This supporting information document includes one Figure and seven Tables.
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Figure 1. The USA EPA Test Method 5 for particulate matter sampling in the stack flue gas [1].

Table 1. The recovery of Cr in different certified reference materials (CRMs).

CRMs Certified Value Measured Value Recovery

(mg/kg) (mg/kg) (%)

NIST 1632d (coal) 13.7 12.9+0.5 (n=3) 94.1
NIST 1633c (fly ash) 258 2365+104 (n=3) 917
Jdo-1 (dolomite) 7.9 9.0+02 (n=3) 113.8

Table S2. Classification of elements based on their behavior during combustion in the boiler and
ducts with their REI factor (Based on Meij, [2]).

Bottom Captured fly

Group Ash Ash Behavior in Installation
I ~1 ~1 Not volatile
I 0.7 1 Volatile, but condensation within the installation on the
ash particles
111 <<1 <1 Very volatile, hardly any condensation

Table 3. Concentrations of Cr, V, Ni, and Co in feed coal, bottom ash, and captured fly ash in CFPPs
in Guizhou, and the concentration ratios of Cr to V, Ni, and Co in different samples.

Feed Fuel
CFPPs * Concentration (mg/kg) Ratio 1
Cr V Ni Co Cr/V Cr/Ni Cr/Co
#1 97 253 519 170 038 186  5.68
#2 69 150 372 161 046 185  4.25
#3 9% 200 420 174 048 228 550
#4 40 88 217 127 046 186  3.18
#5 40 80 270 94 049 147 421
#6 45 92 176 107 049 254 418
#7 78 109 248 124 072 316 633
#8 42 126 266 102 034 159 415
#9 65 138 315 155 047 205 416

#10 68 150 333 215 045 2.04 3.16



#11 54 134 292 152 040 1.85 3.54
#12 71 162 398 187 044 179 3.82
#13 58 116 321 122 050 1.81 4.75
#14 46 105 226 109 044 2.04 4.21
Mean (No. = 6) ** 046 198 4.50
Mean (No. =14) 046 2.01 4.37
Bottom Ash . .
CFPPs * Concentration (mg/kg) Ratio 2 Ratio 2/Ratio 1
Cr V Ni Co Cr/V Cr/Ni Cr/Co Cr/V Cr/Ni Cr/Co
#1 187 437 1051 359 043 1.78 5.21 092 0.88 1.19
#2 192 379 102.0 408 0.51 1.89 4.72 1.09 094 1.08
#3 199 386 88.7 394 051 224 5.03 1.11 1.11 1.15
#4 550 240 66.8 304 2.29 8.24 18.09 4.92 410 4.14
#5 142 199 893 26.7 0.71 1.59 5.31 153  0.79 1.22
#6 157 295 863 369 053 1.82 4.26 1.15 091 0.98
#7 106 176 463 212 0.60 229 5.00 1.30 1.14 1.14
#8 190 360 101.0 324 053 1.88 5.87 1.14 094 1.34
#9 457 345 848 334 1.32 5.38 13.67 2.84 2.68 3.13
#10 477 317 835 400 151 571 1191 324 284 2.73
#11 155 312 878 355 050 1.77 4.38 1.07  0.88 1.00
#12 184 413 1004 438 045 1.84 4.21 096 091 0.96
#13 314 255 66.6 339 123 4.72 9.28 265 234 2.12
#14 288 302 878 360 095 3.28 8.00 205 1.63 1.83
Mean (No. = 6) 0.83 293 7.10 1.79 145 1.63
Mean (No. =14) 086 3.17 7.50 1.85 1.58 1.72
Captured Fly Ash . .
CFPPs * Concentration (mg/kg) Ratio 3 Ratio 3/Ratio 1
Cr V Ni Co Cr/V Cr/Ni Cr/Co Cr/V Cr/Ni Cr/Co
#1 195 520 1090 399 038 1.79 4.89 081 0.89 1.12
#2 155 385 886 360 040 175 431 087 087 099
#3 213 432 956 438 049 223 4.88 1.06 1.11 1.12
#4 106 287 712 339 037 149 3.13 0.80 0.74 0.72
#5 130 212 549 252 061 237 517 132 1.18 1.18
#6 136 327 731 373 042 1.87 3.66 090 093 0.84
#7 105 248 582 262 042 181 4.01 091 090 0.92
#8 186 355 75.1 30.6 052 247 6.06 112 1.23 1.39
#9 130 442 958 388 030 1.36 3.36 0.63 0.68 0.77
#10 162 329 684 379 049 237 427 106 1.18 0.98
#11 168 355 778 39.6 047 215 4.23 1.01 1.07 0.97
#12 186 441 98.1 446 042 190 4.16 091 094 0.95
#13 164 328 81.0 403 050 2.02 4.06 1.07  1.00 0.93
#14 170 345 772 39.6 049 2.20 4.29 1.06 1.09 0.98
Mean (No. = 6) 0.45 1.92 4.34 0.96 0.95 0.99
Mean (No. =14) 045 198 4.32 097  0.99 0.99

