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Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry
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_earning outcomes of todays lecture

« Solar fuels:
— How can solar energy be converted into fuels?
— What is a hybrid pathway?
— Why using fossil fuels together with solar energy?

— What is solar thermochemistry and how can it be used for solar fuel
processing?

— Why is solar water-splitting via multi-step water splitting cycles
preferred compared to direct thermolysis?

— What is photoelectrochemistry and how can it be used for solar fuel
processing?

— What other chemical commodities or materials can be processed using
solar energy?
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Conversion pathways

o Solar to fuels:
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Conversion pathways

 Solar to hydrogen:

Solar Photoelectro-
Thermolysis chemistry
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Conversion pathways

 Solar to synthesis gas (H,+CO):

[ Water + CO,
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Conversion pathways

« (General considerations:
— What solar radiation concentration technology can be used (if needed)?
— What solar reactor can be used and what are the requirements?
— How can the sun be coupled into the process?
— What can the reactor look like?

* Reactor concepts:

Decoupled receiver+reactor
Possibly with high-temperature storage

—>
products

4

reactor
HX

Heat transfer fluid reactants
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Conversion pathways

* Reactor concepts:

indirectly irradiated
packed-bed

concentrated solar radiation
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Conversion pathways

* Reactor concepts:

]

Out

Tube receiver

solar
radiation

In

 Also: open versus closed systems
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Conversion pathways

product gas

* Reactor concepts:

— Stationary
@ |
I solar
raflci)a‘taizm 3}; radiation :> product gas

7
DA

=i
O

catalyst
. feed gas
‘. ' ' feed gas absorber coated with functional

materials to catalyze reaction

— Moving;:
* Fluidized particle bed
* Falling particle film
* Rotating kiln
* Moving particle bed
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lybrid solar conversion

 In the transition to a renewable future, hybrid pathways using fossil fuels
exclusively as chemical source for the fuel production and solar energy as
the process heat

Fossil & Sola
Energy-Mix

» Sclar Decarbonization of Fossil Fuels

FRESENT TRANSITION FUTURE
F ossil Fuels Solar Fuels
(oil, coal, natural gas) {=.g. H,, Zn)
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Hybrid solar conversion

« Thermal cracking: complex organic molecules such as heavy
hydrocarbons are broken down into simpler molecules such as light
hydrocarbons, by the breaking of carbon-carbon bonds in the
precursors at high temperatures and by using catalysts

CH, — C + 2H, (AH = 74.85 kd/mol)

Concentrated
Solar Energy

J

Fossil Fuel Solar Cracking
C.H. — nC+ (m/2)H, @»{ ar Crach ]

oo
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Hybrid solar conversion

 Solar reactors developed for thermal cracking:

aperture insulation

cooling water

Z1rO9 liner

steel cavity

Gty 21

concentrated
solar ETHZ and PSI
radiation Maag et al., 2010.
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Hybrid solar conversion

 Solar reactors developed for thermal cracking: cu soulder
Dahl and Weimer et al., 2004.

Process Gas and Particles

Annular

Gas Out I‘

Cooling Water _—,

Cooling Water >

Annular Gas In

Process Gas and Particles

Figure 4
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lybrid solar conversion

« Steam reforming: uses light hydrocarbon feedstock, usually
methane, reacts it at elevated temperatures with steam and
catalytically converts the feed into hydrogen

CH, + H,0 — CO + 3H, (AH = 206 kJ/mol)

Sulfur

— Operates around 700 — 925°C s — (oo T i | [y |
— Can achieve 65 — 75% efficiency S

water gas shift: CO + H,0 -> CO, + H, (AH=-41kJ/mol) e =

=PrL
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Hybrid solar conversion

« Solar reactors developed for steam reforming

Solar gasification of methane (CH, + H,O0 — CO + 3H2) DLR
SOLREF project

CPC Window Reactants inlet
- 400 KW
S =
- 10 bhar
I N N | A - .
=

Catalyfic absorber  Products cullet

maolar fraction (=)

EPFL 400 600 800 lﬂl:ll] 1200
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lybrid solar conversion

 Gasification: uses carbonaceous materials, reacts it at high
temperatures (>700 ©C), without combustion, with a controlled
amount of steam, oxygen, and/or CO,. Results in CO, H,, and
CO..

