
! " #$ %&' ( ) * ' +& %" ) + , ' + - ! . / " ) - ' # - %) +
012345 6137 pp. 4 8 9: 2010 

/ . %( ( + ; 4<78=759

© #1>?@ABCDE? %6FDADGDH1I ' 60A16J H6DK2 ' 6BA6HH@A6B1I DCH/ 12AFC! LKMHJ ? 1I ( LAH6LHFNOKE@PHN/ 12K6M<; %)

- $ ' ) ##Q" "' + # ' ) * - "! # ' ' . ' , ' + - ( %+ * . Q' R! ( ' ( * " ) ,

#%" #Q. ! -%+ R * . Q%S%O' S T' S T) %. ' " (

U! + V) +%' #OWX( V99NV! - ! "OW+! ( - ' #<

1 %6FDADGDH1I ' 60A@16J H6DK2 ' 6BA6HH@A6B1I DCH/ 12AFC! LKMHJ ? 1I ( LAH6LHF
, 3 ( YZ1M1[ FYAH\8#G@AHFD@3 47N798=9: OKE@PHN/ 12K6M

H8J KA2] \K6Y1^ A>AF3PKE@PH3>2
_%6FDADGDH1I R2KFFN#H@KJ ALFN" HI@KLD1@?K6M#16FD@GLDA16 , KDH@AK2FN" HI@KLD1@?, KDH@AK2FT@K6LC

- 1FPHLYKFD@3 : : N7789; ; R2A[ ALHN/ 12K6M
H8J KA2] FDHL̂ AJ 13B2A[ ALH3>2

K eywor ds: $KPK@M1GF KA@>122GDK6DFNKA@L16DKJ A6KDA16 [ ADC MGFDNL1K2 L1J EGFDA16N#* T E1A2H@FNB@KA6 FAPH
L1J >1FADA16 1II2GHKFCND@KLHH2HJ H6DFA6 DCHHJ ADDHMMGFDNMAFD@AEGDA16 A6 B@KA6 FAPHI@KLDA16FNHJ AF̀
FA16 IKLD1@F3

Abstract : - CHHJ AFFA16 1I MGFDI@1J L1K2 IA@HMIG@6KLHF A6D@1MGLHFK21D1I L16DKJ A6KDA16 A6D1 DCHH60A@16J H6DN
A6L2GMA6BMK6BH@1GFJ HDK2L1J >1G6MFN[ CALC1LLG@KFD@KLHH2HJ H6DF A6 CK@MK6ME@1[ 6 L1K23! IDH@DCHL1K2 AF
EG@6DNDCH? K@HL16DKA6HMA6 DCHB@KA6F1I @HF>A@KE2HMGFDN[ CALC L@HKDHFCHK2DC CKPK@M3 - CH@HFG2DF1I A60HFDABK̀
DA16F A6D1 DCHMAFD@AEGDA16 1I FH0H@K2 D@KLHH2HJ H6DF A6 B@K6G2K@L1J >1FADA16 1I KFC HJ ADDHMI@1J #* T E1A2H@F
GFHMA6 L1K28IA@HMCHKDK6M>1[ H@FDKDA16 K@H>@HFH6DHM3 - CH@HFHK@LCJ KDH@AK2 [ KFDKYH6 E? J HK6F1I KLKFLKMH
AJ >KLD1@NH6KE2A6BK MAIIH@H6DB@K6G21J HD@AH I@KLDA16 D1 EHFH>K@KDHMI@1J K FD@HKJ 1I MGFDDCKD>H6HD@KDHMDCH
H2HLD@1IA2DH@3- CH a#/ 8! ' ( J HDC1MbA6MGLDA0H2? L1G>2HM>2KFJ K KD1J AL HJ AFFA16 F>HLD@1FL1>?c [ KF GFHMD1
MHDH@J A6HD@KLHH2HJ H6DF KIDH@>@A1@J A6H@K2APKDA16 1I FKJ >2HF E? J AL@1[ K0HJ HDC1M3 - CH! GDC1@F >@HFH6DHM
DCH@HFG2DF1I J HKFG@HJ H6DFK6MK6K2?FHFNMHDH@J A6A6BDCH@K6BHF1I D@KLHH2HJ H6DF_1LLG@@H6LHA6 MGFDNLCK@KL̀
DH@APA6BDCHMAFD@AEGDA16 A6 / , NN/ ,

