Renewable Energy

e Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry
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Learning 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 1is 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

e Solar to fuels:
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.
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methane, carbon, ... Methanol synthesis
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Conversion pathways

* Solar to hydrogen:

Fossil fuel
Biomass

Solar Photoelectro- Photovoltaics Solar
Thermolysis chemistry + electrolyser cracking

v v
Solar Thermo- Photo- Solar Solar
chemistry chemical reforming gasification

v v v v v v v

[ Hydrogen }{ CO, CO, }

=PrL

RE, Haussener | May, 2019



Conversion pathways

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

A
[ Water + CO, <@>
[Photoelectro-

Solar Photovoltaics Solar
Thermolysis chemistry + electrolyser cracking

¥ v
Solar Thermo- Photo- Solar Solar
chemistry chemical reforming gasification

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

{ Hydrogen + CO ]

Fossil fuel
Biomass

A 4

[ Liquid fuels or methane ]
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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

reactor
HX

reactants

Heat transfer fluid reactants
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Conversion pathways

* Reactor concepts:

indirectly irradiated directly irradiated

packed-bed

concentrated solar radiation
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Conversion pathways

* Reactor concepts:

Tube receiver Volumetric receiver
solar
radiation

* Also: open versus closed systems

solar
radiation

material

air

-
In Out
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Conversion pathways

* Reactor concepts: product gas

— Stationary

solar
radiation

solar
radiation % [ > product gas
ﬁ feed gas

feed gas absorber coated with functional
materials to catalyze reaction

catalyst

— 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
“1‘- .

Fassil & Sola
Energy-Wix

* Solar Decarbonization of Fossil Fuels

FRESENT TRANSITION FUTURE
Fassil Fuels Solar Fuels
{oil, coal, natural gas) {e.g H., Zn}

e e
i

% Fa %
"I'-\._ gl _.-""\-
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* H,O-zplitting thermochenical cycles
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Hybrid solar conversion

* Thermal cracking: complex organic molecules such as heavy
hydrocarbons are broken down 1nto 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

|

' Solar Crackin
C,H,, — nC + (m/2)H, @—.[ ar Cracking ]
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Hybrid solar conversion

* Solar reactors developed for thermal cracking:

aperture insulation

cooling water

Z1rO5 liner

steel cavity

CHy +C

concentrated

sl ETHZ and PS|
radiation Maag et al., 2010.
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Hybrid solar conversion

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

Process Gas and Particles

Annular

Gas Out [

- —
Cooting Water *— NN

Cooling Water .

Annular Gas In

Figure 4
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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

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

Stearq

Sulfur
— Operates around 700 - 9250C \Jat;raf _’l Desulunza‘.ion ]_'1 Reformer I—'I Heatrloovery ]
— Can achieve 65 — 75% efficiency

Reaction

water gas shift: CO + H,0 > CO, + H, (AH=-41 kdimol) & &
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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

CPC Window Heactants inlet
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- Rh catalyst .
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Hybrid solar conversion

* Gasification: uses carbonaceous materials, reacts 1t 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):

CH,O,S,N,+ (1 -y)H0 = 3(.r—l—Q( l—vy)—22)Ho+ CO 4+ zHoS+ 31132
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Hybrid solar conversion

- 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 - — 1600
- Water-gas-shift s ol | 1200 -
% <
: :
= =
g6 1800 &
g 2
: :
S 3t 400 H

0 e .—r A g oo om o o A AR AR
0 10 20 30 40 50
Time (min)

L=

=PrL Trommer, Diss ETH, 2006.
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Hybrid 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

R

Power

r:ﬂrulll'l-
.-l: | {- 'y
i
Concentrated [ [
Solar b

7’Graggen et al., 2008.
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Hybrid solar conversion

* Solar reactors developed for gasification:

=PrL

— Steam gasification of carbonaceous waste material (ETH, PSI)

Piatkowski et al., 2010.
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Hybrid solar conversion

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

FaPay 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)

PPl
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Hybrid solar conversion

* Hybrid solar conversion

=PrL

— 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 1s 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)

ozsil Fuels
[HG, ail |

Concentrated
Solar Ernengy

Il

Solar Cracking
Reactar

o d:)—- Sequestration

Fuel cell % wiark Outpot

ozzil Fuels
cozl, MG, ail ]

Concentrated
Saolar Enengy

Il

Solar Gas./Ref.
Reactor
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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
E;;i'iE?

