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Major Goals & Obijectives:
The overall goal of this project is to identify successful coating, process parameter and receiver

design that demonstrate LCOC < 0.055$/MWht and degradation rate < 0.5%/year at 750°C and
receiver cost < $150/kWt. (SETO target). This goal will be achieved by developing fractal-textured
solar selective surfaces on high temperature stable substrates by electrodeposition and other cost
effective deposition methods, with high absorptance in the solar spectrum (0.3-2.5 pm) and low
emittance in the IR spectrum (~2-20 pm), resulting in a high figure of merit (FOM), low Levelized
Cost of Coating (LCOC), and long-term air stability in the temperature range of 750-8000C.
Specifically, we aim to demonstrate solar selective surfaces with the following attributes:

a. high thermal efficiency (>93%);

b. excellent durability (thermal endurance > 95%) at high temperatures (>750°C) in air subjected to

isothermal and cyclic thermal conditions.
c. levelized cost of coating (LCOC) < 0.055$/MWht at 750°C, which is better than the current

LCOC for Pyromark 2500 at 565°C;
d. projected lifetime greater than 10,000 cycles, with reapplications at appropriate intervals.

Main Project Objectives:

A statistically designed experiment matrix that contains the list of substrates and coatings to be
tested will be developed based on a comprehensive literature review. We will demonstrate the
capability to electrodeposit aggressively textured surfaces with fractal dimensions > 1.5 for various
substrates (Inconel and Haynes) and characterize fractal dimension as a function of electrodeposition
potential. Optical properties of the samples namely, solar absorptance and thermal emittance, will be
measured to calculate the figure of merit (FOM) and we will demonstrate higher FOM coating than
the benchmark (93%) set by previous DOE projects by means of fractal texturing of the substrate.
We will evaluate the mechanical durability of the coatings using several standardized tests such as sand
abrasion (ASTM D968), adhesion (ASTM D3359), and water resistance (ASTM D870) to fully
characterize and demonstrate the durability of the fabricated surfaces. For samples meeting or
exceeding the foregoing criteria, extensive testing of the high temperature endurance of the solar
absorber coating will be conducted by subjecting them through isothermal testing at 750°C for 100 h

and 750 h, and cyclic temperature of 750°C to room temperature for 50 cycles in an air environment.
The FOM and mechanical durability endurance of the samples subjected to thermal testing will be
tested and compared with the metric calculated prior to thermal testing. Further, the coatings fractal
textured morphology will be developed on cylindrical surfaces and demonstrated to be durable and
with high FOM exceeding 93%. The coatings will be subject to thermal endurance testing (750°C) for
100 h and 1000 h, as well as thermal cyclic testing (between room temperature and 750°C) for 10 and
50 thermal cycles. The durability and FOM of the coatings will be systematically demonstrated. A
technoeconomic model will be developed to elucidate the combined cost/performance benefit of the
coatings for Gen3 application environments in various geographical locations and DNI conditions.

The tasks and their completions are summarized in the Project Milestone Table, Table 1, which
shows successful demonstrations of all the milestones, as discussed in the identified sections, figures,
and tables of the report.



Table 1: Milestone Table for the Project
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Task No. Description Success Value and Assessment Tool G((;?}g{)et
Budget Period 1
T-1 Fabrication and Characterization of Solar Selective Surfaces
ST-1.1 Literature review to identify feasible Y
material to generate fractal solar
selective surfaces using
electrodeposition
M (ST-1.1) Development of experimental DOE Matrix Y
design matrix which incorporates all
the factors mcl.udmg chqce of Sec. A2
substrate, coating material and
electrodeposition process
conditions.
ST-1.2 Fabrication of multiscale fractal Y
textured surfaces on a range of
materials
ST-1.3 SEM, XRD, EDS and power Y
spectra characterization of the
samples and evaluation of fractal
dimensions
M (ST-1.3) Demonstrate fractal dimension > Fractal dimensions Y
1.5, of which at least 10 replicates One tailed Student t-
for each combination identified in test at 95% Sec. A.4
the design of experiment matrix are | confidence level
suitable for FOM testing
T-2 Optical and Mechanical Characterization of SSC
ST-2.1 Optical characterization to calculate Y
FOM at concentration ratio of 1000
suns and 750°C
M (ST-2.1) Demonstrate FOM > 0.93 at e One-tailed Student Y
concentration ratio of 1000 suns t-test at 95%
and temperature of 750°C confidence level
demonstrated at least on ten e FOM measured Sec. B.2
replicates that will be used for mean > FOM
isothermal and thermal cycling success value.
endurance testing.
ST-2.2 Mechanical durability testing using
the ASTM protocols
G/NG-1 Demonstrate FOM > (.93, e FOM, Y
Adhesion strength > 0.95, o Adhesion Strength
Mechanical durability endurance > based on ASTM Sec. B
0.95, and D3359,
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Water durability endurance > 0.95
for at least 10 replicates that will be
used for isothermal and thermal
cycling endurance testing in Budget

e Mechanical
durability
endurance based
on sand abrasion

Period 2. ASTM D968,
e Water durability
endurance based
on ASTM D870
Budget Period 2
T-3 Thermal Endurance Characterization of SSC
ST-3.1 Isothermal testing of the samples Y
ST-3.2 FOM and Mechanical durability Y
characterization of the samples
subjected to isothermal testing
M (S§T-3.2) Demonstrate: Isothermal endurance
100 h. 750°C 1. Isothermal endurance = FOM at 750°C for 100
[t=100 h,750°C]/FOM [t=0 hours
h,750°C] > 0.95
2. Adhesion strength based on Isothermal
ASTM D3359 = (Total Area enduranice
t=100 h,750 C] — A :
£ost) /Total Ar]ea [t:r T?)O Rdlagsern S
o based on ASTM
3. Mechanical durability endurance:
FOM after durabﬂity tCStiﬂg Mechanical durability Sec. C.1
[t:lOO h,7500C]/FOM before endurance based on -
durability testing [t=100 h,750°C] | sand abrasion ASTM
> 0.95 D968
4. Water durability endurance: FOM
after durability testing [t=100 Water durability
h,750°C]/FOM before durability | €ndurance based on
testing [t=100 h,750°C] > 0.95 | ASTM D870
5. Water quenching endurance: .
FOM before quenching [t=100 yater;sl‘gﬁ?hmg test
h,750°C]/FOM after quenching |
[t=100 h,750°C] > 0.95
M (ST-3.3) Demonstrate: Isothermal endurance Y
750 h. 750°C 1.Isothermal endurance = FOM at 750°C for 750
= © = hour
[t=750 h,750°C]/ FOM [t=0 hours Sec. C.2
h,750°C] > 0.95
2.Adhesion strength based on Isothermal
endurance

ASTM D3359 = (Total Area
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[t=750 h,750°C] — Area
Lost)/Total Area [t=750 h,750°C]
> 0.95

3.Mechanical durability endurance:
FOM after durability testing
[t=750 h,750°C]/FOM before
durability testing [t=750 h,750°C]
> 0.95

4.Water durability endurance: FOM
after durability testing [t=750
h,750°C]/FOM before durability
testing [t=750 h,750°C] > 0.95

5.Water quenching endurance:
FOM before quenching [t=750

h,750°C]/FOM after quenching
[t=750 h,750°C] > 0.95

Adhesion Strength
based on ASTM
D3359

Mechanical durability
endurance based on
sand abrasion ASTM
D968

Water durability

endurance based on
ASTM D870

Water quenching test
from 750°C

ST-3.3

Thermal cyclic testing of samples

ST-3.4

FOM, Mechanical durability and
Mechanical durability
characterization of the samples
subjected to thermal cyclic testing

M(ST-3.4)
50 cycles, 750°C

Demonstrate:

1. Thermal cycling endurance =
FOM [50 cycles,750°C]/FOM [0
cycles,750°C] > 0.95

2. Adhesion strength based on
ASTM D3359 = (Total Area [50

cycles,750°C] — Area Lost)/Total
Area [50 cycles,750°C] > 0.95

3. Mechanical durability endurance:
FOM after durability testing [50
cycles,750°C]/FOM before
durability testing [50
cycles,750°C] > 0.95

4. Water durability endurance:
FOM after durability testing [50
cycles,750°C]/FOM before
durability testing [50
cycles,750°C] > 0.95

5. Water quenching endurance:
FOM after quenching [50

After 50 cycles of
thermal cyclic testing

to 750°C:

Thermal cycling

endurance

Adhesion Strength
based on ASTM
D3359

Mechanical durability
endurance based on
sand abrasion ASTM
D968

Water durability

endurance based on
ASTM D870

Water quenching test
from 750°C

Sec. C.3




DE-EE0008537
Virginia Tech | PI: Pitchumani

cylces,750°C]/FOM before
quenching [50 cylces,750°C] >
0.95

Budget Period 3

T-4, T-5

Technoeconomic analysis and Technology to Market Plan

ST-4.1

System/Cost model

Y

ST-4.2

System performance and cost
investigation

Y

Fabrication and Characterization of Solar absorber Coatings on Tubular Geometry

ST-6.1

Fabrication of multiscale fractal
textured surfaces on a range of
tubular materials

Y

ST-6.2

SEM, XRD, EDS and power
spectra characterization of the
tubular samples and evaluation of
fractal dimensions

M(ST-6)

Comparable morphology and fractal
development on tubular surfaces
compared to coatings for flat
surfaces.

Fractal dimension

Sec. D

T-7

Optical and Mechanical Characterization of Tubular SSC

ST-7.1

Optical characterization to calculate
Absorptance at concentration ratio
of 1000 suns and temperature of

750°C

M (7.1)

Demonstrate absorptance > 0.975
for 5 samples of SAC coating on the
tubular surfaces. By comparing the
optical characteristics, demonstrate
that cylindrical surfaces have
homogeneous coatings throughout
the four quadrants and length of the
tubes.