« E.g. for coal, or C-sources
C+H,O0—-CO+H,
More realistic (especially for biomass, or C-waste):

CH,O,S.Ny+ (1 -y)HoO = —(24+2(1 —y) —22)Ha+CO 4 2HaS+ 51{2\2

Lo | =
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lybrid solar conversion

M
)
-
r

Consists of (sequential or simultaneous):

Dehydration

Pyrolysis (thermal decomposition in the absence of O,,

devolatilization)

Gasification (heterogeneous gas-soild reaction of pyrolysis

residue with reactive gas)
Combustion 12
Water-gas-shift
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Trommer, Diss ETH, 2006.
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lybrid solar conversion

 Gasification (thermographimetric experiment):

Dehydration, Pyrolysis, Gasification
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Hybrid solar conversion

 Solar reactors developed for gasification:
— Steam gasification of petcoke, ETH

Petcoke + H,O slurry

v

.
00:4‘. o,

Concentrated
Solar

Power \ ()
7’Graggen et al., 2008. B ‘ X ) Hzo I‘IOZZle
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Hybrid solar conversion

 Solar reactors developed for gasification:
— Steam gasification of carbonaceous waste material (ETH, PSI)

Piatkowski et al., 2010.
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lybrid solar conversion

» Hydrogen derived from fossil fuels has many impurities:
 From the feedstock: sulfur

* Purification:

« Desulfurization for gaseous feedstock: calcium-based slurries (SO, to
sulfites and sulfates)

 Desulfurization from solid/liquid feedstock: via catalysts into H,S

ture swing adsorption (solubility variation of CO, with temperature)
* pressure swing adsorption endent absorption of e.g. zeolites)
« special membranes (cellulose)

* CO removal from H, mixture: Hydrogen-permeable membranes made
of metals (palladium)

ePFLs

RE, Haussener | Mai, 2021



lybrid solar conversion

« Hybrid solar conversion
— Advantage of hybrid process vs.
conventional autothermal processes:

* the gaseous products are not
contaminated by combustion’s
by-products

« the discharge of pollutants to the
environment is reduced

« the calorific value of the feedstock
IS upgraded

* the fuel is decarbonized

* there Is no need for energy-intensive
processing of pure oxygen
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Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry
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Solar thermolysis and thermochemistry

 In the transition to a renewable future, hybrid pathways using fossil fuels
exclusively as chemical source for the fuel production and solar energy as

the process heat

Fossil & Sola
Energy-Mix

» Sclar Decarbonization of Fossil Fuels

FRESENT TRANSITION FUTURE N\
F ossil Fuels Solar Fuels
(oil, coal, natural gas) (2.g. H,, Zn)
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Solar thermolysis

« Solar thermolysis
— Solar energy is used as process heat of chemical reaction
— Direct thermolysis of water: H,0 — 1/20, + H,

Equilibrium Mole Fraction
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Solar thermolysis

— Product separation by:

Reactor concept for solar thermolysis

« High temperature membranes
* Rapid quenching of products
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Solar thermochemistry

Solar thermochemical cycles
— Solar energy Is used as process heat of
Multi-step water-splitting reactions:

MeO < Me+1/20, A

T l

chemical reaction

—- 1120,

H, MeO+H, < Me+H,0 9

— H,0

Omit explosive hydrogen and oxygen mixture since produced in

350

separate steps
Requires lower temperatures
Possible redox pairs (Me/MeO):
* Fe,0,/FeO
» Ce,0,4/Ce0,,
« ZnO/Zn

300

Zn/ZnO

FeO /Fe304

H5O dissociation
MnO/Mn;03

. SNO/SNO, ...

