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Background & scope

* lron&steel sector is a marked contributor to
CO, emissions from industry

 VTT has studied options for significant
emissions reductions in iron&steel industry
in several projects and developed a
feasibility evaluation tool

Total direct CO,
emissions from
industry in 2007
was 7.6 Gt, globally

* One important alternative was missing: lron
ore can be reduced with H, enabling

virtually CO,-free iron/steel Chemicals and B ronand steel 30%
petrochemicals 17% B Cement 26%
B rulp and paper 2% Other 23%

R . Aluminium 2%
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https://www.imperial.ac.uk/media/imperial-college/grantham-institute/public/publications/briefing-papers/Reducing-CO2-emissions-from-heavy-industry---Grantham-BP-7.pdf
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Primary(=ore-based) steel production
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Direct reduced iron
Various process alternatives
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MIDREX — The most common DRI process

Flue
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Reduction & Carburizing
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Fig. 7 MIDREX process flow sheet® (SL/RN) 0.7% T"Eil2‘2;3?7";‘(’)‘12‘;\;‘1""’

23.0%

,‘;- <, NEO

i CARBON

N = :; ENERGY HYL MIDREX
“ Tanaka (2015). Resources Trend and Use of Direct L 60.5%

Reduced Iron in Steelmaking Process Fig. 6 World DRI production processes in 20129




DRI USING HYDROGEN?
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Direct reduced iron with pure H,

« Hydrogen would be a good reducing agent:

— H, has been shown to react more rapidly than CO - reactor size can be
decreased compared to current MIDREX and HYL [1]

- ....but price and availability are a challenge

« Using pure H, is more or less in development phase still

— Few different processes/approaches
« Circored (Outotec’s dual fluid bed process, H, from natural gas, "commercial”)

« Hydrogen Flash Ironmaking (University of Utah, fundamental research [2])
* H, in shaft kiln (”H, Midrex”)
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H, DRI
THEORETICAL CASE STUDY BASED ON
LITERATURE SOURCES
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Case description

- H, DRI case: investment into an electrolytic H,-based
direct reduced iron process
Vs

« Reference case: refurbishment of the current process

* Mill capacity ~2.6 Mt 4e steel/@

Changes in:
«  Electricity consumption
Direct CO, emissions
Coke and PCI coal consumption

T, NEO .+ LNG purchase
4l - CARBON O, purchase/sales
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H, DRI case

« Electrolysers + shaft furnace H, direct reduction process + electric arc
furnace (EAF)

« Storage of hydrogen is not considered (electrolysers assumed to be run
8600 h/a at full capacity)

« Coke gas assumed to be replaced by additional LNG in steel rolling
processes and a small amount of coal is still used in the electric arc furnace

* No change in district/process heat revenues (large excess) or other OPEX
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Electricity requirement for electrolytic H, DRI

Process
Hydrogen/electrolysis 11.5
DRI 0.439
EAF 2.068
Hot rolling 0.375
SUM 14.3

Values based on Fischedick et al. / Journal of Cleaner Production 84 (2014) 563-
580, adjusted to suit to studied case, for example the lower scrap metal content
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CAPEX
_______ |Referencecase _____|H,DRlcase

Blast furnace refurb. 74 €/t CS [2]
Basic oxygen furnace 64 €/t CS [2]
refurbishment
Coke plant refurb. 17 €/1 CS [2]
TOTAL =155 €/t crude steel
DRI process 161* €/t CS [2]
Electric arc furnace 184 €/t CS [2]
Electrolysers 650 €/kW |,y [1]
236 €/t CS
TOTAL =581 €/t crude steel

[1] Fischedick et al. / Journal of Cleaner Production 84 (2014)

[2] Wortler et al. (2013). Steel's Contribution to a low Carbon Europe 2050.
*process using electrolytic H, was assumed to cost 30% less than natural gas
based MIDREX

RN

~:*; NEO
o » CARBON
« Af’:' ENERGY

lvVV‘A
»Y




A

Implications of adopting H, DRI

Direct CO, emissions would be reduced by almost 90%

would

 ~1TWh more LNG would be required for rolling

 Over 1 Mt of oxygen would be produced as a by-product

— total demand in Finland is ~1.3 Mt/a.
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Economics?
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Excel too

