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Introduction: Power-to-Liquid process

C-Source Amine
Cement Plant scrubbing

Syngas Synthetic
H,+ CO Hydrocarbons
Water +
Ren. Electricity )

RWGS (Reverse Watergas-Shift)  CO, + H, & CO + H,0g ArH® = 41 kJ/mol
FTS (Fischer-Tropsch Synthesis)  CO + 2 H, = (—CH;—) + H;0(g AgH® = —152 k] /mol
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Power-to-Liquid process: Techno-economic process analysis and uncertainties

Technical Analysis
Npes Ner NH

Process modelling and analysis

Adelung et al.: ,Impact of the reverse water-gas shift operating conditions on the Power
to-Liquid process efficiency”, Sustainable Energy Technologies and Assessments, 2021

Economic Analysis
NPC (€/kgcs.)

Net production costs estimation and analysis

Adelung et al.: Impact of the reverse water-gas shift operating conditions on the Power-
to-Liquid fuel production cost, under review

Uncertainty and Global Sensitivity Analysis
cdf, Cl, S;, S+

Methodology for quantifying and allocating uncertainties
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Plant Capacity: medium sized cement plant - 302 MW, Electrolysis (ngec (v = 66.7 %)
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(3) L N i Hydrocarbons
/ L Hzo
Steam H
0,7 _ \__/ HO | ~—r /\t?

HO — H, AWGS FTS Product
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Highly integrated system with recycles:
Simulative approach to estimate optimum RWGS operating conditions

(1) D. Leckel, M. Liwanga-Ehumbu (2006): Diesel-Selective Hydrocracking of an Iron-Based Fischer-Tropsch Wax Fraction (C 15 -C 45 ) Using a MoO 3 -Modified Noble Metal Catalyst
(2) D. Vervloet et al. (2012): Fischer—Tropsch reaction—diffusion in a cobalt catalyst particle: aspects of activity and selectivity for a variable chain growth probability

(3) Roussanaly et al. (2017):Techno-economic analysis of MEA CO2 capture from a cement kiln— impact of steam supply scenario
(4) Schmidt et al. (2017): Future cost and performance of water electrolysis:: An expert elicitation study
(5) Adelung et al. (2021) : Impact of the reverse water-gas shift operating conditions on the Power-to-Liquid process efficiency
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Methodology: Material and energy efficiencies

HEX-1 HEX-2 Synthetlc
Flue Gas Npws M Ne = F(Powas Trwes) > Hydrocarbons
Ce me nt a Oxyfuel Burner
Pla nt CO;,rich gas m 0.14
CO;, lean gas >_ 0.12 - M molar
fraction
. 0.1 1 B weight
Hydrocarbons 0.08 - II‘ . fraction
H.0 0.06 - - .
. target fraction: C5+
Renewable H,0 :ZT H Product /\E? 0.04 1
— |2:e| ......... s L T rwes Separation K— H, 0.02 -
EIeCtrICIty Electrolysis RWGS ;Z\lglr(gf 0
— 1 357 91113151719212325272931
Carbon number
nH,c5+ n¢,cs+ Mmes+ LHV sy

Nc = NptL =

Nu = = -
nC,Cement Plant

PElectrolysis + PMEA + PCompression

NY Electrolysis
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Results - Carbon Efficiency to C5+
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------ lbar e e= 5bar e «]10 bar == 25 bar
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Results — Power-to-Liquid Efficiency to C5+

Power-to-Liquid Efficiency to C5+
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Results: Impact of RWGS operating conditions on material & energy efficiency

Hydrogen Efficiency to C5+ Carbon Efficiency to C5+ Power-to-Liquid Efficiency to C5+

900 | 23.6% 23.6% 23.6% 23.1% 900 | 82.2% 82.2% 82.4% 900 | 35.3% 36.1% 35.8%

875 | 23.8% 23.7% 23.6% 22.8% 875 | 82.3% 82.4% 82.8% 875 | 35.5% 35.5%
o 850 | 23.9% 23.9% 23.7% 22.2% o 850 | 82.4% 82.6% 83.1% o 850 | 357% 34.6%
< 825 | 24.0% 23.9% 23.6% 21.1% L 825 | 825% 82.8% 83.7% L 825 | 358% 32.8%
S 800 24.0% 23.4% 19.0% S 800 | 82.5% 83.1% 84.3% S 800 | 36.0% 29.7%
T 775 24.0% 22.8% © 775 82.8% 83.7% T 775 36.2% 35.0%
8 750 23.8% 21.6% é’ 750 | 82.9% 84.3% 8 750 36.2% 33.1%
§ 725 233%  19.0% S 725 | 832% § 725 35.2%  29.0%
@ 700 22.0% @ 700 | 83.4% @ 700 33.1%
S 675 18.8% S 675 | 83.9% . 86.8% 2 675 28.0%
“ 650 650 | 84.5% “ 650

