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I Historical Review

Historical Rewiev

This year University of Ljubljana marks its 90" anniversary. Technical fields were joint
in the School of Engineering that included the Geologic and Mining Division while the
Metallurgy Division was established in 1939 only. Today the Departments of Geology,
Mining and Geotechnology, Materials and Metallurgy are part of the Faculty of Natural
Sciences and Engineering, University of Ljubljana.

Before War Il the members of the Mining Section together with the Association of
Yugoslav Mining and Metallurgy Engineers began to publish the summaries of their
research and studies in their technical periodical Rudarski zbornik (Mining Proceed-
ings). Three volumes of Rudarski zbornik (1937, 1938 and 1939) were published. The
War interrupted the publication and not untill 1952 the first number of the new journal
Rudarsko-metalurski zbornik - RMZ (Mining and Metallurgy Quarterly) has been pub-
lished by the Division of Mining and Metallurgy, University of Ljubljana. Later the
journal has been regularly published quarterly by the Departments of Geology, Mining
and Geotechnology, Materials and Metallurgy, and the Institute for Mining, Geotech-
nology and Environment.

On the meeting of the Advisory and the Editorial Board on May 22" 1998 Rudarsko-
metalurS$ki zbornik has been renamed into “RMZ - Materials and Geoenvironment
(RMZ -Materiali in Geookolje)” or shortly RMZ - M&G.

RMZ - M&G is managed by an international advisory and editorial board and is ex-
changed with other world-known periodicals. All the papers are reviewed by the cor-
responding professionals and experts.

RMZ - M&G is the only scientific and professional periodical in Slovenia, which is pub-
lished in the same form nearly 60 years. It incorporates the scientific and professional
topics in geology, mining, and geotechnology, in materials and in metallurgy.

The wide range of topics inside the geosciences are wellcome to be published in the
RMZ -Materials and Geoenvironment. Research results in geology, hydrogeology, min-
ing, geotechnology, materials, metallurgy, natural and antropogenic pollution of envi-
ronment, biogeochemistry are proposed fields of work which the journal will handle.
RMZ - M&G is co-issued and co-financed by the Faculty of Natural Sciences and Engi-
neering Ljubljana, and the Institute for Mining, Geotechnology and Environment Lju-
bljana. In addition it is financially supported also by the Slovenian Research Agency,
Science and Technology of Republic of Slovenia.

Editor in chief
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Determination of the strain-rate sensitivity and the activation

energy of deformation in the superplastic aluminium alloy

Al-Mg-Mn-Sc

Doloc¢evanje indeksa obcutljivosti na preoblikovalno hitrost in
aktivacijske energije za deformacijo superplasti¢ne aluminijeve

zlitine Al1-Mg-Mn-Sc

ANTON SMOLEI" *, BRANE SKAZA! MATEVZ FAZARINC!

*Corresponding author. E-mail: anton.smolej@ntf.uni-1j.si
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Abstract: This paper deals with determining the strain-rate sensitivity

m and the activation energy for the superplastic deformation Q
of a cold rolled aluminium Al-Mg-Mn-Sc alloy. The experiments
were carried out under uniaxial tension over the temperature range
390 °C to 550 °C and at a constant strain rate or constant cross-
head speed between 1 - 10 s'and 2 - 102 s. The m-values were
determined on the basis of the true stress, true strain curves and also
using the jump-test method. The m-values varied from 0.35 to 0.70,
which depended upon the forming conditions. The activation energy
for the deformation was determined by the flow curves at various
temperatures and at an initial strain rate of 7.5 - 10 s

Izvleéek: Clanek obravnava dolodanje indeksa ob&utljivosti na preobli-

kovalno hitrost m in aktivacijsko energijo za superplasti¢no preobli-
kovanje aluminijeve zlitine Al-Mg-Mn-Sc. Preizkusi so bili narejeni
z nateznim preizkusom pri temperaturah od 390 °C do 550 °C pri
konstantnih preoblikovalnih hitrostih med 1 - 10#s'in2 - 102 s in
konstantnih hitrostih raztezanja. Vrednosti m so bile doloCene na
osnovi krivulj dejanska napetost — dejanska deformacija in tudi s
skokovitim spreminjanjem preoblikovalne hitrosti. Vrednosti m so
bile v mejah 0,35 do 0,70, kar je bilo odvisno od preoblikovalnih

Original scientific paper

"University of Ljubljana, Faculty of Natural Science and Engineering, Department of
Materials and Metallurgy, Askerceva cesta 12, SI-1000 Ljubljana, Slovenia
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razmer. Aktivacijska energija za deformacijo je bila dolocena s kri-
vuljami tecenja pri razli¢nih temperaturah in konstantni zacetni pre-

oblikovalni hitrosti 7,5 - 10* s7.

Key words: strain-rate sensitivity, activation energy, superplasticity, Al-

Mg-Mn-Sc alloy

Kljuéne besede: indeks obcutljivosti na preoblikovalno hitrost, aktivacij-
ska energija, superplasti¢nost, zlitina Al-Mg-Mn-Sc

INTRODUCTION

Superplasticity is the ability of certain
polycrystalline materials to achieve
large elongations in a tensile test with-
out necking prior to failure. These
elongations are up to 1000 %, and in
some cases even more. The superplas-
tic forming (SPF) of aluminium-alloy
sheets has been commercially estab-
lished for more than 30 years, and the
mechanisms of SPF and the require-
ments for achieving the superplasticity
of materials are now well known.!"-? In
general, three important conditions are
needed to attain the SPF of the mate-
rial: (i) the grain size should be very
fine and stabile, typically less than 10
um; (ii) the flow stresses must be low
compared with those of conventional
materials; and, (iii) the strain-rate sen-
sitivity values m must lie in the range
of 0.4 to 0.8.5!

The strain-rate sensitivity index m is
considered to be the most important pa-
rameter that characterises superplastic

deformation.”?! The characteristic equa-
tion that describes superplastic behav-
iour is usually written as @ = K.zgm [1-6]
where o is the flow stress, K is a mate-
rial constant, £ is the strain rate and m
is the strain-rate sensitivity index of the
flow stress. The m-value is a function
of the forming parameters, such as the
strain rate and the temperature, and is
also connected with the microstructural
characteristics.!”

There are a number of reports where the
various experimental methods for deter-
mining the value of m are described.l>
The most convenient method is a
uniaxial tensile test at a particular con-
stant temperature and at different strain
rates. The simplest method is reflected
in the relation ship between the flow
stress (o) and the strain rate (£). The m-
value is then defined as the slope of the
curve Ig o vs. Ig £. The jump test is also
quite often used.” Different variations
of this method are distinguished by the
way the results are handled.
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A knowledge of the activation energy
enables the evolution of the deforma-
tion mechanism of SPF.®! For alumin-
ium SPF alloys this energy is usually
within the range anticipated for grain-
boundary diffusion in pure aluminium
and interdiffusion in Al-Mg alloys."!
The activation energy is usually ob-
tained from an Arrhenius plot of In &
vs. the reciprocal absolute temperature
1/T at a constant stress or from a plot of
Ino vs. 1/T at a constant strain rate.* 3!

The purpose of this paper is an experi-
mental survey of two methods to deter-
mine the strain-rate sensitivity index
and to determine the activation energy
of the superplastic forming. The exam-
ined material was a slightly modified
AAS5083 (Al-Mg-Mn) alloy with the
addition of scandium.

EXPERIMENTAL PROCEDURE

The strain-rate sensitivity index m and the
activation energy Q of the SPF were de-
termined for a Al-4.5Mg-0.46Mn-0.44Sc
alloy. The alloy was produced by ingot
casting and conventionally processed
to a sheet with a thickness of 1.9 mm.
The superplastic parameters m and Q
were determined using a uniaxial ten-
sile test. The samples for this test are
shown in Figure 1.

RMZ-M&G 2009, 56

95 y

o 132
6 R3

o |-
=
Lo

L1 10 -

Figure 1. Sample for the tensile test

The tensile tests were carried out using
a Zwick Z250 universal testing ma-
chine with 0.5 kN load cell. The ma-
chine was equipped with a three-zone
electrical resistance furnace. A photo-
graph of the tested equipment is shown
in Figure 2. The testing procedure and
the evolutions of the results were con-
trolled by the TestXpert II software
system.

The measurements included a determi-
nation of the flow stresses as a function
of the true strain and of the strain rate
at various strain rates and forming tem-
peratures, which ranged from 1-10“s™!
to 2+ 102 s and from 390 °C to 550 °C,
respectively. The data from these ex-
periments were used for a calculation
of the strain-rate sensitivity indexes
and the activation energy. The strain-
rate sensitivity index m as a function of
the strain rate was estimated from the
stress-strain plots and from the multi-
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Figure 2. The test equipment

strain-rate jump test. The tensile tests
were conducted at a constant strain rate
with a continuous change of cross-head
speed and with a constant cross-head
speed, where the initial strain rate de-
creased with the increased strain.

RESULTS AND DISSCUSION

Strain-rate sensitivity index m

The m-values are usually calculated
from the logarithmic plot of the flow
stress vs strain rate (method I). Figure 3
shows stress-strain rate plots at 550 °C
covering the true strains from 0.7 to
1.4. The constant strain rates were in
the range from 5-10*s'to 1-1072s™".
The curves exhibit the sigmoid shapes.
The m-values at several strain rates and
strains were calculated from the slopes

of the plots; these values are presented
in Figure 4. The highest m-values for
all the strains were in the range of strain
rates from 5-10*s'to 1103 s,

The other method (method II) for deter-
mining the m-value is the multi-strain-
rate jump test. The jump test was con-
ducted by increasing and decreasing
the strain rate by 20 % at every 100 %
increment of elongation. The strain rate
was constant during the single jumps,
which was controlled by software for
a continuously changing cross-head
speed. The change of cross-head speed
is shown in Figure 5 as an example of
increasing the strain rate from

£=2.5+1073 s (downward strain rate)
to£=23-1073s"! (upward strain rate) for
a progressive elongation, and the cor-
responding simultaneous change of the

RMZ-M&G 2009, 56
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Figure 3. Stress-strain rate plots for various strains at a temperature of 550 °C
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Figure 4. Strain-rate sensitivity index m as a function of constant strain rate for various
strains at a temperature of 550 °C calculated from the stress-strain rate curves in Figure 3
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force. The m-values for various strains
or elongations, respectively, were cal-
culated according to the equation:

where o, and o, are the flow stresses,
£, £, are the corresponding instanta-
neous strain rates, I, F/, are the forces
and v, v, are the cross-head speeds be-

o, Fi(1+¢)S, F, fore and after the jump. By convention,
lg € riliels I3 the m-value is attributed to the down-
m= 9 _ (1+€)5, = L) : ' 2]
g v, (1+e)L, 0. ward strain rate £, .
lg - - g
E vil+e)l, U, . o
The multi-strain jump test makes pos-
sible to examine the m values at vari-
ous progressing strains or elongations
025 ‘ . ] 30
E o - S ,ff[ =) Ledmmie
: - 2z
%o D | : T
- B
g ] ] &
= 010 T i
W #,f'l_,x"f = 10
§ e
0.05 -
0.00 S 0.0
1] 200 0] 600 L

Elongation, ef%)

Figure 5. The change of cross-head speed (red line) and force (green line) during the

multi-strain-rate jump test

Table 1. Cross-head speeds, forces and m-values for the investigated alloy during the

jump test at a downward strain rate £ = 2.5+ 107 s and at 550 °C

£ e/% v/(mms™t) | v/(mms™) F/N F/N m
0.69 100 0.0501 0.0602 2.722 3.082 0.68
1.10 200 0.0752 0.0901 2.411 2.711 0.65
1.38 300 0.1000 0.1203 2.031 2.259 0.58
1.61 400 0.1248 0.1498 1.654 1.838 0.58
1.79 500 0.1502 0.1803 1.356 1.491 0.52
1.95 600 0.1755 0.2096 1.072 1.179 0.53
2.08 700 0.1990 0.2403 0.877 0.959 0.47
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at a fixed strain rate during a single
test. The experimental data of the
cross-head speeds v, and v, with the
corresponding forces F, and F, and the
calculated m-values at a single strains
during the jump test from Figure 5 are
given in Table 1.

Indexes m, calculated from the jump
test, are plotted as a function of strain
rate for strains over the range from
0.7 (100 %) to 2.6 (1300 %) at temper-
ature of 550 °C in Figure 6. The index

m is changed at all the strains with the
strain rates; the data demonstrate the
bell-shape curvature that is typical of
superplastic materials. The m-values
also change with the increased strain.

The highest m-values were achieved
in the range of constant strain rates
35-10% s to 1107 s! (Figure 6).
The maximum m-value was in accord-
ance with the largest elongation of
about 2000 % (Figure 7).

0.8
' ' ' True slrain
L 0= 0.7
E_ 0.7 o 14
%" - 21
2 06} -o— 26
g
®
[
5 05
5
= 04}
03 r
0.2 | I l
0.00001 0.0001 0.001 0.01 0.1
Strain rate, &fs™

Figure 6. Strain-rate sensitivity index m as a function of the constant strain rate for vari-
ous strains at 550 °C (jump test with a 20 % increase of the strain rate)

-3

10 mm

Untested sample

10 mm

s

-

Elongation: 1990%:

Figure 7. Untested and tested sample of Al-4.5%Mg-046%Mn-0.44Sc alloy at 550 °C

and an initial strain rate of 7.5 10* s!
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Table 2. Indexes m of the investigated al-
loy at a true strain of 0.7, various strain
rates and a forming temperature of 550°C
for methods I and 11

Strain rate,& | Method I | Method II
1-103s! m=0.77 m=0.62
25103 ¢! m=0.68 m=0.68

The m-values of the tested alloy are
comparable to the reported data for
alloys with a similar composition and
forming conditions.!' ' 121 The m val-
ues that were obtained with method I
varied somewhat from those of method
II. However, these differences origi-
nated from a fault in the measurements
of extreme low forces and cross-head
speeds during the tensile tests.

Activation energy of superplastic de-
formation

An activation energy for the superplas-
tic deformation Q was determined by
assuming that the strain rate follows an
Arrhenius type of dependence for the
absolute temperature:> 3 13- 14

é-expizA-G”

R.T 2

where A is the material constant, R
is the gas constant and n = 1/m is the
stress exponent. The activation energy
O under a constant strain rate £, can be

calculated with an equation deduced
from (2):

:lng—lnA+ 0

1
Inoc —-
n T R-n

A3)

The slope of the line obtained with a
linear regression method in the plot /n
o vs. 1/Tis Q/(R - n).

An example of a determination of the
activation energy for the investigated
alloy is shown for the case of SPF at an
initial strain rate of 7.5-10* s and at a
true strain of £=0.5. Figure 8 shows the
flow curves at an initial strain rate of
7.5+ 10* s for forming temperatures
in the range from 390 °C to 550 °C.

The flow stresses during true strain of
0.5 and at various temperatures from
Figure 8 were used for the plot In o vs.
1/T in Figure 9.

The slope of the line in Figure 9 is:
k=0/n-R) =0 - -m/R = 8419.069.
Taking the average strain-rate sensitiv-
ity index m = 0.46 over 390-550 °C,
the average activation energy for a
given test condition is: Q = k - R/m=
8419.069 - 8.3144/0.46 ~ 152 kJ/mol.
The obtained average activation energy
for high-temperature superplastic form-
ing of the investigated AI-Mg-Mn-Sc al-
loy is about 152 kJ/mol, which is close to
the reported values of similar alloys.! '
11'The value of 152 kJ/mol is also close to
the activation energies for Al lattice dif-
fusion (142 kJ/mol)® and for magnesium
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diffusion in aluminium (136 kJ/mol) B alloy types.['¥ This suggests that a dis-
1116 The value of 152 kJ/mol is much location pile-up model and a disloca-
higher than the activation energies for tion glide model control the superplas-
the grain-boundary diffusion of these tic deformation mechanism.!""!