C0o2 OBF w/o CCS
€/t
« Profitability maps vs. reference case
are shown for the studied case
« Sliders for sensitivity analysis
17 & 55 27 01 29 58 86 11
14 4 16 12 4 68 97 12 15
11 1 23 51 79 11 14 16 19
8 3 62 9 12 15 17 20 23
5 7 10 13 16 19 21 24 27
10 12 14 16 18 20 22 24 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80
Electricity (incl. transmission and net taxes), €/MWh
LNG price Laf E o] 40/€/MWh
Coal price (PCI) HEa m 12|¢/Mwh
Coke price/value [ 1] | 150(€/t
Biocoke price HEEN ] ) 40/€/MWh
C-neutral MeOH value - W 76/€/MWh
N WACC i miEm 11|%
g »:;k‘ Economic timeframe HEN o] 16|years
« ((" . A:: 1 N EO Investment sensitivity <12 o] 4%
4“4 1 " \ CO2 transp.&storage cost 4 I=m 40(€/t
“4la ML CARBON HKA 8600]h/a
Ay ;i‘ »r ', Share of biocoke Ll 1] 50|% of PCI {enb.)
PPYY S 4“:; ENERGY Value of oxygen 1 m 70|€/t
“‘v‘: a Value of surplus oxygen i o] 2|€/t
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Default market prices/values

_ lvalie lunit

LNG 42 €/MWh
Coal (for PCl or EAF) 12 €/MWh
Coke 150 €/t
Value of excess oxygen 10* €/t

*low average price as it is not reasonable to assume that all of the oxygen could be sold
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Eﬁsggy WACC 8%, timeframe 20 years
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Additional cost (M€/a) compared to reference case
Default values

02
on 10€MWh 25 €/MWh

80 €/t =

77
74
71
68
65
62
59
56
53
50
47
44

H2 DRI + EAF (M€/a)

-141 -119 37

-131 -109 25 47
-120 36 58
-110 24 46 68
34 57 79
45 67 89
55 78 100
66 88 110
76 99 121
87 109 131
97 120 142
108 130 152
118 141 163
129 151 173

139 161 184

35 €t s

29 15 37 59 81 104 126 148 171 193 215

150 172 194
160 182 205

26 25 47 70 92 114 137 159 181 203 226

23 36 58 80 102 125 147 169 192 214 236

20 46 68 91 113 135 158 180 202 224 247

A 17 57 79 101 123 146 168 190 213 235 257
:: 14 67 89 112 134 156 179 201 223 245 268
"v 11 78 100 122 144 167 189 211 234 256 278

. "y '8 88 110 133 155 177 199 222 244 266 289
> 98 121 143 165 188 210 232 255 277 299
v o= 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80

Electricity (incl. transmission and net taxes), €/MWh
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Additional cost (M€/a) compared to reference case
Electrolyser CAPEX 650> 300 €/kW

CO2
€/t

80 €/t

10 €/ MWh

75
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73 96

84 106

-134

-123

-113
-102

97
108
118
128

-111
-101

140
151

121
131
142
152
163
173

12 14 16 18 20

143
153
164
174
185
195

H2 DRI + EAF (M€/a)

28 €/ MWh

165
176
186
197
207
218

125
135
146
156
167
177

188
198
209
219
229
240

210
220
231
241
252
262

22 24 26 28

22

33

43

54

64

75

85

%6
106
117
127
138
148
159
169
180
190
201
211
222
232
243
253
264
274
285
30

32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80
Electricity (incl. transmission and net taxes), €/MWh
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Additional cost (M€/a) compared to reference case
Electrolyser CAPEX 6502300 €/kW & Greenfield BF+BOF

€/t

10 €/ MWh

21
31
42
52
63
73
84 106
94 116

82 105 127
18 20 22

24 26

28 30

196
207
217
228
238

32 34

219
229
240
250
261

H2 DRI + EAF (M€/a)

35 €/ MWh

36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80

Electricity (incl. transmission and net taxes), €/MWh



Conclusions & next steps

« DRI w/ electrolytic H, could enable basically CO,-free steel
production

* Process seems technically feasible but economics seem a bit
challenging

— But as CCS still faces a lot of opposition and obstacles, H, route might
still be the way to go
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