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Material identification

The oxide composition of all slags and raw materials were determined as described in the

materials and methods. Supplementary Table 1 gives the resulting oxide composition. A
value for Chloride is reported, but it is only indicative due to the calibration of the XRF

equipment.
XRF
Melt # Melt ID -
Ca0 Si02 Al203 [Fe203 |MgO MnO Cr203 |SO3 Na20 |K20 LOI
Meltsreported in the paper
1 MO2-1 64.90( 20.40 3.10 7.40 1.00 0.10 0.00 0.60 0.00 0.00( -0.89
2 MO2-3 66.60( 23.30 2.60 4.40 1.90 0.00 0.00 0.70 0.00 0.00f -0.50
3 MO2-4 65.90( 21.80 3.40 4.70 3.10 0.00 0.00 0.24 0.02 0.02 -0.40
4 MO2-5 60.84( 23.44 3.06 8.36 1.82 0.05 0.02 0.64 0.04 0.09( -0.45
5 MO2-6a 62.71| 21.15 4.87 7.04 0.91 0.06 0.03 1.37 0.05 0.11 -1.85
6 MO2-6b 57.51| 19.57 3.51| 16.22 0.82 0.05 0.02 0.75 0.06 0.11 -1.78
7 MO2-7 60.13( 19.51 2.97| 13.50 0.61 0.04 0.02 0.91 0.52 0.07| -2.04
8 GC80-1a 64.00( 20.80 4.70 5.50 1.20 0.10 0.00 2.50 0.00 0.00( -2.63
9 GC80-1b 64.70( 22.20 5.30 3.50 1.10 0.10 0.00 2.10 0.00 0.00( -2.13
10 GC80-2b 46.00| 13.00( 10.70| 15.90 4.50 4.90 2.10 0.20 0.10 0.00( -2.63
11 GC80-3a 63.24( 20.66 9.44 3.74 0.29 0.10 0.02 0.26 0.02 0.10( -0.56
12 GC80-3b 67.94( 12.93| 15.78 0.35 0.28 0.04 0.01 0.02 0.02 0.03 0.20
13 GC80-3c 68.04( 16.51| 12.59 0.35 0.30 0.03 0.00 0.01 0.01 0.02 -0.35
14 GC80-4a 63.66( 20.06 4.58 7.26 1.07 0.17 0.03 2.21 0.02 0.03 -2.18
15 GC80-5a 52.90| 17.22 3.98| 19.29 0.82 0.38 0.06 1.99 0.67 0.06( -4.98
16 GC80-5b 62.71| 16.66 7.40 4.82 2.94 1.71 0.45 0.80 0.07 0.05 -1.39
17 GC80-5¢c 52.91| 12.87 8.66 9.96 5.81 3.66 1.82 0.59 0.04 0.04( -1.76
18 GC80-5d 63.19( 20.64 5.94 4.79 0.90 0.14 0.03 1.08 0.18 0.08| -2.75
19 GC80-5e 59.43|] 21.63 7.80 5.42 1.31 0.29 0.06 1.60 0.09 0.20f -1.95
20 AL250-1 38.70| 23.30( 18.20( 10.20 2.10 4.60 0.40 0.10 0.22 0.30
21 AL250-2 43.60| 23.90( 23.10 1.70 2.70 2.00 0.10 0.20 0.10 0.20( -0.39
22 |AL250-3 44.20( 25.00| 17.50 3.40 2.80 5.10 0.30 0.20 0.00 0.30( -0.72
23  |AL250-4 42.50( 21.20| 24.40 1.80 7.70 1.90 0.10 0.30 0.10 0.30( -0.39
24  |AL250-5 39.50( 21.60| 31.20 1.80 0.90 2.60 0.10 0.10 0.10 0.20( -0.23
25 AL250-6 51.70| 24.10( 12.90 3.30 2.20 2.30 0.10 0.40 0.10 0.30( -0.49
26 AL250-80:20 45.65| 12.09( 29.35 8.70 0.70 0.90| >0.08 0.30 0.10 0.15 -1.17
27 AL250-79:21 42.95| 12.05( 31.70 7.43 1.00 >0.1| >0.08 0.10 0.06 0.12 -1.07
28 AL250-78:22 53.36| 12.60| 16.60| 12.65 0.80 >0.1| >0.08 0.66 0.06 0.09( -1.51
Commercial comparisons
Commercial clinker 65.18| 21.05 5.43 3.79 0.89 0.09 0.02 0.66 0.21 0.26( -0.20
Commercial cement 65.35| 19.62 4.86 3.41 0.99 0.08 0.01 2.36 0.10 0.45 0.16
Feedstock materials used in trials
HCP 65.27| 19.64 4.91 3.52 1.01 0.10 0.01 2.34 0.12 0.42| 13.70
HCP CI 63.09| 19.32 5.02 3.62 0.84 0.09 0.01 2.70 1.86 0.50( 13.01
EAFSm 35.94 8.85 9.85( 22.12 7.60 7.22 4.36 0.07 0.02 0.02 -2.71
EAFSc 19.86| 13.45| 14.36| 34.13 5.36 5.74 3.25 0.09 0.17 0.03| -3.13
Lime 95.79 1.43 0.10 0.14 0.81 0.03 0.01 0.13 0.01 0.03 4.42
Sand 0.11| 91.05 2.01 0.74 0.09 0.02 0.05 0.00 0.18 1.32 0.32
Kaolin 0.02| 52.10| 39.79 0.83 0.27 0.01 0.00 0.00 0.09 2.05| 12.69
Metakaolin * 0.13| 49.20| 48.40 0.68 0.09 0.00 0.02 0.05 0.21 0.16 N/A
RCP 30.38| 48.51 7.42 4.39 1.64 0.11 0.14 1.76 0.85 1.10| 23.35

*data provided by KU Leuven

Supplementary Table 1: XRF of all the slags tested as well as the raw materials. The

calibration of the XRF does not allow for accurate measure of chloride content.

The crystalline content of all the slags was analysed, following the protocol given in the

materials and methods. The results of this analysis are reported in Supplementary Table
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2. For most of the materials, the amorphous content was negligible. Except for a few
samples (MO2-3 to M0O2-7), there is an offset of around 2.65° 26 due to the loss of
alignment of the diffractometer. Nevertheless, apart from that offset, there was no
difference in peak intensities.