25

20 1
Initial strain rafe £ = 7.5 x10°s"

15

10

True stress/MPa

True strain

Figure 8. Flow curves for various tested temperatures at an initial strain rate of 7.5+ 10 s
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Figure 9. Measured and linear fitted values between Inc and 1/T
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CONCLUSIONS

The strain-rate sensitivity m of cold-
rolled Al-4.5Mg-0.46Mn-044Sc was
determined on the basis of the true
stress, true strain curves and by the
method of the multi-strain-rate jump
test. The m-values measured using
these two different methods differed
somewhat. The differences originated
from the fault during the measurement
of extremely low forces and cross-head
speeds during the tensile tests. The m
values varied from 0.35 to 0.70, which
depended upon the forming conditions.
The strain-rate jump test enables an
examination of the m-values at vari-
ous progressing strains or elongations
at a fixed strain rate during a single
test. The calculated activation energy
for the superplastic forming was 152
kJ/mol, which is comparable to earlier
reports for AI-Mg-Mn-Sc alloys with a
similar composition.

Acknowledgement
This work was supported by Slovenian

research Agency (ARRS), Government
of the Republic of Slovenia.

REFERENCES

U1 LancGDoN, T. G. (1982): The mechani-
cal properties of superplastic ma-
terials, Metallurgical  Transac-
tions A 13A(5), pp. 689-701.

21 PabpmaNaBHAN, K. A., Vasiy, R. A.,
Enikeev, F. U. (2001): Phenom-
enology of superplastic flow, Su-
perplastic flow: Phenomenology
and mechanics, Springer Verlag
Berlin Heidelberg New York, pp.
5-26.

Bl TorteN, G. E., Mackenzig, D. S.
(2003): Handbook of alumini-
um, Superplastic forming, Macel
Dekker, Inc., NewYork-Bassel, pp.
1105-1114.

' HepworTH, J., SToweLL, M. J. (1971).
The measurement of strain-rate
sensitivity in superplastic alloys,
Journal of Material Science 6, pp.

1061-1069.
Bl Novikov, I. I, Pormnois, V. K.
(1984):  Superplastizitit  von

Legierungen,VEB Deutcher Ver-
lag fiir Grundstoffindustrie, pp.
24-31.

©  SmoLE;, A., LAITINGER Z., VEHOVAR
S., Turk R. (1991). Dolcanje
superplasti¢nih lastnosti zlitine Al-
Cu6Zr0,4 s horizontalnim natezn-
im strojem, Rudarsko-metalurski
zbornik 38, pp. 1-13.

RMZ-M&G 2009, 56



Determination of the strain-rate sensitivity and the activation energy of deformation ... 399

1 FriepmAN, P. A., CopprLE, W. B. (2004):
Superplastic response in Al-Mg
sheet alloys, Journal of Materi-
als Engineering and Performance
13(3), pp. 335-347.

Bl Hsiao, I. C., Huang, J. C. & Su. S. W.
(1999): Grain size, texture evolu-
tion and deformation mechanism
during low temperature superplas-
ticity in 5083 Al-Mg alloys, Ma-
terials Transactions JIM 40(8) pp.
744-753.

Pl KoMURA, S., Horita Z., FURUKAWA, M.,
Nemoto, M. & Lancpon, T. G.
(2001): An evaluation of the flow
behavior during high strain rate
superplasticity in an Al-Mg-Sc al-
loy, Metallurgical and Materials
Transactions A 32A, pp. 707-716.

101 VErMA, R., FRIEDMAN, P. A., GHosH, A.
K., Kim, S. & Kim C.(1996): Char-
acterization of superplastic de-
formation behaviour of fine grain
5083 Al alloy sheet, Metallurgi-
cal and Materials Transactions A
27A, pp.1889-1898.

0 Twasaki, H., Hosokawa, H., Mori, T.,
Tacata, T., Hicasni, K. (1998):
Quantitative assessment of super-
plastic deformation behaviour in a
commercial 5083 alloy, Material

RMZ-M&G 2009, 56

[12]

[13]

[14]

[15]

[16]

Science and Engineering A252,
pp. 199-202.

Luo, J., MILLER, C., Luckkey, G., FRIED-

MaN, P. & PengG, Y. (2007): On
practical forming limits in su-
perplastic forming of aluminium
sheet, Journal of Materials Engi-
neering and Performance 16(3),
pp. 274-283.

L, J., Cuang, H., Wu, R., Hsu, T. Y.,

Ruan, X. (2000): Investigation on
hot deformation behavior of AISI
T1 high-speed steel, Materials
Characterisation 45, pp. 175-186.

PenG, Y., YIN, Z., NIE, B. & ZHoNG, L.

(2007): Effect of minor Sc and Zr
on superplasticity of Al-Mg-Mn
alloys, Transactions of Nonfer-
rous Metal Society of China, 17,
pp. 744-750.

Li, F., RoBerts, W. T. & Batg, P. S.

(1996): Superplasticity and the
development of dislocation struc-
tures in an Al-4,5 % Mg alloy, Acta
Materialia 44(1), pp. 217-233.

Nien, T. G., Hsiung, L. M., WADSWORTH

J. & KaBysHEv, R. (1998): High
strain rate superplasticity in a con-
tinuously recrystallized Al-6%
Mg-0,3 % Sc alloy, Acta Materi-
alia 46(8), pp. 2789-3640.






RMZ — Materials and Geoenvironment, Vol. 56, No. 4, pp. 401-414, 2009

401

Effect of the chill wheel cooling during continuous free jet

melt-spinning

hitro strjevanje
Braz Karpe" *, Borut Kosec!, Tomaz KoLENKO!, MILAN Bizjak!

'University of Ljubljana, Faculty of Natural Science and Engineering,
Askerceva cesta 12, SI-1000 Ljubljana, Slovenia

*Corresponding author. E-mail: blaz karpe@ntf.uni-1j.si

Received: September 28, 2009

Abstract: New method for determining contact resistance through vari-

able heat transfer coefficient is introduced which takes into account
physical properties of the casting material, process parameters and
contact time/length between metal melt or metal ribbon and sub-
strate and enables cooling and solidifying rate prediction before the
experiment execution. The calculations show that contact resistance
between metal melt and chilling wheel has a great influence on melt
cooling and wheel heating rate, and must not be neglected in nu-
merical calculations, even if its value is very low.

Influence of process parameters on cooling and solidifying rate and
consequently on microstructure development over ribbon thickness
are outlined. It can be concluded from the results, that process pa-
rameters which determine the thickness of the melt puddle in the
downstream have major influence on cooling and solidifying rate of
the ribbon. Among thermal properties, the thermal diffusivity of the
metallic melt, solidified ribbon and wheel material has major influ-
ence on cooling and solidifying rate of the melt and solidified ribbon
respectively.

In the case of continuous casting, heat balance of the wheel is calcu-
lated and influence of the chill wheel cooling mode on cooling rate
of metallic ribbon is analyzed.
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Izvlecek: V delu je uporabljen numeri¢ni model izracunavanja kontaktne

upornosti z uporabo variabilnega koeficienta toplotne prestopnosti,
ki vkljucuje fizikalne lastnosti litega materiala, procesne parame-
tre in kontaktni cas/dolzino med kovinsko talino oziroma trakom
in hladilno podlago ter omogoca predvidevanje hitrosti ohlajanja in
strjevanja pred izvedbo poskusa. Izrauni nakazujejo, da ima kon-
taktna upornosti med kovinsko talino in hladilnim valjem zelo velik
vpliv na hitrost ohlajanja in strjevanja taline in se je v numeri¢nih
izraCunih ne sme zanemariti, tudi v primeru, ko je njena vrednost
zelo majhna.

Analiziran je vpliv procesnih parametrov na hitrost ohlajanja ter
strjevanja taline in posledi¢no razvoj mikrostrukture po debelini
traku. 1z izracunov lahko sklenemo, da imajo procesni parametri,
ki dolocajo debelino talinske pete v spodnjem toku, najvecji vpliv
na hitrost ohlajanja in strjevanja traku. Med toplotnimi lastnostmi
imajo najvecji vpliv na hitrost ohlajanja in strjevanja temperaturna
prevodnost kovinske taline, strjenega traku in materiala valja.
Izracunana je toplotna bilanca v primeru kontinuirnega litja in ana-
liziran vpliv razli¢nih na¢inov hlajenja valja na hitrost ohlajanja ta-

line oziroma traku.

Key words: rapid solidification, metallic materials, heat transfer balance,
heat transfer coefficient, numerical modeling

Kljuéne besede: hitro strjevanje, kovinski materiali, toplotna bilanca,
koeficienta toplotne prestopnosti, numericno modeliranje

INTRODUCTION

Single roll melt spinning is the most
commonly used process for the produc-
tion of rapidly solidified thin metal foils
or ribbons with amorphous, microcrys-
talline or even combined microstruc-
ture. In this type of a process, a molten
material is introduced onto a surface of
the spinning wheel, where melt puddle
is formed (Figure 1). Material is then
dragged out from the puddle by relative
motion of the wheel. Usually thin rib-

bons are produced which can leave the
wheel surface in solidified, semi-solid-
ified or fully liquid form, depending on
the contact resistance between the melt
and substrate, heat transfer in the melt
and wheel respectively, process param-
eters, and nucleation and crystal growth
characteristics of the particular casting
material.l'! The most important advan-
tages of rapid solidification, which can
be made with this process are extended
solubility, refined microstructure, ther-
mal stability at elevated temperatures,
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and improved magnetic and electrical
properties.[!- 23!

HEAT TRANSFER CALCULATION

Primary objective of our work was to
calculate the temperature field inside
the chilling wheel and to ascertain the
influence of the chill wheel cooling on
metal ribbon cooling and solidification
velocity. Because melt puddle is thin
compare to its width and length we can
make an assumption of two-dimen-
sional (2D) transient heat transfer. As-
suming 2D transient heat transfer with
variable thermal properties and internal

heat generation (latent heat of crystal-
lization), general partial differential
equation for the melt is reduced to:

Figure 1. Melt puddle development on the
surface of the wheel at free jet melt-spin-
ning process Sheme (a), Snap shot™ (b)
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Where:

e,z cylindrical coordinate system [m; rad; m]

T temperature [K ]

p=p(1) density [kg/m’]

A=MT) thermal conductivity [W/(m - K)]
c=c() specific heat [J/(kg - K)]

q volumetric heat generation rate [W/m?]
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For calculation of temperature distri-
bution inside the melt puddle and chill
wheel, we used explicit finite differ-
ence method (FDM) with cylindrical
coordinate system. Thermal properties
of the melt and wheel material (A(7),
c(T)) are temperature dependant and
are calculated for each iteration step
with linear interpolation from tabulated
values. Density in solidification inter-
val of the casting material is changing
linearly or parabolic, depending of the
alloy solidification type (eutectic, den-
dritic),’! whereas density of the wheel
material is approximated as constant.

In situations where a detailed descrip-
tion of thermal physics is very compli-
cated, such as in melt-spinning process,
where heat transfer between melt and
substrate (wheel) is coupled with fluid
flow which is further complicated by
the presence of solidified region, com-
bined modes of heat exchange are usu-
ally taken in to account with the overall
heat transfer coefficient.”> ® This coef-
ficient (@) includes conduction and ra-
diation of heat, as well as any convec-
tive effects and is defined as the ratio of
the heat flux (¢) from the liquid metal
and solid ribbon across the interface
with the wheel, to the temperature dif-
ference between molten metal or rib-
bon and wheel.

Because the temperatures of the casting
material and chill wheel are changing

along contact length, numerical mod-
eling of the heat transfer with constant
heat transfer coefficient and nominal
chill wheel temperature is not realistic.
Actually, heat transfer coefficient is de-
pendant by many factors which include
physical and thermal properties of the
melt and chill substrate, fluid velocity,
state and geometry of the chill surface
and its temperature. Moreover, molten
material solidifies and shrinks, which
changes the physical contact from lig-
uid/solid to solid/solid or (solid + gas)/
solid.’!' Consequently, value of heat
transfer coefficient over entire contact
length can vary in wide range.

Furthermore, values of the heat transfer
coefficient are difficult to measure with
confidence. In literature you can find
different techniques. From those based
on pyrometric, photocalorimetric or
wheel surface temperature measure-
ments with embedded thermocouples,
to those based on dendrite arm or inter-
lamellar spacing, but none of them can
predict the value of the local heat trans-
fer coefficient particularly accurate.!®!

To simplify the mathematical model,
we considered number of assumptions.
The local heat transfer coefficient o(x)
is calculated with the integral method
for liquid metals flow over flat plate.
The approximation of the flat plate is
reasonable, because of the large aspect
ratio between puddle length and radius
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of the wheel. Another assumption in
our model is to consider that there is no
velocity gradient in the puddle. This is
not completely true in the actual case,
but when metallic materials are cast,
we believe that velocity gradient can
be neglected for thermal field calcu-
lation inside the chill wheel and melt
puddle. Namely, metal melts have very
low Prandtl number and consequently
thermal boundary layer much thicker
than velocity boundary layer.””’ Ribbon
thickness is also found to be propor-
tional to circumferential velocity of the
chill wheel (u") and the pressure in
the crucible (p*°), as predicted by con-
tinuity and Bernoulli equations.[! Next
assumption is that temperature of the
melt in the puddle direct under the im-
pinging jet stays equal to casting tem-
perature, because strong turbulences in
that region.

The equation for local heat transfer co-

efficient a(x) calculation, included in
the numerical scheme is:

00

34 34 u

RESULTS AND DISCUSSION

Figure 2 represents calculated cooling
curves in Al ribbon and heating curves
for Cu wheel surface, considering dif-
ferent modes of contact resistance: ide-
al contact, variable contact resistance
(a(x) = integral method) and constant
contact resistance through entire con-
tact time/length (a(x) = 10°W/(m? - K)).
Value for constant average heat transfer
coefficient for aluminum was obtained
with subsequent microstructure analy-
ses and reported by other authors.®

By applying different modes of contact
resistance, calculations revealed that
cooling and heating rates of the ribbon
and the wheel diverse considerably.
Calculated cooling and heating rate
is relatively much slower when some
contact resistance is considered. Al-
though the contact resistance value is
very low (= 10°%(m? - K)/W), it should
not be neglected.

a(x) = a(R, cpj):ﬂa\y_o =

thermal diffusivity [m?%s]

= Q O >
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circumferential velocity of the wheel [m/s]
thermal conductivity of the casting material (temperature dependant) [W/(m - K)]
thermal boundary layer thickness [m]

distance from the initial contact point to the actual calculation point [m]
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Integral method calculation of the heat
transfer coefficient gives the most logi-
cal results for entire duration of the
contact. Calculated solidification time
is practically the same to those ob-
tained by overall (constant) heat trans-
fer coefficient, but final temperature
of the ribbon at the detachment point
is much greater, especially for longer
contact time. Constant contact resis-
tance approximation (10°%(m? - K)/W)
for longer contact time predicts even
lower ribbon temperature then ideal
contact calculation, which is physical
unlikely. Irrespective of contact resis-
tance approximation, the wheel surface
temperature after reaching its maxi-
mum decrease, although it is in contact
with hotter ribbon. By considering the
wheel as a whole, its enthalpy is con-
stantly rising, since temperature more
than 0.3 mm under the surface, is in-
creasing the entire contact time (Figure
4 a). Namely, conduction heat transfer
rate in the wheel is faster than the heat
transfer rate across ribbon/wheel inter-
face and through solidified ribbon.

When thicker ribbons are cast or mate-
rials with lower thermal conductivity,
thermal resistance in already solidified
region of the ribbon becomes the lim-
iting factor of the heat transfer. High
cooling and solidifying rates, through
entire cross section of the ribbon, es-
pecially on its free surface, can be
achieved only when very thin (<30 pm)
ribbons are cast (Figure 3).

