: both expansion enthalpy differences are in the numerator and the enthalpy
difference of the re-heat is added to the nominator:

- AhHP—turbine"‘AhLP—turbine_Ahz—l

(Enthalpies, h as defined in the slide “Rankine Process in h,s-diagram”)

Ahgteam generator+Ahre—heat
In case feed water pre-heating is used, it is no longer possible to calculate the efficiency with
enthalpy differences only. They need to be multiplied with the respective mass flows, because they
are different at the different process steps.

For a first estimate of the Rankine Cycle efficiency it can be calculated with the Carnot efficiency and
the thermodynamic performance factor (tpf).

Tup_Tlow Tiow

Ncarnot = with all temperatures in [Kelvin]

or=1-—
up Tup

The thermodynamic performance factor (tpf) can be assumed with 0.75 for large scale plants and

0.70 for smaller plants.

Example: Ty, = 400°C;  Tyo=30°C; tpf =072 =>Tcarnot = marz— = 55%

NRankine = Ncarnot * tpf =55% * 0,72 =39.6%
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h,s-Diagram for Water and Steam

s | 1" e * The h,s-Diagram is especially useful for
' D s o ~3400 . .
| & i e e reading values in the area of super
a0l | 5% S i o heated steam. Therefore mostly only
5 7 i S e S this area is depicted in the diagram.
[ 3000 3 A oc}-3000 <
! 2 AL E 7 * In the area of liquid state water the
£ A AL A 200 . . . .
= e = values are difficult to depict in the
2= disgram.
2 | g /_f' = |
g“‘” g =2>=0  Therefore mostly tables are used to
L 5 describe the liquid state and the wet
3 Xz 2400
5 % s steam area.
X:q
2200 2L 2 20 ¢ These table can be found on the
b following pages.
2000 v “':Qoo - 2000
* The tables also show the values for
2025 ‘ . . .
1600 o o | 00 super heated steam which is depicted
) ; . .
I R I SR — in the diagram on the left.

Spezifische Entropie § in kJ/kg K ———
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Saturated Steam

N T\4
122 Tables of the Properties of Water and Steam Tafeln der Zi gréBen von Wasser und Wasserdamp! 123
Table 2 Sgluratlon State (Pressure Table) Table 2 Saturation State (Pressure Table) - Continuation
Sittigungszustand (Drucktafel) Sittigungszustand (Drucktafel) — Fortsetzung
r 3 ¥ , 4”“ h' R Ak, s i As, r b ' ¥ I i Ak, s 5" Ay
[MPa] [C1 [m? kg™ (k) kg™'} [kl kg™ K1) [MPa] [°C} [m® kg™ [kIkg™) kI kg™! K1)
0.000611657 0.01 0001000 205.997 0.001 250091 250091  0.0000 9.1555 91555 0.15 11135 0001053 11594 46708 269311 222603 14335 72220 57894
0.0007 1.88 0001000 181.223 7890 250435 249646  0.0288 91058  9.0770 0.16 113.30 0.001054 10914 47534 269604 222071 14549 72014 57464
0.0008 376 0.001000 159.646 15809 2507.80 2491.99  (.0575  0.0567 8.9992 017 115,15 0001056 10312 48318 269881 221562 14752 71811 57059
0.0009 5.44 0001000 142,763 22888  2510.89 248800 00830 90135 89305 0.18 11691 0.001058 09775  490.67 270142 221075 14944 71620 56677
0.0010 6.97 0001000 129.183  29.298 2513.68 248438  0.1059 89740  8.8690 0.19 118.60 0.001059 09293  497.82 270389 220607 15127 71440 56313
0.0015 13.02 0001001 87962 54685 252475 247006  0.956 88270 86315 0.20 12021 0.001061 08857  S04.68 270624 220156 15301 71269  5.5068
0.0020 17.50 0.001001 66990 73435 253291 245948 02606 87227  8.4621 0.21 12176 0.001062 08462 51127 270848 219721 15468 71106 5.5638
0.0025 21.08 0001002 54242 88430 253943 245100 03119 86422 83303 . 022 123.25 0.001063 08101  517.62 271062 219300 15628  7.0051 55323
0.0030 24.08 0001003 45655 100990 254488 244389 03543 85766 82222 0.23 124,69 0.001065 07771 52373 271266 218893 15782 7.0802 - 5.5021
0.0035 26.67 0001003 39468 111836  2549.57 243774 03907 85213 81306 | 0.24 126.07 0.001066 07467 52964 271462 218498 15930 70660 54731
0.0040 28.96 0001004 34792 121404 255371 243231 04224 84735 80510 0.25 127.41 0.001067 07187 53535 271650 218115 16072 70524 54452
0.0043 3101 0001005 31132 129981  2557.41 242743 04507 84314 7.9807 0.26 128.71 0.001068 06928  S40.88 271831 217742 16210 7.0393 54183
0.0050 32.88 DO0IO0S 28186 137765 2560.77 242300 04763 83939 79177 0.27 129.97 0001070 06687  S4625 272004 217379 16343 70267 53024
0.0055 34.58 0.001006 25763 144901  2563.83 241893 04995 83600  7.8605 0.28 131.19 0001071 06463 S5146 272172 217026 16472 70146 53674
0.0060 36.16 0001006 23734 151494 2566.67 241517 05200 83291  7.8083 0.29 132.37 0.001072 06254  556.53 272333 2166.81 16397  7.0029 53432
0.0065 17.63 0001007 22010 157.627 2569.30 241167  0.5407 83008  7.7601 0.30 133.53 0001073 0.6058  S61.46 272489 216344 16718 69916 53198
0.0070 39.00 0001007 20525 163.366 2571.76 240839 05591 82746 77155 031 134.65 0.001074 05874 56626 272640 2160.14 16835 69806 52971
0.0075 40,29 0001008 19234 168760 2574.06 240530 05763 82502 7.6739 0.32 135.74 0.001075 05702 57093  2727.86 215692 16950 69700 52751
0.0080 41.51 0.001008  18.099 173852 2576.24 240239 05915 82274 7.6349 | 0.33 136.81 0001076  0.5540  STSSO 272927 218377 17061 69597 52537
0.0085 42,66 0001009 17095 178.676 2578.30 2399.62  0.6078  8£.2060  7.5982 0.34 137.85 0001078 0.5387 57996 2730.64 215068 17169 69498 52329
0.0090 43.76 0001009 16200 183.262 2580.25 239699  0.6223 81859  7.5636 0.35 138,86 0.001079 05242 58431 2731.97 214765 17275 69401 52126
0.0095 44,81 0001010 15396 187.634 258211 239448 06361 8.1669  7.5308 0.36 139.85 0.001080 05105  S88.57 273325 214468 17378 69307  5.1920
0.0100 45.81 0001010 14671 191812  2583.89 230207  0.6492 8.1489  7.4997 0.37 140.82 D.00I081 04975 59274 © 273451 2014177 17478 69215 51737
0.0150 5397 0001014 10020 225935 2598.30 237237 07548 80071 7.2523 0.38 14177 0001082 04852  S96.81 273572 213891 L7576 69126  5.1550
0.0200 60,06 0001017 7648 251400 2608.95 235755 08320 79072 7.0753 0.39 142.70 0.001083 04735 60081 273691 203610 17672 69039 51367
0.0250 64.96 0.001020 6203 271925 2617.45 234552  0.8931 78302 6.9371 0.40 143.61 0001084 04624 60472 273806 213333 17766 68954  S5.1188
0.0300 69.10 0001022 5229  289.229 2624.55 233532 09439 77675 68235 0.41 144.50 0001085 04518  608.56 2739.18 213062 17858 6.8872 51014
0.0350 7268 0001024 4525 304.251  2630.67 232642 09876 77146 67270 042 145.38 0001085 04417 61233 274027 2127.94 17948 68791  5.0843
0.0400 75.86 0.001026 3993 317.566 263605 231848 10259 7.6690  6.6431 043 146.24 0001086 04320 61603 274133 212531 18036 68712 S.0676
0.0450 7871 0.001028 3576 320.554  2640.86 2311.31 10601  7.6288  6.5687 0.44 147.08 0.001087 04227  619.66 274237 212272 18122 68635 50513
0.0500 81.32 0.001030 3240 340476 2645.21 230474 10910 7.5930 65020 0.45 14791 0001088 04139 62322 274339 212006  1.8206 6.8560  5.0353
0.0350 83.71 0001032 2964  350.523  2649.19 220867 L1192 7.5606 64414 0.46 14872 0001089 04054 62673 274438  2117.65 18289 68486  5.0197
0.0600 85.93 0001033 2732 359.837 2652.85  2203.02  1.1452 75311  6.3859 047 149,52 0001000 03973 630.18 274534 211516 18371 68414 50043
0.0650 87.99 0.001035 2535  368.527 265625 228772 11694 75040  6.3346 048 150,30 0001091 03895 63357 274628 211272 18450 68343 49892
0.0700 £9.93 0001036 2365 376680 265642 228274 11919 74790 62871 0.49 151.08 0001092 03820 63690 2747.21 211030 18529 68274 49745
0.0750 91.76 0001037 2217 384365 . 266239 227802 12130 74557  6.2427 0.50 151.84 0001093 03748 64019 274811 2107.92  LB606 68206  4.9600
0.0800 93,49 0001038 2087 391639 2665.18 2273.54 12328 7.4339 62011 0.52 153.32 0001094 03612 64660 274985 210325 18756 68074 49318
0.0850 95.13 0.001040 1972 398,547 2667.82  2269.27 1.2516 74135 61618 0.54 154.76 0.001096  0.3486  652.83 275152 2098.69 18901 67947  4.9045
0.0500 96.69 0001041 1.869 405128 267031 226519 12694 7.3942  6.1248 0.56 156,15 0.001097 03368  658.88 275302 200424 19042 67824 48782
0.0950 98.18 0001042 1777 411415 267269 226127 1.2864 73760  6.0897 0.58 157.51 0001099 03258 66477 2754.66 208989 19179 67706 48528
1 bar 0.1000 99.61 0001043 1694 417.436 267495 2257.51 13026 73588  6.0562 0.60 158.83 0.001101 03156 67050 275614 208564 19311 67592  4.8281
0.1100 102.29 0001045 1550 428775 2679.18 225040 13328 73268 5.9940 0.62 160.12 0001102 03059  676.090 2757.56 208147 19440 67481 48041
0.1200 104.78 0001047 1428  430.299  2683.06 224376 13608 7.2976 59360 0.64 16137 0.001104 02969  681.54 275893 207739 19565 67374 47809
0.1300 107.11 0001049 1325 449,132 268665 223752 13867 72708 58842 0.66 162.59 0.001105 02884 68686 2760.25 207339 19686 67260  4.7583
0.1400 109.29 0.001051 1.237 458367 268999 2231.62 14109 7.2460  5.8352 0.68 163.79 0.001107 02804 69206 2761.52 206946 19805 67168 47363

Quelle: Wagner, W.; Kruse, A. Properties of Water and Steam, Springer
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Tables of the Properties of Water and Steam

Saturated Steam

Table 2 Saturation State (Pressure Table) — Continuation

Sittigungszustand (Drucktafel) — Fortsetzung

P B ¥ v R " Ak, s’ 8" As,
[MFa] ") m* kg kI kg™') kIkg 'K
0.70 164.95 0.001108 0272764 69714 276275 206561 19921 67070 47149
072 166.09 0001109 0265582 70212 2763.94 206182 20034 66974  4.6940
0.74 167.21 0000111 0258775 70699 276508 205810 20144 66881 46737
0.76 168,30 0001112 0252314 TILT6 276619 205443 20252 66790  4.6539
0.78 169.37 0001113 0246172 71643 276726 205083 20357 66702 4.6345
0.80 170.41 0001115 (240328 72102 276830 204728 20460 6.6615  4.6156
082 171.44 0001116 0234758 72552 2769.31 204379 20561 66531 4.5970
0.84 172.45 0001117 0220445 72993 277028 204035 20659 6.6449 45789
0.86 173.43 0001119 0224370 73427 277123 203696 20756 66368 45612
0.88 174.41 0001120 0219518 73853 277215 203361 20851  6.6280 45438
0.90 175,36 0001121 0214874 74272 2773.04 203031 20944 66212 45268
092 176.29 0001122 0210425  T4685 277390 2027.06 L1035 66137 45102
0.54 177.21 0001124 0206158 75090 277474 202384 20125 6.6063 44938
0.96 178.12 0001125 0202064 75480 277556 202067 21213 6.5991 44778
098 179.01 0001126 0198130 75882 277635  2017.53 21299  6.5919  4.4620
10 bar 100 179.89 0001127 0194349 76268 2777.12 201444 21384 65850 44465
110 184,07 0001133 0177436 TRI20 278067 199947 L1789 65520 43731
120 187.96 0007139 0163250 79850 278377 198527 22163 65217 43054
130 191.61 0001144 0151175 BI4T6 278649 197173 22512 64936 4.2425
1.40 195.08 0001149 0140768 83013 278889 195876 22839 64675 41836
1.50 198.30 0001154 0131702 84472 279101 194629 23147 64431 41284
1.60 201.38 0001150 0,123732  BSR61 279288 193427 23438 64200 4.0762
170 204,31 0001163 0116668  STLE9 279453 192264 23715 63983 40268
1.80 207.12 DODT16R 0110362  BE46L 279599 191137 23978 63776 3.9798
1.90 209.81 0001172 (104698 89684 279726 190042 24229 63579 3.9350
2.00 212.38 0001177 0.099581  DOREZ 279838 I8BO.T6 24470 63392 3.8921
210 214.87 0001181 0.094934 01999 279936 1879.37 24701 63212 3.8511
220 217.26 0001185 0.090695  9I09R 280020 1869.22 24924 63040 38116
230 219.56 0001189 0086812 94163 280092 185930 25138 6.2874  3.7736
2.40 221.80 0001193 0083242 95195 2801.54 1B49.58 25344 62714 37370
2.50 22396 0001197 0079947 96198 280204 1B40.06 25544 62560 37015
260 226.05 0001201 0.076897 97174 280245 183071 25738 62411 3.6673
270 228.09 0001205  0.074065 98124 280278 182154 15925 62266  3.6341
2.80 230.06 0001200  0.071428 99050 280302 181251 26107 62126 3.6019
2.90 231.99 0001213 0.068967  999.54 280318 1803.63 16284 61990  3.5706
3.00 233,86 0.001217 0066664 100837 2803.26 179489 26456 61858 35402
310 235.68 0.001220  0.064504 1017.00 280328 178628 26624  6.1720  3.5105
320 217.46 0001224 0.062475 102545 280324 177179 26787 61604 34817
3,30 239.20 0001228 0.060564 103372 280313 176941 26946 61481  3.4535
3.40 24090 0001231 0058761 104183 280296 1761014 27102 61362 3.4260
350 24256 0001235 0.05705%8 104978 280274 175297 27254 61245 33991
3.60 244.19 0001230 0055446 105757 280247 174480 27403 61131 337K
370 24578 0001242 0.053918 106523 280215 173691 27548 61019 33471
180 247.33 0001246 0.052468 107276 280178 172002 27690 60010 33219
1.90 248.86 0001249  0.051080 1080.15 280136 172121 27830 60802 32973

Quelle: Wagner, W.; Kruse, A. Proper

Tafeln der ZustandsgréBen von Wasser und Wasserdampf 125
Table 2 Saturation State (Pressure Table) - Continuation
Sattigungszustand (Drucktafel) — Fortsetzung
P & ¥ ' R B Ak, s’ e Al
[MPa) ['C) [m’ k'] (kI kg'] Ik kg™ K]

40 250.36 0001253 0049777 108743 280080 171347 27967 60697 32731
4.1 251.83 0.001256  0.048526 108458 280039 170581  2EI101 60594  3.2493
42 253.21 0001259 0.047333 110163 279985 169822 28232  6.0492  3.2260

4.3 254.68 0001263 Q.046193 110857 279927 169070 28362 60393 3.2031
I 44 256.07 0.001266  0.045103 111540 2798.65 168325  2.8488 60204  3.1806
45 257.44 0001270 0.044059 112214 279800 167585 28613 60198  3.1585
| 46 258.78 0001273  0.043060 112879 279731 1668.52 28736 6.0103  3.1367
47 260.10 0.001276 0042101 113534 279650 1661.24 28857 60010  3.1153

48 261.40 0001280  0.041181 114181 279583 165402 28975 59017  3.0042
49 262.68 0001283 (.040296 114820 279504 164685 20092 59827 307
5.0 263.94 0001286 0.039446 115450 270423 163973 29207 59737  3.0530

51 265,18 0001290 (.038628 116073 279338 163265 29321 59649  3.0328

52 266.41 0001293 0037840 1166.8% 279251 162562 29433 59562  3.0129

| 5.3 267.61 0001296 0037081 117297 279160 161864 29543 59475  2.9933
54 26880 0.001300  0.036349 117898 279067 161169 29652 59390 29739

55 269.97 0001303 0035642 118492 278972 160479 29750 50307 29548

56 27112 0.001306 0034960 119081 27RRT4  1597.93 29865 59234 29359

57 272.26 0.001300  0.034300 119663 278773 159010 29969 59141 29173

| 5.8 273.38 0001313 0033663 120239 278670 158431 30072 59060  2.8988
| 59 274.49 0001316 0033046 120809 2785.64 1577.55 30174 58980 28806
| 6.0 275.59 0001319 0032449 121373 278456 157083 30274 58901 28626
6.1 276.67 0001323 0031870 1219327 278346 156404 30374 58822 28448

| 6.2 27173 0001326 0031310 1224.86 278233 155748 30472 58744 28272
| 6.3 278.79 0001326 0030766 123034 278119 1550.84  3.0569  S.B667  2.8098
6.4 279.83 0001332 0030239 123578 278002 154424 30665 58501 27926

| 6.5 280.86 0.001336 0029728 124117 277883 1537.66 30760 S.8515 27755
| 6.6 281.88 0001339 0020231 124651 277762 153111 30854 S840  2.7556
| 67 262.88 0001342 0028748 125181 277639 152458 30947 58366 27419
68 28188 0001345 0.028279 1257.06 277513 151807 31039  5.8200  2.7253

69 284.86 0001349 0.027823 126227 297386 151159  3.1130  5.8219 27089

1.0 285.83 0001352 0027380 126744 277257 150503 31220  S.8146  2.6926

7.1 286.79 0001355 0.026048 127257 297126 149860 31309 58074 26765

| 72 287.74 DO0I358 0026528 1277.65 2760.93 140227 31398 58003 2.6605
| 13 288,68 0001362 0026119 128270 276858 148587 31485 57932 2.6447
74 289.62 0.001365 0025720 128772 276721 147949 31572 5762 2.6290