M
1

800 1600 2400
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Solar thermochemistry

* Possible redox pairs for two-step cycles:

Cycle Reactions Cycle Reactions
Zn/Zn0O Zn0 — Zn + O, S00,/S10 S10,—-Si0 +1/2 0,
Zn + H,0 —» ZnO+H; SiD+H20—}SiDg+H2
Fe;0,/FeO Fe;04 — 3 FeO + % 0O, W/WO; WO;—>W+3/2 0,
3 FeO + H,0 —> Fe;0, + H, W+3H,0WO;3+3H,
In,04/In,0 In,0;—In,0+1/2 O, Hg/HgO Hg+H,0—5HgO+H,
In,O+2H,0—In,0;+2H, HgO—Hg+1/20,
Sn0O,/Sn Sn0;—Sn+0; Cd/CdO Cd+H,0—CdO+H,
Sn+2H,0—Sn0O2+2H, CdO—Cd+1/20,
MnO/MnSO, MnSO,—MnO+S0,+1/20, CO/CO, CO+H,0—CO,+H,
MnO+H,0+S0,—»MnSO4+H, C0O,—»C0+1/20,
FeO/FeSo, FeSO,—3FeO+S0,+1/20, Ce,04/Ce0, Ce0,—>Cey0;
FeO+H,0+S0,—FeSO,+H, Ce,0;+H,0—2Ce0,+H,
CoO/CoS0Oy Co0S0,—Co0+S0,+1/20, Mg/MgO MgO—->Mg+1/20;
CoO+H,0+S0,—>CoS0,+H, Mg+H,0>MgO+H,
Fe;04/FeCl, Fe,0,+6HCl—>3FeCL+3H,0+1/20, | Sn0/Sn02 Sn0,—»Sn0+1/20,
3FeCl,+4H,0—>Fe;04+6HCI+H, - SnO+H;0—Sn0,+H,
MGMDE MoO;—-Mo+0,

=PrL
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RE, Haussener | Mai, 2021



Solar thermochemistry

* Three-step water-splitting cycles, e.g. sulfur-iodine:
* further lower temperatures

* but run in corrosive environment

Water
“"‘_'_‘-——-——""
| H,0 L
\:7 m /\
H,S0; = 1/20,;+ H;0+ 80, 50;+2H,0+1;, = H;80,+ 2 HI 2HI == I, +H,

IHI
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Solar thermochemistry

 Reactor concepts: two-step cycles

Moving material Stationary material
MO,, H;0
H,O.
MO,
d Hz

=PrL
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Solar thermochemistry

« Zn/Zn0O-based proposed reactors, e.g. at ETH Zurich and PSI:
« High-temperature reactor
— 10 kW reactor
— Reactor temperature: 2000 K
— Peak concentration: 5800 suns

) water/gas
ZnO feeder, rotary join inlets/outlets

ceramic insulation

Zn0

* Hydrolysis reactor: —~S
— Reactor temperature: 1263 K R - '

Concentrated
Solar
Radiation

¢ Schunk et al., 2008.
Aerosol reactor concept

mixing ' nanoparticle Eln -situ hydrolysis
H,O{g) ; formation H{] H, H.,

Znd, ﬂ
Zn(g) i ‘ zno Melchior et al., 2009.
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Solar thermochemistry

« Ceria-based proposed reactors, e.g.:
ETH Zirich University of Minnesota

Inert Gas

\

Alumina Insulation

Quartz
Window i Receiver Cavity
Reduction
Zone
Concentrated

Sunlight

Reactive Inert Material
Metal Oxide

O, + Inert Gas

Temperature in reduction reaction: ~ 1800 K
Temperature in oxidation reaction: ~ 1200 K

=PrL
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Solar thermochemistry

« Sl-cycle, DLR Germany

400K | SO,42H,0+l, <> H,50,+2HI |

1‘;38 E [ H,SO, <> %0,+H,0+S0,

]

