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Motivation: 1) What role can hydrogen play in the decarbonization of the German industry?
Assumption that current production remains in Germany:

» Demand as feedstock for chemical and metal industry (H-atoms)

= Demand for high temperature heat and steam in mineral and paper industry (fuel without C-atoms)

» Not topic of paper: Fossil fuel/feedstock conversion (refineries / coke ovens), i.e., future source of C-atoms?

Feedstock

Energetic Metal
Chemical

Stones and soil
Pulp and paper

(Glasa and ceramics
Other industry

0 a0 100 150 200 250 300 [TWh/year]
BN Hard coal B Lignite [l Mincral oil B Gas
P Biomass [ Electricity Waste IDstrict heat
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Motivation: 1) What role can hydrogen play in the decarbonization of the German industry?

Today's (fossil) hydrogen demand in Germany in

[TWh/year]

B Methanol
B Ammonia
‘ M Refining

A\

YV VYV

Ammonia 19.4 TWh
Refineries 22.4 TWh
Methanol 9.5 TWh
Total 55 TWh

Mainly produced onsite (steam reforming of natural gas)
and in refineries as by-product

Potential to replace hydrogen produced from fossil sources

Demand as feedstock and energy carrier increases if
industrial value chains switch to carbon-neutral production

Annual demand of ~100 TWh in 2030 (NHS)
What is the future demand for hydrogen in industry?
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TODAY AMMONIA / REFINERIES / MEOH -> ALREADY POTENTIAL TO REPLACE FOSSIL H2

NHS: AROUND 100 TWH DEMAND IN 2030 -> WHAT IS GENERAL FUTURE DEMAND IN INDUSTRY
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Motivation: 2)Case study on value chains of downstream products

Excellent Site
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VALUE CHAIN CASE STUDY

FROM RENEWABLES TO ENDPRODUCT FOR 3 DIFFERENT VALUE CHAIN PRODUCTS : STEEL / UREA FERTILIZER / ETHYLENE CHEMICAL
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1) Hydrogen in the German industry: Approach — Demand calculation

Sources Inputs Result

= 2021 production / capacity data
= Specific energy consumption

= EU Emission Trading Scheme * Total energy demand per sector
. . ) Total hydrogen
= Sector-specific studies, reports = Fuel share forecasts and studies
: demand for each
and papers = Current fuel mix shares for each process sector/process and
= Association websites/databases = ETS plant emission data P
. each plant
= Company reports = ETS plant locations

= Stoichiometry
=  Efficiencies

Further underlying assumptions:
* Production data of 2021 stays constant in the future
= No specific reference year for climate-neutrality
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1) Hydrogen in the German industry: Approach — Scenarios

Assumptions on hydrogen shares:
» Lower and higher scenario for hydrogen utilization in each process

» Lowest and highest hydrogen utilization share considered after careful literature review for different possible fuel
and technology shares for each analyzed production process

Crude steel 40.6 59.0 Recycling quota
Ammonia 5 100.0 100.0 No alternative
Methanol 10 60.0 85.0 Bio-MeOH, FTS
Cement clinker 33 20.0 30.8 Ideal vs. fossil sub
Lime 57 20.0 100.0 Cf. cement, no bio
Glass 75 20.0 100.0 Low ideal vs High
Paper 141 0.0 71.5  None vs. Replace fossil
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1) Hydrogen in the German industry: Resulting hydrogen demand and distribution, in [TWh/year]

Feedstock Low H2

. ()
@ " High H2
. : Energetic Low H2
s . |
nigh 12 | [
L .. ° o * . .' 5 0 50 100 150 200 250
< 1 ‘ ® o S . . .. ° B Steel I Ammonia I Methanol [l Cement
@ A . . . . S ® . Lime llll Class Paper
2 - @ - G,
. ® . . " .
a Y : 5 15 Sector Low H, High H,
. ) . ' e 5 Steel 32.4 47.1
. .. ', ) . Ammonia 19.4 194
5 . v ) B Steel Methanol 135.2 173.7
) @ ° (@] ¢ B Methanol Total feedstock 187.0 240.2
‘ . Y : Lime Cement 5.4 8.4
@ . Je W Gass Lime 1.3 6.7
' . M| Gement Glass 3.2 15.7
’ ‘ : ® Pulp and Paper Pulp and Paper 27.1
P ¢ Total energetic 9.9 57.9
Total 196.9 298.1
Lower bound scenario A between higher and lower H, demand scenarios
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DISTRIBUTION

