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Supplementary Material Foliage and Grass as
Fuel Pellets—Small Scale Combustion of Washed and
Mechanically Leached Biomass

Jan Hari Arti Khalsa, Frank D6hling and Florian Berger

Note to Tabel 1: The relative change achieved by the florafuel-process (Atached) was calculated for
each parameter (if applicable) according to Equation (51):

Valueflorafuel

Aleached =[ X 100] —-100 (51)

Valueoriginal

Table S1. Fuel characteristics of the two raw materials before (original) and after (leached) the
application of the florafuel-process.

Raw Material Method Grass (100%) Foliage (100%)
(DIN EN ISO) Original Leached Original Leached
LHV M]/kg DM 18125 16.7 18.4 17.7 18.9
Ash % DM 18122 19.1 8.1 17.5 10.5
Water % FM 18134-1 13.3 14.6 48.3 16.2
Volatiles % DM 18123 63.0 75.1 66.5 72.1
C % DM 16948 44.7 48.0 48.1 51.3
H % DM 16948 55 5.8 5.0 6.0
N % DM 16948 2.0 1.4 0.9 0.8
S % DM 16994 0.23 0.10 0.10 0.06
Cl % DM 16994 0.33 0.02 0.18 0.01
Al g/kg DM 16967 3.97 0.70 2.12 0.50
Pb g/kg DM 16968 0.008  0.004 - -
Ca g/kg DM 16967 26.1 15.1 37.4 31.6
Fe g/kg DM 16967 3.9 1.1 1.9 1.2
K g/kg DM 16967 20.77 3.26 6.44 1.47
Mg g/kg DM 16967 6.80 2.59 3.97 1.70
Na g/kg DM 16967 0.47 0.45 0.35 -

P g/kg DM 16967 6.44 2.03 2.20 0.60
Si g/kg DM 16967 314 3.33 26.0 11.7
Ti g/kg DM 16967 0.21 0.05 0.15 0.04
Zn g/kg DM 16968 0.07 0.09 0.03 0.05
o 0x 1110 1150 1180 950
SST(C) in 830 760 1150 770

o ox 1180 1180 1340 >1500

Ash melting behavior DT (C) in 1170 1160 1360 >1500

oC ox 1200 1210 1380 >1500

HT (O in 1190 1200 1390 >1500

FT (°C) ox 1220 1220 1450 >1500

in 1220 1230 1420 >1500
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Table S2. Boiler settings used during the 4h emission measurement period given the respective fuel

and the boiler. All settings refer to operation at full load.

. . Fuel
Boiler Parameter Unit G rass (100%) _ Foliage (100%) Mix (50/50)
GUNTAMATIC Powercorn 30
Stocker %! 20 17 19
D Grate movement (motor speed) rpm 15 14 15
Lambda setting (CO2 conc., A) %, (A) 12, (1.7) 12, (1.7) 12, (1.7)
Suction fan % 70 90 90
Primary/Secondary air setting x2 4 2 4
OKOTHERM Compact CO
5 Stocker (feeding, pause) S 1,8.7 1,9 1,8.7
Ash pusher (one pulse per time) min 17 17 17
Primary air (range min-max) % 50-65 55-70 50-65
Secondary air (range min-max) % 50-80 50-70 50-80
Lambda setting (O2 conc., A) %o, (A) 7, (1.5) 7, (1.5) 7, (1.5)

1100% = continuous feeding; 50% = 1.5 s feeding, 1.5 s pause; 0% = no feeding; 2 Non-dimensional

value of a dial on the boiler.

(b)

Figure S1. Picture of the PM samples that were taken: (a) before; and (b) after the PM-filter unit when
the leached grass pellets were burnt in the 49 kWth pellet boiler. Samples were taken after about 2 h
of steady combustion and for a duration of 30 min according to VDI 2066 [15].
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Table S3. Full raw data summary and 15 min mean values of the emissions measurements across the 4 h measurement period for all three fuels in the 25 kWth boiler.