<d
K6M/ ,

9;
B@K6G21J HD@AHI@KLDA16FK6MMHDH@JA6A6BDCHHJ AFFA16 IKLD1@F3

%+- " ) SQ#-%) +

- CHKLCAH0HJ H6DF A6 DCH>@1DHLDA16 1I KA@KBKA6FDL16DKJ A6KDA16 LK661DJ KYH GF E2A6MD1
DCHIKLDDCKDDCHCKPK@MLKGFHME? DCHHJ AFFA16 1I @H2KDA0H2? FJ K29 KJ 1G6DF 1I FGEFDK6LHF
[ CALCNMGHD1 >K@DALG2K@2? MK6BH@1GF >@1>H@DAHFNL@HKDHCKPK@MD1 >H1>2H_F CHK2DC FDA22He`
AFDF3- CHFHA6L2GMHCHK0? J HDK2F3 f CH6 A6D@1MGLHMA6D1 DCHKA@I@1J 6KDG@K2 K6MK6DC@1>1`
BH6AL F1G@LHFNDCH? K@H FGE\HLDD1 [ HD1@M@?MH>1FADA163 - CHA@CK@JIG2 HIIHLD16 DCHEA1`
21BALK2 IG6LDA16F A6 DCHCGJ K6 1@BK6AFJ NA6D1 [ CALC DCH? >H6HD@KDHLCAHI2? E? @HF>A@KD1@?
D@KLDFNEGDK2F1 0AK DCH K2AJ H6DK@?F?FDHJ [ CA2H >K@DALA>KDA6B A6 >K@DALG2K@2A6YF 1I I11M
LCKA6NAF H6CK6LHME? DCHCHK0? J HDK2F_KEA2AD?D1 J 10H EHD[ HH6 >K@DALG2K@L1J >16H6DF
1I DCHH60A@16J H6D3- CHKA@HJ AFFA16 AF16H1I DCHJ KA6 @HKF16F I1@DCH>@HFH6LH1I CHK0?
J HDK2F A6 F1A2N[ KDH@F K6M>2K6DF3 - CHFHFGEFDK6LHF A6L2GMHD@KLHH2HJ H6DF K6MDCHA@L1J 8

Kolumna dofinansowana przez 
! " #$%&'( ) *+ , - . ( -/0) 12 3#1. 4 5 6 #( 7888+/ *9
gA :#/;#( <=*+ " #( . >$ ur ?9 @1AAA+B9B 3



! "#$ %&$ '( ) * +, - %". %#/ #0* +$ # - / ( )

1234567 84 9: ; < - # . 9= ; '>; 2?9: ; @: A>; B; ; 4 C5; 49C?C; 5 A6 : ADAE5236 ACE12'' 39A496F - B.
# 6. G; . ) 5. ) 3. ) E. ) 2. HB. I 4. J K. $ CA45 - ; 7/ : ; 6; ; ' ; @; 496. @269?E; L3; 49'MC4 A?2E@
2?5C??; E; 49N2@123456. AE; ; @C99; 5 C492 9: ; A9@261: ; E; ?E2@ >AEC236 9M1; 6 2??3E4AN; 6
A45 B2C'; E6 = : CN: B3@N2A' OPP Q7 &4 A K'2BA' 6NA'; A E; 53N; 5 ; @C66C24 2?: ; A>M@; 9A'6
C6 B; C4K2B6; E>; 5 ORSQ. = : CN: N: C; ?'ME; 63'96 ?E2@ 9: ; 1E2KE; 66 C4 ?'3; KA6 5; 5369C4K A45
9: ; 36; 2?N'; A4; E9; N: 42'2KC; 67