LEFT/RIGHT MAP

LOW/HIGH DEMANDS FOR FEEDSTOCK/ENERGETIC

EXPLAIN METHANOL: CONSTANT PRODUCTION DOES NOT APPLY (+ LOCATIONS?)

gH2 430 TWh (280) OF RE -> GER 500 TWH TOTAL IN 2021
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2) Case study on value chains: Cost perspective for the transformation of value chains

Excellent Site i Germany
]
]
M Od. e I . . [ v ] [ Wind power ] i [ PV ] [ Wind power ]
Optimization model: e ; -
- - . - . - l
Obj: Minimize total costs of each value chain incl. transport !
. . . cRE : cRG
(green hydrogen, intermediate or final products) :
E i E -
Objective Function e i R
1
minc = c¢RE + R + ¢ + ¢ + ¢ + (T = i =
|
yes I i yes " no
Parameters i
c1 1 pLa]
CAPEX/OPEX, Renewable energy vectors, storage, [m] - — T = = J
. . L Goonn Contersion e S Conversion 1. Conversion
transport distance, raw materials, ... :
DN = Jy N
Pro;.uﬂ | 2. Cmvem:i_ur ‘s
Decision Variables [R;r ]_, e = _,[i
. . . 2. Conversion i Product i
Levelized Costs of final product in €/t = 5
- . . 1
CapaCItIeS Of ConverSIon and prOdUCtlon plants Electricity s Liquid Hydrogen Intermediate Product Final Product

Gaseous Hydrogen Raw Material 1. Conversion Raw Material 2. Conversion
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CONSTANT PRODUCTION REALISTIC? 

TRANSITION LEAD TO RELOCATIONS FROM COST-PERSPECTIVE 

EXPLAIN SLIDE
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2) Case study on value chains: Steel, Ethylene, and Urea

Different levels of relocation from Germany to “excellent site”:

Full domestic production in Germany

Relocation of hydrogen production + import

Relocation including first intermediate product + import
Complete relocation of value chain + import

Renewable

Hydrogen production First Intermediate Final product
g | | |
£ | | |
3 | | |
b | | I
© . , Domaestic
£ Hz | 'Q/ | 'Q/ | Demand
()]
v |

Cross-

border import (Pipeline, Shipping) —> Domestic processing Overseas processing
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2) Case study on value chains: Steel

Hydrogen production

I
[irmore | {5

Iron production
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Steel production

Excellent site

I
I
IPigIron I I
» Hydrogen has a rather small share of 11-19% of the l | | |
total levelized costs of steel : : : I
I B | H-DR | DRI N I EAF [ ‘;’t‘;:f N :
. . \ .
= Relocation may be less a matter of cost but more of } \\ \ \\
. | I\ I
Iocat.IOIT] advantages such as workforce and customer I3 o R ] bR —— e S \m
proximity l | | [Soreps] |
: I I I
) | = : I - I
= Qverall small cost advantages when steel value chain ——————smer| R ve |
is relocated to favorable sites L d | gen [ seraps | | o
S S 699 1146
' Excellent site I
DRI @ 718 1191
- excellent site I
- Hydrogen @ 744 1257
- excellent site -
771 1261
7777777777 Germany
0 200 400 600 800 1.000 1.200

Hydrogen Production

Cost of Steel [€/t]

H Transport to GER

Direct Reduction

Electric Arc Furnace

1.400
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H2 LOW SHARE: DR CAPEX, EAF CONSUMPTION

LH2 NULLIFIES ADVANTAGE IN H2 PRODUCTION
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2) Case study on value chains: Ethylene

= Levelized costs are second-highest when the entire
process chain takes place in Germany.