Fossil & Solai
Energy-Wix

* Solar Decarbonization of Fossil Fuels

PRESENT TRANSITION FUTURE I
Fossil Fuels Solar Fuels
{oil, coal, natural gas) {e.g H., Zn}

e e
_!a=':" B

% il
"I'-\._ gl -II:-.\_
I:..'r"“"d;li-...!-l'

-\Hiﬂ-spl'rl'tirg thiermochemnical C],I'Ch!)
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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=1har
1 1
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Solar thermolysis

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

* Rapid quenching of products

,\
"
/

)
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i
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Kogan et al., 1998.
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Solar thermochemistry

* Solar thermochemical cycles
— Solar energy i1s used as process heat of chemical reaction
— Multi-step water-splitting reactions:

MeO < Me+1/20, —

T l

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

- 120,

— Omit explosive hydrogen and oxygen mixture since produced in

separate steps ! | | | |
] i WA A, -
— Requires lower temperatures P o0/ FexOs
. . 250 ----- H»0 dissociation
— Possible redox pairs (Me/MeO): P\ & - MnO/MnzOs

* Fe,O,/FeO
e Ce,0,/Ce0,, ol
* /ZnO/Zn 50 |-
* SnO/Sn0, ... .

Y bl
~ i
\ :
\ Y
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Solar thermochemistry

* Possible redox pairs for two-step cycles:

Cycle Reactions Cycle Reactions
Zn/ZnO Zn0O - Zn + O, S00,/S10 S10,—-S10 +1/2 O,
Zn + H,O —» ZnO+H, SiO+H20—)Si02+H2
Fe;0,/FeO Fe,0, > 3 FeO + % O, W/WO; WO, > W+3/2 0,
3 FeO + H,0 — Fe;0, + H, W+3H,0—->WO;+3H,
In,05/In,0O In,0;—In,0+1/2 O, Hg/HgO Hg+H,0—-HgO+H,
In,0+2H,0—-In,0;+2H, HgO—>Hg+1/20,
Sn0O,/Sn SnO,—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, CO,—CO+1/20,
FeO/FeSo, FeSO;—»FeO+S0,+1/20, Ce,0;/Ce0, Ce0,—>Cey)03
FeO+H,0+S0,—FeSO,+H, Ce,0;+H,0—-52Ce0,+H,
CoO/CoS0y Co0S0,—Co00+S0,+1/20, Mg/MgO MgO—>Mg+1/20,
CoO+H,0+S0,—-CoSO,+H, Mg+H,0—->MgO+H,
Fe;04/FeCl, 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,;
Mo/Mo, MoO,—>Mo+0,
Mo+2H,0—->Mo0O,+2H,

cPrL
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Solar thermochemistry

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

 but run in corrosive environment

Oxygen Hydrogen
io,10
I I H,0 L
m /\
H,SO; = 1/20,+ H,0 + 80, SO, +2H,0+1; = H,;S0,+2HI 2HI = 1, +H;

v\/

RE, Haussener | May, 2019

=PrL



Solar thermochemistry

* Reactor concepts: two-step cycles

Moving material Stationary material
MO,, H,0
H2

cPrL
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Solar thermochemistry

* 7Zn/Zn0O-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
inlets/outlets

Zn0 feeder, rotary joint

ceramic insulation

* Hydrolysis reactor: .

quartz window

Zn0O

/2““’1)’202

— Reactor temperature: 1263 K

& Schunk et al., 2008.