Grass (100%), Pellets (6 mm), 15 min Mean Values

Results PM Measurements

Time Duration CO NO NO: NOx SO: HCI THC CO: O: Time Duration PM
hh:mm:ss h mg/m? (13 vol% O, STP) hh:mm h mg/m? (13 vol.% O, STP)
09:29:38 0.00 789 408 3.04 629 249 156 296 127 9.2 | Start  09:50 05 49
09:44:45 0.25 43.0 415 206 638 241 162 293 122 9.6 | End 10:20 ]
09:59:39 0.50 170.1 392 354 604 244 161 346 124 95 | Start  10:25 0.5 41
10:14:45 0.75 763 39 156 609 240 160 306 122 9.6 | End 10:55
10:29:41 1.00 319 400 085 615 242 156 283 123 95 | Start  11:01 05 39
10:44:48 1.25 1652 368 358 568 239 157 343 126 9.2 | End 11:31 '
10:59:43 1.50 531 385 1.08 592 238 159 294 122 95 - - - -
11:14:38 1.75 1103 381 241 58 233 157 251 123 94 - - - -
11:29:45 2.00 736 390 223 601 237 166 304 11.6 10.0 - - - -
11:44:41 2.25 89.6 38 269 593 234 162 312 118 98 - - - -
11:59:37 2.50 139.7 350 243 539 233 161 341 124 92 - - - -
12:14:43 2.75 1044 378 189 581 232 163 345 122 95 - - - -
12:29:39 3.00 1813 361 157 555 234 160 383 126 9.1 - - - -
12:44:47 3.25 1261 371 214 571 233 164 345 122 95 - - - -
12:59:43 3.50 1000 368 1.00 565 232 159 341 123 95 - - - -
13:14:38 3.75 894 367 158 564 229 161 309 124 94 - - - -
13:29:46 4.00 914 369 167 567 228 163 337 124 94 - - - -
Summary of full raw data - - - -
Mean 102 381 208 587 236 160 319 123 95 - - - -
Max 2390 661 57.3 1024 353 454 188 172 171 - - - -
Min 4.1 149  0.00 240 96 119 8.6 6.1 4.5 - - - -
n 1332 1332 1332 1332 1332 1332 1332 1332 1332 - - - -
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Table S3. Cont.

Foliage (100%), Pellets (6 mm), 15 min Mean Values

Results PM Measurements

Time Duration CO NO NO: NOx SO: HCI THC CO: O: Time Duration PM
hh:mm:ss h mg/m? (13 vol.% Oo, STP) hh:mm h mg/m? (13 vol.% O, STP)
10:09:20 0.00 933 277 539 431 88.0 418 294 117 10.2 | Start 09:50 05 m
10:24:26 0.25 238 275 649 429 8.6 384 257 115 104 | End 10:20 '
10:39:22 0.50 195 295 648 458 923 334 253 104 115 | Start 10:25 05 38
10:54:17 0.75 153 295 575 459 911 307 265 10.1 11.8 | End 10:55 '
11:09:12 1.00 147 296 541 459 912 274 267 105 114 | Start 11:01 0.5 38
11:24:30 1.25 148 291 545 452 909 262 2738 10.5 114 | End 11:31
11:39:27 1.50 146 298 510 462 924 247 273 105 114 - - - -
11:54:35 1.75 124 300 587 466 937 238 285 101 118 - - - -
12:09:42 2.01 122 297 507 461 91.7 225 29.1 102 117 - - - -
12:24:37 2.25 132 296 536 459 928 21.6 286 104 115 - - - -
12:39:34 2.50 119 297 548 460 926 212 2938 105 114 - - - -
12:54:31 2.75 169 305 625 473 960 203 337 102 117 - - - -
13:09:38 3.01 141 306 520 474 947 190 334 100 119 - - - -
13:24:35 3.25 131 297 584 461 929 180 344 101 117 - - - -
13:39:31 3.50 112 303 596 471 940 181 343 103 11.6 - - - -
13:54:27 3.75 123 301 587 467 941 176 349 102 11.7 - - - -
14:09:24 4.00 123 292 640 454 1001 168 557 1078 11.2 - - - -
Summary of full raw data - - - -
Mean 192 295 573 459 927 248 312 105 114 - - - -
Max 1733 1308 499 2035 374 167 205 16.8  19.0 - - - -
Min 3.8 108 0.00 168 42.0 137 9.2 3.1 5.4 - - - -
n 1348 1348 1348 1348 1348 1348 1348 1348 1348 - - - -
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Table S3. Cont.