Absorptance

Sec. E

ST-7.2

Mechanical durability, adhesion,
water immersion tests of as
deposited coatings on cylindrical
substrates.
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M (7.2) Demonstrate absorptance > 0.975, | Absorptance, Y
Adhesion strength > 0.95, Adhesion Strength,
Mechanical durability endurance > | Mechanical durability
0.95, and Water durability endurance based on
endurance > 0.95 for at least 5 sand abrasion ASTM Sec. E
replicates that will be used for D968, Water
isothermal and thermal cycling durability endurance
endurance testing. based on ASTM
D870
T-8 Thermal Endurance Characterization of Tubular SSC
ST-8.1 Isothermal testing of tubular Y
surfaces at 750 C for 100 hours and
1000 hours
ST-8.2 Absorptance, and mechanical Y
durability characterization of tubular
surfaces subjected to isothermal
testing at 750 C for 100 hours and
1000 hours
M(8.1) Demonstrate: Isothermal endurance Y
100 h. 750°C 1.Isothermal endurance = FOM at 750°C for 100
[t=100 h,750°C]/ FOM [t=0 hours
h,750°C] > 0.95 .
2.Adhesion strength based on Adhesion measure
ASTM D3359 = (Total Area ) .
Lost)/Total Area [t=100 sand abrasion ASTM
h,750°C] > 0.95 D968
3.Mechanical durability endurance:
FOM after durability testing Water durability Sec. F
[t=100 h,750°C]/FOM before endurance based on cc
durability testing [t=100 h,750°C] |ASTM D870
> 0.95
4. Water durability endurance: FOM | Water quenching test
after durability testing [t=100 from 750 C
h,750°C]/FOM before durability
testing [t=100 h,750°C] > 0.95
5. Water quenching endurance:
FOM before quenching [t=100
h,750°C]/FOM after quenching
[t=100 h,750°C] > 0.95
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M(8.2) Demonstrate: Isothermal Y
1000 h, 750°C 1.Isothermal endurance = FOM endurance at 750°C
[t=1000 h,750°C]/FOM [t=0 for 1000 hours
h,750°C] > 0.95
2.Adhesion strength based on Adhesion measure
ASTM D3359 = (Total Area . N
ot | Nl bl
Lost)/Total Area [t=1000 sand abrasion ASTM
h,750°C] > 0.95 D968
3.Mechanical durability endurance:
FOM after durability testing Water durability S I
[t=1000 h,750°C]/FOM before endurance based on '
durability testing [t=1000 ASTM D870
h,750°C] > 0.95
4. Water durability endurance: FOM | Water quenching test
after durability testing [t=1000 from 750°C
h,750°C]/FOM before durability
testing [t=1000 h,750°C] > 0.95
5. Water quenching endurance:
FOM before quenching [t=1000
h,750°C]/FOM after quenching
[t=1000 h,750°C] > 0.95
ST-8.3 Thermal cyclic testing of absorber Y
coating on tubular surfaces 10, and
50 cycles
ST-8.4 Absorptance, Mechanical durability Y
and Mechanical durability
characterization of the tubular solar
absorber surfaces subjected to
thermal cyclic testing
M(8.3) Demonstrate: Thermal cycling Y
10 cycles, 750°C 1. Thermal cycling endurance = endurance at 750°C
Absorptance [10 cycles,750°C]/ for 10 cycles
absorptance [t=0 cycles,750°C] >
0.95 Adhesion measure
2. Adhesion strength =
Absorptance after adhesion test | Mechanical durability
[10 cycles,750°C]/ absorptance endurance based on Sec. F
before adhesion test [10 sand abrasion ASTM
cycles,750°C] > 0.95 Lo
3. Mechanical durability endurance: .
Water durability

Absorptance after durability
testing [10 cycles,750°C]/

endurance based on
ASTM D870
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absorptance before durability
testing [10 cycles,750°C] > 0.95

4. Water durability endurance:
Absorptance after durability
testing [10
cycles,750°C]/absorptance before
durability testing [10
cycles,750°C] > 0.95

5. Water Quenching endurance:
Absorptance after quenching [10
cycles,750°C]/absorptance before
quenching [10 cycles,750°C] >
0.95

Water quenching test
from 750°C

M(8.4)
50 cycles, 750°C

Demonstrate:

1. Thermal cycling endurance =
Absorptance [50 cycles,750°C]/
absorptance [t=0 cycles,750°C] >
0.95

2. Adhesion strength =
Absorptance after adhesion test
[50 cycles,750°C]/ absotptance
before adhesion test [50
cycles,750°C] > 0.95

3. Mechanical durability endurance:

Thermal cycling
endurance at 750°C
for 50 cycles

Thermal Cycling

endurance

Adhesion measure

Absorptance after durability ilecamical diu by
. o endurance based on
e (B apellas S0°C) sand abrasion ASTM Sec. F
absorptance before durability D968 ’
testing [50 cycles,750°C] > 0.95
4. Water durability endurance:
Absorptance after durability Water durability
testing [50 endurance based on
cycles,750°C] /absorptance before | ASTM D870
durability testing [50
cycles,750°C] > 0.95
5. Water quenching endurance: Water quenching test
Absorptance after quenching [50 | fom 750°C
cycles,750°C]/absorptance before
quenching [50 cycles,750°C] >
0.95
FD-1 Identify successful coating, process | Levelized Cost of Y
parameter and receiver design that | Coating (LCOC)
demonstrate LCOC < Sec. G

0.055$/MWht at 750°C (LCOC for
Pyromark 2500 at 565°C)

10
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FD-2

T2M: Testing at NREL on industry | Absorptance ratio Y
relevant protocol. after/before > 0.95

PROJECT RESULTS AND DISCUSSION':
The description in this section follows the order of the tasks in the milestone table. The relevant
task/subtask/milestone numbers are highlighted in the section headings for ease of tracking.

Section A:

Section B:

Section C:

Section D:

Section E:

Section F:

Section G:

Section H:

Extensive literature review on absorber coatings at a range of temperatures to identify
potential materials for the present study. Description of the development of multiscale
textured morphologies on flat surfaces via electrodeposition with high fractal dimension,
demonstrating completion of T-1 tasks and successful accomplishment of milestones
M(ST-1.1) and M(ST-1.3).

Optical and mechanical characterization of the absorber coatings on flat surfaces
demonstrating efficiency greater than 93% and mechanical durability through ASTM
testing with statistical t-tests. Section B demonstrates completion of T-2 tasks, successful
accomplishment of milestone M(ST-2.1), and meeting G/NG-1 targets.

Thermal endurance characterization of the fractal textured absorber coatings on flat

surfaces including isothermal endurance at 750°C for up to 750 h and thermal cyclic
endurance between room temperature and 750°C for up to 50 cycles. Demonstrates
completion of T-3 tasks and successful accomplishment of milestones M(ST-3.2), M(ST-
3.3), and M(ST-3.4).

Description of the development of multiscale textured morphologies on tubular surfaces

via electrodeposition with high fractal dimension, demonstrating completion of T-6 tasks
and successful accomplishment of milestone M(ST-0).

Optical and mechanical characterization of the absorber coatings on tubular surfaces
demonstrating absorptance greater than 0.975 and mechanical durability through ASTM
testing with statistical t-tests. Section E demonstrates completion of T-7 tasks, and
successful accomplishment of milestones M(7.1) and M(7.2).

Thermal endurance characterization of the fractal textured absorber coatings on tubular
surfaces including isothermal endurance at 750°C for up to 1000 h and thermal cyclic
endurance between room temperature and 750°C for up to 50 cycles. Demonstrates
completion of T-8 tasks and successful accomplishment of milestones M(8.1), M(8.2),
M(8.3), and M(8.4).

Technoeconomic analysis in support of tasks T-4 and T-5, demonstrating successful
accomplishment of FD-1 and FD-2.

Summary of findings from the project.

A. Fabrication and Characterization of Solar Absorber Surfaces — M(ST-1.1), M(ST-1.3)

I See EERE 355 FARC Section 1A2b

11
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A.1. ST-1.1 Literature Review

The goal of the literature review was to identify studies on air-stable coatings on thermal receivers
over a range of temperatures 300 °C up to Gen3 temperatures. The study over the broad range of
temperatures, and not just Gen3 temperatures, is partly motivated by the absence of a comprehensive
review of the developments in air-stable coatings, in general. The studies sought to investigate
materials, coating fabrication methods, optical properties and thermal endurance characteristics of the
coatings. It was found that even though there is plenty of literature available for solar selective coatings
in general, most are focused on vacuum or inert conditions and relatively little work is reported on
thermal endurance in air and open environmental conditions seen in central receivers. In the
discussion below, the coatings are considered in the following four groups: (1) Dielectric-metal-
dielectric multilayer solar selective coatings, (2) Graded material coatings, (3) Cermet coatings, and (4)
Oxide coatings.

A.1.1. Summary Tables

The literature review is summarized in two tables of solar absorbers of different temperature
stability regimes. Table 2 shows the reported solar absorber coatings tested for stability in the
temperature range of 400 °C to 600 °C in air. Similarly, Table 3 catalogs solar selective coatings stable
in a higher temperature range of 600°C and above. In each Table, the available information is
presented in terms of the coating and substrate materials, the deposition method, the maximum
temperature stability, and parenthetically the duration for which the stability was demonstrated, as well
as the measured optical properties both as-deposited and after the high-temperature testing. The data
is ordered from the lowest temperature to the highest temperature of stability. For reference, the
source of each data presented is also provided.

It is seen from Table 2 that many multilayer coatings deposited by sputtering, evaporation, etc.,
are stable up to 600°C in air. The coatings stable up to 600°C show excellent solar selectivity with high
solar absorptance and low solar emittance required for solar absorber application in Gen 2 or earlier
CSP systems. About an equal number of coatings in the Table are stable in the 500-600°C range and
the 400-500°C range. Multilayer coatings of Al/AIN, AlxOy/Al/AlOy, TiAIN/SiCNH,
CrN(H)/CrN(L)/CrON/AI203/, HEIMoN(H)/HfMoN(L)/HfON/AI203, AlxOy/Pt/AlxOy, Ni-
AlI203, Mo/HfOx/Mo/HfO2, W/WAIN/WAION/AI203, AlxOy/Pt/AlxOy deposited by
sputtering showed good solar selectivity, i.e., solar absorptance > 90% and thermal emittance < 20%.