XRD
2
L 3 g o < 2lE|lelo 2 S o ] 3
Melt # Melt ID §§§§%§§2%§§$-§:§§§§§§§§8§:§:§§§
Blalsl2|c|a|&|C|5|E|5|5|8|C|s|e|2|e|s|5|c|8|8|E|a|s]s]e
[§) o I8} © < & 2|0 (= < = @ < g
=
1 MO02-1 72.5| 4.8 57| 82| 2.5[1.6| 0.0/ 0.7({ 0.3 13 1.0 1.4
2 MO02-3 63.5/16.6| 3.9/ 4.6] 09| 0.8] 2.5/ 1.0| 2.8| 0.0| 0.4]| 0.0 0.4 0.0] 2.5 0.0
3 MO02-4 59.5(12.5( 5.5| 6.1 0.9 1.9] 2.8| 0.0 4.6| 0.0 0.7| 0.0 0.2] 0.0f 3.8] 1.5
4 MO02-5 35.6(/33.0f 3.8|/13.6| 2.2 0.4] 8.0/ 0.4 1.5| 0.0f{ 0.5| 0.0 1.0) 0.0f 0.0 0.0
5 MO2-6a 49.7125.9| 8.4 83| 0.7] 1.5( 1.5] 1.2| 0.8 0.0] 0.3| 0.0| 1.1 0.0 0.4| 0.3
6 MO2-6b 38.2(22.6( 1.7|11.2) 2.6( 1.4| 5.4| 0.5/ 0.7) 0.0f 0.8] 0.0 2.5/10.8| 0.2] 1.3
7 MO02-7 63.3| 87 1.1] 70| 19{2.1] 1.2| 2.2| 04) 0.0/ 0.8] 7.0 3.1] 0.0/ 1.4] 0.0
8 GC80-1a 60.9(13.4( 8.6| 0.7) 0.3 1.8] 1.3| 4.6/ 1.0) 5.0({ 0.0| 0.0 2.4] 0.0{ 0.0 0.0
9 GC80-1b 53.9(22.8(10.1] 0.8] 0.2 1.3] 2.0/ 3.7/ 0.9] 2.7 0.2] 0.0 1.5| 0.0f 0.0 0.0
10 GC80-2b 9.0/31.2( 5.7{21.6|13.7| 0.8] 5.2| 1.9( 0.1] 0.4| 3.7| 0.0{ 0.0] 0.0| 0.9] 0.0f 3.3] 2.6
11 GC80-3a 32.9(24.9(17.00 19| 0.1f 1.3] 2.0f 1.7 10.5| 4.2 0.1 3.6
12 GC80-3b 41.3| 7.8|34.6| 0.3 0.1] 0.2 2.1 2.7 39| 7.0 0.1
13 GC80-3c 54.6( 5.3(20.5| 0.2| 0.3 0.6] 2.4| 2.2 9.7| 3.4 0.1 0.8
14 GC80-4a 69.8 5.1(10.9| 1.1| 0.5( 2.0] 1.7| 4.3 2.4] 0.7 1.6
15 GC80-5a 50.4(21.6( 49| 2.4| 0.2 0.4] 1.5| 3.4 0.0) 1.3| 3.4| 7.2| 2.2] 1.0
16 GC80-5b 42.9117.9|113.0f 6.9 0.3] 1.2 1.5] 0.6] 2.2 5.2| 8.0/ 0.0| 0.4 0.0
17 GC80-5¢ 40.4114.1115.0{11.6( 3.7] 0.3 2.1] 0.8] 2.1 0.1] 6.3 0.7 1.4] 1.5
18 GC80-5d 60.2(15.8( 9.3] 1.1 0.2 2.9] 2.0/ 0.9/ 0.5| 0.5( 4.4| 0.0/ 0.6] 0.0f 1.7
19 |GC80-5e 23.9[/509]14.1] 39| 03] 09| 1.6/ 15| 0.7 0.9] 0.2] 0.0/ 1.1] 0.0
20  |AL250-1 4.4| 0.8 1.0| 5.0) 0.9] 9.0|54.1 7.5 1.0 3.4| 7.1 0.7] 5.3
21 |AL250-2 8.6 2.7| 2.2 5.7|147.8| 3.4 1.9 10.9 10.8| 6.0
22 |AL250-3 2.9 6.0| 3.5[20.6/45.6| 7.0 0.3 14.2
23 |AL250-4 9.7 0.5| 3.6/ 0.7] 9.6/59.8] 1.2 1.0 13 1.1] 3.4 8.3
24 |AL250-5 2.8| 1.5] 1.4|87.2 5.5 0.5 1.2
25 |AL250-6 10.8| 2.3| 1.5 2.8| 0.8/47.4[27.0 0.6 0.5| 2.0 4.5
26 |AL250-80:20 3.3] 40 09| 2.7] 0.4/ 0.0/ 1.5/ 0.0( 0.0) 0.0/ 0.0| 0.0 0.0] 0.0 3.1 84.0
27 |AL250-79:21 4.6/11.4( 0.5| 1.0/ 0.6f 0.0| 2.7|11.5( 0.0| 0.0f 0.0| 0.0 0.0| 1.0 5.7 61.0
28 |AL250-78:22 10.3127.8|123.0{23.6] 2.5| 1.6 54| 0.4 0.9 4.6
Commercial clinker 54.1/22.8( 9.4| 9.2| 0.0 0.2] 3.2| 0.5( 0.1] 0.0f 0.6] 0.0 0.0
Commercial cement 53.2(22.7] 9.1 8.8] 0.0/ 0.2] 2.8 0.2 0.1 0.7 0.4 0.6 0.3] 1.0

Supplementary Table 2: XRD phase composition from Rietveldt analysis.

Determination of the amorphous content in the other slags/clinker is difficult as the
amorphous content is lower than 20% so its presence cannot be visually identified.
Quantitative determination of the amorphous content using either the internal or external
standard method requires a McCrone mill which was not available. For example, Snellings et
al. (2014) showed clinker and alite having mean particle size of around 35um could have
amorphous content of around 20%, while when the same clinkers are ground down to
around 3-5 um, the amorphous content decreases to close to 0%. Therefore, we deduce
that the clinkers produced in the experiments reported in this paper have an amorphous
content no more than 20%, but this is likely to be a substantial overestimate based on the
performance and concordance between XRF and XRD compositions.