84 H2'A45. A4 C4>; 492EM2?N249A@C4A9C24 ; @C66C24 C6 9AT; 4. = : CN: 6; E>; 6 9: ; 4; ; 56
2?4A9C24A' 69A9C69CN6 A45. A6$ A9C24A' 0;?; E; 4N; ) ; 49; E. 6; E>; 6 ( 3E21; A4 C469C939C246 63N:
A6 ( ( # . ( I( 0 2E8H) )7 / AB'; 8 1E; 6; 496 5A9A 24 9: ; A443A' ; @C66C24 2?: ; A>M@; 9A'6
C4 H2'A457 89: A6 92 B; A55; 5 9: A99: ; ; @C66C24 >AEC; 6 5; 1; 45C4K 24 9: ; E; KC24 U@269
623EN; 6 2?9: ; 5C6N366; 5 ; @C66C246 AE; '2NA9; 5 C4 9: ; <11; E- C'; 6CA4 A45 V2= ; E- C'; 6CA4
HE2>C4N; 6 OP &Q7

/ AB'; P7/ 29A' ; @C66C24 2?: ; A>M@; 9A'6 C4 H2'A45 ANN2E5C4K92 9: ; 9M1; 6 2?AN9C>C9MC4 RWWX OI KQ

- 1; NC?CNA9C24 # 6 ) E * 4 ) 5 ) 3 $ C HB J K
HE2?; 66C24A' 12=; E: 236; 6

R7S Y7Z RX78 W7R S7[ \ 7Y PW7\ S7YA45 ) J H1'A496
] C69ECN9: ; A9K; 4; EA9C4K

P7! P7[ ZZ7P R7R W7\ \ 7Z PY7X W7S1'A496
I 34CNC1A' : ; A9

87& P7! ! P7Z P7X X7W Z7! PW7! W7RK; 4; EA9C4K1'A496
J 236C4KA45 6; E>CN; 6 PY7P PZ7X ! XZ7R RW7P XS7[ XX7R PPZ7[ 87&
) 2@B369C24 1E2N; 66; 6
C4 B2C'; E6. 93EBC4; 6 A45 878 P7! ! R7W P7\ X7W \ 7! PW7! W7Z
; 4KC4; 6 C4 9: ; C45369EM
HE253N9C24 1E2N; 66; 6 87& [ 7Y P\ P7! R7X PS7Y X7S [ W7P P7!

02A5 9EA4612E9 &7& R7W &7& W7Y R7[ ! 7[ P\ 7Z &7&

^ A69; B3E4C4K &7& &7& W7[ &78 &78 &7& P7! &78

/ 29A' ! X7Y ! X7S PYWY7R ! R7R Y! ! 7\ P\\7 Z ZR! 7R RP7Y

) 2@B369C24 2??3; '6 C6 24; 2?9: ; @AC4 623EN; 6 2?: ; A>M@; 9A'6_; @C66C24. 9: 23K:
9: ; 1E; >C236'M@; 49C24; 5 1E2KE; 66 C4 ?'3; KA6 5; 5369C4K. C4>2'>C4K9: ; 36; 2?; '; N9E2?C'9; E6
2EBAK ?C'9; E6. E; 53N; 6 9: ; ; @C66C24 C4 'AEK; N2@B369C24 1'A4967 89A'62 : A6 92 B; ; @1: À
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THE OCCURRENCE OF TRACE ELEMENTS IN FLUE GASES FROM CIRCULATING FLUIDIZED ... 5 

TRACE ELEMENTS IN COAL, THE EMISSION OF TRACE ELEMENTS 
IN PROCESSES INVOLVING THE USE OF COAL 

Trace elements originate from Carboniferous era plants which gave rise to coal beds. 
With regard to quantity, the concentration of trace elements in coals from various basins 
and beds is very differentiated. Recent investigations of coal from less known regions: 
China, North Korea, revealed a general similarity of all coals in the world: a considerable 
enrichment in ash of potentially dangerous elements and most of them being bound with 
inorganic matter [31, 44]. Their amount and composition is considerably inf! uenced by 
the enrichment processes in later geological eras [35]. It has been found that some trace 
elements occur in coal beds in higher concentrations than those in the earth crust. The 
degree of trace elements' accumulation in coal ashes is characterized by an enrichment 
coefficient expressed by the ratio of trace element concentration in coal ash to its average 
concentration in the earth curst. 