* CFPPs #1-6 were investigated in this study, CFP#7-#14 are internal unpublished data, #7 is a CFB
boiler (150 MW) and #8-14 are PC boilers (300-660MW); ** Arithmetic mean of CFPPs #1-6. Data
shown in blue and bold indicate the abnormal enrichment of Cr in bottom ash.



Table 4. Comparison of Cr concentrations in solid materials and Cr emission data from different CFPPs.

Boiler Installed oal Bottom Flv Ash Gvpsum Stack Flue
Region Tvpe APCDs Capacity (mg/kg) Ash (nzl o/kg) (nz,;/k ) Gas Emission Factors Ref.
P (MW) 8 (mg/kg) 8 8 (ug/Nm?)
Guizhou, CFB SNCR + ESP-FF + WEGD 300 96.5 187 195 389 1.95 12.64 mg/t coal This
China study
(0.01%) * 9.81 ug/(kW-h)
0.71 g/T]
o 9.7 59.4 5.11
Anhui, China  CFB ESP 330 46.6 w2 @t 5.5% * 3]
Shanxi, China  CFB FF 300 4 120 48 . . [4]
Guizhou, PC SCR + ESP(-FF) + WEGD 200-660 39.9-95.6 142-550 106-214 240-420  136-2.16 15.30 + 3.86 mg/t coal This
China study
(No. =5) (57.8+21.7)  (248+153) (148+36) (335:67) (1.8+0.3) 7.30 +2.59 pg/(kW-h)
(0.01-0.03%) *  0.70 +0.21 g/TJ
. - 329433 12656 -
North China  PC SCR + ESP—FF + WEGD 320 14.6 s A 0.07-0.09 g/TJ 5]
China PC SCR + ESP + WEGD 100 13 - : 35 3.11 25.07 mg/t coal 6]
Hebei,China  PC SCR + ESP + WFGD 320 20.4 . - . 072 (<0.05%)  0.246 g/TJ 7]
Jiangsu, China  PC SCR + ESP—FF + WEGD 350 7.7-10.0 . 0.79-1.44 0.30-0.52 g/T] 8]
China PC SCR + ESP + WEGD + WESP 660 12.8 48 87 28 0.44-0.48 3.81-4.15mg/tcoal  [9]
North China ~ PC SCR +ESP + WEGD + WESP 300 MW 14.50 52.1 76.9 8.94 (2(')212;) X [10]
. {¢]
China PC SCR + ESP + WEGD + WESP 660 12.3 479 76.15 59 2;331 - 10.71 mg/t coal [11]
. 0
Canada PC ESP SO0MW 224 176 103 : 1.00%)* (2.08 kg/day) ** [12]
. {¢]
Canada PC ESP 760 332 156 101 - (5(')3170/ e (0.4 kg/day) ** [13]
Canada PC Cyclone + FF 150 51.7 344 192 - (0.58%) * (0.71 kg/day) ** [14]
US.A PC Venture wet scrubber 190 - - - - 55-82 - [15]
US.A PC ESP 770 - - - - 126-156 - [15]
US.A PC SCR + ESP + Mg-WFGD . 195 374 131 61 (<2%) * [16]
SA. 8 (39%) * (58%) * ’
21 CFPPs in 0.505
Japan 13.8 - A21%) * 1.68 pg/(kW-h) [17]
Netherland PC ESP + WFGD 600 18 - 214 - - 34 pg/(kWh) [18]

0.38 g/TJ

Note: * share (%) in total Cr output; ** daily emissions of Cr (kg/day) from each CFPP.