Mixture (50/50), Pellets (6 mm), 15 min Mean Values

Results PM Measurements

Time Duration CO NO NO: NOx SO: HCI THC CO: 02 Time Duration PM
hh:mm:ss h mg/m? (13 vol.% O2, STP) hh:mm h mg/m? (13 vol.% O2, STP)
09:56:16 0.00 109 334 458 516 150 711 239 129 9.13 | Start 09:50
10:11:23 0.25 145 344 529 533 148 731 303 126 924 | End 10:20 05 >
10:26:17 0.50 116 350 399 540 151 757 273 125 942 | Start 10:25 05 48
10:41:24 0.75 95 341 339 527 150 841 221 130 9.06 | End 10:55 '
10:56:20 1.00 118 331 356 512 148 818 249 129 9.09 | Start 11:01 05 u“
11:11:16 1.25 137 330 350 510 149 816 269 128 9.08 | End 11:31
11:26:22 1.50 47 347 1.87 533 151 824 227 128 9.20 - - - -
11:41:19 1.75 79 345 229 531 152 883 260 127 9.26 - - - -
11:56:15 2.00 133 322 298 497 150 7.72 264 133 8.67 - - - -
12:11:23 2.25 36 353 1.67 543 153 824 267 123 9.60 - - - -
12:26:19 2.50 96 338 230 520 151 840 261 13.0 9.02 - - - -
12:41:16 2.75 55 332 1.02 510 151 866 233 129 9.04 - - - -
12:56:24 3.00 48 337 135 517 153 899 241 128 9.22 - - - -
13:11:21 3.25 18 337 473 522 153 896 485 121 9.65 - - - -
13:26:18 3.50 13 204 514 318 191 8.04 1351 11.7 9.00 - - - -
13:56:17 4.00 85 306 2.81 472 141 859 321 138 8.07 - - - -
Summary of full raw data - - - -
Mean 84 331 313 510 152 822 329 128 9.12 - - - -
Max 2232 1047 39.6 1605 379 276 309 179 176 - - - -
Min 1 41 0.00 63 65 5.39 8.8 4.2 3.90 - - - -
n 1263 1263 1263 1263 1263 1263 1263 1263 1263 - - - -
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Table S4. Full raw data summary and 15 min mean values of the emissions measurements across the 4 h measurement period for all three fuels in the 49 kWth boiler.

Grass (100%), Pellets (6 mm), 15 min Mean Values

Results PM Measurements

Time Duration CO NO NO: NOx SO: HCI THC CO: O: . ) PM
Time Duration
hh:mm:ss h mg/m? (13 vol.% Oz, STP) Before ESP After ESP
08:49:19 0.00 1154 409 133 629 154 390 117 126 102 hh:mm h mg/m? (13 vol.% Oz, STP)

09:04:19 0.25 820 392 015 601 146 432 096 13.0 10.0 | Start  09:50 05 71 3
09:19:20 0.50 779 391 270 602 146 454 052 128 100 | End 10:20

09:34:11 0.75 1091 387 262 597 149 399 025 128 10.1 | Start 10:25 05 o4 )
09:49:12 1.00 10.54 407 127 626 147 479 031 128 100 | End  10:55

10:04:21 1.25 991 395 264 609 149 443 035 131 9.7 | Start 11:01 05 2% 3
10:19:12 1.50 1221 376 089 577 143 469 022 130 98 | End 11:31

10:34:13 1.75 546 379 149 582 149 401 020 129 101 - - - - -

10:49:13 2.00 277 365 154 562 147 381 013 13.0 10.0 - - - - -

11:04:13 2.25 297 347 124 533 152 381 017 134 97 - - - - -

11:19:14 2.50 249 367 131 564 144 400 027 135 9.6 - - - - -

11:34:14 2.75 204 341 137 525 140 379 020 132 97 - - - - -

11:49:14 3.00 281 350 202 538 139 371 019 129 10.0 - - - - -

12:04:15 3.25 1.67 355 267 548 144 383 022 131 98 - - - - -

12:19:15 3.50 230 357 28 550 152 350 017 13.0 10.0 - - - - -

12:34:15 3.75 214 397 3.09 612 166 398 017 132 9.6 - - - - -

12:49:16 4.00 127 359 341 554 166 427 021 140 9.0 - - - - -

Summary of full raw data - - - - -

Mean 570 375 184 577 149 408 034 131 99 - - - - -

Max 674 685 950 1072 253 670 5.62 163 125 - - - - -

Min 0.00 278 0.00 426 99 312 0.04 96 6.6 - - - - -

n 1750 1750 1750 1750 1750 1750 1750 1750 1750 - - - - -
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Table S4. Cont.