= Transport of methanol or ethylene over long
distances is much easier and cheaper than the
transport of elemental hydrogen

Hydrogen production

Methanol production
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Ethylene production

Excellent site

€0, < DAc/ccu |

MeOH-
Synthesis

|
|
|
| |

- MeOH }TH Mo | Ethylene}\ |
\I A\l

|\ N

MeOH-
Synthesis

\ I\

—»‘ MeOH }—H Mto }—>‘ Ethylene )—l—# Domestic Demand
I I

I
| €0, «—| DAC/ccu | | |
. Relocat . . | | |
elocation of further process steps including | | | Germany
hydrogen production is significantly cheaper than 778 1991
. . . Excellent site —I
domestic production -
- Methanol @ 776 1983
\\ .
. excellent site
S s T
R excellent site
1116 2314
7777777777 Germany
0 500 1.000 1.500 2.000 2.500
Cost of Ethylene [€/t]
Hydrogen Production M Transportto GER = Conversion to Methanol  Conversion to Ethylene
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LH2 TRANSPORT COST OUTWEIGHS REDUCTION IN H2 COST
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2) Case study on value chains: Urea

= Levelized costs are second-highest when the entire

Friedrich-Alexander-Universitat
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Hydrogen production Ammonia production Urea production

I
I

| EE | e
I

Excellent site

process chain takes place in Germany. (re ][] EITI_' Haber | e L,
Synthesis
\I A\l \I
= Transport of ammonia or urea over long distances is |\\ |\\ \
. Haber-
much easier and cheaper than the transport of [RE |o{EL—+/H, —— Bosch- ] NH, ——4 (Ve 1ol Urea H—-\»I Domestic Demand
Synthesi
elemental hydrogen | Lo | |
I I €0, +— DAC/ccu | I
_ _ _ I | I
= Relocation of further process steps including [ I | Germany
hydrogen production is significantly cheaper than 3 e e 528
) . S xcellent site
domestic production |
N, Ammonia @ zfs- 549
. excellent site
e —
- excellent site
324 632
Germany
0 100 200 300 400 500 600 700 800
Cost of Urea [€/t]
Hydrogen Production ® Transport Haber-Bosch Urea Production
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Take-aways for the transformation of global and German industrial value chains?

= Industrial hydrogen demand for status-quo in Germany will rise significantly (domestic production?), but:
= Uncertainty on demand for specific products with changes in relative prices
= Relocation of processes to sites with better access to H- (and C-) Atoms possible

= Potential for relocation (“green leakage”):
+ Differences in regional hydrogen prices for products with high hydrogen cost share (NH3, MeOH)
+ Defossilization requires new processes with large investments (H-DR)
- Integration of value chains (chemical industry?)

= Possibly results in increasing global trade of intermediate products (e.g. ammonia, olefins, MeOH)
= Perspective for Germany and the EU

=  Which are the important processes in value chains for value creation
= Industrial policy in terms of future chances instead of protection of current system
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Thank you for your attention!