12
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11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Al/AIN

ALO,~AI-ALO,

CrN(H)/CrN(L)/CrON/

Al,O,

Co50,4

cobalt oxide-iron
oxide coatings

W/WAIN/WAION/AI,O
3

Au-MgO

Ni/MgF,

HfMOoN(H)/HfMoN(L)/
HfON/AI,0,
Mn—Cu—Fe composite
oxide

CrAlo

Ni-Al,05/ Al,O4

Ni—Al,0; with Si0,
ARC

Mo/HfOx/Mo/HfO2

TiAIN/SICNH

ALO,/Pt/ALO,

Ni/Ni-Al,0;

Al,05/Mo/Al,0;
Ni/Mo-TiC cermets
AICrN/AICrNO/AICrO

cobalt oxide

CuCoMnOx

Pt/AI,05

Ni/Al,04

Cr/AICrSiN/AICrSiION/
AICrO

TiN/AlyTiz,(OxNy,)

Dep: on
method

Sputtering

Sputtering

DC Sputtering

electrodeposition

spray pyrolysing
aqueous

Sputtering

Sputtering

Evaporation

Sputtering

controlled
thermal oxidation
process

cathodic arc ion
plating

Vacuum
evaporation

R.F. Sputtering

Sputtering

magnetron
sputtering and
plasma-enhanced
chemical vapor
deposition

Electron beam
evaporator

Vacuum
evaporation

RF Sputter
Spray and Laser
cladding

Cathodic arc

spray pyrolyze
aqueous

Dip-coating

Co-evaporation

Co-evaporation

cathodic arc ion
plating

cathodic vacuum
arc

Table 2: Solar absorber coating

Substrate

Glass

Copper

Stainless steel

Stainless steel

Stainless steel

Stainless steel

Mo coated
Stainless steel

Nickel mirror

Stainless steel

Stainless steel
-14

Stainless steel

Fused Quartz

Mo coated Ni
coated
Stainless steel

Copper

Inconel 625

Copper

Quartz

Mo coated
Stainless steel

Stainless steel
304L Stainless

steel

Stainless steel

304LSS

Pt coated
Quartz

Ni coated
Quartz

SS 304

Inconel
HAYNES © 230

Temperature
(annealed ii

400°C

400°C (2h)

400°C (2 h)in air

400 °C (10 h) in air

400°C (24 h) in air

400 °C (309 h) in air

400 °C (64 h)

450°C (470 h) in air

475°C (34 h) air
600°C (450 h) in
vacuum
650°C (100 h) in
vacuum

500°C (>100 h) in air

500°C (200 h) in air

500°C (115 h) air

500°C (1000 h) air

500°C (2h) in air
800°C (2h) in vacuum

500°C (732 h) in air

500°C (2h) in air

500°C (100 h) in air

550°C (14 h) in air

600°C (1h)in air

600°C (2 h)in air

600°C (24 h) in air

600°C (25 h)in air

600°C (300 h) in air

600°C (300 h) in air

600°C (600 h) in air

600°C (900 h) in air

Absorpt
ance (a)
(as
depo.

[after
anneale
d)

0.93

0.95-
0.97

0.93/0.9
1

0.97
0.94
0.90

0.90

0.96/0.9
4

0.94-
0.95

0.915

0.923

0.94

0.94

0.872

~0.91

0.937/0.
930

0.96

0.92-
0.95

0.80/0.8
07

0.93/0.9
4

0.80

0.90

0.94
0.950.92
4

0.91

13

stable in air at 400°C to 600°C of temperature regime.

0.04

0.05-0.08

0.14/0.15

0.20

0.15.100

0.10 at 100
°C

0.13/0.13

0.13-0.14

0.19

0.149

0.1

0.07

0.09

~0.31

0.10/0.11

0.22 at
150°C

0.06-
0.10@200C

0.055/0.06

0.20/0.21

0.15

0.10

0.19@1500c
0'24@3000(:
0'33@50005

0.221500c
0'32@3000(:
O'AS@SDOCIC

0.14/0.16

0.14
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Table 3: Solar absorber coating stable in air above 600°C temperature.

Deposition
method

Spray then
laser cladding
process

Spray then
laser cladding
process.

dip coating
Hydrothermal
process

Hydrothermal
process

Sputtering

Sputtering

Spray coating

spray-coated

Drop casting

Spin coating

Spray Coating

Spray Coating

Spray coating

Spray coated

Spray coated

Spray coated

Spray coated

Stainless steel

316Ti
stainless steel

316L Stainless

steel

Haynes 230

Haynes 230

Inconel 625

Quartz

Inconel 625

Inconel 625

Stainless steel

Stainless steel

Haynes 230

Inconel

Inconel
(textured by
HCI:H,0,)

Haynes 230

Haynes 230

Haynes 230

Haynes 230

Temperature
(annealed in

air)

650°C (6 h) in
air

650°C (200 h)
inair

650°C (873 K)
(1000 h) in air

650°C (100 h)
inair

650°C (100 h)
inair

7000C (15 hrs)
6000C (475
hrs)

700 (300h) in
air

750 °C (1000
h) in air

750 °C (500 h)
inair

750°C (1 h)in
air

750°C (1000

h) in air

750°Cin air

750°C (1000
h)

750°C (1000
h)

800°C (2000
h) in air
800°C (2000
h) in air

800°C (2000
h) in air

800°C (2000
h) in air

600°C (2000 h) in air

600°C (2900 h) in air

Absorptance
(a) (as depo.
[after
annealing)

0.801/0.808

0.86/0.85

0.94

0.99/0.948

0.977/0.982

0.92

0.92

0.90-0.95

0.972/0.962

0.967/0.976

0.947/0.956

0.960

0.973

0.953

0.964

14

0.97 0.07@300c
0.16@s000c

~90.8/92 ~48.0/46.3

4 6160.

0.024/0.01

9

0.04/0.047

0'28@873K

No data

No data

0'15@250C

033@6000(:

0.14

~0.30

0.55/0.73

0.62/0.52

0.801

0.924

0.899

0.920

Figure of
merit

88.2%

0.903/0.896

89.8c-1000

0.9312¢_1000/
0.9305_1000

0.903_;000/0
-915¢-1000

0.908

0.914

0.895
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13- Porous Spray coated Haynes 230 800°C (2000 0.971 0.886 0.914 Elizabeth B. Rubin, Yiming Chen, Renkun Chen, Solar
e Cug.sCry.4Mny 4,0 h) in air Energy Materials & Solar Cells 195 (2019) 81-88.
4
4-c CuCo,0, Hydrothermal Haynes 230 800°C (100h)  0.993/0.967 No data Elizabeth B. Rubin, Sunmi Shin, Yiming Chen, Renkun
nanoneedle process inair Chen, APL Materials 7 (2019) 131101(1-9)
4-d  CuCo,0, Hydrothermal Haynes 230 800°C (100h)  0.995/0.993 No data Elizabeth B. Rubin, Sunmi Shin, Yiming Chen, Renkun
nanoneedle/SiO  process in air Chen, APL Materials 7 (2019) 131101(1-9)
2
14 MoS;,—Si0, Spin coating Stainless steel  850°C (100h) 0.950/0.946 0.937/0.92  86C=1000 Yijie Liu et al., Solar Energy Materials and Solar Cells
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15 black Electroplating  Stainless steel  900°C (60h)in  0.95/0.90 0.2/0.4 Hao Wang, Iwan Haechler, Sumanjeet Kaur, Justin
chrome/ITO/SiO  (black air Freedman, Ravi Prasher, Solar Energy 174 (2018) 305—
2 chrome), 311
Sputtering
(ITO, Si02)

A.1.2. Figure of Merit (FOM)—Absorber Efficiency (1)

Considering the different operating temperatures and solar concentration values in CSP plant
operation, it is desirable to compare the coatings on a common basis for application to the four types
of CSP plants. Linear Fresnel reflectors (LFRs) and parabolic collectors (PTCs) operate in a
temperature range 300 °C to 400 °C with concentration ratios of 30 and 80, respectively. However,
high-temperature power plants using central receiver/power tower and parabolic dishes operate in
400 °C to 750 °C with a concentration ratio of 1000 and 1500, respectively. For PTCs and LFRs
operating at relatively low temperatures, the heat loss from the receivers critically affects the thermal
efficiency of the receiver. Nevertheless, the next-generation solar tower and parabolic dishes are aimed
to work at a very high temperature of ~750 °C and a concentration of ~1000 suns; for which more
than the radiative heat loss, the solar absorptance and high-temperature stability in an open-air
environment are the major factors of an absorber to be optimized.

Since the optical data of solar absorber coatings in the various sources in the literature are all based
on different conditions, they are compared on a common basis by evaluating a figure of merit (FOM)
using the reported absorptance and emittance values. The FOM of different types of solar absorber
may be evaluated using the following expression for the solar absorber efficiency:

aQ — eoT*
= — 1
n 0 (D

where a is the solar absorptance, Q is the irradiance on the receiver, € is the thermal emittance, 0 is
the Stefan-Boltzmann constant and T is the absolute surface temperature in units of Kelvin. In this
study, we calculated the efficiency of solar absorbers for Gen3 power tower systems, by assuming the

black body temperature T = 750°C and the concentration ratio € to be 1000 (1000 sun), which are
the target temperature and concentration ratio, respectively, for Gen3 CSP systems as defined in the
SOPO.

Table 4 summarizes the absorber efficiency values and the maximum temperature stability for the
various coatings grouped by the four different types discussed earlier in this section. Note that based
on the maximum temperature stability, not all coatings are viable at the temperature of 750°C targeted
for Gen3 systems. The coatings that are suitable for the Gen3 temperatures are highlighted in green
in the Table 4. From this literature survey, based on purely thermal efficiency consideration, we can
see that nanostructured spinel oxides of CuFeMnO,, CuCr,O4, MnFe;O,, Co;04, and CuCo20., etc.
and metal/metal silicide like Ni/NiSi,, Ni/TiSi> could be candidate solar absorber coatings for the
high temperature (>750°C) Gen 3 CSP applications.
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Table 4: Absorber efficiency and temperature stability in air of different types of solar absorber

coatings.
Efficiency at Maximum
~1000 sun Temperature
Stability (°C)
Dielectric/Metal/Dielectric
MgO/Zt/MgO 90.25 250
CtO,/Ct/C1,05 89.42 300
ALO3;/Mo/ALO; 93.56 300
HfO./Mo/HfO, 91.26 400
ALLO—AI-ALO, 95.76 400
HfO./Mo/HfO, 89.14 500
HfO./Mo/HfO, 90.44 500
ALO3/Mo/ALO; 91.62 550
ALO,/Pt/ALO, 93.07 500
ALO,/Pt/ALOy 95.16 500
ALO,/Pt/ALOy 93.24 700
Graded Multilayer
CtN(H)/CeN(L)/CrON/ALO; 92.13 400
W/WAIN/WAION/ALO; 89.06 400
HfMoN(H)/HfMoN(L)/HfON/ALO; 93.19 475
TiAIN/SiCNH 89.07 500
TiN/ALTii(OsNi) 90.13 600
AICtN/AICeNO/AICrO 91.75 600
AICtSIN/AICtSiION/AICtO 94.13 600
MoSi>-SisNs/ALO3 87.81 600
MoSi,-SisN4/SisN4/AlLOs 91.06 700
Black chrome/ITO/SiO, 93.75 900
Cermet
Au-MgO 89.37 400
Al/AIN 92.75 400
Ni/MgF, 95.19 450
Ni-ALO3;/ALO; 93.37 500
Ni-ALO;3/SiO; 93.56 500
Ni/Ni-ALO; 94.63 500
Ni/ALOs 92.63 600
Pt/ALOs 92.81 600
TiN-TiC-Ni-Mo 79.95 650
Ni/NiSi-SiO» 89.8 750
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MoSi2-SiO2 89.17 850
Oxide coating