Foliage (100%), Pellets (6 mm), 15 min Mean Values

Results PM Measurements

Time Duration CO NO NO: NOx SO: HCI THC CO: O: Time Duration PM
hh:mm:ss h mg/m? (13 vol.% Oo, STP) Before ESP After ESP
10:08:46 0.00 1020 275 5.08 427 839 242 031 143  8.60 hh:mm h mg/m? (13 vol.% Os, STP)
10:23:47 0.25 13.65 267 312 413 867 257 025 142 8.60 | Start  09:50 05 16 3
10:38:47 0.50 1097 279 392 432 790 251 026 13.0 975 | End 10:20
10:53:47 0.75 1417 275 3.07 424 791 264 033 138 8.90 | Start 10:25 05 13 ’
11:08:48 1.00 1345 265 1.83 409 811 247 020 135 924 | End 10:55 ’
11:23:57 1.25 9.74 268 197 413 79.7 238 024 13.7 9.02 | Start 11:01 05 14 5
11:38:57 1.50 7.53 276 275 426 784 233 025 132 955 | End 11:31
11:53:57 1.75 8.14 283 384 438 788 229 027 13.0 9.67 - - - - -
12:08:58 2.00 7.31 273  3.06 421 746 229 022 133 941 - - - - -
12:23:58 2.25 8.50 279 417 432 741 206 025 13.0 9.73 - - - - -
12:38:58 2.50 8.32 271 409 419 755 213 030 132 952 - - - - -
12:53:59 2.75 9.64 276 287 426 763 20.7 022 133 934 - - - - -
13:08:59 3.00 11.80 264 203 407 801 215 027 138 8.96 - - - - -
13:23:48 3.25 8.20 265 152 408 780 21.8 028 136 9.07 - - - - -
13:38:50 3.50 8.08 255 046 392 8.3 215 026 142 854 - - - - -
13:53:53 3.75 5.28 260 118 400 778 219 031 13.6  9.07 - - - - -
14:08:56 4.00 6.60 257 134 39 823 220 029 138 890 - - - - -
Summary of full raw data - - - - -
Mean 9.51 270 273 417 794 230 027 136 917 - - - - -
Max 196 369 322 570 184 313 214 170 118 - - - - -
Min 0.00 187 000 28 529 177 0.03 101 545 - - - - -
n 1740 1740 1740 1740 1740 1740 1740 1740 1740 - - - - -
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Table S4. Cont.

Mixture (100%), Pellets (6 mm), 15 min Mean Values

Results PM Measurements

Time Duration CO NO NO2 NOx S§0O: HC THC CO: O: Time Duration PM
hh:mm:ss h mg/m?® (13 vol.% O2, STP) Before ESP After ESP
10:42:33 2.50 9.52 388 1218 607 148 190 015 121 1049 hh:mm h mg/m? (13 vol.% O, STP)
10:57:33 2.75 1542 333 289 513 170 195 018 149 820 | Start  09:50 0.5 18 4
11:12:33 3.00 458 352 466 544 156 249 015 147 836 | End 10:20
11:27:34 3.25 4.34 354 3.85 546 151 221 017 134 949 | Start 10:25 05 29 7
11:42:34 3.50 12.05 338 287 522 162 205 018 143 868 | End 10:55 '
11:57:34 3.75 630 333 436 515 151  23.0 019 14.0 896 | Start 11:01 05 17 4
12:12:35 4.00 643 348 202 535 155 202 011 135 941 | End 11:31
12:27:35 4.25 352 333 1.82 513 177 237 018 149 8.15 - - - - -
12:42:35 4.50 4.07 337 244 519 150 209 011 136 9.27 - - - - -
12:57:45 4.75 6.48 323 285 499 155 225 017 141  8.88 - - - - -
13:12:54 5.01 2.31 322 1.74 495 152 225 012 142 8.66 - - - - -
13:27:54 5.26 2.16 335 211 516 151 217 019 137 917 - - - - -
13:42:37 5.50 670 320 252 493 167 215 023 144 861 - - - - -
13:57:37 5.75 1.86 318 1.30 489 148 231 023 141 8.80 - - - - -
14:12:39 6.00 202 305 092 469 154 233 033 144 854 - - - - -
14:27:35 6.25 096 329 227 506 149 229 028 134 939 - - - - -
14:42:55 6.51 1.49 307 113 472 162 244 032 147 8.20 - - - - -
Summary of full raw data - - - - -
Mean 5.31 334 3.07 515 156 221 019 140 891 - - - - -
Max 378 544 803 85 322 291 336 181 122 - - - - -
Min 0.00 225 0.00 345 102 148 0.03 102 4.87 - - - - -
n 1745 1745 1745 1745 1745 1745 1745 1745 1745 - - - - -
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