Two slags (AL250-80:20 and AL250-79:21) have high amorphous content as shown by the
diffractogram. To determine the amorphous content in these two slags, the external
standard method approach was used (Jansen et al., 2011) with corundum (Al,03) used as an
external standard. In using this method, it is important to find the mass attenuation
coefficient (MAC), which was calculated using the XRF composition. As these slags were not
fully oxidized, and XRF measurements were carried out after fully oxidizing the samples, a
correction for the MAC was made using the measured gain in ignition.
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Literature survey of EAF slag compositions

An extensive literature survey was conducted to determine the range of EAF slag
compositions reported in previous work. These are recorded in Supplementary Table 3.
Because of the heterogeneity of the methods used and variations in reporting (sometimes
ranges are given) there is some uncertainty about the composition, so they are reported in
the main paper as zones, and represented as semi-transparent discs.

Ref ID in paper CAO SIO; ALOs MgO FeO Fe;03 Fe.tot Cr0s MnO P05 Na.0 K0 Sos
1 |EAFslag1l 455 322 37 5.2 3.3 1.0 4.3 3.3 2.0 0.0 0.0 0.1
EAF slag 2 38.8 141 6.7 3.9 5.6 20.3 259 27 5.0 0.2 0.0 0.0
2 |EAF Slag 239 153 74 5.1 42.5 4.5 0.1
3 |EAF Slag 242 10.1 5.7 1.9 37.2 25 5.1
4 |Untreated EAFS 30.8 233 6.1 12.0 24.1 15 0.6
5 |Average 396 172 41 9.2 20.4 24.2 0.7
6 |EAFS 533 230 21 7.8 11 0.0 11 0.1 0.4
7 |EAF 27.8 16.6 11.0 4.0 33.8 2.2 4.7
8 |EAF Type P 29.6 13.0 93 3.7 32.8 4.0 5.1
9 |EAFS 21.8 183 83 6.1 376 1.8 4.4 0.2 0.4 0.1 0.2
10 |EAF steel slag 25.6 18.7 2.8 7.5 35.2 0.3 0.3 0.1
11 |EAFS1 325 17.2 8.0 4.6 30.8 3.8 0.6 0.2 0.3
EAFS2 257 179 116 3.8 27.5 4.2 0.5 0.1 0.0
12 |EAF slag 41.7 347 6.3 9.1 0.5 3.5 2.1
13 |Steel slag 169 264 4.8 1.9 43.4 2.7 0.2
14 |EAFS-1 29.1 6.0 141 34 274 0.7 156 1.2 0.1 11
EAFS-2 244 154 122 29 344 1.0 5.6 1.2 0.2 15
15 |EAFs 26.0 140 120 5.0 350 1.3 6.0 0.2 0.1
16 |EAFS 325 181 133 25 12.0 263 1.4 3.9 0.5 0.1 0.0 0.4
17 |EAFS (0-5 mm) 329 203 122 3.0 223 2.0 5.1 0.5 0.4
18 |EAF 389 175 4.0 5.0 25.8 2.3 15 0.3 0.3 0.5
19 | steel slag 22.1 5.7 219 45 242 0.7 3.9 0.5 0.4 0.0 0.1
20 |EAF slag 49.3 28.2 3.9 4.1 4.6 5.5 4.8 0.5 0.0
21 |EAF slag 259 163 83 6.9 34.7 5.2 0.3 0.3 0.1
22 |Steelslag 40.0 16.0 5.0 5.0 27.0 1.0 2.0
23 |EAF slag 30.3 146 10.2 3.0 333 27 4.3 0.0 0.0 0.0 0.0
24 |EAF steel slag 394 173 4.2 5.7 25.3 0.3 0.6
25 |EAF slag 29.2 20.1 8.7 2.8 32.0 4.0 0.0 0.0
26 |EAF slag 30.2 19.0 127 4.6 25.8 1.6 4.8
27 |EAFS 349 18.7 116 6.7 15.0 16.7 31.7 0. 2.6 0.3 0.1 0.0 0.7
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28 (S1 26.1 124 9.0 3.2 375 25
S2 28.7 104 7.3 4.0 39.7 20
29 (EAFS 27.7 19.1 13.7 2.5 26.8 53
30 |EAF slag 333 195 49 4.3 25.9 0.4 0.5 0.6 2.3
31 |EAF slags 220 200 133 7.8 21.3 4.9
32 |EAF slag 31.7 171 6.1 2.0 36.1 6.3 0.6 0.1
33 [EAFS 306 16.1 3.8 9.8 31.7 0.6 0.2 0.0
34 |Steel slag-B 38.0 155 43 3.5 28.2 0.5 3.6 1.8 0.2 0.1 0.7
35 [Slag A 209 211 85 14.9 114 38 2.2 0.1 0.2
36 |EAF0/20 mm 183 189 5.8 2.5 37.7 0.1 2.6 0.4
EAF 14/32 mm 16,5 19.1 5.8 2.0 39.8 0.1 2.8 0.5
37 |EAFSS 46.5 122 7.2 6.5 235 09 244 0.8 13
38 [EAFS 1 37.2 283 64 17.2 3.4 2.5 2.2 0.0 0.1 0.1 0.1
EAFS 2 26.7 29.1 94 18.0 4.4 6.3 2.1 0.0 0.2 0.2 0.1
EAFS 3 258 214 59 7.8 241 6.4 3.3 0.2 0.7 0.9 0.2
EAFS 4 41.2 154 189 18.7 2.0 0.6 0.3 0.0 0.0 0.0 0.4
EAFS-Sb 49.7 36.2 13 6.3 2.4 0.6 0.4 0.1 0.1 0.0 1.4
39 |EAF Slag 347 19.1 4.2 6.2 24.2
40 |Steel slag 256 18.7 2.8 7.5 35.2 0.3 0.3 0.1
41 |EVRAZ EAF slag 250 8.1 7.6 10.7 444 15 4.2 0.3 0.0 0.0
42 |EAFCslag 322 114 147 3.1 305 1.1 4.2 0.1
43 |ISS 26.7 203 89 4.3 323 1.7 3.3 0.3 0.2 0.3
44 |EAFS 27.7 239 131 3.2 26.4 4.6 0.5 0.0 0.0
45 |EAF steel slag 30.7 128 120 7.7 31.1 0.5 0.4 0.1 0.1
46 |EAFS 395 8.2 0.7 0.9 38.9 8.1 2.2 0.3 0.3 0.2
47 |Steel slag 33.0 131 55 5.0 36.8 0.0 0.0 4.2
48 |EOS 447 336 3.8 6.2 0.6 4.9 3.1 0.1 0.5
49 |EOS 26.1 155 119 34 36.8 6.0
50 |EOS slag 404 430 438 2.2 0.6 2.7 3.8 0.2
51 [EAF1 251 122 1.6 7.7 385 0.8 5.9 0.6 0.3 0.4 0.6
EAF 2 309 134 2.7 2.8 379 0.8 4.1 1.4 0.3 0.3 0.7
52 |63 <d <90 um 21.7 185 8.5 17.0 129 4.0 2.3 0.1 0.2 0.2 0.2
53 |EAF slag 225 163 151 5.6 225 46 9.4 0.2
54 |EAF oxidizing slag 27.7 153 74 6.6 31.8
55 [EAF Aggregate 347 181 5.1 5.4 23.2 0.0 0.0 0.0
56 [EAFS 255 16.0 9.2 5.1 25.7 0.2 0.0 0.3
57 |EAFS 27.7 239 131 3.2 26.4 4.6 0.5 0.0 0.0
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58 |EAFS 356 189 6.9 3.8 31.2 05 1.2 0.6 00 00 0.0

