Renewable Energy

e Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry
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Learning outcomes of todays lecture

=P

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 i1s solar water-splitting via multi-step water splitting cycles
preferred compared to direct thermolysis?

— What 1s photoelectrochemistry and how can 1t be used for solar fuel
processing?

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

 Solar to fuels:
A
\WXY4
<ﬂ )D'
DVQ

I
e

[ Solar reactor ]—> hydrogen, CO

water, CO,, biomass, s l
methane, carbon, ... {Methanol synthesis}

or Fischer-Tropsch

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

liquid fuels

=PrL

RE, Haussener | April, 2026



Conversion pathways

* Solar to hydrogen:

A

<? d[> Fossil fuel
DA Biomass

)

Solar Photoelectro- Photovoltaics Solar
Thermolysis J chemistry + electrolyser cracking

Solar Thermo- Photo- Solar Solar
chemistry chemical reforming gasification

v

v v v v v v vV

{ Hydrogen }{ Co, CO, }
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Conversion pathways

* Solar to synthesis gas (H,+CO):

A

4
>
Q

[ Water + CO, <? Fossil fuel
L Bio.mass
)

Solar Photoelectro- Photovoltaics Solar
Thermolysis | chemistry + electrolyser cracking

Solar Thermo- Photo- Solar Solar
chemistry chemical reforming gasification

v

A 4 A \ 4 A 4 A\ 4 \ 4

[ Hydrogen + CO J
[ Liquid fuels or methane ]
=PrL
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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 Coupled receiver-reactor
Possibly with high-temperature storage
—>
products —> products

4

reactor
HX

reactants

Heat transfer fluid reactants
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Conversion pathways

* Reactor concepts:

indirectly irradiated

packed-bed

concentrated solar radiation

N/

¥ ¥

1 upper cavity

v lower cavity

Y 4N
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convective heat transfer

---> conductive heat transfer

— radiative heat transfer
m chemical reaction
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entrained flow
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Conversion pathways

=P

-

Reactor concepts:

Tube receiver

solar
radiation

]

Also: open versus closed systems

L

Volumetric receiver

solar O
radiation

TL

material

air

In Out
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Conversion pathways

product gas

* Reactor concepts:
— Stationary

solar 4 solar
radiation A ...,____,% radiation :> product gas

‘ W
WO

i 1
L

=

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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Hybrid 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) (e.g. H,, Zn)

Y &
o SRS,
P |

. 4 7>‘~.-
% - -_: Pl :g.-s.,
“‘:{.‘- “:‘{"r \
*H,0-splitting thermochemical cycles
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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 kJ/mol)

Concentrated

 (General:; Solar Energy

J

Fossil Euels Solar Cracking
CnHm — nC + (m/z)H2 Reactor

==
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Solar Cracking of NG

Particle Feed Process Gas and Particles

H, Sweep
Feed —
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Gas Out
Porous Cooling Water *— [N
C(gr)-tube
—— Solid

C(gr)-absorb Cooling Water .

Annular Gas In

Quartz
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Process Gas and Particles
i'_'__|
_ —— MEC]|
Fluorine rd —
windows ", ' Ar +CH,
Pyrex glass —\\ . )
. - .. T reaction (optic
Aux. Ar (+CHy) )
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T mixing/cooling
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T filter

T exit
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Int. J. Hydrogen Energy 34, 7676-7685, 2009.



Hybrid solar conversion

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

Sulfur

Ste-arq

~ Operates around 700 - 925°C  ews— e L
— Can achieve 65 — 75% efficiency Shi

Reaction

|

| Separation |
water gas shift: CO + H,0 > CO, + H, (AH=-41kdimol) . &
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Hybrid solar conversion

* Solar reactors developed for steam reforming

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

CPC Window Reactants inlet
- 400 KW
S e
- 10 bhar
I N B | R . .
|

Catalytic absorber ~ Products cullet

maolar fraction (=)