The content of trace elements in hard and brown coals has been thoroughly exam­ 
ined. In their earlier studies the Authors investigated the composition of coals used in 
Polish power industry [33] and coke plants [ 43]. Table 2 presents the ranges of concentra­ 
tions of selected trace elements in the ash from 35 power coal samples from many Upper 
Silesian mines. The ranges have been reduced so as to present the analyses of 80% of ash 
samples included in the investigations. 

Table 2. Ranges of concentrations of the selected 
trace elements in power ashes of Upper Silesian coals 

[ppm] 

El ement Cont ent 
Ag 0- 2 
As 0- 36 
Ba 373- 3737 
Cd 0- 9 
Co 44- 173 
Cr 82- 306 
Cu 98-4 66 
Mn 136-- 1586 
Mo 4- 16 
! " 40- 364 
Pb 50- 200 
Rb 74- 119 
Sb 0- 3 
Sn #$%
Sr 659- 296 0 
V 182- 597 
Zn 117- 3242 
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The electrofilters achieving very high total collection efficiency display a minimum 
efficiency when collecting grains whose diameter ranges from O. I do 2 µm [ 40]. This 
results from the limited electric charging capacity in the case of dust particles of this size. 
In consequence, the mass contribution of PM

25 
in the emitted dust is increased, even by 

50%. The effi ciency of capturing many trace elements ( occurring in the solid phase) is 
close to the total efficiency of dust collection. Some elements (manganese, beryll ium, 
chromium) are slightly enriched; a bit higher enrichment was observed in the case of 
antimony, lead, nickel and selenium, while the highest - in the case of arsenic and cad­ 
mium [35]. More trace elements were found in the flue dust collected in a bag fi lter than 
in the one collected by an electrofi lter [9]. Although the collection effi ciency has a major 
effect on the size of trace elements emission, in the case of arsenic the effect of waste gas 
temperature has a strong influence [ 12]. 

A relative drop in the collection efficiency of fine dust fractions is not so high in 
the case of bag fi lters. However, even when PTFE membranes are used, the efficiency of 
fi ltration drops as the size of grain decreases [I]. 

The common use of flue gas desulphurization installation has also contributed to the 
reduced dust emission. A flue gas desulphurization (FGD) installation, most frequently 
by wet lime method placed behind the electrofi lter, is at the same time the second stage of 
dust collection, the general efficiency of which reaches 80%. Behind the FGD the mass 
contribution of submicron fraction increases to 50%; however, this concerns the residual 
flue dust emission, which accounts for maximum 0.05% of the total amount of ash pro­ 
duced in the coal combustion process. Nevertheless, trace elements deposited on fine dust 
particles penetrate and are released into the atmosphere air [27]. The emission rates for 
elements characterized by low volatili ty depend directly on the efficiency of flue gases 
dedusting and cleaning [39]. The evaluation of the impact exerted by power plants using 
hard or brown coal is greatly dependent on the emission of PM

25 
dust due to the presence 

of dangerous substances in dust grains: PAHs, dioxins and heavy metals, and because of 
this dust capability to penetrate into the human organism through respiratory tracts. The 
presence ofrespirable dust in the air poses a health hazard. It is estimated that in the USA 
15 OOO premature infants die for this reason every year [ I 9]. As regards power and heat 
boilers, it may be said that the use of an effective electrofi lter and wet desulphurization 
process reduces the threat caused by the emission of trace elements [26, 34]. As trace 
elements accumulate in the products of dust removal and flue gas desulphurization, more 
attention has been recently paid to the effects of the washing out of toxic elements, in­ 
cluding trace elements from the transported [30], deposited and utilized ashes, both fresh 
and old, obtained at different temperatures of coal combustion [6]. These investigations 
help get to know the manner of binding trace elements to organic and mineral coal matter 
[7, 38]. 