Table 5. Material consumption, production rate, and PM content in the stack flue gas of the six utility
boiler systems.

CFPPs #1 #2 #3 #4 #5 #6

Feed fuel (t/d) 1070 2 5053 2032 3551 2366 4293
2339 ¢

Limestone (t/d) 36 448 108 140 265 n.a.
Bottom ash (t/d) 563 139 101 149 141 137
Fly ash (t/d) 1120 2056 1054 841 800 1192
Gypsum (t/d) 58 815 202 252 495 n.a.
Stack flue gas (10* Nm?3/d) 2213 3995 1420 3367 1571 3390

Actual operating power

(MW) 183 448 153 368 190 450

a gangue; " coal slime; n.a. not applicable.

Table 6. Cr flow and mass balance of the six tested utility boilers.

CFPPs #1 #2 13 #4 #5 %6
Input (g/d) 329501 347,859 196495 146862 99,816 192,651
Feed fuel 91,5732 346,834 194319 143,095 93450 192,651
237,372
Limestone 555 1025 2176 3768 6366 n.a.
Output (g/d) 326,116 375366 251,322 181,744 129,442 184,202
Bottomash 105320 26,678 20,045 81,967 20,003 21,605
ESP/ESPEE 18491 318800 224941 89,165 104014 162,551
Fly ash
Gypsum 2262 29,802 6306 10565 5395 n.a.
Flue gas 43 86 30 46 30 46
EZ/Stput/ nput 99 107.9 127.9 123.8 129.7 95.6

a gangue; P coal slime; n.a., not applicable.

Table 7. Cr contributions (%) from the different input and output materials in the six tested utility

boilers.
Direction Samples #1 #2 #3 #4 #5 #6
Input Feed fuel 27.792 99.71 98.89 97.43 93.62 100
72.04°
Limestone 0.17 0.29 1.11 2.57 6.38 n.a.
Output Bottom ash ~ 32.30 7.11 7.98 45.10 15.45 11.73
ESP/ESP- 67.00 84.93 89.50 49.06 80.36 88.25
FFFly ash
Gypsum 0.69 7.94 2.51 4.81 4.17 n.a.
tack  fl
Stack flue 4 oy 0.02 0.01 0.03 002 003
gas
a gangue; P coal slime; n.a., not applicable.
References

1.  U.S. Environmental Protection Agency (USEPA). Test Method 5. Determination of particulate matter
emissions from stationary sources. 1996. https://www.epa.gov/emc/method-5-particulate-matter-pm

2. Meij, R. Trace elements behavior in coal-fired power plants. Fuel Process. Technol. 1994, 39, 199-217.

3. Zhou, C; Liu, G,; Fang, T.; Wu, D.; Lam, P.K.S. Partitioning and transformation behavior of toxic elements
during circulated fluidized bed combustion of coal gangue. Fuel 2014, 135 1-§,



10.

11.

12.

13.

14.

15.

16.

17.

18.

doi:10.1016/j.fuel.2014.06.034.

Zhang, Y.; Nakano, J.; Liu, L.; Wang, X.; Zhang, Z. Trace element partitioning behavior of coal gangue-fired
CFB plant: Experimental and equilibrium calculation. Environ. Sci. Pollut. Res. 2015, 22, 15469-15478,
doi:10.1007/s11356-015-4738-6.

Wang, C.; Zhang, Y.; Shi, Y.; Liu, H.; Zou, C.; Wu, H.; Kang, X. Research on collaborative control of Hg, As,
Pb and Cr by electrostatic-fabric-integrated precipitator and wet flue gas desulphurization in coal-fired
power plants. Fuel 2017, 210, 527-534, d0i:10.1016/j.fuel.2017.08.108.

