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@C .» 1. Introduction

PhD Topic/Title: Concentrated solar system for solar fuels production

Supervisor: Marco Binotti  Co-supervisor: Gioele di Marcoberardino

. . e B
Host Institution: 1.8 9"%’% POLITECNICO
RdLF MILANO 1863
Main objective: Optimisation and techno-economic performance analysis of thermochemical cycles

for H2 production to be integrated in a point-focus CSP system.

This  PhD will consider the most promising thermochemical and
photo-thermochemical cycles for H2 production, and will evaluate their integration
in point-focus CSP systems.

Main steps: The system concentration ratio, flux distribution and operating temperature will
be optimized to identify the best operating conditions given by the trade-off between
optical efficiency and reactor yield.

Besides, results in terms of solar-to-fuel conversion efficiency under design
conditions, yearly H2 yield, and preliminary economic assessment will be provided.
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M1 [M2 | M3 |M4]|M5[M6|M7[M8| M9 |MIOM11|M12{M13|M14{M15|M16|M17|M18|M19[{M20{M21[M22|M23[M24|M25|M26|M27|M28|M29|M30{M31|M32{M33|M34{M35|M36
1. Literature review _

2. 2-Step redox Ceria based cycle

2.1. Theoretical analysis

2.2. Optical analysis

2.3. Thermo-chemical analysis

2.4. Techno-economic analysis

3. PhD courses

3.1. Smart Energies for the Future

3.2. Applied Thermal Sciences

3.3. Research Skills

4. 1st Secondment (Cyl)

Generative design receiver-reactor.

5. Biomass Gasification/pyrolysis

5.1. Theoretical analysis

5.2. Optical analysis

5.3. Thermo-chemical analysis

5.4. Techno-economic analysis

6. 2nd Secondment (Synhelion)

Syngas from biogenic feedstocks.

q

7. Thesis writing
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@CSP 2. Solar Fuel Production with CSP

The different solar fuel production methods with CSP can be classified in the

following manner:

SOLAR FUEL PRODUCTION WITH CONCENTRATED SOLAR POWER PLANTS (CSP)

Hydrocarbon Solar Thermochemical
feed Thermolysis

cycles
Gaseous feed Solid feed ol e AU
Metal Oxides cycles
Al . Volatile Metal Non-Volatile .
| coad Biemrass Oxides Metal Oxidés PurefFhrernrat Hybrid cycles
y
Coal Biomass . . . Hybrid Sulfur
i i NPT T Zire > > uj'— Iod"le —>
—Reforming Thermat- Gasification Gasification Ferrite Sulf cycle
Decomposition
. . Calcium Copper
L Ri;i:r.].i.ng > Ceria ™| Bromidecycle | |  Chloride
Dry
Reforming
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k csp 2. Solar Fuel Production with CSP

During the first part of the PhD the main focus of the research are

thermochemical cycles.

SOLAR FUEL PRODUCTION WITH CONCENTRATED SOLAR POWER PLANTS (CSP)

l \ 4
Hydrocarbon Solar / Thermochemical \
feed Thermolysis cycles

. Two-Step cycles: Multistep
Gaseous feed Solid feed Metal Oxides cycles
e coal BN Volatile Metal Non-Volatile Pure . Hvbrid cvcles
| s ST Oxides Metal Oxidés Frermad y y
V I
Coal Biomass ; 8 . Hybrid Sulfur
. Zie P > ur—todinme—+—>
—~Reforming NUSAE Gasification Gasification Ferrite Sulf cycle
Decomposition
o . C3lcium Copper
B Rns%:r:;.i.ng > Ceria ”| Bromidecycle | | Chloride /
Dry
Reforming
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These thermochemical cycles can be classified in two-step and multi-step

Processes.

SOLAR FUEL PRODUCTION WITH CONCENTRATED SOLAR POWER PLANTS (CSP)

Y
- Thermochemical
Thermochemical cycles

Series of chemical reactions that converts water and ]
carbon dioxide into renewable fuels. v
Two-Step cycles: Multistep

Feedstock: Metal Oxides cycles
*Steam (H, 0), carbon dioxide (C0,).
Output: v y v v
. : Volatile Metal Non-Volatile - . . ks
Sl;%g;c;%iln (ng)) Oxygen (0,) , Carbon monoxide (CO0), Oxides Motal Oxides Pure-Fherma Hybrid-eyeles

21 .
Working temperature: Zinc <«—Ferrite - Suifur—todine Hybzi;cls:'f”'
Varies with the cycle. (800-1600 °C)

: . . Calcium Copper
Reaction enthalpy: \ —F€erma “Bromide cycle Chloride
Varies with the cycle.
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k csp 2. Solar Fuel Production with CSP

