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SFERA-III

Wednesday, June 8, 2022

A INDOOR ¢
13:00 — 14:00 - Lunch break - 60 min
14:00 -14:30 Standardized tests for reflectors DLR 30 min
14:30 -15:00 Advanced tests for reflectors CEA 30 min
15:00 -15:30 Erosion of reflectors and sandstorm simulation DLR 30 min
15:30 -16:00 Characterization and accelerated aging of parabolic trough receiver materials DLR 30 min
-. 5:00—-16:30 Cha rf::vrwmmﬁ'rﬁﬁf:.umnnﬂ orbe 7
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Generality on durability studies
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Technologies CSP/CST :
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Fluid temperature : 450-1000°C
Concentration factor : ~500
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Durability :

Parabolic trough Solar plant Cost of CSP plant

Vaccum Receiver tube absorber / \ Divers Yearly sumof Dt Normalirdiation ONY)

B

Protective glass Usine Champ solaire

Préparation du site 30%
Fluide de transfert

Imprévus

Stockage
/7 Bloc

Potential CSP sites

thermique

Period: 1991 - 2010; grid cell size: 0125

de puissance

=>» Thousands of mirrors and receivers (= 30 % initial investment)
=>» Best locations : Arid region or coastal area

=>» Solar mirrors and receivers lifetime of 25 years

=» Reflectance or absorptance > 90%

Being able to predict the aging and the degradation rate of solar mirrors and receivers can be profitable :
* To correctly calculate the energy produced over time and to deduce the plant LCOE
* To help scientific and industrial companies to produce best quality of components by identifying the key factors of degradation

* To reassure banks and investors by predicting more accurately future events such as the replacement of components

E. Le Baron CEA




Durability definition:

* Durability: the ability of a material to resist deterioration caused by external factors and to maintain its performance
under conditions of use. [1]

* Lifespan: time between the installation of the material and when its performance drops below the minimum required. It
therefore depends on the properties of the material, but also on the performance criteria of the application and the
stress factors present in the environment.

* Performance: measure of the ability to perform as desired or to exhibit properties useful for the application. [1]

* Aging : degradation of the material's properties over time. It can be natural or accelerated. Aging is said to be natural
when the material is used under normal conditions for the application for which it is intended. It is said to be accelerated
when the life of the material is shorter or its performance decreases faster than under normal application conditions. For
this, it is subjected to greater constraints and its performance is measured over time. [2]

[1] Michael Kohl, Bo Carlsson, Gary Jorgensen, and A. W. Czanderna. Performance and durability assessment: Optical Materials for Solar Thermal systems. Elsevier Science, 2004.
[2] Wayne Nelson. Accelerated Testing: Statistical models, tests plans, and data analyses. John Wiley & Sons, Inc, 1990 edition, 1990.
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Durability studies:

Platform for durability study of solar materials and systems with a network of expertise and multisite for outdoor and indoor test
Correlation

Outdoor
Characterizations
Stress factor evaluation :
environmental condition
measurement

Degradation mechanism
analysis

Ageing law

Accelerated factor
Lifetime prediction Indoor

Tools

Accelerate test
Reproduction of degradation
Characterization and
analysis

+ Methodologies
= Durability test through the

standards

Photovoltaic (PV)

E. Le Baron CEA
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Component Technologies:

a)

b
Reflectors: C))

Low iron
glass

Silver

Copper

Prime paint

Intermediate
paint

Top paint

a)

Glasses:

d)

1-4mm

70-150nm
30—-150nm

20-30pum

20—-30pm

30-40pm

Monolithic glass
Laminated glass
Aluminum
Polymer film
Low iron 1 mm Sio,
glass -
Silver 70-150nm Sioz
Copper 30-150nm Al puzre
Adhesive
(pvg) [ <tmm ALO,
Fsljl::tgrl:tis 1.5mm Al substrate

b)
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c)

3um

55-60nm
75—95nm
65nm

0.1-3 pum

500 um

Transparent
polymer

Silver

Copper

Polymer
substrate

d)

Absorbers:

Alloys with T T
Selective coatings

100 pm

70—150nm
30-150nm

100 pm

Alloys with Black Paints

"

Porous ceramic Silicon Carbide




Introduction to the Durability method :

Natural site
Durability E/E Aging
Accelerated A level of ' ' /1 degradation

rate

test stress

/!\ Representativeness of aging

L]
> 60 days % ;gorT(I;n

20°C

Performance

Performance(0)

Performance (required) 4--------------N-----o---_= .

Test 21 days

37°C

IO ttESt t'S
E. Le Baron CEA i Lifetime |



Visit and discussion on CEA
INDOOR/OUTDOOR facilities and
Optical laboratory
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Example of INDOOR and OUTDOOR
aging facilities
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Characterization

Indoor Testing

Outdoor Testing

Optical, physical and chemical

measurements

* Specular reflectance

* Absorption (plane, tube) at
ambient and up to 1000°C

*  Microscope and MEB

* FTIR..

Accelerated ageing

*  Temperature, humidity

* lrradiation, UV

* Abrasion (sand, cleaning)
* Salt Mist

Mirror soiling
* France (INES, Cadarache, Reunion)
* Morocco (Ouarzazate)

High temperature emissivity

FTIR

E. Le Baron CEA colonmeter




CEA INDOOR aging facilities

E. Le Baron CEA



INDOOR aging facilities : NSS

According to the standard 1SO 9227:2017 (Corrosion testing in artificial atmospheres : Salt spray tests) and IEC N
600068-2-52 (PV) R %

» Constant conditions of 35 * 2°C with [NaCl]=(50+5) g/I; pH=6.5-7.2
» Tilt angle of 20 + 5° respect to the vertical
» Condensation rate of 1,5 + 0,5 mL/h on a surface of 80 cm?

» Testing time : 480 hours

Mini 3 samples positioned inside the chamber :

» By the front side (glass) facing upwards x 3

» By the back side (coating) facing upwards x 3 Weiss SC450

ISO 9227 : Corrosion tests in artificial atmospheres — salt spray tests

E. Le Baron CEA



INDOOR aging facilities : CONDENSATION
According to the standard I1SO 6270-2 (test CH), ISO 22975-3 and UNE 206016

» Constant conditions of samples of 40 + 3°C with 100% relative humidity,
» T°chamber : T°sample + 5°C = 45°C

» Tilt angle of 20 + 5° respect to the vertical, front side up

» Testing time : 480 hours

Mini 3 samples positioned inside the chamber :

» By the front side (glass) facing upwards x 3

ISO 6270-2: Paints and varnishes — Determination of resistance to humidity
ISO 22975-3: Solar energy - Collector components and materials - Part 3: Absorber surface durability

E. Le Baron CEA
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INDOOR aging facilities : CYCLICAL TEMPERATURE AND HUMIDITY
According to the standard IEC 61215 10.11 and UNE 206016 =— =t | 12 plosestonderd
> 4 hours phase at 85°C + 2°C A i

» 4 hours phase at -40°C + 2°C Al
» 16 hours humidity cycle : Method A / 1SO 6270-2 Constant conditions of 40°C £ 2°C with » \\ f,

Température (°C)

97 + 3 % relative humidity p mui
. ° . . L 1 cycle Humidité relative (%)
» Tilt angle of 20 + 5° respect to the vertical, front side up o . Weiss WKL 100/40
1 ambient 1 +39 ]
. . ~ '
» Testing time : 10 cycles ~ 240 hours 1:: ah ! T°=-40 to 95°C
Mini 3 samples positioned inside the chamber : o st e RH =10 to 95%
) 1
» By the front side (glass) facing upwards g
B 20
» By the back side (coating) facing upwards % 0 i
= 5 15 20 35
.20 -
0 4h
-60
Time [h]

E. Le Baron CEA IEC 61215: Crystalline silicon terrestrial photovoltaic (PV) modules - Design qualification and type approval



INDOOR aging facilities : DAMP HEAT (DH)

According to the standard |IEC 62108 (test number prefered 10.7b 65/85 or 10.7a: Damp heat test 85/85)
» Constant conditions of 65 + 2°C with 85 £ 5 % relative humidity

» Tilt angle of around 25° respect to the vertical
» Testing time : 2000 hours (10.7a T = 85°C/1000 hours)

Mini 3 samples positioned inside the chamber :

» By the front side (glass) facing upwards o0

1: plage standard
2 : plage étendue

» By the back side (coating) facing upwards ®

Weiss WKL 100/40

Température (°C)

T°=-40 to 95°C T T |

10 >

RH =10 to 95% 0

0 10 20 30 40 S50 60 70 80 90 100
Humidité relative (%)

IEC 62108: Concentrator photovoltaic (CPV) modules and assemblies - Design qualification and type approval

E. Le Baron CEA



INDOOR aging facilities : THERMAL CYCLE

According to the standard IEC 61215 Test 10.11 or IEC 62108 Test 10.6 option TCA1 ou TCA 3

> IEC 62108 Test 10.6 TCA 3 : 2000 cycles between — 40 °C and 65 °C, each time with a plateau of at least 10 min within + 3°C of the limit

temperature and a number of cycles of 2000

> IEC 62108 Test 10.6 TCA 1 : is the same except for a maximum
temperature of 85°C and a number of cycles decreased to 1000

> |EC 61215 Test 10.11 is identical to the IEC 62108, 10.6 TCA 1 test
reduced to 200 instead of 1000

Mini 3 samples positioned inside the chamber :
» By the front side (glass) facing upwards
» By the back side (coating) facing upwards

1: plage standard
2 : plage étendue

Weiss WKL 100/40

T°=-40to 95°C
RH =10 to 95%

h O |7 ]

Température (°C)

2 =~ i o

10 20 30 40 S0 60 70 80 90 100

Humidité relative (%)
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IEC 61215: Crystalline silicon terrestrial photovoltaic (PV) modules - Design qualification and type approval
IEC 62108: Concentrator photovoltaic (CPV) modules and assemblies - Design qualification and type approval
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INDOOR aging facilities : HUMIDITY FREEZE

According to the standard IEC 62108 Test 10.8 reduced at 65°C

two stages:

» 400 cycles from — 40°C to 65°C, with a plateau of at least 10 min in an interval of £ 3°C
limit temperature;

» a plateau of 20 h at 65°C and 85% RH followed by another at -40°C, lasting less than 4 h
with temperature ramps of less than 100°C/h.

» The first stage should include 10 to 18 cycles per day, the second 40 cycles, and the
whole should last about 1500 hours.

Mini 3 samples positioned inside the chamber : 5

» By the front side (glass) facing upwards o

» By the back side (coating) facing upwards

Température (°C)

Weiss WKL 100/40

T°=-401t0 95°C NEEERR. |
RH =10 to 95% TP EEEEEEEE

Humidité relative (%)

IEC 62108: Concentrator photovoltaic (CPV) modules and assemblies - Design qualification and type approval
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INDOOR aging facilities : UV Xenon radiation + Temperature

According to no standard

» Air temperature : 70°C

» Sample temperature : 85°C
» Irradiation level : 65 W/m? (300-400 nm)
» Testing time : 1000 hours each side (total: 2000 hours)

3 samples positioned inside the chamber : ATLAS
SUNTEST XXL

» By the front side (glass) facing upwards x 3
» By the back side (coating) facing upwards x 3

7

—Suntest XXL+

—Soleil

Irradiance (W/m?%nm)

o P N W A~ U0 oo
I W R S N

200 | 3(I)0 | 4(I)0 | 5[I)0 | 6(I)0 | 7(1)0 | 860
A(nm)
Emission spectrum of lamps (xenon NXE 1700) and the sun
(reference Air Mass 1.5, ASTM G173-03)
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INDOOR aging facilities : UV Xenon radiation + Temperature + water spray

According to the standard 1SO 16474-2: Methods of exposure to laboratory light sources — Part 2: Xenon-arc lamps

» Air temperature :70°C
» Sample temperature : 85°C

» Irradiation level : 65 W/m? (300-400 nm) : 27 min, water aspersion : 3 min, cycle duration: 30 min  SUNTEST XXL

» Testing time : 1000 hours each side (total: 2000 hours = 4000 cycles of 30 min)

3 samples positioned inside the chamber :
» By the front side (glass) facing upwards x 3
» By the back side (coating) facing upwards x 3

ISO 16474-2: Paints and varnishes — Methods of exposure to laboratory light sources - Part 2: Xenon-arc lamps.