Concentrated
Solar

Aerosol reactor concept Radiation

mixing ¢ = nanopartice: | in-situ hydrolysis
HzO{gJ ; formation £ H.Q K, H.,

200 ]
Zn{g) i ‘ 710 Melchior et al., 2009.
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Solar thermochemistry

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

Inert Gas

\

Alumina Insulation

Ceria Felt

P g a7\ CO +CO
S v | Quartz —_— ”
ll - ‘ ~ Window & Recsiver Cavity
[ e Reduction
- & R Zone
s 4 oncentrale
Sunlight H

Inconel
Outer Shell

Reactive Inert Material

/ Metal Oxide

Q, + Inert Gas

Temperature in reduction reaction: ~ 1800 K

Temperature in oxidation reaction: ~ 1200 K
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Solar thermochemistry

* Sl-cycle, DLR Germany

=PrL

400K [ SO,+2H,0+1, <> H,50,+2HI |

1500 K

61°'<[ H,S0, <> %0,+H,0+S0, ]

1

500 K {

2HI

< |,+H,

H,S80,,
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Renewable Energy

e 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 (£,=1.23 V):
)

2H"+2e <~ H,

T |

120, +{2H+2e+1/20, & H,0 §—H,0

—>H2

— Works at room temperature O
— Spectral distribution of solar radiation important O
H,0 > 2H*+2e+1/20, o
— Processes: o
. i h*
Solar absorption | l " 3 O
* Electron-hole generation semiconductor ("
* Use electron and holes at liquid-solid interface 2H*+2e" > H, o

* Ionic transport
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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 £

s hE
AE = 21 &V = = :
d 28eVl  ae- 3ﬂ2Euv
"

" Solution pH=1

EPFLs
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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 £

s hE
AE = 21 &V = = :
d 28eVl  ae- 3ﬂ2Euv
"

" Solution pH=1

EPFLs
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Photoelectrochemistry

* Band gap and band position of photoelectrode material must match
reaction potentials:

* Various possible architectures:

=PrL
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)

n
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liquid

Walter et al., 2006
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Photoelectrochemistry

* Calculations:
— Photoactive material(s) will show L qV
diode-like current-potential behavior: TR (exp( kT j IJ
— Electrochemical system shows losses:

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

sol conc 0

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

— Intersection between both 1s operating point
12

Surendranath et al., 2012

/ ; tf"'lf H
R e sl Y
1.4 1.6 1.8 20 2.2
V [ volts RE, Haussener | May, 2019
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Photoelectrochemistry

» Calculations:
— Electrochemical system shows losses:

* Reaction overpotentials Tafel slope

l / l
_j n. = a,log (_)
ZOa lOc

/

— Or Buttler-Volmer: Exchange current density

[ TO0Efarte 0]

RT RT

— E.g. via Tafel equations:
7, = a log(

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

AI/ohm = ilosoll
\

resistivity

Characteristic ion and electron path length

=PrL
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Photoelectrochemistry

Proposed devices

g Spurgeon et al., 2011

Pholmnodc

Catalyst
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Connection
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Miller et al., 2007
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/
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s Carver etal., 2012
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\
/
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kmembrane

N

Aqueous
electrolyte

— 0,

Ti urner, 2008
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semiconductor
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electrolyte ducti p\asjc/

O\ / Griitzel et al., 2007

11 ~]1—
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Photoelectrochemistry

* Proposed devices
SHINE

Solar Hydrogen Integrated Nano Electrolysis

(gl

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Sunlighi

o v Thim conducting “foam” porous
to conduct electrns & bring
water to the catalyst

GOL gas diffusion kbyer)

o o5, O
g ogo
- g8

B

Litghe

=

H /0 (gas) H D igasy
; (gl Y H; igas]
A K
40— Ty + M 6 B \ = ‘h. 055 o — 1,
.
I Wl
Hyl fgas) | H igasy
N, g N, [gas]

i'

Catalyst coated on
proton memorane (Hofion)
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Photoelectrochemistry US Patent 62/376923
EP Patent 16020308.9