Co0304-FeO5 92.75 400
Cos0, 97 400
Mn-Cu-Fe oxide 90.31 500
CtAlO 91.37 500
C020s 79.06 600
CuCoMnOx 89.37 600
Pyromark 2500 90.54 650
RuO,/SiO; 92.26 650
Co304 nanoneedle/HfO, 94.59 650
Cos04nano needle 95.89 650
Co0504/SiO; 88.2 750
MnFe;O4RSN 90.84 750
Cu0.15C00.28:O with texturing 90.26 750
Cui1sMn; 5O, with texturing 90.90 750
CoteRill"™ 750 92.22 750
CuFe)sMn; 40, 93.28 750
Porous CuFeMnQO,/Dense CuCr,O, 89.73 800
Dense CugsCr1.1Mn;404 91.02 800
Dense CuCr,04 91.55 800
Porous CugsCt1.1Mn; 4Oy 91.59 800
CuCo0,0;4 nanoneedle 96.19 800
CuCo0,0, nano needle/SiO; 96.39 800

A.2. M(ST-1.1) Experimental Design Matrix

We designed an experimental matrix that contains the list of coating materials, substrates,
substrate finishes, deposition conditions. The coating materials are selected based on the literature
review summarized in Section A.l. Textured absorber coatings were fabricated on different high-
temperature stable substrates, Inconel 625, Inconel 718, Hynes 230, Inconel 800H, and Stainless steel
316 (8S-316). The optical properties and uniformity of electrodeposited surfaces strongly depend on
the electrodeposition conditions and substrate preparation methods. Therefore, the effects of applied
overpotential, deposition duration, and electrode distance on the optical properties of different
electrodeposited solar selective coatings were comprehensively studied. To study the effect of various
substrate finishes on optical properties, we coated some absorber materials on as-received, polished
and etched substrates.

A.2.1. ST-1.2 Electrodeposition Procedure

An AUTOLAB PGSTAT128N potentiostat supplied by ECO chemie, Utrecht, The Netherlands,
was used to perform the electrodeposition experiments. The electrodeposition process employed the
traditional three-electrode system, with 15 cm® platinum mesh as a counter electrode (C.E.), Ag/AgCl
as a reference electrode (R.E.), and metal substrate sheet with an exposed area of 12.25 cm” as the
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working electrode (W.E.). All the electrodes were rigorously cleaned in an ultrasound cleaner with
deionized water, acetone, and 2-propanol to remove any dirt and grease from their surfaces and dried
in air. The counter electrode was kept equidistant, d, from the R.E. and C.E. Figute 1 shows a
schematic diagram of the experimental setup. All the metal oxides were deposited from their
corresponding 0.05M metal nitrate/s aqueous solution containing 0.1M KNOs.

d Potentiostat

/ '\ I -

Reference electrode Computer
Ag/AgCl ,
Working electrode
Counter electrode  Metal substrate
Pt mesh
Figure 1: Schematic representation of the electrodeposition cell and arrangement of working,
counter, and reference electrodes during the electrodeposition process. “d” is the distance between
electrodes.

A.2.2. Optical Properties Characterization

Spectral total absorptance (1-reflectance) of the absorber coatings was recorded in the 250 to 2500
nm wavelength range using a Cary 5000 UV-Vis-NIR spectrophotometer equipped with an integrating
sphere. A PTFE reflectance standard was used to calibrate the instrument before the actual
measurement. Additionally, the spectral total absorptance (1-reflectance) of the absorber coatings
from 2500 to 15000 nm was measured using a Varian 670 FTIR spectrophotometer, which was
equipped with a Pike® mid-IR integrated sphere. Emittance values were calculated from the FTIR
spectra using a dedicated software program at different temperatures. Also, the average solar
absorptance of each coating was measured as per ASTM G173 standard using a solar spectrum
reflectometer (Model SSR) of Devices and Services illuminated by a tungsten-halogen lamp and
calibrated using a standard sample. The radiation reflected by the sample was measured at an angle of
37° from the normal, with four filtered detectors (UV, blue, red, and infrared). Solar spectrum
absorptance measurement was achieved by adding the four outputs in the appropriate proportions.
The infrared emittance of each coating was measured corresponding to a temperature of 100 °C using
a Devices and Services (D&S) emissometer (Model AE) calibrated using standard samples and with a
measurement repeatability of 0.01 units. The emissometer was heated to 100 °C so that the sample to
be measured need not be heated. At 100 °C, the spectral range of the thermal radiation emitted from
the surface is in the range of 3—30 pm.

18



DE-EE0008537
Virginia Tech | PI: Pitchumani

A.2.3. Optimization of Deposition Parameters

The effects of electrodeposition conditions—deposition voltage, distance between electrodes, and
deposition duration—on the optical properties were comprehensively studied with a view to
determining the optimum combination of parameters. The highest efficiency was achieved for samples
preparved while keeping the electrodes 2 cm apart.

A.2.4. Effect of Substrate Materials on Optical Properties

For next-generation CSP applications, selecting the substrate material is critical because substrate
breakdown at high temperatures is a significant issue that must be addressed for success. Therefore,
the absorber coating and coating methods should be applicable to any substrate material suitable for
practical applications. To study the effect of substrate materials on optical properties, we deposited
different absorber coatings on various substrates: Inconel 625, Haynes 230, Inconel 718, Inconel
800H, and SS-316. From this study, we observed that it is possible to fabricate high-efficiency
absorber coatings on any potential high-temperature stable substrate using electrodeposition.

A.2.5. Effect of Substrate Finish on Optical Properties

We further studied the effect of substrate finishing on the optical properties of black absorber
oxides deposited on as-received, polished, and etched Inconel 625 substrates at different voltages. We
selected Inconel 625 substrates for this study. The Inconel 625 substrates were etched using a solution
of H202, HCl, and HNOs in a ratio of 18:12:6 for 40 minutes. The polished substrates were prepared
by mechanically grinding the substrates using SiC paper with grit sizes ranging from 120 to 1200. After
grinding, the substrates were polished with a 0.2pum grit size diamond suspension. The efficiency of
the coatings was found to be the same for different substrate finishes. Therefore, tn all further studies,
we used as-received Inconel 625 substrates without any surface treatment except for cleaning with
soap solution, followed by ultrasound cleaning in DI water, acetone, and 2-propanol.

A.3. ST-1.2, ST-2.1 Fabrication of Fractal Textured Surfaces on a Range of Materials

We studied the possibility of texturing different black oxide coatings using the electrodeposition
method for CSP application. Many single, double, and triple metal oxides were prepared by
electrodeposition and their optical properties were evaluated. The efficiency of the coatings was
calculated from the absorptance and emittance study, and coating materials that show an efficiency
higher than 93%, as required by the metrics of the current project, were selected for further studies.
Based on the experimental matrix, we deposited single layers and multilayers of different single metal
oxides, double metal oxides, triple metal oxides. This study showed that single, double, and triple
metal oxides can be electrodeposited on Inconel 625 substrates, and the texturing can be adjusted by
varying the electrodeposition voltage and deposition times. Double metal oxides show the highest
efficiency, greater than 93%. When the coatings are deposited in multiple layers, the efficiency
increases to greater than 95 %.

A.3.1. X-ray Diffraction (XRD) Studies

XRD spectra were taken to study the structural evaluation of black absorber coatings via
electrodeposition at different overpotentials and subsequently annealed for two hours in air. A Bruker
D8 Advance X-ray spectrophotometer was used to record the crystallographic data of the coatings.
The XRD spectra showed that the electrodeposition voltage played a critical role in forming the spinel
structure during electrodeposition.
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A.3.2. Surface Morphology of black absorbers
Surface morphology and cross-sectional images of black absorbers were taken using scanning
electron microscopy assisted with a focused ion beam. It is evident that the absorber coatings exhibit
multi-scale features spanning from a few micrometers to the nanometer scale on the substrate surface.
Cross-sectional images of a black absorber coating at different magnification levels, shown in Figure
2 (a) and (b), reveal a multi-textured surface with flower-like structures at the bottom and web-like
structures at the top, with a total thickness of approximately 3 um. The microporous top layer and
nanostructured bottom layer are suitable for trapping the visible region of the solar spectrum. These
micro gaps and nanostructured bottom layers also help trap visible light and enhance the overall
efficiency of the surfaces.
e

STV RS

Figure 2: Cross-section FIB-FESEM images of a black absorber coating at different magnifications.

A.3.3. Energy-dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) was used to confirm the presence of elements in the
coating. Quantifying the elements from the EDS spectrum of each coating proved challenging due to
the highly textured nature of the coating. There was some variation in the atomic percentage of the
coating elements from one location to another. Nevertheless, in all locations, we identified elements
corresponding to the coating material. Therefore, the EDS analysis confirms that the coatings consist
of the corresponding elements in the coating composition.

A.4. ST-1.3 M(ST-1.3) Power Spectra and Fractal Dimensions

The fractal structure of the electrodeposited surface was determined from the power spectrum
obtained from FESEM images using Gwyddion software to determine the scale-independent
multiscale fractal nature of the absorber coatings. Using the obtained power spectra for the individual
surfaces, their corresponding fractal parameters were calculated.

The fractal description used here is based on the Weierstrass-Mandelbrot (W-M) function and size
distribution, wherein a surface profile is expressed as a summation of an infinite series of sinusoidal
functions with different amplitudes and frequencies, which correspond to the height and length of
multiscale asperity features, respectively. The Weierstrass-Mandelbrot (W-M) function has been
extensively used in the analytical representation of multiscale featured surfaces in different applications
[1-3]. For these non-differentiable surfaces, as progressively increasing roughness features are
observed at progressively decreasing length scales; however, these surfaces can still be considered
continuous as length scales are above atomic levels. The W-M function is a self-similar, non-
differentiable, and continuous function that captures all the inherent characteristics of fractal surfaces.
For electrodeposited multiscale surfaces, the surface profile, z(x), can be expressed as:

z(x) = GPb-1 Z M (2)

(2-D)n
n=nq y
where D is the fractal dimension, G is a mathematical scaling constant, ¥™ is a frequency mode
. . . ) 1
corresponding to the horizontal dimension, L, of roughness feature as y™ = o and y™ corresponds
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to the cut-off frequency, which relates to the maximum asperity length scale of the surface. Following
[3,4], ¥ = 1.5 to represent the random phases in a roughness profile.