75 290.54 0001368 0025331 129270 276582 147312 31658 57792 2.6134

16 291.45 0001371 0.024952 129764 276441 146678 31743 57712 25979

i) 292.35 0001375 0024383 130255 2762.99 146044 31827 57633 25826

18 293.35 0001378 0024223 130742 276155 145412 31911 57584 2.5673

7.9 294.13 0001381 0023871 131227 276009 144782 31994 57516  2.5522

8.0 293.01 0.001385 0023528 131708 2758.61 144153 32077 37448 25372

8.1 295.88 0001388 0023192 1321.86 2757.12 143525 32158 57381  2.5223

8.2 296.74 0.001391  D022865 1326.61 275560 142899 32239 57314 25075

83 297.59 0.001395 0022545 133134 275407 142274 32320 57247 2.4928

84 29%.44 0.001398 0022232 133603 275252 141649 32399 57181 24782

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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126 Tables of the Properties of Water and Steam Tafeln der ZustandsgréBen von Wasser und Wasserdampf 127
Table 2 Saturation State (Pressure Table) — Continuation Table 2 Saturation State (Pressure Table) — Continuation
Sittigungszustand (Drucktafel) - Fortsetzung Séttigungszustand (Drucktafel) - Fortsetzung
P i v " 3 R Ak, s 5" Asy I3 I ¥ v h' A" Ah, s 5" As,
[MPa] [C] [m*kg™'] [kIkg™") [kl kg™ K1) [MPa] [°Cl fmi kg [k kg™ kg K]
85 299.27 0001401 0021926 134070 2750.96 141026 32478 57115 24637 130 330.86 0001566 0012785 153140 266289 113149  3.5606 54339  1.8733
856 300,10 0001405 0021627 134534 274938 140404 32557 57050 24493 ‘ 121 33145 0001571 0012648 153537 2660.51 112514  3.5669 S4278 18610
87 30092 0001408 0021334 134906 274778 1397.82 32635 56084 24349 132 332.05 0001575 0012512 151933 265811 111878 35732 54218 18486
48 301.74 0001417 0021048 135454 274616 139162 32712 56019 24207 123 332,64 0001579 0012379 154329 2655.60 111240 35794  S4IS7 18363
89 302.55 0.001415  0.020767 1359.11 274453 138542 32789 56855 24065 13.4 33322 0001583 0012247 154724 265324 110600 35857 54007  1.8240
9.0 303.35 0001418 0.020493 136365 274288 137923 32866 S6790 23924 135 333.81 0001588 0012116 155119 265077 1009.58 35020 54036 18116
9.1 304.14 0001422 0020224 1368.17 274122 137305 32942 S6726 23784 136 33430 0001592 0011988 155514 264828 109315 35082 53975 17993
02 304.93 0001425 0019961 137266 273953 136687 33017 56662 2.3645 13.7 33496 0001596 0011861 155908 264577 108670  3.6044 53914 17870
93 305.71 0001428 0019703 1377.14 273783 136070 33002 56508 23507 138 33553 0001601 0011735 1563.01 264324 108032 36106 53853 17747
94 306.48 0001432 0019450 138159 273612 [35453 33166 56535 23369 139 336.10 0001605 0011611 156695 264068 107373 36168 53792 17624
9.5 307.25 0001435 0019203 138602 273438 134837 33240 56472 23232 14.0 336.67 0001610  DO11489 157088 263800 106721 36230 53730 17500
o6 308.01 0001439 0018960 139043 273264 1342721 3.3313 5.6409  2.3095 141 337.23 0.001614 0011368 157481 263549 106068 3.6292  5.3669 1.7377
9.7 30877 0001432 0018721 139481 273087 133606 33386 56346 22060 14.2 337.79 0001619 0011248 157874 263285 105412 36353 33607 17254
9.8 309,52 0001446 0018488 13998 2729.00 132990 33450  5.6283 22824 143 13835 0001623 0011130 158266 263020 1047.53 36415 53546 17131
99 310.26 (L0071 449 0.018259 140354 2727.29 132375 3.3551 5.6221 2.2690 144 338.90 0.001628 0011014 1586.59  2627.51 104093 3.6477 53484 1.7007
100 bar 10.0 311.00 0.001453  0.018034 1407.87 272547 131761 33603 S61S9 22556 14.5 339.45 0001633 0010898 1590.51 262481 103429 36538 53422 L68&4
10.1 31173 0001456 0017813 141218 272364 131146 33674 S.6097 22423 14.6 340,00 0001638 0010784 159444 262207 102763  3.6599 53350 L6760
102 312,46 0001460 0017596 141648 272170 130531 33745 56035 2.2290 14.7 340.54 0001642 0010671 159837 261931 102095  3.6661 53297 L6636
103 313,18 0001463 0017383 142076 271993 120917 33816 55073 22158 14.8 341,08 0001647 0010560 160229 261652 101423 36722 53234 LSz
104 313.90 0001467 0017174 142502 271804 129302 33886 55912 2.2026 149 341.62 0001652 0010449 160622 261371 100749  3.6783 33171 L6388
105 314.61 0001470 0016969 142927 271614 128688 33956 55850  2.1895 150 342.16 0001657 0010340 161015 261086 100071  3.6844 53108 1.6264
106 31531 0001474 0016767 143350 271423 128073 34025 S.S789 21764 | 15.1 342.69 0001662 0010232 161408 260700 99391 36006 53045 16139
10.7 316.01 0001478 0016569 1437.72 271230 127458 34094 55728 21634 15.2 34322 0001667 0010125 161802 260509  987.07 36967 52981 L6014
108 316,71 0001481 0016374 144192 271035 126843 34163 55667 21504 15.3 343,75 0001672 0010019 162196 260216 98020 37028 52917  1.5889
109 31740 0001485 0016182 144611 270838 126237 34231 55606 21375 15.4 344.27 0001677 0009915 162590 259921 97330 37089 52853 15764
110 318,08 0001489 D.015994 145028 270639 125612 34300 5.5545 21246 155 14470 0001682 0009811 1620.85 259622 96637 37150 52789 15638
111 318.76 0001492 0.015809 145444  2704.39 124996 34367 55485 21117 156 34531 0001688  0.009709 1633.80 2593.20 95939 37212 52724 15513
112 319.44 0001496 0015626 1458.58 270237 124379 34435 55424 2.0089 15.7 345.83 0001693 0000607 163776 2590.15 95239 37273 52659  1.5386
113 32011 0001500 0015447 146272 2700.34 1237.62 34502 55363 2.0861 158 34634 0001699  0.009506 164172 258706 04534 37334 52504 15260
114 32077 0001503 0015271 146684 269828 123145 34560 55303 20734 159 346.85 0001704  0.009407 164560 258395 93826  3.7395 52529 15133
15 32144 0001507  DOIS097  1470.95 269621 122526 34636 55243 20607 16.0 347.36 0001710 0009308 164967 258080 93113 37457 52463  1.5006
116 322.09 0001511 0014926  1475.05 2694.12 1219.08 34702 55182 20480 16.1 34786 0001715 0009210 165366 257762 92397 37518 52307 14878
1.7 32275 0001515 0014758 147913 269202 121288 34768 55122 20354 16.2 348.36 0001721 0009114 165765 257441 91676 37580 52330 14750
118 323.39 0001519 0014593 148321 2689.80 120668 34834 55062 20228 163 34886 0001727 0.009018  1661.65 257116  909.51 37641 52263 14622
119 324,04 0001522 0014430 1487.27 2687.75 120047 3489 55001 20102 16.4 349 36 0001732 0008923 66566 256788 90222 37703 52196 14493
12.0 314,68 0.001526 0.014269 149133 2685.58  1194.26 3.4965 5.4941 1.9977 16.5 349.86 Q.001738 0.008828 166968 2564.57 894,88 3.7765 52129 1 436‘1—
121 32531 0001530 0014111 149537 268340 118803 35030 S4881 19851 166 350,35 0001744 0008736 167374 256126  BBTS2 37827 52062 14235
12.2 325.95 0.001534 0013955  1499.4] 261,20 118179 35095 54821 19726 16.7 35084 0001750  0.008643 1677.80 255787  BO.07 37889 51993 14104
123 326,57 0001538 0013801 1503.43 267898 117555 35159 54761 19601 16.8 351.33 0.001757 0008551 168186 255443 87257 37952 51924 13973
124 327.20 0001542 0013650 1507.45 267674 116929 35224 54700 19477 16.9 351.81 0001763 0008460 168594 255096  865.02 38014 51855 13841
125 32782 0001546 0013501 151146 267440 116302 35288 54640 19353 17.0 352.29 0001769 DO0BITO  1690.04 254744 85740 38077 51785 13709
12.6 328.43 0.001550 0.013354 151547 267221 1156.74 3.5352 5.4580 1.9228 17.1 52717 0.001776 0.008280 169415 254388 849.73 38140 51715 1.3576
127 329.04 0001554 0013208 1519.46  2669.91 115045 315415 54520 19104 17.2 35325 0001782 0008191 169827 254027  B4199 38203 51644 13442
128 320.65 0001558 0013065 152345 266759 114414 35479 54459 18980 173 35373 0001789 0008102 170242 253661 83419 38266 51573 13307
129 330.26 0001562 0012024 1527.43 266525 1137.82 35543 54399 18857 174 354.20 0001796  000RD1S 170659 253201 82632 38330 51501 13172
Quelle: Wagner, W.; Kruse, A. Properties of Water and Steam, Springer
Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 96 20.02.2020
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an?®

ts
[°C]
45,817
60,073
69,114
81,339
89,956
96,713
99,632
120,241
133,555
143,643
151,866
158,863
170,444
179,916
198,327
212,417
223,989
233,892
242,595
250,392
257,474
263,977
275,621
285,864
295,042
303,379
311,031
324,709
336,700
347,394
357,038
365,800
369,881
371,848
373,767
373,976

rho'
[kg/m?]
989,82
983,13
978,25
970,96
965,36
960,73
958,66
942,96
931,84
922,91
915,31
908,61
897,05
887,15
866,69
849,85
835,19
822,00
809,84
798,49
787,76
777,52
758,17
739,91
722,40
705,37
688,63
655,35
621,30
584,80
543,50
491,20
454,50
427,90
370,00
322,00

Energia
Heliotérmica

Saturated Steam, Table & Diagram

density and enthalpy as a function of pressure

rho
[kg/m?]
0,068
0,131
0,191
0,309
0,423
0,535
0,590
1,129
1,651
2,162
2,668
3,168
4,160
5,144
7,592
10,041
12,508
15,000
17,527
20,092
22,700
25,355
30,825
36,534
42,518
48,817
55,480
70,120
87,070
107,410
133,250
170,250
199,190
221,500
274,000
322,000

-
[kJ/kg]
191,83
251,46
289,30
340,54
376,75
405,20
417,51
504,80
561,61
604,91
640,38
670,71
721,23
762,88
844,85
908,69
961,97
1008,29
1049,63
1087,22
1121,89
1154,20
1213,34
1266,98
1316,57
1363,10
1407,28
1490,73
1570,40
1649,50
1732,00
1826,70
1887,60
1929,00
2013,00
2086,00

h" r

[kd/kg] [kJI/kg]

2583,8 2392,0
2608,9 2357,4
2624,6 2335,3
2645,3 2304,8
2659,6 2282,9
2670,5 2265,3
2675,1 2257,6
2706,5 2201,7
2725,3 2163,7
2738,5 2133,6
2748,6 2108,2
2756,7 2086,0
2768,9 2047,7
2777,7 2014,8
2791,5 1946,7
2798,7 1890,0
2802,2 1840,2
2803,3 1795,0
2802,6 1753,0
2800,6 1713,4
2797,6 1675,7
2793,7 1639,5
2783,9 1570,6
2771,8 1504,8
2757,8 1441,2
2742,0 1378,9
2724,5 1317,2
2684,5 1193,8
2637,1 1066,7
2580,3 930,8
2509,7 777,7
2413,6 586,9
2342,8 455,2
2290,7 361,7
2177,0 164,0
2086,0 0,0
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) PROJETO Energia
147 Heliotérmica Table of Water & Steam: 0,1 bar

142 Tables of the Properties of Water and Steam Tafeln der ZustandsgréBen von Wasser und Wasserdampf 143
Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation
Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) — Fortsetzung Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) - Fortsetzung
p=0.01MPa p=0.01MPa \
t v h s ¢ w x %108 Ax10° t v h s ey w 3 nx 108 Ax 103
€1 [mikgl  [Kkgl) Kkg' K [Kkg 'K [ms) kgm1s~) (W m K] rel ke kel kgl KK kg KT (ms) kgm' 1] Wml K]
0 0.001000 -003  -00002 42199 140230 196603 179176 56103 350 287550  3177.54 94513 20318 61000 12941 2238 48.86
5 0001000 21.03 0.0763 42053 142605 203346 151828 57053 360 29.2167  3197.89 9.4837 2.0382 614.60 1.2929 22.79 50.01
10 0001000 4203 0ISI1 41958 144741 200428 130598 58000 370 296785 321831  9.5157 20446 61915 12917 2321 5116
15 0001001 6299 02245 41894 146645 214344 113761 589.34 380 300402 323879 95473 20510 62366 12905 23.62 5232
20 0001002 8393 02965 41851 148327 219606 100164  S98.42 390 306019 325933 9.5785 20575 62813 12893 24.04 53.50
25 0.001003 10484 03673 41822 149803 223736 89010  607.15 400 310636 327994 96093 20641 63256 1.2881 24.45 54.68
gg 0.001004 125.75 0.4368 4.1803 1510.84 227261 797.35 615.46 410 31.5253 3300.61 9.6398 2.0706 636.95 1.2869 24.87 55.87
=z g.gg:ggg :2:.23 0.5052 4.1792 1521.84 230209 719.31 623.29 420 31.9870 3321.35 9.6699 20772 641.30 1.2857 25.28 57.06
% hihe - 05724 AI1788 153115 232610 65297 63059 430 324486 334215 96997 20839 64562 12846 25.70 58.27
. 18844 06386 41790 153890 23495 59606 63736 440 320103 336303 97292 20005 64990 1.2834 26.11 59.48
=458l Saturation
Liguid 0001010 19181 06492 41791 154001 234753 58763 63840 450 333720 338396 97584 20972 65415 1.2822 26,52 60.70
Vapour 146706 258389 8148 19413 44051 13227 1049 20,04 460 338336 340497 97872 21040 65836 12811 2693 oLes
- : . ‘ 470 342053 342604 98158 21107 66253 1.2799 27.34 63.17
50 148674  2591.99 8.1741 19272 443.67 1.3240 10.62 20.31 480 347569 3447.19 9.8440 21175 666.68 1.2788 2775 64.41
60 153353 261118 82326 19124 45074 13248 1095 21.00 490 352185 346840 98720 21244 67079 12776 28.16 65.66
70 158018 263027 82891 1.9071 45750 13246 11.28 2171
80 162674 264933 83438 1.9051 46409 13240 1163 545 500 356802  3489.67  9.8997 21312 67487 12765 28.57 66.92
%0 167323 266838 83970 19048 47055 13233 ‘198 2322 510 361418 351102 99271 21381 67892 1.2753 28.98 68.18
520 366034 353244 99543 21450 68294 12742 29.39 60.45
100 171967 268743 84488 19057 47680 13225 12.34 2,01 530 370650 355392 90812 21520 68692 12731 2980 70.73
1o 176607 270650 84992 19074 48312 13206 1271 24.82 S40  37.5267 357548 100079 21589 69088 12720 30.20 72,01
120 181243 272558 85484 19098 48925 13207 13.08 25.65 -
130 185876 274460 8594 19128 49528 13197 13.46 26.50 550 370883 3507.10 100343 21659 69482 12708 3061 73.30
140 190507 276384 8.6433 19163 50122 13187 13.84 27.37 560 384499 361879 100605 20729 69872 1.2697 31.01 74.60
90
150 19513 278302 86892 19201 50707 13176 1423 28.26 570 389115 364056 100865 21799 70260 12686 314l 750
160 199763 280224 87340 19243 51283 13166 14.62 29.16 S80 393731 366239 101122 21869 70645 12675 ~EL w2l
170 204389 282151 87780 19288 SI8S2 13154 15.01 30.08 590 398347 368430 104378 21940 71027 12664 221 8.2
180 209013 284082 88211 19336 52403 13143 15.41 31.02
190 213637 286018 8.8634 19385 52066 13132 15.80 31.97 §00 402063 270627 101631 220100 71407 f:2054 Azt 19.84
: j 610 407579 372832 104882 22081  717.84 12643 3301 8117
200 218260 287959 89048 19436 53513 13120 1621 3203 620 412195 375043 102131 22151 72159 12632 3341 82.50
210 222882 289905  8.9455 19489 54052 13108 1661 3391 1 630 416810 377262 102378 22222 72532 12622 3381 83.83
220 227504 291857 89855 19543 54585 13097 17.01 34.90 640 421426 379488 102623 22203 72902 12611 34.20 85.18
230 232124 293814 9.0248 19508 55112 1.3085 17.42 3591
240 236745 295776 9.0634 19654 55632 13073 1783 36.92 650 426042 381720 102866 22364 73270 12601 34.60 86.52
: 3 3499 87.88
250 241365 297745 90014 19711 56146 13061 18.24 37.95 :‘;’8 :g'ggi 232“;‘3‘7’ :3@;3; §‘§§§§ 333 2: : §§§3 35.38 89.23
260 245985 2997.19 9388 19769 56655  1.3049 18.65 39.00 680 439890 388461 103585 22576 74360 12570 35.77 90.59
270 25.0604 301698 91756 19827 57158 1.3037 19.06 4005 | €90 444505 390723 103821 22647 74719 12560 36.16 91.96
280 255223 303684 92118 19887 57656 13025 19.47 411 | . . # " : : :
290 25982 305676 92475 19947 58148 13013 19.89 4219 w 200 449121 392091 104055 22718 75076 12550 36.55 9333
300 264460 307673 92827 20007 58636 1.3001 20,30 43.28 720 458352 397548 104519 22859 75784 12530 37.32 96.09
30 269078 309677 93173 20069  S9LIS  1.2989 2072 4437 ; 740 467584 402134 104976 23001 76484 12511 38.09 98.86
320 27.3696 - 3116.87 9.3515 20130 595.96 1.2977 21.13 45.48 | 760 476815 4067.49 10.5427 23142 77176 1.2491 38.86 101.66
330 27.8314 313703 93852 20192 60068  1.2965 2155 46.60 780 486046 411391 105872 23283 77860  1.2473 3962 10447
340 282032 315726 94185 20255 60537 1.2953 21.96 4772 800 495278 416062 106311 23424 78538 1.2454 4037 107.29