We also analyzed influence of the
wheel material on the solidification
characteristics. Figure 4 shows calcu-
lated temperature profiles in steel or
copper wheel, when aluminum melt
1s cast. As we can see, surface tem-
perature will increase significantly,
especially for a wheel of low thermal
diffusivity. Because short duration of
the contact (<1 ms) and limited ther-
mal diffusion in the wheel, the energy
can penetrate only a short distance in
the wheel, which results in a higher
temperature at the wheel surface. The
magnitude of temperature increase
depends on the wheel material. For
steel wheel, which has much lower
thermal diffusivity than copper, an in-
crease of surface temperature is over
400 °C, and heat penetration depth
about 0.5 mm. On contrary, copper
wheel surface temperature increase is
about 200 °C and penetration depth
twice as much. When materials with
higher melting point are cast, surface
temperature will increase much high-
er. Obviously, such a large deviation
in surface temperature should not be
neglected in calculation of cooling
and solidification rate of the melt. Im-
portance of wheel material selection
is evident. Pure deoxidized copper
has the highest thermal diffusivity be-
tween all commercially useful materi-
als and therefore is the best choice for
the wheel material.
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Figure 2. Cooling curves of free and contact surface of Al ribbon and contact surface of

the Cu wheel as a function of different contact resistance. (#, = 18.9 m/s, ribbon thick-
ness 66 um, contact time 0.923 ms)

L1

temperature, 7°C

] 0s 1 15
contact time, ¢/ms

Figure 3. Cooling curves of contact and free surface of the Al ribbon as a function of its
thickness and contact time (1= 18.9 m/s, a(x) = integral method)
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Figure 4. a) Steel and copper wheel temperature increase as a function of contact time
b) Cooling curves of Al ribbon as a function of wheel material and contact
time (u, = 18.9 m/s, ribbon thickness 66 um, contact time 0.923 ms, a =

10°W/(m? - K) )
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Figure 5. Cooling curves for 66 pum thick Al ribbon as a function of initial wheel tem-
perature and contact time (= 18.9 m/s, a(x) = integral method)

During continuous casting process,
the wheel is not subjected only to heat
transfer from the solidifying material,
but also to radiation and convection
heat transfer from the crucible. In that
case, significant “long term” surface
temperature increase may take place,
if the wheel in not externally or inter-
nally cooled. In calculations discussed
above, we have assumed that the wheel
surface is at room temperature at the
beginning of the contact. For first ten
to hundred revolutions surface temper-
ature increase may indeed not be insig-
nificant, but when continuous casting is
performed, especially when materials
with high melting point are cast, sur-
face temperature of the wheel can in-
crease in such an extent, that formation

RMZ-M&G 2009, 56

of the ribbon will be disturbed, because
of decreased cooling and solidifying
rate in the melt puddle. Figure 5 shows
the effect of the initial wheel tempera-
ture on calculated temperature profiles
in the Al ribbon. . As we can see, ini-
tial wheel temperature has substantial
influence on ribbon cooling rate espe-
cially if the contact time is short (high
wheel speed).

For the purpose of the continuous
casting, we calculated temperature
profiles in inner water cooled wheel
(R,= 0.2 m) as a function of casing
thickness. From the outside, wheel is
convectively cooled with surrounding
atmosphere, because its rotation, and
from the inside with water stream. For
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simplicity of the mathematical model,
convective heat transfer coefficients
are taken as constants (a = 5000 W/
(m* - K) and o, = 50 W/(m’ - K)) and
represent average values, calculated
from forced convection correlation
equations. No radiation from the cruci-
ble is taking into account. To ascertain
influence of external cooling, we also
make an assumption of exaggerated
value for convective heat transfer co-
efficient (o, = 1000 W/(m* - K)). The
calculated surface temperatures for
10 mm thick wheel casing are shown in
Figure 6. Each saw tooth spike corre-
sponds to the temperature of the wheel
surface being underneath the puddle.
As we can see, internally water cooled
wheel will reach the periodic steady
state after few revolutions. But still,
surface temperature can increase sig-
nificantly when iron is cast (>200 °C),
although we assume exaggerated value
(a, = 1000 W/(m* - K)) for convective
heat transfer coefficient. Namely, dura-
tion of one revolution of the wheel is
so short that external gas convective
cooling would have no significant in-
fluence on the wheel surface tempera-
ture. Conducting of heat into the wheel
and cooling of the inner casing surface
with water stream is much faster than
external convective cooling with sur-
rounding atmosphere.

If we reduce wheel casing thickness up
to 2 mm, internal water cooling will be

more effective, and wheel surface tem-
perature that melt will effectively “see”
at the beginning of the next pass of the
wheel under the puddle, will be practi-
cally the same as at the first revolution,
even if high melting temperature mate-
rials are cast (Figure 7).

But if we reduce wheel casing even fur-
ther, beneath the heat penetration depth
under the melt puddle, convective heat
resistance on the inner side (wheel —
water interface) becomes significant.
Even if we assume heat transfer coef-
ficient value on inner side of a casing
as high as 100 000 W/(m? - K), which
can be reached with high pressure im-
pingement water jets,”’ heat removal
from the melt will be slower as in the
case of full or internally water cooled
wheel with 10 mm thick casing (Fig-
ure 8). Reducing the thickness of the
wheel casing is unsuitable, from rapid
solidification and from steadiness point
of view.[!%]

CONCLUSIONS

An improved FDM method with vari-
able heat transfer coefficient was used
to calculate the heat balance of free jet
melt-spinning process.

The mathematical model developed,

includes the effect of the conduction
heat transfer within the chilling wheel
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and allows us to investigate the influ-
ence of heat contact resistance between
the melt and the chill wheel, wheel
material, and inner wheel cooling. The
fact that the wheel surface temperature

EE

"
11 1 11

A AAA

is increasing significantly under the
solidification melt puddle, selection of
the wheel material is important. Be-
cause copper has the highest thermal
diffusivity between all commercially
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Figure 6. Surface temperature of the internally water cooled wheel with casing thick-
ness 10 mm and wheel radius 0.2 m a) aluminum casting; b) iron casting (u, = 18.9 m/s,

a, .= 5000 W/(m? - K) and = 50W/(m* - K) and (e = 1000 W/(m* - K))

‘water
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Figure 7. Surface temperature of the internally water cooled wheel with casing thick-
ness 2 mm and wheel radius 0.2 m a) aluminum casting b) iron casting (z, = 18.9 m/s,
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Figure 8. Internally cooled copper wheel surface temperature increase as a function
of contact time and thickness of wheel casing for aluminum casting. (R = 0.2 m,
u, = 18.9 m/s, ribbon thickness 66 pm, contact time 0.923 ms, htc on wheel-water side

100 000 W/(m? - K))

useful materials, we propose deoxi-
dized copper for a wheel material.

For continuous casting internally
cooled wheel is preferable, but only in
the case when wheel casing thickness
is correctly selected. When too thick
casing is applied, water cooling will
not have adequate influence on wheel
surface temperature increase. When the
casing of the wheel is too thin, thermal
resistance on the cooling side (wheel-
water interface) becomes the limiting
factor, which reduces the heat trans-
fer from the melt and consequently its
cooling and solidifying rate.

RMZ-M&G 2009, 56
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Mapping of sub-surface fracture systems using integrated
electrical resistivity profiling and VLF-EM methods: a case

study of suspected gold mineralization

Kartiranje podpovrsinskih sistemov razpok z integriracijo
elektri¢nega upornostnega profiliranja ter VLF-EM-metode:

primer domnevnega orudenja z zlatom
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Abstract: This study highlights the application of horizontal electrical re-

sistivity profiling (HRP) and Very Low Frequency Electromagnetic
(VLF-EM) methods as mapping tools for detection of subsurface
structural features in respect of gold mineralization prospects lo-
cated at the outskirt of New-Bussa, Niger State. Nigeria. The over-
all intent is to map and delineate the possible structural controls on
gold mineralization in the study area. In total seven (7) EM-profile
lines and three (3) HRP-profile lines were established, while data
processing of the VLF-EM results involved Fraser and Karous-Hjelt
filtering followed by 2D inversion.

Interpretation HRP data and quantitative evaluation of VLF-EM
data revealed a number of subsurface zones with high real compo-
nent current density which define the potential subsurface structural
features (as fracture zones) with possible gold mineralization. In ad-
dition, correlation and extrapolation of the anomalous low resistiv-
ity zones with high current density zones revealed fracture systems
trending roughly N—S at a strike range of 350° to 005°. These zones
are interpreted as the potential or inferred structurally controlled
fracture zones with possible gold mineralization worthy of follow-
up geochemical exploration studies.

Original scientific paper
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Izvlecek: Raziskali smo moznost uporabe horizontalnega elektriCnega

upornostnega profiliranja (HRP) in zelo nizkofrekvencne elektro-
magntne metode (VLF-EM) kot orodja za kartiranje podpovrsinskih
struktur za odkrivanje mineralizacije z zlatom na obrobju New-
Bussa, Niger, Nigerija. Namen naloge je na raziskovanem obmocju
kartirati in izdvojiti mozne strukture, orudene z zlatom. Meritve smo
opravili v sedmih (7) EM in treh (3) HRP-profilih ter VLF-EM po-
datke obdelali z Fraserjevim ter Karous-Hjeltovim filtriranjem, ki
mu je sledila 2D-inverzija.

Interpretacija HRP podatkov in kvantitativno vrednotenje VLF-
EM podatkov sta pokazala Stevilne podpovrSinske cone z visoko
realno komponento gostote toka, s katerimi definiramo potencialne
podpovrsinske strukturne oblike (npr. razpoklinske cone) z mozno
mineralizacijo z zlatom. Korelacija in ekstrapolacija anomalnih niz-
koupornostnih con s conami z visoko gostoto toka kaze na sistem
razpok, usmerjenih priblizno S—J, z razponom smeri od 350° do
005°. Ta obmocja smo interpretirali kot strukturno kontrolirane cone
razpok z moznim orudenjem z zlatom, ki bi jih bilo smiselno razis-
kati tudi geokemicno.

Key words: VLF-EM-method, electrical resistivity profiling method, 2-D

VLF inversion, apparent resistivity, current density, fracture map-
ping

Klju¢ne besede: metoda VLF-EM, metoda elektricnega upornostnega

profiliranja; 2D VLF-inverzija; navidezna upornost, gostota toka,
kartiranje razpok

INTRODUCTION

In the recent past, integrated geophysi-
cal investigations have found useful
and increasing applications in many
geological studies ranging from shal-
low engineering studies, groundwater
and mineral deposits explorations as
well as in a variety of geo-environmen-
tal studies like investigations of con-
taminated sites or waste disposal areas

(OLoRUNFEMI & MESIDA, 1987; SHARMA,
1997; FroHLICH & PARKE,1989; STEE-
pLEs, 2001). High urbanization rate
and urgent need for natural resources
on one hand and non-invasive charac-
ter of the geophysical methods such as
geoelectrics, electromagnetic methods,
very low frequency (VLF), and in-
duced polarization (IP), which can pro-
vide information over larger areas, are
said to expedite this trend (FrRoHLICH et
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al., 1994; DAHLIN, 1996; ARISTODEMU
& THOMAS-BETTS, 2000; DRASKOVITS &
VERO, 2005; GOKTURKLER, et al., 2008).
Especially geoelectric and electromag-
netic methods are widely and jointly
employed in many geological inves-
tigations to solve various problems
(BERNSTONE et al. 2000; KARLIK & KAya
2001; Oskoor & PEDERSEN, 2005).

The electrical resistivity, a commonly
used method, is based on the appar-
ent resistivity measurements along
the earth surface (FROHLICH & PARKE,
1989; Sporry, 2004). The measured ap-
parent resistivity represents some kind
of averaging of the true resistivities ex-
isting between the ground surface and
the depth reach of the electrodes con-
figuration (TeLForD et. al., 1990). For
this study, resistivity profiling (Wenner
array) was employed which entails ap-
parent resistivity measurements using
a fixed electrode array at different lo-
cations (stations) along a survey line.
The interval between stations is prefer-
ably kept constant while the variation
of earth resistivity along the profile line
is measured with a more or less con-
stant investigation depth. The concept
is based on the fact that the variation of
resistivity for an inhomogeneous earth
is caused by the distortion of current
flow lines and with that, of the elec-
tric potential field around the potential
electrodes. Hence, for a stratified earth,
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the distortion is systematic, with the
consequence that through processing
and interpretation the stratification of
the earth can be derived from a system-
atic collection of resistivity data at one
location (MiLsoMm, 1989; Sporry, 2004).

The VLF-EM is a well known method
for quick mapping of near surface geo-
logic structures most especially in re-
spect of mineral exploration and related
geological structures (Saypam, 1981;
Licas & PaLmoBa, 2006; BaBu et al.,
2007). In addition, it has been used to
high level of success to map weathered
basement layer and detection of water
— filled fractures or shallow faults. The
VLF-EM method is considered as one
of the most used among electromagnet-
ic methods and is adequately described
by several authors (e.g. WRIGHT, 1988;
MCcNEILL & Lason, 1991). The VLF-
EM uses radio signals from worldwide
network transmitter stations and oper-
ates in frequency ranges between 5 kHz
and 30 kHz.

The principle of VLF-EM survey is
based on the fact that the ratio of the sec-
ondary vertical magnetic component to
the horizontal primary magnetic field
is a measure of conductivity/resistiv-
ity contrast since this tipper component
is of internal origin of the anomalous
body (CHouttau et al., 1996; GHARIBI
& PEDERSEN, 1999). To this end an inte-
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grated geophysical investigation (Very

Low Frequency electromagnetic and

electrical resistivity survey) techniques

have been employed in this study as
mapping tools with the overall objec-
tive of geophysical mapping for pos-
sible detection of buried subsurface
structural features (such as fractures,
quartz or pegmatitic veins) in respect
of gold mineralization prospects locat-
ed at the outskirt of New-Bussa, Niger

State. Nigeria. The present evidence

of gold mineralization is a quatz-peg-

metitic vein which is exposed within

a farmland grown with groundnuts at

a coordinate of about 9° 50° 32” N &

Longitude =~ 4° 32° 10” E. Hence, fur-

ther specific objectives are:

a) to isolate zones within the study
area with gold mineralization / en-
richment

b) to highlight possible structural fea-
tures and control (fractures and
mineralized veins).

The study is also partly intended to
possible structural features (fractures
and mineralized veins). The combined
geophysical techniques are expected to
provide information on the subsurface
structural features in respect of gold
mineralization potential in the study
area and possible further localized geo-
chemical investigation.

STUDY AREA

Location and Accessibility

The study area is located at the outskirt
of New Bussa near Kainji with main
access via the major road from Mokwa
to Wawa, off the Ilorin-Jebba-Mokwa
Federal Highway. The study site at the
outskirt of New Bussa is linked by an
unpaved rural road/foot path about 4 km
south of New Bussa Township. Figure
1 is a generalized geological map of
Nigeria showing the location of the
study area. The study area has a tropi-
cal savannah climate with temperature
averaging ~32 °C and up to 40 °C dur-
ing the peak of the dry season. The cli-
mate is characterized by two distinct
seasons; hot dry season (mid-October
to April) and rainy season (May to mid-
October) with average precipitation of
about 600-800 mm. The local physiog-
raphy comprises of relatively flat but
undulating topography with valley as
low-lying areas. This generally flat re-
lief is characteristic of savannah forest
dominated by grasses and shrubs as un-
dergrowths with scattered tress such as
shear-butter and locus beans tress.

Geological Setting

Regionally, the study area lies within
the Precambrian Basement Complex
and located at the northern edge of the
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Figure 1. Generalized geological map of Nigeria showing the location of the study area
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Basement Complex of South-Western
Nigeria. The study area and environs
are underlain by crystalline igneous and
metamorphic basement rocks, mostly
undifferentiated migmatized granite-
gneiss, quartzite and quartz-schist com-
plex as well as localized pegmatite and
quartz veins intrusions. Various studies
have described the geology and charac-
terized the rock units of the Basement
Complex setting in South-Western
Nigeria (Jones & HockEy, 1964; Ova-
wOYE, 1970; Ranaman, 1976; ODEYEMI,
1976 and OpEevEeMmI, 1981).

Locally, the study area is characterized
by Precambrian Basement Complex
rocks, mostly the migmatite-gneiss,
schist-quartzite complex. Figure 2
highlights the local geological of the
study area and environs. In the imme-
diate vicinity of the study area, there
are limited outcrops mainly of granite
gneisses, schist and amphibolite com-
plex with evidence of shearing and bre-
cciated (cataclastic) zones in places.