E P F L 400 600 800 lﬂCllII 1200

TiK)
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Hybrid 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,0— CO+ H,
- More realistic (especially for biomass, or C-waste):

e _ 1 | ) 1
CH,O,S.N, + (1 —vy)H0 = E(r—|— 2(1—y)—22)Hs +CO+ zHoS + §IL\Q

=PrL
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Solar Reactor Concepts

Direct-irradiation

Concentrated
Solar
Radiation

~=a\ convective heat transfer
== conductive heat transfer
radiative heat transfer
{;’} chemical reaction

cavity

susRensio
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Sola_r _ - wﬁgggo&o
Radiation ° o° @b
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Solar Radiation
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VVV lowercav
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Solar
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e Energy & Env. Science 4, 73-82, 2011
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Hybrid solar conversion

* Hydrogen derived from fossil fuels has many impurities:
——Fromcombustion: CO5, CO, Ny

From the feedstock: sulfur

* Purification:

EPFLs

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

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

A VaN 1
LU, ICHOVdl.

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)
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Hybrid 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 1s decarbonized

* there 1s no need for energy-intensive

processing of pure oxygen

Route (a) Concentrated
Solar Enengy

I

ossil Fuels Solar Cracking
[MG, oil ) Reactor
o o é}—- Sequestration

Fuel cell =% ywark Output

Concentrated
Solar Enengy

[l

Teallcels ’| Solar Gas fRef.

I, NG, oil
Lo T Reactor

.

Shift
Reactor

of
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Renewable Energy

e 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
X
::-.\\

Fossil & Sola
Energy-Mix

» Sclar Decarbonization of Fossil Fuels

PRESENT TRANSITION FUTURE N\

F ossil Fuels Solar Fuels
(oil, coal, natural gas) (e.g. H,, Zn)
s
: .u :355~
Ba i

*H,0-splitting thermochemical cycles

- %

-
»
e
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Solar thermolysis

Solar thermolysis
— Solar energy i1s used as process heat of chemical reaction
— Direct thermolysis of water: H,O — 1/20, + H,

Equilibrium Mole Fraction

300 p=1bhar
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Solar thermolysis

* Reactor concept for solar thermolysis
— Product separation by:
* High temperature membranes

* Rapid quenching of products

Stainless Steel Flanges
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Solar Thermolysis

Joule, Vol. 1, pp. 146-154, 2017
Reaction Chemistry & Engineering, Vol. 4, pp. 1431-1438, 2019

H,0, CO,

H,, CO

Ar

concentrated

solar radiation

compound
parabolic
concentrator

cavity-receiver

thermal insulation
Al,O; feeder tube

CeO, membrane
Al,O5 shell tube
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Solar thermochemistry

* Solar thermochemical cycles
— Solar energy is used as process heat of chemical reaction
— Multi-step water-splitting reactions:

MeO < Me+1/20, —}> 1/20,

T l

— Omit explosive hydrogen and oxygen mixture since produced in

separate steps 390 B
. : - cooeemeees I /7ZmO -
— Requires lower temperatures L FobFesOs

. . 250 S me—em H>0O dissociation —

— Possible redox pairs (Me/MeO): M\ - MO,/ MnyOs
d C6203/C602, < 100 ~ " —
e /n0O/Zn 50 - o A ST
« SnO/SnO, ... 0 < =

2 50 | LN \ |

800 1600 2400 3200 4000
T(K)
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Solar thermochemistry

* Possible redox pairs for two-step cycles:

=PrL

Mo+2H,0—->Mo0O,+2H,

Cycle Reactions Cycle Reactions
Zn/ZnO Zn0O —» Zn+ O, S00,/S10 510,810 + 1/2 O,
Zn + H,0 — ZnO+H; S10+H,;0—810,+H,
Fe;0,/FeO Fe;0y -5 3FeO+% 0, W/WO;, WO;—->W+3/2 0,
3 FeO + H,0 — Fe;0, + H, W+3H,0—-WOs+3H,;
In,05/In, 0 In,0;—In,0+1/2 O, Hg/HgO Hg+H,0—-HgO+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,4 MnSQ,—»Mn0O+S0,+1/20, CO/CO; CO+H,0-»CO,+H,
MnO+H,0+S0,—-MnSO4+H, C0O,—»C0+1/20,
FeO/FeSo, FeSO,—>FeO+S0,+1/20;, Ce,05/Ce0, Ce0;—Cey03
FeO+H,0+S0O,—FeSO,+H, Ce,0;+H,0—2Ce0,+H,
CoO/CoSOy CoS0,—Co0+50,+1/20, Mg/MgO MgO—Mg+1/20,
CoO+H,0+S0,—-CoS0,4+H, Mg+H,0—->MgO+H,
Fe;04FeCl, Fe;0,+6HCl—-3FeCl,+3H,0+1/20, | SnO/Sn0O2 Sn0,—Sn0O+1/20,
3FeCl,+4H,0—>Fe;04+6HCI+H, - SnO+H;0—Sn0,+H,
MGMDE MoO;—-Mo+0,
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Solar thermochemistry