1

500K | 2HI <> |+H,

1

H,S0,,

e s Jhti et § s e ——

=PrL
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Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry
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Photoelectrochemistry

» Photoelectrochemical processes

— Solar energy Is used as photon energy for the internal production of
charge, which is separated at the solid-liquid junction
— Multi-step water-splitting reactions (E,=1.23 V):

2H+2e> H, Y- H,

T l

1/20, 2H*+2e+1/20, < H,0 Y—H,0

— Works at room temperature O
— Spectral distribution of solar radiation important O
H,0 - 2H*+2e+1/20, O
— Processes: e
« Solar absorption lw %
 Electron-hole generation Semconeten( )

» Use electron and holes at liquid-solid interface 2H+2e > H, O
* lonic transport

m
U
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r
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Photoelectrochemistry

« Stringent material requirements:
— band gap size
— suitable band edge position

— high chemical stability in the dark and under illumination, as well as

under highly acidic or base conditions
— efficient charge transport in the semiconductor
— selective and efficient electrochemical reactions
— earth-abundance and low costs T

T solution pH=1

AFE=
38eV

sn0,

AE=

AE=
30eV

o 816
EPFL RE, Haussener | Mai, 2021
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Photoelectrochemistry

« Stringent material requirements:
— band gap size
— suitable band edge position

— high chemical stability in the dark and under illumination, as well as

under highly acidic or base conditions
— efficient charge transport in the semiconductor
— selective and efficient electrochemical reactions
— earth-abundance and low costs T

T solution pH=1

AFE=
38eV

sn0,

AE=

AE=
30eV

o 816
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Photoelectrochemistry

M
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Band gap and band position of photoelectrode material must match

reaction potentials:

1.23 eV

0 A

| e
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= Eg v
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w

~ E,.,—Qf?
h

semiconductor

Various possible architectures:

liquid

Walter et al., 2006
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Photoelectrochemistry

« Calculations:
— Photoactive material(s) will show .. qVv
diode-like current-potential behavior: = Th [exp( j_lj
— Electrochemical system shows losses:
 Reaction overpotentials
» Ohmic losses E=E,+n,+n, +IR, +E,., +E
 Concentration losses
— Electrochemical load curve will show electrolyzer like load curve
— Intersection between both is operating point

12

> E,

conc

: .:'
10 !
i 8_._ .......................
£ -
(&)
< 6}
E —
= ,L
= Surendranath et al., 2012
2L
| M e i Y
1. 4 1 1.8 2. :
EF’FL. 2 1 6 0 2.2
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Photoelectrochemistry

« Calculations:
— Electrochemical system shows losses:

 Reaction overpotentials Tafel slope

— E.g. via Tafel equations:

i ’/ i
1n, =& log| — n. =a,log| —
IOa IOc

— Or Buttler-Volmer: Exchange current density

=i | exp a,F (O, -0, -E,) _exp a.F (D, -0, -E,)
oo el )

RT RT

« Ohmic losses account for resistances in electrolyte, membrane, and

solid conductor: _ Y Characteristic ion and electron path length
AVohm — IpsolI

\

resistivity

M
U
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Photoelectrochemistry

Proposed devices

% Spurgeon etal., 2011

Photoanode

Y / Catalyst
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Parkinson et al., 2011
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Photoelectrochemistry

* Proposed devices
SHINE

Solar Hydrogen Integrated Nano Electrolysis

Sunlight

S EPFL

P g

00 ) Thin conducting *foam” porous
= + Q0 to conduct electrons & bring
" water to the catalyst
(GDL gas diffusion layer)

H;0 (gas)
N, [gasi

M0 (gas)
N, (gas)

40> t4H » A0 3 s 4o —> 24,

HO(gas)
N, 1935)

MO (gas)
N, (gas)

Catalyst coated on
proton memurane (Nafion)

=PrL
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Photoelectrochemistry

US Patent 62/376923
EP Patent 16020308.9

/2 i
Water inlet Cooling channel

assembly

Solar glass e o
Anodic Ti flow

plate
{ ; * O, outlet

Cathodic Ti flow
plate

Copper ribbon ¢
Insulating base ¢

H; outlet

InGaP-InGaAs-Ge gpr.

