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Solar fuel production processes
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SFERAlII: task 8.2 — propose standard protocols and performance indicators for reporting on
and benchmarking solar fuel production reactors.
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Generic fuel production reactor

Q lwaux

Nfeedstock Generic NMproducts
Reactor

The system has an energy and mass flow, and we need performance indicators for both.

. " PREC
mzurICh Professorship of Renewable Energy Carriers Brendan Bulfin

ETH Zurich



Energy balance — Efficiency

Nfeedstock Generic Nproducts
Reactor

77 — 1 _ i.waSte (1)
total
E - d — Waux
total — Q + Qaux an Qaux -

Nheat—to—work

A generic energy efficiency, but in experiments we rarely measure Q,, st directly.
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Efficiency — Second Law Definition
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Etotal (3)

o= (15 13

This equation was often used by Fletcher. AG,,qcess iS the chemical work done.

Noring, J. E., & Fletcher, E. A. (1982). High temperature solar thermochemical processing—hydrogen and sulfur from hydrogen sulfide. Energy, 7(8),
651-666.
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Efficiency — First Law Definition
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Efficiency — First Law Definition number 2

lwaux
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Etotal

_ reactants
Etotal - Q + Qaux + Zi niHHVi
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Efficiency definitions
in the literature

Refore Proce 1,
Bhosale et. al. 2017 Thermochemical cycle (5) or (6) HHV Q
Bhosale 2019 Thermochemical cycle (5) or (6) HHV Q
Binnoti et. al. 2017 Thermochemical cycle (5) or (6) HHV Q
Bulfin et. al. 2016 Thermochemical cycle (5) or (6) HHV Q
Chuayboon et. al. 2019 July Gasification (6) LHV -
Chuayboon et. al. 2019 Reforming other LHV -
Falter 2017 Thermochemical cycle (5) or (6) HHV Q
Falter et. al. 2017 Thermochemical cycle (5) or (6) HHV Q
Fletcher & Moen 1977 Thermolysis 3) - -
Gokon et. al. 2014 Gasification (5) - -
Hathaway et. al. 2017 Gasification (6) LHV -
Hathaway et. al. 2016 Thermochemical cycle (5) or (6) HHV Q
Jin et. al. 2015 Reforming (5) - -
Koepf et. al. 2016 Thermochemical cycle (5) or (6) - W
Kong et. al. 2016 Reforming (5) HHV -
Kong et. al. 2018 Thermochemical cycle (5) or (6) HHV Q
Lapp et. al. 2012 Thermochemical cycle (5) or (6) HHV Q
Marxer et. al. 2017 Thermochemical cycle (5) or (6) HHV Q
Miiller et. al. 2017 Gasification (6) LHV -
Miiller et. al. 2018 Gasification (6) LHV -
Muroyama et. al. 2018 Gasification (6) LHV -
Palumbo et. al. 2015 Reforming/Gasification (6) LHV -
Piatowski et. al. 2011 Gasification (6) LHV -
Yuan et. al. 2015 Thermochemical cycle (5) or (6) HHV W
Z'Graggen et. al. 2006 Gasification (5) - -
Z'Graggen et. al. 2008 Gasification (5 - -
Zheng et. al. 2015 Reforming (5) HHV -
Zhu et. al. 2016 Membrane reactor other HHV -
Zoller et. al. 2019 Thermochemical cycle (5) or (6) HHV Q
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Mass balance — Conversion extent

Generic "ar
Reactor MB.f
Nother
A—-B (1)
n
XA == 1 - A7
nao0

For mass balance we can use the standard definitions from chemical engineering.

Levenspiel, O. (2001). Chemical Reaction Engineering 3rd edition John Willey and Sons.
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Mass balance — Selectivity

Generic

Reactor

A- B (1)

n
SB == BJ

Npao — Naf

For mass balance we can use the standard definitions from the literature.

Levenspiel, O. (2001). Chemical Reaction Engineering 3rd edition John Willey and Sons.
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Mass balance — Yeild

Generic

Reactor

A- B (1)

For mass balance we can use the standard definitions from the literature.

Levenspiel, O. (2001). Chemical Reaction Engineering 3rd edition John Willey and Sons.
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Thermochemical redox cycles - STCH

Reduction

Oxidation

0
MOX = MOX—8 + 502

MO, _s + CO, - MO, + CO

MOX—8 + H20 - MOX + HZ
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Thermochemical redox cycles - STCH

w
: No,.f
Reduction pump
Oxidation e
_ HHVco fotcyde nco(t) dt Yo =1 fotcyde Nco,,r dt
co, = 1—
" IR Q) + Qaun(®) dt 2T fledeneg o dt
ftcycle n dt
Sco = : =7
Leycl
Jy ¥ co,0 — Tico, r dt
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Thermochemical redox cycles - STCH
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The importance of conversion extent

174
. floz‘f
Reduction - pump ]_'
Oxidation
Want 10 MW output 1y, =~ 35 mol s™*.
* Nip,0 = 3500 mols™!
ﬁHzoRT

e Ifreactorisat 1 barand 1173 K, v = = 341.4 m3 s !

+ Residence time 1 second = Viegctor = 340 m3
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Summary of proposed reporting protocols

The dimensioned parameters required to described the reactor system are:

l.

The reactor volume and free volume.

Mass loading of any catalyst or cycled redox material.

The operating conditions of the reactor (e.g. temperature, pressure, etc.).
The molar/mass flow rates of feedstock into the reactor.

The total heat supply to the reactor, O (e.g. solar heat, etc.)

Auxiliary work demands, W,,,, (e.g. pumping work, inert gas production,

etc.)
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Summary of proposed reporting protocols and performance indicators

Performance indicators:

HHVproducts
HHVyeactants @ +Qaux

1. The energy efficiency n =

2. The conversion extent of the feedstock, X, = 1 — ?
A0
3. The selectivity towards the desired product Sg = ~ nB’j; , and the yield of the desired
A0~ NAf

product Yz = ZB—’f if the selectivity 1s not reported.
A0

4. Performance stability, i.e. report the above indicators over time during a test campaign.
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Summary of proposed reporting protocols and performance indicators

Reactor type Efficiency Conversion extent Selectivity (or Yield)

Xi S(orYy)

Thermochemical redox
tcycle . tcycle . tcycle .
CO, splitting HHVco [, ¥ nco(®) dt B JoZ tco,r dt Jo¥ ncor dt
teyele a teyele . teyele - 9
J,70®) + Qaux(t) dt J, ¥ ngo,,0 dt Jo ¥ 0,0 — Tico, s dt
Solar methane reforming products . . .
X n;HHY; 1— r‘lCH4,f ' nco,f
ncu, 0HHVen, + @ TLCH,,0 NCH,0 — NCH, f
gases 5
. . . > Vi Ny
Biomass gasification I ; . _ & i,C 1,gas)
Z':; P m;HHV; 1— Mc—residue syngas flC,O
mbiomass I'IHVbiomass + Q Mco
Generic .
ngHHV L Tas ng,f
A-B naHHV) + Q + Qaux Nao Nao — Naf
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Process chain to solar fuels
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