E. Le Baron CEA

ATLAS

—Suntest XXL+

—Soleil

Irradiance (W/m%nm)
(@] = N w B (6] a ~

200 300 400 500 600 700 800
A (nm)
Emission spectrum of lamps (xenon NXE 1700) and the
sun (reference Air Mass 1.5, ASTM G173-03)




INDOOR aging facilities : UV + Saline mist NSS

According to no standard

» Irradiation test xenon lamp with filtre (65 W/m? between 300-400 nm), t=200h, air T=70°C
» NSS (T=(35£2)2C; 100% RH; [NaCl]=(5045) g/I; pH=6.5-7.2), t=200h

» Cleaning of the sample with deionized water after NSS phase

» Testing time : 1 cycle : 400 hours=>» 10 cycles

SUNTEST XXL

+ Weiss SC450

E. Le Baron CEA




INDOOR aging facilities : UV Mercury radiation + Temperature

According to no standard

» Air temperature: 70°C, sample temperature ~ 85°C

» Irradiation level: 90 W/m? (300-400 nm), RH no control
» Testing time : 1000 hours each side (total: 2000 hours)
3 samples positioned inside the chamber :

» By the front side (glass) facing upwards x 3

» By the back side (coating) facing upwards and glass is protected with a special tape

w
o

—Sepap 12/24

N
(€3]

—Soleil

== N
o w o
1 1 L

w

Irradiance (W/m%nm)

0 : ||‘l l . I | } |’——w=_""_l\f—"'
200 300
A (nm)

400 500 600 700 800

Emission spectrum of lamps (Novalamp RVC 4000W)
E. Le Baron CEA and the sun (reference Air Mass 1.5, ASTM G173-03)

ATLAS
SEPAP 12/24




INDOOR aging facilities : UV-5X Metal halide radiation + Temperature + Humldlty

According to no standard

» 4 hours at 60°C to UV-radiation (300-800 nm), relative humidity controlled

» 4 hours at 50°C to condensation without irradiation, 95% relative humidity

UV lamps
» Testing time : 1000 hours each side (total: 2000 hours)

N o AMTC UV-5X
3 samples positioned inside the chamber : Size - 220 x 150 X 284 cm
> By the front side (glass) facing upwards x 3 T°=-40°C to 100°C and 5-95 % RH

» By the back side (coating) facing upwards and glass is protected with a special tape

1 cycle

L)
! 100% r.h. | ambient r.h. :
| Radiation off | Radiationon |
[ 1 I
! |

! I
1

100

) e ey e e

g

[

:

w
(=1

[ [ [ ]

~

a5

Temperature [°C]
9
Irradiance (W/m?%nm)
o - N w Y w (<)) ~

[} ] 4 6 8 10 12 14 16
Time [h]

200 300 400 500 600 700 800
0 10 20 30 40 50 60 70 80 90 100
}\ nm Humidité relative (HR)

Emission spectrum of lamps (HTC 2000-349) and
the sun (reference Air Mass 1.5, ASTM G173-03)
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INDOOR aging facilities : UV-5X Metal- halide radiation + Temperature + Humldlty

According to no standard

» 2,5 hours at 80°C to condensation without irradiation, 85% relative humidity +UV
» 2,5 hours at 40°C to UV-radiation (300-800 nm), 50% relative humidity

» Testing time : 1000 hours each side (total: 2000 hours)

UV lamps

3 samples positioned inside the chamber : AMTC UV-5X

» By the front side (glass) facing upwards x 3

» By the back side (coating) facing upwards and glass is protected with a special tape

— 10 . 250
_=_- H H 7
= REL E 6
B = c
E Tiso § S 4
& = o
d—:\- = o 3
ud {10 E =
g : i 5 2
: 3 z,
2 e BD T =
E 0 T T T T T T T T T T T
o 200 300 400 500 600 700 800
T”imc' ihuu-rl . A (nm)
— Temperature C) S — Emission spectrum of lamps (HTC 2000-349) and

E. Le Baron CEA = = Relative humidity (%) ——1V lamp (onfaff) the sun (reference Air Mass 1.5, ASTM G173-03)




INDOOR aging facilities : HAST test Humidity and pressure for mirrors

According to standard |IEC 68-2-66

» Constant conditions until P : 2 bars
» T:121°C

» RH: 100%

» Testing time : 240 hours

3 samples positioned inside the chamber

IEC 60068-2-66: Compact electrical and electronic components

E. Le Baron CEA

Standard HAST environment Air HAST environment
s S -
chamber — Test chamber —
Water vapor—\— Open Water vapor_\. Closed
Water AN Watet\
Chamber temperature

Viet:-bulb temperature

|

Without ventilation

Time (h) Time (h)
During the temperature rise process, During the temperature rise process, the hot air
the hot air valve is opened, venting air valve i closed, pressurizing the chamber with
and (some) water vapor. remaining air in it.

Relative humidity (%)

B EperRE

B

B

B

(Atmospheric pressure + water vapor pressure)
HAST environment

Control range for wide-range HAST testing

............. #O'C 100% 1320°C 1008
1 HasT |
. & ture,
HAST prescvkon kit
process rang \ hm(r’xge
Temperature and
humidity chamber; Wide-range
temperature/humidity HAST range
control range
BOC Sxx
106°C 200 4 ™
Temperature ¢
of 10| 20| 30| 40 so| =o0] 0] 80| so| 100] 110] 120] 130] 140] 150]




INDOOR aging facilities : Solar Simulator 1 SUN radiation

E. Le Baron CEA

Technical specifications of lamp field

Technical specification

Effective degrees of freedom of lamp rig

and lamps

Lamp type

Spectral Quality

Life expectancy of lamps

Max. Intensity on test area without

artificial sky

Max. Intensity on test area with artificial

sky

Size of test area with 1200 W/m? (without
artificial sky), + 10% homogeneity

Temporal stability of light intensity

Collimation

Intensity Control

Details

3 linear, 1 rotational (0° to 90°), actuators
electrically controlled, height and inclination

SEensors

ATLAS MTT “Solar Constant 4000"

according to EN12975: 2006 and 150 9806-
1:1994

1000 hours

1200 W/m? (280-3000 nm)

1100 W/m? (280-3000 nm)

20mx2.4m

1%

approx. 90% of the emitted radiation lies in the

range in which the I1AM of a regular flat plate
collector varies by no more than 2%

75-100%

Technical specifications of the collector test platform

Technical specification

Test surface

Max. load
Range of incline

Precision

Ventilation Unit

Technical specification
Number of cross-flow fans
Max. air flow speed
Electrical power

Electrical connection

Details

net: 2.4 m x 3.2 m, gross: approx. 2.5 mx
3.3 m

approx. 400 kg laminar
0° to 90°

$1°

Details

2

4mfs

approx. 1000'W each

230V/50 Hz

Technical specifications of the thermostat

Technical specification
Temperature range
Temperature control

Heating power / Cooling power
Max. pump pressure

Max. pump flow

Volume flow range (min. / max.)

Max. deviation

Details
10®C-110°C

+0.1° C

6 kW [ & kw

4 bar

600 kg/h

approx. 70 to 420 |/h

1%




INDOOR aging facilities : Constant Temperature

According to no standard

» Constant conditions of 70 + 2°C or 85°C or 100°C
» Testing time : 2000 hours

3 samples positioned inside the chamber :

CTS Venticell
T° < 250°C

E. Le Baron CEA




INDOOR aging facilities : Constant Temperature for absorbers
According to standard ISO 22975-3:2014

» Constant conditions until 850°C
» Testing time : 10 000 hours

3 samples positioned inside the chamber :

Nabertherm
N30/85HA
< 850°C

ISO 22975-3: Solar energy - Collector components and materials - Part 3: Absorber surface durability

E. Le Baron CEA




INDOOR facilities : artificial soiling for mirrors

According to no standard

» « Standard test dust »: SAE J 726, MIL 810, GARNET

120 or local one

> T of the chamber : between 10 and 50°C as
throughout the day or night

» T of the sample : between 5 and 90°C
» RH of the chamber : between 25 and 80%

» The sand is sprayed constantly inside the enclosure
with a speed of 350 to 550 mm/h. The projected
sand rebounds on the deflector positioned in the
foreground, creating a cloud of dust which will
settle slowly (approximately 1 hour) on the sample

4 samples positioned inside the chamber

E. Le Baron CEA

/

Alr input
xbar

> E.m — Soiled air

Dust flow :
v Air pressure— Wind speed

\\f’ Piston speed + @— Dust flow

Soeiling

v Deflector — dusty cloud

v 10°C < T° chamber < 50°C
v 5°C < T° samples < 90°C

v’ 25% < Humidity rate < 80%*




Standardized INDOOR aging tests :

Testing conditions | Proposed duration Standard

T=(35+2)°C;
RH=100%;
[NaCl]=(50+5) g/I; 480 h
pH=6.5-7.2
. T=(40+3)°C;
4 hours at T=85°C;
OVl [LIRETEIEEN 4 hours at T=-409C;
" 10 cycles
and humidity 16 hours at T=40°C
and RH=97 £ 3 %
From T= (-40%2)2C to
T= (65+2)eC.
Humidity Freeze Minimum dwell time 40 cycles
10 minutes (around
1.85 h per cycle)
T=(6512)°C;

E. Le Baron CEA

Weiss SC450

V6tsch VC0018

Weiss WKL 100/40

Weiss WKL 100/40

Weiss WKL 100/40

1ISO 9227

ISO 6270-2 (CH) and
UNE 206016

UNE 206016

IEC 62108 (10.8)

IEC 62108 (10.7b)
- I




Current standard for reflectors in IECTC 117 :

e S

Part 3-5 : Laboratory reflectance measurement of concentrating
solar thermal reflectors (Ciemat)

IEC 62862-3-5 New in 2021

Part 3-6 : Accelerated aging tests of silvered-glass reflectors for
concentrating solar technologies (DLR)

IEC 62862-3-6

New in 2021

E 5
E. Le Baron CEA



CEA OUTDOOR aging facilities




OUTDOOR aging facilities :

Choice of sites:
* Easily accessible (regular measurements)
e Different climates

Exposure sites :

* INES
* CEA Cadarache

* Université de Corse Pasquale Paoli
% PIMENT

E. Le Baron CEA

France

relief de la France [ 28"

lle de Corse

Durasol

Maffonm o sovoy molaiats & satamg Araisy

Laboratoire de Recherche

Physique et Ingénierie Mathématique
pour I'Energie, 'environnemeNt et le batimenT
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3
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CEA OUTDOOR aging facilities at €2 INES and CADARACHE :

Trackers

> 10 m?, >175°C (water), 2 axis (accuracy 0.05°)
2 coolers

Yearly sum of
Global Ho l Irradiation (GHI)

Solar Thermal Energy 1 MW Solar Thermal Energy

Cadarache

Racks, concentrators paraboles
Natural aging /accelerated + coupling

v EE————
v:m‘;,‘;z,‘,ypunﬂ d

Natural rack Fresnel Lens Solar concentrato
exposure <500°C with tracking
system < 900°C