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

* but run in corrosive environment

H,50, = 1!201+H10+50 S50;+2H,0+1, = H;80,+ 2 HI 2HI = I;+H,4

RE, Haussener | April, 2026
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Solar thermochemistry

* Reactor concepts: two-step cycles

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

=PrL
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Solar thermochemistry

* 7Zn/ZnO-based proposed reactors, e.g. at ETH Ziirich and PSI:
* High-temperature reactor
— 10 kW reactor
— Reactor temperature: 2000 K

— Peak concentration: 5800 suns

water/gas

ZnO feeder,

ceramic insulation

rotary joint

inlets/outlets

. o4 Zn0
* Hydrolysis reactor: s N 0o,

quartz window

— Reactor temperature: 1263 K

Solar
Radiation

Concentrated SANIIESERC. ¥ Schunk et al., 2008.
Aerosol reactor concept ) 4

mixing nanoparticle Em -situ hydrolysis
H,O(g) ; formation = HO H, H.,

Zn0, A
Zn(g) i ‘ Zno Melchior et al., 2009.

RE, Haussener | April, 2026
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Solar thermochemistry

* Ceria-based proposed reactors, €.g.:
ETH Ziirich University of Minnesota

Inert Gas

\

Alumina Insulation

Hz + H,0

T (CO +COy)

Window Receiver Cavity
Reduction

Zone
Concentrated

Sunlight

Reactive Inert Material
Metal Oxide

O, + Inert Gas

Temperature in reduction reaction: ~ 1800 K
Temperature 1n oxidation reaction: ~ 1200 K

=PrL
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Solar thermochemistry

e Sl-cycle, DLR German
Y Y a00k [ S0,42H,041, <> H,50,42HI |

¥ |
610'<[ H,SO, <> %0,+H,0+S0, ]

1500 K |
Y
500K | 2HI <> I,+H, |
H,S0,,

=PrL
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DLR, Germany
ZnFe,0,

U. of FL, USA
CoFe,0,

collector

U. of CO, USA
NiFe,0,

U. of MN, USA

CeO,

Niigata U., Japan
NiFe,O,

CNRS, France

Zn0, 5Sn0O,
ne wiudow—bl‘ =

SNL, USA
CoFe,0,

N
&
CO COLLECTED FOR "';5,;.;5’"
PROCESSING INTO FUEL

0;

SNL, USA
CeO,



Solar Reactor Technology

m 2nd step: Oxidation CeO,_s +8H,0 — CeO, +3H,
CeO,_s +3C0O, — CeO, +35CO

wWIIVGIIM I UL

Solar

Radiation

Quartz Window

H,0, €02

insulation

» Science 330, 1797-1801, 2010.
» Energy & Env. Science 5, 6098-6103, 2012. Hz ﬁfo
» Energy & Fuels 26, 7051-7059, 2012. Syngas RE, Haussener | April, 2026



Solar Reactor Technology

ETH

Generation 0 Generation 1 Generation 2
2 kW Lab-scale 4 kW Lab-scale 50 kW Pilot-scale
Monoliths RPC RPC

» Science 330, 1797-1801, 2010. * Energy & Env. Science 10;1142-1149, 2017.
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Solar Reactor Technology

Generation 2

50 kW Pilot-scale
RPC

EU Sun-to-Liquid Project

<_> SUN+LIQUID

Fuels from concentrated sunlight
www.sun-to-liquid.eu
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Fuels from Sunlight and Air