Within the study site, gold mineraliza-
tion veins are exposed in farmland areas
at an approximate coordinate of 9° 50’
32”7 N & = 4° 32° 10” E located about
500-800 m from the main Mokwa-
New Bussa-Wawa highway. The geol-

ogy around the veins consists of mainly
gneiss and schist with amphibolite unit
as well as pegmatitic intrusion as found
within the central part of the study area.
The intrusion apparently created an
alteration aureole in the pre-existing
metamorphosed mafic rock units. The
observed main alteration is the growth
of porphyroblastic texture in gneisses
especially in the western section of the
study area.

The general strike of rock foliation
and main structural trends is between
350° and 005° azimuth, while the veins
trends between 305-315°. This implies
that the veins are injected into joints
systems that are not conformable to the
joints system of the host rock. Veins
exposures show a dextral displacement
of less than 1 m, while further detailed
study may help to expose larger fault/
fracture systems in the study area. Fur-
thermore, field observations revealed a
couple of shear zones to the south-west
portion of the study site and a number
of the observed veins composed of
highly ferruginized quartz, while the
gold occurrence seems to correlate
with the degree of ferruginization. The
implication of this in terms of explora-
tion is that secondary enrichment may
be found in weathered regolith.
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FIELD METHODS AND DATA COLLECTION

Geophysical measurements were car-
ried out during a field camping exer-
cise at Kanji — New Bussa area by late
2008. The field investigation involved
application of both Very Low Frequen-
cy electromagnetic (VLF-EM) meas-
urements and horizontal resistivity pro-
filing (HRP) for mapping of subsurface
conductive zones.

VLF-EM Measurements

Very Low Frequency electromagnetic
(VLF-EM) geophysical prospecting
method is a passive geophysical meth-
od which uses radiation from military
navigation radio transmitters operating
in the VLF band (15-30 kHz) as the
primary EM field to generate signals
for various applications (BaBu et al.,
2007). In this study, VLF-EM method
was employed to map the study area
with the object of isolating fractured
zones which are likely to be enriched
with gold mineralization. ABEM Wadi
VLF electromagnetic equipment with
in-built digital display unit and pow-
ered by battery was used. For the VLF-
EM measurements, radio signal from
stations GBR and GBZ in Rugby UK
(52N22, 001W11) were the main signal
stations tuned / selected. These corre-
spond to frequency values of 22.6 kHz
and 19.6 kHz and are employed to gen-
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erate the primary electromagnetic field
around the buried conductors in order
to induce the detected secondary field
and measured as a fraction of the pri-
mary field by the VLF-meter.

In total 7 E-W trending profiles were
occupied with measurement station in-
tervals of 20 m. Each profile is about
1 km long and runs perpendicular to
the general N—S geologic strike in the
study area. The position of profiles is
shown in Figure 3. Central profile-1
runs across the existing/identified gold
mineralized fracture zone at the central
part of the study area. Other profiles
(2-7) run parallel and symmetrical to
the central profile-1 with spacing of
about 50-100 m. Generally, due to the
rural nature of the study area there are
no sources of noise such as power lines
that might have affected the data qual-

1ty.

Electrical Resistivity Profiling Meas-
urements

For the electrical resistivity profiling
investigation, resistivity of rocks is
usually determined in the field using
an array of four electrodes where elec-
trodes A and B are used to run the elec-
trical current, I into the ground (current
electrodes), while electrode M and N
measure the difference AV between the
potentials at the positions of these elec-
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Figure 2. Geological map of the study surrounding neighborhoods of the study Area
(Compiled from NGSA Lineament and Geological Map of Nigeria, 2006)
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trodes (potential electrodes) (MiLsom,
1989). In this study Wenner array was
applied using AGI Terrameter model
Sting R1 with in-built digital display
unit connected to a 12 V battery for
adequate energization of subsurface.
A constant separation of 15 m was
employed with station interval of 15
m, while the profile/traverse lines are
about 600—850 m long. In total three (3)
HRP-profile lines were established as
also indicated in Figure 3, while meas-
urements were taken in approximately
E—W profile direction which is more or
less perpendicular to the general N—S
geologic trend in the study area. Pro-
file 1 coincides with VLF-EM profile
1, i.e. at the center of the field while
profiles 2 and 3 are 100 m to the north
and south of profile 1 respectively.

Data Processing / Evaluation
Subsequent to field survey measure-
ments, VLF-EM data as well as those
of the HRP measurements were sub-
jected to data processing and evalua-
tion as the basis for interpretation.

For the VLF-EM, the acquired field
data were processed to simplify the
obtained complex information into a
profile in which the displayed func-
tion is directly related to a physical
property of the underlying rock. Thus
measured raw real and imaginary com-
ponents were subjected to Fraser (Fra-
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SER, 1969) and Karous-Hjelt (Karous
& Hierr, 1983) filtering operations to
suppress noise and enhance signal. The
Fraser filter (FrRaser, 1969) converts
crossover points into peak responses
by 90° phase shifting. This process re-
moves direct current bias that reduces
the random noise between consecutive
stations resulting from very low fre-
quency component of sharp irregular
responses (AL-TArAzI et al., 2008).

The filtered profile data were then sub-
jected to 2D inversion operation. The
2D inversion involved joint inversion
of the real and imaginary components
of the tipper based on a forward solu-
tion using the finite-element method.
Pilot resistivity survey and geologic
field investigation of the area of study
supplied the priori information for the
subsurface model with RMS misfit of
0.7 obtained after 16 iterations. Sub-
sequently, the obtained current density
information was used to isolate regions
having contrasting conductivity value
when compared to the host rock that
could be interpreted in terms of frac-
tures within the basement rocks. The
Karous-Hjelt filter (Karous & HIELT,
1983) uses the linear fit theory to solve
the integral equation for the current
density. This forms the basis of the
overall interpretation and delineation
of potential fracture zone and or min-
eralized zones.
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For the HRP, the resistivity is calculat-
ed from the relationship below where
K is termed the Geometrical Factor,
dependent on the type of electrode ar-
ray:

=K AVl (1)
Because the earth is not homogene-
ous and isotropic, the measured re-
sistivity is generally addressed as ap-
parent resistivity z, (Roy & AppPARAO,
1971; KELLER & FRISCHKNECHT, 1966).
Hence, direct interpretation of the ap-
parent resistivity values with respect to
the inter-electrode spacing (a) was em-

ployed for quantitative interpretation
of the HRP results.

€—2 VLF-EM Profile line

RESULTS AND INTERPRETATION

VLF-EM Surveys

As highlighted earlier, the acquired field
data were processed to simplify the ob-
tained complex information. The repre-
sentative results of the Fraser model fil-
tered data plots as well as Karous-Hjelt
filter 2-D inversion current density plots
for Profiles 1, 5 and 6 are presented in
Figures 4 to 6. The 2-D inversion shows
the variation of apparent current density,
and change in conductivity with depth.
With such apparent current density cross-
section plots, it is possible to qualitative-
ly discriminate between conductive and
resistive structures where a high positive
value corresponds to conductive subsur-
face structure and low negative values
are related to resistive one (BEnson et al.,
1997; SHARMA & BARANWAL, 2005).

Existing
| mining vein

Figure 3. Lay-out of the field measurements for VLF-EM and HRP operation
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4,5and 7.

The apparent current density cross-
section of profile 1 (Figure 4) reveals
the presence of a major anomaly at the
central section of the profile (at about
500 m). Qualitatively it is hard some-
times to discriminate between deep and
shallow sources, partly due to possible
influence of water saturation (NOBES,
1996; SHARMA & Baranwar, 2005).
However, this anomaly coincided with
the existing mineralized vein in the

study area. Furthermore, two high cur-
rent density zones at about 200 m and
750 m along the profile (Figure 4) can
also be inferred as indications of the po-
tential subsurface fracture systems and/
or mineralized zones. In addition, the
Fraser filtered data plots and the Ka-
rous-Hjelt current density plot for pro-
file 6 as presented in Figure 5 revealed
a number of anomalies which reflect
conductive subsurface structural trends
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of inferred fractures and/or mineral-
ized zones. These together with other
high current density zones as outline in
Figure 6 represent apparently fractured
and jointed quartz fillings associated
with gold mineralization. However,
an incline vein, dipping to the right at
540 m of VLF profile 1, having nega-
tive real component value of about —10
to —20 (zone marked X) represents
fracture/vein apparently filled with
unsaturated materials such as massive
non-fractured quartz veins. This type
of zone as also evident along profiles
2, 5 and 6 are, unlike the mineralized
zones, usually associated with massive
barren quartz veins with no gold miner-
alization. Similarly, 2D current density
cross-section plots of VLF-EM profiles
2,3, 4,5 and 7 showing inferred frac-
ture and / potential mineralized zones
are presented in Figures 6 a, b, ¢, d and
e respectively.

These apparent current density cross-
sections disclose a number of anom-
alies with structural disposition at
depths that can be attributed to subsur-
face structural features which may be
mineralized. Although the exploration
depth in the study area is expected to
be about 50 m, the representative ap-
parent current cross-sections of pro-
files 3, 4, 5 and 7 (Figure 6) exhibited
conductive anomalies at much greater
depths. This can be attributed to a com-
bination effect of fracture systems with
or without mineralization but saturated

RMZ-M&G 2009, 56

with groundwater systems at depths. In
other words, the development of con-
ductive zones of high apparent current
with positive values reflects inferred
subsurface structural fractures and/or
mineralized zones.

Horizontal  Resistivity
(HRP) Surveys

As pointed out earlier, Wenner elec-
trode configuration with constant elec-
trode separation of @ = 15 m and inter-
station distance of 15 m was adopted
for effective lateral coverage of the
subsurface in the study area. HRP pro-
file 1 coincides with VLF-EM profile
1, i.e. at the center of the survey area
while HRP profiles 2 and 3 are 100 m
to the north and south of profile 1 re-
spectively. The field data for the HRP
surveys were presented in form of pro-
file plots as presented in Figures 7, 8
and 9 below, indicating the apparent
ground resistivity trends against dis-
tance along W—E direction.

Profiling

As shown in HRP profile 1 (Figure 7),
the two closely spaced existing miner-
alized veins exhibited apparent resis-
tivity low of about 110 Q m. The addi-
tional two low resistivity zones around
200 m and 700 m are consistent with
the high current density zones at about
200 m and 750 m along the VLF-EM
profile 1 (see Figure 4). These can also
be inferred as indications of the poten-
tial subsurface fracture systems and/or
mineralized zones.
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Therefore, baring minor discrepancies in
the data which could be due to irregularity
in surface topography as well as non-line-
arity of the profile lines, resistivity values
of less than 110 Q m may be inferred as
threshold value indicative of areas with
similar electrical resistivity properties as

the known mineralized vein. Hence such
identified low resistivity zones as also
highlighted in Figures 8 and 9 for HRP 2
and 3 respectively could be taken as po-
tential zones for further ground-truthing
in form of reconnaissance pitting and
geochemical survey / sampling.
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Figure 7. Plot of HRP data indicating the trends of apparent ground resistivity against

distance for HRP — 1
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SYNTHESIS AND CONCLUSION

This study presents the results of the
combined application of VLF-EM
and electrical resistivity profiling
HRP methods in highlighting the dis-
tribution of subsurface structural line-
aments. Based on the VLF-EM data
plots, Profile 1 filtered result as shown
in Figure 4 shows major fracture pat-
terns at the center of the profile about
500 m midway along the profile. As
indicated the two identified fractured
zones coincide with the known min-
eralized zones where there are active
illegal mining activities as at the time
of this study. The fracture on the left
(about 500 m) was determined from
the plot to be about 18 m in diameter,
about 120 m in length and dipping at
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about 35°. Therefore, the results of
EM profile-1 are in good agreement
with field observation.

Similarly, EM-VLF profile 6 as pre-
sented in Figure 5 as well as profiles 2,
3,4, 5 and 7 presented in Figure 6 dis-
play areas with isolated and high cur-
rent density values; similar to region
with gold mineralization enrichment
in profile-1. For example, EM-profile
6 in particular displays structural con-
trolled zones of high conductivity at
about 400 m, 600 m and 700 m along
the profile. Likewise, profiles 3, 5 and
7 (see Figure 6) display similar zones
with high conductivity. The values of
current density in all these cases are
in excess of 8 which could have been
due to the high conductivity of infill
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material within the fracture zones, sus-
pected to be similar to that established
in EM-profile 1.

Qualitative interpretation of VLF-EM
profiles using different linear filtering
such as Fraser and Karous—Hjelt fil-
ters (Figures 4 to 6) show a number of
subsurface low resistivity zones in the
study area, most of which are reflected
as subsurface image of narrow linear
features on the apparent current den-
sity cross-sections. The disposition of
these linear features revealed two sets
of fractures systems with dips of about
30-40°; one dipping to the west and
other dipping to the east with general
strike direction of N—S at about 350°
and 005°. This result demonstrates the
consistency between qualitative and
quantitative interpretation; in terms of
relative disposition of the discrete con-
ductors, frequency and influence of dif-
ferent anomalies size and depth as also
observed by Al-Tarazi, et al., (2008).

As part of further evaluation and syn-
thesis, the results of the HRP-1 indicate
some regions with isolated low resis-
tivity that are indicative of fractured
zones which are likely filled with con-
ductive deposit. HRP profile 1 (Figure
7) shows anomalous resistivity sink
around 500 m; center of profile 1. This
is in agreement with the VLF-EM pro-
file-1 results as well as field observa-
tion. In addition a synthesis of the EM-
VLF and HRP results for profile 1 as

presented in Figure 10 revealed coin-
cidental zones of high current density
and low resistivity as potentials frac-
ture/mineralized zones. This is also a
clear indication of the usefulness and
complementary nature of the integrated
EM and resistivity studies employed in
this study.

Similarly, a synthesis of the HRP re-
sults as presented in Figure 11 shows
the combined plots of the three HRP
profiles with identified inferred frac-
ture zones. A rough extrapolation and
correlation of the anomalous resistivity
drops revealed potential fracture sys-
tems trending roughly in N—S direction
at a strike of about 320° to 350° which
is consistent with the general structural
trends of fracture systems in the study
area. Consequently, these zone defines
the potential fracture zones worthy of
further investigation as to the possibil-
ity of mineralization or otherwise with-
in the fracture systems.

On the final analyses integrating and
synthesizing the results of all the EM-
VLF and HRP profiles together, a
number of isolated potential fracture
zones, with high current density, as in-
terpreted from both EM and resistivity
surveys were identified as highlighted
in Figure 12. As shown in Figure 12,
it is possible to order and link the dis-
tribution of the potential fracture zones
together resulting in a more or less
N-S trends. This is consistent with the
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trends observed for the HRP profiles as
presented in Figure 11.

In terms of possible gold mineraliza-
tion potential, it can be concluded that
zones with high current density iden-
tified on the VLF-EM profiles as well
as regions of low resistivity as identi-
fied on the HRP profiles are potentially
structurally controlled fracture zones
that are likely to be mineralized with
gold or related mineral deposits. There-
fore, a follow-up geochemical explora-
tion involving pitting and sampling at
those zones as well as geochemical
analyses can be recommended as parts
of the next phase of the exploration
strategy for gold mineralization enrich-
ment in the study area. Such follow-up

geochemical study will be required to
understand the grade of the mineraliza-
tion of the suspected fracture zones and
the possible geochemical control. This
will serves as basis for estimation of
possible cut-off grade.