Nima Farhang-Damghani — nima.farhang-damghani@fau.de

Chair of Economic Theory, FAU Erlangen-Nurnberg
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2) Case study on value chains: Assumptions on input data
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Unit Benchmark Min Max Source Ammonia production
— Haber-Bosch CAPEX €/ kWi,| 510 159 561 [29]
rmance Air separation unit CAPEX €/ kWi,| 197 177 217 £
Interest rate [%] 7 1 10 2
l_:k;'“'“ rate Depreciation period a 30 30 a0 |&6]
OPEX % /al 2 2 2 |56]
CAPEX €/ EW| it 1] 246 452 |69] Hydrogen demand (stoichiomelric) lLeig /i mq] 0.178 178 0.178
Depreciation period i 30 30 30 [69] Hydrogen demand (incl. efliciency) lbrgy fln by 0.197 0197 0.197 | 74|
OPEX |95 f ez 1.3 1.3 1.3 [69] Electricity demand [MWh /sy 0.64 0.64 .64 | 74]
Full load hours at excellent site® |[l/al 1,166 1,574 2,067 |56, 64] Urea production )
Full load hours in Germany [h/a] 1,307 1,307 1,307 [56] CAPEX , [€/EWn 1| 65 59 72 [86]
Wind Depreciation period i 20 20 20 |86
CAPEX €/ kW] 1,143 938 1,213 6o]  OPFEX |7/l 2 2 2 |86]
D iati iod rEU 20 ":‘:u 69 Electricily demand |MWh/lyreal 0.64 0.64 .64 |26]
epreciation perio la] |69] CO» demand ltcog /tureal 0.73 0.73 0.73 6]
OPEX %0/ al 1.1 1.1 1.1 [69] NHjy demand [ siq ftu real 0.57 0.57 0.57 |%6]
Full load hours at cxcellent site® i/l 0,056 3,687 6,136 |64, 71| Methanol production
Full load hours in Germany |h/al 2,949 2,949 2,949 |71) CAPEX [€/ kWi, 100 a0 110 [13, 64]
Battery Depreciation period [a] 20 20 20 [13]
CAPEX €/ kW h| 125 125 125 [18] OPEX %0/ al 4 1 4 [13]
Depreciation period a0 20 20 [18] Electricily demand o ) [MWh/ig,| 0.39 0.39 0.39 | 74]
OPEX l%i'rﬂ'l 9 3 9 lls'l Hydrogen d::m:u.ud {Tit.(:rl(:tll[;lil.f.}l.rl.{i} |F.H,2 fingecrs] 0.1887 0.1887 0.1887
Efficiency [] 04 04 04 [18] I'.!_vtlrugun (il!!Ildlld_ (I!lLI_ el _lLlL‘IlL_\I'} Ithy [ ntecrn] 0.2097 []_251!]:? 0.2097 | 74]
Eloctrolysis 02 demand (stoichiomelric) Lo, /tateon] 0.1373 0.1373 0.1373
i Ethylene production
](_Z;ﬁPE}:[ ; . I€;|’&IWI 415[;J 41L:]u 10;1 Ilﬁl CAPEX [€/t Bihytone] 191 172 210 67]
cpreciation perio a ‘ Depreciation period [a] 20 20 20 [67]
OPEX % fal 3 3 3 [14] OPEX %/ al 3 3 3 [67]
Eflicicncy 1% sv | T2 72 T2 [44] Electricity demand [MWh/Lgirytenel 0.04 0.04 0.04 [67]
CGHE Sturﬂgﬂ Methanol demand lI'Ilrfirl'JH 'fl!gubyge,“,l 228 228 228 If]]
CAPEX IE.”"Whl 135 135 135 |‘3[]| Dim:t. reduction of iron
OPEX |% /al 1 1 1 [30] EM’HJF ) o [thlnlu /al 2;;1 Zztuﬁ 2‘;":;4 Egl
Transport cpreciation perio a : : :
Distance” [ferm] 10,500 5,100 13,500 gl-::ﬁi en demand It l‘};'{al | 0 {fﬁuﬁ 0 l.li!:l't'r 0 {fﬁuﬁ lit;l
Cost lor steel Lranspord [€/(L - k)] 0.00093  0.00093 0.00093 |64, 80] yerosen a2l “Steet ’ : .
ol . Cost for iron ore |€/tseee] 189 170 208 [49]
Cost for liquid hydrogen transport |€/(t - k)| 0.0800 0.0800 0.0800 |64 Cost for iron pellets [E/tasne) a4 TE.6 924 [49]
Cost for methanol transport [€/(t - km)| 00023 0.0023 00023 |64 Elcctric arc furnace
Cost for ethylene transport [€/(t - km)| 0.0034 0.0034 00034 [29] CAPEX €/t 5100 fal 184 166 202 [47]
Cost for ammonia transport [€/(t - k)] 00034 0.0034 0.00341 [29] Depreciation period a 20 20 20 [47]
Cosl [or urea Lransporl |€/(L - k)| 0.00093 000093 0.00093 |64, 80| Electricity demand [MWhtgeel 0.64 0.52 0.76 [17]
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Cost perspective for industrial value chains

Excellent Site

cRE

AL
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Electrolyzer Electrolyzer
> 3 - yes
= =y ,
no
¥es Scenario no yes no
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el 1 ocl
Raw - Transport : Raw
First First
Materials i Liquefier Liguid - : Material
C (&
[1 Conversicn I CErson Hytrogen st | 1. Conversion
1
1
Transport . Raw
Intermediate C:nt\(';:‘lion
Product | 2. Conversion
1 c1c?
1
Raw Transport .
Materials bl »|  Final o o
2. Conversion Product
T
€2 of :
!
Electricaty = Liqmd Hydrogen Intermediate Product Fmal Product
Gaseous Hydrogen Raw Matenial 1. Conversion e Raw Material 2. Conversion
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Three excellent locations with favourable renewable
energies conditions (Runge et.al. 2019)
* Patagonia (optimistic), Canada (neutral), Namibia
(pessimistic)