1st-ever production;ﬁfc rbon-neutral
hydrocarbon fuels from sunlight and air
13-6-2019 -




ETH

Fuels from Sunlight and Air

Solar Mini-Refinery @ ETH

steel vessel
radiation shield

thermal
insulation

e
- :\1\00

ceria RPC
A
D

20/,
Ar co,

aperture +
quartz window

—» reduction
— oxidation

secondary
reflector "\

steam
generator

CO,/H,0-depleted air
&
sorbent  ppecT Ak CAPTURE UNIT
packed bed

77777 fan

ambient LI X gas/water
g PV 77777 3
air 7 analysusm
LLr condenser
CO,
vacuum compressor
L >[H:0} >

E flow
ontroller
(]

SOLAR REDOX UNIT

Control & Measurement System
® sun-tracking

e secondary reflector

solar radiative flux/power
temperatures

pressures

mass flow rates

gas composition

)
. Q gas analysis
—

vacuum
pump  H0

> OZ/AI'

discarded
syngas

wSyngas

recycle

packed-bed
reactor

compressor,

Y

syngas
storage

K

GAS-TO-LIQUID SYNTHESIS UNIT
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Fuels from Sunlight and Air

motor
altitude
axis \|

b)

’ = e
%
B secondary
reflector

" '@
calorimeter ' .

/' | motor
secondary
- reflector

primary panel

lambertian target

reactor 2

camera

* Solar Energy 170, pp. 568-575, 2018.



Renewable Energy

e Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry

=PrL
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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 (£,=1.23 V):

2H+2e <> H, Y H,

T l

1/20, 2H™+2e+1/20, <> H,O Y H,0

— Works at room temperature O
— Spectral distribution of solar radiation important O
H,0 - 2H*+2e+1/20, O
— Processes: e
R . h*
Solar absorption | l " e_ O
* Electron-hole generation semiconductor (")
* Use electron and holes at liquid-solid interface 2H*+2e" > H, O

* Jonic transport

cpe
= PI L RE, Haussener | April, 2026



Photoelectrochemistry

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

— high chemical stability in the dark and under i1llumination, 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 Epve

Solution pH=1

ePrls

WO, -1~

AE=
30eV

RE, Haussener | April, 2026
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Photoelectrochemistry

=P

-
1

Band gap and band position of photoelectrode material must match

reaction potentials:

x h Walter et al., 2006
E.p
% — = —.gE°(H*IH,)
=
= E v 1.23 eV
a 9
b
— — = -gE®(0,/H;0)
z S a.
h i
£ E m
-* L EF - -— e - - - ofpd+
semiconductor  liquid 3 b Y
% E*(0./H,0)
: . . R i i\ Lo B S Metal
Various possible architectures: & | [
E""I
XYy
n-SC anode
ohmic contact
n-type photoanode PEC
c.
&
- —\._‘ 4==| -gE°(H*H,)
% Etb nv"
3 Elt---d4--
S| -esomol | e
w ¥ pn PV
\_!Ewl
»5C anode I‘ )l Metal
ohmic contacts Cathode
L n-type photoanode/PV - PEC

_*{ -qE°(H'H,)

etk S E
-E*(0,/H,0) &

aly

ochmic contact

p/n-PEC (photoanode/cathode cell)

d. e

14 -] -qE°(HH,)

[\
| “uvm
=

-qE*(0,H;0) ﬂv,,
- p-n PV
WM
p-n PV

X\ 7 metal
Metal
'\ chmic contacts  cathode

anode

dual PV-PEC
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Photoelectrochemistry

e (Calculations: Elementary charge

— Photoactive material(s) will show q‘;
=1, — [exp( ) lj

diode-like current-potential behavior: kT

— Electrochemical system shows losses:

* Reaction overpotentials
* Ohmic losses E=Ey+n,+n +iR,+E .. +E,.>E

sol conc

* Concentration losses
— Electrochemical load curve will show electrolyzer like load curve

— Intersection between both is operating point
12 -

B i
1
10} i
:
i 8 fererevrenresnrennrennace
E L
(&
< 6f
E —
=50
& Surendranath et al., 2012
2 L.
] e .. Y A
EPl:L 1.2 1.4 1.6 1.8 2.0 2.2
|