Furthermore, the presence of cross
joints within suspected shear zones
around the south-west portion of the
study area (Figure 12), should be exam-
ined further to ascertain their positions
more accurately and their potential for
hosting mineralization. This may how-
ever, warrants additional geophysical
investigation specifically targeted at
determination of the geometrical pa-
rameters and disposition of the miner-
alized fracture zones.
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Figure 10. Combined plot of the EM-VLF and HRP results for profile 1 showing the
zones of high current density and low resistivity as potentials fracture/mineralized zones
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Figure 11. Combined plots of the HRP profiles showing inferred potential fracture/
mineralized zones

The interpretation and recommenda- computer-aided interpretation there-
tion presented here are based on the from. However, in view of a number
field geophysical measurements and of field limitations, it should be noted
observations as well as both manual and that the respective estimated location of
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= VLF-EM Profile ine

> Potenhal fracture/mineralized zones

Figure 12. Isolated potential fracture zones with high current density as interpreted
along the VLF-EM profiles. (NOTE: It is possible to order and link the distribution of
these isolated zones together to form a more or less N-S trending fracture zones)

the identified potential fracture / miner-
alized zones are approximations within
some margin of error of +5 m. This can
be attributed to non-linearity of the pro-
file lines due to lack of properly cut sur-
vey lines, topographic variation along
the profile lines etc. Nonetheless, irre-
spective of such field limitations, the re-
sults and interpretation presented here-
in provide enough geophysical basis
for delineation of the potential fracture
and/or gold mineralization zones on one
hand, and on the other hand, provide
basis for follow-up detail geological-
geochemical exploration studies.

RMZ-M&G 2009, 56
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Assessment of the heavy metal contamination in the surficial
sediments of Lake Kalimanci (Macedonia): a preliminary study
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Abstract: A major disaster happened in the eastern Macedonia (Europe),
when part of the Sasa Mine tailings dam collapsed and caused an in-
tensive flow of tailings material which ended up in Lake Kalimanci.
The aim of this study was to assess the heavy metal contamination
(Ag, As, Cd, Cu, Mo, Pb, Sb and Zn) of the surficial sediments from
Lake Kalimanci. The pollution status of the sediments was evalu-
ated by application of two environmental indices: the enrichment
factor and a geoaccumulation index. The enrichment factor values
(Cd 735; Pb 386; Zn 151; Ag 146; As 48; Cu 21; Sb 10 and Mo 2)
revealed extremely elevated heavy metal concentrations in the in-
vestigated samples. The geoaccumulation index indicated that surfi-
cial sediments of Lake Kalimanci can be treated as moderately to
strongly polluted with Pb and Cd, moderately polluted with Zn and
Ag, unpolluted to moderately polluted with Cu and As and unpol-
luted with Mo and Sb.

Izvlec¢ek: Na obmocju vzhodne Makedonije se je v deponijskem predelu
rudnika Sasa zgodila huda ekoloska nesreca. Del jalovinskega nasi-
pa se je zrusil in tako povzrocil silovit tok flotacijsko-jalovinskega
materiala, ki je zgrmel v dolino reke Kamenice, vse do jezera Ka-

Original scientific paper



438

Smuc, N. R., VRHOVNIK, P., DoLENEC, T., SERAFIMOVSKI, T., TAsEv, G. & DoLENEC, M.

menica. Namen $tudije je bil oceniti onesnazenje povrsinskega sedi-
menta iz jezera Kamenica s tezkimi kovinami (antimon, arzen, ba-
ker, cink, kadmij, molibden, srebro in svinec). Stopnjo onesnazenja
smo dolo¢ili z uporabo dveh okoljskih indeksov: faktorja obogatitve
in geoakumulacijskega indeksa. Izracunane vrednosti faktorja obo-
gatitve v raziskovanih vzorcih so bile zelo visoke (Cd 735; Pb 386;
Zn 151; Ag 146; As 48; Cu 21; Sb 10 in Mo 2). Rezultati indeksa
geoakumulacije so razkrili podobne vrednosti in oznadili povrSinske
sedimente iz jezera Kamenica kot srednje do visoko onesnazene z
Pb in Cd, srednje onesnazene z Zn in Ag, neonesnazene do srednje

onesnazene s Cu in As ter neonesnazene z Mo in Sb.

Key words: heavy metals, surficial sediments, enrichment factor, geoa-
ccumulation index, Lake Kalimanci

Kljucne besede: tezke kovine, povrsinski sedimenti, faktor obogatitve,
indeks geoakumulacije, jezero Kalimanci

INTRODUCTION

Tailings dams are a special type of dam
built to store mill and tailings mate-
rial from mining activities. Currently,
thousands of tailings dams worldwide
contain billions of tonnes of waste ma-
terial from mineral processing activ-
ity at mine sites. They are supposed to
last forever, but since 1970 there have
been 35 major failures reported around
the world (DienL, 2001; GORANSSON et
al, 2001; GrivALT et al, 1999; UNEP/
OCHA, 2000).

A major environmental disaster also
happened in the eastern Republic of
Macedonia. In the afternoon of 30 Au-
gust 2003, part of the Sasa Mine tailin-
gs dam collapsed and caused an inten-
sive flow of tailing materials through

the Kamenica River valley. The esti-
mated height of the tailings flow was
around ten metres and the length of the
flow was approximately 12 km. Some
70 000—-100 000 m? of tailings mate-
rial was discharged and spread throu-
gh the Kamenica River valley, down
to the city of Kamenica and into Lake
Kalimanci. The damaging tailings flow
comprised a large amount of heavy me-
tals (DoLENEC et al, in press) and seri-
ously affected the surrounding enviro-
nment, especially Lake Kalimanci.

When heavy metals enter an aquatic en-
vironment, they are redistributed thro-
ughout the water column, deposited or
accumulated in sediments and consumed
by biota (LonG et al, 1996; FicHET et al,
1998; LinNnik & ZuBeENko, 2000; SiNGH
et al, 2005; GHREFAT & YUSUF, 2006 and
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KuaLeD et al, 2006). A fundamental cha-
racteristic of heavy metals is their lack
of biodegradability and lake sediments
usually operate as pollutant storage tanks
that reflect long-term impacts (MALTBY,
1992 and Scumirt et al, 2003). Therefore
it is important to assess the extent of he-
avy metal accumulation in lake sediment
and to determine its environmental threat.

Our objective in the preliminary study
was to define the total heavy metal con-
tamination (Ag, As, Cd, Cu, Mo, Pb, Sb
and Zn) of the surficial sediments from
Lake Kalimanci and to evaluate enri-
chment factor (EF) and geoaccumulation
index (Igeo) values for the heavy metals
present in the sediment samples.

MATERIALS AND METHODS

Study area

Kalimanci artificial lake is located
in eastern Macedonia, in the 2000 m
high Osogovo Mountains, near the
city Makedonska Kamenica and the
Sasa mine (Figure 1). The surface of
the lake is 42 km?, the maximum depth
is 85 m and it encompasses around
120 - 10° m® of water. It is supplied by
two tributaries: the Bregalnica and the
Kamenica River, which flows directly
from the Sasa mine and drains a large
amount of mining effluents and tailings
material which have discharged into
Lake Kalimanci.
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Figure 1. Geographical map of the investigated area (merilo 1 : 625 000)
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The sediment samples from Lake Ka-
limanci are dominated by: quartz, pla-
gioclases, K-feldspars, muscovite, il-
lite and clinochlorite. Subordinate min-
erals are hornblende, gypsum, bassanit,
calcite, dolomite, smithsonite, pyrite,
marcasite, haematite, goethite and dia-
spor (DoLENEC et al, unpublished).

The Sasa-Toranica ore district is situated
10 km N of Lake Kamenica in the Os-
ogovo Mountains and occupies an area
of about 200 km (Figure 1). It is estab-
lished as one of the largest ore districts
within the Besna Kobila Osogovo Tas-
sos metallogenetic zone. The important
Pb and Zn ore bodies are usually found
in quartz-muscovite-graphitic schists
and also in greenschists and marbles.
The ore bodies are always accompa-
nied by variable amounts of Cu, Au,
Ag, Mo and Sb. The Sasa mine has
been in production for over 45 years,
yielding 90 000 t of high quality Pb-
Zn concentrate annually and numerous
tons of tailings material (SERAFIMOVSKI
et al, 2005).

The tailings material from the Sasa
mine is made up of quartz, pyrite, ga-
lenite, gypsum, hornblende, actinolite,
albite, anortite, biotite and orthoclase.
The geochemical analysis of tailings
material indicated an average range of
Ag 0.004 ng/g, As 69.2 ng/g, Cd 84.3
pg/g, Cu 279.3 pg/g, Mo 2.9 pg/g, Pb
5595.2 ng/g, Sb 4.2 ng/g and Zn 6970.2
pg/g (DoLeNEC et al, unpublished).

Sampling and analysis

Seventeen surficial sediment samples
from Lake Kalimanci were taken in
September 2007, three years after the
tailings dam accident happened. The
surficial sediments were composed of
silt. The chosen sampling locations were
formed into eight profiles (Figure 2), co-
vering the area around the River Kame-
nica tributary in the northern site of the
lake which was mostly affected by the
tailings flow.

The samples were collected with the
plastic corers (tube 20 cm long with a
10 cm internal diameter), tightly packed
into plastic bags and stored in the labo-
ratory at 4 °C. The sediment samples
were dried at 50 °C for 48 h. They were
then sieved through a 0.315 mm pol-
yethylene sieve to remove plant debris
and homogenised by a mechanical
agate grinder to a fine powder for sub-
sequent analysis.

The mineralogy of the sediment sam-
ples was determined at the Department
of Geology, Ljubljana (Slovenia) by
X-ray powder diffractometry with a
Philips PW 3710 diffractometer and
CuKa radiation. The diffraction pat-
terns were identified with the data from
Powder Diffraction File (1977) —JPDS
system.

The geochemical analysis of the fol-

lowing heavy metals, Ag, As, Cd, Cu,
Mo, Pb, Sb and Zn, was obtained in a
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certified commercial Canadian labo- alysed by ICP Mass Spectrometry. The
ratory (Acme Analytical Laboratories, analytical precision and the accuracy
Ltd.) and 0.5 g of samples were lea- were better than +5 % for the analysed
ched in hot (95 °C) Aqua Regia and an- elements.
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Figure 2. Sampling locations in the Lake Kalimanci
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Statistical analysis

Basic statistical analysis of data was
performed by use of the original sta-
tistical software program Statistica 6.
Pearson multiple correlation analysis
was also applied to all results.

RESULTS AND DISCUSSION

Heavy metals (Ag, As, Cd, Cu, Mo,
Pb, Sb and Zn) were examined for their
abundance in the surficial sediments
from Lake Kalimanci.

When the accident occured, the dama-
ging tailings flow mostly affected the
northern part of the Kalimanci Lake.
Consequently, the maximum concen-
trations of all heavy metals were de-
termined in the northern part of the
basin (Table 1, Figure 2). The maxi-
mum level of the Zn (20 900 pg/g),
Pb (16 300 pg/g), Cu (1 162 ng/g), Cd
(136 pg/g), Ag (17.3 pg/g), Mo (4.6
ug/g), and Sb (3.6 pg/g) was recorded
in location II-3 and the highest amount
of As was found in location II-1 (Table
1, Figure 2).

Table 1. Concentrations c¢/(pg/g) of the heavy metals in the investigated samples

Element e/l ) As cd Cu Mo Pb Sb Zn
(ng/g)
Location
I-2 2 54.8 48.1 238 22 2721 1.4 5913
I-4 10.3 68.8 74 627.3 29 9357 24 10700
II-1 3.6 86.7 772 415 3.1 4461 22 9596
11-3 17.3 772 136 1162 4.6 16300 3.6 20900
-5 15.2 70.1 111.6 928.7 42 13800 3.2 17600
111-3 11.1 732 89.6 723 3.7 10900 2.7 14000
111-6 10.4 57.6 86.8 692.5 33 9800 2.1 14000
V-1 5.1 66.1 59 413.1 3 6695 1.7 8105
Iv-4 42 61.6 47.6 341.4 23 5343 1.6 6734
V-1 3.6 61.6 40 303.2 24 4447 13 5677
V-7 8.1 66 81.1 595.7 3.7 9472 2 12600
VI-7 5.6 128.2 542 315.4 3.6 7885 3.3 7181
VI-11 7.1 58.6 77.6 545.7 2.5 7557 1.6 11600
VII-1 3.6 77.8 613 3725 1.9 4575 1.1 10400
VII-12 45 66.4 53.5 398.1 2.7 5144 12 9326
VIII-1 3.8 69.8 47.9 311.9 22 5091 1.4 7224
VIII-8 4.1 61.5 46.8 327.6 23 4893 1.4 7056
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Basic statistical information are given possible co-contamination from simi-

in the Table 2. lar sources: in our case, that would be
tailings material from the Sasa mine.
Correlation analysis Conversely, no correlations were noted

A Pearson correlation matrix was between As and the other elements (ex-
used to assess element associations cept Sb), suggesting that As contami-
and metal origins (Table 3). The cor- nation might be from a different source
relation matrix presents a significantly or it had a natural origin but was not
positive correlation between Ag, Cd, from the same pollution source or had
Cu, Mo, Pb, Sb and Zn, demonstrating a different depositional nature.

Table 2. Descriptive basic statistics of the heavy metals in the surficial sediments of
Lake Kalimanci

Element Valid N Mean Minimum Maximum Std. Dev.
Ag 17 7.04 2.000 17.30 4414
As 17 70.94 54.800 128.20 16.859
Cd 17 70.14 40.000 136.00 25.773
Cu 17 512.42 238.000 1162.00 250.845
Mo 17 2.98 1.900 4.60 0.775
Pb 17 7555.35 2721.000 16300.00 3664.172
Sb 17 2.01 1.100 3.60 0.783
Zn 17 10506.59 5677.000 20900.00 4248.268

Table 3. Pearson correlation matrix showing inter-elemental relationship (n = 17)

Ag As Cd Cu Mo Pb Sb Zn
Ag 1.00
As 0.03 1.00
Cd 0.93* 0.06 1.00
Cu 0.98* -0.03 0.97* 1.00
Mo 0.85% 0.34 0.84* 0.83* 1.00
Pb 0.99* 0.14 0.91* 0.96* 0.90* 1.00
Sb 0.80* 0.55% 0.76* 0.74* 0.91* 0.84* 1.00
Zn 0.94* —0.00 0.98%* 0.98%* 0.80%* 0.92%* 0.69* 1.00

*p < 0.05
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Enrichment factor

The enrichment factor (EF) is a use-
ful indicator reflecting the condition of
environmental contamination. It was
employed to evaluate possible anthro-
pogenic input of metals to observed
sediment (Brady, 1984), calculated ac-
cording to the equation:

EF = (M/AI)

/ (MIA]) (1)

sample crust

and M are the levels
of the investigated metals (Ag, As, Cd,
Cu, Mo, Pb, Sb and Zn) in the sediment
samples and in the uncontaminated
crust material, respectively, and AL
and Al are the values of the Al in
the sediment samples and in the un-
contaminated crust material. Metal to
aluminium ratios are widely adopted,
presumably because the concentration
of Al in weathering products and their
parent materials are generally compa-
rable. Al is also the normalising ele-
ment assumed not to be enriched owing
to local contamination. Baseline values
for M __were adopted from Taylor and

crust

McLennan (1985).

EF—-values lower than and around 1.0
indicate that the element in the sedi-
ment originates predominantly from
the crustal material and/or weathering
processes (ZHANG & Liu, 2002), where-
as EF—values much greater than 1.0
display the anthropogenic origin of the
element (SzerER et al, 1996). According
to Chen et al (2007), EF < 3 indicates

minor enrichment (anthropogenic im-
pact), EF = 3—5 moderate enrichment,
EF = 5-10 moderately severe enrich-
ment, EF = 10-25 severe enrichment,
EF = 25-50 very severe enrichment,
and EF > 50 extremely severe enrich-
ment.

The calculation of enrichment factors
showed that all studied heavy metals
were enriched in surficial sediments
of Lake Kalimanci. Cd had the highest
average EF-value (735) among the
investigated heavy metals, which re-
presents extremely severe enrichment.
EF—values of Pb, Zn and Ag (average
value 387, 151 and 146, respectively)
also signified extremely severe enri-
chment. Calculated EF—values for As,
Cu and Sb determined very severe
enrichment (average value 48) with As
and severe enrichment with Cu and Sb
(average values 21 and 10, respective-
ly). Mo exhibited the lowest EF—values
among the heavy metals studied (ave-
rage value 2) and displayed moderate
enrichment (Table 4).