59 [EAFS 303 120 74 4.9 379 1.2 4.5

60 [Slag A 209 211 85 14.9 114 38 2.2 0.1 0.2

61 |EAF slag 243 126 8.8 3.0 40.5 4.7 0.4

62 [EAFS 379 220 79 7.5 22.8 2.2

63 |EAF slag 295 5.7 5.2 4.3 485 34 5.2 0.3

64 [EAFS 26.7 209 121 3.2 24.5 4.6 0.5 0.0 0.0

65 (Ss 55.2 224 3.0 85 4.4 0.3 0.0 0.1 0.0

66 [EAFS 329 203 122 3.0 223 20 5.0 0.5 0.6 0.4
67 |EAFS 245 128 49 3.1 46.7 1.2 4.9 0.4 0.2 0.1
68 |electric arc furnace slag {31.8 17.5 123 5.1 220 27 62 03 00 0.1
69 |Arc Furnace Slag 386 16.1 5.2 14.6 10.3 0.7 0.6 0.1

70 |EAFs 38.1 17.1 6.1 6.5 23.6 6.5 0.3 0.0 0.1

71 |Electric arc furnace 26.7 17.7 122 53 21.2 7.9

oxidizing slag

72 |EAFS S4 225 221 252 115 9.9 44 0.2 00 00 04
73 |EAS 241 142 111 33 39.9 56 05 0.0
74 |Slag 279 212 55 5.7 25.1 04 05 08 07 03
75 |modified-EAF slag 30.7 216 5.1 10.1 239 16 44 13
76 |EAFS 28.2 17.7 10.2 5.7 285 24 55 04 02 00 03
77 |EAFS 270 13.2 139 338 310 24 64 05 00 0.1

Supplementary Table 3 EAF slag compositions reported in the literature.
References cited in Supplementary Table 3:

1.  Tossavainen, M. et al. Characteristics of steel slag under different cooling conditions.
Waste Manag. 27, 1335-1344 (2007).

2. Manso, J. M., Polanco, J. A., Losafiez, M. & Gonzalez, J. J. Durability of concrete made
with EAF slag as aggregate. Cem. Concr. Compos. 28, 528-534 (2006).

3. Pellegrino, C. & Gaddo, V. Mechanical and durability characteristics of concrete
containing EAF slag as aggregate. Cem. Concr. Compos. 31, 663—671 (2009).

4, Muhmood, L., Vitta, S. & Venkateswaran, D. Cementitious and pozzolanic behavior of
electric arc furnace steel slags. Cem. Concr. Res. 39, 102—109 (2009).

5. Abu-Eishah, S. |., El-Dieb, A. S. & Bedir, M. S. Performance of concrete mixtures made
with electric arc furnace (EAF) steel slag aggregate produced in the Arabian Gulf
region. Constr. Build. Mater. 34, 249—-256 (2012).
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6. Li, J., Yu, Q., Wei, J. & Zhang, T. Structural characteristics and hydration kinetics of
modified steel slag. Cem. Concr. Res. 41, 324-329 (2011).

7. Pellegrino, C., Cavagnis, P., Faleschini, F. & Brunelli, K. Properties of concretes with
Black/Oxidizing Electric Arc Furnace slag aggregate. Cem. Concr. Compos. 37, 232-240
(2013).

8. Pasetto, M. & Baldo, N. Experimental evaluation of high performance base course and
road base asphalt concrete with electric arc furnace steel slags. J. Hazard. Mater. 181,
938-948 (2010).

9. Etxeberria, M., Pacheco, C., Meneses, J. M. & Berridi, |. Properties of concrete using
metallurgical industrial by-products as aggregates. Constr. Build. Mater. 24, 1594—
1600 (2010).

10. Ameri, M., Hesami, S. & Goli, H. Laboratory evaluation of warm mix asphalt mixtures
containing electric arc furnace (EAF) steel slag. Constr. Build. Mater. 49, 611-617
(2013).

11. Arribas, |, Santamaria, A., Ruiz, E., Ortega-Lépez, V. & Manso, J. M. Electric arc furnace
slag and its use in hydraulic concrete. Constr. Build. Mater. 90, 68-79 (2015).

12. Adegoloye, G., Beaucour, A.-L., Ortola, S. & Noumowé, A. Concretes made of EAF slag
and AOD slag aggregates from stainless steel process: Mechanical properties and
durability. Constr. Build. Mater. 76, 313—321 (2015).

13. Roslan, N. H., Ismail, M., Abdul-Majid, Z., Ghoreishiamiri, S. & Muhammad, B.
Performance of steel slag and steel sludge in concrete. Constr. Build. Mater. 104, 16—
24 (2016).

14. Luxan, M. P., Sotolongo, R., Dorrego, F. & Herrero, E. Characteristics of the slags
produced in the fusion of scrap steel by electric arc furnace. Cem. Concr. Res. 30, 517—-
519 (2000).

15.. Monosi, S., Ruello, M. L. & Sani, D. Electric arc furnace slag as natural aggregate
replacement in concrete production. Cem. Concr. Compos. 66, 66—72 (2016).