V [ volts RE, Haussener | April, 2026



Photoelectrochemistry

e (Calculations:

— Electrochemical system shows losses:

* Reaction overpotentials Tafel slope
— E.g. via Tafel equations: . / .
I I
71, = a,log| — 7], = a,log| —
lOa ZO(:
— Or Buttler-Volmer: Exchange current density

/ / Transfer coefﬁcienE/
F F
Iy = oy {exp (—aaR;a/" j —exp (—aCRga/c H

* Ohmic losses account for resistances in electrolyte, membrane, and
solid conductor:

AI/ohm — ipsoll
\

resistivity

Characteristic ion and electron path length
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Photoelectrochemistry

Proposed devices

Phtoanode

4 Spurgeon et al., 2011 I

Catalyst

}

Electrical
Connection

Catalyst

Ion Exchange
Membrane

S Photocathode j
/Miller et al., 2007

:_ photoactive

particles

N particulate

— loaded
membrane

v o
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{with w;ga/s) <

S 8

Ca

D0

oo

rver et al., 2012

~

Electrolyte Inflow

Glass or
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—»0,

<

Agueous
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-

SR M e

Porous Light-harvesting Aqueous Stainless steel or
\membmne semiconductor electrolyte conducting plasy
Oy \
- H, O +2H+ #1120, +2e”
Fe+2HE Hy 2 Ze s 2% M

/Griitzel et al., 2007

~

Semipermeable

e_'>_
e_
1 I |-
glass To-0 B g ﬁa'—o ] glass
o —TERENN ) |
S 3N e
electrolyte 0 0 SN o ‘f,’ PV2
PV1 g 223 5| -
U0 EEN ; 9 organic
TCo TN e electrolte
TCo i 4 (042
NN P ,oi 0 52N ; OOZ = electrode
-o 9 Z —o (]
hD - N |- electrolyte
AAAANNN- 0.? % ¢ ol
-0 £ \ 4‘ -9 a
Ny s I cathode
Vs 3 f 0_00 § o cf’o
L] N ?f0 membrane ol
K 0-0 0-0 [ glassfrit/
L]
4 Parkinson et al., 2011 I
H;
0, (out) S
t G

membrane

* Catalyst

AR\\N t * N2 (in) Tank Pipe
via for electrolyte t(anspy / wO / Catalyst (infout)

Hydrogen Transparent

j
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Photoelectrochemistry US Patent 62/376923

EP Patent 16020308.9

7ater i
Water inlet Cooling channel

assembly

Solar glass e -
Anodic Ti flow
plate

Copper ribbon

0, outlet

Cathodic Ti flow
plate

Insulating base e

InGaP-InGaAs-Ge gpr.

Catalyst coated
membrane

Ir/RuOx - Pt

H; outlet

Insulating tube
Electronic conductor

Sweep gas inlet
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Experimental demonstration

arg .Mﬂ.- —‘l

'."' il b Sy

*""'*n -

h’:‘f"'« -;:‘

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

Current density in electrolyzer component: 0.88 A/cm?

TIPS PR PO PR PR RPN SR SR NAPRN PR |
PR IR SR BRI BPUN BRI BTSN B SR B

TS PO S REPUNN SEPUN TN NP SR SR O |

.

Current density in photoabsorber component: 6.04 A/cm?

Hydrogen mass flow (mg/sec)

200 800 200 BDD 200 800 200 800 200 800 200 800 2(I)d IBEIJOI

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

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

* Dynamic and online tool: — http://specdc.epfl.ch/ and http://solarfuelsdb.epfl.ch
O SolarFuelsDB