625 | 24.0% 625 625

600 | 22.5% 600 600

1 5 10 25 1 5 10 25 1 5 10 25
RWGS Pressure / bar RWGS Pressure / bar RWGS Pressure / bar
Less water production increases Reforming in RWGS increases Large H-efficiency and small
H-efficiency C-efficiency compression work required
ny = Ny,cs+ Ne s+ —_— Mcs+ LHV e
H— . T]C = - - PtL —
Ny, Electrolysis Nc Cement Plant PElectrolysis + Pmea t+ PCompression
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Power-to-Liquid process: Techno-economic process analysis and uncertainties

Technical Analysis / \
Npts Nes NH S

Process modelling and analysis COsrch gas Mﬂ

CO,lean gas

Adelung et al.: ,Impact of the reverse water-gas shift operating conditions on the Power-
to-Liquid process efficiency”, Sustainable Energy Technologies and Assessments, 2021

Cl-C4
C5+
1.0

.

Product
Scparation

25

Hydro-
cracker

Economic Analysis
NPC (€/kgcs.)

Net production costs estimation and analysis / {

Adelung et al.: Impact of the reverse water-gas shift operating conditions on the Power- /
to-Liquid fuel production cost, under review

-

2\

WGS reactor cost = f (pRM ¢ Trwes) et production cost NPC = f (prwass Trwas)

--------- lbar -----5bar
25 bar

Uncertainty and Global Sensitivity Analysis
cdf, Cl, S;, S+

Methodology for quantifying and allocating uncertainties
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Temperature Tpyes / °C
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Methodology — RWGS reactor cost (allothermal operation)

450 °C

11l
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L1l

HWGS

ECRWGS - CFurnace

Gav

ntubes

X

+

CTubes + CCatalyst ‘

Process simulation results = f(prwas, Trwas)

T
Results: heat duty, feed properties, ...

Calculate required volume of tube material
for optimum D; and L combination
Vary: D;=0.1mto0.2mandL=4mto8 m
Calculate:
Mtube, kinetic (D 1> L) > hube, heat (D 1 L) > Mtube, pressure (D 1> L)
Identify design criterion:
Ntube (D jt) L) = Max(”tube, kinetic> ltube, heat> Fltube, pressure)
Calculate:
V(DDL) = f(ntube (Dia L): s (Dl))
Find optimum D; & L constellation:
Voptimu.m = MIH(V(DI, L) ) 2 Di, opt & Lopt

ﬁ

Steel properties, catalyst properties, ...
L

Other data and assumptions

Tube Design: Optimum d; & L for Minimum Tube Cost
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Results = RWGS reactor cost
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Methodology — Net production cost !

/ \ General Plant Assumptions

PR | J:%él_m Plant capacity 6.05 t/h H, input
coremae <] eat G = = Full load hours 8,000 hours/a
.o | — . Operating time of planty 20 years

= CA Interest rate IR 7%

Soomtion [ 1, Base year 2019

\ / - y Location Germany

/ Site Brownfield
GS reactor cost = £ (Prwass Trwas) Net production cost NPC = { (prwass Trwas)
u s o Hydrogen Cost Cases 2

Low 23 €/kgH2
- Base 4.1 €/kg,,
FERYELE ™ "L Y High 7.6 €/kgy,

1 Peters, M.S., K.D. Timmerhaus, and R.E. West, Plant design and economics for chemical engineers. VVol. 4. 2003: McGraw-Hill New York.
2Bertuccioli, L., et al., Development of Water Electrolysis in the European Union. 2014, Fuel Cells and Hydrogen Joint Undertaking: Lausanne.

(
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Results: Impact of RWGS operating conditions on net production cost NPC

NPCin €,,,,/kg ., at 2.3 €/kg,,, NPCin €,,,,/kg., at 4.1€/kg,,, NPCin€,,,,/kg ., at 7.6 €/kg,,,
900 900 | 900 [ 5.63 5.55 5.56 5.7
875 875 875 5.6 5.53 5.54 5.74
L 850 850 _ 80 | 557 5.53 5.87
< 825 o 825 L 825 | 555 5.54 6.16
S 800 S 800 S 80 | 553 5.6 6.76
& 775 5 775 & 775 5.73
“és’ 750 S 750 3.1 3.1 3.36 ;i 750 6.05
8 725 1.88 1.9 2.22 g 725 3.1 3.18 3.78 g 725 6.83
@ 700 | 1.8 2.01 2 700 3.1 3.37 @ 700
2 675 1.9 2.33 8 675 | 311 3.91 2 675
650 | 1.93 2 650 | 3.5 650
625 2. 625 | 3.24 625
600 | 2.19 600 | 3.52 600
1 5 10 25 1 5 10 25 1 5 10 25
RWGS Pressure / bar RWGS Pressure / bar RWGS Pressure / bar
Maximize Power-to-Liquid Efficiency Maximize Hydrogen Efficiency