Quelle: Wagner, W.; Kruse, A. Properties of Water and Steam, Springer
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Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation
9 b ) Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) — Fortsetzung
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Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) — Fortsetzung |

p=0.025MPa p=0.025MPa
t v h s A w x nx 108 Ax10° t v h s % ‘ w~1 X nx.l|06,| lx_‘l(l)z_l
rcl kg Wkg'] (kg K kg K] ms] kg m s (Wm 'K rCl kel ke kg Kk 'K [msT) kgm' s W' K
0 0001000 —002  —0.0002 42198 140232 28644 179172 561.03 350 114990 317726 9.0280 20331 609.92 12940 2238 48.88
50001000 21,04 0.0763 42053 142607 81341 151825 570,54 360 116838 3197.62 9.0605 2.0394 614.52 12928 2279 50.02
10 0001000 42,04 0.1511 41957 144743 83774 130596 580.01 370 118686 3218.04 9.0925 2.0457 619.08 12917 2321 5118
1S 0001001 63.01 02245 41804 146647 85041  1137.60 589.34 380 120534 323853 9.1241 20521 623.59 1.2905 23.62 5234
20 0.001002 83.94 0.2965 41850 148330 87845 1001.64 598.43 3%0 122382 3259.09 9.1553 20585 628.06 1.2893 24.04 5351
a1 Gh0ls 10486 03673 4lE21 149805 89498 89010  607.16 400 124230 327970  9.1862 20650 63250 12881 24.45 54.69
30 0.001004 12576 0.4368 4.1802 1510.86 90907 79735 615.47 410 126078 3300.39 92167 20715 636.89 1.2869 24.87 55.88
°F 0001006 Moss 00y AL I32REG ea0e7  WIAAL  6ass0 420 127926 332113 92468 20780 64125 12857 2528 5708
40 0.001008 167.56 0.5724 41787 153118 93047 652.97 630.60 430 129773 334195 9.2766 2.0846 645.57 1.2846 2570 58.28
45 0001010 18845 0.6386 41789 153892 93801 596.06 637.36 440 13.1621 336283 9.3061 20913 649.85 12834 26.11 59.49
50 0001012 20935 07038 41797 154520 94360 546.84 643.57
450 133468 338377 93353 20979 654.10 12822 2652 60.71
60 0001017 251.16 08312 41820 155373 94938 46639 65437 o D i ity g e on o
1,=64.96 Saturation ‘ 470 137163 342587 93927 21114 662.49 12799 2734 63.18
Liquid  0.001020 271.93 0.8931 41853 155614 94978 43348 658.95 480 13.9010 344701 9.4210 21182 666.64 12788 2176 64.42
Vapour 62034  2617.45 7.8302 19763 45254 13205 11.10 21.62 490 140857 346823 9.4489 21250 670.75 12776 28.16 65.67
7 6298  2627.36 7.8593 1.9598 45622 13217 11.27 21.96 500 142704 348951 0.4767 21318 674.83 1.2765 28.57 66.93
& 64878 264686 79153 19430 461l 13223 11.62 2267 510 144552 351086 95041 21387 67888 12753 2898 68.19
» 66770 20664 736 L9ME M7y LA%0 11.97 2341 520 146399 353229 95313 21455 68290 12742 29.39 69.46
100 68634 268557 8.0219 19302 476.18 13215 12.33 24,18 530 148246 355378 9.5582 2.1524 686.89 12731 29.80 70.74
110 70505 270486 8.0729 1.9278 482,50 13208 12.70 24.97 540 15.0093 357533 9.5849 2.1594 690.85 1.2720 30.20 72.02
0 e mes a0 lem eem a8 e o isid  awess o6y 2168 e Lk e 7
140 76099 276267 82182 1.9285 50078 13182 13.83 7148 560 153787 3618.66 9.6375 21733 698.69 1.2697 3101 74.61
570 155633 364043 96635 2.1803 702.57 1.2686 3141 7591
10 Japss sty E2ey 1906 S0ges 13Im 14.22 2836 S80 157480 366227 9.6892 21873 70642 1.2675 3181 77.22
12 i3el]  2ai2e $30% 12333 312.48 1.3162 14.61 29.25 590 159327 368418 97148 2.1943 710.25 1.2665 3221 78.53
170 81673 2820.64 8.3536 1.9366 518.20 13152 15.00 3016
180 83529 2840.02 83969 19403 523.84 13141 15.40 31.09 ‘ 600 16,1174 370615 9.7401 22014 714.05 1.2654 3261 79.85
120 85383 285945 84393 19444 52940 13130 15.80 3203 610 163021 372820 97652 22084  717.82 12643 3301 81.18
200 87237 287891 84809 19488 534.80 13118 16.20 12,99 620 164867 375032 9.7901 22155 721.57 12632 3341 8251
210 89090  2898.42 8.5217 19535 540.30 13107 16.60 3106 630 166714 377251 9.8148 22225 725.30 1.2622 3381 8384
220 9.0942 291798 8.5617 19583 545.65 13095 1701 3495 640 168561 379477 9.8393 22206 729.00 12611 3420 85.19
W i BB sews Lo sais  iatm 1a % G0 mows I 9sme  2xes  TRE  LM0 M& 868
660 172254 383951 98878 22437 736.34 12590 3499 87.88
9 005 jede  EOTE LMD a6lad 13060 18.23 37.99 670 174101 386198 99117 22508 73997 12580 3538 89.24
260 9.8347  2996.73 87153 1.9795 566.40 1.3048 18.65 39.03 680 17,5947 388452 99355 22579 743.58 1.2570 3577 90.60
270 10.0197 3016.55 8.7521 1.9852 571.44 1.3036 19.06 40.08 690 17.7794 3907.14 9.959] 22649 747.17 1.2560 36.16 91.97
280 102047 3036.44 87884 1.9909 576.43 13024 19.47 4114
290 10.3897 3056.37 8.8241 1.9967 581.36 1.3012 19.88 4222 700 17.9641 3929.82 9.9825 2.2720 750.74 1.2550 36.55 93.34
300 105746 307637 8.8593 2.0026 586,24 13000 2030 4330 720 183334 397540  10.0289 22861 757.82 12530 37.33 96.10
310 10.7595 309643 8.8940 2.0086 59107 1.2988 2071 44.40 740 187027 402127 100746 23003 764.82 1.2511 38.09 98.87
320 109444 311654 8.9282 2.0146 595.86 12976 2113 45.50 760 190720  4067.41 101197 23144 77175 1.2492 38.86 101 .63
330 111203 313672 89619 20207 600.59 12964 2154 46.62 780 194413 411384 10.1642 2.3285 778.60 12473 39.62 104.4
340 113141 315696 8.9952 2.0269 605.28 12952 2196 4174 800 198106 416055  10.2082 23426 78537 1.2454 4037 107.30

Quelle: Wagner, W.; Kruse, A. Properties of Water and Steam, Springer
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Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation
Homog Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) - Fortsetzung Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) - Fortsetzung
p=0.1MPa p=0.1MPa
t v h 5 % w X nx 108 Ax10% t v h s % w X nx 106 Ax10°
(€] (m'kg"l  [(Kkg'] Wk K [Kkg!'K]  [msT] [kgm's!) (Wm™ K] rFCl mikgt) kgl Kkg'K'Kkg 'K [ms7!) [kgm™'s7!] [Wm' K]
0 0.001000 006 —0.0001 42194 140244 19665 1791.53 561.08 350 28710 317582 8.3865 2.0396 609.50 1.2939 2237 48.97
5 0.001000 2112 0.0763 42050 142619 20339 151813 570,57 360 20173 319624 8.4190 2.0454 614.12 1.2028 22.79 50.11
10 0.001000 42.12 0.1511 41955 144755 20947 1305.88 580.05 370 29637 321673 84511 20514 618.70 1.2916 23.20 51.26
15 0001001 63.08 0.2245 4.1891 1466.59 21489 113755 589.38 380 30101 323727 34828 2.0574 62323 1.2004 23.62 5242
20 0001002 84.01 02965 41848 1483.42 21965  1001.61 598.46 390 30564 325787 8.5141 2.0635 62773 1.2892 24.04 53.58
;S) g%:ggi :22::35 gigzg :'““9 1817 238 80008 0719 400 31027 327854 8.5451 20697 632.18 1.2881 24.45 54.76
! 7 : 1800 151098 22731 797.35 615.50
35 0.001006 146.73 0.5051 41790 1521.98 23026 719.32 623.33 il L pee Ll 20 g9 i ua 2%
40 0001008 16762 05724 41786 153130 23266 65298  630.63 320 31954 332006 86059 2022 64096 (12857 25.28 57.14
45 0001010 188.52 0.6386 41788 1539.04 23454 596.07 637.40 40 oM 2l s et A s 2 ol
440 32879 3361.83 8.6653 2.0950 649.59 1.2834 26.11 50.55
50 0001012 209.41 0.7038 41796 154532 23594 546.85 643.61
60 0.001017 251.22 0.8312 41828 155386 23739 466.40 654.40 450 33342 338281 8.6945 21015 653.85 1.2822 26.52 60.77
70 0001023 293.07 09550 4.1881 1557.58 23721 403.90 663.14 460 33805 340386 8.7234 2.1080 658.08 1.2811 26.93 62.00
80 0.001029 334.99 1.0754 41955 1557.06 23560 35435 670.03 | 470 3.4268 3424.97 87520 2.1146 662.27 1.2799 27.34 6323
90 0.001036 376.99 1.1926 4.2050 1552.77 23274 314.41 675.28 480 34731 3446.15 8.7803 21212 666.43 1.2788 21.76 64.47
490 35193 3467.40 £.8083 21279 670.55 1.2776 28.17 65.72
t,=99.61 Saturation
Liquid  0.001043 417.44 1.3026 42161 1545.45 22896 282.92 678.97 500 35656 3488.71 8.8361 21345 674.64 1.2765 28.57 66.98
Vapour 16940 2674.95 7.3588 20759 472,05 13154 12.26 25.05 510 36118 351009 8.8635 21413 678.70 12753 28.98 68.24
o e s 0w ma a8 oum e S0 omn  mwa awm ziss aen  dmi »m 7o
120 17932 271661 74676 20187 48589 1.3166 13.02 26.49 S A s s e e S e o
130 1.8413 2736.72 7.5181 2.0039 49231 1.3163 13.41 27.25 550 37968 3596.28 8.9709 2.1685 694.64 1.2709 30.61 73.36
140 1.8891 2756.70 7.5671 1.9933 498.57 1.3158 13.79 28.04 560 3.8430 3618.00 8.9971 2.1754 698.55 1.2698 31.01 74.65
150 19367 2776.59 7.6147 1.9857 504.70 13152 1418 28.86 570 38893 3639.79 9.0231 2.1823 702.44 1.2687 31.41 75.96
160 19841  2796.42 7.6610 1.9805 510.70 13145 14.58 29.70 580 39355 3661.65 9.0489 21892 706.29 1.2676 31.82 77.26
170 20314 281621 7.7062 19772 51659 13137 14.97 30.56 590 39817 3683.58 9.0744 21962 710.12 1.2665 222 78.58
180 20785 283597 7.7503 19755 522.38 13129 15.37 3145 |
190 21256  2855.72 77934 19751 528.07 13119 15.77 3236 600 40279 370557 9.0998 22031 713.93 1.2654 262 79.90
610 40742 3727.64 9.1249 22101 7771 1.2643 33.02 81.22
200 2.1725 2875.48 7.8356 1.9757 533.67 13110 16.18 33.28 620 4.1204 3749.77 9.1498 22171 72147 1.2633 3341 82.55
210 22194 289524 7.8769 19772 539.19 1.3099 16.58 3423 630 41666 377198 9.1745 22241 725.20 1.2622 33.81 83.89
220 22661  2915.02 79174 19793 544.62 1.3089 16.99 35.19 | 640 42128 379426 9.1991 22311 728.90 1.2612 34.21 85.23
230 23129 293483 7.9572 1.9821 549.98 1.3078 17.40 36.17
240 23596  2954.66 7.9962 1.9854 555.27 1.3067 17.81 37.17 650 42590  3816.60 92234 22381 732.59 1.2601 34.60 86.57
250 24062  2974.54 80346 1.9891 560.49 13056 1822 T 660 43052 3839.02 9.2476 22451 736.25 1.2591 34.99 87.93
260 24508 299445 8.0723 1.9932 565.65 13045 18.63 39.20 670 43514 386150 92715 22521 739.89 1.2581 3539 89.28
270 24994  3014.40 8.1004 19975 S i 1505 494 680 43976 3884.06 92953 22591 74351 1.2570 3578 90.64
280 25459 303440 81458 20022 57577 13022 1946 4129 Gy SR caeed BONRH  RGRCH.  wHIG ek IEhRd el
#0 20mt a4l SR 20000 S0 I0l0 1ol 4238 700 44900 302938 93424 22732 7S068 12550 3655 9338
300 26389 3074.54 82171 20121 585.67 1.2998 20.29 4342 720 45824 397499 93888 22872 757.16 12531 37.33 96.14
310 26853 3094.69 82520 20173 590,54 1.2087 20.71 44,51 740 46748 402087 9.4345 23013 764.77 1.2511 38.10 9891
320 27318 3114.89 82863 20227 59535 1.2975 21.12 45,61 760 47672 4067.04 9.4796 23153 771.70 1.2492 38.86 101.70
330 27782 313514 83202 20282 600.11 1.2963 21.54 46.72 780 48596 411348 9.5241 23293 778.55 1.2473 39.62 104.51
340 28246 315545 8.3536 20338 604.83 1.2051 21.95 47.84 200 49520 416021 9.5681 23434 785.34 1.2455 4038 107.33

Quelle: Wagner, W.; Kruse, A. Properties of Water and Steam, Springer
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Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation
Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) — Fortsetzung Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) - Fortsetzung
p=2MPa p=2MPa
t v h 5 A w x nx 108 Ax10? ¢ v h s A w K nx 108 Ax10*
(€] [mikg'l  [(Kke'l [Kkg' K KIke!'K'] [msT) fkgm s (WmTKT) rel mikgll  Kkg'l Kkg' KK ke 'K [ms7) kgm' s (Wm K]
0 0000999 199 0.0000 42100 1405.42 98840  1786.79 562.12 350 01386 3137.64 69582 22301 598.27 12913 2225 51.37
5 0.000999 2301 0.0762 41969 142919 1022 151500 571.55 360 01411 3159.89 6.9937 22207 603.57 12905 22.69 5238
10 0000999 43.97 0.1509 41883 145056 102 1303.82 580.97 370 01437 318206 7.0284 22133 608.77 12807 2312 53.41
15 0001000 64.89 0.2242 41827 1469.59 1079 113623 590.27 380 01462  3204.16 7.0625 22074 613.88 1.2888 2355 54.46
20 0.001001 85.80 02961 41789 1486.42 1103 1000.80 599.33 390 01487 322621 7.0960 22030 618.91 12879 2397 5553
= S L0 DaLer fls 250k 1125 s OB 400 01512 324823 7.1290 21997 623.85 12869 2440 56.62
30 0.001004 12756 04362 41749 151401 1142 797.17 616.36
% oooics i F2nie i 5 L g 410 01537 327021 7.1614 21974 628.72 1.2860 2483 5773
40 0’001007 1 9' ) 0'5.”7 '1739 3 -33 . y o 420 0.1562 3292.18 7.1933 2.1961 633.52 1.2850 25.25 58.86
e sl Igo'?s e :'” o :;4' s “‘;8 633"3 G310, 430 01586 331414 72248 21955 63825 1.2840 2567 60.00
g : : . Z! Has: e O 440 01611 333609 7255 21957 64292 1.2830 26.10 61.15
50 0.001011 211.05 07029 41752 1548.48 1185 547.18 644.49
60 0001016 252.82 08302 41786 155712 1192 466.83 655.30 450 01635  3358.05 7.2863 2.1964 647.52 1.2819 26.52 62.32
70 0001022 204,63 09538 41840 156097 1192 404.37 664.07 460 01660  3380.02 73165 2.1976 652.08 1.2809 26.94 63.50
80 0001028 336.50 1.0741 41914 156060 1184 354.85 670.99 470 01684 340201 7.3463 21994 656.57 12799 2735 64.69
9  0.001035 378.46 11913 42008 155647 1170 31492 676.28 480 01708 3424.01 73757 22015 661.02 1.2788 2177 65.90
; 2m ¢ 67.11
100 0001042 420,53 13055 42123 154897 1150 28225 680.14 2y VAR a0 08 2 Ses 11 &1
:;g g%:g; :62'” Ml 4399 1nse U 500 01757 346800 74335 22069  669.76  1.2767 2860 68.34
i i log7. 23232 68428 510 01781 349018 74619 22101 67406  1.2756 2002 69.57
i g%:gﬁg :;Z"Z(’ L6323 4200L LD U B 520 01805 351230  7.4899 22136 67832 1.2746 29.43 70,82
IO o LRl 48lL 1R0R 1030, Jee9m G436 530 01820 353445 75177 22173 68254 12735 2084 7207
150 0.001089 633.19 1.8403 43053 147011 991.86 182.85 683.07 540 0.1853  3556.64 7.5451 22212 686.71 1.2725 3025 7333
160 0001101 676,38 19411 43330 144715 951,08 170.59 680.94 2
170 0.001113 719.87 2.0404 4.3647 1421.98 908.11 159.85 677.95 550 0.1877  3578.88 7.5723 2.2254 690.85 1.2714 30.66 74.61
180 0.001127 763.69 2.1382 44011 1394.60 863.22 150.39 674.11 560 0.1901 3601.15 7.5992 2.2297 694.95 1.2704 31.07 75.89
190 0.001141 807.91 22347 4.4430 1365.00 816.67 141.97 669.38 570 0.1925 362347 7.6258 2.2342 699.01 1.2693 3147 7717
580 01949  3645.84 7.6522 22389 703.04 1.2683 3188 78.47
200 0.001156 852.57 23301 44914 133316 768.70 134.43 663.72
; i 7.6783 22437 707.03 1.2672 3228 79.77
210 0001173 897.76 2.4246 45476 1299.04 719.55 127.63 657.06 e Q12 w82 ol
1,=212.38 Saturation 600 01996 3690.71 7.7042 2.2486 710.99 1.2662 3268 81.08
Liquid 0001177 90862 24470 45623 129055  707.68 12610 65532 S10 02020 371322 77298 22537 71492 12652 3308 8239
Vapour 0099 279838 63392 3.1904 504.66 1.2788 614 . 4257 620 02044 373578 77552 2.2589 718.81 1.2642 33.48 8371
630 02067  3758.40 7.7804 22642 722.68 12631 3388 85.04
220 01022 2821.67 63868 29487 51258 1.2858 16.50 4258 640 02091 3781.07 7.8054 22695 726,51 12621 3428 8637
230 01054 2850.17 6.4440 27665 521.47 12901 16.95 4275
240 01085 2877.21 64972 26481 529.47 1.2920 17.41 43.06 650 02115 3803.79 7.8301 22750 73032 1.2611 34.67 87.70
! 660 02138 382657 7.8547 22806 734.10 1.2601 35.07 89.05
2 Odlls 20023 Gl 2R mess LD 1786 43,49 670 02162 384940 78790 22862 73785 12592 35.46 9039
240 One  asal  S¥e2 2L o 12m8 16230 44,01 680 02185 387229 79032 22919 74158 12582 3585 91.75
270 01173 2953.09 66410 24349 550.89 12941 18.75 44,61 ; : : :
. 24 i 22976 745.28 125712 36.25 93.10
280 01200 297721 6.6850 23890 557.44 12043 19.19 4529 50 DaZp: ke H9z
290 01228 300090 67274 25312 363438, 112542 13:65: A6 700 02233 391824 79509 23035 T48.96 12562 36.63 94.46
300 01255  3024.25 67685 23201 569.91 1.2940 20,08 1681 ‘ 720 02280 3964.43 7.9978 23153 756.23 12543 3741 97.20
310 01282 3047.32 6.8084 22944 575.87 12937 2051 47.65 | 740 02327 4010.86 8.0441 23273 763.42 12525 38.18 99.95
320 01308 3070.16 6.8472 22733 581.67 12932 2095 4853 760 02374 4057.52 8.0897 23394 770.51 1.2506 38.94 102.71
330 01334 3092.80 6.8851 22559 587.33 1.2926 21.39 49.45 ‘ 780 02421 410443 8.1347 23518 771.52 1.2488 39.70 105.49
340 01360 311528 69221 22417 592.86 12920 21.82 50.39 300 02467 415159 81791 2.3642 784.44 1.2470 40.46 108.28

Quelle: Wagner, W.; Kruse, A. Properties of Water and Steam, Springer
Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 101 20.02.2020