16. lacobescuy, R. I., Koumpouri, D., Pontikes, Y., Saban, R. & Angelopoulos, G. N.
Valorisation of electric arc furnace steel slag as raw material for low energy belite
cements. J. Hazard. Mater. 196, 287-294 (2011).

17. Santamaria, A. et al. Self-compacting concrete incorporating electric arc-furnace
steelmaking slag as aggregate. Mater. Des. 115, 179-193 (2017).

18. Kavussi, A. & Qazizadeh, M. J. Fatigue characterization of asphalt mixes containing
electric arc furnace (EAF) steel slag subjected to long term aging. Constr. Build. Mater.
72, 158-166 (2014).
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Experimental notes

Leaching

Early experiments in this study were conducted with an aluminium oxide lining in a 250 kg

furnace. As reported in the main paper, this lining proved unsuitable for re-clinkering over

molten steel and led to uncontrolled leaching. To illustrate the effect, Supplementary Figure

1 shows the difference in oxide composition between the input flux and the output slag

after fluxing over molten steel in three different crucibles. The effect of leaching from the

Alumina crucible can be seen from the large increase in Al;Os in the samples prepared with
it. Unlike the results reported in the main paper using MgO or graphite crucibles, the
aluminium content of the slag is much larger than that of the flux because of leaching.

CaO MgO '
SiO, m SO; Bl Flux input
m AlLO; Na,O B Resulting slag
| F3203 Kgo
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Supplementary Figure 1: Oxide composition difference between flux and slag when using

three different crucibles. The figure shows the outcomes of six trials in a crucible with

aluminium lining, three with a carbon crucible and three with a magnesium crucible. Each

trial is represented with a pair of results, of which the upper bar shows the oxide
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composition of the input flux and the lower bar shows the oxide composition of the
resulting slag. The effect of leaching in the aluminium crucible is demonstrated by the
significant changes in composition between flux and slag in the six pairs of results in the
upper part of the figure.

Sulphur in steel and slag

The major difference between cement paste and the lime flux added in EAF operations, is
the inclusion of SiO3, Al,O3, Fe;03 and SOs. SiO,, Al;03 and iron oxides are compatible with
the slag and are usually present in scrap and slag due to oxidation reactions. Further, Si and
Al cannot easily be reduced in EAF operating conditions used to melt steel. Thus Si and Al
remain as oxides in the slag and will not affect steel. The effect of having SOz in flux is
unknown to steelmaking, but it is volatile at the operating temperatures of EAFs.

High sulphur content has a negative impact on the mechanical properties of steel, so it is
typically limited to less than 0.05%. To test the risk of this with the new process, in some of
our experiments, we used a flux to steel ratio at least 7 times higher than a typical flux
addition in the EAF process, to increase the potential transfer of sulphur into the system.
Nevertheless, the resulting sulphur content of the steel was no more than 0.08% in all cases,
so with more conventional flux:steel ratios, we do not anticipate a problem.

In detail, in trial MO2-1, around 150g of flux was added to 500g of steel. The SO3 content in
the flux was 2.4%, resulting in 1.24g of sulphur in the flux. Of that, 0.31g stayed in the slag,
0.35g transferred to the steel and the remaining 0.58g was volatile. The resulting sulphur
content of steel was therefore around 0.07%.

In the combined double-slagging trials MO2-6, (i.e. MO2-6a and M0O2-6b), around 300g of
flux was added in total, amounting to 2.4g of sulphur added, of which 0.4g went to steel,
1.1g to slag and 0.9g was volatile, leading to a sulphur content in the steel of 0.08%.

In reducing conditions with a graphite crucible, the SO3 content remained almost unchanged
with flux and slag, indicating almost all the S stayed with the slag and hardly any sulphur
went to steel.

Nevertheless, the effect of sulphate content in the flux on the partition of sulphur in EAF
must be studied further, and the costs of the additional sulphur load must be investigated.
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Performance
All the strength tests were performed according to EN 196-1 and can be found in
Supplementary Table 4.

Compressive strength (MPa)
2 day 7 day 28 day
29.8 51.8 62.2
Commercial cement 31.6 51.3 66.5
31.7 - 66.7
19.98 47.30 67.72
Commercial cement LC3 19.84 48.29 68.29
19.47 47.74 67.97
21.51 35.41 57.58
Commercial clinker 23.82 37.21 52.74
21.44 38.46 53.07
15.53 44.36 57.06
Commercial clinker LC3 15.11 44.13 58.21
15.67 44.17 56.79
23.10 36.65 47.74
High Alite (GC80-1a) 24.54 35.54 47.27
24.69 40.22 48.23
18.27 46.62 61.58
High Alite LC3 17.46 45.93 59.05
17.94 43.15 61.40
17.49 27.04 40.46
Medium Alite (GC80-1b) | 17.40 27.21 41.92
17.67 27.59 39.65
12.75 37.43 51.73
Medium Alite LC3 12.53 37.19 51.75
12.53 39.34 49.77

Supplementary Table 4: Strength of the samples at 2, 7 and 28 days, tested according to EN
196-1.

Under-sulphation in strength tests

The cements prepared for the strength tests were under-sulphated. As our production
volumes are currently constrained by equipment and labour availability, figure 2A in the
main paper presents updated calorimetry data (used to anticipate the setting time) for
properly sulphated samples, but we have not had the material to repeat the strength tests
shown in figure 2C. For completeness, we therefore present here the calorimetric curves,
both instant and cumulative, for the samples used to create figure 2C. The earlier results
show a large early peak due to aluminate hydration overlayed over the main (silicate) peak.
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When, the cement is properly sulphated, as with the samples in figure 2A, this peak occurs
after the silicate peak, and is smaller.
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Supplementary Figure 2 Calorimetry results for the under-sulfated samples used to create
the strength tests of figure 2C in the main paper.
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Emissions and economic analysis of electric cement recycling in the
UK

Boundaries and assumptions

To anticipate the cost and emissions impact of making Portland cement by electric-recycling
of cement paste, we assume that production occurs in a ~500kt/yr Electric Arc Furnace,
creating 150kt/yr of slag, all of which is converted to clinker. We assume that the masses of
flux and slag are the same, although generally, the mass of slag will be higher, as it combines
the flux with impurities in the steel scrap.