Compared to hand-fired furnaces, furnaces equipped with mechanical stocker and 
pulverized coal boilers, the emission of pollutants from fluidized bed boilers is not thor­ 
oughly investigated, and these boilers have a great prospect of being widely used for 
the combustion of coal, sludge, muds and waste fuels in industry boilers, power plants 
or power and heat plants. Combustion in a fluidized bed has evolved, starting with the 
technology of atmospheric fluidized bed combustion (AFBC), through pressurized fluid­ 
ized bed combustion (PFBC), and finishing with combustion in a multi-solid fluidized 
bed (MSFB). Also combustion of coal and waste fuels in a fluidized bed with internal 
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Table 4. Parameters of fuel burnt in the tested boilers 

Fuel parameters Unit Plant I Plant li 
Plant III Plant IV 

coal sludge' coal sludge' 
Calorific value kJ/kg 19915 19775 18942 9000 19454 9053 
Humidity content % 10.51 14.90 20.90 42.00 13.80 40.70 
Sulphur content % 0.92 1.22 1.26 0.80 1.17 0.73 
Ash content % 24.78 14.90 15.67 28.00 19.70 26.10 
Volatile matter % 28.91 25.08 23.26 no data 27.00 no data 

'a mixture of coal and post-flotation coal sludge, the contribution of sludge corresponded to 30% of the chemical 
energy introduced with the fuel into the boiler 

METHODS 

Measurement of the emitted dust granulometrie composition and dust sampling 
The emitted dust granulometrie composition was measured by determining the mass of 
dust collected in particular stages of cascade impactor, introduced into the flue gas chan­ 
nel behind the device for flue gas removal. A six-stage impactor Andersen Mark III with 
a backup fi lter arresting the finest dust grains was applied. The masses of separated grain 
fractions (6 + I) were calculated into mass contributions and size composition was de­ 
termined. The cut-off diameter at 50% efficiency of separation depends on the stream, 
density and temperature of waste gas aspirated through the impactor. 

In order to average the results for each plant and to enable a comparison of the 
granulometrie composition of dust measured in particular plants, the results of all meas­ 
urements were referred to the same unified fraction size ranges. For the needs of this 
work, four such fraction intervals:< l; 1-2.5; 2.5-10 and> 10 µm were adopted. The 
cumulative values and fractions were calculated by interpolation method for those par­ 
ticular ranges. 

Determination of trace elements in dust 
Before determining the content of trace elements by ICP AES method, the samples of 
flue dust were digested in a one-station mineralizer with focused micro-wave energy. The 
samples of the tested ashes were placed in a vessel and 15 cm3 of concentrated suprapure 
HN03 was added [24]. After the reaction vessel was closed, the microwave system 
worked for 60 minutes at 600 W. The process temperature was 483 K (with an admissible 
I 0% measurement error), the pressure in the vessel was 15 bar. When the digestion pro­ 
cess was completed and the inside of the reaction vessel reached the ambient temperature, 
the vessel was opened and the samples placed on a quantitative microporous fi lter paper. 
The filtrate was collected into a measurement flask, after supplementing it with deionised 
water to reach the volume of50 cm3. The analytes were determined by means ofICP AES 
with optical detection. The residue on the filter paper consisted of filter paper remains 
with deposited dust. During the sample analysis by ICP AES method a glass Mainhard 
atomizer was used and optimized measurement parameters were applied [14]. The glass 
Mainhard atomizer is the most commonly used type of concentric atomizer. In this atom­ 
izer a sample is placed right into the centre of an argon stream, which enables achieving 
high measurement stability and sensitivity of determination [ 13 ]. 
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Table 6 presents concentrations of selected trace elements in real granular fractions 
taken at the tested plants as well as the calculated enrichment coeffi cient (R) for par- 

J 
ticular elements, determined from the ratio of concentration in the fraction containing 
the smallest and in the fraction containing the largest grains, according to the following 
formula: 

C 
R.- ! min J--- 

<, (1) 

where: 
C . - concentration of i" trace element in the fraction containing the smallest grains, 

; mm 
C - concentration of j th trace element in the fraction containing the largest grains. 