=S
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SFERA-III

OUTDOOR aging facilities : Natural outdoor exposure at INES and CADARACHE :

High mechanical stress (different
thickness, Masked rear face, Water
and dirt retention areas, corrosion
with steel material of the rack

Cadarache

Fresnel Lens Solar concentrator with
<500 °C tracking system < 900°C

E. Le Baron CEA



OUTDOOR aging facilities : 2 LFR solar demonstrators at E CADARACHE

Yearly sum of
Global Horizontal Irradiation (GHI)
>1'950 kWh /m”
1900-1'950
1850-1900
X 850

1'550-1'600
1500-1'550
1450 -1'500
1400 -1'450
1350 -1'400

Collecteurs Fresnel linéaires

| |
/"'| — l‘\‘\\

récepteur

| / - ”

1000 m? of mirrors

concentration factor 50

20 linear reflectors of 50m

Two receiver lines 50*0.2m

Heat transfer fluid: Therminol oil
Operating temperature 300°C
Prototype capacity 400 kWth
Electricity production: 50 kWel
Storage capacity 1500 kWh~ 4h for
night/cloud operation

1600 m? of mirrors

concentration factor 50

100 ml multi-tubes cavity receiver
Direct Steam Generator

Steam production temperature at 450°C
and a pressure of 100 bar

Prototype capacity 780 kWth

Storage capacity 1600 kWh innovative
three-stages Thermal Energy Storage




OUTDOOR aging facilities : Natural outdoor exposure

Portugal (~

E. Le Baron CEA
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ISO 9225:2012 Corrosion of metals and alloys -- Corrosivity of
atmospheres -- Measurement of environmental parameters affecting
corrosivity of atmospheres

Sites with different climates / environmental stresses
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Optical Characterizations of reflectors and glass :

Perkin EImer Lambda 950 Spectrophotometer

» Spectral hemispherical reflectance/transmittance
: pA(A,6,h) & T,(A,6,h)

» Integrating sphere of 150 mm diameter
» A =[280,2500] nm /5 nm intervals / 6i = 8°
» 3 measurements on each sample (0°/90°/180°)

> max Size : 10 x 10 cm?

D&S 15R-USB portable specular reflectance

» Monochromatic specular reflectance -> p,(A,0,0)
» 0i=15°/¢p=12,5mrad /A =660 nm

» 3 or 5 different positions on each sample

Instrument Manufacturer Model Accessory Reflectance
Spectrophotometer Perkin Elmer Lambda 950 IS (@ 15 cm) P,4([280,2500],8°,h)
Reflectometer Devices and Services 15R-USB - P).4(660nm,15°, 12.5 mrad)

E. Le Baron CEA

Spectralon®




Optical Characterizations of reflectors and glass :

Perkin Elmer Lambda 950 Spectrophotometer

> Spectral specular reflectance/transmittance : p,(A,0,0) & t,(A,0,0)
» Various incident and reflectance angles 8 to 85°

» A =[280,2500] nm /5 nm intervals

» 3 measurements on each sample (0°/90°/180°)

> max Size : 10 x 10 cm?

BYK Colorimeter Spectro-Guide Sphere Gloss

» Monochromatic specular reflectance > p,(A,0,)
» L ab,AE,AG
» photodegradation or gloss of the paint

» 3 measurements on each sample

E. Le Baron CEA




Optical Characterizations of reflectors and glass :

Kriiss Mobile Surface Analyzer® (MSA) contact angle

» Young-Dupré method thanks to the software
» two drops are deposited on the glass surface to see the homogeneity of the coating EasyDrop

» 20 measurements on each sample

Innowep Traceit® Rugosimeter

» Surface roughness
» Rugosimetry images (5 x 5 mm) of the surface
» surface roughness, porosity

» 3 measurements on each sample

E. Le Baron CEA




Optical Characterizations of reflectors :

FTIR ATR Spectrophotometer

» characterization of paints by Fourier Transform Infrared Spectroscopy (FTIR) between 500 and
4000 cm™ with a spectrometer equipped with an Attenuated Total Reflectance (ATR) instrument

» 3 measurements on each sample

FTIR-ATR spectroscopy of AK02 paint au
——Reference
UVb 400h
——NSS 1600h
= NSS-UVf 600h

FTIR portable Top Scan 4300 from Agilent Technologies

» characterization of paints by Fourier Transform Infrared Spectroscopy (FTIR) Diffuse
and specular reflectance between 650 and 5000 cm™

o8

Binder degradation
ﬂ by photo-oxidation | =———NSS-UVb 600h

V|

r 06

b o4

» 3 measurements on each sample i 7

vieilli
neuf

F o2

1850 1750 1650 1550 1450 1350 1250 1150 1050 950 850
wavenumber (cm-1)

Number of complex, inter-

component changes , shape

: absorbance changes, size

Agemg causes changes and positional /
greater _ changes > 4

hydroxylation

i A et e Ay LG I

E. Le Baron CEA



Optical Characterizations of reflectors :

Nova Nanosem 630 scanning electron microscopy (SEM) with Energy Dispersive Spectroscopy (EDS) and X-ray

diffraction (XRD)

» Surface morphology

» element analysis and atomic composition

Verre 30 pHm
extra clair —
Argent
Cuivre B
| peinture

30pm|  rouge

peinture
A marron

30 um peinture
blanche

Structure of a mirror : diagram, image under light microscope and SEM

E. Le Baron CEA

charges \ paint white brown red
CaCo3 no yes yes
K2CO3 no no no
BasO4 yes yes no
PbSO4 no yes no

Mg3 Si4 010 (OH)2 yes yes yes
Tio2 yes No no

ZnO no no yes

Intensity (u.a.)

500

400

300

200

100

0

10

20

|

Ouarzazate

+ *

* <]

PR R YU VO |

o

ah

(+) calcite
(*} Dolomite
(°) Quartz

30

° 40
Angle 26 (°)

50

Mineralogical composition of the Moroccan sands obtained by XRD




Optical Characterizations of reflectors :

Microscope Zeiss Axio

» Corrosion, corrosion on the edges, degradation of the coating, oxydation, scratches...

Macroscopic photography

» Canon EOS 1200D camera with a conventional lens (EFS 18-55 mm)
» Corrosion spots, corrosion on the edges, scratches...

» Front side and back side of each sample

E. Le Baron CEA




Optical Characterizations of reflectors :
New Equipment for Measurement of Soiling and Specular Reflectance and particles counting on Solar Mirrors

Mirror Led source

Soiling sensor prototype

» 10 leds = A =365 - 850 nm Photodiodes
» Automatic range of incidence / reflectance angles =15° - 65°
» Reflectance measuring a window of 3mm diameter
» Acceptance angle for reflectance measurement of 2¢ = 40 mrad
Camera

E. Le Baron CEA



Optical Characterizations of absorbers :

Perkin ElImer Lambda 950 IS + Bruker IR Vertex 70 IS Spectrophotometer

» Spectral hemispherical reflectance : p,(A,8,,h)

» Integrating spheres of 150 mm diameter for Perkin Elmer Lambda 950 and a PIKE 76.2 mm
diameter for Bruker IR VERTEX 70

» A\ =[280,2500] nm /5 nm intervals / 6i = 8°
» A\ =[1800,16000] nm /40 nm intervals / Bi = 12°

Etalon Infragold®

» 3 or 4 measurements on each sample

» max Size : 10 x 10 cm?

P

» Flat or tubular samples ¢ 30-70 mm diameter

Instrument Manufacturer Model Accessory Reflectance
Spectrophotometer Perkin Elmer Lambda 950 IS (@ 15 cm) P,4([280,2500],8°,h)
Spectrophotometer Bruker Vertex 70/PIKE IS (@ 7.62 cm) P.»([1800,16000},12%h)

E. Le Baron CEA



Optical Characterizations of absorbers :

Bruker IR VERTEX 70 Spectrophotometer+ high temperature test bench

» Spectral directional luminance
» A =[1280,28500] nm /Bi=12°
» 1 measurement on each sample

» Flat samples size min/max : ¢ 25-70 mm diameter —thickness < 3 mm

» T=100°C-1000°C

Portable Emissometer D&S AE1-RD1

» Total hemispherical emissivity measurement

> Flate samples size min/max : ¢ 50-120 mm

E. Le Baron CEA

D&S AE1-RD1
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Contents

Fundamentals of reflectance

Measurement of reflectance parameters

Typical reflector types

Standardized test methods

Summary
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Reflectance — Crucial Parameter for CSP - Introduction
a)

pure specular general reflectance, pure diffuse absorptance/
mixture from a) and c) transmittance

NB:

p = reflectance

T = transmittance
o = absorptance

é oPAC
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Reflectance — Crucial Parameter for CSP - Introduction

Examples for diffuse reflecting Examples for specular reflecting
surfaces (room temperature) surfaces
High p [%]: High p [%]:
e Titaniumdioxid 99 * Aluminum (polished) 87-92
* Magnesiumoxid 96 » Silver (polished) 98-80
(vapor deposited) (A-range 0.37-1um)
* @Gypsum 80
*  White Paper 70 » Steel(polished) 93
e Stainless Steel 89
Low p [%]:
e Black platinum 0.1
e Carbon black 0.8
e Black varnish 1-1.5
* Black paper 5 - p is highly depending on A

Handbook of Chemistry and Physics, 75t Edition
,,,Ac\ B Manufacturer datasheet: Electro Optical ]ndustries Inc.

# v M B e g 2
7 e o 4 ok -r s
=7 P
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Reflectance — Crucial Parameter for CSP - Introduction

Al Films

% | | ul Characteristics for metals:

R  Highpin IR, drop at visible and UV

* Position of the edge depending on
surface state and temperature.

As Received / Cleaned
Inconel

Characteristics for non-metals:

 Two absorption-edges, one in the
visible and one in the IR, in between
high p

Normal Spectral reflectance

0.2 04 06 08 1 2 4
WAVELENGTH , um FOR AlLOs

| T L I IR L [

[
0.1 0.2 0.4 06 08 1 2 4 6 8 10 20 40 60
WAVELENGTH , um

Ice & Snow
Vegetation

Carbon black

- How should p(A) be modeled?