The selected process for the research is the 2-step redox cylce based on Ceria

(Ce02).
SOLAR FUEL PRODUCTION WITH CONCENTRATED SOLAR POWER PLANTS (CSP)
. Th chemical
Thermochemical err:;cles |
Series of chemical reactions that converts water and
carbon dioxide into renewable fuels. y y
. Two-Step cycles: Multistep
Feedstock: Metal Oxides cycles
«Steam (H,0), carbon dioxide (C0,).
Output: y y * y
o i Volatile Metal Non-Volatile .
Sg%gg;g(iln (CI;Z) i SABENE i oD FIONIORICS L E00) |: Oxides Metal Oxides Pure Thermal syt gl
21 .
Working temperature: Zinc —> Ferrite —»1 Sulfur - lodine | Hybn;i;c'l.i:Ifur
*Varies with the cycle. (800-1600 °C) (

; . . Calcium Copper
Reac.:tlon gnthalpy. —- Ceria Bromide cycle > Chlg'r)ide
Varies with the cycle.
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@CS r 2. Solar Fuel Production: 2-Step Redox Cycle

A common 2-step Redox cycle can be defined as follows:

Sweep gas +

Oxygen Metal oxide Steam
8 MOy 6H,0
N)/Ar + = 07_
Reduction chamber: Oxidation chamber:
0
MXOy = MXOy_5 + :Z_Oz MXOy_5 + 6H,0 - MXOy + 6H,
CSP heat: - i
Q < Endothermic reaction EXOther i eaction
CSP
High Temperature (~1.000-2.000°C) Lower temperature than the reduction
chamber (AT~200 — 500°C)
Low po, (~0,1-10Pa) i
Through  vacuum  pumping, inert gas In isothermal cycles the temperature
sweeping or chemical oxygen pumping. remains the same (AT~0)
Sweep gas | Reduced Metal ‘ Hydrogen
N2/A1‘ OXide SHZ
MOy _s
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@Csp 3. System simulation
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The overall simulation of the system can be classified in 3 groups, optical simulation,

thermochemical simulation and plant simulation:

OPTICAL SIMULATION

HELIOSTAT FIELD

THERMOCHEMICAL SIMULATION

PLANT SIMULATION

|

RAYTRACE DATA

RECEIVER &

MAIN RESULTS

Receiver Thermal Power

> REACTOR SIMULATION "‘l

MAIN RESULTS

Operating Conditions 5

Solar fuel

PLANT SIMULATION

MAIN RESULTS

Overall system efficiency —

(H2, CO, syngas) yield

o

Levelized Cost of Fuel (LCOF)

A

Layout costs

Optical & Thermal

efficiency

Software legend

&\ MATLAB

Midterm meeting REA, 18-19 April 2024
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k csp 3. System optimization

DNI'htl 9! ﬂ' T’opt,tthF
m Theoretical geometrical analysis
l Qtn

Location, SunPosition, Reaches 100 MW?
DNI, HeliostatSize, No
Qdesr htl 9! ﬂr Aapt Yes

SolarPilot-Soltrace-CPC simulation

[ 77optr CR: Qreceiver: }

Aapt

Reaches 100 MW?

No
Yes

l Qloss ’ TAr TW

T, = 1500 °C 2 ]
T, = 1500°C ? )
No
Yes
DNILCR, A T g System simulation
nsysr Ny
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k csp 3. System optimization

-

DNI1, h:, 8, B, Nopt th, FF

m Theoretical geometrical analysis
l Qtn

Location, SunPosition, Reaches 100 MW?

FIXED PARAMETERS

DNI, HeliostatSize, No Location: Sevilla
Qdes: htr 9! BI Aapt / Q= 37.3891 .
N
SolarPilot-Soltrace-CPC simulation A = 5.9845° W
Nopt: CR, Qreceiver: DNI: 900 [W/mz]
Aapt
Sun Pos.: 8., =180°
Reaches 100 MW? @=85=
N Heliostat size: 10x10 m?
0]
l Yes Theo.opt.eff. (11op..n):0.8
| Oecewer o g Thermal simulation

l Qlossr TA: TW

T: = 1500 °C 2 ]
T, < 15002C ? )
No
Yes
BNICR A, T s —> System simulation
nsysr Nyo
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~%C s» 3. Optical simulation: Heliostat field POLITECNICO
Temperature required: High concentration Secondary concentrator

_ ~1.5800°C : ratio (CR) : (CPC)

Treac

The solar field needs to be optimized considering the following parameters:

Tower Height (Hyy): limitedto |Hyy < 250 m|considering existing plants

Receiver tilt angle. (f): |0° < B < 90°

Receiver Semi-acceptance angle (0 ):/10° < 6 < 40°| for good concentration ratio

Number of receivers: 1 or more

9  Also geometrical parameters of the
CPC need to be optimized:

CPC diameter (r¢pc,,,,,.,): limitto 0.6m

utlet)

Hmw

HCPC

Semi-acceptance angle of CPC. (0,,4x)

HCPC,truncated
@

. H
Truncation of CPC. ( CPC'"""C““"")
Hcpc

Number of CPC: clustering
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@CSP 3. Optical simulation: Heliostat field

A preliminary theoretical analysis is performed to identify the minimum size of the tower:
Hpy found for each 6,44, B to reach Q,, = 100 MW,

Theoretical expression for the thermal power of the field:

Qtn = DNI - Afield - FF - Nopt * Ncos * Natt

From which:
- Direct Normal Irradiance: DNI =900 W /m?
*  Filling Factor: FF =0.2
«  Area of the field: Afiera = f Omax: B, Hrw)
- Optical efficiency: Nope = 0.95-0.88 = 0.836
- Cosine efficiency: Neos = 9 Omax B> Hrw)
- Attenuation efficiency: Natt = M Omae B Hrw)
Midterm meeting REA, 18-19 April 2024 - ::huenngo?));an Union
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@CSP 3. Optical simulation: Heliostat field

Theoretical assessment of the impact of the field design parameters on the power/efficiency
Effect of receiver acceptance angle

Effect of receiver tilt
01

B1
200 -

Funded by
the European Union

Midterm meeting REA, 18-19 April 2024
19 HORIZON MSCA Doctoral Network, Project number 101072537



' POLITECNICO
MILANO 1863

@CSP 3. Optical simulation: Heliostat field

- The minimum tower height to achieve the desired power is obtained considering a first rough optical
efficiency estimate

- This optical efficiency includes simple geometrical effects: cosine efficiency and attenuation

Minimum height to achive desired ch Cosine efficiency for minimum height
260 1 0.88
0 = 40°
280 0.87 } 6 = 35°
220 | § =15° . 6 = 3p°
= . 086
= 200} g 0 =25°
= 8
= 085} 6 = 20°
180 |
= 6 =15°
o= a0 0.84 \
160 | 6 = 35° N
0 = 40
140 : : 0.83 » ; : : : 2 :
40 65 70 75 40 45 50 55 60 65 70 75
[°] 500
Attenuation efficiency for minimum height Overall optical efficiency (without shading) for minimum height
0.92r 0.68
6 =40 - 0 = 40°
09} \\__-_//’// — ) 0.66
Sl g=30° 0 =35
Tg088] S0 =25 T 064 9=30
3 i T
2 M| o= 2
£086[ > =° 0.62
0 = 15° 8l=25
0.84 o 06 0 = 20
6 =15°
0.82 - ‘ * * * * ' 0.58 * * . * * - '
40 45 50 55 60 65 70 75 40 45 50 55 60 65 70 75

309 50

This analysis can significantly reduce the number of required ray-tracing simluations
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k csp 3. System optimization

DNI1, h:, 8, B, Nopt th, FF

he, 0, B —»| Theoretical geometrical analysis

Qtn
l FIXED PARAMETERS
Location, SunPosition, Reaches 100 MW?
DNI, HeliostatSize, No Location: Sevilla
Qdes: htr 9! BI Aapt Q= 37.3891 .
. . N
SolarPilot-Soltrace-CPC simulation \ A = 5.9845° W
Nopt: CR, Qreceiver: DNI: 900 [W/mz]
Aapt J
Sun Pos.: 8., =180°
Reaches 100 MW? a—85=
N Heliostat size: 10x10 m?
0
\_ l Yes /| Theo.opt.eff. (nyp):0.8
O oceiver: Aupe —> Thermal simulation
l Qlossr TA: TW
TA500 °C 2 1
T, < 1500°C ? )
No
Yes
BNICR A, T s —> System simulation
nsysr Ny2
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3.