Power spectra of fractal objects are generally employed to describe their fractal properties for
naturally occurring fractals and have been considered to describe and study the coated multiscale
surfaces. Power spectrum of a surface is a mathematical tool that decomposes the surface into
contributions from different spatial frequencies. It provides a representation of the amplitude of a
surface's roughness as a function of the spatial frequency of the roughness. Spatial frequency is the
inverse of the wavelength of the roughness features. Power spectrum of a surface is estimated as a
square of surface profile's Fourier spectrum. The power spectrum of the W-M function, equation (2),
exhibits a power law dependence on the spatial frequency, w, given by:

GZ(D—l) 1 (3)
21In(y) w-2D)

The fractal parameters of an actual surface profile are obtained by comparing its power spectrum to
the power spectrum of the W-M function (equation 2).

Figure 3 show an SEM image of an electrodeposited absorber coating and the corresponding
spectrum. In Figure 3(b), the abscissa represents the spatial frequency, which is inverse of asperity
feature length scale and ordinate represents the power at specific spatial frequency, which is obtained
from a fast Fourier transform (FFT) of the three-dimensional surface profile using the Gwyddion
software. Note that the power spectrum is presented on a log-log scale. It can be seen from Figure 3
(b) that the power law variation holds within a frequency range that is characteristic for each surface,
as also previously reported by Majumdar and Bhushan [3] and Yang and Pitchumani [4]. The high
frequency limit of the range corresponds to the length of the smallest asperity on the surface under
study and the low-frequency limit corresponds to the largest repeating unit or the largest asperity
length scale present on the surface. Further, it follows from equation 2 that the slope of the linear
variation of data in the range of frequencies equals (2D — 5), and the intercept on the ordinate relates
to the scaling constant G. The fractal dimension for the surface shown in Figure 3(a) was observed to
be 1.81 due to the highly textured morphology of the deposited coatings.

3 y -7
r:f % e

S(w) =

.

Power, S(w)[m?]
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Frequency, o [log,;m™]

Figure 3: (a) FESEM image and (b) corresponding fast Fourier transform-based power spectrum of
absorber coating.

We prepared ten replicates of different absorber coatings on Inconel 625 substrates to assess the
consistency of textured property and fractal existence of the electrodeposited surfaces, and measured
their fractal dimension from FESEM images. We found that all the samples exhibit fractal dimensions
greater than 1.5. Moreover, due to the highly multiscale structure of the electrodeposited absorber
coatings, the measured fractal dimensions were in the range 1.77—1.89 for all the coatings. This study
shows that electrodeposition process yields samples consistent in morphology and fractal dimensions.
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As required to complete the M(ST-1.3) milestone, we performed the one-tailed Student t-test at 95%
confidence level to show the samples are more significant than 1.5 fractal dimensions.

B. Optical and Mechanical Characterization of Absorber Surfaces—M(ST-2.1), G/NG-1

B.1. Simulation of Optical Properties of Fractal Surfaces

Simulation studies were also conducted to gain further fundamental understanding on the
interaction of fractal texturing with solar radiation and its effects on the optical properties [5,6]. The
goal of the studies was to understand how interaction of solar radiation with simulated fractal textured
surfaces affects the absorptance. To this end, two types of fractal surfaces were generated, one based
on the Koch curve and the other based on the W-M function. In each case, the texturing was
systematically increased in its multiscale features to see how the number of generations in the Koch
curve or the fractal parameters of the W-M function affected the absorptance of the surface.

B.1.1. Optical Modeling of Rough Surface

Figure 4 schematically represents the interaction of solar radiation with a plane surface (Figure
4(a)) and two different types of simulated rough surfaces. Figure 4(b) and Figure 4(c) represent fractal
surfaces comprising the Koch curve and W-M function, respectively, at their respective different
roughness parameters. Since an optical wave is a type of electromagnetic wave that propagates as per
Maxwell's equations, electromagnetic theory is used to investigate the effect of surface morphology
and surface roughness on material absorptivity. Maxwell's equations can be expressed as:

Vx(WVxE)—kin—ik)*E =0 4

where E represents the electric field, k¢ is the wavenumber of free space, n and k are the real and
imaginary parts of the refractive index, respectively. In two-dimensions, the electric field varies with
the out-of-plane wave number k, as follows, where z is the unit vector in the out-of-plane z-direction:

E(x,y,z) = E(x,y)?e %% = 0 (5)

Figure 5 presents the computational domain for the model of a rough surface. Light is launched
from an interior plane (dashed line) toward the material interface. Light reflected back toward the
source plane passes through it and is absorbed by a perfectly matched layer (PML). One additional
boundary is introduced to monitor the total reflectance in between PML and source plane. At this
boundary, the power flux is integrated with the upward direction, normalized by the incident power,
which gives the total reflectance.

To accurately determine the integral of the power flux at this boundary, a boundary layer mesh
composed of a single layer of elements much smaller than the wavelength is introduced. The PML
absorbs both the propagating and evanescent components of the field, but only the propagating
component is required to be absorbed. Therefore, the PMLs should far enough away from the material
interfaces. To satisfy this condition, the PML should at least half a wavelength away from the material
interfaces. The results of the simulations are discussed in terms of the spectral reflectance, which may
be regarded as the ones complement of the spectral absorptance: R(1) = 1 — a(4).
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Figure 4: Description of (a) plane surface, and Figure 5: Computational model of the rough
rough surfaces formed as (b) Koch curves at surface.

multiple generations and (c) Weierstrass—
Mandelbrot (W—M) function.

B.1.2. Effect of Roughness Parameters on Absorptance

The spectral variation of the reflectance at different light incident angles (6 =
0°,30°,45%,60°,75°) and different roughness parameters for the Koch curve are presented in Figure
0. The parametric study is conducted for three different generations, N (1, 3, and 5) and three different
facet length values L (1 um, 2.5 pm, and 5 um). The effect of N on the spectral variation reflectance
at different L can be seen in Figure 6, moving from left to right, and the effect of L can be observed
moving from top to bottom. Figure 6(a-c) represents the reflectance at 3 different N and constant L
=1 pm. From Figure 6(a-c), it can be noticed that the reflectance is decreasing with increasing N; with
increasing N, the number of roughness asperities increases which decreases the specular reflection
from the surface, consequently improving absorptance. A similar trend is observed for L = 2.5 pm
(Figure 6(d-f)) and L = 5 pm (Figure 6(g-i)). Further, it can be seen that for constant N, the reflectance
decreases with increasing L, as the surface area is higher for larger L, which facilitates greater light
trapping.

Figure 7 represents the spectral variation of the reflectance at different light incident angles

@ = 0°,30°45°60° 75° for different fractal dimension D and scaling factor G of W-M
function. The effect of increasing fractal dimension D and scaling factor G on the spectral variation
of reflectance can be observed by moving from left to right and top to bottom, respectively in Figure
7. With an increase in the D value, the surface roughness increases which, in turn, increases the light
trapping in between the asperities; therefore, the reflectance (absorptance) over the rough surface
decreases (increases). Further, the reflectance (absorptance) also decreases (increases) with an increase
in the scaling factor G because of the accompanying increase in the asperity height.

The simulation results demonstrate that fractal texturing has a beneficial effect on the optical
properties of absorber coatings for CSP applications, supporting the experimental findings.
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Figure 7: Spectral variation of reflectance at different incident angles for (a-c) D = 1.65, 1.85, 1.95
and G = 1.0 pm, (d-f) D = 1.65,1.85,1.95and G = 1.5 pym, (g-i) D = 1.65, 1.85,1.95 and G =2 pm.
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B.2. Demonstration of Absotber Efficiency > 93%

Ten replicates of each absorber coating were prepared on Inconel 625 substrates at their respective
optimum fabrication parameters. To prove their statistical significance, a one-tailed t-test was
conducted on the performance of the 10 replicates. The findings showed that all the optimized black
absorber coatings exhibited absorber efficiency greater than 93% at the 95% confidence level.
However, based on this study we found that novel multilayer cobalt-nickel oxide coating (here after
it 1s also referred as m-CNQO) are the best suitable absorber coating with absorptance >0.98 and
initial effictency >95%. Therefore, we selected multilayer cobalt-nickel oxide fabricated using the
optimiged deposition conditions for the isothermal and thermal testing as well as the cyclic thermal
testing.

B.3. ASTM Mechanical Durability Tests

Adhesion, water immersion, and sand abrasion tests were conducted to assess the mechanical
durability and the optical performance integrity of coatings deposited on Inconel substrates. The
adhesion test was performed by securely affixing the sample to a benchtop with adhesive tape applied
to the sides, followed by the application of the 3M Scotch® 250 tape to the surface. A one-pound
roller was then rolled over the tape twice to ensure that the Scotch tape was well-adhered to the
surface. The tape was then peeled off. Following the test, the tape was examined to investigate any
coating removal. Further, absorptance and emittance of the coatings were measured both before and
after the adhesion test.

A water immersion test was carried out following the ASTM D870 standard, wherein the sample
was immersed in running water for one hour. Absorptance and emittance were measured 5 minutes
after the samples were removed from the water and wiped dry, and then measurements were repeated
24 hours after the test. The post-test samples were also visually examined for any blistering defects or
other signs of coating damage.

Mechanical durability of the coatings was further evaluated by performing a falling sand abrasion
test based on the ASTM D968 standard. SiC grains (100—250 um in diameter) were impinged on the
samples inclined at an angle of 45°, from a height of 90 cm at a rate of 10 g/sec. In the present study,
the durability of the coatings is defined as the ratio of absorber efficiency after and before the sand
abrasion test. After every 10g of grain flow, we measured the absorptance and emittance of the
coatings and calculated the efficiency.

All the absorber coatings showed excellent mechanical durability on the Inconel substrates.

C. Thermal Endurance Characterization—M(ST-3.2), M(ST-3.3), M(ST-3.4)

This section details the thermal endurance testing of the coatings identified so far with the goal of
developing suitable candidates for the next-gen CSP receiver with efficiency greater than 93%.
Isothermal testing was conducted at 750 °C for 100 hours and 750 hours to characterize the long-
term durability of the electrodeposited absorber coatings. The optical properties of black absorbers
were recorded before isothermal heating and after 12 hours and 100 hours of annealing durations.