The analysis aims to capture all changes to existing processing. Concrete and Demolition
Waste is already collected, transported, processed and sold, so only the additional costs of
improved separation are included, and are offset by higher revenues from purer recycled
aggregates and a new stream of revenue from sand recycling.

The emissions figures are estimated from global average data, to avoid confusion from
regional variations in electricity generation, or transport configuration. However, the cost
figures are estimated for the UK in 2023, to ensure consistent comparison based on local
energy, labour, cement and raw material prices.

The cost of capital for all additional equipment purchased to enable electric cement
recycling is taken as 25%.

Given that cement production is largely localised, while steel recycling entails some trade of
scrap, it has been assumed that recycled cement paste (RCP) must be transported 320 km to
the electric arc furnace, and 320km from there to a cement distribution centre, with 80% of
the transport occurring by ship and 20% by road. These distances would be typical for the
UK, which currently has 11 cement plants and 2 large EAFs.
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The key proportions, emissions factors and cost basis of the analysis are presented in
Supplementary Table 5:

Inputs Emissions Units Cost Units Note
intensity (uk)
(global)

Calcined clay 0.25 tonnes CO2/tonne 65 £/tonne 1
clay

Anhydrous Calcium 0.06 tonnes CO2/tonne 200 £/tonne 2

Sulphate Powder gypsum

Lime Flux 1.1 tonnes CO2/tonne  £24 per tonne 3
lime

Sand 0.005 tonnes CO2/tonne  £35 per tonne 4
sand

Ground limestone 0.03 tonnes CO2/tonne  £24 Per tonne 5
limestone

Binder for pelletising 1.1 tonnes CO2/tonne  £12 per tonne 6
binder

Electricity generation 0.00013 tonnes CO2/MJ 0.02 £/MJ 7

Road transport (UK) 0.000125 tonnes CO2/tonne  £0.08 £/tonne-km 8
km

Ship transport (UK) 0.000005 tonnes CO2/tonne  £0.0006 £/tonne-km 9
km

Additional Operators (UK) £80,000 Perperson 10

year

Supplementary Table 5: Proportions, emissions factors and cost basis of the analysis.

Notes to Supplementary Table 5:

1. The cost and emissions of calcined clay are expected to be around half the cost and
emissions of OPC as production requires half the temperature for calcining. However, BGS
fact sheets for Kaolin (2009) and brick-clay (2022) suggest the price might be nearer to £100
per tonne, and Alibaba spot prices are around $100-200 per tonne, so the £65/tonne
estimate used here may be optimistic. Diaz et al (2017) table 1 give an emissions factor of
0.2 tonnes COy/tonne clay for flash calcining. Berriel et al. (2016) estimate industrial energy
requirements of 23 kg of crude oil and 16kWh of electricity for calcining 300kg of clay while
producing one tonne of LC3-50 cement. Using global average emissions factors this leads to
the estimate of 0.25 tonnes CO,/tonne clay used in the table. As clay calcination has no
process emissions, this emissions factor could be reduced to zero if calcination were
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powered by emissions-free electricity. Our calculation below for scenario 2b, includes this
assumption, leading to the maximum possible abatement from use of LC3-CEC.

2. The emissions factor is taken from various secondary papers citing a 2008 WRAP
study by Fisher; the cost estimate is uncertain and based on spot prices on alibaba.com,
albeit Hanein et al (2018) estimate £10/tonne for gypsum; Riveiro et al (2016) in Table S6
estimate 474 kt CO; to mine and process the gypsum required for 10.6 Mt content in
plasterboard - giving an emissions factor of 0.05 tonnes CO2/tonne gypsum

3. Meier et al (2005) quote a 1998 source to estimate 0.95-1.20 t CO,/tonne of lime.
We used 1.1 as the middle of this range.

4, Emissions data from Akan et al (2017) citing several sources.

5. Emissions from Proske et al (2016), sourced in turn from the GaBi database; price
estimated at half the price of lime flux due to absence of processing

6. Assumed to be half the price of lime flux, with the same emissions - no data found.

7. Current world average is 0.460 tonnes CO,/MWh (IEA World Energy Outlook (2022)
page 45); Price estimate based on current UK Industrial prices. (£0.08/kWh, 1kWh=3.6MJ,
https://energy-stats.uk/wholesale-energy-pricing/)

8. From https://www.roadhaulageservices.com/haulage-rates/: £2.50 per mile for a 20
tonne load (1.6km=1 mile); IPCC AR5 table 8.5 reports emissions of ~125g/tonne km for
large freight;

9. Bulk carrier rates (FT, 2021): £40,000/day for 180,000 tonnes, average speed 15mph,
assume 16 hours moving and 8 hours loading/unloading gives 240 miles per day, hence
£0.001 per tonne mile (1.6km=1 mile). IPCC ARS5 table 8.5 reports ~5g/tonne km for large
freight;

10. Estimated

Detailed Calculation

Estimates are made of the cost and emissions consequences of four recipes for recycled
Cambridge Electric Cement (CEC): (a) a “pure” blend with 95% CEC clinker and 5% gypsum
and (b) an LC3-50 blend with 50% clinker, 30% calcined clay, 15% ground limestone and 5%
gypsum, powered by (1) a grid having today’s global average electricity emissions and (2)
assuming complete decarbonisation of the electricity grid.

The detailed calculation for recipe 1b (LC3-50 CEC with today’s grid) is provided in
Supplementary Table 6. The equivalent calculations for the other recipes follow directly
from application of the assumptions in Supplementary Table 5.
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Additional  Units Electricity = Emissions Cost Note
Resource /tonne  required increase increase
clinker  (MJ/tonne)  (tonnes (£)
COy)
Changed Aggregate separation
Heating by 450K prior to crushing 2450 M) 2450 0.31 £64.89 1
and sieving
Additional revenue from £0 2
improved aggregate
Additional revenue from sand -£35.00 3
recycling
Avoided disposal charge for fines -£3.50 4
Additional margin for Separator £10.00 5
One tonne RCP supplied to flux- 0.31 £36.39
blending
Flux Blending
55% RCP 0.55 tonnes 0.17 £20.01
25% conventional lime flux 0.25 tonnes 0.28 £6.00 6
10% sand 0.1 tonnes 0.001 £3.50 7
10% Binder for pelletising flux 0.1 tonnes 0.11 £1.20
Pelletising, conditioning and 2.5 0.00 £8.09 8
validation
One tonne flux ready for EAF 0.56 £38.80
operation
EAF operation
Savings from avoiding -1 tonnes -1.1 -£24 9
conventional lime flux
Installation/operation of slag line 160 0.020 £10.76 10
Slag-grinding 285 0.036 £8.53 11
One tonne of new clinker ready -0.49 £34.09
for blending
Cement blending and distribution
50% ground CEC clinker 0.5 tonnes -0.24 £17.05
30% calcined clay 0.3 tonnes 0.08 £19.50
15% ground limestone 0.15 tonnes 0.005 £1.80
5% anhydrous Calcium Sulphate 0.05 tonnes 0.003 £10.00
powder
Transport of flux to EAF 320 km 0.01 £5.16
Transport of cement to 320 km 0.01 £5.16
distribution centre
One tonne of Cambridge Electric -0.14 £58.67 12
Cement