Zhao, S.; Duan, Y.; Li, C; Li, Y,; Chen, C,; Liu, M,; Lu, J. Partitioning and emission of hazardous trace
elements in a 100 MW coal-fired power plant equipped with selective catalytic reduction, electrostatic
precipitator, and wet flue gas desulfurization. Energy Fuels 2017, 31, 12383-12389,
doi:10.1021/acs.energyfuels.7b01608.

Zhao, S.; Duan, Y.; Li, Y,; Liu, M,; Lu, J.; Ding, Y.; Gu, X,; Tao, J.; Du, M. Emission characteristic and
transformation mechanism of hazardous trace elements in a coal-fired power plant. Fuel 2018, 214, 597-606,
doi:10.1016/j.fuel.2017.09.093.

Zhao, S.; Duan, Y.; Chen, L,; Li, Y.; Yao, T.; Liu, S.; Liu, M,; Lu, J. Study on emission of hazardous trace
elements in a 350 MW coal-fired power plant. Part 2: Arsenic, chromium, barium, manganese, lead. Environ.
Pollut. 2017, 226, 404411, doi: 10.1016/j.envpol.2017.04.009

Zhao, S.; Duan, Y.; Wang, C.; Liu, M,; Lu, J.; Tan, H.; Wang, X.; Wu, L. Migration behavior of trace elements
at a coal-fired power plant with different boiler loads. Emnergy Fuels 2017, 31, 747-754,
doi:10.1021/acs.energyfuels.6b02393.

Wang, J.; Zhang, Y.; Liu, Z.; Gu, Y.; Norris, P.; Xu, H.; Pan, W.P. Coeffect of air pollution control devices on
trace element emissions in an ultralow emission coal-fired power plant. Energy Fuels 2019, 33, 248-256,
doi:10.1021/acs.energyfuels.8b03549.

Zhao, S.; Duan, Y.; Tan, H.; Liu, M.; Wang, X.; Wu, L.; Wang, C.; Lv, ].; Yao, T.; She, M.; et al. Migration and
Emission Characteristics of Trace Elements in a 660 MW Coal-Fired Power Plant of China. Energy Fuels
2016, 30, 5937-5944, do0i:10.1021/acs.energyfuels.6b00450.

Goodarzi, F. Assessment of elemental content of milled coal, combustion residues, and stack emitted
materials: Possible environmental effects for a Canadian pulverized coal-fired power plant. Int. J. Coal Geol.
2006, 65, 17-25, doi:10.1016/j.coal.2005.04.006.

Huggins, F.; Goodarzi, F. Environmental assessment of elements and polyaromatic hydrocarbons emitted
from a Canadian coal-fired power plant. Int. J. Coal Geol. 2009, 77, 282-288, d0i:10.1016/j.coal.2008.07.009.
Goodarzi, F.; Huggins, F.; Sanei, H. Assessment of elements, speciation of As, Cr, Ni and emitted Hg for a
Canadian power plant burning bituminous coal. Int. J. Coal Geol. 2008, 74, 1-12,
doi:10.1016/j.coal.2007.09.002.

Ondov, ].M.; Choquette, C.E.; Zoller, W.H.; Gordon, G.E.; Biermann, A.H.; Heft, R.E. Atmospheric behavior
of trace elements on particles emitted from a coal-fired power plant. Atmos. Environ. 1989, 23, 2193-2204,
doi:10.1016/0004-6981(89)90181-9.

Swanson, S.M.; Engle, M.A_; Ruppert, L.F.; Affolter, R.H.; Jones, K.B. Partitioning of selected trace elements
in coal combustion products from two coal-burning power plants in the United States. Int. J. Coal Geol. 2013,
113, 116-126, d0i:10.1016/j.coal.2012.08.010.

Ito, S.; Yokoyama, T.; Asakura, K. Emissions of mercury and other trace elements from coal-fired power
plants in Japan. Sci. Total. Environ. 2006, 368, 397-402, d0i:10.1016/j.scitotenv.2005.09.044.

Meij, R.; Winkel, B.T. The emissions and environmental impact of PM10 and trace elements from a modern
coal-fired power plant equipped with ESP and wet FGD. Fuel Process. Technol. 2004, 85, 641-656,
doi:10.1016/j.fuproc.2003.11.012.