Furthermore, day-night thermal cyclic tests were conducted to simulate the coating behavior in
the real-wotld application. The sample was heated to 750 °C and held for 12 hours at that temperature;
after 12 hours, the samples were allowed to cool for the next twelve hours. At the end of each
heating/cooling cycle, absorptance and emittance were measured, from which absorber efficiency was
calculated. Mechanical durability tests were also conducted after 50 thermal cycles to demonstrate the
robustness of the coatings.
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C.1. Isothermal Endurance Test of m-CNO Coatings at 750 °C for 100 hours in air — ST-3.1,
ST-3.2, M(ST-3.2)

Ten replicas of optimized m-CNO coatings were subjected to isothermal heating at 750 °C in air
for 100 hours. The initial absorptance of m-CNO dropped slightly after 12 hours of heating at 750 °C
but the coating absorptance remained relatively constant between 12 and 100 hours of heating.
Furthermore, the emittance decreased after a 12-hour heat treatment, but upon extending the heat
treatment to 100 hours, it slightly increased, though it remained lower than the initial emittance value.
Due to the decrease in absorptance and emittance of multilayer coatings, efficiency also decreased
from 95.06% to 93.63% after 12 hours of heating. However, at the end of the 100 hours of isothermal
heat treatment, m-CNO coatings showed average efficiency of 93.01%.

The absorber efficiency ratio of m-CNO after the isothermal test to before the isothermal test was
calculated and is presented in Figure 8. The figure shows that m-CNO has an average efficiency ratio
of more than the target of 0.98, with all values above 0.98, which is in the acceptable range.
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Figure 8: Efficiency ratio of m-CNO coatings after the isothermal test at 750 °C for 100 hours to
before annealing.

To prove its statistical significance, one-tailed Student t-test findings of absorber efficiency and
absorber efficiency ratio of 10 replicates of m-CNO coatings. According to the t-test data the
average efficiency ratio is 0.984, which is greater than the postulated value of 0.98.

Mechanical endurance tests also showed that m-CNO coatings are mechanically robust after 100
hours of annealing at 750 °C. The absorptance was stable after the adhesion test, but the emittance
decreased marginally after the adhesion test. Therefore, the efficiency of m-CNO coatings was
improved slightly after the adhesion test, resulting in an absorber efficiency ratio of 1. Optical
properties were found to be stable after a high-temperature quenching test, with an absorption
efficiency ratio of 1 throughout the replicates, signifying no deterioration of the coating integrity or
properties when subject to thermal shock. Optical properties and efficiency were also found to be
stable after the water immersion test. The efficiency ratio was uniformly 1 signifying no deterioration.
Mechanical durability of the m-CNO coatings after 750 °C, 100-hour thermal exposure was evaluated
by performing a falling sand abrasion test based on the ASTM D968 standard. The durability of the
coatings is defined as the ratio of absorber efficiency after to before the sand abrasion test. the
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efficiency ratio decreases with abrasion grain mass, as expected. This aggressive abrasion test showed
that the m-CNO coatings withstood a high SiC mass; initially, the absorber efficiency decreased
abruptly with the abrasion grain mass but after 200g of SiC grain flow coatings showed a low
degradation rate. Even after 400g of grain fell on the m-CNO coatings, the ratio of absorber efficiency
after and before the sand abrasion test remained above 0.95 for all the coatings, which shows the

superior mechanical property of m-CNO coatings after 750 °C, 100-hour isothermal exposure.

C.2. Isothermal Endurance Test of m-CNO Coatings at 750 °C for 750 hours in air
M(ST-3.3)

Six replicas of m-CNO coatings were prepared and heated at 750°C for 750 hours in an air
furnace. The coatings had an initial efficiency > 93% and the optical properties of the six replicas
were measured at intervals of 12, 36, 50, 100, 500, and 750 hours. While heating m-CNO coating,
emittance decreased at the initial stage of heat treatment. However, further increase in the heating
duration led to an increase in emittance however, still which is lower than the initial emittance of the
as-prepared m-CNO coatings. The efficiency of m-CNO decreased from 95.1% to 93% after 100
hours of heat treatment, and the efficiency after 750 hours of isothermal testing was 92%. The
efficiency ratio of m-CNO coatings after 750 hours of isothermal test at 750 °C to the efficiency
before the test is given in Figure 9. The average ratio of the absorber efficiency before and after the
isothermal annealing at 750 °C for 750 hours of the six m-CNO replicates was 0.97. This value
exceeds our postulated absorber efficiency ratio, 0.95, for the project demonstrating the superior
thermal stability of the coatings over extended isothermal exposure. Therefore, we can confidently
state that m-CNO coating can be a viable candidate for Gen3 CSP operating at a temperature ~750°C.
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Figure 9: Efficiency ratio after to before annealing at 750°C at 750 hours 6 replicas of m-CNO
coatings.

After undergoing 750 hours of isothermal heat treatment at 750 °C, the m-CNO coatings were
tested for mechanical integrity, water immersion, high-temperature quenching endurance, and sand
abrasion resistance. All coatings demonstrated very high endurance in these tests after the isothermal
test, with an absorber efficiency ratio of greater than 0.95 before and after the test.

C.3. Diurnal Thermal Cyclic Endurance Test of m-CNO Coatings in air
ST-3.3, ST-3.4, M(ST-3.4)

To determine the durability of m-CNO coating during the actual working conditions, we
performed 50 cyclic day (12 hours) and night (12 hours) thermal endurance tests. Six m-CNO samples
with an efficiency > 93% were prepared and heated at 750 °C for 12 hours; after that, they were kept
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cool for the next 12 hours constituting one thermal cycle. Each of the six replicates was subject to 50
such thermal cycles. Optical properties—absorptance and emittance—were measured at the end of
each cycle. The surface morphology and structural changes were recorded at the beginning (0™), 13®
and 50™ cycles. after 50 cycles of a thermal endurance test, the average thermal emittance, of six
samples remained almost equal to the initial average emittance. Absorptance also decreased at the
initial stage after a few annealing cycles at 750 °C, and then remained stable. Due to the decrease in
the absorptance, the coatings' efficiency also decreased at the initial stage, and then the rate of decrease
was very low. The efficiency of m-CNO after 50 cycles of day and night cyclic testing was 92%.

The ratio of efficiency after 50 cycles of day-night thermal cyclic test at 750 °C to the efficiency
before heat treatment of m-CNO coatings is given Figure 10. The average ratio of the absorber
efficiency before and after the cyclic annealing test at 750 °C for S0 cycles of the six m-CNO sample
was 0.97. This value is more than our postulated absorber efficiency ratio of 0.95 for the coating
heated at 750 °C for 750 hours. Therefore, we can infer that m-CNO coating is a viable candidate for
the CSP operating at a temperature ~750 °C.

After undergoing 50 day-night annealing cycles at 750 °C, the m-CNO coatings were tested for
mechanical integrity, water immersion, high-temperature quenching endurance, and sand abrasion
resistance. All coatings demonstrated very high endurance in these tests after the 50-cycle thermal
cyclic testing, with an absorber efficiency ratio of greater than 0.95 before and after the test.
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Figure 10: Efficiency ratio after to before thermal cyclic test at 750°C for 50 cycles of 6 replicas of
m-CNO coatings.

D. Fabrication and Characterization of Solar Absorber Coatings on Tubular Geometry
S$T-6.1, ST-6.2, M(ST-6)

To achieve similar optical properties and uniformity of the absorber coating on a tubular surface
as those on flat substrates by electrodeposition, we modified the experimental setup and deposited
optimized m-CNO coatings of different sizes and materials on cylindrical surfaces and then evaluated
the absorption with UV-Vis-NIR spectrophotometer and the morphology with a FESEM. We studied
the effect of placement of reference electrode with respect to the counter electrode, keeping the
working electrode fixed.

Figure 11(a-c) show the FESEM images of m-CNO coating on a cylinder at different
magnifications, and Figure 11(d) displays the photograph of an m-CNO coated Inconel 625 cylinder.
Figure 11(d-f) present the FESEM images of m-CNO coating on a flat substrate at different
magnifications, and Figure 11(h) shows the photograph of a coating on a flat Inconel 625 substrate.
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From the Field Emission Scanning Electron Microscope (FESEM) images of m-CNO coatings
deposited on cylindrical substrates, it is clear that our modified deposition technique successfully
enables the deposition of m-CNO coatings on cylindrical surfaces with high absorption and great
uniformity.

Figure 11: FESEM images of m-CNO coating at different magnifications deposited on (a-c)
cylindrical surface (e-g) flat substrate. Photographs of m-CNO coated on (d) cylinder (h) flat
substrates.

E. Optical and Mechanical Characterization of Absorber Coatings on Tubes
M(7.1), M(7.2)

We further measured the spectral absorption of all five samples in Figure 12(a) and calculated the
average absorptance as given in Figure 12(b), respectively. The results show that all the samples have
an average absorptance of about 0.985, that greatly exceeds the target absorptance of 0.975.
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Figure 12: (a) Specular absorption spectra and (b) average absorptance of five replicates of m-CNO
samples deposited on Inconel 625 cylindrical surfaces.

All five coatings underwent adhesion, water immersion, and sand abrasion tests and were found to
be very robust. The optical property ratio after the tests, compared to before, was almost equal to 1,
which is above the milestone target of 0.95.
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F. Thermal Endurance Characterization of Absorber Coatings on Tubes
M(8.1), M(8.2), M(8.3), M(8.4)

F.1. Isothermal Testing of m-CNO Coated Tubes at 750 °C for 100 and 1000 hours in Air
ST-8.1, ST-8.2, M(8.1)

Five replicas of m-CNO coated cylindrical surfaces were subjected to isothermal heat treatment
at 750 °C for 1000 hours in an air furnace. The spectral absorptance of five samples was recorded
before and after 12, 100, 200, 500 and 1000 hours during isothermal test, and the average absorptance
was calculated from these spectra. Following 100 hours and 1000 hours of isothermal heat treatment,
the coatings were tested for water immersion, quenching, and adhesion endurance. The spectral
absorptance of five samples was recorded before and after the isothermal tests, and the average
absorptances were calculated from these spectra. The major decrease in the solar absorptance
happened within the first 12 hours of heat treatment. After that the absorptance value remained neatly
the same such that even after 1000 hours of heat treatment at 750°C. The absorptance ratio after to
before isothermal testing was found to be greater than 0.97 for all the cases which is greater than the
milestone target of 0.95. After 1000 hours isothermal test coatings are tested for the adhesion, water
immersion, water quenching and sand abrasion tests which demonstrates the coating has showed the
efficiency ratio before and after endurance tests were surpassed the mile stone target 0.95.