Optical simulation: Heliostat field

Minimum height to achive desired ch

Cosine efficiency for minimum height

160 90
1 \, 9 - 4‘0°
g 7 \ 'f\ /s \
Lot b badi g % ; \ \ 89 6 = 35°
140t ! \ : \ : \
a — ]
\“ \-'.' 1 g i -“ " 88 6 = 30
= e T N e T -
= 120} I TR P TR TR = g7t 6 = 25°
= vy 4 e S0 T B 57 S D
= 6= 140° 0 =355 g — 30° 0 ='25° 5. K. z
- =40° 9 =35%9 =30° 0 =25° g = 20° -
% 100 | 9 20 :_8 86 9 — 200
g
0 = 15° 85 6 = 15°
80 [
60 ; : R ; : g : A 83 : : : ' : g : '
35 40 45 50 55 60 65 70 75 35 40 45 50 55 60 65 70 75
39 EAN
Attenuation efficiency for minimum height Overall optical efficiency (with shading) for minimum height
= 61 g=40°
S 74 | 6 = 35°
93 ‘ e o
d= 10° ﬂN\“\/w oy 0 = 30
= 35° 72 [ o
+— 92} 0 =35 N 6 = 25
5 6 = 30° \ 'L'z 70 / »”'-\4'”’ { ‘
= o687 A, |
& 90 o ) W
=20 66 | 0 = 20°
89 !;NJN\ - W J
6 =1 o 6 = 15°
88 g : = 3 > : ’ ' 62 3 : ’ 2 ; 5 : '
35 40 45 50 55 60 65 70 75 35 40 45 50 55 60 65 70 75
31 317
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Optical simulation: Heliostat field

This analysis will eventually allow us to find and select the configurations:

That have higher efficiency.

That have lower costs.

Minimum height to achive desired ch

260
240 |
220
0 = 15°
E 200
< 180}
—_— 200
160 | 9._ 25°
140 | 6 = 30°
6 = 35°
120 u ~— 4{}" g :
35 65 70 75
8 [°]
004 Attenuation efficiency for minimum height
. B “',\ g ‘__.‘,_
N AT \-.’.‘.f.\_,' <™ o
.\ /\"_\',‘ > o
092} e - N enetd
\ __/ %
- 0 = 40°T L~ 7
5 09 §=35"="T"
E 4 =30° =l ~
@D
% 0.88 ¢ — o ¥
5 =297
086 0 = 200 -
—_— o]
0.84 0 =15

35 40 45 50 55 60 65 70 75

Midterm meeting REA, 18-19 April 2024
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]

Cosine efficiency for minimum height
0 = 40°

089} ‘.\

6 = 35°
\

6 = 30°
\n

35 40 45 50 55 60 65 70 75
810

Cg\(,%rall optical efficiency (with shading) for minimum height

0.74 1

0.72

o
\j

[ 9 = 40° '
- 9 = 350

6 = 30°
- §=25°

o
(o))
™

0.66

0.64

062

0= 2090 5°

0.6 £ 3 . 2 =15° .

35 40 45 50 55 60 65 70 75
37
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@CSP 3. Optical simulation: Heliostat field

With the data form the heliostat field, we can simulate the raytracing on the

Outlet Heatmap o
8 10.5
10 10.45
6 =
10.4
4}
5 . 10.35
= 103
K% =
2 O 0.25 %
0 - X =
) . . u
0.15
4+
0.1
-6 |
0.05
-8 F
1 ! O
5 5
Y Axis
_ Funded by
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Outlet Heatmap

Heliostat field

1 1 1 1 1 1 1 1 1 1 1
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-~ 1 i 1 1 ~—
'

Optical simulation

o

With the data form the heliostat field, we can simulate the raytracing on the

CPC

10
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3. System optimization
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DNI'htl 0! ﬁ'noptth FF

T~

Theoretical geometrical analysis

Location, SunPosition,
DNI, HeliostatSize,

Qdesv htl 0! Br Aapt

l Qtn

Reaches 100 MW?

No

l Yes

htl 0: ﬁr Aapt

SolarPilot-Soltrace-CPC simulation

nopt ’ CR: Qreceiver ’
Aapt

]

Reaches 100 MW?

-

N

No
Yes
l Qlossr TAr TW
T, = 1500 °C ? 1
1., < 1500/°C 7
No

Yes

BT CREA e

System simulation

Midterm meeting REA, 18-19 April 2024
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‘i csp 3. Reactor simulation: Thermal performance

Due to the high temperatures reached at the reactor, is necessary to estimate the thermal
losses due to the aperture. Other considerations include a limit on the quartz window
maximum operating temperature, which will be considered at 800 °C.

