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This pa per aims to es ti mate a po ten tial ra dio log i cal risk from dif fer ent kinds of coals used for
do mes tic heat ing in Ser bia, by mea sur ing the ac tiv ity con cen tra tion of radionuclides and ra -
don ex ha la tion rate. The ob tained ra don mass ex ha la tion rate ranges from (5.3 ± 3.1)
mBqkg–1s–1 to (70.3 ± 9.4) mBqkg –1s–1 and was high est for lig nite type of coal. It is es ti mated
that coal stored in the base ment could con trib ute up to 50 Bqm–3 of in door ra don con cen tra -
tion at the ground level. Ac tiv ity con cen tra tions of 226Ra, 232Th, 40K, 238U, 235U, and 210Pb in
ana lysed coal sam ples agree with pre vi ously re ported con cen tra tions of coal used in Ser bia.
The val ues of ra dium equiv a lent con cen tra tion and ex ter nal haz ard in dex in di cate that the
used coal does not rep re sent a sig nif i cant ra di a tion haz ard.
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IN TRO DUC TION

One of the im por tant steps to re duce or pre vent
dan ger ous cli mate change is to re duce the emis sion of
green house gases (GHG), es pe cially CO2. In or der to
fol low the line of the Paris Cli mate Agree ment, in De -
cem ber 2020 the Eu ro pean Coun cil com mit ted to re duce
the emis sion of green house gas ses  by  2030,  to at least
55 % of the level that was in 1990 [1]. Ac cord ing to the
en ergy bal ance for the 2020 year, the larg est con sump -
tion of coal in Ser bia, namely 96 % is for the pro duc tion
of elec tri cal and ther mal en ergy, while 43 % of the re -
main ing coal con sump tion goes for house holds i. e., for
do mes tic heat ing [2]. There are still re gions, es pe cially in 
less de vel oped, ru ral com mu ni ties where us age of coal
for home heat ing is con sid er able.

Be sides the ef fect of GHG emis sion, the burn ing of 
coal can have a sig nif i cant ra dio log i cal im pact as well. It
is known that dif fer ent types of coal can have dif fer ent
con cen tra tions of pri mor dial ra dio ac tive el e ments. A
con sid er able vari a tion of up to sev eral or ders of mag ni -
tudes for ac tiv ity con cen tra tion of radionuclides from
ura nium and tho rium se ries were found [3]. The con cen -
tra tion of these el e ments in fly ash can be an or der of

mag ni tude higher than their con cen tra tion in coal. There -
fore, ac tiv ity con cen tra tion of these iso topes is
mon i tored on reg u lar ba sis in coal and dif fer ent types of
coal com bus tion wastes [4].

A high con cen tra tion of 238U and sub se quently
226Ra in coal could lead to a high ex ha la tion rate of ra -
don (222Rn), which is known as the sec ond cause of
can cer af ter smok ing [5]. The main con tri bu tors to in -
door ra don con cen tra tions are soil be neath the build -
ing and build ing ma te ri als. How ever, it is not un com -
mon, es pe cially in ru ral com mu ni ties, to store coal
nec es sary for the whole heat ing sea son, in the cel lar of
the dwell ing. It is as sumed that a high amount of coal
in a cel lar could pro duce a non-neg li gi ble ra don con -
cen tra tion that can mi grate to a res i den tial area.

There fore, this pa per aims at pro vid ing in sight
into the ra dio log i cal im pact both due to the ra don ex -
ha la tion rate and ex ter nal gamma dose rate of dif fer ent 
types of coal com monly used in Ser bia for do mes tic
heat ing.

MA TE RI ALS AND METH ODS

The ac tiv ity con cen tra tion of 226Ra, 232Th, 40K,
238U, 235U, and 210Pb and ra don ex ha la tion rate of dif -
fer ent types of coal were mea sured. Ac cord ing to the
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clas si fi ca tion of coal by its car bon con tent [6], the fol -
low ing types were se lected: lig nite with the least car -
bon con tent, fol lowed by, brown lig nite, brown coal,
and hard coal with the most car bon con tent (ex clud ing
an thra cite not com monly used is res i den tial heat ing).
In to tal, eight sam ples of coal avail able in mar kets in
Ser bia for do mes tic heat ing were ana lysed. Coal sam -
ples dif fer ei ther by their type or by the lo ca tion of
mines they were ex ca vated from, as in di cated in tab. 1.