10.000 =P-L
W A
1.000 % Fraunhofer —®
ol >two orders of magnitude : P g
. HINREL 9 Concentrated irradiation
E 100
3 ettt il ~o7oTIoT 3jlimit 1 sun AND
= - z. e
g 10 - B e .\
: " o e 2 2 altech Thermal management
z maR O i & ranase
3 ] ’
& o
0,1 g
0,01 I
0 5 10 15 20 25 30 35 . )
- o w/o multi-module demonstrations
efficiency (%) ) .
w/o multiple electrolyzer demonstrations
LEGEND
Fill color - PV / photoabsorber material Boundary color - EC material ‘ Symbol shape - PV / photoabsorber and EC configuration
All -v Rare metal-based (expensive) QO 24, integrated PVs and catalyst +  3J,integrated PVs and catalyst
Partial IlI-V Abundant (cheap) O 2J integrated PVs, wired catalyst A 3J integrated PVs, wired catalyst
All Si <€ 2J, non-integrated PVs or catalyst O 34, non-integrated PVs or catalyst

Oxides and others

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

O SolarFuelsDB

EPFL E
¢ l E
N 3 anlino)
@ 7 - ~
® 3
® by area
R ]

Output power (mW)

.. c S e
. ¢ ) | by concentratid® %

o photocatalysis

g
o (thermally integrated) PEC b «2%»
A solar high-temperature electrolysis

¢ solar thermochemistry E Powe r

S T T S Y O O A S RO S S T
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22
Efficiency (-)

Tembhurne, Nandjou, Haussener, Nature Energy, doi: 10.1038/s41560-019-0373-7, 2019
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Techno-Economics and LCA

* Promising device design groups w g
,%r e‘?\
\°<>
A
diffuse/direct irradiation Photoabsorber: 8i-V
Catalysts: Riy@o®x
i 2l Jein 2’ 2nic 2k m 12 ‘
Concentrator / Tracker F=1 F#1

Materials Irnadiation concentration -
I X

Manufacturi ng : - cL Concentrator area -;
1 | Photoabsorber area 1)

1 c

Investment 1 | o
. ] o

1 r—

Operation : vy Vv Current dilution %
Degradation == LT T
Photoabsorber area lJJ

| Balance of system|

1
i
1
1
1
1
1
1
|

W--F--- V- : 1 10 100 1000
Operational time ~ Cost Sustainability Hydrogen Hydrogen price (3 kg, )

(OD performance model)

Dumortier, Tembhurne, Haussener, Energy Environ Sci, 8, 2015; http://specdo.epfl.ch
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System Process Flow Diagram

Potential for: Co-generation system

. . Concentrated
Flexible and 24 hour operation sunlight
I
Ll IPEC
(Integrated
H.0 Homogenizer device) H;0
W
|
I
: 3 bar 25°C 30 bar o
_H,O_H )} DEiBnhisers AP ETIIHIIIIITE.. Gas-liquid

.H;+H0 ........ # separator

Water tank ': :’

~15 I/min

H, storage

il

0, storage

Cooler (Heat [H:04 Gas-liquid
“ 7] exchanger) {™ 7 separator
25°¢

Compressor

25°C

Tembhurne, Holmes-Gentle, Suter, Haussener, Nature Energy, 2023
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Reactor and System in Operation
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Operational Versatility

e Operation for multiple seasons:

1000 JA)

=~ 800 M 'w
Z E 600 ‘ '| ‘
=5 £ AR il
0 LI
c 1C
e )n T p j‘\
S w241 ( \
8 & i [ . . .
SO UL B Operation is reproducible
§_1ZTD)' N Operation is consistent
=E o] R ™ Operation in winter possible
= ol NS L \Device level STH efficiency 21% )
BILa
@ F204 [
E?L am _g — l[ — -
T 0 || Ly i
: % F’ﬁ NN f
o O 40 _
30407 b LH‘ L
2 0 . /

7/ 7/
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0/08/2020 —
24/08/2020 —

@ =
Tembhurne, Holmes-Gentle, Suter, Haussener, r;‘Vat'ure(\tl'nergy, 10.1038/s41560-023-01247-2, 2023
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Durability

* Long term operation:

0.5

045 —

o
2w
w
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[
o
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o
=
- o M
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16 T [ [ eration

i n

14 | 1 1 I —|——— Weekends
Halidays

? > 10 kg of solar hydrogen (equivalent to more than 110’000 NL of solar hydrogen)

I > 80 kg of oxygen
> 2’894 kWh,,, at an outlet temperature of ~47°C

H2 production [NL/min]
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N
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Comparison