Intermediate RWGS pressure and temperature, e.g. 5 bar and 800 °C, result in low NPC
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Results — Cost breakdown at 800 °C & 5 bar and 4.1 €/kg,,,

RWGS Temperature /°C

NPCin €,,,,/kg ., at 4.1€/kg,,,

90 [ 316 | 309 300 | 318 |
875 3.15 3.19
850 3.14 3.26
825 3.13 3.41
800 3.12 3.71
775 3.11 3.19
750 3.36
725 3.78
700
675
650
625
600

1 5 10 25

RWGS Pressure / bar

Equipment cost only minor share of the NPC
Equal contribution of the main equipment to the FCI
Direct OPEX largest share of NPC
Main cost driver: Hydrogen Cost

FCI: 136 M€,,6

Indirect OPEX

>
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21%
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<
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1.05 7.44 0.07 0.58 2.59 -6.61 5.99 816
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Power-to-Liquid process: Techno-economic process analysis and uncertainties

Technical Analysis
Npes Ner NH

Process modelling and analysis

Adelung et al.: ,Impact of the reverse water-gas shift operating conditions on the Power-
to-Liquid process efficiency”, Sustainable Energy Technologies and Assessments, 2021

Economic Analysis
NPC (€/kgcs.)

Net production costs estimation and analysis

Adelung et al.: Impact of the reverse water-gas shift operating conditions on the Power-
to-Liquid fuel production cost, under review

Uncertainty and Global Sensitivity Analysis
cdf, Cl, S;, S+

Methodology for quantifying and allocating uncertainties

C-Source Amine
Cement Plant [EEtag¥slelfyle]

Water +

Ren. Electricity Electrolysis
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confidence




DLR.de < Folie 17 > Power-to-Liquid process: Techno-economic process analysis > Sandra Adelung > 20th of January 2022 > ChemAmpere PhD Meeting

Methodology: Uncertainty and Global Sensitivity Analysis

« Quantify: Range of uncertainty? Confidence Interval? 1.0 UA
- Uncertainty Analysis >
- Method: Monte-Carlo Propagation ;?U 0.5
S
0.0
€/I\/I\NhFueI
 Allocate: Contribution of a input variable on the uncertainty? ~ 03
- 1) Factor fixing and 2) factor prioritization 3 05 GSA
© .
- Global Sensitivity Analysis =
- Method: Variance-based Global Sensitivity Analysis 2 o H“
3 ITTEee
A Input Variable i
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Summary and Outlook

Research Questions: Results:
T Hydrogen Efficiency to C5+ Carbon Efficiency to C5+ Power-to-Liquid Efficiency to C5+
T 900 | 23.6% 23.6% 23.6% 23.1% 900 | 82.2% 82.2% 82.4% 83.7% 900
max 875 | 23.8% 23.7% 23.6% 22.8% 875 | 82.3% 82.4% 82.8% 875
o 850 | 23.9% 23.9% 23.7% 22.2% o 850 | 82.4% 82.6% 83.1% L 850
2. 825 23.9% 23.6% 21.1% 2. 825 | s25% 82.8% 83.7% <. 825
S 800 23.4% 19.0% S so00 82.5% 83.1% 84.3% £ s00
® 775 22.8% ® 775 | 82.8% 83.7% ® 775
2 750 21.6% 2 750 | 82.9% 84.3% 2 750
§ 725 19.0% § 705 | 83.2% 5 75
. €/ kg C5+ o 700 @ 700 | 83.4% 2 700
) = 675 = 675 | 83.9% 2 675
confidence * 650 * 650 | 845% “ 650
625 625 625
600 600 - 600
1 5 10 25 1 5 10 25 1 5 10 25
T RWGS Pressure [ bar RWGS Pressure / bar RWGS Pressure / bar
min
Prmin Prax P NPCin €,,,,/kg.s, at 7.6 €/kg,,, NPCin €,,,,/kg s, at 4.1€/kg,, NPCin €,,,,/kg.s, at 2.3 €/kg,,,
900 5.56 5.7 900 900
875 5.54 5.74 875 875
, 850 5.53 5.87 850 L 850
= 825 5.54 6.16 o 825 s 825
£ 800 5.6 6.76 S 00 ¢ 00
T 775 5.73 5 775 T 775
“é.’. 750 6.05 g 750 3.1 3.1 3.36 “é-’. 750
Outlook: & 725 6.83 g 725 3.18 3.78 & 725 | 188 1.9 222
B 700 2 700 3.1 3.37 o 700 1.88 2.01
9 U nc erta' n t An al S H S 2 675 5 675 3.11 391 2 675 1.9 2.33
I y y I 650 2 650 | 315 650 | 1.93
e . 625 625 3.24 625 2.
—->Global Sensitivity Analysis 600 60 | 352 600 | 219
1 5 10 25 1 5 10 25 1 5 10 25

RWGS Pressure [ bar RWGS Pressure [ bar RWGS Pressure / bar
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