£TO Energia

termica  Table of Water & Steam: 100 bar

=
iy
I
0O
&

2
SQantd
210 Tables of the Properties of Water and Steam Tafeln der ZustandsgroBen von Wasser und Wasserdampf 211
Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation Table 4 Single-Phase Region (Regions 1 to 3 of IAPWS-IF97) — Continuation
Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) — Fortsetzung Homogenes Zustandsgebiet (Bereiche 1 bis 3 der IAPWS-IF97) — Fortsetzung
p=10MPa p =10 MPa
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5 0.000995 3091 0.0759 4.1643 144197 208.92 1502.54 575.65 360 0.0233 2962.61 6.0073 17324 545.52 1.2757 22.63 67.58
10 0.000996 51.72 0.1501 4.1595 1463.33 215.07 1295.68 584.86 370 0.0242 2998.82 6.0641 35174 555.64 1.2779 23.10 67.36
15 0.000996 72,51 02229 41567 148235 22054 113106  594.02 380 00250  3033.11 61170 33471 565.02 12794 23.56 6737
0 0000997 9329 02044 41551 149918 22536 99770  603.00 390 00257 306587 61668 32092 57379 12806 24.03 6755
25 0.000999 11406 03646 41543 151395 22054 88801 611.68
30 0001000 13483 04337 41541 152682 23312 79658 61997 AN Oiogs  JOTA8 6213 SOB  RA0e 12813 449 anas
35 0001002 15560 05017 41543 153792 23613 719.51 62781 410 90z7.  AlESS 029 SM0Ly  SBRE0 12818 2.9 633
4 0001003 17637 05685 41540 154737 23860 65387  635.13 29 0078 3lol4n  esls iy oyial 1280 Do 9857
45 0001006 197.15 06344 41559 155529 24056 59747 64193 420 00283 Jlieaz  633F  28MZ  G0aM 1.2821 2504 &1
440 00291 320457 63831 27965 61128 12820 26.29 7021
S0 0001008 21793 06992 41573 156178 24204  548.63 648.19
60 0001013 25953 08259 41613 157083 24366  468.65 65911 450 00208 324228 64217 27470 61787 1.2817 26.73 7099
70 0001018 30117 09491 41670 157518 24367 40639  668.00 460 00304 326953 64591 27043 62424 12814 27.18 7182
80 0001024 34287 10689 41744 157538 24227 35696 67505 470 00310 329638  6.4955 26674 63041 12810 27.61 7270
9 0.001031 384.66 11856 41835 157191 23062 31706 68048 480 00316 332289 65310 26354  636.39 12804 28.05 7363
100 0001038 42655 12094 41945 1565.15 235.89 28439 684.50 4% 00322, 3349.11 6.5655 26076 64221 12799 2848, o
110 0001046  468.56 14105 42073 155541 23120 25731 687.28 5 T T S R s S5 -
120 0001055  510.70 15190 . 42221 154296 22568 23462  688.98
130 0001064  553.00 16253 42391 152801 21943 21541 689.69 810 004 S48 G0 2R 64 1.2750 L B
140 0001074 595.49 17204 42585 151072 21254 19899 689.50 320 D040 an2631 G668 25457 GRS Lame 29.78 .7
530 00345 345167  6.6965 25075 664.12 1277 30.19 78.83
150 0.001084 638.18 1.8315 4.2806 1491.21 205.10 184.86 688.45 540 0.0351 3476.87 6.7277 2.5134 669.31 1.2764 30.61 79.95
160 0001095 68111 19318 43057  1469.57 197.16 17258 686.56
170 0001107 72431 20304 4333 144584 188.80 16183 68385 550 00357 350194 67584 25011 674.39 12756 31.03 8111
180 0001120  767.81 20274 43670 142005 180.06 15235 680.31 560 00362 352690 67885 24904 67939 12748 31.44 8228
190 0001134 81166 22232 44044 139221 170.99 14394 67591 570 00368 355175 68182  2.4811 684.29 12740 31.86 83.47
200 0001148 85592 23177 44472 136230 16164 136.41 67063 380 Ooor  dolosy  GReIE 240 L8l il 2.2 it
210 0001164  900.63 24112 4495 133029 15205 12963 664.41 399 OfaTs  Q6012Y  GA76L 2460, 09386 12723, 3268 8590
220 0001181 94587 25039 45535 129613 142.27 12347 657.20 e G mame | U oy i tisiie e e
230 0001199 99173 25950 46196 125978 13234 11783 648.93
240 0001219 103830 26876 46970 122112 12230 11262 63948 910 OBy 365042 G693 24349 I3le 12706 3350 8839
620 00394 367495 69601 24507 707.68 12698 33.90 89.65
250 0001241 108572 27791 47883 1180.03 112,19 10778 62876 630 00400 369943 69874 24471 7216 12689 34.30 90.92
260 0001265 113413 28708 48972 113625 102,03 103.21 616.61 640 00405 372389  7.0143 24442 71659 1.2681 3470 9219
270 0001292 118374 29629 50293 1089.42 91.84 9887  602.89
280 0001323 123482 3.0561 51931 1038.92 8161 9468 58743 650 00410 374832 7.0409 24420 72095 12672 35.10 93.48
290 0001357 128775 31510 54023 98378 7130 9057 57008 660 00415 377273 7.0672 24402 72526 12664 35.50 9477
300 0001398 134300 32484 S6816 92276 6091 8646 550.68 10 goaal 9L 7OR2 240 I8 2033 3320 o506
30 0001447 140077 33498 60782 85492 5051 8223 5911 o8 0046 amlal S  2ams g4 laney Sz
690 00431  3845.89  T.0444 24380 73791 12639 36.68 98.67
t;=311.00 Saturation
Liquid 0.001453 1407.87 33603 6.1275 847.74 49.47 81.79 526.83 700 0.0436 3870.27 7.1696 24380 742.03 1.2630 37.07 99.98
Vapour 00180 272547 5.6159 7.1472 472.44 1.2377 20.27 76.54 720 0.0446  3919.05 7.2192 24393 750.15 1.2614 37.85 102.60
740 00456 3967.85 72678 24418 75810 12597 38.62 105.24
320 00193 278266 57131 57468 49171 12546 2070 7287 760 00466 401672 73156 24454 76591 12581 39.38 107.88
330 00204 283567  S8017 49228 50820 12632 2119 7048 780 00476 4065.68 73625 24501 773.58 1.2564 40.13 110.52
340 00215 288206 58780 43885 52216 1.2688 21.67 69.00 800 00486 411473 74087 24555 78112 1.2548 40.88 113.17
Quelle: Wagner, W.; Kruse, A. Properties of Water and Steam, Springer
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The Three Main Components
of a Parabolic Trough Collector

Absorber
Pipe (HCE)

Reflector

Facettes

Structure
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Parabolic Trough Solar Collectors

A trough shaped reflector focusses the light onto a focal line.

A pipe which absorbs the concentrated light, the absorber pipe is located in this line.

A heat transfer fluid, HTF, flowing through the pipe is heated up.

Collector Manufacturers:

For a long time the Collectors LS2 and LS3 of the israeli company LUZ were the market leaders.

Eurotrough, EU/D/ES
SENER, ES

* The company LUZ who supplied collectors to the trough plants in California in
the 1980ies established a kind of standard for trough mirrors and the belonging

absorber tubes with their LS 3 Collector” :

Abengoa, ES

Sol

* The collectors on the market today mainly differ regarding the carrying structure.

argeneix, USA

Data of LS3-compatible Collectors:

Reflector Aperture:
Length of one collector unit:
Outer diameter of absorber pipe:

Concentration factor:

576 m

100 m or 150 m
70 mm

80

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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Veeansts (not exhaustive)

SOLEL, Israel
Eurotrough, Europe
SENER, Spain

* Eurotrough is a development
supported by the EU. From this
some derivates developed by the
participating companies have
resulted. (e.g. ,ASTRO” from
Abengoa, Spain.

The Parabolic Trough Solar Power Plants SEGS | to IV, which have been build between 1986 and 1991 in California, all were equipped with
collectors of the company LUZ. LUZ built the carrying structure and the absorber pipes. The reflectors came from the company Flabeg,
Germany. Until the renaissance of CSP in 2007 there were only these mirrors and pipes. Since 2008 there are several suppliers of carrying

structures and mirrors. For absorber pipes there are so far only 2 serious suppliers, Schott Solar CSP GmbH, Germany and Solel, Israel
(sucessor of LUZ). First Chinese suppliers occurred in 2012.
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Parabolic Trough Solar Collectors
Schematic of ,LS3 Collector “

~ 100 Meter — _—— — >

/ Flexible Central Oil Pipe & Mirror
/' Connection  Temperature Sensor " Absorber Panels Absorber '
b b - o - Tube (HCE)\4 Tube (HCE) Mirror

S - Ta— S R VR cenee

| | } N 7 | ‘ = “r* ‘
‘ | 1 ‘ :
4.4 D/ AW /8 Z, 7| A A p /A wAw 49 v i
2= -
Hy_draulic
Source: Solar - g;lgtim
[ i / -Truss NN
Millenium AG F ! iss I}, syst
| Local
Company brochure =
2001
Drive Intermediate
Pylon Pylon

The shown LS3 Collector (company Solel, previously LUZ) consists of 8 modules of approx. 12 m length each. Between two modules is
one pylon. The central pylon is the so called drive pylon, where the tracking drive is located. One module has 28 mirror facets (4 rows
of 7 facets each) and 3 absorber pipes of 4 m each. Up to today (2014) most commercially available collectors have these dimensions.
Some collectors nowadays have 12 instead of 8 modules. The total collector is often called ,,SCA” (Solar Collector Assembly) .
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The Absorber Pipe

The absorber pipe consists of a steel pipe in which the heat transfer fluid, HTF is
flowing, as well as the glass covering pipe. Between the glass and the steel pipe
is a vacuum for avoiding convective heat loss. The connection between glass
and steel pipe is realized by a bellow pipe in order to absorb the different heat
expansion characteristics of glass and steel. A vacuum tight soldering connects

the bellow with both pipes.

Schematic of a Absorber Pipe

Emission coefficient, € = 14%; absorption coefficient, o = 95%

Steel Absorber Tube Glass Envelope

NN

Glass to
Bellow Seal

I

Envelope and Steel Tube

Vacuum between Glass //

Lruudy

Expansion Bellow

L =approx. 4 meter

Source: Prof. Dr.-Ing. O. Goebel

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016

A

The steel pipe is covered with a selective coating
which absorbs the sun light pretty well, while the
infrared emission coefficient is low.

The glass pipe is covered with an anti reflective
coating which minimizes the reflective losses
when the light comes in at high inclination
angles.
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Schematic of a Parabolic Trough Solar Collector Field

:;OCMI‘;N; | ii> :Z? Collectors Collector
$ N-W field clecersperioop T TnTooks N-E field Py / loop
IO 000 0 00 Mboony
SNSRI 1 1 | 11| | || 1
S T | 1 0o o oo oo e
g 00Uy oEpguRo L
» J; e il — N j ‘\:_/, HHHHH e §
DO OOD DD Ol ] QODDDN E
1 1 1 1| 1 | 5
5 1 1 mmmam o, &
B 1 | 0 0onoging g
A =306 mx 840 mS;V;{Sg.eOIé?O m? HE = heat exchanger S freld

Agross = 326 M x 860 m = 280.360 m2

The scheme shows a collector field of a 10 MW, power plant. The collectors have a length of 100 m and a width of
5.76 m (LS 3 compatible dimensions). Every 8 collectors form one loop. Each loop receives cold HTF from the cold
header and delivers warm HTF to the hot header.
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e The HTF exit
temperature at
each loop is

controlled by
variation of the HTF
mass flow in each
loop.

* With today’s HTF

temperature should
be kept below

the maximum HTF
393°C.
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Parabolic Trough Solar Collectors:
Tracking and Efficiency

 The collectors are usually oriented in north-south direction. That means: The
collector “looks” to the East in the morning and to the West in the evening.

Question: into which

& geographic direction looks
the observer of this

e collector?

Source: Prof. Dr.-Ing. O. Goebel

* The collector efficiency consists of an optical and a thermal component.
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Parabolic Trough Solar Collectors: Efficiency

Data for describing the optical efficiency, example LS3:

Input Data:
oo b boning by Bl s Shading (1 %).  99,0%
Area of absorber pipe shaded by bellows Shadlng by be”OWS (5%) 95’0%

Cosine factor for considering inclined insolation (is assumed with 100% Cosme faCtOr 100,0%
. ]

in design point)

Reflectivity of mirror* Reﬂectlon 92 O%
' |

The part of the reflected light which hits the absorber pipe |ntercept 95 O%
' '

Absorption coefficient of the selective coating on the absorber pipe. Absorptlon 95 O%
' ’

Eta optical (product of above data):  78,09%

* Reflectivity of clean mirror is approx. 94%. Mirror is washed when reflectivity falls below 90%. Avg. value = 92%
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Parabolic Trough Solar Collectors: Efficiency

Total efficiency of LS 3 Collector as function of temperature and DII: eta,,, = eta, ;i * €taiermal

Total efficiency of LS 3 collector

g S—
70%
\W 2 9
65% = T
\.\\\ c LU
- 60% . — S 3
S =R
= 55% \, & T
> 2 O c
g | DIl W/l . 8 o
o >0% —— 1000 etaoptical = Q absorbed / (A*D”) ] = g 8
(&) 4=
= 45% . , o 2 85
HCI_) =900 etathermal = Q in_netto / Q absorbed L f 40;_;
40% 800 ) — 2 o =3
35% 700 Q in_netto = Q absorbed Q Heat Loss ] E E =
30% 600 - - : g 3
0 —— 500 etayermal = (Q absorbed ~ Q Heat Loss ) / Q absorbed g ; é"
25% . ' ' ' ' S 8 8
200 250 300 350 400 450 500 — .8 V
QO T 5

absorber temp. [°C] | tympient = 25°C

* The thermal efficiency is reduced at high absorber temperatures, because thermal losses increase with high

temperatures.
» At low DIl the fraction of the heat losses is larger than at high DII. Therefore the thermal efficiency is lower at low DII

values (for a given temperature).
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Solar Field:
Heat Transfer Fluid (HTF) Circuit

* Inthe absorber tubes the HTF is heated by the concentrated sunlight
* The HTF temperature must not reach 400°C (cracking!)

* The HTF mass flow in the collector loops is controlled such that the final
temperature always stays below 393°C

 The HTF transfers the collected heat to the water/steam circuit in a heat
exchanger.

* The two-circuit system (Primary = HTF, Secondary = Water/Steam) had
been selected in order to achieve a one phase flow in the absorber tubes.
A two phase flow (liquid and gas phase) can cause problems, as will be
shown in the Chapter “Developments”, when we shall discuss solar direct
steam generation.
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Performance Calculation
of Total Plant System

The Performance of the plant is calculated / simulated by the following
steps:

1. Thermal power of one collector as a function of DNI, position of sun and
ambient temperature

2. Thermal power of entire solar field

3. Electrical power of steam turbine generator as a function of power
block efficiency

4. Subtracting internal power demand of the plant
5. Doing the above mentioned steps for every hour of the year

=> Simulation of the annual energy yield
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Solar Position Diagram of Madinat Zayed, UAE: 53.7° E, 23.57° N
N

elevation

First Step:
Calculating the sun’s position )
4.7 .
for each hour of the year. - Ll
5. Mai
0. Au,
5. Apr.
W E
6. Mérz
19. Okt.
4. Feb
18. N
5. ez.

Jan. to June

July to Dec. - Angegebene Ortszeit £ GMT +4.0h

S
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The Difference between Direct Normal Irradiation (DNI) and
Direct Incident Irradiation (DII)

Zenith
Next step: 1
Calculation of the incident angle =y ]
(angle between the direction Incident
normal to aperture plane and h Angle, A

the actual beam direction). It
can be calculated from the sun’s
position.

North
O%.

~<
<
~

Only the perpendicular share
of the radiation “counts,

Cosine of (1A)

i
!
1
1
1
'
|
|
i
i
i
1
1
1
|
i
i
i
i
1
1
1
]
|

South

-
-
-

DIl = DNI * cos (IA)
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W = width of aperture area
ED = reflector area not used at
this instant

Picture helping to \\\
define the incidence s
angle of solar
radiation onto the
aperture plane of a
parabolic trough

N ,End Losses”
_____ Absorbertube\\\q Reflected
AN radiation does
not hit the
tube
Reflector ‘0o
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The Difference between Direct Normal Irradiation (DNI) and
Direct Incident Irradiation (DlI)
* DIl = DNI * cos (IA)

e The DIl calculated as shown above is the part of the Direct Irradiation which
is theoretically usable by the collector.

* Inreality DIl = DNI * IAM is the usable part of the Direct Irradiation for the
collector.

* |AMis the ,Incident Angle Modifier”. IAM is obtained by measurements when
the collector received light at different Incident Angles (IA).

 |AMis especially for large IA’s smaller than cos (IA).

* Important: Due to the most of the time non perpendicular IA of the received
DNI the collector efficiency is significantly lower in annual average, compared
to the design efficiency, defined at DNI = 1000 W/m? and IA = zero.
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Incident Angle Modifyer (IAM)

] id 20 a0 40 a0 &0 7o 80 80
Incident angle ¢ [7] (@ =1A)

The Incident Angle Modifyer takes into account the cosine effect and other real collector
loss mechanisms, such as ,end losses” and reduced Reflection at large IA’s.
ET = Eurotrough, LS 2 = Collector in early Californian Plants
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Performance of a Collector (SCA) as Function of Sun‘s Position
and DNI (slide 1 / 2)

Site: Yazd, Iran, 32° North, March 21st

Sun angles along the day

300

240 Pl

// — EPSILON, elev
180 / ././_/-/'/./. — ALPHA, azim
120 -= BETA, track angle

—ETA, inc. Angle

angles [°]

0 3 6 o 12 15 18 21 24 Values for < 6h

and > 18h from
extrapolation

time [hour]
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Performance of a Collector (SCA) as Function of Sun‘s Position
and DNI (slide 2 / 2)

Site: Yazd, Iran, 32° North, March 21st

SCA power and efficiency along the day

§ 300
o 250 W Next Step:
O 200 / \ Calculation of collector
i / \ —=— total [%)] || efficiency at DNI=1000as a
; 150 / \ function of the sun’s position.
=, 100 - [kW] Collector efficiency is low at
) 50 / g o, p g s A \ large |IA's. Especially in winter IA
% 0 - {/ \\ is larger at noon than in the
Q ' ' ' morning or evening (see solar

3 6 9 12 15 18 21 position diagram).

time of day

t
t

= 340°C (average from 290 and 390)
=20°C

absorber
ambient
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Collector efficiency at Madinat Zayed (UAE, 23° North)
at DNI always = 1000 W/m?