0.5F
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Reflectance — Crucial Parameter for CSP - Introduction

ASTM E 891 Solar Spectrum
1.40 |
2.5
UV Visible Infrared = 120
5 1.00
E o
_ 2 § 080
,_E_ ’i\ Sunlight at the top of the atmosphere g a0
NE ’ 0.20
= g I 0.00
E 1.5 Radiation at sea level 250 500 750 1000 1250 1500 1750 2000 2250 2500
ﬂ.l \ nanometers (nm)
=
% ' 10 m below ocean surface
£ ! [ '
5 \ »
s | | H,0 5250 °C blackbody spectrum
Ll
Q
o 0.5
H,0 / Absorption bands
' T H0 o
U 1 H,0 : 2 H,0

0 L
250 500 750 1000 1250 1500 1750 2000 2250 2500
wavelength (nm)

i DLR
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Reflectance — Laboratory Measurements - Overview

Multiple Wavelength Portable

Perkin EImer Lambda 1050 Specular Reflectometer, Model

spectrophotometer 15R-RGB
Measures hemispherical reflectance, Measures specular reflectance

transmittance & absorptance

@OPAC
E DLR —_—
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Reflectance — Fundamental Definitions

O

A
&
Sun

perfect specular reflectance

specular reflectance within acceptance angle ¢
hemispherical reflectance (acceptance angle is complete hemisphere “@p=h”)

i DLR
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Reflectance — Fundamental Definitions

» Reflectance is wavelength dependent vog reemspecrmASTETS
. . , 0.008 N Y O A O A A OO O O O N O O A O e
« Asuitable “mean value” of all oo
relevant solar wavelengths is the 0.008

0005 +—— -+l

solar weighted reflectance

Poo(Zai 216, 0.T,)

Relative Solar Intensity [W/m?]

e |t . e e
0.001 :E:: e N
Rt e Y e EEEE T

2o (b T)G(A) T T LT T T
Pup (e 2} 6,00.T,) = =0

max

The spectral solar irradiance G,(A;) can be obtained in 5 nm steps from a
reference spectrum, e.g. ASTM G173 with air mass 1.5 and 1000 W/m?2

i DLR
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Reflectance — Fundamental Definitions

Every measured reflectance value needs to be declared in the format:

P "f‘P(A/ 9’) @, Ts)

A wavelength [nm]
Bi incidence angle [9]
¢ acceptance angle [mrad]

Ts surface temperature of the mirror [2C]

ow_

To indicate solar weighted values use “s“ as index and indicate the
wavelength range of the weighting instead of A

To indicate hemispherical reflectance use “h” instead of ¢

Examples: Pre (660 Nm, 152, 12.5 mrad, 25°C) = 95.3%
psh([280,2500nm], 82, h, 25°2C) = 94.1%
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Optical components of CSP

Mirror types — silvered-glass mirrors

Typical reflectance values: psh([280,2500nm], 82, h, 25°C) = 93.0 - 95.0%
Pre (660 Nm, 15°, 12.5 mrad, 252C) = 95.0 - 96.0%
+ cost ~15€/m?
+ good durability: Pb containing paints proofed durability >30 years
Pb free paints need to proof durability still

0.95-4 mm Glass

Silver
Copper
Prime Coat
Intermediate Coat

Top Coat

é orAc\
|
DLR ——
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Optical components of CSP
Mirror types — laminated glass mirrors
Typical reflectance values: psh([280,2500nm], 82, h, 252C) = 94.5%
Pre (660 Nnm, 159, 12.5 mrad, 25°C) = 95.5%
+ Thin front glass increases reflectance _
+ Excellent durability Silver
- Cost Copper
Glass 2.3mm

[Guardian]
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Optical components of CSP

Mirror types — PVD coated aluminum reflectors

Typical reflectance values:

+ cost
+ flexible
- durability

- reflectance

Nano- Sio Lgel tect] y
Composite iO, - sol-gel protective coating
PVD- Tio,

layer- SiO,

system Al (99.99% purity)

Anodizing-

layer

Al-Substrate

psh([280,2500nm], 82, h, 252C) = 90.0%
pro (660 nm, 152, 12.5 mrad, 25°C) = 85.5%

3um

60nm
95nm
65nm

3um

Slide
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Accelerated aging tests

ISO 16474-3 (replaces ISO 11507): UV+humidity Test

Chamber temperature: 50 to 60°C

Humidity: ambient to 100% relative humidity
Radiation: lamp type I, UVA-340; 290-400 nm; peak emission at 340nm;
lamp power matches 1 sun
Cycle time: 8 hours
Testing time: >1000 hours ) 1 cycle .
::_100% r.h. | ambientr.h. =:

5| Radiation off ! Radiation on |

60 4 p——

Water Vapor
Condensate

55 4

Temperature [°C]

50

Specimen

45

0 2 4 6 8 10 12 14
Time [h]

16
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Accelerated aging tests

IEC 62108 10.7a: Damp heat test 85/85

Chamber temperature: 85 % 2°C
Humidity: 85 £ 5 % relative humidity
Testing time: 1000 hours

IEC 62108 10.7b: Damp heat test 65/85

Chamber temperature: 65+ 2°C
Humidity: 85 + 5 % relative humidity
Testing time: 2000 hours
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Accelerated aging tests

ISO 9227: Neutral salt spray test (NSS)

Chamber temperature: 352 °C

Humidity: constant 100% relative humidity

Sprayed solution: demineralized water + 50 g/I NaCl
(pH 6.5-7.2)

Condensation rate: 1.5 + 0.5 ml/h on a surface of 80 cm?

Sample position: 20 £ 5° respect to vertical

Testing time: 480 — 3500 hours
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Accelerated aging tests

ISO 9227: Copper accelerated salt spray test (CASS)

Chamber temperature: 50+ 2 °C

Humidity: constant 100% relative humidity

Sprayed solution: demineralized water + 50 g/l NaCl + 0.26 g/ CuCl,
(pH 3.1-3.3)

Condensation rate: 1.5 + 0.5 ml/h on a surface of 80 cm?

Sample position: 20 £ 5° respect to vertical

Testing time: 120 - 480 hours
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Accelerated aging tests

DIN 50018 / ISO 6988: Kesternich Test

Chamber temperature: ambient /40 + 3°C

Humidity: ambient / 100% relative humidity

Initial SO, concentration: 0.33 or 0.67% of volume of testing chamber
Cycle time: 24 hours

Testing time: >20 cycles

1 cycle

b
v

. 100%r.h. | ambient r.h.
SO, introductionl

D

35 4

30 A

Temperature [°C]
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Accelerated aging tests

ISO 61215: Thermal Cycling

Chamber temperature: -40°C to +85°C

Humidity: dry

Cycle duration: min. 2h 50min, max. 6h
Recommended cycle number: >100

1 cycle

100 min. 10 min

80 -1

60 - 100°C/h max.

40 -1

Temperature [°C]

min. 10 min

4
N
w
=Y
g
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Accelerated aging tests

Thermal Cycling with humidity based on ISO 6270-2CH

Chamber temperature: -40°C to +85°C

Humidity: ambient to 100% relative humidity
Cycle duration: 24 h

Recommended cycle number: >20

Method A Method A

°C Humidit ] .

r
4

1

[
97+3% RH
Not controlled : ambient RH : :
4 -40 Not controlled 100 y— I i
l- 16 40 9743 o | ! !
Method B1 100°C/h mpax. I
Bl '
°C Humidit E 40 |
Not controlled o !
4 -40 Not controlled E 20 :
n 16 85 8543 g I
E 0O T

Method B2 2 5 15 20 125 30 35
Temperatur Relatlve -20 |
mm :
Not controlled -40 T [
n 4 -40 Not controlled 60 J I

40 65 85+3

Time [h]
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Accelerated aging tests

Humidity Freeze Test IEC 62108

Chamber temperature: -40°Cto +65°C

Humidity: ambient to 85% relative humidity
Precycling: 400 cycles
Cycle duration: 24 h
Freeze cycle number: 40
Total testing time: ~2000h
400 precycles -40 to 65°C, dry 40 humidity-freeze cycles
No humidity
1 cycle 85 + 5 % rel. humidity, 20 h min. control
80 u 80 ™ gl T
min. 10 min | | 1
| I |
60 - | 60 I! |
100°C/h max. 1
= T : o ) /
c I & “ \100°C/h man.
g o
5 201 b S 20
< 1 s
g o T T t ig 0 I
§ ! 2 |3 4 p E D 5 10 15 20| |2 30 35
-20 4 -
; 201 200°C/h max, —— | |
1 - 1
-40 1 | 1
min. 10 min 1 -40 1 —
60 1 max.4h |
-60 I
Time [h] 1 cycle

Time [h]
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Accelerated aging tests

Abrasion testing

Available standards: SO 11998, DIN ISO 9211-4

Il

Simulation of cleaning cycles Scratching of coatings with
controlled normal force

Slide
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Accelerated erosion testing

Closed loop sand storm chamber
Sand trickling test DIN 52348 (based on MIL-STD 810G)

sand
container

meshes

rotating sample
under impact
angle a

Ciomat

s
ﬁ K‘_y
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Testing programs

Basic program

I1SO 9227

I1SO 9227

ISO 6270-2

1SO 16474-3

AENOR
draft
Method A

T: 35°C
pH: 6.5 to 7.2 at 25°C

T:50° C
pH:3.1t03.3at25° C

T:40° C
RH: 100%
4h UV exposure at
60° C; 4h 100% RH at
50° C

4h85° C,4h-40° C,
Method A: 16 h T° :
40° Cand 97+3% RH

480 h

120 h

480 h

1000h on
both sides

10 cycles
(240 hours)

Advanced program

Slide

1SO 9227

1SO 9227

1SO 6270-2

ISO 16474-3

AENOR draft

IEC 62108
(Test 10.6 TCA3)
IEC 62108
(Test 10.7b)
IEC 62108
(Test 10.6 TCA3
+
Test 10.7b)
IEC 62108
(Test 10.6 TCA3)
+
1SO 9227
Test dust ISO
12103-1 A4
coarse

T: 35°C

pH: 6.5 t0 7.2 at 25°C 3000h
T:50° C
480 h
pH:3.1t03.3at25° C 80
T:40° C
RH: 100% 1000h
4h UV exposure at 60° C; 1000h on both
4h 100% RH at 50° C sides
4h85° C,4h-40° C, 20 cveles
Method A: 16 h T: 40° C v %’ours)
and 97 +3% RH
T: 65°C - 150 cycles
-40°C (~280 h)
T: 65°C;
RH=85% 2000 h
st - i
1%t step: t(?erm:?ll cycling as 150 cycles +
above, 2" step: Damp Heat
2000 h
test
1%t step: thermal cycling as 150 cycles +
above, 2" step: NSS 3000 h

v =125 m/s, 10, 20, 40 and 60
¢ = 100 mg/m3 min
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Accelerated aging testing

Analyzed parameters

Reflectance losses Ap ([280,2500],8°,h)  Ap,(660nm,8°,h) Ap,(660nm,15°,12.5mrad)

Degradation results

Number of corrosion spots
>200um per 300 cm?in the Number of bubbles per 300 cm? in the paint layer

Maximum edge corrosion
penetration (cm)

silver layer




CEA Advanced tests for reflectors
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Technologies of reflectors :

oroliie glass Laminated glass Glass mirror on Aluminum mirrors
mirrors mirror a composite
polymer
Sol-gel protective coatin
gelp Jo g I 3 um
Low iron glass 1-4 mm Low iron glass 1mm Lowi | 1 mm 10,
ow iron glass Tio, 60 m
i 150 nm .
Silver 150 nm Silver Sio, 95 nm
Copper 70 nm Silver 150 nm o
Copper 150 nm . Al (99,9% purity) 65 um
pp Polyvinyl Butyral <1mm .
(PVB) Prime coat 30 um ALO 3 um
Prime coat 30 um _ 203
Composite
. 30
Intermediate coat Hm Glass substrate 1,5 mm plelitiizy I 3mm 500 pm
substrate
30 um
Top coat
95,5 < p, < 96,5 % 0.=96,0% p.=93,5% 78 <p. <85 %

E. Le Baron CEA




Technologies of reflectors :

Mirror

Specular
Reflectance

Weaknesses

Weight

Implementation

mirror cost

reflector cost

Maturity

E. Le Baron CEA

Silvered glass

93-95%

shocks

heavy (10 kg/m?)

difficult

low

High

mature for a long time

Aluminum

86—-91%

abrasion, cleaning

light (3 kg/m?)

Simple

low

low

mature

Polymer

96 %

abrasion, cleaning, corrosion
by edges

light

average

High

low

in development

polymer

aluminum

Performance

glass

Attractive cost

Durability




What are the main stress factors ?