Ra don ex ha la tion rate mea sure ments

Ra don ex ha la tion rate was mea sured us ing the
close-cham ber method with the RTM1688-2 de vice of
SARAD GmbH [7, 8]. Sam ples were de ployed in a 30 L 
ac cu mu la tion cham ber for a pe riod of be tween one and
two weeks, tab. 1. The ra don con cen tra tion in the cham -
ber was then ei ther con tin u ously mea sured for the
whole de ploy ment pe riod, mea sur ing a ra don build-up
in the cham ber, or at the end of the de ploy ment pe riod
mea sur ing, there fore a max i mal ra don con cen tra tion. In 
both cases, the sam pling time was one hour. Ra don ex -
ha la tion rate was ex tracted from a build-up curve by us -
ing the fol low ing equa tion [8]

C t
E m

V
Ct t( ) ( )= - +- -m

eff

e eeff eff

l

l l1 0 (1)

where C(t) [Bqm–3] is the ra don con cen tra tion  in the
cham ber dur ing time t [s], C0 [Bqm–3] – the ini tial ra -
don con cen tra tion pres ent in the cham ber im me di ately 
af ter its seal ing, E [Bqkg–1s–1] – the ra don mass ex ha -
la tion rate, m [kg] – the mass of the sam ple, V [m3] – the 
to tal vol ume of the mea sur ing sys tem con sist ing of the
vol ume of the cham ber, the vol ume of the mea sur ing
de vice and con nect ing pipes, and leff [s

–1] – the ef fec -
tive de cay con stant.

Ef fec tive de cay con stant of ra don rep re sents a
ra don re moval prob a bil ity from the cham ber and con -
sists of the ra don de cay (de fined by the de cay con stant
–  l), leak age prob a bil ity (lL – the prob a bil ity that ra -
don will leave the cham ber) and the back dif fu sion (lb

– the prob a bil ity that ra don will dif fuse back to the
sam ple). In the case of a much smaller sam ple vol ume
com pared to the cham ber vol ume, the back dif fu sion
ef fect can be ne glected [9].

Gamma spec tro met ric
mea sure ments

All sam ples for gamma spec tro met ric mea sure -
ments were crushed, se lected us ing a sieve with a 2 mm
open ing, and dried for 24 hours at 110 °C. Sam ples were
packed in air-tight cy lin dri cal PVC con tain ers of 250 ml
vol ume and stored for 40 days to achieve sec u lar equi lib -
rium be fore mea sure ments.

Gamma spec tro met ric mea sure ments were per -
formed on co ax ial HPGe de tec tor, model GX5019,
from Can berra®, with the rel a tive ef fi ciency of 55.1 % 
and the res o lu tion of 1.75 keV for 1332.5 keV en ergy
of 60Co. 

The ef fi ciency and en ergy cal i bra tion were per -
formed us ing a stan dard, pre pared in the same ge om e -
try as sam ples us ing a soil ma trix spiked with the com -
mon mix ture of gamma ray emit ters (241Am, 109Cd,
139Ce, 57Co, 60Co, 137Cs, 113Sn, 85Sr, and 88Y) pur -
chased from the Czech Me trol ogy In sti tute [10]. The
mea sure ment time was be tween 80000 seconds and
255000 seconds.

RE SULTS

An ac cu mu la tion of ra don con cen tra tion in the
cham ber as a func tion of time for brown coal from
Miljevina mine (ID sam ple – 4) is shown in fig. 1.

The mea sured ra don con cen tra tion was fit ted us -
ing eq. (1) with a known sam ple mass and a vol ume of
the mea sur ing sys tem, while ra don ex ha la tion rate, ef -
fec tive de cay con stant, and ini tial ra don con cen tra tion
were free pa ram e ters of the fit. From the fit, fol low ing
val ues were ob tained: the ra don mass ex ha la tion rate
of Em = (47.5 ± 3.6) mBqkg–1s–1, the ef fec tive de cay
con stant of leff  =  (71.9  ±  6.4) 10–7s–1, while the ini tial 
ra don con cen tra tion of C0 = (35.1 ± 7.5) Bqm–3.