SCA efficiency

12/17/2001

B 60.0-70.0
11/17/2001 |@50.0-60.0
10/18/2001 |M40.0-50.0
o/18/2001 |H 30.0-40.0
020.0-30.0
L 8/19/2001 o _
®10.0-20.0 This diagram type is often used
L 7/20/2001 .
80.0-10.0 to display parameters over the
r6/20/2001 day of the year and the time of
-5/21/2001 the day.
L 4/21/2001 N
3/22/2001 = Here we see that the collector
- . .
50/2001. S eff|C|enlcy reduction due.to .
o large IA’s takes place mainly in
~ 1/21/2001 = :
O 1 W0 W W W WM W W WLWW W W W0 L R winter close to noon.
M < 1 © N~ 0O O O H N M < I © ~ 0O O =
— — — — — — — — — — L
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Collector efficiency at Madinat Zayed (UAE, 23° North)
at DNI always = 1000 W/m? (3 D diagram)

SCA efficiency B 60.0-70.0
@50.0-60.0
B 40.0-50.0
030.0-40.0
0 20.0-30.0
B 10.0-20.0
m0.0-10.0 | The same picture as
before, just displayed
as 3D.

efficiency [%]

Efficiency in %

L
o

13.5
15.5
7.5
9.5

time of day [h] <3
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Measured DNI at Madinat Zayed (UAE, 23° North)
(Satellite Data)

DNI [W/ m?] at the site

@ 900-1000
Dez
B 800-900
Nov
O 700-800
Oct
Sep B 600-700
Aug O 500-600
Jul B 400-500 Next Step:
Jun 01300-400 | 5 nsidering the DNI at
May 0200-300 |  the project site.
Apr @ 100-200
"‘ " Mar O 0-100
— — Feb
‘1 B a4y Jan

4 5 6 7 8 9101112131415161718 19 20
Time ofthe day [ h]
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Parabolic Trough Solar Collector at Madinat Zayed: Efficiency
(at real DNI) as Function of Day and Time

total SCA efficiency [%]

~ Nov

H 60.00-70.00
@ 50.00-60.00
M 40.00-50.00
00 30.00-40.00
00 20.00-30.00
il 10.00-20.00
@ 0.00-10.00
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Due to the fact, that DNI in
reality is mostly below 1000
W/m? (1000 W/m? case
shown on the previous
slide), the real collector
efficiency is much lower
than on the previous slide.
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Parabolic Trough Solar Collector at Madinat Zayed.:
Thermal Output as Function of Day and Time

SCA power [kW]

4501
400° W 400-450
3501 O 350-400
g 3001 W 300-350
- 250 - B 250-300
= 200-
S 150 B 200-250
1001 O 150-200
0 100-150
Next Step:
Calculation of SCA thermal ® 50-100
power with: 0 0-50

— * *
QCoIIector - ACoIIector DNI

eta Collector

time of day [ h ]

(Wlth Acollector = 817.5m2)
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Parabolic Trough Solar Collector: Power of the entire Collector
Field without Shading and Thermal Inertia

0 270.0-285.0 )
thermal power of solar field [MW]

0O 255.0-270.0

@ 240.0-255.0 N Dez

W 225.0-240.0 Nov

| 210.0-225.0 Oct

W 195.0-210.0 Sep

B 180.0-195.0 Aug

[ 165.0-180.0 ‘J’“' Elef(t ISteF” - f
un alculation of therma power o

0/150.0-165.0 May entire collector field with n

B 135.0-150.0 Apr collectors:

W 120.0-135.0 Mar QCoIIectorfieId = QCoIIector * Ncoltector

0 105.0-120.0 Feb

® 90.0-105.0 Jan

1 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
@ 75.0-90.0 _
B 60.0-75.0 time of day [ h ]
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Parabolic Trough Solar Collector:
Shading by Neighbor Collectors

Next Step:

Considering shading effects of
collectors in the morning and

evening. times of partial shading

Dez

Nov
Oct

Site: Madinat Zayed, UAE

Sep
Aug
Jul =
J c
unshaded un g
May
Apr
Mar
) Feb
B
Jan
o [} o o (o) (e}
\ S S S S o o
N < I~ S @ © &
A=3 B
time of day
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Parabolic Trough Solar Collector: Power of the entire Collector
Field with Shading and Thermal Inertia

Thermal power of solar field [MW] 0270-285
0 255-270
Dez @ 240-255
Nov W 225-240 In this diagram the
Oct m 210-225 shading effef:ts ar.1d
Sep the thermal inertia
Aug W 195-210 of the solar field are
Jul B 180-195 considered.
y— Jun It can be seen that
\__,7 May 0 165-180 heat production
= Apr 0 150-165 starts later than in
Mar B 135-150 the previous
diagram.
e 120135 ;
¥l g3 3§ 3 8 3 K 0 105-120
Time of day [h] W 90-105
@ 75-90
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Parabolic Trough Solar Power Plant, “Shams 1” in Madinat
Zayed (UAE) with Booster Heater

302°C i@}
- !‘ » &
K

This diagram shows the location of
the booster heater after the solar

steam generator for the further
super-heating of the steam before
its entry to the turbine.

540 C

HTF Heater

o
HTF LOOP

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016

Booster
Heater

Dry Cooling

218°C

SOLAR STEAM LOOP
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Thermal Power of the Solar Field
including 18% from “Boost Burner”

Thermal power of solar field incl boost burner [MW]

Dez
-— Nov
(:':\:\\\ Oct
2 Sep
S| Aug
A ,[ < ’\’ . Jul
/LZ D > Jun
vzl Ve
NNZZ AN ’
%, \;\\ Apr
The Boost Burner increases N Mar
the thermal power of the Feb
solar field by approx. 22%. | Jan
(Compared to previous ¥ © ® = o N/ = 3 Q
Sl Time of day [h]
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0 345-360
0 330-345
0 315-330
0 300-315
0 285-300
0 270-285
O 255-270
@ 240-255
W 225-240
W 210-225
W 195-210
W 180-195
0 165-180
O 150-165
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Power Block (Rankine Cycle):
Efficiency at Part Load

efficiency at part load

40,0 l(
= /‘/Q———‘—_‘ ¢ n At design load
=, 30,0
> /

é 20,0 /

®)

£ 10,0

© /

0,0 | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
thermal input load [%]

Next Step:

Calculation of turbine efficiency as a function of load
factor. This is necessary, because the turbine often runs
at part load.
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Electrical Gross Output (theoretical, without
considering steam turbine limit)

Electrical Power [MW] B 120.0-

130.0
0 110.0-

120.0
0O 100.0-

110.0
Nov B 90.0-

100.0
Sep W 80.0-

90.0
0 70.0-

80.0
B 60.0-

May 70.0
@ 50.0-

N N

Jul

Mar

Next Step:
Jan Calculation of electric power
output with:

Tlme Of day [h] PTurbine = Qin * MNturbine
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Capped Peak Thermal Power
(by Defocussing Collectors)

lost electrical power [MW]

There are several hours per

year when the solar field 14
generates more power than -‘
the steam turbine can E 12 m12.0-14.0
swallow. In these periods Z 10.- 0 10.0-12.0
some collectors have to be S ' '
defocussed. Solar fields are = 37 W 8.0-10.0
usually designed to reach 8 6 -
their nominal output at DNI g 06.0-8.0
values of 750 to 850 W/m?, 48' 4° 04.0-6.0

- 2.

o m2.0-4.0

00.0-2.0
time of day

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 134 20.02.2020




oW Energia

Heliotérmica

4

&

N

)
an?

Electric Power, Gross, Capped
Electrical Power [MW]

O 110.0-
120.0
Dez " 00
Nov m 90.0-
Oct
~] 100.0
\ N 90.0
\ g ?ﬂg 0 70.0-
u 80.0
/,/\\ Jun m 60.0-
A / M 70.0
S ay @ 50.0-
/ .
S Apr 60.0
F b CN N
Je In this diagram the power peak
< © o O o] < © o an which the turbine cannot
— — — — — N

deliver is capped.

Time of day [h] This is the realistic gross electric
power output of the plant.
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Electric Power Output, net (after Deduction of 13%

Internal Power Consumption)

Electrical Power [MW]

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

Time of day [h]

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016

0O 100-110
@ 90-100
B 80-90
0 70-80
@ 60-70
0 50-60
B 40-50
0O 30-40
0 20-30
@ 10-20
O 0-10

Nr. 136

In this diagram we see the
net power output of the
plant. In comparison to the
previous diagram, the
internal power consumption
of the plant has been
deducted.

Main internal consumers
are:

e Boiler feed water pump,
HTF pump, e cooling
water pump, e cooling tower
fan (see slide “scheme of PT
solar power plant”)
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Electric Power Output, net (after Deduction
of 13% Internal Power Consumption) (3D)

electrical power [MW]

electr. power [MW]

time of day

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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00 100-110
m 90-100
W 80-90
0 70-80
W 60-70
0 50-60
W 40-50
00 30-40
0 20-30
W 10-20
0 0-10
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Parabolic Trough Solar Power Plant:
Electric Output per Month

Site: Madinat Zayed, UAE, 23° North

Monthly Solar System Production | sk e fUCUE UL S Clg

===l incl. booster

140
——DNI [KWhi{manth m2)

= 120 -
= +200 B
g 100 / =

£
£ 80 7 190 o
§ 60 1 100 3
= 40 é
2 150 2
g 20 1 0

0 2 T T T T T T T T T T T 0

=%

Jan
F
b
Ma
r
Apr
Jun
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Power Generation Profile

Shams 1 Generation Profile
120.00
100.00
< 80.00
=,
s 60.00
=
O  40.00
(al
20.00
0.00 IIIIIIIIIIIIIIIIIIIIIIII
o w (@)) (o] = = = N N N w w
o o o N o (0] = N ~ o w
o o o o o o o o o o o
o o o o o o o o
hours
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Annual Full Load Hours, FLH [kWh/kW/a] or [h/a]

Shams 1 Generation Profile

12000 The area in the
‘ orange box is the
100.00 same as under the
E 80.00 - red curve
= 5000 -
% 40.00
S 00 -
2000 -
[:ID[] e oo e LILJ LILI I|I|I|I|I|IIIIIIIIIIIIIIII
(] LS 7 [n] —& — —& 2 2 Cad L
(] (] (o] (e h D I -] o [y ]
(] (] (] O o o [ ] [ ] [ [
i [ [ [ [ [ [
hours |51 00 FLH
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CSP Simulation Tools

There are two pretty good simulation tools available free of charge:

1) SAM, System Advisor Model of NREL (National Renewable Energy
Laboratory, USA)

> Can be downloaded from NREL website
https://sam.nrel.gov/

2) Greenius of DLR (German Aerospace Agency):
» Can be downloaded from DLR website
http://freegreenius.dlr.de/

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 141 20.02.2020
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Parabolic Trough Solar Power Plants,
Status of Application

Parabolic Trough Solar Power Plants

in California
SEGS = Solar Electric Generating System

Technical Data:

e 354 MW, installed capacity

Commercial Operation since 1985

More than 10,000 GWh of Electricity produced (up to year 2003)
Guaranteed Capacity due to fossil burner back-up

More than 2000 hours of rated capacity per year in solar mode

Economical Data:
e 2800 $ per kW installed capacity (1991 $ value) (Valid for last 2 of the 9 plants;
o Electricity generation cost < 12 cents / kWh cost after tax-reduction)
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Parabolic Trough Solar Power Plants,
Status of Application

Table 1 Data of the SEGS parabolic trough solar power plants in California

Power of the block 14 MW 30 MW 80 MW

Number of blocks 1 6 2

Encoding SEGS | SEGS I - VII SEGS VIl und IX
Location Dagget Dagget a. Kramer Jct. Harper Lake
Start of operation 1985 1986 - 1989 1990 and 1991
Collector width 2.50m 5.00and 5.76 m 576 m

Max. fluid 307°C 350°C und 390°C 390°C
temperature

Annual efficiency 9.3 % 10.7-12.4 % 13.8 %
Investment costs 4490 $/kWy, 3200 - 3870 $/kWq 2890 $/kWq

($ value of 1991)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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Parabolic Trough Solar Power Plants, Status of Application

* The SEGS plants in California have been the only commercially operating CSP
plants between 1991 and 2007. They are the best analyzed and evaluated
CSP plants of the world. They were subjects of many studies and R&D
programs in the 1990ies.

e The SEGS Plants in California are IPP‘s (Independent Power Producers) who
are commercially operating.

* The SEGS Plants deliver peak power at peak tariff time
 The PPA was first negotiated in the Mid Eighties, when the oil price peaked.

* The tariff was 14 US cent / kWh in the first 10 years term and 12 US cent /
kWh in the second term (25% gas firing permitted)
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Parabolic Trough Solar Power Plants,
Status of Application

* In 2007 the 64 MW Trough Plant ,,Nevada Solar One” went on line
e Approx. 2200 MW of CSP plants have been commissioned in Spain between 2008 and
2014 (all in 50 MW units or smaller, limited by the feed in law). Mostly Parabolic
Trough, only 51 MW Solar Tower and 30 MW linear Fresnel)
e 3 plants went into operation in Africa in 2011:
— Algeria: ISCCS* with 30 MW solar share
— Morocco: ISCCS* with 30 MW solar share
— Egypt: ISCCS* with 20 MW solar share
e |ISCCS = Integrated Solar Combined Cycle (Details: see Chapter ,Developments”)

e Shams |, 100 MW Trough Plant went on line in UAE in 2013
* In USA approx. 900 MW of CSP Trough Plants have been commissioned from 2012 to
2014.
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AW Name Country Location Coordinates Tec:;:ng}' Notes and references
392 |Tvanpah Selar Power Facility MR USA | 22 DoMIB0 3503000 115°08'W | solar power tower | Completed in February 13, 20140151
o 3 County. California : po ompleted in February 13, 2
Solar Energ}r Genel'ating I'dojav.'e Dasert, 35701 54™ . . - NS TIEIe L]
5
334 Systems (SEGS) BEUSA | Canfornia 1172053 |Parebolictrough | Collection of 9 units
. Completed December 2014, Gross capacity of
. . Barstow. 3500740 . ) y
5 . T 3 T u - of 15 rIL3]
280 |Mojave Solar Project B UsSA C aliformia 1175107307 parabolic trough [_IE]?ljl';m corresponds to net capactty of 250 MW
- = ;
180 | Solans Generating Station  |WBE USA | Gila Bend, Arizona | 32°55'N 112°58'W | parabolic trouzh | ~o o i=ted in October 2013, wath 6h thermal
energy storage
) . . . |33°38737.68'H . . . (B8]
250| Genesis Solar Energy Project RS USA | Blythe, Califorma 11455916 8" parabolic trough Online April 24, 2014
: Solaben 3 completed June 20121
Solaben Solar Py Stati . . 39°13729"N .
200 [;;] Bl Solar TomE o e Spain | Logrosan 523376 parabolic trough Solaben 2 completed Oetober 2012
Solaben 1 and § complsted Septambar 20135
37995000 Solneva 1 completed May 2010
150 Solnova Solar Power Station | Spain | Sanlicar la Mavor q_j e parabolic trough Solneva 3 completed May 2010
DEmLTIw PARARAET]
Solneva 4 completed Aungust 2010
3701340 70N Completed: Andasel 1 (2008), Andasal 2 {2009},
150 Andasol selar power station | Spain | Guadix Iows ?3',,'“7 N parabolic trough Andasol 3 (2011). Each equipped with a 7.5-hour
’ thermal energy storage.
T da Mizuel Completed: Extresol 1 and 2 (2010), Extresol 3
150 Extresol Solar Power Station | Spain onE 1Eue 38739 674w parabolic trough (2012} Each equipped with a 7.5-hour thermal
Sesmero + etnraee FUBIIEL]
EneTEy storage.
Palma dal Rio Solar Power . , . Palma del Rio 2 completed December 20100
100 : 5 Palma del Ri 373N 5°15W bl
Station &= Spin N parabolic OUEL | ) 12 del Rio 1 completed July 20117
. . Alcazar de S - - . . Manchasol 1 and 2 completed in 2011, each with
100 | Manchasol Power Station | it Spain Iu::“" = 3N 3TISW  |parabolic rough | toragal]
3 ith T
100| Valle Solar Power Station | B Spain | San José del Valle |36739% 5°50W | parsbolic trough E}E‘flﬂmd December 2011, with 7.5h beat storage
3620.8 | Overall operational eapacity
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Parabolic Trough Solar Power Plants, Plants in Operation

MW Name Country Location Coordinates Tu::;u:ng}' Notes and references
100 | Hehoenergy Solar Power - Spain  |Ecya 3T°3443™ parabolic trough Helicenergy | completed September 201 I[‘EFH
Station 5RIW Helioenergy 2 completed JTanuary 2012FIFIRY
Aste LA Completed January 2012, with 8h heat
_ . . |Alcdzarde San 397102 . storazal!]
100| Aste Solar Power Station (T Spamn | 0 3°15°58"W parabolic trough | 1B Completed Famary 2012, with Sh heat
stmagem]
e . . . 37°5454™N ) Solacor 1 complated Febmary 201281
100| Solacor Solar Power Station (i Spain | El Carpio 300 parabolic trough Solacar 2 completed March 301 7R1B
_ _ _ . . 39°14724"N . Helios 1 completed May 20127
100 |Helios Solar Power Station | Spain | Puerto Lapice 3310w parabolic trough Helios 3 complated Auzuet 7p1oE
100 | Sk sola rer stati = UAE bu Dhabs 13°34N 53°42°E bolic trough sh 1 leted Mareh 2013 FEIRT
AME SOLEr POTWer = on I\.‘Iad_‘i_nat za-‘ad = 74 Parabolc trom ams conuple arch L
Termeseol Solar Power . . . . [2]
100 Stafion B Spam | Mavalvillar de Pela parabolic trough Both Termosol 1 and 2 completed in 2013
- | Martin Next Generation Solar Indiantown, 2770311™H ISCC wath
1 nEE
73| Energy Center WS USA  Forida $0°33°00"W parabolic troush | Completed December 2010
) Bouldar City, 357480 . - S
&4 |Mevada Solar One e UsSA Marads 114558 677 parabolic trough Operational smee 2007
Puertollano Solar Thermal . Puertollano, - .
< = - .
50| pores Plant B spam | e 38739 3°38W  |parabolic rough | Completed May 200957
R ) . 38°49°37H . HHEE
50| Alvarade I B Spain | Badajez 064034 parabolic trough Complated Fuly 2000
. . Alvarade .
5 1]
50|La Florida e Spain (Badajoz) parabolic trough Complated Fuly 20108
50| Majadas de Tidtar E= Spain  |Caceres parabolic trough | Completed August 2010705
50|La Dehesa - Spain lﬂgﬁj};:;ma parabolic trough Completed Movember 201 ol
50| Lebrija-1 B Spain | Lebrija parabolic trough | Completed Fuly 2011710
3650.8 | Overall operational capacity
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Parabolic Trough Solar Power Plants, Plants in Operation
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MW Name Country Location Coordinates TK:;_::‘]‘H Notes and references
50| Astexol 2 e Spain  |Badajoz parabolic trough Completed Movember 2011, with 7.5h thermal
energy EF.ﬂ._u.ag\!lﬂll[“ﬁ]
. . Moron de | .
30| Meron e Spain 1_-1:;:;: : parabaolic trough Complated May 201251
2017, wi 3 .
50|La Afncana - Spain | Pozada parabolic trough Cnmp[lte:;ed Faly 2012, with 7.5h thermal energy
storag
50| Guzman E= Spain | Palma del Rio parabolic trough | Completed July 201284
30| Olivenza 1 = Spain | Olivenza parabaolic trough Complated July 201271
50(Crellana e Spain | Orellana la Vieja parabolic trouzh Completed August 20121
Godawan Green Enerzy ) 2773601 .
: 3 [+T+83149]
50 Limited = India |Mokh 1271375 parabolic trough 2013
50| Enerstar Villena Power Plant - Spain | Villena parabolic trough Completed 201 3R]
. : 3871642 Puerto Erado 1 completed April 20051
31.4|Puerto Errado B Spain | Murcia 01536017 freznel reflactor Puerto Errado 2 completed February 20 13RI
- | Hassi E'Mlel integrated solar . . 33°0728"N ISCC wath BE]
23 combined cvele power station l Alzeniz Haco Rmel 03°21"07"E parabolic trough Completed fune 2011
= . parabolic trough B 31|
12 5| Termosolar Borges B Spain  |Borzes Blanques biomass hybrid Complated Diacember 2012
. . 372638 -
sl ) . . - I
20| P520 selar power tower - Spain | Seville 0EF15 34T solar power tower | Completed Apnl 2009
ISCC with
2 — [P35 56]
20| Eurayvmat Plant mm LEVDT | Euraymar parablic trough Completed December 2010
Ain Bent Mathar Integrated -
20| Therme Solar Combined E Ain Bni Mathar Bcgn"]f:‘mu g4 | Completsd 2011 ]
Cwele Power Plant orocea par
. - Fuentes de 37733380 TH ) B0 1. 13 1
19.9| Gemasolar B Spain Andalucia (Seville) | 05°1953 61" W solar power tower | Completed May 20115 With 15h heat storazel
17 ==lan | Vazd Dadicated May 2011
3650.3 | Overall operational capacity
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Parabolic Trough Solar Power Plants, Plants in Operation
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3650.8 | Owverall operational capacity