Example of solar plant

1. Temperature

3. Relative Humidity All of these stresses are applied at the same time

E i
E. Le Baron CEA




Example of Indoor accelerated tests of reflectors :

Thermal aging tests = 5 conditions: 70°C, 85°C, 100°C, 115°C and 130°C
Evolution of specular reflectance ps over time t punctual measurements

* Equation = extrapolate the loss at any time

Weibull equation :

-3ya
Ap. =K (1 — exp (— w))

Regression on the experimental points thanks to the parameters (a, b, K)

miroir A

Aps (%)

0

-5

-10
-15

-20
temps (h)

1000

temps (h)
1000

@70°C

@ 385°C

©100°C

0115°C

©130°C

620q o |© 70°C
B |@85°C
©100°C

0115°C

©130°C

miroir C temps (h) Aps experimental (%) miroir D
10 100 1000 10000 -20-15-10 -5 0 10
0o%
0 . P (1 03 0
- < -...7.. a
— _5 e @ 85°C 3 _5.-—-.0 p— -5
5 -- Se e
” ©100°C £ ”
a-10 + -10 &-10
<] <]
0 115°C
-15 15
15 e 130°C
20 20 20
E. Le Baron CEA
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SFERA-III

Example of Indoor accelerated tests of reflectors :

Thermal aging tests Macroscopic observation at the final exposure times :
* Formation of a homogenous veil on the silver

* Intensity A with T

T (°C) mirror A mirror C mirror D

| [T
i, I
(ALALH LLLRRRE faS

|
=
= §T
by =i
- =

115
130 ’

E. Le Baron CEA

=
| =
=
=l

| I il
S s

il




Example of Indoor accelerated tests of reflectors :
Thermal aging tests FTIR-ATR spectrum of mirror A surface paint at 100°C :

—oO0h

——500h

3250h

5050 h

——8120h

3800 3100 2400

kinetics relative to the band

v=1070 cm-1

A abs

E. Le Baron CEA

W

4 Binder
¢
| 3¢ alkyd
-3 Charges

T
M
3]

e BaSO,

4 Mg, Si, Oy (OH),

T
=
43}

< Tio,

ra
absorbance (u.a.)

Degradation of the alkyd binder <

1800 1600 1400 1?6 1000 800

0.8

0.6

0.4

0.2

nombre/d'onde (cm-1)

v=1070 cm-1

0

2000

4000 6000
temps (h)

8000

070°C

o85°C

A100°C

600 400 No charge loss

7' T > acceleration of the same aging

mecanism




Example of Indoor accelerated tests of reflectors :

Damp Heat aging tests =2 5 conditions: 70°C/85%HR, 85°C/75%HR,
Evolution of specular reflectance ps over time t miroir C

Equation =>» extrapolate the loss at any time ;

, 85°C/95%HR and 95°C/85%HR

temps (h)

1000

2 000

Weibull equation(classic form for aging studies)

-3ya
Ap. =K (1 — exp (— w))

Aps (%)

HOAH
—O—
O

Regression on the experimental points thanks to the parameters (a, b, K)

miroirD temps (h)
0 1000 2 000
0
——3:
(o] 00— o
-5
&
< .10
v
(-9
=]
-15

E. Le Baron CEA -20

3 000

0 70°C
85% HR

085°C
75% HR

085°C
85% HR

085°C
95% HR

095°C
85% HR

Aps experimental (%)

6-5-4-3-2-101

oY S R R

3 000
o070°C

85% HR

085°C

75% HR

©85°C

85% HR

085°C

95% HR

095°C

85% HR

+ 1

(93] nofea sdy

Aps experimental (%)
6 -5-4-3-2-101

£

v
s

< Lo

# _

(%) nopea sdy




Example of Indoor accelerated tests of reflectors :

Damp Heat aging tests = 5 conditions: 70°C/85%RH, 85°C/75%RH, , 85°C/95%RH and 95°C/85%RH
Macroscopic observation at the final exposure time (2000 h) :

e Corrosion by pitting and by the edges with 2 RH %

* Formation of a homogenous veil on the silver with 2 T

mirror C

P

70°C 85% HR 85°C 75% HR

ror D

— e e

mir__

E. Le Baron CEA



Example of Indoor accelerated tests of reflectors :

Damp Heat aging tests = FTIR-ATR of surface painting of mirror C: 70°C/85%HR, 85°C/75%HR, 95°C/85%HR

Liants < alkyde % acrylique A époxy X vinyle

3800 3100

2400

E. Le Baron CEA

référence

——70°C-85%

2000h

——85°C- 75%

2000h

——95°C-85%

750h

Charges ® BaSO, ¢ PbSO,

A
1800 1600 1400 1200 1000 800 600 400
nombre d'onde (cm-1)

35

- 3

T
N
[S2]

absorbance (u.a.)

70°C 85% ;

85°C 75% ;
95°C 85%

Degradation of binders

alkyd <, epoxya

No charge loss




Example of Indoor accelerated tests of reflectors :

=» Evolution of specular reflectance ps over time t

Company

Irradiance (300 - 400 nm)
Temperature of order

Samples placement

Samples number (7x7 cm?)

Acceleration Ratio
relative to Suntest XXL+ acceleration

E. Le Baron CEA

Xenon

put on the fix
bottom plate

20

Irradiance (W/m?nm)

Ageing chambers characteristics
Suntest XXL+
ATLAS MTS

Sepap 12/24
ATLAS MTS

Mercury
90 W/m?

70°C

rotation on a

carrousel

Spectral distribution of lamps

UV5X

AMC/AMTC from CEA
specifications

Xenon

205 W/m?

70 °C
fix support

= 100

3.2

-
)]
L

_
o
L

[$]
1

—Suntest XXL+
—Sepap 12/24
—UV5X

600 800

UV Dase (MJ)

— LUV 5¥

| —5epap 12/24

—Suntest

1000
Time (h)

DurbINy of Solor Matessals and! Syskams




Example of Indoor accelerated tests of reflectors :

Monolithic glass mirrors

UV Dose (MJ)
0 05 1 15 2

0 ¢
SR
N
N
\
AY

‘#}
; 3, “\Y%?: -4
%

> Suntest <> Sepap - UV5X

e Aluminum mirrors = resistant to UV irradiation # Polymer mirrors

* Expected

E. Le Baron CEA

=>» Evolution of specular reflectance ps over time t on 4 types of mirrors

Laminated glass mirrors
UV Dose (MJ)

0 05 1 15 2 0
1 1
00 0 0 +
L 0 o 9
N | e -1
g 11 10 < J
< <
2 - 2
-3 -3
oD Suntest 0D Sepap LSHT oD UV5X OF Suntest
OF UV5X

AIP Conference Proceedings 1850(1), 130001.

Aluminum mirrors

UV Dose (MJ)

0,5 1

og%i

% G Suntest
X G UVEX

70 °C

“Accelerated aging test of solar mirrors: Comparison of different UV chambers”, Avenel, C.; Gardette, J.-L.; Therias, S.; Disdier, A. & Raccurt, O. (2017),

<F Sepap ICCF
OH UV5X

Aps 8° (%)

Polymer mirrors

UV Dose (MJ)
0.5 1

0
b 58

2)

1.5

o

2 %*yb %
DY ﬁ -

-6 ' X *%

8 A I o

X70°C x85°C ASuntest70°C < Sepap 70°C

Suntest <( Sepap } <{ UV5X 1 Experimental S m < Suntest

88 °C




Example of Indoor accelerated tests of reflectors :

types of monolithic glass mirrors

Spectral distribution of lamps

0
0 S 65 W/m? o
T, e Front \
[ a—— \

=» Evolution of specular reflectance ps, colorimetry and FTIR-ATR over time t on 2

‘ Specular Reflectance of Silver Aps |

Mirror A Mirror B

Time (h) legend Time (h)

500 1000 1500 2000 2500 o 500 1000 1500 2000 2500

Tesw/m?

oBack Z,

R—

20s w/m? | ¥
Front

205 w/md | *
Back

Degradation Rate : |

Degradation Rate : |
Back side > Front side

Back side > Front side

->» Degradation of paints seems to impact the specular reflectance loss for both
irradiations, especially for mirror A.

—Suntest XXL+-
= —UV5X
£§
=~
£
B
4 4
(0]

o
c
i)
B2
0 : : I e e S
200 400 600
A (nm)

UV range of interest

Conclusion :

e Back side paint exposure is more sensible to -
the photodegradation for the 2 mirrors

(reflectance + colorimetry + FTIR-ATR)
* Mirror A paint is more sensible to the

photodegradation (colorimetry + FTIR-ATR)

E. Le Baron CEA

Colorimetry of paints : loss of gloss AG
Mirror A Mirror B

Time (h) legend Time (h)
a 500 1000 1500 2000 2500 0 500 1000 1500

20|t B o— o |
g, " 65 W/m g zz VY

ER . Back < LN
R ! e AR

\ \ - .
50 \ h 50 - *

\ N Front = e
60 N N -60
P I ! 205 W/m? 0]
0 -y -«

Results = expected

AG back side > AG front side

Back side: AG 205 W/m? > AG 65 W/m?
Front side: AG 205 W/m? = AG 65 W/m?*

the binder degradation. 123

FTIR-ATR of paints during 65 W/m? UV irradiation

Mirror A

arbitrary units

o Front side
exposed

arbitrary units

Mirror B
front side: few changes
Front side back side: lot of damage
exposed - agreement with

colorimetry

Chemical bonds are broken
or formed by the UV
irradiation

T T
1500 Wavenumber (em”') 4gop

Back side
exposed

arbitrary units.
-

T T
1500 Wavenumber (em”) jo00

arbitrary units

Degradation of paints:
mirror A > mirror B

- Aps (A) is certainly due
1 Back side to the loss of protection
exposed during back side exposure

T T
1500  Wavenumber (cm-') 1000

- Aps (B) certainly comes
from another mechanism
which is under
investigation, because paint
has just started to change.

T T
1500 Wavenumber (em') 1000

0 65 W/m? 0 Fe—
10 Front a0 N o .
~—8— ‘E——_g

2000 2500

The loss of gloss is usually correlate with




Example of Indoor combination of accelerated tests of reflectors :

3 successive conditions:

1. NSS : Neutral Salt Spray (NSS) ISO 9227 alone = 1600 h

Evolution of specular reflectance ps over time t

0 500
0 1%\7 {
i
-1 1
S
2
<]
31 0 Nss
4 uvf
& UV-NSS
5

E. Le Baron CEA

Ap, (NSS) <
Degradation by UV is predominan

during alternation

Different degradation in NSS /
/ LV (binder photo-oxidation)

FTIR-ATR of surface painting of mirror over time t

<

FTIR-ATR spectroscopy of AK02 paint

=——NS5-Uvf 600h
=——NS5-UVb 600h

Binder degradation
by photo-oxidation

1850 1750 1650 1550 1450 1350 1250 1150 1050
wavenumber (cm-1)

r 08

r 06

- 04

L 02




Example of Outdoor tests of reflectors :
Macroscopic observation at the final exposure times =» Corrosion by pitting and by the edges U;\’

|

DE LA REUNION

INES

PIMENT —

PIMENT

edge corrosion :
mirror F> mirror
C > mirror A

mirror F

E. Le Baron CEA



Example of Outdoor tests of reflectors :
Evolution of specular reflectance ps over time t

PIMENT

mirror A

mirror C

mirror F

E. Le Baron CEA

Aps (%) Aps (%)

Aps (%)
b b N oo

-10

" BPIMENT 7x7 OPIMENT 20x20 ® INES 7x7

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17 M18

O INES 20x20

ACadarache 7x7

ACadarache 20x20

e A g #

e &3 ¢ #
] [ ]
05 T4 ] o] —
N ﬁa.ig ol :
8 2
) °
<’O

®m PIMENT 7x7

O INES 7x10

“o'Ines

INSTITUT NATIONAL
DE L'ENERGIE SOLAIRE

7
UNIVERSITE
DE LA REUNION /

specular reflectance loss :
mirror F> mirror C > mirror A




Example of Outdoor tests of reflectors :

FTIR-ATR of surface painting of mirror C at initial and final exposure times

Liants < alkyde % acrylique A époxy X vinyle

3800 3100

—61j
——121j
— 247

——587]j

E. Le Baron CEA

e

I UT NATIONAL
DE LENERGIE SOLAIRE

L

INES

1800 1600 1400 1200 1000 800

nombre d'onde (cm-1)

600 400

35

T T T
(N [N w
[#2 ]

=
n

absorbance (u.a.)