J max 

The content and contributions of selected trace elements in dust fractions 
On the basis of the determined trace elements' concentrations in particular dust fractions 
separated by means of an impactor and unifi ed fractions, the content (Tab. 7) and cumu­ 
lated mass contributions (M) of trace elements in unified PM

1
, PM

25 
and PM granular 

fractions contained in the emitted dust (Tab. 8) were determined. 
The presented values have been calculated in the following way: 

(2) 

where: 
" ##$content of1·1h trace element bound to the %&fraction in the emitted dust [mg/g], 

Jl 

' $concentrationj" of trace element in the %&fraction [mg/g], 
Jl 

#()$fraction contribution. 
*%

" +, " -
%+.

(3) 

where: 
" $content ofj'h trace element in the emitted dust [mg/g]. 

" ##
/ )+ d' (4) 

M .. - cumulated mass contribution 0%1& trace element in the %23 fraction of the emit- 
/' 

ted dust. 

Emission factors (EF) of selected trace elements 
The obtained results were used to calculate the emission factors for particular trace ele­ 
ments. To this end the emission factors of EF PMI, EF PMls and EF PM in I kg of the emitted 
dust in relation to I Mg of the burned fuel (Tab. 9), determined as a result of measure­ 
ments taken in the tested plants [ 18] were used. Basing on the dust emission factors and 
the content of the examined trace elements in relevant unified granular fractions of the 
dust, the emission factors EFi for particular trace elements were calculated, both for PM

1
, 

PM
25 

and PM fractions. The obtained results have been given in Table I O. 



Table 6. Concentrations of selected trace elements in real granular fractions (µm) emitted from a CFB boiler in the examined plants [ppm] and enrichment coeffi cient 

EC Tychy EC Elcho EC Jaworzno II EC K atow ice 

Element < 1.26 1.26-2.53 > 2.53 R < 1.40 1.40-2.80 > 2.80 R < 0.68 0.68-3.30 > 3.30 R < 1.46 1.46-2.90 > 2.90 R 
J J J J 

Zn 2880.96 2867.93 1352.73 2.13 3479.98 3040.92 3273.17 1.06 1666.57 2452.47 1340.78 1.24 1465.37 1190.43 3539.98 0.41 

Cd 15.39 3.10 1.04 14.79 21.18 4.05 13.01 1.63 6.72 5.57 57.46 0.12 3.74 21.03 l.66 2.26 

Pb 813.71 891.38 520.28 1.56 1462.60 1135.28 888.74 1.65 456.96 613.12 328.36 1.39 488.46 595.21 786.66 0.62 

Co 7.48 11.24 5.72 1.31 6.30 7.10 7.37 0.86 6.18 6.13 2.24 2.76 4.88 1.63 8.49 0.58 

Mn 2137.63 2344.73 1097.79 1.95 2443.55 1709.00 2009.42 1.22 999.94 1479.84 889.30 1.12 I 057.37 1357.09 2088.79 O.SI 

Cr 461.83 821.62 1546.96 0.30 524.52 545.34 444.37 1.18 263.43 236.89 205.22 1.28 264.34 1305.50 279.47 0.95 

Cu 382.66 507.70 360.73 1.06 345.48 391.27 351.16 0.98 327.94 278.69 845.51 0.39 175.27 484.11 399.54 0.44 

Mo 105.56 4.26 84.98 1.24 882.60 273.68 58.53 15.08 29.57 44.59 30.10 0.98 31.61 43.65 178.03 O.IS 

Se 15.39 15.50 6.94 2.22 20.17 8.11 10.84 1.86 24.19 5.57 8.21 2.95 14.37 27.78 12.42 1.16 

Sb 2529.09 1085.16 953.84 2.65 3303.46 1885.37 2276.05 1.45 725.76 1700.01 875.61 0.83 488.46 309.51 2587.70 0.19 

w 105.56 108.52 32.95 3.20 239.56 133.80 2297.72 0.10 102.14 78.03 24.63 4.15 135.04 226.18 175.96 0.77 

Hg 351.87 213. 16 190.77 l.84 302.61 93.26 563.59 0.54 564.48 178.36 125.87 4.48 212.62 111.11 248.42 0.86 

Tl 1869.33 1007.65 1855.66 1.01 504.34 587.91 541.92 0.93 209.66 275.90 175.12 1.20 238.48 I 150.75 289.82 0.82 