Supplementary Table 6: Detailed calculation of emissions and costs for recipe 1b for LC3-50
electric recycled cement made with today’s global grid.
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Notes to Supplementary Table 6:

1. Following the analysis of Prajapati et al (2021), the treatment here assumes that
prior to crushing and sieving, the CDW is heated, to enable high quality separation and a
new revenue stream for recycled sand. The specific heat capacity of concrete is ~880 J/kgK
(so 0.88MJ/tonne/K). We assume a 450K temperature increase (with electrical power) with
efficiency of 85% gives ~466MJ per tonne heated. Assuming that concrete feedstock has
mass ratios of 4:2:1 for aggregate:sand:cement, and that the resulting RCP has a 75% purity
(concentration of cement) then 5.25 tonnes of CDW must be processed to deliver 1 tonne of
recycled cement paste (RCP) (Figure 3B). The capital cost of the additional furnace and
crushing/separating improvements is estimated at £6m. One additional operator is
required.

2. There could be a price premium for clean recycled aggregate compared with
recycled aggregate today of around £10 per tonne, but this would require further processing
of the crushed aggregate. It is therefore excluded from this analysis.

3. New revenue stream for separator estimated as 50% of the price for new sales of
sand at £15/tonne (half the price of new sand). This value is uncertain, so Supplementary
Table 6 demonstrates a sensitivity analysis, varying the price of recycled sand between 0%
and 100% of the price of new sand.

4, Based on UK Industrial landfill charges

5. A margin of approximately 25% of costs is added here to ensure a strong business
case for commercial production of RCP.

6. This level of substitution follows the results presented in the paper, although there is
likely to be scope for optimisation in future.

7. The results show that this may be necessary, although in reality it would be delivered
through a reduced quality separation of RCP

8. Costs assume capital purchase of £3m for the press, energy for operation, and one
additional operator. Energy estimated as half the energy of crushing taken from Czigler et al
(2020)

9. Assumes that this saving is attributed to CEC where it would more likely be shared
with the EAF steel

10. Assumes £4m cost for the slag line plus one operator plus energy
11. Assumes £1m cost for new grinding equipment plus one operator plus energy

12. This is the estimate of cost, without any profit margin — which depends on the
comparison with existing cement, and the opportunity to attract a price premium arising
from market preferences for lower emissions cement.
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The results of the emissions calculation are compared with emissions and costs for ordinary
Portland cement, and LC3-50 cement. Portland Cement is assumed to cause 0.80 t
CO/tonne cement and cost £100/tonne (Global Cement, 2011). LC3-50 is assumed to
combine 50% OPC with 30% calcined clay and 15% ground limestone and 5% gypsum
(Bishnoi et al. 2014, Scrivener et al., 2018) which using the data in Supplementary Table 5,
leads to emissions of 0.48 t CO,/tonne cement. UK consumers are currently prepared to pay
a price premium for lower carbon cement which, based on anecdotal evidence in the
industry, we estimate to give a price of around £120/tonne for the 40% reduction in
emissions in LC3-50. Potentially, this price premium will be higher for the greater emissions
savings of electrically recycled cement and may rise higher as government policies impose
stricter obligations on emissions (whether through a carbon tax or other mechanism) giving
a greater market attraction to recycled cement.

Results
The four recipes for electrically recycled cement are compared to today’s OPC and LC3-50
cement in Supplementary Table 7.

Today’s grid Zero-emissions
grid
la 1b 2a 2b
Emissions per tonne of cement (not OPC LC3- “pure” LC3-50 “pure” LC3-50
clinker) 50 blend blend blend blend
Separating RCP 0.16 0.09 0.00 0.00
Blending and pelletising flux 0.37 0.19 0.37 0.19
Producing clinker at EAF slag line -0.99 -0.52  -1.05 -0.55
Blending clinker to cement 0.00 0.08 0.00 0.01
Total transport 0.02 0.02 0.02 0.02
Total emissions 08 054 -044 -014 -0.66 -0.33
Cost per tonne of cement (not clinker)
Separating RCP 19.01 10.01 19.01 10.01
Blending and pelletising flux 17.85 9.39 17.85 9.39
Producing clinker at EAF slag line -4.48 -236 -448 -2.36
Blending clinker to cement 10.00 31.30 10.00 31.30
Total transport 10.32 10.32 10.32 10.32
Total cost £100 £120 £52.71 £58.67 £52.71 £58.67

Supplementary Table 7: Comparison of electrically recycled cement with current
alternatives.

(The negative costs and emissions for producing clinker at the slag line in Supplementary
Table 7 arise from the saving from avoiding use of conventional lime flux in the EAF.)
Following note 9 above, the emissions calculation assumes that all benefits of substituting
RCP for lime flux are credited to the production of cement. Hence, the emissions for
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“producing clinker at EAF slag line” above are all negative. In reality, some negotiation

would take place as to how this benefit should be attributed between steel and cement

production.

Figure 3A in the main paper is drawn from the numbers in Supplementary Table 5. N.b. the

costs for the three recipes based on the new electric cement do not include a profit margin
— where those for OPC and LC3-50 do.

Supplementary Table 8 shows the sensitivity of the total costs and emissions from

Supplementary Table 7 to the estimated price of recycled sand (note 3 to Supplementary

Table 6). The results indicate that this price makes a significant difference to the profit

potential of the new recycled cement, but even without any revenue, the new cement is

competitive with existing OPC.