MW Name Country Lacation Coordinates TE:_:::EIOH Notes and references
Tazd integrated solar 31°5T°5"H ISCC wath
combined cyele power station 54°5"30"E parabolic trough
. . 372636 42" H . i . )
11| P510 solar power tower e Spain | Seville 0651514 25 solar power tower | World's first commereial solar tower m 2007
. ; 3 1621
10|Delingha Solar Power Plant | Chma | Delingha solar power tower 2315;:' :Lﬁ:j&;&mphtﬂ in Faly 2013, total
3 ?;::::;gﬂfsp Mersin Solar Bl Twkev |MMersin solar power tower | Turkey's first CSP solar tower plant®]
- |EKimberlina Solar Thermal Bakersfield, 3573406 AFREVA Solar, formerly Ausra demonstration plant
* Enerev Plant BEUSY California 119°1206"W feeelieflector 1sq
e Lancaster, 34°460.0"H
5|S1emra SunTower S UsA California 118°8°0 0" W solar power tower |Completed August 200gl#TIEEE]
- ) ) N 3TE0"NH IS5CC with Completed Julv 2010. Equpped with heat storaze.
5|Archimede solar power plant || [JItaly | Ss7acuse. Sicily 15°1258 " parabolic trough o
5|That Solar Energy (TSE) 1 Eﬂaﬂd Huaykrachao parabolic trough Completed Movember 201 1M
Liddell Power Station Solar |l . - 3272272678 ISCC wath fresnel  |Elechical equivalent steam boost for coal station! 0
?| Steam Generator Australia | = South Wales 1) chSea0e reflector ™
2.5 | Acme Solar Thermal Tower |oiw India solar power tower | Completed 201207
2|Keahole Solar Power e USA Hawan 1?;13:‘;-"‘%? parabolic trough [
SOP54754"
1.5 | Falich Solar Tower -G any Jalich agai-;ri-;.:g solar power tower | Completed Diecember 2003 ra
- |Betjing Badaling Solar . 40°22°55"N
1.5 l'u':rerg £ Bl Chmz | Beyjing 115°36'15"E solar power tower | Completed August 201207IE
1 |Feranova CSP Plant Bl Twkey | Avdm, Turkey fresnel reflector Completed December 2012
1 |5aguare Solar Power Station |MB USA | Red Fock, Avizona parabolic trough [£1]
1|Tanging Solar Power Station |[jJj Chnz | Tanging County solar power tower  |Completed August 201081

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel,

February 2016
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Parabolic Trough Solar Power Plants,
Plants under Construction (in 2015)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016

- _ R Co- Expected .
MW Name Counntry Location ordinates completion Technology Notes
160 E}::::zate solas power [l }orocce | Ouarzazate 2015 parabalic trough |with 3h heat storazel®™)
121 | Ashalim power station 1 |5 Isrel | Megev desert 058N 3442E 2017 j:;a:fc’“' [EEET]
110 gﬂ’f::ntpg;‘:;s Solar | Usa Wye County, Mevada |38°14H 117°22W |2013/14 j:;a;f“m with 10k heat storagel®®!
- South Pofadder, Morthe: - .
100 |KaXu Solar One gﬂ"“ c‘:pe e, Svarhemn 2014 parsbolic trough |with 2 5k heat storzgel=IE0
. El Pusebla del Fao R
. 3 [o1][52]
100|El Rebose 2+3 e Spain (Seville) 2015 parabolic trough
100 Dhursar == India 2014 fresnel reflector | [F134]
100 | Diwakar =T India Askandra 2014 parabalic trough |with 3h heat storagel
100 l;;’;&ecfnerg\ Selar 1 India Azkandra 2014 parabolic trouzh | with 4h heat storagel
50| Arenales PS = Spain Maron de la Fronters 2013 parabolic trough |[PUHSET
(Seville)
30| Casablanca - Spain Cazablanca 2013 parabolic trough =]
30| Erdos Solar Power Plant |[jJJj China Hangzin Banner 2013 parabolic trough |9
50| Khi Solar One g South s eton 2014 powertower | with 2h heat storagel®IP]
Lt |
50| Megha Solar Plant = India Anantapur 2013 parahaolic trough | [¥]
30 Bokpooit gf:uth Groblarshoep 2015 parabolic trough |with 9h heat stora ge[lw][lml
44 g:f::‘ Creel Solar & Aneelia | Chinchilla 2015 fresnel reflector | 19
| . . solar ft
27.5| Finshawan Bl China China tower pdra Oiperations underway at 200 kT (192
25| Gujarat Selar One == India Eutch 2013 parabolic trough | with 9k hest =tora Ee[mﬂ
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Parabolic Trough Solar Power Plants,
Plants under Construction (in 2015)

. - . Co- Expected i
MW Name Country Location ordinates completion Technology Notes
23522233 N
T0°41 988°E
17| Stillwater = UsSA Mevada 2004 parabolic trough |[1%]
) First utihty-seale selar thermal plant
12| Alba Nova 1 B BErance [Corsica Tuly, 2015 freznel reflector o Francell0607]
5| Sundt Power Plant s UsA Anzona 2014 fresnel reflector | [1%8]
3 2;:111:1-15]31 Enerzy Ait Baha [l Morocco |Ait Baha 2013 parabolic trough |with 12h heat storagel™)
1.5| Tooele Amuy Depot S UsA Tooels 2013 dish [10]
THERIS Selar Power .. ) 42°30°5"H selar power ) . 11
14 Tower I l France Pvrences-Onentales 1°58 27" tower Hybnd selar'zas power plan‘t[ ]
. . hodular Furst Modular Heliostat solar thermal
’ 3
l|e-Cube 1 Bl China Hainan 2013 Healinstat plant in the worldP
1| Renovalia = Spain Albacete dish =

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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Parabolic Trough Solar Power Plants,
Picture Gallery

Kramer Junction,
California,
5 x 30 MW Plants

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 152 20.02.2020
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Parabolic Trough Solar Power Plants,
Picture Gallery

Harper Lake,
California,
2 x 80 MW Plants

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 153 20.02.2020
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Parabolic Trough Solar Power Plants,
Picture Gallery

Kramer Junction, California, 5 x 30 MW Plants

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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Parabolic Trough Solar Power Plants,

Picture Gallery

Concentrated Solar Power Lecture, Prof. Dr.-Ing.

Kramer Junction, California, 5 x 30 MW Plants

Goebel, February 2016
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Parabolic Trough Solar Power Plants,
Picture Gallery

End of HTF Header

Kramer Junction, California,

5 x 30 MW Plants

e L

Collector
Washing

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 156 20.02.2020
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Parabolic Trough Solar Power Plants,
Picture Gallery

www.laitusolar.com
Tel. 960701209

i[ﬁ | S lai‘t‘t]

Collector Washing Truck
of company “Laitu” in
Spain.

www.laitusolar.com
Tel. 960 701 209

source: laitusolar.com

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 157 20.02.2020
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Parabolic Trough Solar Power Plants,
Picture Gallery

Andasol 1 near Guadix, Andalusia (Construction July 2008)

Excellent soil conditions for
foundation placement at the
site of the “Andasol” plants in
Guadix, Spain.

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 158 20.02.2020
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Scheme of Shams 1 Plant

Baoster Heater

Steamn Turbine

% . Solar Field
]
1 l----------l--b—-------
- [] Solar
1 1 -
A HTF-Heater 4 Superheater g
1 1
I : 1 4
1 . L
1 Steam
1 : Generator
1 1
] 1 -
1 o " )
: ! Solar L
1 1 Preheater Heat Exchanger
1 1 eheate - Deaerator
1 ' I
1 - [
1 ' 1
1 - 1
Y *

Expansion Vessel Exhaust Heat
Exchanger
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Shams 1 Location, UAE: 53.70 E, 23.570 N

‘ BAHRAIN |

QATAR

SAUDI ARABIA

t—) S0 : 100 aw

Junb af Ny
Tunbas ' Kubed 53+ Strat

Sughva oy o IRAN
Ra'sal | | Motz
Ab Muisé” WM. }
Umm al Qaywayn, - oy
‘Agman, onclve sKnawr Fakian
mb"' Shanah V.N Fuwah
wna'Jabal 'Ali Gulf of
Oman
ABU DHABI .
. P AlAyn® MADINAT
na defined
Lousdey
Qi
OMAN
A
\
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Shams 1 Plant Layout

Legend:

- Shams 2 site
|:| Shams 2 site

|:| Hesearch & Demonsiration sreas
wnl OHL Comidor

e 192 loops

* 4 collectors per loop

* 817.5 m? aperture per
collector

* 627 840 m? total aperture area

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 162 20.02.2020
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The first Bulldozers start working

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 163 20.02.2020
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Small Beginnings

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 164 20.02.2020
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Good Old Work Horses

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 165 20.02.2020
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Making Temporary Roads

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 166 20.02.2020
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Bite into the Dunes

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 167 20.02.2020
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Clearing 250 Hectares

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 168 20.02.2020
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Building the Wind Breaker Wall

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 169 20.02.2020
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The First Collector in Place

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 170 20.02.2020
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Solar Field in April 2011
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The End of a Long Journey: Mirror Panels from Germany

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 172 20.02.2020
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Steam Turbine & Generator in Place

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 173 20.02.2020
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Steam Turbine in Place (05/2011)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 174 20.02.2020
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All Collectors installed (01/2012)
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Parabolic Trough Solar Power Plants, Developments

1. Hybridization with Combined Cycle Concept = Integrated
Solar Combined Cycle System, ISCCS

2. Direct Steam Generation in the Absorber Pipes (DSG)

3. Thermal Energy Storage, TES

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 176 20.02.2020
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Parabolic Trough Solar Power Plants:
Integrated Solar Combined Cycle System, ISCCS

The Problem of low efficiency when running a
regular Parabolic Trough Plant on gas

specific energy consumption of Combined Cycle and

e Due to the low efficiency of a simple G 5 aEs 55

Rankine Cycle (compared to a Combined 16000 e —

—=SE
Cycle) a Parabolic Trough Plant with 2 oo .
. L. . S _ 12000 "

simple hybridisation would consume F 1000 /f//

more gas over the year than a CC plant if 5% qom /éf

operated more than 6000 hour per year. 8 o e

0 ¥ + T T T T T T

PY Therefore Wlth thIS kind Of hybrldlsatlon 0 1000 2000 3000 4000 5000 6000 7000 8000 9000

operating hours / year

fuels shall be used which cannot be used
in CC plants (e.g. coal, heavy fuel oil or

. CC = Combined Cycle plant
biomass).

SEGS = Parabolic Trough CSP plant

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 177 20.02.2020
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Parabolic Trough Solar Power Plants:
Integrated Solar Combined Cycle System, ISCCS
e AISCCSis a CC power plant where the Steam Turbine (ST) is fed with up to 50% of

solar steam during sunshine hours. At night time it works like a regular CC plant (with
ST in part load).

e Advantage: High Efficiency in fossil mode

T U/
e Power distribution in a regular So

7 Exhaust
CCplant: GT/ST=2/1 I/ / \\\ . o o

e At ISCCS at daytime: 1/ 1 or better:
2 / (1+1) ;D :': g: 383°C|
e Solar peak share approx. 25 % AN NS A 2 e
e Solar share of annual production: T T T E““a':"e" L
approx. 6-7 % e s
e Plants operating in: Morocco, ronCt ety

to the grid

Algeria and Egypt

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 178 20.02.2020
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Parabolic Trough Solar Power Plants:
Integrated Solar Combined Cycle System, ISCCS

Fue| -——; I Steam TUW
i W@) | L H _‘
Reheater Nl B
' Gas Turbine
1

Waste Heat
Recovery System

Superheater +
Slearr,'ne Generator Preheater
l Sj'j“ i Condenser
1 1 ) B W
Generator
Low Pressure
Expansion Vessel BRB ot Preheater

g ad 1 .

(Source: Bruce Kelly, UlIf Herrmann, Mary Jane Hale: OptimizationStudies for Integrated Solar Combined Cycle Systems; ASME Forum2001)
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Parabolic Trough Solar Power Plants:
Integrated Solar Combined Cycle System, ISCCS

: CC Solar
ISCC Location (MW) (MW)
Ain Beni Mathar (Morocco) 228 20
Kurajmat (Egypt) 12 [ 29 - tio 2/ (1+1) “ :
rati + was n
Hassi R'Mel (Algeria) 140 35 £ B 5, 2 (IR 0BG G
_ yet ventured anywhere!
Martin County (USA) 3617 1o

Archimede, Sicily (ltaly) 760 9

Foto: ISCCS Ain Beni Mathar, Morocco

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 180 20.02.2020
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Parabolic Trough Solar Power Plants:

Integrated Solar Combined Cycle System, ISCCS

specific energy consumption of C C, ISCC and SEGS plant
eta C C =53 %, eta ISCCS =52 %, eta SEGS =35 %

18.000

——CC e
16.000 H
S 14000 00 -
*g. % 12'000 —— |SCCS (1/4 solar)
> o )
£ < 10.000 e
S E ///-‘// The green line shows the gas consumption of an
0N~ 8.000 /‘/ ISCCS plant. During the 2000 FLH of the solar field
> § 6.000 the gas consumption increases % slower than for
= X, 4.000 //r//' the CC plant. After that it is 1 % steeper due to the
c : /’/ /./ slightly worse efficiency of the ISCCS in gas only
2.000 / mode compared to the CC plant.
0 . I I I !

0 2000 4000 6000 8000 10000

operation hours / year

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 181 20.02.2020
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Parabolic Trough Solar Power Plants, Direct Steam Generation,
DSG

Collector Field ~ rxankine Cycle

Steam

—j E} I Collector Field Rankine Cycle

Steam

Il

O

i

Synthetic Oil

.

No more HFT needed

O

No more HTF / Water Heat exchanger
No more temperature limit of HTF (400°C) => higher efficiency
Less parasitic power consumption

Expected overall reduction in LEC: approx. 18 %

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 182 20.02.2020
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Parabolic Trough Solar Power Plants,

Direct Steam Generation, DSG

e The 2 circuit system with a thermal oil in the primary circuit has been chosen in order
to avoid 2-phase flow in the horizontal absorber tubes.

e With evaporation on horizontal tubes of large diameters (70 mm (outer)) a stratified
flow was anticipated (water at the bottom, steam at the top).

e This would lead to azimuthally uneven temperature distribution.

e Comparison: The evaporator tubes in conventional steam generators are smaller

(approx. 25 mm) and are vertical or inclined.

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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Parabolic Trough Solar Power Plants,
Direct Steam Generation, DSG

R&D projects regarding DSG and key results
e 1993 -1995: “GUDE” Real scale tests at electrically heated absorber tubes at the
SIEMENS boiler test rig, results:
— Stratified flow can be avoided by proper selection of flow parameters (pressure
and mass flow)
e 1996 - 2001: “DISS” Experiments in a real collector loop of 500 m length at the
Plataforma Solar de Almeria (PSA), Spain, results:
— DSG works, the best concept is the Recirculation Concept.

— Further experiments for investigating control algorithms and start up and shut
down procedures have been completed successfully

— However, before financing a project with new technology, banks want to see
operating reference plants.

e DSG Pilot project of 3 MW is in planning in Spain

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 184 20.02.2020



)7 gty Energia
¥-s Heliotérmica
b et

E=]=

Parabolic Trough Solar Power Plants,
Direct Steam Generation, DSG

The three DSG concepts:

1. The “Once Through Concept”, steam quality from 0 to 100%
Superheated
steam

Feed water pump

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 185 20.02.2020
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Parabolic Trough Solar Power Plants,
Direct Steam Generation, DSG

The three DSG concepts:

2. The “Injection Concept”, only high steam qualities
J - yhis G Superheated
steam

Injection header pipe

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 186 20.02.2020
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Parabolic Trough Solar Power Plants, Direct Steam Generation, DSG

The three DSG concepts:

3. The “Recirculation Concept”, only low steam qualities (<70%) before separator

wet steam Superheated
steam

Separator

Recirculation Pump

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 187 20.02.2020
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Parabolic Trough Solar Power Plants, Direct Steam Generation,

DSG

DSG, Flow Patterns at the “Once Trough Concept” at 30 and 100 bar

1.2%\

A—p| | 30 bar — liquid level,static
%0.8 \ 2k RTINS SIS — liquid level,wavy
z \\,{ o T | ........... —— waves
D6 R R
304 \_.7K_.\-K.-_.._.-_--___.-_-'__~-_. IR I droplet level
£ Y . — tube wall
o V]
02 B AR s -—- center line
0 A
0\ \ 0.2 0.4 0.6 0.8 1 cross section A-A
1.2 30 bar | 100 bar
T \\ N A—p| 100 bar
$08 —
5 06
=0.2 L e SRR
0
0 0.2 0.4 A—>l06 0.8 1

steam quality [ ]

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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At 100 bar:
wetting not
sufficient! =

Larger mass
flow necessary.
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Parabolic Trough Solar Power Plants, Direct Steam Generation,
DSG

Erection of the “DISS” Test Loop at the PSA in 1999

Concentrated Solar Power Lecture Prof Drilng Goebel February 20167 NI’. 189 “ 20.02.2020
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Parabolic Trough Solar Power Plants, Thermal Energy Storage,
TES

turbine generator
Thermal Energy Storage:

e QOperation after sun-set

e Buffering out cloud passages >

e More flexibility in operation ggpden- | ;
(operation at peak tariff time) f |

e Additional investment for TES

e Longer run time of the plant . cooling

e TES as shown on the right (direct auxﬂsry f tower ;
storage of HTF) has been realised in gas burner

-<+—

the plant SEGS |

steam generator

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 190 20.02.2020
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Parabolic Trough Solar Power Plants,
Thermal Energy Storage, TES

Thermal Storage, technical Options:
e Direct storing of the Heat Transfer Fluid, HTF (used at SEGS I)

e Block of Concrete (DLR experiments at the PSA successfully completed)

e Molten Salt Storage Tanks (hot and cold) with heat exchanger to the HTF

loop (so far most used technology)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 191 20.02.2020
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Parabolic Trough Solar Power Plants, Thermal Energy Storage,
TES

e When using a TES the solar field must be oversized (“Solar Multiple”) in order to
have spare energy for charging the storage.

e The optimum relation between solar multiple and storage capacity needs to be
derived by detailed simulation.

— ATES which is big enough to store a full sunny day in June is too big, because it
will never be fully charged during the rest of the year.

— With a too small TES thermal energy often needs to be discharged (by de-
focussing collectors).

— Further relevant factors:
e Tariff structure (when are the peak tariff times)
e Cost of solar field capacity [S/MW] and cost of storage capacity [S/MWAh]
e Weather data (DNI)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 192 20.02.2020
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Parabolic Trough Solar Power Plants with TES

Concrete Block Storage

Condensor

o
7

/ / Fossile
/ /C / "6
240°C Cooling

Solar Heat Tower

Exchanger
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Parabolic Trough Solar Power Plants with TES

Molten Salt Storage

solar
collector tieid

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 194 20.02.2020
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Parabolic Trough Solar Power Plants with TES

Concrete Block

Molten Salt Tank

DLR, ITT, W.-D. Steinmann et. al.