F.5. Diurnal Thermal Cyclic Testing of m-CNO Coated Tubes at 750 °C in Air
ST-8.3, ST-8.4, M(8.4)

We have also examined the endurance of m-CNO coatings on cylindrical samples under day and
night thermal cycling at 750°C. For that, a new set of five samples was heated at 750 °C for 12 hours
and left cool for the next 12 hours. The optical properties and mechanical properties of black
absorbers were recorded before the cyclic thermal test and after each step of 10 cycles of heat
treatment at 750°C. Absorptance was measured both prior to and following each cycle of the cyclic
test. Notably, the most significant reduction in solar absorptance occurred within the initial 10 cycles
of heat treatment. Subsequently, the absorptance value remained relatively constant. Even after
subjecting the coatings to 50 cycles of day and night heat treatment at 750°C, the spectral absorptance
only experienced a marginal decrease of less than 2 to 3 percentage points. The absorptance ratio
after 50 cycles compared to before starting cyclic testing was consistently found to be greater than
0.97 for all cases, surpassing the milestone target of 0.95. After cyclic test coatings are tested for the
adhesion, water immersion, water quenching and sand abrasion tests which demonstrates the coating

has showed the efficiency ratio before and after endurance tests were surpassed the mile stone target
0.95.

G. Technoeconomic Analysis and Tech to Market Plan
FD-1, FD-2

G.1. Technoeconomic Analysis

In this task, a cost/system performance model of central tubular receivers with multiscale fractal
solar selective coatings was developed to compare its benefit against state-of-the-art Pyromark coating.
The analysis focuses on thermal performance characteristics of external tubular solar receiver
configuration with a ternary chloride salt heat transfer fluid (HTTF) operating at fluid temperatures
between 500-735 °C, relevant for integration with sCO, power cycle [7]. The cost benefit of fractal
solar selective coatings (SSC) on the irradiated tubes of receiver was quantified using levelized cost of
energy (LCOE) metric. The LCOE metric focuses on the cost aspects of the heliostat and receiver
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sub-systems that constitute the primary components for solar to thermal energy conversion in a
concentrated solar thermal (CST) plant. LCOE is defined as the lifetime cost of heliostat-receiver
system that includes both the initial capital expenses and recurring coating reapplication cost to the
net thermal energy absorbed by the receiver. Fractal textured solar absorber coatings are seen to
reduce LCOC by ~50% to ~67% compared to Pyromark in the actual plant conditions.
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Figure 13: Contours of (a) absolute levelized cost of coating and (b) difference in LCOE between
fractal SSC and state-of-the-art Pyromark as a function of annual average DNI representing
different locations and number of coating reapplication per year.

Figure 13 presents contours of LCOC for the electrodeposited multiscale CoNiO coating and
difference in LCOE between fractal SSC and state-of-the-art Pyromark denoted by ALCOE. This

31



DE-EE0008537
Virginia Tech | PI: Pitchumani

visualization is presented as a function of the annual average Direct Normal Irradiance (DNI) and the
number of coating reapplications per year. The contour plot provides a comprehensive overview,
showing how the economic considerations represented by LCOC and ALCOE vary across
different locations and coating maintenance scenarios. The negative LCOC and ALCOE
values underscores the techno-economic competitiveness of multiscale CoNiO coating. The
sensitivity to DNI variations highlights the significance of selecting coatings that can
maximize energy absorption in regions with lower solar irradiance (ALCOE is larger at
locations with lower DNI), ensuring the economic viability and efficiency of CST systems
across diverse geographical locations.

G.2. Tech to Market Plan

A patent application has been filed through the Virginia Tech Intellectual Properties office based
on the invention developed in this project. For industry acceptance of the technology, detailed on-sun
testing studies are being pursued as part of the NREL Optical Materials Characterization Laboratory.

| H. Summary and Conclusions

Based on the studies, the following principal summary points are drawn, grouped by the major tasks
of the project:

| Coating Fabrication and Durability

1. A statistically designed experiment matrix of fabrication parameters, substrates, substrate texturing
and coatings was developed based on a comprehensive literature review.

2. Highly textured multiscale surfaces composed of single and multiple layers were deposited on
various substrate materials of flat and cylindrical geometry.

3. Fractal dimension greater than 1.5 and up to 1.9 was demonstrated for replicates of different black
absorber with efficiency >93%.

4. Electrodeposition conditions, coating materials, substrate materials, substrate finishes were
optimized to achieve highest ever absorber efficiency of up to 95.52% that surpassed the
project milestone of 93%.

5. Adhesion test and water immersion endurance test for coatings deposited by electrodeposition
were conducted to demonstrate that those coatings have excellent endurance in all conditions with
absorber efficiency after durability testing/before durability testing > 0.95 by one-tailed Student
t-test with up to 99% confidence level.

6. Mechanical abrasion test on electrodeposited surfaces showed that the coatings were mechanically
stable under harsh SiC grain impingement. The coatings were shown to have efficiency ratio >
0.95 for over 90g and up to 400g of grain flow. These were shown to be quite aggressive compared
to conditions that the receiver coating may endure in a 30-year service lifetime.

Thermal Endurance and Thermal Cyclic Testing

7. Replicates of single and multilayer absorber coatings were prepared on Inconel 625 substrates and
subject to isothermal and thermal cycling endurance testing at 750°C for up to 1000 h and 50
diurnal temperature cycles.

8. Multilayer fractal textured cobalt-nickel coatings were shown to be an attractive candidate for

Gen3 solar tower application. The coatings demonstrated impressive as fabricated absorptance
an efficiency of 95.38%.
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9. Iron containing metal oxides deposited by electrodeposition showed lower absorber efficiency
than those needed for the high-temperature application.

10. Multilayer fractal textured CoNiO coatings showed the best high-temperature endurance
among all the black absorber coatings. For coatings on tubular sections, the absorptance ratio after
1000 h of isothermal exposure at 750°C to before the isothermal endurance test stayed above 0.97,
which exceeds the aggressive target (0.95) of the project.

11. Multilayer fractal textured CoNiO coatings showed the best thermal cyclic endurance among
all the black absorber coatings. For coatings on tubular sections, the absorptance ratio after 50
cycles of diurnal cycling at 750°C to before the cycling test stayed above 0.97, which exceeds the
aggressive target (0.95) of the project. The absorber efficiency was above 93.1% after the 50 cycles,
well above the SETO target of > 90% efficiency.

12. Optical and morphological studies established that changes in the optical properties and
morphology of the black absorber coatings happened within the first 12 hours of heating at 750
°C in both isothermal and thermal cyclic endurance tests. After that, optical properties and
morphologies were stable for over 1000 hours and over 50 cycles.

Coating Durability After Isothermal and Thermal Cyclic Endurance Testing

13. After isothermal annealing for 1000 hours at 750°C and 50 diurnal cycling up to 750°C, the
adhesion test, high-temperature water quenching test, and water immersion test on m-CNO
coating indicated outstanding durability in all tests with no loss of absorber efficiency. The ratio
of the optical properties after testing to before testing was near 1.0 exceeding the milestone target
value of 0.95.

14. Falling sand abrasion testing of the coatings that underwent 1000 h isothermal endurance and 50
cycle thermal cyclic testing at 750°C demonstrated that the coatings FOM ratio was about 0.98,
far exceeding the milestone target of 0.95 for over 60 g of sand impingement, which corresponds
to the conditions of a harsh desert environment over 30 years.

Technoeconomic Analysis |

15. The fractal textured CoNiO coatings are shown to have lower LCOC of $-0.007/MWht at the
higher temperature of 750 °C relative to the benchmark LCOC of Pyromark ($0.055/MWht) at
a more benign, lower temperature of 700 °C, thereby exceeding the SOPO EOP-C target.

16. The fractal textured solar absorber coatings are seen to reduce LCOC by ~50% to ~67%
compared to Pyromark in the actual plant conditions.

17. The negative LCOC and ALCOE values underscores the techno-economic competitiveness of
multiscale CoNiO coating.

Overall, the project demonstrated the excellent performance and cost-effectiveness of the
developed novel fractal textured solar absorber coatings for Gen3 CSP applications. The
coatings featured the highest ever absorptance, a low emittance and an overall high

absorber efficiency at 750°C, with exceptional thermal and mechanical durability.
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efficiency before

Goal
Metric Success Value Assessment tool Measured value Met
(Y/N)
— Design of Development of experimental design matrix which Y
o Experiments incorporates all the factors including choice of
g substrate, coating material and electrodeposition
ks process conditions.
p=
) SSC Fractal Fractal dimension > 1.5, of which at least 10 One tailed Student t-|  Electrodeposited Y
P@‘ Characterization| replicates for each combination identified in the test at 95% CuMnO CuCoO
§ design of experiment matrix are suitable for FOM confidence level coatings on Inconel
R testing. 625 substrate showed
E fractal dimension >1.8
Optical Demonstrate FOM > 0.93 at concentration ratio of| One-tailed Student t{ CuMnO showed mean | Y
characterizatio | 1000 suns and temperature of 750°C demonstrated test at 95% absorptance 0.980 and
n: Optical at least on ten replicates that will be used for confidence level | emittance 0.395.
properties of isothermal and thermal cycling endurance testing.
the samples FOM measured | CuCoO showed mean
i
~ namely, solar mean > FOM abs.orptance 0.978 and
o success value emittance 0.398.
S_. absorptance v
ks and thermal Mean absorber
E emittance of efficiency of CuMnO,
the prepared 95.52% and CuCoO,
samples will be 95.35% > cfficiency
measured to success value, 93%.
calculate the
figure of merit
Mechanical Demonstrate FOM > 0.93, Adhesion strength > One-tailed Student t-{ 1) Electrodeposited Y
— durability 0.95, Mechanical durability endurance> 0.95, and test at 95% CuMnO and CuCoO
% testing using Water durability endurance > 0.95 for at least 10 confidence level showed FOM > 93%
L the ASTM replicates that will be used for isothermal and
© protocols thermal cycling endurance testing. FOM measured 2) Ratio of absorber Y
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mean > FOM
success value

adhesion test over after

adhesion test was>
0.99, (success vale 0.95)

3) Ratio of absorber Y
efficiency after and
before water endurance
test of CuMnO and
CuCoO was > 0.99
(Success value 0.95)

4) Destructive sand Y
abrasion test showed
CuMnO could
withstand more than
400g of SiC mass with
absorber efficiency
ratio > 0.95. CuCoO
can withstand 90g of
SiC mass with an
absorber efficiency

Milestone ST-3.2

ratio.
Isothermal Isothermal endurance: FOM [t=100h,750 (1) Mean absorber Y
Endurance C]/FOM [t=0h,750 C ]> 0.98; efficiency ratio > 0.98
testing at 750 °C Adhesion strength based on ASTM D3359: . . (meets target
for 100 h FOM after adhesion testing [t=100h,750 Figure of merit for t

C]/FOM before adhesion testing [t=100h,750
C] > 0.95;