Geoaccumulation index
The geoaccumulation index (Igco) was
also used to assess heavy metal polluti-
on in surficial sediments of Lake Kali-
manci. It is expressed by the following
equation (MULLER, 1969):

.= log, (C/1.5B)) )

where C[1 is the measured concentration

RMZ-M&G 2009, 56



Assessment of the heavy metal contamination in the surficial sediments of Lake ...

445

Table 4. Enrichment factors (EF) values (average) in surface sediments of Lake Kali-

manci
Element Ag As Cd Cu Mo Pb Sb Zn
EF values 146 48 735 21 2 387 10 151
(average)

Table S. /| values (average) in surface sediments of Lake Kalimanci
Element Ag As Cd Cu Mo Pb Sb Zn
L, values 1.8 0.6 22 0.9 0.1 24 ~0.05 1.9
(average)

of the heavy metal (n) in the sediments,
B_is the geochemical background va-
lue in the average shale of element n,
and 1.5 is the background matrix cor-
rection factor owing to lithogenic ef-
fects (Loska et al, 1997, GHREFAT &
Yusur, 2006; GoNzALES-MAciAS et al,
2006; CHEN et al, 2007).

According to Loska et al (1997) and
GonzALEs-MaAcias et al (2006), the ge-
oaccumulation index (Igeo) can be cat-
egorised in a scale ranging from 1 to 6:
l.,<0 unpolluted, l,=<1 unpolluted
to moderately polluted, l.,<2 mode-
rately polluted, l.,<3 moderately to
strongly polluted, l.,<4 strongly pol-
luted, l.,<5 strongly to very strongly
polluted, and I,,>5very strongly pol-
luted.

The results (average values of the Igeo)
revealed that surficial sediments of
Lake Kalimanci were moderately to
strongly polluted with Pb (2.4) and
Cd (2.2), moderately polluted with Zn

RMZ-M&G 2009, 56

(1.9) and Ag (1.8), unpolluted to mo-
derately polluted with Cu (0.9) and As
(0.6) and unpolluted with Mo (-0.1)
and Sb (-0.05) (Table 5).

The heavy metals in sediments are de-
rived from two sources: natural and an-
thropogenic. In Lake Kalimanci, how-
ever, extremely elevated concentrati-
ons of Cd, Pb, Zn, Ag, As, Cu, Sb, Cu,
Sb, and Mo in the surficial sediments
clearly represent anthropogenic impact
originating from the mining activities
(mining effluents and tailings material)
and the tailings dam accident in the
Sasa mine. This anthropogenic influ-
ence was also evaluated and confirmed
by the calculation of enrichment fac-
tors and the index of geoaccumulation.

CONCLUSION

In the present study we applied two
ecological indices, enrichment factor
and index of geoaccumulation, to as-
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sess and evaluate the distribution of
heavy metals (Ag, As, Cd, Cu, Mo, Pb,
Sb and Zn) in surficial sediments from
Lake Kalimanci (Macedonia). The re-
sults indicate that all heavy metals were
enriched in the sediment samples stud-
ied. According to the calculated val-
ues of 7 the surficial sediments were
strongly polluted with Pb and Cd and
unpolluted with Mo and Sb. This pollu-
tion impact clearly originates from the
mining activities (acid mine drainage)
of the Sasa mine and from the Sasa tail-
ings dam accident.
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Abstract: Underground exploitation of mineral raw materials and the
construction of sub-surface facilities cause changes on the ground
surface. These changes on the ground surface are practically mani-
fested as specific displacements and deformations on the surface of
the mined ground. The objective of this Paper is to determine a safe
working depth and to make an assessment of a prospective deforma-
tion hazard and subsidence of the ground over the mining zones of
Pb-Zn ore veins in the Mine Crnac. A high-quality determination,
forecasting of deformations and subsidence of a terrain is very im-
portant for the safety of underground mine workings and the protec-
tion of facilities on the surface of the ground.

Izvle€ek: Podzemno pridobivanje mineralnih surovin, kot tudi gradnja
podzemnih objektov povzrocata spremembe na povrsini. Prakti¢no
se te spremembe na povrsini izrazajo kot pomiki in deformacije na
obmocju odkopa. Cilj ¢lanka je doloCanje varne globine odkopa-
vanja ter ocena potencialne nevarnosti zaradi deformacij in ugrezanja
nad obmocji pridobivanja Pb-Zn rudnih Zil v jami Crnac. Kakovost-
no dolocanje, napovedovanje deformacij in ugreznin terena je zelo
pomembno za varnost podzemnih jamskih prostorov ter zascito ob-
jektov na povrsini.

Original scientific paper
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Key words: working environment, underground works, displacement of
the ground, deformation, angular parameters, analytic dependence

Klju¢ne besede: delovno okolje, podzemna dela, pomik terena, deforma-
cija, vplivni koti, analiti¢na odvisnost

INTRODUCTION

The extraction of lead-zinc ore (Pb-Zn)
in the mine Crnac has been made inten-
sively since 1967, year which is taken
as the beginning of the modern exploi-
tation.

By investigation mining at the height
of 862 m there were over 20 Pb-Zn ore
veins identified, with thickness from 1
m to 3.5 m. Depending on the physical
and mechanical characteristics of ore
and accompanying rocks of ore veins,
extraction methods for each ore vein
are applied separately. For the extrac-
tion of ore veins the following methods
are applied: extraction with back-filling
of cavities, caving method and sublevel
open stope mining method.[®!

This paper shows the impact of Pb-Zn
ore exploitation in the mine Crnac on
the displacement of mined ground in
the exploitation by open stope method
on the example of the ore vein No. 3.

CHARACTERISTICS OF A WORKING ENVI-
RONMENT

In a geological environment of a de-
posit the following lithologic members

are involved: amphibolites, Palaecozoic
shales, serpentinites, diabases, diabase-
hornstone series and tertiary effusives
with their pyroclastites. Tertiary mag-
matic activity was manifested by the
formation of significant masses of ef-
fusive rocks and a number of changes
in the active rocks. The same magma-
tism gave rise to dumping of the Pb-Zn
mineralization in the form of ore veins
with 1-3.5 m thickness and 60-90° an-
gles of occurrence (dipping) and with
coefficients of solid ore and accompa-
nying rocks (f 5-15) according to Pro-
todjakonov.

IMPACT OF UNDERGROUND WORKS ON
THE SURFACE OF THE GROUND

As a consequence of the underground
mineral deposit exploitation, it comes
to roof caving above the working cav-
ity, which can frequently be manifested
on the surface of the ground.”! The first
signs of ground subsidence are mani-
fested by deflections of the terrain,
subsidence or caving of a stope roof.
Moreover, the subsidence is reflected
by an increased pressure in the roof and
sidewall.¥
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The underground mining leads to ver-
tical and significantly mere horizontal
displacements and deformations on the
surface of the terrain. The shape, size
and the process of terrain deformations
depend on a number of factors where
the main are the following:!

e Structure of the characteristic of a
rock massif (fissuring, bedding),

e Physical and mechanical character-
istics of rocks which constitute the
ore massif,

e Dipping conditions of ore bodies
and accompanying rocks,

e The shape and the size of ore bod-
ies, their thickness, ratio between
the size of the working cavity and
the depth of works,

e Mining system,
e Damage degree of rocks,
e Terrain relief.

The above factors in each individual
case define particularities of the dis-
placement and deformation processes
of the massif, by enabling the applica-
tion of analytic, graphic and numerical
and analogue methods for defining and
studying the processes of deformation
of massif and the terrain surface.!'"!

The Figure 1 shows the diagram of dis-
placement and deformation zones on
the surface of the mined ground and
angular parameters and displacement
assessment.

Impact zone

Displacement zone

Deformation zone

Caving zone

Figure 1. Diagram of displacement and deformation zones on the surface of the mined terrain

RMZ-M&G 2009, 56
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The first researches related to the im-
pact of underground works on the sur-
face of the terrain were from the late
19" century. These issues were dealt by
a number of researchers who gave their
indisputable contribution to the scien-
tific thought in this field and served as
an instrument for developing new theo-
ries in the contemporary mining, based
on the mathematical processing of a
large number of collected data.['}- 12 [11]

CRITERIA FOR DETERMINING ANGULAR
PARAMETERS B ACCORDING TO I. N. KISI-
MOV

Applying the theory of probability and
mathematical statistics methods, and
on the basis of measurements complet-
ed, analytical dependencies and crite-
ria for determining angular parameters
were proposed (Figure 1.) when resolv-
ing problems related to displacements
of a mined terrain due to the impact of
mining works. The basic criteria for a
forecast calculation of displacements
and deformations of a mined terrain
and angular parameters of the displace-
ment process were given by the author
L. N. Kisimov:F!
e Impact of the inclination angle of
an ore body o,
e Impact of the strength of accompa-
nying rocks f,
e Impact of the actual thickness of an
ore body m,
e Impact of the depth of mining works H.

Impact of the inclination angle of an
ore body a

For the open stope method (caving
method and sublevel open stope min-
ing method) it is found that the inclina-
tion angle a of an ore body is the factor
which influences the most on the angle
p of the deformation impact zone:

p=-3727+ 137 a (5 = 0.881; p, =
9.68),

B=0.002 > + 0.296 & + 35.572 (1
0.682; 1, =6.89),

' =-0.052 a> +8.53 o — 264.898 (1 =
0.596; 1 = 6.47 ),

B, = 0.004 ¢ — 0.070" + 57.572 (5 =
0.675; 1, = 10.55).

Impact of the strength of accompa-
nying rocks f

Impact of the coefficient f on the an-
gle £ is significant and is considered as
the approximate to the impact of an ore
body dip a, is given in the form of the
expression for open stope methods:

B=-17.07+0.97 ¢ +0.93 f (R =0.896;
u,=11.23),

B=-79.03 + 1.63 o + 1.62 f (R =
0.847; u, = 7.30),

B =0.024 >~ 0.086 f + 76.955 (5 =
0.484; u =39.2 with f = 6-18),
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p,=-0.087 f*—2.456 f + 63.031(y =
0.589; u,=7.96 with f = 8-18).
Impact of the actual thickness of an
ore body m

Impact of the thickness m on the angle
p is certain to the itself impact of the
coefficient f:

p=67—-042 m + 0,81 f (with R =
0.375 and u, = 3,59 for m = (1:3m)

Impact m to the factor a:

B =28.01 +0.55 a +0.29 (R = 0.509;
w,=4.28)

Impact m to the factor H:

f,=66.52+0.04 H+0.83 m (R=0.529
and u, = 5.04

L =77.6+0.19m+0.38 f (R=0.329
and u, = 3.09).

Impact of the depth of mining works H
The change in the angle f depending
on the depth H is typical for the de-
crease in value S at depths from 50 m
to 150 m and the increase in the angle
[ in the interval from 150 m to 300 m;
therefore the dependency of the impact
H and f on the angle f is determined:

B=7.148 +0.33 f — 0.004 H

with f = 6-18 and H = 100400 m

RMZ-M&G 2009, 56

B, =0.0003 H*—0.094 H+76.71 (n =
0.784 and u, = 13.63) and value H =
15400 m

B =74.25+0.74 f — 0.02 H with R =
0.368 and p, = 3.38

B, =—0.0005 F2+0.152 H + 68.162

DETERMINING THE STABILITY OF THE
TERRAIN SURFACE DUE TO THE IMPACT
OF MINING WORKS IN MINE CRNAC

Previous mining activities in the pit of
Crnac Mine, more ore veins were ex-
cavated above the horizon H = 862 m
(Figure 2). Extraction methods which
were applied to ore mining in particular
ore veins of different thickness (from
1-3.5 m) and dipping angle of ore veins
from 60-90°, were not adapted to min-
ing conditions, and therefore it led to
displacements of terrain surface above
working cavities. Figure 3 shows a lon-
gitude cross-section of the stope in the
ore vein No. 3 and its relation to the
terrain surface where there was the dis-
placement of the terrain surface (Fig-
ure 4.).

In order to prevent displacements of
the terrain surface above the working
cavity it is necessary to determine the
impact of mining on the surface. In
case that mining works have impact
on the surface, it is necessary to define
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Figure 3. Longitude cross-section of a stope in the ore vein No. 3 and its relation to the

terrain surface

Figure 4. Displacement of the terrain surface
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zones of displacements and caving and
a possibility of creating a safe depth,
and when there are not any, it is impor-
tant to know if there are stable areas di-
rectly above mining works.™- "]

The stability of surfaces directly above
mining works depends on the rock
excavation method and natural and
technical conditions, such as: occur-
rence angle of the ore body a, and the
strength coefficient of accompanying
rocks f, mining lengths at the dip L,
with mining thickness m, depth to the
upper border of exploitation H, lengths
of excavation in the direction of strike
N, with the thickness of covering detri-
tus /4, the thickness of covering main
rocks h,.

According to KISIMOYV there is a di-
rectly proportional interdependence
between the surface stability and the
parameters a, H, f, h,, h, and L, m, N
respectively.

The impact of these parameters may
be determined when necessary data
are analyzed and expressed through
empirical mathematical dependencies.
Certainly, the stability of the surface in
mining is influenced also by fissuration
of accompanying rocks, considering
that all the rocks are fissured to a small
or large extent, it can be accepted that
the fissuration takes part through the
value of empiric coefficients.

RMZ-M&G 2009, 56

Patterns for minimal extraction depths
where there are no displacements on
the surface of a working cavity, bearing
in mind the thickness of the ore body
m, strength coefficient of roof beds f
and excavated length at strike N, for the
conditions of the Mine Crnac are given
as follows:

e Impact of the excavated thickness:

o> 254-(L-cosa +m-sina) .
" " (L-cosa+m-sina)+3,6-m

> 25,4-(125-0,174+3- 0985)
(125-0,174 +3-0,985)+3,6-3

H, >53,02m

e Impact of the strength coefficient:
5.6-(L-cosa+m-sina)
(L-cosa+m-sina)+1.9-f

H, > v

5,6-(125:0,174+3-0,985)
" (125-0,174+3-0,985)+1,9-8

H, >27,Tm

e Impactof the excavated length at strike:

9.3-(L-cosct +m- sma)

H, >
(L-cosa+m-sina)+5-n

9,3-(125-0,174+3-0,985)

. -600
(125-0,174 +3-0,985)+5-600

H, >455Tm
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On the basis of these calculations, we
obtained three different values for a
minimal extraction depth, the maxi-
mum value is adapted, which is the
dislocation due to the impact of the
strength of the ore vein No. 3 of the
Crnac Mine.

CONCLUSION

Applying the KISIMOV’s pattern
along with introducing local parame-
ters of the deposit, gave real, approxi-
mate values for determining a safe
exploitation depth or the possibility
of the appearance of falling-in on the
surface of the terrain.

Under the conditions in the Mine
Crnac we obtained the results which
indisputably show that a safe min-
ing depth had not been defined, so
the works on the ore extraction on
the example of the ore vein No. 3 had
caused the displacement of the terrain
surface.

Bearing in mind that the ore exploi-
tation above horizon N° : 862 m in
the mine Crnac and further open st-
ope mining method, it is necessary to
define the impact of extraction on the
surface of the terrain for each ore vein
separately.
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Abstract: Stabilization of climate depends on the balance between green-

house gasses emissions and natural absorption of the earth. The
longer the balance is not reached, the worse the climate will become.
Playing a key role in the electricity production throughout the world,
coal cannot be replaced during the next decades. Facilitating further
coal use, acceptable to the market and the environment, is an impor-
tant political task for the Europe.

Europe can efficiently explore the abatement potential of the carbon
capture and storage technology (CCS) by expedited implementation
of the demonstration program and appropriate commercial roll out
of the most advantageous CCS technologies. A lot of uncertainties
and barriers will have to be resolved in this process. The demonstra-
tion program of the CCS projects can explore the real potential of
the technology, identify the risks and bring the public and industry
confidence to this remarkable technology.