In cases when the ra don con cen tra tion in the
cham ber was small with large un cer tainty, or the ra don 
mea sure ment was per formed at the end of the de ploy -
ment pe riod, ra don mass ex ha la tion rate was ex tracted
from the mea sured ra don con cen tra tion at the end of
the mea sur ing pe riod with al ready de ter mined leff and
C0 from the Sam ple 4.
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Ta ble 1. Ra don mass ex ha la tion rates, for dif fer ent coal sam ples and their con tri bu tion to in door ra don con cen tra tion

Coal
sam ple ID Type of coal and its or i gin m [kg] T [h] Em [mBqkg–1s–1]

C [Bqm–3]

lv = 0.63 [h–1] lv = 0.2 [h–1]

1 Hard coal, Rus sian mine 1.04 161 5.3 ± 3.1 2.5 8.0

2 Brown coal, Rus sian mine 1.15 190 5.7 ± 4.4 2.7 8.5

3 Brown-lig nite, Pljevlja mine 1.27 204 41.4 ± 6.2 20 62

4 Brown coal, Miljevina mine 1.25 188 47.5 ± 3.6 23 71

5 Lig nite, Kovin mine 0.91 278 70.3 ± 9.4 33 105

6 Brown coal; Breza mine 1.23 254 36.4 ± 5.3 17 55

7 Lig nite, Kolubara mine 1.43 428 65.0 ± 8.4 31 98

8 Hard coal, Banovi}i mine 1.48 282 33.6 ± 3.9 16 50



The ob tained re sults of the ra don mass ex ha la -
tion rate, with an in di cated coal sam ple and de ploy -
ment pe riod, are pre sented in tab. 1.

The mea sured ra don mass ex ha la tion rate ranges
from (5.3 ± 3.1) mBqkg–1s–1 to (70.3 ± 9.4) mBqkg–1s–1.
These data are sim i lar to the ex ha la tion rates of typ i cal
build ing ma te ri als used in Ser bia [7, 11].

If av er aged by the type of coal, the ob tained ra don
mass ex ha la tions are: (67.7 ± 2.7) mBqkg–1s–1 for lig nite;
(41.4 ± 6.2) mBqkg–1s–1 for brown-lig nite, (30 ± 13)
mBqkg–1s–1 for brown and (19 ± 14) mBqkg–1s–1for hard
coal. Al though there are small sta tis tics and large un cer -
tainty of mean val ues, there is a vague ten dency of de -
crease in ra don ex ha la tion rate from lig nite to ward hard
coal. The re sults could be un der stood in terms of the for -
ma tion of dif fer ent types of coal. Namely, lig nite is
formed with the least ground heat and pres sure, mak ing it 
more po rous than other types of coal that are formed with 
much more heat and pres sure, be ing, there fore more
dense and solid.

The con tri bu tion of ra don ex hal ing from coal to
the in door ra don con cen tra tion can be ex pressed us ing
the fol low ing ex pres sion

C
E m

V v
indoor

m=
l

(2)

where Cindoor [Bqm–3] is the in door ra don con cen tra -
tion, Em [Bqkg–1h–1] – the ra don mass ex ha la tion rate,
m – the mass of the coal (as sumed 5000 kg, for the
whole sea son), V – the vol ume of the room with stan -
dard di men sions (5 ́  4 ́  3) m3, and lv  [h

–1] – the ven ti -
la tion rate.

Typ i cal val ues of ven ti la tion rate are be tween
0.2-2 h–1, with a geo met ric mean of 0.63 h–1 [12]. In the

es ti ma tion of in door ra don con cen tra tion, two val ues of
ex ha la tion rate are used: the low est value of the ven ti la -
tion rate 0.2 h–1, and 0.63 h–1 as the geo met ric mean of
the ven ti la tion rate. The ob tained re sults are pre sented
in tab. 1. The high est ra don con cen tra tion of 105 Bqm–3

is ob tained for lig nite from Kovin mine, as sum ing that
5000 kg of coal was stored in a cel lar with a ven ti la tion
rate of 0.2 h–1. Al though the ob tained value does not ex -
ceed the rec om mended value of 300 Bqm–3, the con tri -
bu tion of coal to in door ra don con cen tra tion from coal
should be con sid ered sig nif i cant and kept as low as pos -
si ble. As sum ing that the trans fer fac tor from the base -
ment to the ground floor is equal to 0.5, the con tri bu tion
to in door ra don con cen tra tion at the ground floor, from
the coal placed in the base ment, would be around 50
Bqm–3. It can be un der stood as an other fac tor in flu enc -
ing vari abil ity of in door ra don con cen tra tion, among
many that were in ves ti gated in a typ i cal fam ily house in
Ser bia [13].