Catalyst coated
membrane i
Insulating tube
Ir/RuOx - Pt Electronic conductor

Sweep gas inlet

Gasket

RE, Haussener | Mai, 2021

43/55



Experimental demonstration

e e -Mﬂ.— _‘,

'."‘ v.-‘.' —

M ¢~"

".’:‘f"'« >

Output power of PEC at 474 kW/m?: 27 W

Current density in electrolyzer component: 0.88 A/cm?

P IR SRR S NPUN SRR AU BTSN AU SR A

TR U AP PR SPU SO NP NP SR B |

.

Current density in photoabsorber component: 6.04 A/cm?

Hydrogen mass flow (mg/sec)

1 1 1
200 800 200 800 200 800 200 800 200 800 200 800 200 800

Time (sec) o Efficiency: 17.1% solar-to-fuel

Tembhurne, Nandjou, Haussener, Nature Energy, doi: 10.1038/s41560-019-0373-7, 2019
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Photoelectrochemistry - Comparison

« Community outreach: dynamic and online: — http://specdc.epfl.ch/

1.000 A
100 L
L]
- [ B d
0 -
£ 10 o o - *
: ry o
[ - A
8 P B
5 s +
:ﬁ 1 L]
C
8 S
o
0.1 E
[ ]
0,01
0 5 10 15 20
STH efficiency (%)
Fill color - PV / photoabsorber material Boundary color - EC material
Alln-v Rare metal-based (expensive)
Partial llI-V Abundant (cheap)
All Si

Oxides and others

20 @ @ w/o multi-module demonstrations
w/o multiple electrolyzer demonstrations

LEGEND
Symbol shape - PV / photoabsorber and EC configuration
o] 2J, integrated PVs and catalyst + 3J, integrated PVs and catalyst
O 2J, integrated PVs, wired catalyst A 3J, integrated PVs, wired catalyst
< 2J, non-integrated PVs or catalyst O 34, non-integrated PVs or catalyst

Tembhurne, Nandjou, Haussener, Nature Energy, doi: 10.1038/s41560-019-0373-7, 2019
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Photoelectrochemistry

Type 1:Single Bed

* Proposed devices s,
oL

STH Efficiency  10%

/o 2H,0 +4h*

Particle N, 0,+4H

Slurry \ Baggies Transparent
/ \ / fim
~— Driveway
(a) ' 122m !
$16 Type 2: Dual Bed
[ OtherVariable Costs Pasticle Suiperision dhv+4H + ARy 2H,+4A ahv+2HO+4A O, +4H'+ 4N
$14 |- I Fixed Operation and Maintenance — STH Efficiency 5%
[ Decommissioning Costs Perforated  porous _ A _ .
Pipes Bridge ; Particle X 2 Transparent

$12 [~ W Capital Costs « / Film
e $10.40 Driveway \ - X !
:" 51 0 l 0.1m
2
-
a $8 (b)
v Type 3: Fixed a
>
e 46 Panel Array ) H, Outlet
v STHEfficiency  10% PlasticCase  Outlet ‘

Electrolyte, O,
= Panel
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Pinaud et al., EES, 2013.
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Scaling — ongoing @LRESE

[kW-scaIe, long-term, on-sun demonstration, 0.5 kg of hydrogen per day ]
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Scaling — ongoing @LRESE

bttt

O el e i

RE, Haussener | Mai, 2021



Renewable Energy

M
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1

Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry
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Sustainability issue

o Solar to fuels:
A

VX4

< )
DVQ

I
e

{ Solar reactor J—> hydrogen, CO

water, CO,, biomass, l

methane, carbon, ... Methanol synthesis
I or Fischer-Tropsch

CO, and
water
capturing
Mobility liquid fuels
services
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Solar materials

» Solar to materials:

— In principle any other chemical reaction could be driven by solar
thermochemistry or photoelectrochemistry if enthalpy of reaction
matches solar irradiation, or equilibrium potential and band edge
position matches solar irradiation and material combinations

— E.Q.:
e Carbothermic reduction of alumina under near vacuum conditions
« Ammonia production

Concentrat ed
Solar Energy

-

Y

CSD:"CB SOLAR REACTOR |
Nitrogen A0y +3C + My — 2AIN +CO AN
A Oy +3CH + My — 2AIN +BH,+3C0
Ammeonia
—a o+
Synygas
., ‘ HYDROLYSIS REACTOR
Water >
‘). Fal _"
2AIN +3H,0 — ALO, +2NH,
recycle AL O,

m
U
-1
r
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Solar materials

 Thermochemical:

» b

Thermal H,0/CO, splitting Hybrid processes version and upgrade Process

- - qq- w

S I AR y H i3 pm !

Therma- High- Electro- Carbo- Elilid:il'! -E'H I:I'III‘IE Other
cycles electrolysis cycles cycles qﬂﬁ recycling cycles processes

=t T T T T T
= B SEm@mea s s

Bader et al., 2016

H,/CO Production Material Processing/Chemical Commodity Production Other
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Solar materials

» (Photo)electrochemical:

Absolute Maximum Value per Energy Input vs Minimum Voltage Required

51m_m & Tellurium R 10° kta
]
lodine - - Cohadt ® 10ka
@ 10°ka
p— * Tungsten
-E ¥10.00 Methane s Molybdenum ~ Chromium . 107kta
__.'r.'_‘ Decompaosition Brnmlne & Lead . Sc-ﬁ%m Persulfate
W copper i & Nickel @ i 10° kta
—_— ) & Mydroxylamine Sulfate
E 41.00 ‘ Sodium Bromate s @ Bromine (alkali)
5 . Adiponitrile :" idahwde finc . Fluaring
= Aluminum - F: : I:t..l,.F;hrl'rﬂ-l: acid Potassium Permanganate ) -'_Su:udium
i sedium Chiorate “= « 410 sicoholf Chior Alkali ¥ Magnesium )
g. Water Splitting Chlorine Lithium
§0.10 e R e L LR
g Iron '. Formaldehyde LEF
© § Ethanol
> Ammania” propanol @) methanol
-
o
2 01 Ethylene
Methane
m.m i i L L i i i
0 0.5 1 1.5 2 2.5 3.5 4 4.5

Minimum Voltage [V]

Maximum net value per
energy input (log scale)
plotted versus minimum
voltage required for all
electrochemical
processes or
electrochemical
equivalents of
thermochemical
processes. For each
point, the width of the
circle corresponds to the
relative market size.
Processes highlighted in
green are conducted
electrochemically in
industry, to any
appreciable extent. The
lower bound of feasibility
(LBF) is plotted as the
horizontal dashed line

Palmer et al., Technoeconomics of Commodity Chemical Production Using Sunlight, ACS Sustainable Chemistry & Engineering, 2018
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_earning outcomes of todays lecture

« Solar fuels:
— How can solar energy be converted into fuels?
— What is a hybrid pathway?
— Why using fossil fuels together with solar energy?

— What is solar thermochemistry and how can it be used for solar fuel
processing?

— Why is solar water-splitting via multi-step water splitting cycles
preferred compared to direct thermolysis?

— What is photoelectrochemistry and how can it be used for solar fuel
processing?

— What other chemical commodities or materials can be processed using
solar energy?
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Solar energy conversion systems

« Literature
— Review articles:
* Meler et al., Solar thermochemical production of fuels, Advances in
Science and Technology, vol. 74, pp. 303-312, 2010.

 Lipinski et al., Review of heat transfer research for solar
thermochemical applications, Journal of Thermal Science and
Engineering Applications, 5: 021005, 2013.

» Walter et al., Solar water splitting cells, Chemical Reviews, vol.
110, pp. 64466473, 2010.
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