Water inlet Cooling channel

assembly

Solar glass « : 7
: > = = - Anodic Ti flow
plate

02 outlet
Cathodic Ti flow

Copper ribbon

Insulating base 7
plate
PV
InGaP-InGaAs-Ge gpr. H, outlet
Catalyst coated
membrane - ' :
. Insulating tube
Ir/RuOx - Pt “"’ = > f )
’ Electronic conductor

g

Gasket
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Photoelectrochemistry - Comparison

Q
E ] ' ] l ] I ] EPFL( )I 1
O 1000 < Fill color- PV materials ~ Boundary color- catalyst materials § ‘
» 1 All-v 1 0 FraunhbferlSE(252x)
8) R | Expensive 3 Rare metals based J
< JasTT :
&é“ 100 4 Partial Si [ Cheap | Others BNREL() .
~ E WEPFLICSEM
< | e B a ranhofer|SE(500x) )
E 7 = 2 U.Tokyo(10x v‘ ] .
S 1 2 x 3 U. Tokyo( 11x)v & U.Tokyo W .
= o
é 10 - = é Tﬁ? g % S Q Monash( 1OOX)FNREL !—
G U7 g0 S¢ @ W . S
- > c o '© =
(]C_) i g ;E%’ B4 M < = % % Seoul Nat. U.. E
E®O ﬁ @ T o =
b : Ocpl 5 B 5§ 55 5
2 1 .47 I3 K¢ ¢
o siflz sz & ¢ .
— 1 = sz 2 T g8 g WEPFL/ICSEM
3 1 K 23° ’
(_U :JC ?_ Techniono |
- o
O Os g
é ?q/ § § PV and catalyst configurations
o 014 4%;%8 QO 2J, integrated PVs and catalyst A\ 3J, integrated PVs and catalyst -
% 4 'JL::E\P ,,k}" O 2J, integrated PVs, wired catalyst <] 3J, integrated PVs, wired catalyst
e i ° <> 2J, non-integrated PVs or catlyst V¥V 3Jor more, non-integrated PVs or catlyst
rS) 1 U camixidge *  Diff. series connected EC/PV number ratio
Q@ ~  Multiple no. of PEC cells connected making a module
W 001 * DC DC Converter with MPPT Y,
2 > | J | ¥ | ¥ I . | | I | ¥ I ' | 74
-1 01 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 303132

Reported STH efficiency (%)
http:\\specdc.epfl.ch

RE, Haussener | May, 2019



Photoelectrochemistry

[ ]
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Proposed devices

[l OtherVariable Costs

Fixed Operation and Maintenance O
Decommissioning Costs

~

Capital Costs

$10.40

Type 2 Type 3 Type 4

System

Type 1

http:\\specdo.epfl.ch
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Pinaud et al., EES, 2013.
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Renewable Energy

e Qutline:

— Conversion pathways solar-to-fuel

— Hybrid pathways

— Solar thermochemistry

— Photochemistry
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Sustainability issue

e Solar to fuels:
A
vV~
< >
@)

.
e

[ Solar reactor ]—> hydrogen, CO

water, CO,, biomass, l

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

CO, and
water
capturing
(" Mobility liquid fuels
L 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.g.

=PrL

e Carbothermic reduction of alumina under near vacuum conditions

* Ammonia production

Concentrated
Solar Energy

h 2

CSD:"CB SOLAR REACTOR |
Nitrogen AL O3 +3C + My — 2AIN +CO AN
A0y +3CH+ My — 2AIN +6H;+3C0
Ammonia
&
Syngas
5 ‘ HYDROLYSIS REACTOR
Water >
— ; —»
2AIN +3H,0 — ALO, +2NH,
recycle AL O,
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Solar materials

 Thermochemical:

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

Thermal H,0/CO, splitting Hybrid processes

Bader et al., 2016
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Solar materials

* (Photo)electrochemical:

Absolute Maximum Value per Energy Input vs Minimum Voltage Required
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Palmer et al., Technoeconomics of Commodity Chemical Production Using Sunlight, ACS Sustainable Chemistry & Engineering, 2018
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Learning 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 1is 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

e Literature
— Review articles:

* Meier 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. 6446-6473, 2010.
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