@ SolarFuelsDB

E T T
: ° : /ww.nat energy / June 2023 Vol. 8 No.6
100 & ¢ T EPFL ™7 T
A ¢ /] I nature energy
- e 0
N Dishingup ¢
= 10* ;%0 -] E hydrogen
- E -]
5 f
i [ ]
5 102k o o ° :
- o ° °
_E- Fm ¢ o ¢ ° o
@ 0 ()
10 3 .o e® o hd E
%
? o photocatalysis
Y o (thermally integrated) PEC
10'2g ° 4 solar high-temperature electrolysis
F ¢ solar thermochemistry
I I R P B [ IR IR P B [

0 0.02 0.04 006 008 0.1 012 014 0.16 0.18 0.2

022 024 026 0.28
Efficiency (-)

Tembhurne, Holmes-Gentle, Suter, Haussener, Nature Energy, 10.1038/s41560-023-01247-2, 2023
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Scaling?

=PiL 2) SoHHytec

http:\\www.sohhytec.com

ST T Industry
S Steel production
Qe Fertilizer production ...

Fuel/Mobility

L
il
.

Electricity/(Seasonal) storage
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Alternative Chemistry

* Do design guidelines (thermal integration, concentrated radiation) also apply
to CO, reduction?

* Confirmation of design approach with silver catalyst in zero-gap gas diffusion
electrode (GDE) configuration

A PV part
Front Ve, e, PV part
plate | . anode
' ! !plate

Window

EPDM flow ERDM

gasket PV part g B EC pa rt

cathode plate Anode Cathode
ﬂ ® current
collector
/ )
I\ GDE

Ti-frit with” Membrane

current
collector

£

Ir catalyst Spacer

Boutin, Patel, Kecsenovity, Suter, Janaky, Haussener, Advanced Energy Materials. doi:: 10.1002/aenm.202200585, 2022
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CO, Reduction with Concentrated Light

* Typical experimental run

3.5
j (mA cm®) L) Typical 20 min experiment at 341 suns with the
200 ~ 0%  18% a4 19% H, integrated PEC cell.
= % = co 39
' . Scpy 0.92 cm?.
160 55 % _um : - 2.5 il

Qcoy: 312 sccm.

—

- Averaged T,,.,: 55° C.
120 steady—state L 2.0

<> : lamps switch on.
L 15 @ : lamp switch off.
80 - s0% M 82%8 .o B 81% _ * : activation with 10 cm?3 of 1 M CsOH solution
69 % N in 1:3 isopropanol/water mixture.

40 - 45 %

7\ - 0.5

t(s
0 (. ) 0.0
240 480

0 720 1 200 1440

Boutin, Patel, Kecsenovity, Suter, Janaky, Haussener, Advanced Energy Materials. doi:: 10.1002/aenm.202200585, 2022
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Comparison

=P
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From Hydrogen to Synthesis Gas and Beyond

o)
0

Liquid fuel
(Jet fuel, diesel, gasoline)

Fischer-Tropsch H
Reactor

=PrL
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Beyond water splitting or CO, reduction

* Which reactions are interesting?
* Limiting efficiencies:

2-5 T ¥ 1y I 1 LI 1 I 1 L MR | 1 I T 1 I I 1 LI I

T T T T I T T T

| -CO,¢3C0+0.50---- £
| H,0¢>H,+0.50 -

Global maxima:
Nste = 32% at E;=1.35eV and AE,=0.96V

Haussener, Suter, Gutierrez Perez, Solar fuel devices: Multi-scale modeling and device design guidelines, Chapter, Springer, 2020
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Solar materials

* (Photo)electrochemical:

$100.00
£ $10.00
Z
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Q
=
L
g
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3
S
2 s0.0
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Absolute Maximum Value per Energy Input vs Minimum Voltage Required
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Coppe .' . & Hydroxylamine Sulfate . 10" kta
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Adlpanl!tlle Zi r :
Fluarime -
Aluminum - F'- gnurllf:-lhrl"lﬁeﬂcld Potassium Permanganate ** Sodium
. ) *
Sodium Chlorate == « i sicohoill) chior Alkali Magnesium )
Water Splitting l:hlnrinl Lithium
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'.. Formaldehyde
R Ethanaol
Ammonia
Propanol (889 methanol
Ethylene
M ethanse
i il i 1 'l i 'l 'l
0.5 1 1.5 2 2.5 3 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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Photoelectrochemistry