AFEEEEN\,

©SolarMillenium

[
U =

HIF teedwater
pumo pump
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Parabolic Trough Solar Power Plants with TES
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Parabolic Trough Solar Power Plants with TES

TES of the plant Andasol 1

+ Type:
* Fluid:

* Melting Point:
« Storage Capacity:

- Storage Tank Size:

» Salt Mass:

* Flow Rate:

« Cold Tank Temperature:
« Hot Tank Temperature:

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016

2-Tank Molten Salt Storage

Nitrate salt mixture
(60% NaNO3 and 40% KNO3)

223°C

1,010 MWh

(~7.5 hrs full load operation)
14 m height 37 m diameter
27,500 tons

953 kg/s

292° C

386°C
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Parabolic Trough Solar Power Plants with TES:
Fictive Example: Matching 600 MW-demand-peaks at Abu
Dhabi with 600 MW PTC plants with TES for = 6 FLH

700

600

200

[V ]

300

200

100

Peak power demand and solar generation

- —B—senerstion profile
of solar plant w/o

T storzgs

| —i— powerdemsand an

summer day sbhove {
4000 MY

Solar Generation

\ g time can be
% extended at CSP
\ with thermal

AY

Abu Dhabi August 2006,

£ ‘ source ADWEC

storage
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Parabolic Trough Solar Power Plants with TES

Charging diagram of a TES. Data:

Power requested from 08:00 to 22:00 power balance of the solar field
(+ = charge of TES; - = discharge of TES or gas burner)

0 75-100
W 50-75
P=30 MW, 3 B 25.50
solar multiple = 1.75 % m0-25
= 0-250
QTES =600 MWh % 0-50-.25
=> TES for = 6 FLH = Nov m.75--50
@-100--75

Jan

time of the day [h]
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Parabolic Trough Solar Power Plants with TES

Thermal storage energy content [MWh]

h_th

@ 500,0-600,0
| 400,0-500,0
0 300,0-400,0
0 200,0-300,0
| 100,0-200,0
0 0,0-100,0

thermal energy [MW

— i
time of day [h] N F
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Parabolic Trough Solar Power Plants with TES

thermal power directly from solar field

1001
§ 80 W 80,0-100,0
5 o 00 60,0-80,0
§ 0 40,0-60,0
= 40 W 20,0-40,0
=
5 m0,0-20.0

time of the day [h]
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Parabolic Trough Solar Power Plants with TES

thermal power from thermal storage

100 W?\ m 90,0-100,0
Zg . m 80,0-90,0
1 ' 0 70,0-80,0
s ? L B 60,0-70,0
= gg | / @ 50,0-60,0
S 40 ? M 40,0-50,0
2 4l / 0 30,0-40,0
20 / . 0 20,0-30,0
0 = 10,0-20,0
0- LR = 0,0-10,0
A '~:.4.’!".!_!!.l1~.'.-'. Aug (250
S 9 o o =% Jan
. - 44 g
time of the day [h]
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Parabolic Trough Solar Power Plants with TES

thermal power from solar field + thermal storage

100 W?\ @ 90,0-100,0
90- W 80,0-90,0
= 80-/ I A 0 70,0-80,0
s AmEe | 500700
= ' ' @ 50,0-60,0
S 50- / | ,,=‘.|Illlll|
= 40l / lllz/- W 40,0-50,0
£ 30] mmuingptl 0 30,0-40,0
o A ‘I .I ’ ’
£ ig == '.1[/_|||I|||ll 0 20,0-30,0
o | R = m 10,0-20,0
@ 0,0-10,0
- 9 o
time of the day [n] o
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Parabolic Trough Solar Power Plants with TES

thermal power from fossil fired burner

M 90,0-100,0
H 80,0-90,0
2 070,0-80,0
Not all the energy required =
. . = ® 60,0-70,0
by the grid (as shown in the g
first slide of the TES-series) ] 850,0-60,0
could be delivered by the g ® 40,0-30,0
solar field and storage. The % 0030,0-40,0
remaining difference is S 0 20,0-30,0
supplied by a gas fired || || | 10,0-20,0
burner. || = m@0,0-10,0

“—
L]

1=

(7

{7
Ay

time of the day [h]
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Parabolic Trough Solar Power Plants with TES

dumped thermal power

thermal power [MW]

time of the day [Nh]

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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0 70,0-80,0
W 60,0-70,0
0 50,0-60,0
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0 0,0-10,0
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Load Curve in Abu Dhabi (red Line) Distribution of Load between
Base-, Mid- and Peak Load Plants

7/ Yot plall ajl Juaa¥) iae

100% =5 GW in yr 2006 Load Duration Curves
2006. 100

eaker plants
90 \ \
80

7 | Mid lo

—— Electricity

Load %
g

40

30

Base load gas fired CC plants with Desalination

20

10

0 2000 4000 6000 8760
hour of the year
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Possible Market Penetration with CSP Plants in 2030

100% = 20 GW in yr 2020
That means that 50% are
equivalent to 10 GW
capacity

100

90

80

60

50

Load %

40

30

20

10

SM = Solar

70

Tt alall a3 Jaad) hada
Load Duration Curves

Multiple = oversize
factor of solar field
in comparison to a

plant without

eaker plants
e,

thermal storage

CSP planwapacity factor (SM =1.00

—— Electricity

--- Electricity

--- Water

Base load gas tired CC plants with Desalination

1+ Solar share of installation = 50%, solar share of generation = 41%

0 2000 4000 6000 8760
hour of the year
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Max. possible PV Market Penetration

W T pall a3 laadl i

____ Load Duration Curves
100% = 20 GW in yr

100

2020.
eaker plants
90 -
80 |
» PV plants
Instal!ed stay in service 3
60 4 capacity
8 10 GW
B s0
s )
|
40
30 Base load gas fired CC plants with Desalination
20
10+ Solar share of installation = 50%, solar share of generation = 20% —
0
0 2000 4000 6000 8760
hour of the year
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Cost of Thermal Storage at CSP

« Both CSP plants generate 200 million kWh per year
« Both plants cost 500 million $

without TES with TES
100 MW x 2000 h/ a 50 MW x 4000 h/a

50 MW Power
Block 90 M $

100 MW Power Block 150 M $

« The despatchability is obtained without extra cost
Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 209 20.02.2020
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Parabolic Trough Solar Power Plants,
Thermal Energy Storage, TES

Advantages: 1009 l
* QOperation after sun set possible 3h \Bh \
o = Storage | Storage

e Riding through cloud passages 2 |
* More flexibility in operation (catching E \ \

of peak tariff times and = |

dispatchability) ‘%’ \ |
 Smaller power block at same solar . \ \

field size | \

0%
800 1600 2400 3200 4000 4800
Disadvantage: oberati
peration hours (h/a)

* Additional cost of the storage itself oL
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Linear Fresnel Collector CSP Plants

Foto und Grafik: Solar
Millenium AG

The youngest CSP technology. Currently (2014) in operation: 31 MW (Spain)

Similar to trough, similar efficiency, less land demand due to dense mirror packing, but
less FLH due to more shading in the morning and evening.

Potentially cheaper than trough (according to studies, not yet proven in reality)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 211 20.02.2020
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Solar Tower Plants
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Solar Tower Power Plants (Power Tower)

Plant Principle “Solar One” in California 1990

solar radiation

/

receiver

tower

| heliostat
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Solar Tower Power Plants,
Possible Heat Engines

Possible:
e Rankine Cycle with steam turbine or steam engine

e Stirling engine
* @Gas turbine

Used so far:

* Rankine Cycle with steam turbine and steam piston engine

e @Gas turbine

e Stirling engine and steam piston engine are less suitable due to small
capacity (max. a few MW)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 214 20.02.2020
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Solar Tower Power Plants,
Heliostat Field

e The mirrors which are located around the tower are called Heliostats,
because they focus the light statically onto the receiver at the top of the
tower.

* Heliostats have a two-axis tracking mechanism

* The tracking control works either with a sun sensor in each heliostat or
with a sun algorithm and a central computer

* Heliostats are not flat, they are also slightly curved in order to achieve a
small spot of concentrated light (curvature dependent on distance from
tower)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 215 20.02.2020
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Heliostat Field, Loss Mechanisms

radiation, missing the receiver radiation, missing
due to deformed heliostats the recei;/er solar radiation

(intercept<100%)
. /
\\.
. AVA)

W, _
shading blocking effective surface
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Heliostat Field, Design Considerations

« When the sunis in zenith, a dense packing of Heliostats would be efficient.

* At low elevation angles of sun (winter or in the morning or evening) shading is
significantly higher with dense packing.

 The optimum positioning of Heliostats needs to be found with professional
simulation tools.

e Heliostats far from the tower are sensitive against smallest disturbances

* Heliostats far from the tower generate larger light spot (beam opening angle =

1/100) (see slide “Sun’s diameter and distance from earth”). If the focal spot becomes larger
than the receiver, a certain share of the reflected energy is lost.

 The light reflected by Heliostats far from the tower has a longer path through the
atmosphere. That causes more losses due to dust in the air, called beam
attenuation.

* The last 3 bullet points limit the useful size of a heliostat field

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 217 20.02.2020
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Solar Tower Power Plants, Heliostat Field

* Near to equator: surrounding field

* Far from equator (and/or small capacity): one sided field (on the
North side at the northern hemisphere and vice versa)

"N

E

| |

D QQ-?
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Heliostat Field, Cosine Effect

\\I'/ Sun
-

34 4
South field North field

'’

Heliostat B Heliostat A
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Heliostat, Tracking

= -

Rack assembly
(Torque tube)

eleval on

Heliostat
e plecronics

(o) . Power box
T —Foundation
Fixed target
Central
tower
\ Blocking
LN
AW A ' ) \\\ Heliostat
Elevation \ \
Ngm wm A2|m'uth
| — tracking y : . :
i | P v oo VAN X LWL YR L North .
. R 4
Northe ¢P<“\
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Heliostat Field, Example: ,,Gemasolar”
19.9 MW,,, 5500 kWh/kW/a

¥
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Figure 3-2: Distribution of heliostats and their ‘representatives” over the solar field
around the receiver tower (scales in m)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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11 Mw,, no storage
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Receiver Types: Open or Cavity

Cavity Receiver Open Receiver

Steam downcomer

Support
structure o
Panel of
13.7 m 70 tubes
—/( \ ) L
Receiver \\J\ | L/ above
panels ground
level
Shielding
BCS
BCS
target %

Source: NREL
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Power Tower: The most simple System: Direct

Steam Generation in Receiver
steam
Turbine

40 bar, 250°C

Scheme of “PS Solar receiver %’Iﬁj&m\
10" Solar Tower <]. ﬁ @ |

(11 MW), Seuville, - 7

e f—

and of “lvanpah”
Steam Storage System

11.0MWe

Solar Tower (392
MW), USA

|

Condenser
* * * ¥ 0,06 bar, 50°C
@

Heliostat Field

Source: Abengoa, Manuel Romero, Solar Tower Power Plants — Today and
Tomorrow, Focus-Abengoa Forum on Energy and Climate Change, Sevilla
Oct. 24 2007
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Heliostat Field, Performance Calculation
(at design conditions)

* Gross Input: Aperture Area [m?] x DNI [W/m?] = [W] Start: 100 %

» Reflectivity, Cosine Loss, Blocking, Shading as function of hour and
day for each Heliostat (60 — 80%)

— That is the radiation power leaving the solar field (strongly sy 50 -80 %
dependent of day and hour)

* Intercept Factor (95%)

— That is the radiation hitting the receiver

> 57-76%
* Absorption of Receiver (95 %) (Factor 0.95) S 54-72 %
* Heat Losses of Receiver (8-30 %) (Factor 0.7 —0.92)
— This is the power available to the heat engine Y 38 - 66 %

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 224 20.02.2020
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Solar Tower Power Plants, Performance Calculation

 The heat engines in tower plants have higher efficiencies than in trough
plants, because the tower’s point focusing delivers higher process
temperatures.

* Receiver types:
— Direct Steam (,,Solar One“, ,,PS 10“)
— Molten Salt (,,Solar Two“, ,Solar Tres” or ,Gemasolar®)
— Open Volumetric Receiver (Fluid = Air; Prototypes)
— Pressurized Volumetric Receiver (Fluid = Air; Prototypes)

* At heat engine efficiencies of 45% we can expect total efficiencies of up
to 28 % peak and 18% annual average

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 225 20.02.2020
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Solar Tower Power Plants, Performance Calculation

Parabolic Trough
(line focusing)

Tower & Dish
(point focusing)

efficiency [%)]

100%
90%
80% —
\
70% = ~
60% ‘
-
50% e
40% — \
30% O s \
-r T~ : [~
-
20% //, 2 T IO
// N ~
10% / >
o L

0 100 200 300 400 500 600 700 800 900

receiver temperature[°C]

h PB

h Receiver, CF40
h Receiver, CF60
—— h Receiver, CF80
——— h Receiver, CF100
h total, CF40
h total, CFe0
— — —h total, CF80

— — —h total, CF100

100%

90%
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70%

60%

50%

efficiency [%)]

40%
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100 200 300 400 500 600 700 800 900
receiver temperature[°C]

—hPB
h Receiver, CF100

h Receiver, CF500

h Receiver, CF1000
——h Receiver, CF1500
h total, CF100
h total, CF500
— — —h total, CF1000

— — —h total, CF1500

Notes: CF = concentration factor; m,g = Efficiency of power block = Carnot Efficiency * 0,72; Ny = Nreceiver - Nps 5
tambient = 20°C; Moptical = 80%; DNI = 1000 W/(m? a)

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016

Nr. 226

20.02.2020




o™ - :
o®"® PROJETO Energia

‘ s . - .
13: Heliotérmica
LSRR 4
‘ot

Solar Tower, Status of Application
Important Pilot Plants:
* Solar One: 10 MW, Barstow, California

* Solar Two: 10 MW,_,, Barstow, California, Salt-Receiver, TES for 24/7
operation

* CESA-1: 1 MW
receiver types

PSA, Almeria, Experimental plant with 3 different

el

e Julich Tower, Germany, 1.5 MW, open volumetric receiver
In commercial operation:

 PS 10 near Seville: 11 MW
* PS 20 near Seville: 20 MW,, operational since 2009

* Gemasolar, 19.9 MW with 24h/7days (spring+summer) TES,
operational since 2011

* |vanpah, USA, 392 MW

operational since 2007

el

operational since 2014

el
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Power Tower, Picture Gallery

Solar One, California
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Power Tower, Picture Gallery

Solar One, California
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Power Tower, Picture Gallery

Gemasolar, Seville, Spain

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 230 20.02.2020



Energia
Heliotérmica
Q‘.-‘!

‘-.
4
!

icture Gallery

Power Tower, P

uleds ‘9||INaS ‘Uejosewan

20.02.2020

Nr. 231

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016



L L Energia

1 0 . ” .
¥: e Heliotérmica
b et
ap¥

Power Tower, Picture Gallery

Gemasolar, Seville, Spain

General Shaikh Mohammed bin Za {edAlNameAENatlomlSecuﬂtyAdvisorshuthmbinz-yedAanhym,UAErorengnmniaterShnkhAbdnllahbmhy«lAllehan,
Spanish King Juan Carlos, Torreso! spresldentl:m-lqneundngortamdothertopoﬂimlsdming inauguration of the Torresol Energy Gemasolar thermasolar plant in
Fuentes de Andalucia near Seville, Spain, on Tuesday. — AF.
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Power Tower, Picture Gallery

Model, 0,4 m? Aperture Area
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Solar Tower Power Plants, Current Developments

hot
salt
storage

1) Introduction of Thermal Storage

* Pilot Plant ,Solar Two“, USA

cold
salt
storage

288°C

e 19.9 MW Plant ,,Gemasolar” in
Spain (SENER & Masdar)

heliostat

steam
generator

* Molten Salt Storage with up to 300

K usable temperature difference turbine

(compare to parabolic trough with
100 K only) condenser

generator
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Solar Tower Power Plants, Current Developments
1) Introduction of Thermal Storage (more detailed scheme)

RECEIVER SALT 565" C

‘ 280°¢C
= _I LOLD ST HOT SALT

STORAOE TANK STORAGE TANK

A AR

7 { ‘
x e B e

| \ STEAM ;
HELIOSTAT FIELD ) GENERATOR S
| AR TURBINE
.l- 11 GENERATOR
\ /
Ilvn \ -
' \
v
CONDENSER

Juan Ignacio Burgaleta, Santiago Arias, Ibon Beiat Salbidegoitia,
TORRESOL ENERGY, Solar Paces Symposium Berlin, Sept 2009

SUBSTATION
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Solar Tower Power Plants, Current Developments

2) Utilization of “Combined Cycle Principle “

 The Receiver becomes the solar receiver | [ooio]
,Combustion Chamber” of the Gas field aux.
Turbine. ,Pressurized Volumetric boiler
Receiver” R k-gas —+
* Receiver needs to be pressurized (15 steam g
bar) and the window needs to let in gi‘?x‘:ﬁ{
the concentrated radiation. heliostat JT -
e All components after the receiver are
as in a conventional CC Plant ﬂ—@
compressor
* Prototype running on PSA since 2002, turbine

Project , Solgate”
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Solar Tower Power Plants, Current Developments

2) Utilization of “Combined Cycle Principle” (more detailed scheme)

Solar Fuel Exhaxjst
receiver Steam turbine
A
| —©
Combustion E \_l
chamber —>
. Condenser
(optional) |
©
Gas turbine \ Prof. Dr. O. Goebel

Ambient air

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 237 20.02.2020



o Energia

Heliotérmica

&

*
-
Y nt

Solar Tower Power Plants, Current Developments

2) Utilization of “Combined Cycle Principle®,
The Receiver

@ 1200mm & 1100mm

/ receiver window

secondary concentrator

absorber / vessel
ol

insulation

concentraded
solar radiation

2000mm

1000mm

i | © European Communities, 2005
Reproduction is authorised provided the source is acknowledged.

&
<

v
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Solar Tower Power Plants, Current Developments

2) Utilization of Combined Cycle Principle (continued)

e Power Process efficiency up to 60%

Overall total net efficiency up to 38% (peak)
» Less area required for solar field

e Large cost saving potential because the solar field (which is cost factor no. one) is
smaller

e Utilization of natural gas in hybrid mode is as efficient as in a CC plant (hence the plant
can act as base load plant)

*  66% less water consumption than in SEGS plant (due to gas turbine)
* Heat Storage not yet proven!
Summary:

* Assoon as the very sensitive pressurized volumetric receiver will work reliable, the
tower with CC process will be the most efficient and cost efficient solar power
technology
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Solar Tower Power Plants, Current Developments

3) Open Volumetric Receiver (robust and simple)

Air Receiver

Duct Burner

Concentrated
Radiation

Steam

Generator
— - Turbo Set

| |
. —E
Air Steam
Circuit Circuit |
=
200°G) I Condenser
Blower

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 240 20.02.2020



,-' Energia
¥-s Heliotérmica
\/ 4

Solar Tower Power Plants, Current Developments

3) Open Volumetric Receiver Concentrated

) Receiver
(robust and simple) Radiation

air recovery

Infrared-

Heat Loss
=N

Ambient Air .~ T

Duct Burner

Steam Generator

_

-
Concentrated” -~
Radiation _~

-
.
L

Absorber

Air

Temperature

|

Absorber Degth
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Parabolic Dish
Solar Power Plants
and Miscellaneous Technologies
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Solar Dish
)4 Solar Irradiation
Generat%
Stirling engine ﬂ
Receiver ' ﬁﬁ s
Concentrator @ ﬁ
Two axis tracking
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Solar Dish

Two-axis tracking with high
concentration factor (> 2000)

The heat engine is sitting in the

focus and is moving together with
the dish

The generator is directly connected
to the engine

Compact and complete solar power
plant

Highest overall net efficiencies of
more than 30% measured
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Solar Dish, Possible Heat Engines

Possible are:
 Stirling Motor (mostly used) (n = 25-43 %)
e (Micro-) Gas Turbine

* Steam Engine

So far used:

e Stirling Engine
 Micro Gas Turbine

» Steam Turbine (with connecting several dishes in parallel with direct steam generation
in the receivers)

e Steam Turbine in single dish not feasible due to small capacity of single dish
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Solar Dish, Stirling Engine

Stirling Motor SOLO V 160

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel,

10 KW,

1500 rpm
Synchronous-generator
Working Fluid: Helium
Gas Pressure: 100 bar

M approx. 32 %

©

PRE—HEATER
HEATER UNIT

WATER TUBE

February 2016
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Solar Dish,
Receiver of Stirling Motor (SBP Dish)

3 it § | S QR MO | ST (et ) |
'RECEIVER REVRS:
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Solar Dish, Concentrator Types

1. Dish consisting of many curved glass facets (very exact, but too expensive)
(McDonnell Douglas 1985)

2. Dish consisting of few membrane reflectors (Cummins 1992)

3. Stretched Membrane Dish “Drum® with thin glass mirrors (very exact and
cheap) (SBP 1984)
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Solar Dish, Concentrator

e Always very high efficiency, because light is always perpendicular to aperture.
=> more full load hours per year!