Ac tiv ity con cen tra tions of 226Ra, 232Th, 40K,
238U, 235U, and 210Pb in ana lysed coal sam ples are pre -
sented in tab. 2. Mea sured ac tiv ity con cen tra tions of
226Ra are be tween 10.9-74.3 Bqkg–1, of 232Th are be -
tween 2-15 Bqkg–1, of 40K are be tween 2.2-107.3
Bqkg–1, of 238U are be tween 10.5-47.2 Bqkg–1, for
235U are be tween 0.48-4.11 Bqkg–1, and of 210Pb are
be tween 9.47-78.0 Bqkg–1.

The mea sured re sults agree with pre vi ously re -
ported re sults of radionuclide ac tiv ity con cen tra tion in 
coal used in Ser bia [4, 14].

Since ra don ex ha la tion rate from any ma te rial
de pends on many pa ram e ters such as grain size, den -
sity (po ros ity) of the ma te rial, sur face tex ture, and hu -
mid ity, it is not sur pris ing that there is a lack of cor re la -
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 Fig ure 1. A build-up curve of ra don ex hal ing from brown coal from Miljevina mine (sam ple ID: 4) in 30 L vol ume cham -
ber



tion be tween ac tiv ity con cen tra tion of 226Ra and ra don 
mass ex ha la tion rate (Pearson cor re la tion co ef fi cient
is 0.033). A sim i lar ob ser va tion was con firmed by in -
ves ti gat ing build ing ma te ri als in Ser bia [7, 11, 15].

To as sess gamma ray ra di a tion haz ard, var i ous
in di ces are used. One of such pa ram e ters is ra dium
equiv a lent ac tiv ity Ra that is used to com pare dif fer ent
ac tiv ity con cen tra tions of 226Ra, 232Th, and 40K of var -
i ous ma te ri als. Ra dium equiv a lent ac tiv ity is ex -
pressed by [16]

Ra C C Ceq Ra Th K= + +143 0077. . (3)

where CRa, CTh, and CK in [Bqkg–1] are the ac tiv ity
con cen tra tions of ra dium, tho rium, and po tas sium, re -
spec tively.

Ex ter nal haz ard in dex is de fined as [16, 17]

H
C C C

ex
Ra Th K= + +

370 259 4810
(4)

Re sults of Ra dium equiv a lent and ex ter nal haz -
ard in dex are pre sented in tab. 3.

The Raeq and Hex of all sam ples are be low rec -
om mended val ues of 370 Bqkg–1 and 1, re spec tively.
There fore, the ana lysed coal does not rep re sent a sig -
nif i cant ra di a tion haz ard.

CON CLU SIONS

In this pa per, the ra dio log i cal im pact of dif fer ent
types of coal used for do mes tic heat ing in Ser bia is in -
ves ti gated. In to tal, eight dif fer ent coal sam ples were
ana lysed to de ter mine ac tiv ity con cen tra tions of 226Ra, 
232Th, 40K, 238U, 235U, and 210Pb and ra don mass ex ha -
la tion rate. 

The ob tained ra don mass ex ha la tion rate ranges
from (5.3 ± 3.1) mBqkg–1s–1 to (70.3 ± 9.4) mBqkg–1s–1

and is the high est for lig nite type of coal due to its for -
ma tion. It is the most po rous and least dense coal com -
pared to the other types of coal. Stor ing such coal for a
heat ing sea son in the base ment of the dwell ing would
cause an in crease of in door ra don con cen tra tion at the
ground floor by 50 Bqm–3. Al though the ob tained value
does not ex ceed the rec om mended one of 300 Bqm–3,
stor ing coal in such a way should be avoided.