Be 48.38 93.01 31.22 1.55 55.48 180.43 43.35 1.28 59.14 50.16 60.20 0.98 57.47 55.55 51.75 1.11 

N 



Table 7. Content of selected trace elements in µg which are present in unifi ed granular fractions contained in I g of dust emitted from a CFB boiler in the examined plants 

EC Tychy EC ELCHO EC Jaworzno EC Katowice 

PMI PM2s PM PMI PM2s PM PMI PM2s PM PMI PM2_; PM 

Zn 604.43 1828.46 2320.04 592.3 1840.0 3213. l 92.0 709.3 1638.6 51.0 344.8 2887.9 

Cd 3.23 4.55 4.93 3.6 5.3 10.7 0.4 1.8 41.6 O.I 5.3 6.5 

Pb 170.72 551.16 740.23 248.9 714.7 1087.6 25.2 179.5 407.l 17.0 163.9 729.0 

Co 1.57 6.37 8.45 I.I 4.0 7.1 0.3 1.9 3.4 0.2 0.6 6.7 

Mn 448.47 1449.2 1848.13 415.9 1117.1 1960.0 55.2 427.7 1044.l 36.8 371.7 1872.3 

Cr 96.89 447.56 1009.73 89.3 313.0 499.4 14.5 74.2 216.4 9.2 331.4 532.7 

Cu 80.28 296.97 428.06 58.8 219.3 366.6 IS.I 88.3 674.3 6.1 125.6 412.6 

Mo 22.15 23.97 54.85 150.2 262.5 287.l 1.6 12.9 33.7 I. I 11.9 139.8 

Se 3.23 9.85 12.37 3.4 6.8 11.3 1.3 2.7 8.4 0.5 7.4 16.3 

Sb 530.6 993.75 1340.38 562.3 1335.8 2290.6 40.l 468.0 1074.8 17 93.4 1952.4 

w 22.15 68.46 80.44 40.8 95.7 1059.6 5.6 25.3 42.3 4.7 60.5 186.9 

Hg 73.82 164.8 234.13 51.5 89.8 326.2 31.2 76.1 163.3 7.4 34.8 213.3 

Tl 392.18 822.25 1496.59 85.8 327.1 554.4 11.6 81. l 202.4 8.3 292.3 500.5 

Be 10.15 49.85 61.2 9.4 83.5 101.7 3.3 15.9 57.6 2 15.7 52.9 
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Table 1 O. Emission factors of selected trace elements in unified granular fractions in mg per 1 Mg of burnt coal 
from a CFB boiler in the examined plants 