Regulatory issues related to responsibility for carbon storage, financ-
ing of demonstration projects, exchange of experiences can only be
resolved by appropriate cooperation between industry, government
officials, research institutions and universities. Public opinion and
support should also be seen as to have an important impact on the
final success of the process.

Original scientific paper

Uvajanje Cistih premogovnih tehnologij za zmanjSanje emisij

3University of Ljubljana, Faculty of Natural Sciences and Engineering, Askerc¢eva ce-
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Izvlecek: Za stabilizacijo klimatskih razmer se mora letna koli¢ina emisij

izenaditi z zmogljivostjo Zemlje za absorpcijo toplogrednih plinov.
Bolj kot bodo emisije presegale ta nivo, bolj se bodo klimatske raz-
mere poslabsevale in na visji tocki (v slabSem stanju) bo potekala
stabilizacija klimatskih razmer.

Premog je vedno igral klju¢no vlogo pri proizvodnji elektri¢ne ener-
gije in tak$no vlogo bo vsekakor imel tudi v prihodnje. Nikjer na
svetu v naslednjih desetletjih premoga ne bo mogoc¢e nadomestiti.
Podpora pri nadaljnji uporabi premoga, sprejemljivost na trgu in v
okolju pa bo pomembna politicna naloga za Evropo. Za ucinkovi-
to izrabo potenciala tehnologije zajema in geoloskega shranjevanja
ogljikovega dioksida (CCS) v Evropi bi bilo treba hitro uvesti de-
monstracijski program in ustrezno nacrtovati kasnej$o komercialno
ekspanzijo tehnologije. Pri tem bo treba odpraviti kar nekaj nego-
tovosti in ovir. Demonstracijski program CCS-projektov bi lahko
dokazal pravi uspeh uporabnosti tehnologije, identificiral tveganja
in dosegel zaupanje javnosti in industrije v tehnologijo.
Regulatorne zadeve, v prvi fazi predvsem glede odgovornosti za
shranjevanje ter financiranja demonstracijskih projektov, kasneje pa
tudi glede razsirjanja izkuSen;j ter ustrezno koordinacijo na evrop-
skem ali svetovnem nivoju, bo treba razresiti v sodelovanju indu-
strije, vladnih ustanov, raziskovalnih ustanov ter univerz. Pri tem
ne smemo zanemariti vloge javnosti in njene podpore pri celotni
resitvi.

Key words: coal, clean coal technologies, carbon capture and storage,

electricity, energy sources, competitiveness, security, reliability

Kljucne besede: premog, Ciste premogovne tehnologije, zajem in shra-

njevanje ogljikovega dioksida, elektricna energija, energijski viri,
konkurencnost, varnost, zanesljivost

INTRODUCTION

Energy use and energy generation rep-
resent the International Energy Agen-
cy's (IEA's) forecast that global elec-
tricity generation will nearly double
from 2005 to 2030. The Agency says
that fossil fuels will remain a signifi-

cant part of the energy mix, comprising
approximately 70 % of global and 60 %
of European electricity generation.

One of the solutions being discussed to
reduce greenhouse gas emissions from
fossil fuel energy generation is cap-
ture and geological storage of carbon
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dioxide (CCS — Carbon Capture and
Storage). CCS comprises technologies
for capturing CO, emitted from power
plants and industrial sites, compress-
ing this CO,, and transporting it to lo-
cations for suitable storing, e.g. deep
underground. CCS technology is in a
relatively early phase of development,
with several key questions remaining,
including about its costs, implemen-
tation timing, and the comparison of
its suitability versus other low carbon
electricity generation technologies.
Public understanding of CCS is low,
and there is some confusion regard-
ing its true economics, particularly due
a wide range of data on the price of
technology implementation as well as
due to a questionable accuracy and re-
liability of original information on the
prices.

Greenhouse Gases and Atmospheric
Warming

Greenhouse gas concentrations in the
atmosphere nowadays amount to 430 -
10~ particles, expressed in CO, equiva-
lent, compared to 280 - 10° from the
period before the industrial revolu-
tion. Until today, an increase in con-
centration has caused an increase in
the Earth's temperature by more than
half a degree Celsius and will, due to
a sustained climate system, cause an
additional temperature increase by at
least half a degree Celsius over the
next decades.

RMZ-M&G 2009, 56

Even if the emission inflow does not
exceed the current level, the green-
house gas concentration will reach
550 - 10 by the year 2050 and con-
tinue to grow afterwards. This means
it will more than double in compari-
son to the pre-industrial age. How-
ever, the annual CO, emission inflow
is constantly growing due to invest-
ments into CO, emitting infrastruc-
ture, particularly in countries with
rapid economic growth. Furthermore,
both energy consumption and demand
for transport are increasing globally.
In such conditions, the CO, level of
550 - 107 can be attained by the year
2035, with at least 77 %, or even 99 %,
probability that an increase of glo-
bal average temperature will exceed
2 °C.

In a scenario without impacts on the
course of events (BAU - Business
As Usual), the greenhouse gas con-
centrations might exceed three times
the amount by the end of the centu-
ry, which would mean at least 50 %
probability of global Earth's tempera-
ture increase by 5 °C. Such warming
would expose the human race to an
entirely unknown environment. To il-
lustrate the scope of consequences of
such temperature increase, it should
be considered that today's global tem-
perature is higher only by 5 °C com-
pared to the last ice age.
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The Impact of Global Warming on
the Economy

In the past, the majority of economic
models of global warming was based
on the scenario of temperature increase
within 2-3 °C until the end of the cen-
tury. The results of such analyses show
that the costs of climate changes equals
permanent loss of global GDP up to
3 %, considering the potential global
product without climate changes. In
such case, the developing countries
would suffer a somewhat greater loss.

A breakthrough in thinking in this area
was initiated in 2006 by the Stern Re-
view showing evidence that with a
preserved BAU trend, the global tem-
perature will exceed 2-3 °C by the
year 2100. This presumption increases
the probability of occurrence of other
climate changes not considered so far.
With an increase of global temperature
up to 5 °C, various economic models
estimate the probability of average
5-10 % loss of global gross domestic
product (GDP), with the loss in poor
countries exceeding 10 % of GDP.

Lord Stern introduced risk economics
in the global warming area as, accord-
ing to his claims, averaging of various
scenarios may conceal risks. He estab-
lished that there is a very high probabil-
ity of severe or catastrophic scenarios
of event development. The probability
of their occurrence cannot be entirely
removed; they can only be significantly
reduced. Furthermore, Stern indicates

that the consequences of atmospheric
warming should not be limited only to
a direct impact on GDP; indirect im-
pacts on GDP should also be studied
and GDP's impacts on the inhabitants
should be monitored as well.

If indirect impacts are added to direct
impacts on GDP, they can be expressed
as the following:

e 5 % reduction of GDP per capita
due to human health deterioration
and/or mortality rate increase as
well as due to other environment
changes,

e 3 % reduction of GDP per capita
due to new scientific evidence ac-
cording to which the climate sys-
tem is much more responsive to
greenhouse gas emissions than it
has been thought so far, e.g. due to
the methane release into the atmos-
phere or due to reduced activity of
natural CO, sinks,

e 25 % reduction of GDP per capita
due to an unproportionately larger
impact of global changes on poor
world regions where the percentual
impact on GDP per capita is sig-
nificantly larger than the percentual
impact on GDP per capita in devel-
oped regions.

Hence the total impact of global chang-
es amounts to 5-20 % reduction of GDP
per capita. Stern estimates that without
active interventions in emissions, the
actual result will be somewhere in the
upper section of this area.
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Figure 1. CO, prediction scenarious — scenario without impact (BAU) and stabilized
concentration scenario (in 107 particles) (Katzer et al., 2007)

Stabilization of climate depends on
the balance between annual amount of
greenhouse gasses emissions and natu-
ral absorption capacity of the Earth.
The longer the emissions keep exceed-
ing this level, the more climate condi-
tions will deteriorate and their stabili-
sation will take place at a higher level
(worse condition). In a long term, an-
nual global emissions will have to be
reduced below 5 Gt CO,, the amount
absorbable by the Earth with no conse-
quences for the atmosphere. To achieve
this goal, a long-term emission reduc-
tion below 80 % of the current absolute
emission level will be necessary. If we
wish to stabilise CO, concentrations in
the atmosphere at 450 - 10° CO,, the
emission increase should stop in the
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next 10 years, followed by a reduction
by more than 5 % per year, in order to
fall to 70 % below the current level by
the year 2050.

Carbon Capture and Storage (CCS)
Economics

CO, is produced during any kind of
combustion of fossil fuels, both in
electricity generation and elsewhere,
e.g. in transportation. Certain industri-
al processes, such as steel production,
cement manufacture or oil refineries,
are significant CO, polluters as well.
The CCS technology prevents CO,
produced by large stationary sources,
such as coal power plants, from enter-
ing the atmosphere. The technology
attempts to capture 90 % of emissions
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from these sources and permanently
prevent their entrance into the atmos-
phere. CCS is designed to achieve the
above-mentioned goal in three steps.
In the first step, CO, is captured in the
facility and compressed. In the second
step, it is transported to the storage lo-
cation. The third step is a procedure of
permanent geological storage.

Every of these three steps can be per-
formed in various manners. Fossil fuel
combustion produces CO,, water va-
pour and a large amount of nitrogen. In
the capturing process, CO, must be ex-
tracted from this flow. There are three
basic methods for CO, capture in fossil
fuel combustion.

The first method is called Oxy-Fuel. In
this method, the fuel burns with pure
oxygen instead of air, which minimises
the nitrogen content in exhaust gases.
From the remaining exhaust, CO, sep-
aration is relatively simple. The oxy-
gen required for such CO, capture is
produced in situ, from air. In another
capturing method, Post-Combustion
Capture, CO, is separated from exhaust
gases by using absorption solutions.
The third method is called Pre-Com-
bustion Capture. Before combustion,
the fuel is processed into a mixture of
CO, and hydrogen from which CO, is
separated. Electricity is then generated
from pure hydrogen.

For CO, transport, the use of transpor-

tation pipelines is most probable, with
an additional option of transportation
by vehicles and ships.

CO, can be stored in various geologi-
cal formations in exploited oil or gas
fields. Natural underground saltwater
deposits can be used as well.

Compared to regular power plants, the
CCS technology is more expensive for
four reasons. First of all, equipment for
CO, capture must be installed in the
power plant. Then, the capturing proc-
ess needs power supply, which increas-
es fuel consumption. Another cost is
the construction of the pipeline for CO,
transportation, followed by the cost
of CO, storage. All above-listed costs
mean increased investment and opera-
tion costs of a CCS power plant. The
differences in price are relatively large.
For example, construction of a regular
900 MW thermal power plant (without
CCS technology) will in the year 2020
require approximately 1.5 billion EUR
investment funds. A similar power
plant equipped with CCS technology
will cost approximately 50 % more.
Investments in pipelines, storage and
operation represent a relatively low ad-
ditional cost.

Greenhouse Gas Emission Potential
with the CCS Technology
Considering the current global share of
fossil fuels in primary energy source
consumption, the current increase in
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energy consumption in new markets
as well as the importance of reliability
and economics of electricity supply,
the experts predict the current share of
fossil fuels to remain the same until the
year 2030 and beyond, despite an in-
creased share of renewable resources.
This applies both globally and to the
European Community. Approximately
30 % of electricity in Europe is cur-
rently generated from coal. According
to the IEA data, the share of electric-
ity generation from fossil fuels will,
in the event of realisation of predicted
electricity consumption growth, actu-
ally double by the year 2030. The fuel
with the largest share among fossil fu-
els is coal. It represents today 40 % of
the entire global primary energy source
consumption and it will increase to 45
% by the year 2030.

Currently, the CCS technology is the
only known technology that can be
used to reduce emissions from the ex-
isting CO, sources, not only from fossil
fuel power plants representing nearly a
half of all CO, sources in the European
Community, but also from plants like
steel factories, cement manufactures
and refineries.

For that reason, the CCS technology
has an important CO, reduction poten-
tial. Various reports indicate that the
CCS technology might reduce 1.4-4 Gt
of CO, emissions globally by the year
2030, 0.4 Gt of which in the area of the
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European Community, representing 20
% of all possibilities of CO, emission
reduction in the European Community.

The CCS technology requires a longer
implementation period before it is fully
exploited. It involves highly demand-
ing projects; with large investments
in individual facilities. Consequently,
every plant equipped with the CCS
technology can achieve a large emis-
sion reduction potential. In individual
power plant based on the CCS tech-
nology can satisfy electricity supply
needs of 1.5 million European citi-
zens. For comparison purpose, 1400
typical 2.3 MW wind turbines would
have to be built to satisfy such needs.
Nuclear and coal power plants are cur-
rently typical power plants for base
power generation in Europe. Shutting
down of coal power plants resulting
from eventual failure of the CCS tech-
nology would have serious negative
consequences for the reliability of elec-
tricity system operation.

Current Situation in the Area of CCS
Technologies

Despite the fact that numerous com-
ponents of the CCS technology are
considerably mature and proven, we
currently have very few experiences
with comprehensively integrated com-
mercially feasible CCS projects in op-
eration. If we take a look at individual
areas:

e The capture technologies are based
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on mature applications in chemi-
cal and refinery industry, but an
integration of such technology in
power plants has not yet been com-
mercially tested in practice.

e Long-range CO, transport in pipe-
lines has been successfully used
in the central region of the United
States of America for over 30 years.
More than 5000 km of such pipe-
lines are used, enabling increased
exploitation of oil wells. Using this
technology, CO, is injected into
oil wells, increasing the amount of
pumped oil.

e Geological storage of CO, has been
tested in operation mostly in the last
10 years. The industry could ben-
efit from the knowledge acquired

through geological storage of natu-
ral gas that has been carried out in
practice for several decades.

Comparison of CCS Technology
Costs in Three Development Phases
Costs of early commercial projects:
these projects will be the first to reach
the final dimension and technology
implementation, their finalisation is
planned for the first years after 2020
and they are estimated to 35-50 EUR
per tonne of reduced CO, emissions.

Costs of initial demonstration projects:
due to reduced size of plants and due
to emphasis on proving the applicabil-
ity of technology on account of optimal
economic operation, these projects will
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Figure 2. R&D situation of CCS technology (Carbon Capture and Storage: Assessing

the Economics, 2008)
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express costs between 60 EUR and 90
EUR per tonne of reduced CO, emis-
sions. The costs here can vary signifi-
cantly. Costs of some projects where
borderline technological solutions will
be tested, such as long-range trans-
port, might also exceed the estimated
framework. The finalisation of these
projects can be expected in the years
2012-2015.

Cost development in the period follow-
ing the early commercial phase: during
this period, the costs will depend on
numerous factors, such as additional
experience of construction, plant ex-
pansion, availability of suitable stor-
age location and actual breakthrough
and/or mass use of CCS technologies.
With a planned breakthrough involv-
ing 80 to 120 projects by the year

00 p

Cost of
reduced CO2
emissions

90

80
70
60 p
50 ¢
40 p
30 p 35
20 p

2030, the implementation of the CCS
technology in new power plants might
achieve 30-45 EUR/t of reduced CO,
emissions. In case of larger global ac-
ceptance of CCS technologies reaching
500 to 550 projects by the year 2030,
an additional cost reduction of 5 EUR/t
of reduced CO, emissions could be
gained on account of the technological
breakthrough of new CO, capture tech-
nologies.

€/t of reduced CO, emissions; rounded
to 5 €; considering the European sce-
nario of CCS expansion.

Costs of other CCS technologies (e.g.
modification of existing power plants
into CCS, use of CCS in the indus-
try) may significantly deviate from the
above values.

Spans according the
different combination of
technology, fuels and
capture and storage
technology (lend and sea)

I Highest

Lowest

2015 2020

Demonstration
phase (2015)

FPhase of early
commercialisation
(2020+)

2030

Phase of mature
commercialisation
(2030+)

Figure 3. CCS total cost — reference case
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The Technology of Coal Power
Plants with Carbon Capture and
Storage

A commercial realisation of clean coal
technologies for capture and geologi-
cal storage is currently not yet availa-
ble. Several years of development and
testing will be necessary to prepare a
successful, widely planned implemen-
tation on a global scale. Premature
attempts of implementation of clean
coal technologies in the view of con-
cern for climate changes could result
in increased costs and additional en-
vironmental hesitations of local com-
munities which might lead to delays in
the final implementation of the tech-
nology.