REFERENCE PRICES

TODAY’S GRID

ZERO-EMISSIONS

GRID
Cost sensitivity to
recycled sand "Green" | 1a“pure” 1bLC3-50 | 2a “pure” 2b LC3-50
value OPC OPC blend blend blend blend
Recycled sand
worth 0% new £100.00 £120.00 £70.99 £68.29 £70.99 £68.29
sand
Recycled sand
worth 50% new £100.00 £120.00 £52.71 £58.67 £52.71 £58.67
sand
Recycled sand
worth 100% new £100.00 £120.00 £34.42 £49.04 £34.42 £49.04

sand

Supplementary Table 8: Sensitivity of CEC cost to the value of recycled sand.

Discussion

The energy for making Cambridge Electric Cement (CEC) (over and above that required for

electric arc steel making) is dominated by heating prior to crushing for advanced RCP

separation. We have assumed the worst case here but anticipate that with development the

total energy input will be reduced.

The emissions of pure CEC with today's grid are dominated by electricity generation to

power the heating required prior to separation. As the grid is decarbonised these will drop

towards zero. The question of how the emissions benefit of using RCP instead of lime-flux

are shared between the cement and steel industry is political and will evolve over time.
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Once the grid is decarbonised, the emissions of making CEC clinker are almost entirely
determined by the emissions associated with any conventional lime-flux blended into the
RCP. The results of the paper suggest that this may be reduced to around 5% - although for
now the results above assume 25%.

If CEC clinker is blended with calcined clay, while 25% lime is blended with RCP, the
emissions of the resulting cement are increased compared with “pure” CEC cement, albeit
less in scenario 2b where the clay is calcined in an electric oven powered by emissions-free
electricity. However, as the lime-flux content is reduced, this advantage is overcome, and
given that total CEC Clinker output will probably be restricted by total EAF capacity, it is
likely that blending with calcined clay will remain advantageous. This prioritises further work
on reducing the emissions of calcined clay production.

The costs of CEC clinker production are dominated by the costs of heating prior to RCP
separation, and this depends on the price of electricity. When blending CEC clinker into a
cement with calcined clay, the cost of the required calcined clay and anyhydrous calcium
sulphate powder is approximately equal to those of the CEC Clinker but may reduce as the
market for calcined clay expands.
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Analysis of potential global scale of electric cement recycling

To estimate the global potential scale and abatement that could be delivered by the new
process, we have built a simple model. It uses the International Energy Agency (IEA)
scenario for future cement consumption as a baseline (IEA, 2009). Historical cement
production is obtained from the US geological survey (USGS) with past clinker production
from Andrew (2018). The clinker factor for 2020 is estimated to be 0.75, and is estimated to
be close to one around 1980. Using the factors used in the previous section of analysis in
this supplementary information, the impact of producing all cement as LC3 50 is first
assessed. The future availability of calcium-rich RCP is then estimated to be the clinker
production delayed by 50 years, assuming average building lives of 50 years (Dunant et al.,
2021). Electricity emissions factors are assumed to decrease steadily to 30% of today's value
by 2050. Future EAF recycling capacity is calculated using the IEA's iron and steel roadmap
estimates (IEA, 2020b).

The resulting material production (of cement and clinker) and emissions arising from two
scenarios are shown in Supplementary Table 9 and presented in figure 3C in the main paper:
firstly, using only the available EAF capacity to process as much RCP as it can accept and
secondly, assuming that additional dedicated EAF capacity is constructed to produce clinker
but not steel and ensure that more of the available RCP is processed. In the attached
spreadsheet, more ambitious scenarios are also computed for comparison.
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1990 1,300 0.82
2000 1,600 0.82
2010 3,310 0.67
2020 4,200 0.71
Baseline -projected emissions
2030 4,250 0.73
2040 4,429 0.76
2050 4,682 0.80
2060 4,720 0.85
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2050 4,682 1,405 1 0.56
2060 4,720 1,416 1 0.50

CEC-slow-90%LC3, 35% CEC 2050

2030 4,250 425 0 0.70
2040 4,429 886 0.5 0.60
2050 4,682 1,405 1 0.56
2060 4,720 1,416 1 0.50

Clinker production

301
543
772
1,066
1,312
2,218
2,982

3,103
3,366
3,746
4,012

2,975
2,657
2,622
2,360

2,886
2,332
2,062
1,610

CEC-fast -90% LC3, 44% (max) CEC 2050

2030 4,250 425 0 0.70
2040 4,429 886 0.5 0.60
2050 4,682 1,405 1 0.55
2060 4,720 1,416 1 0.50

Electric clinker-slow-90% LC3, 65% CEC 2050

2030 4,250 425 0 0.70
2040 4,429 886 0.5 0.60
2050 4,682 1,405 1 0.56
2060 4,720 1,416 1 0.50

2,842
2,091
1,875
1,610

2,842
2,007
1,582

Clinker electrification factor

0.20
0.35
0.50
0.65

RCP Production

887
1,300
1,600
3,310

887
1,300
1,600
3,310

887
1,300
1,600
3,310

887
1,300
1,600
3,310

RCP factor

0.00
0.00
0.00
0.00

0.10
0.25
0.35
0.23

0.15
0.44
0.44
0.23

0.15
0.50
0.65
0.75

Electric clinker-fast - Electric clinker-slow-90% LC3, 75% CEC 2050

2030 4,250 425 0 0.70
2040 4,429 886 0.5 0.60
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1,700 0.47 267
2,100 0.57 400
2,250 0.76 567
2,510 0.84 700
2,600 0.87 750
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2,250 0.76 567
2,510 0.84 700
2,600 0.87 750
2,100 0.57 400
2,250 0.76 567
2,510 0.84 700
2,600 0.87 750
2,100 0.57 400
2,250 0.76 567
2,510 0.84 700
2,600 0.87 750
2,100 0.57 400
2,250 0.76 567
2,510 0.84 700
2,600 0.87 750

All quantities in Mt ; All emissions in Mt CO2 ; Fuel factors in kg CO2/MJ ; Electricity factors in kg CO2/MJ ; RCP factor, clay electrification factor, clinker factor, energy efficiency, EAF fraction unitless

Supplementary Table 9: Global emissions and scale scenarios to assess the impact of

various interventions in cement production. (Data for 1960-2020 from USGS, forecast for
2030-2050 from IEA, 2060 values extrapolated by the authors. Clinker factors from Andrew,

2018)
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