Element EC Tychy EC Elcho EC Jaworzno II EC Katowice 

EF.PM! EF.PM2.5 EF.PM EF.PM! EF.PM2.5 EF.PM EFjPM2.5 EF.PM2.5 EFiPM25 EFiPM2.5 EFiPM2.5 EFiPM 

Zn 21.2 195.6 387.4 16.6 174.8 526.9 0.5 20.6 152.4 0.4 21.0 620.9 

Cd O.I 0.5 0.8 0.1 0.5 1.8 O.O O.I 3.9 O.O 0.3 1.4 

Pb 6.0 59.0 123.6 7.0 67.9 178.4 O.I 5.2 37.9 O.I IO.O 156.7 

Co O.I 0.7 1.4 O.O 0.4 1.2 O.O O.I 0.3 O.O O.O 1.4 

Mn 15.7 155.1 308.6 11.6 106.1 321.4 0.3 12.4 97.1 0.3 22.7 402.5 

Cr 3.4 47.9 168.6 2.5 29.7 81.9 O.I 2.2 20.1 O.I 20.2 114.4 

Cu 2.8 31.8 71.5 1.6 20.8 60.1 O.I 2.6 62.7 O.O 7.7 88.7 

Mo 0.8 2.6 9.2 4.2 24.9 47.1 O.O 0.4 3.1 O.O 0.7 30.1 

Se O.I I. I 2.1 0.1 0.6 1.9 O.O O.I 0.8 O.O 0.4 3.5 

Sb 18.6 106.3 223.8 15.7 126.9 375.7 0.2 13.6 100.0 O.I 5.7 419.8 

w 0.8 7.3 13.4 I. I 9.1 173.8 O.O 0.7 3.9 O.O 3.7 40.2 

Hg 2.6 17.6 39.1 1.4 8.5 53.5 0.2 2.2 15.2 O.I 2.1 45.9 

Tl 13.7 88.0 249.9 2.4 31.1 90.9 O.I 2.3 18.8 O.I 17.8 107.6 

Be 0.4 5.3 10.2 0.3 7.9 16.7 O.O 0.5 5.4 O.O I.O 11.4 

enrichment did not bring clear-cut results. Contrary to pulverized-fuel boilers, no enrich­ 
ment of fine dust grains can be observed (Tab. 6). For the examined elements belonging 
to the second group according to Swain's classifi cation [35], the enrichment coeffi cient 
(R) was not found to be higher than one in all 4 tested plants. The value of 1 in 3 of the 
examined plants was exceeded in the case of beryll ium, cadmium, manganese, lead and 
zinc. It should be emphasized that signifi cant differences were observed in the process of 
coal combustion in PC and CFB boilers, i.e. the temperature of combustion (1600 K and 
1100 K respectively), the time of fuel grain retention (seconds and minutes), dust grain 
reaction (neutral/acid and alkaline), dust grain porosity (low and high). In the process of 
CFB combustion, an intense abrasion of dust grain, and in consequence renewing of grain 
surface was observed. The flue dust from CFB does not contain glassy phases characteris­ 
tic of high-temperature processes; but there is gypsum, calcium and quartz as well as iron 
and magnesium oxides [2]. Reactions causing the redistribution of trace elements may oc­ 
cur on the renewed surface of dust grains due to continuous collisions and abrasion [32]. 
Co-burning of coal and coal sludge used in plants III and IV may also contribute to the 
changes in the manner of trace elements' accumulation, which was observed in the case of 
co-burning with biomass [4]. From the point of view of environmental threat, the size of 
the examined trace elements' contribution in granular fractions contained in the emitted 
dust is more important. In the opinion of the Authors, some interesting information is con­ 
tained in Table 8. The presented values of contributions result from the processing of data 
on the content of the examined elements in unifi ed granular fractions. The general obser­ 
vation is the difference in contributions calculated for coal-fi red plants and plants fi red 
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The results of investigations may contribute to updating the inventory of trace ele­ 
ments' emission in Poland and Europe by specifying the dust emission factors, taking 
into account the real granular composition of the emitted dust. They will also facilitate a 
more accurate evaluation of the influence that the power plants exerts on the environment, 
including the effects of washing out toxic trace elements from the ashes transported for 
utilization or storage [6, 30]. 

CONCLUSIONS 

Although the flue gas emitted from CFB boilers is removed by means of effective electro­ 
fi lters, it contains dust grains, in which compounds of numerous trace elements, including 
elements considered as dangerous i.e. beryll ium, cadmium, cobalt, chromium, mercury, 
lead, antimony and selenium, are present. The range of these elements' concentrations 
does not differ from the one observed in the case of dust emitted from PC boilers. The ex­ 
amination of dust granular composition and the analysis of granular fractions, separated 
by means of a cascade impactor, revealed that the phenomenon of fine grains' enrichment 
with some trace elements takes place also in CFB boilers. The investigations and analyses 
showed that a significant, or even a prevailing part of the emitted trace elements' mass 
are released into the atmosphere with the respirable fraction of PM

25 
dust, which poses 

a potential threat to people's health. The calculated emission factors for the investigated 
trace elements, expressed in mg per a ton of fuel burnt, are not very high, but they prove 
that modem CFB boilers, equipped with effective electrofi lters cannot be omitted in the 
inventory of emission of trace elements, including heavy metals. The results of investiga­ 
tions will enable to accurately specify the size of global emission and will help evaluate 
the influence exerted by power plants on the environment and the selection of technical 
methods of reducing the harmful effect of these plants. 

Further investigations are needed to obtain more information on the behavior of 
trace elements contained in fuel in the process of combustion in a CFB boiler and their 
distribution in the products of combustion. 
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