Mechanical durability endurance: FOM after
durability testing [t=100h,750 C]/FOM before
durability testing [t=100h,750 C] > 0.95;
Water durability endurance: FOM after
durability testing [t=100h,750 C]/FOM before
durability testing [t=100h,750 C] > 0.95;

= 100h and T = 750
C calculated. One-
tailed Student t-test
at 95% confidence

level

milestone 0.98)
(2—4) Mean absorber
efficiency ratio = 1
(exceeds target of

0.95)

35



DE-EE0008537
Virginia Tech | PI: Pitchumani

Water Quenching endurance: FOM before
quenching [t=100h,750 C]/FOM after
quenching [t=100h,750 C] > 0.95

quenching [50 cylces,750 C]/FOM after
quenching [50 cylces,750 C] > 0.95

Isothermal 1. Isothermal endurance: FOM [t=100h,750 Figure of merit for t| (1) Mean absorber Y
Endurance C]/FOM [t=0h,750 C] > 0.95; = 100h and T = 750 | efficiency ratio =0.97
testing at 750 °C} 2. Adhesion strength based on ASTM D3359: C calculated. One- | (exceeds target
for 750 h FOM after adhesion testing [t=100h,750 tailed Student t-test | milestone 0.95)
2 g] / 5(0)19\/; .before adhesion testing [t=100b,750 | 51 9504, confidence (2—4) Mean absorber
~ | > 0. .’ - level efficiency ratio = 1
7 3. Mechanical durability endurance: FOM after (exceeds target of
g durability testing [t=100h,750 C]/FOM before 0.95
g durability testing [t=100h,750 C] > 0.95; 95)
= 4. Water durability endurance: FOM after
= durability testing [t=100h,750 C]/FOM before
durability testing [t=100h,750 C] > 0.95;
5. Water Quenching endurance: FOM before
quenching [t=100h,750 C]/FOM after
quenching [t=100h,750 C] > 0.95
Thermal cyclic |1. Thermal Cycling endurance = FOM [50 Figure of merit for t| (1) Mean absorber Y
testing of the cylces, 750 C]/ FOM [t=0h,750 C] > 0.95; = 100h and T = 750 efficiency ratio =0.97
samples at 750 |2. Adhesion strength based on ASTM D3359: C calculated. One- | (exceeds target
°C for 50 cycles FOM after adhesion te§dng [t.:100h,750 tailed Student t-test | milestone 0.95)
:"P- C]/FOM before adhesion testing [t=100h,750 C] 950, confidence (2-4) Mean absotber
= > 0.95; , o level efficiency ratio = 1
o 3. Mechanical durability endurance: FOM after (exceeds target of
g durability testing [50 cylces,750 C]/ FOM before 0.95) g
2 durability testing [50 cylces,750 C] > 0.95; )
= 4. Water durability endurance: FOM after durability,
2 testing [50 cylces,750 C]/FOM before durability
testing [50 cylces,750 C] > 0.95;
5. Water Quenching endurance: FOM before
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Fabrication and

Comparable morphology and fractal

Fractal dimension

durability testing [t=100h,750 C]/absorptance

©
S Characterization development on tubular surfaces compared to
g of Solar coatings for flat surfaces.
S
% absorber
= coatings on
= tubes
Demonstrate absorptance > 0.975 for 5 samples Absorptance
% = of SAC coating on the tubular surfaces. By
7 comparing the optical characteristics,
= = demonstrate that cylindrical surfaces have
= homogeneous coatings throughout the four
quadrants and length of the tubes.
Demonstrate absorptance > 0.975, Adhesion Absorptance,
strength > 0.95, Mechanical durability Adhesion Strength,
§ endurance> 0.95, and Water durabi]it.y Mechanical
E’ egdurance > 0.95 for at least 10 replicates that durability endurance
p will be used fo.r isothermal and thermal cycling based on sand
15 endurance testing. abrasion ASTM
S D968,
> Water durability
endurance based on
ASTM D870
Demonstrate 1. Isothermal endurance = at 750 C for 100
o Absorptance [t=100h,750 C]/ absorptance hours
§ [t=0h,750 C] >0.95 Adhesion measure
N 2. Adhesion strength = Absorptance after Mechanical
< adhesion test [t=100h,750 C]/ absorptance durability endurance
= before adhesion test [t=100h,750 C] > 0.95, based on sand
g 3. Mechanical durability endurance: absorptance abrasion ASTM
g after durability testing [t=100h,750 C]/ DY68
= absorptance before durability testing »
E [t=100h,750 C] > 0.95 Water durability
4. Water durability endurance: absorptance after | endurance based on
ASTM D870
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before durability testing [t=100h,750 C] > 0.95
5. Water Quenching endurance: absorptance
after quenching [t=100h,750 C]/absorptance
before quenching [t=100h,750 C] > 0.95

Water Quenching
test from 750 C

Milestone M(8.2) 1000h

Demonstrate 1. Isothermal endurance =
Absorptance [t=1000h,750 C]/ absorptance
[t=0h,750 C] >0.95

2. Adhesion strength = Absorptance after
adhesion test [t=1000h,750 C]/ absorptance
before adhesion test [t=1000h,750 C] > 0.95,

3. Mechanical durability endurance: absorptance
after durability testing [t=1000h,750 C]/
absorptance before durability testing
[t=1000h,750 C] > 0.95

4. Water durability endurance: absorptance after
durability testing [t=1000h,750 C]/absorptance
before durability testing [t=1000h,750 C] > 0.95
5. Water Quenching endurance: absorptance
after quenching [t=1000h,750 C]/absorptance
before quenching [t=1000h,750 C] > 0.95

Isothermal
endurance at 750 C
for 1000 houts
Adhesion measure
Mechanical
durability endurance
based on sand
abrasion ASTM
D968
Water durability
endurance based on
ASTM D870
Water Quenching
test from 750 C

Milestone M(8.3) 10 cycles

Demonstrate: 1. Thermal Cycling endurance =
Absorptance [10 cycles,750 C]/ absorptance
[t=0h,750 C] >0.95

2. Adhesion strength = Absorptance after
adhesion test [10 cylces,750 C]/ absorptance
before adhesion test [10 cycles,750 C] > 0.95,

3. Mechanical durability endurance: Absorptance
after durability testing [10 cycles,750 C]/
absorptance before durability testing [10
cycles,750 C] > 0.95

4. Water durability endurance: Absorptance after
durability testing [10 cycles,750 C]/absorptance
before durability testing [10 cycles,750 C] > 0.95
5. Water Quenching endurance: Absorptance

Thermal Cycling
endurance at 750 C
for 10 cylces
Adhesion measure
Mechanical
durability endurance
based on sand
abrasion ASTM
D968
Water durability
endurance based on
ASTM D870
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after quenching [10 cycles,750 C]/absorptance
before quenching [10 cycles,750 C] > 0.95

Water Quenching
test from 750 C

Milestone M(8.4) 50 cycles

Demonstrate: 1. Thermal Cycling endurance =
Absorptance [50 cycles,750 C]/ absorptance
[t=0h,750 C] >0.95

2. Adhesion strength = Absorptance
after+D50+D56

Thermal Cycling
endurance at 750 C
for 50 cylces
Thermal Cycling
endurance
Adhesion measure
Mechanical
durability endurance
based on sand
abrasion ASTM
D968
Water durability
endurance based on
ASTM D870
Water Quenching
test from 750 C

EOP-C

Identify successful coating, process parameter
and receiver design that demonstrate LCOC <

0.055$/MWht at 750°C (LCOC for Pyromark
2500 at 565°C)

Levelized Cost of
Coating (LCOC)

LCOC of
$-0.007/MWht <
$0.055/MWht for

Pyromark
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Impact?:

The underlying scientific novelty of this project is that of generating multiscale surface topologies
on metallic surfaces by tailoring the operating parameters of the industrially widely used
electrodeposition process. The generated multiscale fractal surface textures would provide for
exceptionally high light trapping without losing the energy to the ambient, which forms the basis of
the desired high collection efficiency. Since the process applies across metallic materials, it can be used
to fabricate a large area solar selective surface on high temperature materials cost-effectively, leading
to low levelized coating cost.

This research addresses the overall DOE SETO mission to support early-stage research and
development to improve the performance and flexibility of solar technologies that contribute to a
reliable and resilient U.S. electric grid. Specifically, the project is focused on supporting advanced
innovation in Advanced CSP Thermal Transport System and Components. The developed coating
enables achieving > 90% receiver thermal efficiency for next gen CSP plants operating at temperature
> 750°C. Successful demonstration of the novel cost-effective coatings that maintain high absorptivity
while minimizing emissivity and maintain prolonged stability at high temperatures in air (>750°C)
paves the way for deployment of advanced, high temperature and high efficiency power cycles,
reduction in receiver cost and solar field cost (reduction in number of heliostats), due to improved
thermal efficiency. Operation at high temperatures also brings down the thermal storage cost due to
high energy storage capacity. The combined benefits will enable achieving DOE SETO receiver cost
target of <150%/kW.

Overall, the project demonstrated the excellent performance and cost-effectiveness of the
developed novel fractal textured solar absorber coatings for Gen3 CSP applications. The coatings
featured the highest ever absorptance, a low emittance and an overall high absorber efficiency at

750°C, with exceptional thermal and mechanical durability.
Changes/Problems*:

Products*:
The following publications resulted from the work presented in this report:

1. K. Kant, K.P. Sibin and R. Pitchumani, “Novel Fractal-textured Solar Absorber Surfaces for
Concentrated Solar Power,” Solar Energy Materials and Solar Cells, 248, 112010, 2022.
https://doi.org/10.1016/j.s0lmat.2022.112010.

2. K.P. Sibin, K. Kant, and R. Pitchumani, “High-Temperature Air Stability of Electrodeposited
Copper Cobalt Oxide and Copper Manganese Oxide Absorber Coatings for Concentrating Solar
Power,” ACS Applied Energy Materials, 6(17), 8759-8774, 2023.
https://doi.org/10.1021/acsaem.3c01224.

3. K.P. Sibin and R. Pitchumani, “Multiscale Textured Air Stable Solar Absorber Coatings for Next-
Generation Concentrating Solar Power,” Renewable and Sustainable Energy Reviews, In Review, 2024.

4. R. Pitchumani and S.K. Purayil, Fractal Textured High Efficiency Solar Absorber Coatings, U.S.
Provisional Patent No. 63/329,842, PCT/US23/18223 (Patent pending).

2 See EERE 355 FARC Section IA5
3 See EERE 355 FARC Section IAG
4 See EERE 355 FARC Section IA3
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