Mea sured spe cific ac tiv ity con cen tra tions of
226Ra, 232Th, 40K, 238U, 235U, and 210Pb are sim i lar to
pre vi ously re ported re sults of coal used in Ser bia. The
Raeq and Hex in di ces, used to as sess gamma ray ra di a -
tion haz ard, in di cate that ana lysed coal does not rep re -
sent a sig nif i cant ra di a tion haz ard.
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Ta ble 2. Ac tiv ity con cen tra tions of 226Ra, 232Th, 40K, 238U, 235U, and 210Pb for dif fer ent types of coal

Coal sam ple ID 226Ra [Bqkg–1] 232Th [Bqkg–1s–1] 40K [Bqkg–1s–1] 238U [Bqkg–1s–1] 235U [Bqkg–1s–1] 210Pb [Bqkg–1s–1]

1 24.1 ± 0.1 10.6 ± 0.4 23.0 ± 1.3 25.9 ± 2.4 1.14 ± 0.21 26.2 ± 2.1

2 10.9 ± 0.5 2.0 ± 0.10 2.2 ± 0.1 10.5 ± 1.5 0.56 ± 0.09 9.5 ± 1.2

3 24.9 ± 1.0 8.9 ± 0.4 101.5 ± 5.8 26.2 ± 1.2 2.15 ± 0.43 22.0 ± 2.8

4 24.0 ± 0.9 11.9 ± 0.4 96.6 ± 5.2 27.4 ± 6.1 1.60 ± 0.34 19.8 ± 2.0

5 26.3 ± 1.0 7.4 ± 0.4 29.1 ± 1.8 26.3 ± 5.9 1.82 ± 0.34 22.0 ± 2.7

6 44.0 ± 1.4 13.7 ± 0.4 88.4 ± 4.6 47.2 ± 5.3 2.40 ± 0.30 38.0 ± 2.5

7 19.2 ± 0.8 13.0 ± 0.6 23.2 ± 1.5 19.2 ± 3.1 0.48 ± 0.11 22.9 ± 3.2

8 74.3 ± 2.6 15.0 ± 0.8 107.3 ± 6.0 103.1 ± 7.3 4.11 ± 0.81 78.0 ± 6.0

Ta ble 3. Ra dium equiv a lent ac tiv ity and ex ter nal haz ard
in dex for dif fer ent coal sam ples

Coal sam ple ID Raeq [Bqkg–1] Hex

1 41.1 0.11

2 13.9 0.04

3 45.4 0.12

4 48.5 0.13

5 39.1 0.11

6 70.3 0.19

7 39.6 0.11

8 104.0 0.28
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PROCENA  RADIOLO[KOG  RIZIKA  ZA  STANOVNI[TVO  USLED  IZLO@ENOSTI 
RAZLI^ITIM  TIPOVIMA  UGQA  KORI[]ENIM  ZA  GREJAWE  U  SRBIJI

Ciq ovog istra`ivawa je da se na osnovu merewa specifi~ne aktivnosti radionuklida i
masene ja~ine ekshalacije radona, proceni potencijalni rizik koji poti~e od kori{}ewa razli-
~itih vrsti ugqa za grejawe doma}instva u Srbiji. Izmerene masene ekshalacije radona se kre}e u
opsegu od 5.3 ± 3.1 mBqkg–1s–1 do 70.3 ± 9.4 mBqkg–1s–1 i najve}a je za lignit. Proceweno je da bi ugaq
uskladi{ten u podrumu objekta, mogao da pove}a do 50 Bqm–3 unutra{wu koncentraciju radona u
prizemqu. Specifi~ne aktivnosti 226Ra, 232Th, 40K, 238U, 235U, i 210Pb u analiziranom ugqu su u
saglasnosti sa prethodno izmerenim specifi~nim aktivnostima radionuklida u ugqevima kori{-
}enim u Srbiji. Vrednosti radijum ekvivalentne koncentracije i eksternog haz ard indeksa su u
granicama preporu~ene i ukazuju da kori{}eni ugaq ne predstavqa zna~ajan radiolo{ki rizik.

Kqu~ne re~i: brzina ekshalacije radona, gama spektrometrija, indeks radijacionog rizika, ugaq