Type 1:Single Bed

° Prop 0S ed deViC CcS Particle Suspension “H'I* e _~2M,
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Pinaud et al., EES, 2013.
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Photocatalysis

Working principle

Potential V vs NHE (pH = 0)

1.23

(-)
A

(+)

H+

H2

Potential V vs NHE (pH = 0)
(-)

A

0

E 0,redox

1.23

(+)
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Potential Design Options

Type 3

¢
Qcm
-

H.0

ed 1 Md1 Med 1

Medzed Med 2

Catalyst sheets version

H.0 H
\ u H2
he

Savant et al., Chem. Sci., 10.1039/d1sc01504d, 2021
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Large-scale Photocatalystic Hydrogen Demo

Gas (H,+0,)

oiitiest aluminium-doped strontium

titanate particulate
photocatalyst, with a maximum

STH of 0.76%

25cm

Nishiyama et al., Nature, 2021
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Renewable Energy

e Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry
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Sustainability issue

 Solar to fuels:
A
\WXY4
L v QA

I
e

[ Solar reactor ]—> hydrogen, CO

water, CO,, biomass, l

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

CO, and
water
capturing
Mobility liquid fuels
services

RE, Haussener | April, 2026
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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.g.:
e Carbothermic reduction of alumina under near vacuum conditions

* Ammonia production

Concentrated
Solar Energy

L 4

CSD:"CE SOLAR REACTOR |
Nitrogen A0y +3C + My — 2ZAIN +CO0 AN
A0y +3CHy+ My — 24N +EH,+3C0
Ammonia
— o+
Syngas
., ‘ HYDROLYSIS REACTOR
Water >
— > B
2AIN +3H,0 — ALO, +2MNH,
recycle ALO,

cpe
= PI L RE, Haussener | April, 2026



Solar materials

* Thermochemical:;

» h)

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

88 senee

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

(A 2R2 AARRIARE1 v Y AN 2 vy v

cycles electrolysis cycles cycles qnls recyeling cycles ProcEsSes

I I I i

& = &&-&--

Bader et al., 2016
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Solar materials

* (Photo)electrochemical:

$100.00
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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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Other photo-driven chemistry

Photo-electro-chemistry — more than fuels:
— Oxidation of organic matter
(water treatment, air cleaning, medical disinfection, ...)

— Photo-electrochemical nitrogen reduction
— Photo-driven flowbatteries (I;/1,VO,*/VO?*...)

a b c d
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CO, reduction i | |
et ;
. HOD L I
L+ Y | R S B |
[ | 'L MR |
[ ] |-|: " ] : !
" Giroon : ,r;
, ._.-" I )
* 1 i i |'
e ~['f  Photosynthetic PEC colis | Regenerative PEC colls | |
' ™ o _ i o,
| Vialue-added chemicals | TE I @ ' |
® | - P
& - | 7
| S el g ‘dlp »»
. Froe ¥ 5 E- B E, .‘
] ¥, ML N"l Wi . ‘l' e i r e I'.l' Y
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Efficiency limits — Comparing solar fuel approaches

T T T L =
i "u*~ solar thermochemistry -
b ik . solar high-temperature electrolysis
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Similar achievable STF efficiency for technical pathways

Lower temperature requirements for HTE

Less stringent requirement for heat recovery in HTE

No requirement for p,, at OER (1 Pa for TCC, Air for HTE)

But significant, unsolved thermo-mechanical material challenges for HTE
For PEC: Comparable STF, low temperature, but corrosive environments
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Learning outcomes of todays lecture

=P

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 i1s solar water-splitting via multi-step water splitting cycles
preferred compared to direct thermolysis?

— What 1s photoelectrochemistry and how can 1t be used for solar fuel
processing?

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

RE, Haussener | April, 2026
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