Charges ® BaSO, ¢ PbSO,
@

Degradation of binders

alkyd <, epoxy a

[ No charge loss

PIMENT

référence

— 174
centre

—174j
bord

2400

= 4
"/
PIMENT

o

1800 1600 1400 1200 1000 800 600
nombre d'onde (cm-1)

T
= = (N [N w w
[$21 [$21 [$21
absorbance (u.a.)

o
n

T 0
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Contents

Motivation

Outdoor campaign

Laboratory Test Setups

Results of parameter studies

Summary
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I\/I0|v‘t|on — Oil Consumption

o

i DLR




Motivation'—Solar Power
Potential

« Theoretically 1% of the area of the Sahara used for CSP
would be sufficient to supply for all global energy.

« The current global installed CSP is at 6 GW, a bit less than
50% of it in Spain.

« |EAforecasts (2050) 4380 TWh CSP contribution which
corresponds. to-11% of worldwide electricity output.

i DLR
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Motivation — Issues implementing CSP
in desert environments

Deposited particles:

Slide

» Soiling of mirrors leads to loss of optical
plant efficiency

Suspended patrticles:

» Atmospheric dust load causes
extinction of radiation in tower plants

* Permanent damage on mirrors and
materials

w
T T

-
T

calculated PM 10
N

é oPAC

o




SFERA lII: On-site training for industry, Le Bourget-du-Lac, June 8th — 10t 2022 Slide
http://sfera3.sollab.eu/

Motivation — Issues implementing CSP in desert environments

Zagora for
20 month

aluminum mirror

— glass mirror
£ 700 N specular reflectance drop after 20
g :‘;‘; month in Zagora:
§ 40.0 ‘ .
g w0 | Zoor aluminum glass
X | Eoug
3 100 32.9% 5.2%
2 0.0 AU Dhap
e Jabernas annual economical loss of average 50MW plant
w w — arias
°= due to 1% reflectance drop = 600 000$

“S\"n“ } & :} - 71}»
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Motivation - Objective

Simulation Development of
nents in )y experiments in the accelerated aging
laboratory test

Three different erosion
simulation setups: a) soil
pipe, b) closed loop wind

tunnel and c) open loop
wind tunnel.

i DLR
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SFERA lII: On-site training for industry, Le Bourget-du-Lac, June 8th — 10t 2022 Slide

Outdoor Campaign

ttp://sfera3.sollab.eu/

Extensive outdoor exposure campaign on 13 sites: Almeria,
Tabernas, Gran Canaria, Abu Dhabi, Oujda, Missour,
Erfoud, Zagora, Tan Tan, Maan, Tatauine, Adrar, Cairo

Variety of site conditions, from urban over coastal to desert

On-site measurements of parameters (temperature, wind,
irradiation, humidity, particles, etc.)

Ukt
£ Afghani
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Measurements

Operation of severall passive sampling devices.

DLR
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Measurements

Three different active dust measurements samplers:
« Dusttrak 8533 from TSI
« EDM164 from Grimm

« HVS-TSP16 from MCZ

de’rector

ol , aperture
/ A 0 angle

filter disk

pump ~__
D

i DLR
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Concentration @ PSA

24 hours interval referred to HVS
25

B Grimm

——HVS

20 \ -B-Grimm ,\\

4 Dusttrak

y=0.7997x-0.447 g M
A

[EE
(92}

c i/! : /ﬁoﬁeénoss
O O [ [ 1
1 2 3 4 5 6 7 8 9 0 10 20 30

different days HVS reference [pg/m?3]

[ng/m?3]

[EEY
o

daverage mass concentration
3
[ng/m?]
= =
o wu
average mass concentration
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Concentration @ I\/Iissour

10000 ' -

dust concentration

5000 — —

concentration [pg/m?)

| | [N |

08/02 02/03 02/04 02/05 02/06 02/07
207= I I \ \ =

5 |

wind velocity [m/s]
=
[
|

08/02 02103 02/04 02/05 02/06 02/07

1000— —ghi —
—dni
—dhi
500— —

irradiation [W/m?]

081‘02 02103 02/04 02/05 02/06 02107
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Movement

-
an
o

.[cm s 1]

saltation
range

threshold friction
u*
=
o

velocity
(21
o

100 101 102 103
particle diameter d [pm]

1) first particle dislodgement from the ground
which later impacts the ground, releasing a new
particle wave; 2) small particles in suspension
mode; 3) the saltation cloud; 4) surface creep

Darmenova et al. 2009

i DLR
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Movement

Zagora high erosion, Missour low erosion

Strong wind # Strong dust movement/erosion

40 S .
a) MZagora | V) lZagora

BMissour B Missour

35/

W
©

525_ ............................................... i
> >
S 20 -
() D
o >
15 o
Yy— Yy—

26 30 |
8 12 16 20 24 28 % 25 50 75 100
wind velocity v [m 3-1] relative humidity rH [%]

é oPAC
DLR ——
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M&Q\\(ﬁm&&%n Missour (b) low erosion

Absolute hours of u/rh couples

a) 25 ‘ ' ' - 500b)25 ‘ ' ‘ - @500
20 100 20 100
D” "
g £
S 15 S 15
2 10 = 10
O O
o o
© 10 210
= 2
5 5
OO 25 50 75 100 0.1 O0 25 50 75 100 01
relative humidity rH [%] relative humidity rH [%]
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M&Q\\(ﬁma&%n Missour (b) low erosion

Cumulated dust concentration [ug/m3]

a) 'm'E7 b)
25 25
1E6 B
— — ]
'« 20 m H1E5 "o 20
S E
215 — B4 215
5 5
9 1E3 2
510 %10
< 1E2 £
S =
5 5
1E1
o
0 1E0 0O T

relative humidity rH [%]

W' 1 "'ﬁ ;
S -
f’ / \
= i > 7

50
relative humidity rH [%]

1E7

1E6

1ES
11E4

_=="aY

11E3

1E2

1E1

1E0
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Mcﬂl\(@lm a@fgn Missour (d) low erosion

Cumulated dust concentration divided by frequency of u-rh couple = Dust activity

c) 1E6 d) ‘ - m1E6
25 25 B
1E5 1E5
< '20 % '20 B
£ 1E4 g “1E4
315 315
£ 1E3 5 1E3
pe! pe!
)] @
> -
o 10 1E2 & 1V 1E2
= <
= =
5 1E1 1E1
% 25 50 75 1E0 9 25 50 75 100 'EO

relative humidity rH [%] relative humidity rH [%]
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Outdoor Campaign - Dust

DamaQe POtentlal Particle size distribution
1005 . ____________ ______ I O - _\ﬁ

dnid(log d ) [%]

particle diameter deqv [pm]

o, Particle mineralogy reor
:—g :gi:fm :g :gca;l!cii:n Aluminum Silicate
E Low Quartz content:- High Quartz content

| H - mM-

2-Theta Scale

v” Eu_ ) LJ AJL N J\ o ey

2-Theta Scale
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movement identified risks

= PSD maximum at 65-200um b)
= PSD bimodal 200 =,

= Open terrain with winds larger than 10m/s

» Low relative humidity and high wind present at the

same time saltation

range
= Low clay content

threshold friction
velocity u’,[cm s]
>
o

* High Quartz content 0 ‘
100 101 102 103
particle diameter d [pm]

Darmenova 2009
Wiesinger 2020




gRAIII On(je trainin forlndust Qﬁlﬁt u-Lac, June 8”‘& ZTeStloc) p

design

Slide

diameter d [m] 10761072
sand mass vy [gcm 2] 0.05-30
density o [kgm™ 2320-2650
particle velocity v ms™!] 0-30
Moh’s hardness  Hp, (GPa] 0.61-12.11
fracture toughness K, [MPa m”9] -
circularity i - 0-1
Young’'s modulus  FE} (GPa] soda-lime glass: 70
target Moh’s hardness  H; (GPa] soda-lime glass: 5.5
fracture toughness K; [MPa mD'E’] soda-lime glass: 0.75
: ¢ temperature T °C room temperature
environment impact angle 3 N 0-90
a) b) <) d)

pressurized
tank

ventilatorin
suction mode
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Erosion Testing- Testloop A

Outdoor - Zagora Laboratory — soil pipe
sand

container

meshes

Used erosive
material: Silica
particles (diameter
between 300-625 pum).

disadvantageous: no different impact speeds, use of *
" %I!er erosive material not possible :

rotating sample
under impact angle a

i DLR
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Erosion Testing- Testloop B

98

*RT-
97 RT-4

BRT-5

solar weighted
transmittance t(sw) [%]

Glass envelope tubes -
reproducibility

92

0 100 200 300 400 500
cumulated sand mass y [mg cm?]

(=}
(=)

[}
(<)}

m/s

o
H

specular reflectance p, [%]
8 N
/

m/s

//

Glass reflectors —
velocity influence

[*]
H

0 200 400 600 800 1000 1200
cumulated sand mass y [mg cm?]

i DLR
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Erosion Testing- Testloop

-
.

Zagora .. et s vaki
20 H.E ‘
month

Soil Pipe

w e . ;7-{"_." .::-"_j,:;
- ‘.'.’a’s.‘;‘:-‘a" ;o: ®, i. R FO e e |

o ih g, wo P [y ¥ X fa L i RIS al

Investigated influence of impact speed, smaller erosive
material.

Disadvantages: no satisfying dust concentration
control, no easy change of dust type, deterioration of
test dust.
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Accelerated aging tests

Sand erosion test to simulate sand storms

Slide

Wind velocity up to 45 m/s.
Highly homogeneous flow.

All different types of test dusts
applicable and easy to be
changed.

Screw-conveyer dust injection
facilitates concentration control.

No test dust degradation.
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Accelerated aging tests

Sand erosion test to simulate sand storms

sand injection

axial ventilator

air
flow

Item table construction control box for electronics

i DLR
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height and orientation

Rack structure for the exposure of reflector samples from different groups

» State of the art sample exposure is usually conducted in racks.
* For some aspects not 100% reproducing real plant conditions.
« Shielding, orientation, height, SPP operational positioning.

* Many simulations but lacking field data.

Karim et al. 2015
Matal et al. 2020

@PAC
E DLR —_—
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height and orientation

« Exposure on three different heights z
above ground (1.2, 2.4 and 3.6m).

» For every z, four principal orientations
(North, East, South and West).

» For every orientation, two elevation
angles 9 (45° and 90° ). In addition one
elevation at 180° per z.

* |n addition wind measurement

s * Reflector characterization after 1 year.

Erosion tree in Zagora equipped
with 27 reflectors.
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height and orientation

« Erosion damage decreases with increasing height z.

 For W and N orientation erosion more pronounced.

] C(W-90)=2.6
0.03 ¢(N-90)=2.5
+0.025|
5
, 0.02] ¢(S-90)=1.4
Qo
§ 0015 L C(W—45):25 4..___"-‘
fav]
g C(E-90)=1.0 »— -
2 001 {(S45)=11 _ ___ RS
2 ((B-45)=1.3 = "7 SIIiToooweo----TEeeasooy
0.005| MLl b
O | | | | | | | |
0 0.5 1 15 2 2.5 3 3.5 4

height above ground z [m)]
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height and orientation

Open question: where does this anisotropic erosion effect com from?