* Tracking:
1. Polar Tracking (rotation axis parallel to earth axis)
— Mechanics more expensive, simple algorithm

2. Azimuth — Elevation - Tracking

— Simple mechanics, more complex algorithm
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Solar Dish, Polar Tracking

Polar Receiver with Stirling
Axis Engine and Generator
=

— Reflecting Membrane

Drive for
Declination Axis

Drive for Polar Axis South Bearing with Foundation
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Solar Dish, Azimuth-Elevation Tracking

Membrane covered A Stirling Engine
- , , — Z 7 SOLO V161

with Thin Glass : ’//7,'4/

Mirrors ‘y\‘i

Dish Diameter 8,5m
=>» Solar Multiple 1,3

Azimuth Tracking
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Solar Dish, Performance Calculation (of SBP Dish)

* Gross Input: Aperture [m?2] x DNI [W/m?] = [W] Start = 100 %
* Reflectivity 92 %
e Shading (5 %) 95 %
* Intercept Factor 95 %
— This is the Energy hitting the receiver 2 83 %
e Reflection and Heat Losses of the Receiver (15%) 85 %
— This is the power available to the Heat Engine 2 70,5%
e Efficiency of Stirling (SOLO V 160) 32 %
* Overall net Efficiency, solar to electric 2 22,5%
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Solar Dish, Status of Application

So far no commercial Application

Relevant Prototypes:

* Schlaich Bergermann & Partners (SBP): 17 m @, 50 kW
McDonell Douglas: 10,5 m @, 25 kW,,, 6 Units, 1984

* Cummins: 7,3 m @, 7 kW, 6 Units, 1990
 SBP:7,5m @, 9 kW,_, 9 Units, 1992-96

3 Units, 1984

el’

elr

|ll

e SES: ,revival“ of McDonnell Douglas unit, 6 units 2007
* The 6 SBP units are running successfully at PSA since 1996

e SES (Stirling Energy Systems, USA) has signed PPA's of 1,75 GW in 2008, but the
respective projects didn’t happen. SES filed for bankruptcy in 2011
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Solar Dish, Current Developments and Summary

1. Integration of fossil fired burners for hybrid operation

» Prototype worked, but gas to electric efficiency very low (20%)
2. Integration of thermal storage into the receiver

» Prototype worked, but cost is extremely high

Summary of Dish Systems:

e |Initially the Dish saw its application between the large scale technologies
(trough and tower) and PV. Today‘s low cost of PV and the Dish‘s non
compatibility with storage and hybridization lead to a non favorable
situation for the Dish concept in general.
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Solar Chimney (or ,,updraft”), Principle
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Solar Chimney

e Solar Radiation heats up air under a glass roof. In the middle of the glass
roof is the entrance to a chimney, where the heated air can escape. At
the bottom of the chimney is a turbine which converts the energy of the
air stream into mechanical power.

* The glass roof together with the dark soil forms the solar collector, which
is very cheap

* The efficiency of the process is very low:
Tltotal - nTurbine XM CoIIectorX g X HChimney / (Cp, air X Tambient.)

e This leads to an efficiency of 0.3 % per 100 m of tower height (at
collector and turbine efficiencies of 100%)

e At realistic assumptions the efficiency is approx. 0.2 % per 100 m of
tower height
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Solar Chimney,
Status of Application

So far only one Prototype in
Manzanares, Spain:

* Operation: 1982 - 89
* el. Power: 50 kW
 Tower Height: 195 m

e Collector@: 240m

* el. efficiency: 0,12 %
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Solar Chimney,
further Developments

* Since the Manzanares Prototype no more plant has been built.

 There have been some project developments, but so far none of them
reached financial close.

* Generally it is doubtful whether the Solar Chimney is a useful
technology. This is mainly due to its very low efficiency (2% at 1000 m
chimney height). This is 10 times less than a parabolic trough plant.
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Solar Pond

At this type of solar power plant a pond with a black ground and a filling with salty water
functions as the receiver and as a heat storage at the same time. In the pond with a typical
depth of 6 m the water forms three layers, which are stable due to the salt concentration which
increases from the surface towards the ground. The lower layer with a thickness of approx. 4 m
forms the absorber and the storage. The upper layer with a thickness of 0.5 m has the lowest
salt content and serves as isolator against thermal losses. The layer in the middle is
characterised by a high gradient of the salt concentration and serves as a separator between the
upper and the lower layer.

The heat of the lower layer is transferred through a heat exchanger into an organic Rankine
cycle. In the condenser of the Rankine cycle the water of the upper layer is used for cooling.
With an upper process temperature of 90°C, efficiencies of 6 - 10 % are reached in the Rankine
cycle. The overall efficiency of the system lies between 1.5 and 2 %. Beside plants in Australia
and USA, the plant of Beith Ha' Arava (Israel) with its power output of 5 MW is the biggest
prototype, built so far. In comparison to the concentrating technologies the Solar Pond Power
Plant leads to low investment cost (area specific), but similar to the Solar Chimney the efficiency
is pretty low.

solar
radiation
solar pond

— e |

= —

steam generator

turbine generator

i

cooler

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016
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Stratification of

saltwater layers
very sensitive!

Task:
Calculate n for T, = 90°C
and T, =30°C, tpf=0,5

Tmax—Tmin

Ncarnot = T,
max

Here: T =90°C, T, =30°C

Ncarnot = w =16,5%

With tpf 0,5 => 1 = 8,25%
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Condenser Cooling and Heat Utilization
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Cooling of the Condenser at Steam Power Plants

e CSP plants mostly use the Rankine Cycle to convert heat into power.

* The efficiency and power output of the turbine increase with lower pressures
in the condenser (suction).

 The condenser pressure depends on the condenser temperature.

* Hence, a heat sink with the lowest possible temperature leads to the
maximum efficiency and power of the process.
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Cooling of the Condenser at Steam Power Plants

The 3 mostly used Cooling Principles are:

1) Water Cooling in Once Trough (River- or Sea Water) ~ tesm
* Cheap 2 _‘_(§</
* Achieves low condenser temperature \ Condensate
* Huge water mass flow: Mcoo1ing water = Msteam circuit * 60 Q
2) Wet Cooling Tower Steam
* High water consumption (evaporation): Meyaporation = Msteam circuit DN
* Most efficient at low humidity of ambient air e

3) Air Cooled Condenser (ACC) or “Dry Cooling”

* Only used where no water is available

* Relatively high condenser temperatures

* High power demand for fans (up to 4% of gross power)

Steam

4

* Most expensive- least efficient Condensate
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Cooling of the Condenser at Steam Power Plants

It is beneficial when the rejected heat of the condenser can be used for a second process.
Possible Utilization:

1) District Heating (only useful in regions with long heating season)

» (usually not the case at regions with high DNI)

2) Process Heat for Industry

3) Sea Water Desalination
4) Cooling, “District Cooling” (Absorption Chillers)

To be

considered in all cases:
Rising of Condenser Temperature required to receive usable heat

=> significant reduction of electric efficiency (minus 40% at Desalination)
=> overall efficiency higher, but electric efficiency reduced

The heat consumer needs to sit directly next to the CSP plant, because heat cannot
be transferred over longer distances.

This is unlikely, because CSP plants are usually build in remote locations (cheap
land)
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Site Evaluation
for CSP Plants
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Site and Infrastructure

Aspects of a site, Summary:

*DNI resource

*soil (cost of foundations)
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Site Evaluation 1/4

A site for a power plant project shall be evaluated regarding the following aspects:

1. Electric Grid (High Voltage (HV) grid):
e Distance to the HV grid
* Distance to the next sub station
* Available free capacity in the HV grid
* Readiness of the grid operator to accept the additional power
* Possible route for the connecting cable from the plant to the sub station
e Power supply during construction of the plant

2. Transport Infrastructure:
* Distance to next highway / railway / harbor
* Carrying capacity of this transport connection chain (largest / heaviest plant
component)
e Possible route of the connecting road to the existing road network
* Goods to be transported: plant components during construction, fuels, spare parts,

people, evacuation of Soil etc.
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Site Evaluation 2/4

3. Fuel Supply:
* Distance to the next fuel supply point (oil or gas pipeline or coal harbor)
* Possibility of fuel supply from this point (technically and commercially)
* Possible route of the connection (pipe or road) to this point

4. Water:
* Availability of cooling water (selection of cooling type, calculation of water demand)

5. Topography of the Site:
* Flatness of the site
* Cost of site levelling
* Any stream courses on site? (flooding potential, ask for history!)

6. Soil properties at site:
* Carrying capacity of the soil => cost for soil improvement
* Workability of the soil (penetrability) => cost of foundation

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 267 20.02.2020



o™ B .
# . 0*¥ PROJETO Energia

& 0 . - .
f4:5 Heliotérmica
Veant's

VYam?

Site Evaluation 3/4

7. Weather conditions at site:

 Temperature profile along the year=> Which plant components will need
shelter / heating / cooling?

* Precipitation along the year => Which plant components will need shelter

» Danger of fast flowing streams => Preparation of respective measures

 Maximum wind speeds (strength of buildings and structures)

8. Seismology at site

9. Quality of the solar (DNI) resource
e See Chapter at the beginning of the course

Concentrated Solar Power Lecture, Prof. Dr.-Ing. Goebel, February 2016 Nr. 268 20.02.2020



o™ - .
’-W- PROJETO Energia

13: Heliotérmica
' LT\

&

Site Evaluation 4/4

10. EIA, Environmental Impact Assessment :

* Isthe site habitat for protected plants and/or animals?

* Does the project endanger neighboring habitats of plants and/or animals (e.g.
drainage of wetlands, bird migrating routes)?

* Endangering of ground water (lowering or contamination)

* Noise disturbance (noise maps)

* Visualization of the project and investigation of the visibility from sensible view
points (visual impact study)

11. Social Acceptance:
« Community representatives, local administrations, citizens’ action groups, NGO's

12. Permits and Licenses:

* Ownership, real estate office, land development plan, land use planning, civil
engineering department (pipelines), traffic administration, police,
telecommunication administration, military (concentration area, disturbance of
radar, low altitude flight corridor)
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Data Sources

e The site evaluation is based on the above mentioned data. It is

extremely important that the data are taken from reliable
sources.

e Preferably the data shall be sourced first hand.

* Weather data from a weather institution and not from another study.
* Soil data from a soil investigation at the site and not from another study.

* |If first hand data are not available and second hand data have to
be used, this shall be clearly indicated in the study report.
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Calculation of Electricity Generation Cost
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Electricity Generation Cost, EGC

A widely used method for calculating EGC is the annuity method.

 How it works: The annual capital cost are kept constant (during the
depreciation period) by reducing the interest payment each year and a
respective increase of the pay back such that the total (pay back + interest) is
constant over the years.

* This method leads to pretty good values for the EGC when the input data are
correct.
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Electricity Generation Cost, EGC

A CSP plant has two main fixed cost components:
* Annual capital cost
 Annual O&M (operation & maintenance) cost

* The cost per kWh of electricity is calculated by dividing the annual fixed cost
by the annual energy yield.

[€/a]
” [kWh/a]

Parameter 1 Parameter 2

= [€/kWh]

annual capital cost+annual O&M cost

EGC =

annual electricity generation

Parameter 3
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Electricity Generation Cost, EGC
Parameter 1) Capital Expenditures (CAPEX):

CAPEX = EPC price + Owner’s Cost

*  Main components of CAPEX are:

. Equipment
. Transport
. Duties .
. Installation cost . EPC PriCe (EPC = engineering procurement, construction)
. Initial spare parts
. Ground preparation and foundations _| _
. Access roads
. Grid connection (sub station)
. Soft costs:
> Financing costs (Interest during construction, fees) ,
> Project development Owner’s cost
> Advisor fees (Lender’s and Owner’s Engineer,
financial and legal Advisor)
> Permits and licenses
> Insurance before COD
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Electricity Generation Cost, EGC

Parameter 1) Capital Expenditures (CAPEX):

The capital for a power plant project is usually supplied by 2 sources:
1. Equity
2. Bank loan, mostly called “debt”

* The equity providers request a higher interest rate (called RoE, return on equity)
than the banks ask for the debt, because they carry a higher risk.

* Typical debt / equity ratios range between 80/20 and 70/30

* The calculation of the annual capital cost is usually performed using the annuity
method.

* The annuity is a combined payment of interest and repayment with a constant
annual rate.
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Electricity Generation Cost, EGC

Explanation of annuity with simple example
Loan =100 S, payback time = 10 years, interest rate = 10%

150
o loo
]
(=]
o 111
: A e .
0 1 2 3 4 5 6 7 8 ] 10
year ] 1 2 3 4 5 6 7 8 9 10 total
Loan 100 a0 a0 70 60 50 40 30 20 10 1]
annual pay back 0 10 10 10 10 10 10 10 10 10 10
interest payment 10 E 8 7 G 5 4 3 2 1
total annual payment 0 20 19 18 17 16 15 14 13 12 11
150,0
c 100,0
©
o
.
7 10
0 1 2 3 4 5 6 7 8 9 10 total
Loan 100,0 93,73 86,83 79,25 70,90 61,72 51,62 40,52 28,30 14,86 0,07
annual pay back 0,0 6,27 6,90 7,59 8,35 9,18 10,10 11,11 12,22 13,44 14,78
interest payment 10,00 9,37 8,68 7,92 7,09 6,17 5,16 4,05 2,83 1,49
total annual payment 0,0 16,27 16,27 16,27 16,27 16,27 16,27 16,27 16,27 16,27 16,27
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Electricity Generation Cost, EGC

Parameter 1) CAPEX: annuity method, example:

— ROE: 13% p.a.
— debt rate: 6.5% p.a.
—  Debt equity ratio: 70/30

—  With this data we calculate the weighted average cost of capital WACC):
> WACC=0.3*13% + 0.7 *6.5% = 8.45%

—  Depreciation period: 25 a

—  With this data we calculate the annuity rate: 9.7 % / a

WACC+(1+WACC)™

— Equation for the annuity rate: = n=
(1+WAcCC)"-1

depreciation period in years
—  The annual capital cost is: annuity rate * CAPEX
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Electricity Generation Cost, EGC

Parameter 2) Operation & Maintenance Cost, O&M cost:

In a first approach O&M cost are expressed as a percentage of the
CAPEX cost. Typical values are:

e Wind Farms: 3%/ a

e PV: 1-2%/ a

e (CSP: 2.0-25%/ a
 Coalfired plants: 2%/ a
 CCplants: 3-4%/a

In a more detailed approach it is distinguished between variable and fixed O&M cost.
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Electricity Generation Cost, EGC

Parameter 3) Energy Harvest:

* Energy harvest is the parameter out of the three, which is most difficult to
obtain

* Energy harvest depends on technology and site condition

* For CSP plants the energy resource is DNI (Direct Normal Irradiation)
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Parameter 3)

Energy Harvest:

Power generation profile in May
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Electricity Generation Cost, EGC

Parameter 3) Energy Harvest: The concept of full load hours [kWh/kW/a] or [h/a]

Shams 1 Generation Profile
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Electricity Generation Cost, EGC

Parameter 3) Energy Harvest: The concept of capacity factor [% of full capacity]

Shams 1 Generation Profile
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Parameter 3) Energy Harvest:
The impact of the Nominal Load:

Electricity Generation Cost, EGC

. A given plant generates
220000 MWh per year
DNI Profile at Al Aradh . Call it a 100 MW plant and
00 you get 2200 h /a
900 . Callita 120 MW plant and
800 Iiii\l\m" you get 1833 h/a
& 700 i e
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500
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Electricity Generation Cost, EGC

:I:T:;fer 3) Energy electrical power [MW]
Regardless of all theory, at 110 0100-110
the end of the day the “;g m20-100
harvest [kWh / year] can Z o w5090
be measured for a real % 70 m70-80
system or simulated with % Eg mE0-70
good tools (tools should ! m50-60
be calibrated against real E 30 m40-30
plant data). o 21?] 03040
020-30
m10-20
time oFday,r e & ) i
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Electricity Generation Cost, EGC

4) Combining the two components in one equation:

annual capital cost+annual O&M cost

e EGC =

annual electricity generation

CAPEX *(annuity+ 0&M percentage)
annual electricity generation

Or simpler: EGC=

Example CSP plant:

« CAPEX: 400 million USD ~ Parameter 1

* OPEX: 2.5 % of the CAPEX p.a. Parameter 2

* Energy yield p.a.: 100 MW * 2000 h/a =200 GWh / a Parameter 3
* Annuity: 9,7% p.a.

e EGC = L%10 OTH/a*23%/4) _ g 544 ysp/kWh = 24.4 ct/kWh

200%10® kWh /a
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Electricity Generation Cost, EGC

The equation is easier to apply when we replace the annual electricity generation by:

Annual electricity generation = Capacity * FLH (FLH = full load hours)

CAPEX *(annuity+ 0&M percentage)

Then: EGC = — :
annual electricity generation
transforms to: EGC = SAPEX/Capacity *(am;zzty +0&M _percentage)
Example CSP plant:
* CAPEX/Capacity: 4000 USD / kW
* OPEX: 2.5 % of CAPEX p.a.
* FLH: 2000 h/a
* Annuity: 9,7% p.a.
e EGC = X0 [WOTH/at2N]D) _ 544 YSD/KWh = 24.4 ct/kWh
2000h/a
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Electricity Generation Cost, EGC

Typical EPC Prices for different power plant types:
Coal fired plants: 1200 -1600S / kW

Gas turbine plants: 400-500S / kW
Combined Cycle plants:  700-800 S / kW

Wind power: 1200 - 1500 S / kW
Photovoltaic: 1000 —-2000S / kW
CSP: 4000 S / kW (higher when equipped with TES)

For calculating the CAPEX: When no further information is available the owner’s
cost can be assumed with 20% of the EPC price.
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Why is Electricity of Fossil Fired Plants Cheaper?

. Fossil fired plants need much less material

. A 100 MW gas turbine (GT) contains 100 tons of steel

. The solar field of a 100 MW PT plant contains 12 000 tons of steel (120 times
more than GT)

. Dimensions of a 100 MW gas turbine: 10 m x 30 m, the whole plant 100 m x
100m (1 hectare)

. Dimensions of a 100 MW solar plant: 2 km? (200 times more than GT)
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Why is Electricity of Fossil Fired Plants Cheaper?

80 MW CSP plant in Harper
Lake, California
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Why is Electricity of
Fossil Fired Plants Cheaper?

What is the message of the “Harper Lake” picture?

 EPC prices of solar plants will always be higher than EPC prices of fossil fired
plants!

* The steel mass factor may go down from 120:1 to 60:1, but solar will never
be cheaper in CAPEX!

 The only way to break even will be through higher fuel prices

* CSP (Californian conditions) breaks even at oil price of 70 to 120 $/barrel
(depending on full load hours of fossil competitor)

e Or at coal prices of 400 S / ton (today 80 S / ton)
e Or atgas pricesof 0.55/ m3(12S / MMBTU) (peaker)

e Until reaching this point, subsidies are required
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Thank you for your Attention!

Dr.-Ing. Jiirgen Rheinlander Prof. Dr.-Ing. Olaf Goebel
Solar Thermal Power Hochschule Hamme-Lippstadt
Engineer and Consultant Olaf.goebel@hshl.de
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Reserve
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Parabolic Trough Solar Power Plants:
Integrated Solar Combined Cycle System, ISCCS

The Problem of low efficiency when running a regular Parabolic Trough Plant

2.000
0 ./; ./ T T T
0

2000 4000 6000 8000 10000

OnN gas
specific energy consumption of Combined Cycle and
SEGS plants
eta GuD =53 %, eta SEGS =35%
CC = Combined Cycle plant 16000 ——CC
SEGS = Parabolic Trough CSP plant 16'000 8- SEGS A
= : .//0
2 14.000 5
2 12.000 >
When a Parabolic Trough CSP Plant is 2 10.000 7
operated for many hours per year on nat. = 8.000 s
_ S 6.000 el
gas, then it burns more gas than a CC = 4.000 X
plant of the same capacity, due to its poor : — =
gas to electric efficiency. §
8
U]

operating hours /year
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