Comparison to production in Germany
Further scenario with only import of liquefied hydrogen

Further scenarios with import of intermediate products
(@ammonia, methanol, DRI)
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Further look at global value chains – We assumed constant production but is that realistic? We have much more intermediate products in the future and will be able to trade them including hydrogen and its derivatives and the final products 

Fact: electricity and hydrogen production will be more cost-effective at locations outside of GER
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Backup

Hurdle: No production or plant capacity data available
Approximation: Emission share per plant from EU ETS = Production share per plant
* Production output plant X = Total production of sector Y x emission share plant X

Chair of Economic Theory; Nima Farhang-Damghani 6 August 2023 19


Relatore
Note di presentazione
Further look at global value chains – We assumed constant production but is that realistic? We have much more intermediate products in the future and will be able to trade them including hydrogen and its derivatives and the final products 

Fact: electricity and hydrogen production will be more cost-effective at locations outside of GER
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Backup
Methanol derivatives Low H> High H,
Methanol 60 85
Olefins (Ethylene, Propylene) 100 85
BTX (Benzene, Toluene, Xylene) 100 100
Source 26 [6]
Total methanol demand 32.2 Mt 29.2 Mt
Methanol-by-H> /CO5; amount 19.3 Mt 24.9 Mt

TABLE 4. Assumptions for calculations on lower and higher MtQO/MtA

production share for each process (in %)
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Further look at global value chains – We assumed constant production but is that realistic? We have much more intermediate products in the future and will be able to trade them including hydrogen and its derivatives and the final products 

Fact: electricity and hydrogen production will be more cost-effective at locations outside of GER
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Feedstock

Energetic  Metal
Chemical

Stones and soil
Pulp and paper

Glasz and ceramics
Other industry

0 50 100 150 200 250
B Hard coal B Ligoite [ Miocral oil 5SS (Glas
P Biomass [l Electricity Waste District heat

2021 energy demand
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Further look at global value chains – We assumed constant production but is that realistic? We have much more intermediate products in the future and will be able to trade them including hydrogen and its derivatives and the final products 

Fact: electricity and hydrogen production will be more cost-effective at locations outside of GER
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Resulting hydrogen demand and distribution

Feedstock Low H2

. ()
@ " High H2
: Energetic Low H2
o . |
High H2 -
L .. ° o * . .' 5 0 50 100 150 200 250
< 1 . ® o S . . .. ° I Stecl I Ammonia [l Methanol lllll Cement TWh
@ A . . S ® . Lime llll Class Paper
’gi S S (‘ ‘* . . ‘.' ’
. ‘ . 25 -
‘ L # o 15 Sector Low H, High H,
: : . ' e 5 Steel 32.4 47.1
.. ', ) . Ammonia 19.4 19.4
5 ’ o .' B Steel Methanol 135.2 173.7
) @ . . () M Methanol Total feedstock 187.0 240.2
. l : Lime Cement 5.4 8.4
@ e @ W Glass Lime 1.3 6.7
. , B Cement Class 3.2 15.7
’ ‘ : @ Plilpaind Faper Pulp and Paper 27.1
< ¢ Total energetic 9.9 57.9
Total 196.9 298.1
Lower bound scenario A between higher and lower H, demand scenarios
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What did we do to the refineries? 
Special case  Refineries obsolete, but existing infrastructure can be used for chemical industry processes – eg cracker capacities or product pipelines.

For example we have 4 locations that produce methanol TODAY but for our distribution we assume that in future we can also produce methanol additionally at refinery locations because of the suitable infrastructure and the very significant increase in methanol output (methanol is an intermediate product for olefin production so we have higher MeOH output, while all other sector remains constant)


Paper: nothing because lowest estimates might be no H2 utilization at all
NH3: No Delta because H2 is the only option to produce Ammonia, so there is no lower or upper scenario

If only green hydrogen with 70% efficiency we would need around 430 TWh of renewable electricity… 2022 total electricity generation in Germany was around 500 TWh (of which 244 TWh renewable)…. Lead to second research question
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