Therefore, a MATLAB code is being implemented:

J.-P. Sdick et al./Solar Energy 135 (2016) 232-241

QS,W,rad QS,W,r
¥ A i ; 0.35 T,
z / , : A QA,rad.W,a
Qw,conv,lo U ,’ Qw,force:i\) : / §22.4847
w Tw Owyraa 4 63 \ ‘
QW,conv,N/ | 0.25 |
Qsw,: / : QA d
: : Cswe | Thzin Thow
: .' QA,conv,Nz 02r 609 715.8571
@ Q chem=0 OC\ %
0.16:F
i 0.1} Thz.0u
Q...,A,r= 0 969.9009
T outside = Tu 0 A:=0 / °C
N Tiinside = Ta T, Bac 0.05 TA
2 ) U :
y | | L L | |1 500 \
Fig. 10. Scheme of the reactor thermodynamic model. o
02 -015 01 -005 O 005 0% 015 0.2
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@csp 3. Reactor simulation: Thermal performance

Due to the high temperatures reached at the reactor, is necessary to estimate the thermal
losses due to the aperture. Other considerations include a limit on the quartz window
maximum operating temperature, which will be considered at 800 °C.

Therefore, a MATLAB code is being implemented:

«10% Heat balance on window 5 X 10°Heat balance on absorber «10° Heat balance on system
_ _ o
1T 0
[W] [W]
0 -2
-1 -4 -2
2 W% N .7 ¢ O 0 SIS T sl U s RO S < S D A AT & XD R >
& K PN i*gvfbb X S X & N S \$§®@3®bo“§$‘€§e%g\ S Lo
Funded by
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k csp 3. System optimization

DNI!htI 6! B' nopt,th'FF
“ Theoretical geometrical analysis
l Qtn

Location, SunPosition, Reaches 100 MW?
DNI, HeliostatSize, No
QdeS! htl 6: ,B, Aapt YeS

SolarPilot-Soltrace-CPC simulation

[ noptr CRr Qreceiverr ]

Aapt

Reaches 100 MW?

No
Yes

l Qloss: TA: TW

T, = 1500 °C ? 1
1., < 1500/°¢ ? )
No
Yes
4 , : )
DNI,CR A T ., System simulation
, n

\ Nsys: NMH2 )
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@csp 3. Reactor simulation: Chemical performance(?
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Once the heat input is provided,

it is possible to compute the thermochemical cycle

performance. The thermochemical cycle takes place at two different reactors, the reduction

reactor and the oxidation reactor.
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system boundary
Qrecover ox Q diss, ox
Qmo heal ﬁQMO cool

—_—':——————_—1_1 chwm,red: —————— I T Qchemox _::::::1—]

g Mg I .5 17 d

e 5. 4 v = Y 4 !

| | Reduction | Oxidation b o : l
1 g;s 3 4 chamber chamber s 15 14
= T separation T Tred Ir - Tox Ilr - aati
/\ HE : P sys,red | NHE X so1 P SYS,0X : | : EXox

|

|4 |

T :“_: 9: | : 161|__|| 18
SR R “—V TP . ' ' PG

ﬁQsc heat
l l Reductuon sub-system Oxidation sub-system
QCSPeq‘U power Qremd Qotherlosscs QCSth!, red QCSP heat, ox
Ny Oy CeOypr CeOzrea  H2O
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H20 splitting
Reactor model: rev
Auxiliary: yes

OPERATING CONDITIONS:
pred=1.0 bar

pox=1 .0 bar
Tred=1900 K

T,,=1458K
Po2 in=1 .00e-06 bar

nNzlnMO=0.18
=1.60

Nhoo™mvo

FLOW CONFIGURATION (METAL OXIDE%g

CF (red) - CF (ox)

METAL OXIDE NON-STOICHIOMETRY STATES:

J,,4=0-0366
=0.0044
(0).4
A§=0.0322

HEAT RECOVERY CONDITIONS:
- solid-to-solid:
0 %
- gas-reduction side (sweep gas):
75 %
- gas-oxidation side (H20):
DTpp=10 K
Midterm meeting REA, 18-19 April 2024

Specific energy demand for fuel production:

4252.5 MJ/kmol,,
2109.4 MJ/kg,,
2

2

Efficiency (solar->H2)= 6.72 %

SOLAR HEAT: USES AND LOSSES

1%

6%

31

37%

16%

Energy input: uses and losses

I chemical reduction (CSP heat)

I metal oxide heating (CSP heat)

[ lsweep gas heating (CSP heat)

[ Isweep gas production (CSP eqv power)
I oxidizer heating (CSP heat)

I fuel/oxidizer separation (CSP eqv power)
[ thermal losses(CSP heat)
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@Csp 4. Next Steps

CPC Optical analysis

« Compute the CPC analysis on the selected cases.

« We are working on a thermodynamic model of the receiver.

« With the thermodynamic model is finished, we will be able to simulate all the parts of the system.

Techno-economic analysis of the system

« A techno-economical analysis of the overall system will be carried out.

e Other thermochemical processes will be studied and modelled:

 Methane-driven two-step ceria cycle.
« Biomass gasification/pyrolysis.
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