é oPAC
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height and orientation

Wind Speeds in m/s
a) [ Ju=17
T4 < u<17
P11 < u<14
s < u<11
5 < u<8

WIna Speeas in mvs
b) | T

22 < u<24
20 < u<22

[ M7< u<20

NE

« Wind velocities greater than 5m/s are « Only winds stronger than 17m/s.

5 )
present over 25% of the time. « Strong winds (>22m/s) exclusively from NW.

* Most prominent direction is SW ca. 10%.
MISLEADING HIGH VELOCITIES MORE IMPORTANT
\ THAN DURATION
- " i vy :A;%z..‘_ p ":Jh- e Bt

—
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Outline

" Introduction to parabolic trough receivers

= Qualification methods

* Measurement of receivers

o Optical efficiency
o Heat loss

o Accelerated aging

* Measurement of small samples

é oPAC
DLR o
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Introduction to Parabolic Trough Receivers

Demand for independent measurement

The receiveris ...

* produced by specialized companies, not
the EPC

* not easy to do right

* acore component of a parabolic trough
power plant

* part of the efficiency chain and directly
impacts the overall efficiency of the
plant

* ~10% of capital investment of power
plant
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Introduction to Parabolic Trough Receivers

Environment during operation

* Irradiated by ~ 80 suns
* Heat transfer fluid VP-1: 250...400 °C
* Heat transfer fluid silicon oil: up to 450 °C

* Heat transfer fluid solar salt: up to 550 °C
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Introduction to Parabolic Trough Receivers

Core technologies

Selective absorber coating

Glass-to-metal seal

Anti-reflective coating on glass

Durability topics

~25 years, ~10,000 day/night-cycles

Absorber coating aging

AR-coating aging (cleaning, sand storms, UV, aerosols, salt, acid rain, etc.)

Vacuum qual lity
Glas-to-metal seal and bellow tightness

H2 diffusion
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Introduction to Parabolic Trough Receivers

Performance parameters

* Optical efficiency Ny reo(T)
* Thermal loss power Py, o.(T)

QcoII = r’opt,rec Qin - ch,loss

nopt,rec =ta l'|Jnet

Typical numbers
transmittance t© ~0.96
absoprtance a ~0.96

net area factor ¢ .. ~0.96

net

l'lJnet = Iaperture/lrec

emittance e ~0.07..0.11
opt. efficiency  Ngpt e ™~ 0.89
heat loss Qih joss. ~ 200,..1500 W

(@250° C...400° C)
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Lab testing of parabolic trough
LE@:@@]EV,@[FFSUEMAT, ENEA, IEECAS, NREL

Receivers Small glass/absorber
Non-Destructive Accelerated Ageing samples
Performance Tests P
. erformance Tests
Heat loss ch,loss Overheatlng

Spectrophotometer T a €

main heater

Accelerated Ageing

end heater counter heater

Optical
efficiency Salt spray
Nopt,rec uv

Sandstrom chamber
Vacuum furnace
(Overheating +
Arrhenius)

& =

Clomat G



Heat Loss Measurement

Principle

» Electrical cartridge heater assembly in
absorber tube

» At steady state:
Electrical heating power = heat loss power

Features

* End heaters for homogeneous longitudinal
temperature profile

 Counter heaters for adiabatic conditions at
ends

« Temperature measurement at inner side of I
absorber

Difficulties
« Temperature measurement of absorber

« Standardization not yet good enough for
sufficient reproducibility between labs end heater counter heater

PTTY n@e tralmngformdustrles>wl 7
o Parabolic Trough Rec/;/ i




Heat Loss Measurement - Typical Result

400 : , : ! !
4+ bDLR : :

X NREL | _ _
300f O Schott(==93%)| TR R — 4

350

250

===ty=aocebot | T <

2[]0_ .............. ............... ............... ............... ........ ,-. .............. -

150 k... ............... ............... ............... ........... 'F ;o ............. i

-Specific Heat Loss in W/m

: : : D :
100k L P - PR L 4
: : ,# : :
: : - : :
<10 ) e RETTTIRL Lo SRR e L, e
-1l-”+0‘- :

0 i i ; : : i
100 150 200 250 300 350 400 450

-Absorber Temperature in °C

-Eichel et al.: Heat Loss Measurements on Parabolic Trough Receivers, 2010, Proceedings of
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OPAC

AV —

Non-Destructive Optical Efficiency
"o ceament

Various setups in use

Linear focus solar simulator, IEECAS, Spectroscopy through glass, CENER [1]

DLR
\

BN

\‘_‘__
Non-concentrating outddoor test bench, Concentrating outdoor test bench,

NREL/ CIEMAT-PSA DLR/CIEMAT-PSA

P ppiSitetraining for industries >:_;. P
t',g;(, Bintner o Parabolic Trough Recgis :
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Optical Efficiency Measurement

Measurement Principle
- Heating by Metal-Halide Lamps and Elliptical
Concentrator

- No Thermal Losses, as Ambient Temperature

- Measuring Flow Rate of Water

- Measuring Temperature Increase (AT ~ 4...7 K)
- Absorbed Power

- Exact Lamp Power unknown, but constant

- Comparative Measurements to one Virtual
70-mm Master Receiver




Overheating test bench

* Goal: Simulate ageing of absorber
coating due to high temperature (e.g.
400 °C for 25 years)

 Method: Heating of receivers with
heating cartridge (similar to heat loss
testing) to significantly above operating

temperature
. . E.(f1 1
* Model: Arrhenius equation a, = exp [— ——
R \Tyer Ty
) Acceleration according to
* Necessary for Arrheinus: Arrhenius equation
* activation energy E
 validity

BRERETY- nl;@e training for industries >éﬂél !"‘5 3
Bintner » Parabolic Trough Recgivg :

Rl aiion > 8.06.2022 Le Bourget-du-Lat 7
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Overheating Parameters

* Overheating
e 478 °C
* 1000 h

* Thermal cycling
* between 200°C and 478°C
* 100 cycles




Bellow Fatigue Test

envelope clamp
/ absorber ck

/1117

linear bearing

/ / push-pull shaft
{@)[il f‘E B WWT ol
(|

D




Bellow fatiuge test bench

* Goal: Check bellow and glass-to-metal

Seal tlghtness after mU|t|p|e envelope clamp linear bearing
compression/ expansion cycles \ /,,ush.pu"shaﬂ
absorber clamp
(o]
* Receiver heated to 200 °C T/ . —

— expansion half of maximum i MT |
* Absorber ends heated to 400 °C
—> maximum temperature /

* Fix glass envelope L]
* Move absorber (0.3...1 Hz)

* Monitor heating power for detection of
leakage

e Test: 20 000 cycles and wait 24 h | L. g A
e Pass, if increase in HL < 30% . =5
i Q -

I“.!J fsaai




‘esting anti-reflective coating abrasion with the
‘aber Linear Abrasor

e Goal: Test AR-coating for
abrasion stress

e Machine: Taber Linear Abrasor

e Transmittance measurement
with spectrophotometer
(Lambda 950/1050)

* Rubber preparation with
abrasive paper

* Parameters
o rubber type
o rubber diameter
o cycle number

o weight
OPAC e — . .
# 7 f}/v‘ﬁ - IMEsitetraining for industries 5
DLR = 7 RS ae e ntner ¢ Parabolic Trough Regejyés
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5 O8N D Z
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Examplary results

97,5 —#— Coating A CS-10F 3/4", sample 1
== Coating A CS-10F 3/4", sample 2

_ 97 °

K =&—Coating A MIL 12397 1/4", sample 1

§ 96,5 == Coating A MIL 12397 1/4", sample 2

m

£ \

- 3 113 1 (13

g o6 —— Z Va

&

§ \

=

o0

Q

2 95

®

3

94,5
Min. 80 mm
Max. 100 mm
94 T T T T I T 1
0 50 100 150 200 250 300 350

Taber Abrasor Cycles
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Examplary results

97,5

97 =

96,5

96

95,5

95

Solar weighted transmittance [%]

94,5

94

\

= Coating A CS-10F 3/4", sample 1
== Coating A CS-10F 3/4", sample 2

=&—Coating A MIL 12397 1/4", sample 1
== Coating A MIL 12397 1/4", sample 2

~

—L\

\.\

50 100 150

200 250 300

Taber Abrasor Cycles

350

initial




Conclusion - Typical Testing Scope

lass envelope
Receivers
samples

Performance Test
- Transmittance

v v

Performance Tests
- Heat Loss Taber Abraser Test
- Optical Efficiency

v v

Performance Test
- Transmittance

Sight check

Overheating Test

v

Thermal Cycling Test

v

Performance Tests
- Heat Loss
- Optical Efficiency

v

Bellow Fatigue
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Components aging: Receiver coatings
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Outline

Introduction

Materials and Methods
* Substrates and Coatings
* Optical Characterization
* Durability Test Program

Results and Discussion
* Solar Cycling Tests
* Climate Chamber Tests

* Summary for Gen 2 Coatings

Conclusion & Outlook

https://torresolenergy.com/gemasolar/
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Introd uction THERMODYNAMICS

Coating

Opto-Thermal
Efficiency
(max)

n coating

‘ Stability

ECONOMICS

SUSTAINABILITY

Coating Cost Repair Coating
CAPEX/OPEX MTBF** Durability
S (min) Years (max)

LCOC*: Levelized Cost of Coating MTBF**: Mean Time Between Failure
(Ho et al., Sol. Energy 108 (2014) 315-321) (Optimization of Recoating interval)
# ah /m;\\ - — v '55 £ ez, VR\'@ s gy =
DLR g‘\ .../> Clemor o 018 f_ J8# Receiver coatings > Caron > :.v-’ W
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Materials and Methods
Substrates

e SRSG* (Water/steam)
* Ferritic-martensitic alloys
 Manufactured by Vallourec
Standard Boiler technology
* Max. Temp. 600 — 650 °C

Cheap allove reaiiire coatines

191/P91 (X10CrMoVNb9-1)

VM12-SHC \‘ vallourec

SRSG*: Steam Receiver Super Generator

http://www.vallourec.com/fossilpower/EN/Products/Pages/tp91.aspx

e MSR** (Molten Salt)

* Nickel-Chromium superalloys

* Inconel 617 (Inc617); Haynes 230
(H230)
Aerospace Industry, Gas Turbines
* High Temp. (1000 — 1150 °C)
&SPEC'AL lloys, but less corrosion

METALS

HAYNES

International

MSR**: Molten Salt Receiver

/thp://www.valIourec.com/fossilpower/EN/Products/Paqes/vm12-shc.aspx
/  @PAC —

i =
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Materials and Methods
Coatings

® A ceramicsprayconsisting of a primer coating and a high solar absorptance (HSA) top coating (Coating A)

* A slurry aluminide primer coating protecting the steel substrate from hot oxidation, in combination with Coating/Substrate | 191 | VM12 | Inc617 H230
the above ceramic HSA top coating (Coating B) Coating A Yes Yeos Yes Yes
* A magnetron-sputtered multi-layered thin film cermet solar selective coating (55C) applied on a polished Coating B Yes Yes No No
substrate (Coating C) Coating C Yes No Yes No
¢ A multi-metallic Cr-Mn diffusion coating applied with the pack cementation process (Coating D) Coating D Yes Yes Yes No
e A combination of the above slurry aluminide primer (b) with a thin film cermet SSC on top (Coating E) Coating E Yes No Yes No
o A combination of the multi-metallic diffusion coating (d) as a primer coating combined with the ceramic Coating F No Yes No No

HSA top coating (a) (Coating F)

Coating A Coating B Coating C  Coating D Coating E  Coating F

. Thickness . . Coating Thermal
?
Coating Substrate (DFT, um) Selective ? Surface preparation application treatment
T91 | VM12 55 (Primer) . . . .
A Inc617 | H230 35 No Grit blasting Spraying Curing
B T91 | VM12 85| 55 No Grit blasting Spraying Curing (x2)
C T91 | Inc617 0.6 Yes Polishing, mirror finish Sputtering -
D T91 | VM12 | Inc617 35 No Glass bead blasting Cementation Pre-oxidation
E T91 | Inc617 ~ 65 No Polishing of Spraying -
primer coating (B) + Sputtering
F VM12 ~ 70 Yes Glass bead blasting Cementa.tlon Pre—omd.atlon
+ Spraying + Curing

-
v,

s = y Tecnolégicas /
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Materials and Methods
Optical characterization

Room Temperature (RT) Optical characterization
Discrete meas. (points) (OPAC, CIEMAT-DLR)

Spectral Visual surface
measurements inspection

Measurement Quantitative mm scale
Equipment analysis (Camera)

Lambdal050 o (AM1.5, pm scale
(0.28 — 2.5 um) Il ASTM G173-03) (Microscope)

Frontler FTIR Y Eth,calc (TMax) o quantitative adhesion test

o thermal conductivity data
o metallographic analysis




Materials and Methods
Spectral measurements

* Baseline calibration * Weight functions:
(2) = R ampie meas(A) - A * . ASTM G173-03 direct, AM1.5
P sample o P baseline ref . o
R, i (A) &.,: Blackbody spectrum (650/750 °C)

* 8-12°incidence angle (Near normal)
SDHR: Spectral Directional —Hemispherical Reflectance

100 T e T e e e e e e e e ey
I 1,0 . 100%
90 :
: 0,9 90%
80 1 =
1 o 0,8 80%
7 ! S
_ 70 I £0,7 70%
T Ref | :
3 €r. Ssampies 20,6 60%
.é. 50 3
< =05 50%
5 40 20,4 40%
wv ; !
30 203 30%
[}
20 30,2 20%
10 0,1 10%
0 t=H—————— e e e 0,0 0%
01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 01 23 456 7 8 9 101112 13 14 15 16
Wavelength [um] — ASTM G173-03 direct — BB radiant exitance, 650 °C
——Solar Selective —Black Paint == Ideal Selective ==Ideal Blackbody - - Cumulated solar fraction -- Cumulated BB fraction

Cumulative sum [%)]

. ; . 37 ” >
3 3 w’ 8
iReceiver coatings > Caron >}§:’ :
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Materials and Methods
Solar absorptance and thermal emittance

* Solar absorptance o, * Thermal emittance g, (T)
* HSA: High Solar Absorptance (> 96%)

100% ===—=—cceee- —————————— AU A Bl e e o e
O - : i
P
HSA _. 60% i §
S | |
L > $
Oxidized metal 40%

“ > 96 % 4

0 ' ' 0 : P L
90 A) 100 /0 20% // !' ==
D C B A [ e e e g |
0% | ———mm— e —————— I U A H
| I 0 100 200 300 400 500 600 700 800 900 1000

Re-coating 95 % 98 % Coating temperature [°C]

€ —Solar Selective —Black paint ==Ideal Selective ==Ideal Blackbody




Materials and Methods
Opto-thermal coating efficiency

* Opto-thermal efficiency: * Allowable Flux Density (AFD)
- T4 Vant-Hull, J. Sol. Energy Eng. 2002, 124(2): 165-169
Nevating = Usor " Gaot = & Lo )T Loy » for Molten Salt HTF (Corrosion)
9ol  High Flux & Low Temp,
Low Flux & High Temp.
1000 1% solar absorptance -xX% thermalemlttance 350
- 900 - :/‘:'j// /CNRS PROMES
Z — Aaso.f — qsof Or Z: 800 | g (= %0
Ao, ol
% 8007 /lS 1200
%— 500 |
* Solar absorptance predominant for o sl |
Central Receiver System (CRS)

0 200 400 600 800 1000
Solar flux [kW/m2]

@\
AR




Materials and Methods
Durability Test Program

Solar cycling:
CIEMAT-DLR 9’

CNRS-PROMES

T91/VM12:
600/620/650 C

Climate chambers (CIEMAT-DLR)

~

Inc617/H230:

680/710/750 C

Solar cycling

e Slow (DLR)
e Fast (CNRS)
e (,ON-SUN“)

Isothermal,
Muffle furnace

(2000 h)
T1/T2/T3

Climate .
chambers "

Damp Heat (DH)
Humidity Freeze (HF)
Neutral Salt Spray (NSS)
Sand Erosion (SE)

4

(,,OFF-SUN")

Cyclic,
Muffle Furnace
(1000 cycles)

Cycle for 650°C at DFI




Materials and Methods
Solar Cycling Tests (1)

C trat
e CNRS-PROMES (OdEi”O, France) oncentrator

C=15000 (max.)
* SAAF: Solar Accelerated Aging FacV Diameter=1,5m

___Infrared Pyrometer
/ (Temp. Measurement)

Kaleidoscope to homogenize the flux

—— Flat sample mounted
on cooled sample holder

" " " Shutter
Fully open in 0,7s

A <— Heliostat

®PAC =

# I/orAc ‘\\\\ - .".f% . ': - ‘: g ' % .. ,—,'7'_ ﬁ'ﬁ = ; 2 >
DLR “_ __ . PNEHT LS fﬁeceiver coatings > Caron > 287/ ) { SR,




Materials and Methods
Solagr Cvirlinn Tecte (D)

2 strategies

200 short cycles 40 long cycles
o . o ..l'_
°C  kW/m? 200 s °C/s C  kw/m? 605 C/s
800 1

700 40 e Flux 700 -
GO0 - . =
500 F—\ * = Coating templesrature 600
400 ® = Thermal gradient °00

r’ -20 400
300

- 300
200 40

0 5 10 15 200
Time (min) 100 . o "
Time (min)
m Maximal temperature (°C) m Maximal flux (kW/m?)
700 850

& nominal conditions 650 T 700 750 & higher flux

T91/VvM12 INC 617

Steam receiver Molten salt receivers
super generator

,//ouc - ,,"/2'.-5‘ b -




Materials and Methods
Solar Cycling Tests (3)

* The Distal Il facility is located at Plataforma Solar de Almeria, owned by the Spanish research center CIEMAT.

Concentrated Solar Flux (> 250 kW/m?)

1000 1000
900 900
800 800
700 700
600 600
500 500
400 400
300 / 300
200 200
100 100
0 — ,
0 10 20 30 40 50 60
Time (minutes)

Average flux density (kW/m?)

Maximum skin temperature (°C)

5,00
<

160 40,00

21,80
31,80

— Maximum skin temperature (°C) —Average flux level (kW/m?2)

1000 h, 50 50

Initial 650/750 C, dish cycles 10&23“” dish cycles
muffle furnace (650/750 C) ) (650/750 C)




Materials and Methods
Climate Chamber Tests

e Standard climate chamber tests performed on flat absorber samples

Test S — NSS = Site characterization:
. . ased on o
Standard 111076 Test10.8 15092237 MIL-STD8loG (& COIrosivity class
Duration 1000 hours 1500 hours 120, 480 hours - b. Erosivity class
Parameters Tamb: 65 °C Tamb: -40 10 65 °C  Tamb: 35 °C 20m/s; 3x 70 g
RH: 85 % RH: max. 85% pH6.5t0 7.2at25°C  std blowing dust

DH, HF _

1 1
min. 10 min | min. 10min
1

Temperature [*C]
8 & 8 o 8 &8 8 8
/
\
Temperature [*C)
$ &8 a8 83 8




Results and discussion
Pristine State (before test)

. Thickness . . Coating Thermal
?
Coating Substrate (DFT, um) Selective ¢ Surface preparation application treatment
T91 | VM12 55 (Primer) _ ] ] )
A Inc617 | H230 35 No Grit blasting Spraying Curing
B T91 | VM12 85155 No Grit blasting Spraying Curing (x2)
C T91 | Inc617 0.6 Yes Polishing, mirror finish Sputtering -
D T91 | VM12 | Inc617 35 No Glass bead blasting Cementation Pre-oxidation
E T91 | Inc617 ~ 65 No Polishing of Spraying
primer coating (B) + Sputtering
F VM12 ~70 Yes Glass bead blasting Cementation Pre-oxidation

+ Spraying

+ Curing

Coating A  Coating B

Coating D Coating E

é “,’/.PAC \ —
‘\ P oPAC
DLR =2 |

— | |
Ciomat v |

o e/

Coating C

Coating F

<+

Coating\Substrate Optical characterizatio.n T91 VM°12 Inc617 HZ;?.O

Measurand Units Tmax =650 °C Tmax =750 °C
Coating A o, (AM1.5, direct) | [%]
(BSII) €y, (Tmax) [%]
Coating B o, (AM1.5, direct) | [%]
(INTA+BSII) €4, (Tmax) [%]
Coating C O, (AM1.5, direct) | [%]
(Fraunhofer) £y, (TMax) [%]
Coating D O, (AM1.5, direct) | [%]
(Dechema) €y, (Tmax) [%]
Coating E o, (AM1.5, direct) | [%]
(INTA+Fraunhofer) € (Tmax) [%]
Coating F o, (AM1.5, direct) | [%]
(Dechema+BSlI) € (Tmax) [%]




Inc617 (A,C,D,E)

Results and discussion H230 (A}

Solar Cycling Tests / Inc617 & H230

c)

Before After

B % 60 e
%’E . B----=- B==-== & 55 o 9 | 1 i’ co H A
T e ® %0 - = 2 = N 1) ,r'i atlng
g . 50 8 z 92 .t S
c —_—— L
S 9 & 85 5 3 ‘%’ """" % (lnC517)
a £ 45 4 £ 91
° i I £ g K
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Figure 12: Optical characteristics (%) of Inconel 617 samples with 3 coatings after high flux accelerated aging tests
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Figure 18: Optical characterization of Ince17 and H230 coated samples over the solar cycling test sequence at DLR. (a) Evolution of solar
absorptance over the test sequence. {b) Evolution of thermal emittance over the test sequence.
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Results and discussion Inc617 (A.C.D.E)
Climate Chamber Tests / Inc617 & H230M
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Figure 29: Optical characterization of Inc617 and H230 flat coated samples before and after climate chamber tests. (a) Evolution of solar
absorptance over the test sequence. (b) Evolution of thermal emittance over the test sequence.
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Results and discussion
ummary for GenZ2 Coatings (1)

* Inc617 / H230

Variation in solar absorptance Aa., Initial value  Solar cycling Isothermal, 2000 hours 500 cycles Climate chambers
Generation Substrate Coating Qlsol SC-DLR SC-CNRS T1 T2 T3 Cyclic DH HF  NSS SE
Gen2 Inc617 A (BSlI, Inc617) -0,4%] 03% | 03% | -04% | -11%[ Ongoing 01%)] 0,0%] 0,0%] -0,3%
Gen 2 H230 A (BSII, H230) -0 4%| On gomg N.A. N.A. Ongoing Ongoing 0,1%| 0,1% 0,0%5 -O,Z%I
Gen 2 Inc617  C (Fraunhofer) o8 03% | 22048 - NS on zoing -0,1%| -0,1% IR 0,1% R k‘ o
Gen 2 Inc617 D (Dechema) 953%  -0,2%| 01% E 01% | -03% | -09% ongoing 0,0%]| 0,1%} -0,4% -0,3% a n Ing °
Gen 2 Inc617 _ E (INTA+Fraunhofer) [ 957% 23 02% | -03% | 27 -14%l ongoing -0,1% -0,694 FAIL -0,7
Variation in thermal emittance Agy, Initial value  S