Pulverised Coal Combustion
Pulverized Coal Combustion (PCC) is
currently the most widely spread tech-
nology of coal combustion in thermal
power plants. The technology is based
on several decades of experience. In
pulverised coal combustion, fine-
ground coal is blown into the steam
boiler where combustion takes place.
The released is collected through water
filled pipes of the boiler and through
several further heat exchangers to re-
ceive high-pressure water steam for
the steam turbine to power the elec-
tricity generator. Although PCC units
can be built for various sizes, it can be
assumed that PCC is appropriate for
electricity generation in larger units
(>300 MW).

Fluidised Bed Combustion

In the technologies of fluidised bed
combustion (FBC), the coal is also first
pulverised. The particles are some-
what larger in FBC technologies, and
the velocity of blowing the air into the
furnace is lower causing the coal in the
furnace to float.

The FBC technologies have some en-
vironmental advantages compared to
classical PCC technologies:

e The combustion temperatures are
generally lower, around 427 °C, re-
ducing the amount of nitrogen ox-
ides,

e The cost of expensive flue gas des-
ulphurisation (FGD) devices can
be avoided by adding limestone
directly to the fuel in the fluidised
bed. By varying the amount of add-
ed limestone, combustion of coals
with very different nitrogen content
is made possible.

CO, Capture in Pulverised Coal
Combustion Power Plants

CO, is separated from flue gases at low
concentration and low partial pressure.
One of possible approaches to separa-
tion is an amine-based chemical ab-
sorption. CO, separation from flue gas-
es requires energy, mostly in the form
of low-pressure steam for the amine so-
lution regeneration. This causes lower
steam parameters and net power at the
turbine outlet. Therefore, generation
of the same amount of power requires
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more coal, a larger steam boiler, tur-
bine and other elements.

Thermal energy for CO, separation
from amine solution reduces the power
plant’s utilisation rate by 5 %. Further
3.5 % of utilisation rate is used for CO,
compression from 0.1 MPa to approxi-
mately 15 MPa (to supercritical fluid).
All other requirements amount to less
than 1 %.

CO, Capture with Oxygen Coal
Combustion

The essential feature of CO, capture
using this technology is coal combus-
tion fired by oxygen instead of regular
air. Such combustion results in high
CO, content in flue gases, which ena-
bles a direct CO, compression. The air
separation unit used for production of
pure oxygen is the largest factor of uti-
lisation rate reduction in oxy-fuel pow-
er plants. Therefore, the technology is
only useful in combination with CO,
capture.

Coal Gasification

Coal gasification technologies (IGCC -
Integrated Gasification Combined Cy-
cle) have been known for very long, but
are only now becoming interesting for
electricity generation. There are sev-
eral technologically different options
of coal gasification tested in large dem-
onstration projects around the world.
Gasification based on blowing pure
oxygen in superpressure conditions
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into the sludge consisting of ground
coal and water steam appears to be the
most promising. In the superpressure
reactor, the reduced atmosphere causes
incomplete combustion, the primary
product of which is a gas mixture con-
sisting mostly of two gases: hydrogen
and carbon monoxide, called syngas
(synthetic gas):

2(CH,) + O, — 2CO + 2H, (1)
Prior to further use in a combined gas-
steam process, the synthetic gas must
be cleaned of solid particles, sulphur,
mercury, possibly even carbon dioxide
CO, and other admixtures. Acquired
chemical compounds can be stored or
used further in the chemical industry.

The coal gasification technologies have

the following advantages:

e combustion of cleaned syngas has
very low emissions of harmful sub-
stances in flue gases, compared to
flue gas emissions from combus-
tion of natural gas,

e with the use of the latest gas turbine
technologies, high total utilisation
rate of gas-steam processes (up to
48 %) can be achieved in combus-
tion of syngas,

e coal gasification is also possible for
coals with a very high sulphur con-
tent,

e the syngas combustion process sin-
ter-glass ash locking in the major-
ity of other chemical compounds in
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flue gases

e syngas combustion offers a high
potential for carbon dioxide separa-
tion and storage, and

e apotential for hydrogen generation.

CO, Capture in Coal Gasification
Power Plants

Carbon dioxide separation and storage
in the IGCC process can be achieved
by converting carbon monoxide into
carbon dioxide (»CO shift«) during
the syngas cleaning process. After that,
syngas basically consists only of hy-
drogen. Doubling or tripling of oxygen
production modules and reformers is
necessary to provide adequate availa-
bility of the entire thermal power plant.
In the future, additional improvements
of the process are possible, which
might contribute to improved utilisa-
tion rates up to 2 %.

Modernisation of Current Coal
Power Plants for CO, Capture

Numerous countries around the world

decide on the future of the existing

power plants and on the limitation of

CO, emissions. The following options

are most often discussed:

e to significantly increase the power
plants' utilisation rate,

e to continue operation and achieve
emission reduction in other areas,

e to shut down power plants and re-
place them with new ones with an
installed system for capture and
geological storage of CO,,

e to modernise the existing power
plants for capture and geological
storage of CO,,

e to ignore the emission reduction
and pay for CO, emissions.

In modernisation of the existing power
plants and their facilitation for CO,
capture, the technological selection is
important, as well as the maturity of
used technology, operation conditions
and reliability, impact on the utilisa-
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tion rate and the complexity of mod-
ernisation. In the economic sense, the
investment value is important, as well
as the reduction of output power of the
power plant and a change in price of
power plant operation influencing the
frequency of its operation.

Possible Realisation of Financing

Mechanisms

Electric Industry Association in Europe

defends the following options regard-

ing the realisation of financing:

¢ financing from auction income,

¢ financing from the reserves of cou-
pons for new investments related
to auction mechanisms of coupon
trading,

¢ financing from the reserves for new
investments with a direct distribu-
tion of coupons

None of the listed mechanisms uses
direct public funds. Emission coupons
will be financed by the producers of
electricity themselves or, indirectly, by
the electricity consumers.

Financing of demonstration projects
from auction income

In the third phase of the European emis-
sion coupon trading scheme, there will
be a substantial generation of funds
and their transfer from the produc-
ers of electricity to state treasuries of
the EU member states. The European
Commission suggests for a portion of
these funds to be devoted for the devel-

RMZ-M&G 2009, 56

opment of clean technologies, includ-
ing the development of demonstration
CCS projects. Should these funds not
suffice, they could be replaced by the
funds from the reserves of coupons
for new investments. In the European
Community such financing mechanism
has a strong support of the Electric In-
dustry Association.

Financing from the Portion of Re-
serves of Coupons for New Investors
In the European emission trading
scheme, 5 % emission coupons are to
be reserved for new investors. In the
period 2013-2020, it would mean 5 %
of 14 800 million coupons, or approxi-
mately 740 million coupons. Independ-
ently of the CCS projects, it is the opin-
ion of the Electric Industry Association
that a 5 % reservation is too high, as
it exceeds real expectations of new in-
vestments in the participating sectors.

A portion of the reserves for new in-
vestors could be reserved for new
demonstration CCS projects, with an
unchanged amount of emission cou-
pons intended for trading by the mem-
ber states. The European Commission
would then elaborate a methodology
for distribution of these coupons. The
mechanism of coupon financing from
the portion of reserves for new inves-
tors would:

e provide a coordination at the Euro-

pean Community level,

e create fund sources without affect-
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ing the state treasuries of the mem-
ber states;

e potentially avoid negative impacts
on the European trading scheme;
depending on a concrete proposi-
tion on the coupon allocation given
by the European Commission.

Considering the amount of coupons
to be reserved from the portion of re-
serves for new investors and intended
for demonstration CCS projects, the
estimates range around 500 million
coupons. This proposition was recent-
ly presented in the European Parlia-
ment, the governing body adopting the
amendments to the European emission
coupon trading scheme.

Below are listed some possible solu-
tions to the question of how to distrib-
ute the reserved coupons. The coupons
can be sold at the central auction and
the acquired income can be distributed
among the projects. Another option is
to hand over the coupons directly to the
managers of demonstration projects to
sell them at auctions by themselves.

FINANCING OF INVESTMENTS BY AuUC-
TION SALE OF RESERVED COUPONS

Auction Sale of Reserved Coupons

A certain amount of coupons could be
distributed by the commission or any
other authorised body at a special auc-
tion, thus creating an investment fund

put at the disposal of the commission
or a special committee made of repre-
sentatives of member states.

Funds Distribution among Competi-
tors

As already stated in the chapter on ba-
sic principles of financing, the alloca-
tion of funds must be based on rules
of competition in order to provide the
highest possible value of the money
spent in the programme and enable
the demonstration project programme
to achieve its purpose. The European
Commission, the member states and
organisation must define terms and
conditions for the acquisition of fi-
nancial funds; they must include a se-
ries of criteria. The CCS projects can,
on the basis of terms and conditions,
prepare competitive offers including
the demanded scope of funds and the
time necessary for the realisation of
projects. The financial support may be
given for both investments and opera-
tion of the demonstration CCS project;
therefore, the competitor must define
both the amount of necessary funds and
the dynamics of funds' spending. The
projects must be comprehensive and
must comprise the entire chain of the
process of CO, capture and geological
storage; therefore, the offers can also
be prepared by consortiums of manag-
ers of several different components of
the demonstration CCS project. The of-
fer price must include costs of all ele-
ments in the chain.
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The fund manager may establish the
best offers on the basis of the scope of
the demanded funds and on the basis of
a comprehensive complying with the
selection criteria. The fund manager
should distribute the financial funds in
a manner to provide a variety of dem-
onstration projects according to the
technologies used in the capture areas,
CO, transport and storage, and a wid-
er geographical coverage, in the most
cost-effective way.

The advantage of this method com-
pared to direct distribution of cou-
pons is that the funds are provided
from the European coupon trading
scheme, causing the least disruptions
in this market. From the point of view
of funds acquired for the projects, the
mechanism is clear and reliable, with
a minimum risk of too low or too high
level of subsidisation. The mechanism
is in accordance with basic principles
of ETS, as it does not give away free
coupons for CO, not released to the at-
mosphere. The projects are not subject
to uncertainties in the emission coupon
market.

Financing of Investments by Direct
Coupon Distribution

In such case, the demonstration project
bidders would either determine the
amount of coupons that are, in their
opinion, necessary for economic eligi-
bility of the project, or provide a calcu-
lation of additional investment and op-

RMZ-M&G 2009, 56

erating costs. The acquirers of projects
would then receive the coupons from
the fund of reserved coupons, with the
right of selling them at any time at the
ETS market. By selling the coupons,
the bidders of demonstration projects
would acquire additional funds for the
realisation of their projects. In order for
the investors to receive timely assur-
ance for the realisation of the projects,
the projects could, during their first
phase, already before the year 2012,
receive a credit note and begin with
the realisation. The credit notes would
later be converted into actual coupons.

Advantages compared to the financing

by auction sale of coupons:

e fast realisation,

e a simple system with low adminis-
trative costs,

o risks related to the emission market
are carried by the projects them-
selves.

Criteria for Project Evaluation

In addition to economic criteria, the

following elements should also be

considered when defining criteria for

acquisition of financial funds in the

framework of European demonstration

programme of CCS:

e consistency and maturity of the
technological concept,

e potential for achieving long-term
commercial goals,

e technical and commercial com-
petences of partners in the project
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providing a successful realisation
and further commercialisation of
the project,

e a commitment to a long-term man-
agement of the demonstration CCS
project,

e variety and integrity of the entire
programme in the following items:

fuel,

the size of the unit,

the capture technology,

transportation method,

technology of geological stor-
age,

f. business plan,

g. geographic dispersion.

e commitment to an exchange of ac-
quired experience.

o a0 op

CONCLUSION

There are several ways how to re-
duce the risks appearing from climate
changes. Appropriate solutions are to
be determined only by suitable stimu-
lations. Stability of concentration of
greenhouse gasses in atmosphere is re-
alizable, although the costs are rather
high but can be mastered. Stimulations
needed for modification of present in-
vestment samples and motion of resent
global economy on reducing green-
house gasses emissions can also be
supported by various legal measure-
ments. Activities for reducing green-
house gasses emissions should be in-
tensified and adopted to consequences

of climate changes which can not be
avoided anymore.

Reducing risks of climate changes can
only be achieved by a coordinated ac-
tion which means international coop-
eration, through international networks
which support common targets. It can
be achieved as a partnership between
public and private sector, working
class, civil company and individuals.
It is still possible to prevent from the
worst consequences of climate changes
but only by a strong and urgent com-
mon action. Any delays would be very
expensive and dangerous.

Latest respectable reports as IPCC re-
port, Stern report and IAE report rep-
resented technology of capturing and
geologic storage (CCS) as a basic po-
tential for reduction of greenhouse gas
emissions. Fossil fuels will continue to
be an indispensable energy source at
least till 2050, CCS represents an im-
portant factor of emissions reduction
on stationary energy sources which are
based on using fossil fuels. CCS tech-
nology is also one of the most impor-
tant agents for reducing CO, in steel fac-
tories, cement factories and refineries.
Their share in emission is about 15 %.

Renewable sources as wind and solar
energy and other measurements as im-
provement of energy efficiency repre-
sent a chance to reduce emissions, but
it would be too optimistic to expect that
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Europe would achieve its targets on re-
ducing greenhouse emissions only this
way.

Various studies expect the potential of
reducing emissions by CCS technol-
ogy by 2030 will be between 1.5 Gt to
4 Gt CO, a year, in Europe 0.4 Gt CO,
a year or 20 % of all the emission po-
tential. Beside the reduce of CO, CCS
technology can also help covering in-
creasing energy demands and sustain
energy supply in Europe. In case of
using ecologic acceptable coal the de-
pendence of imported gas would be
reduced. CCS technology would also
have effect on electric energy produc-
tion, environmental acceptance of new
technologies would be improved like
using hydrogen or electric vehicles.

Today actually on meetings of large cor-
porations, ministries and governments,
where decisions about the kinds, types
and characters of future coal power
plants. Investments are huge, over
1000 million of USD a plant. Power
plants, build today will be in use over
next 60 years or more. International
Energy Association (IEA) expects for
the next 25 years on new power plats
over 5 000 000 million USD will be
spent. Considering these calculations
the capacity of these new plants by
2030 will be 1800 GW. That means
about 3000 large coal power plants or
approximately 10 power plants each
month for the next 25 years. New ca-
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pacities represent a 1.5-times of all ac-
tive power plants at present worldwide.
It is amazing that seven of ten power
plants planned to work in 2030 are still
not built yet.

However, the facts listed above rep-
resent a great opportunity — in case of
further investment into efficient energy
use, many coal power plants can be
replaced by clean renewable sources
and not at last, new built power plants
should be built the way that we could
capture the CO, from them. This new
concept would be different from the
plants built by our ancestors.

If all the 3000 coal power plants of
the new generation were built with-
out equipment for CO, emission con-
trol, their emission would represent an
enormous ecologic burden for our chil-
dren and grand children. Through the
planned life time these plants would
produce over 750 billion of tones of
CO,. Consequences of these decisions
would be omissions which in the next
25 years would exceed all the omis-
sions ever done from the start of using
coal till today for 30 %.

Unfortunately, improving technolo-
gies on power plants built without CCS
technology according to MIT study are
rather senseless due to the fact of large
technical modifications even if the
technology of supercritical dust or gas-
ified coal combustion had been used.
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New power plant built in 2030 — CCS
technology costs are to be between 35
EUR/t and 50 EUR/t of reduced emis-
sions CO,. The price level is equal to
expected price of CO, coupons during
that period. The costs of early dem-
onstration projects would be expected
much higher, between 60 EUR/t and 90
EUR/t of reduced CO, emissions. CCS
technology costs could even be more
reduced in case of global spread of the
technology or in case of completely
new technologies, which are still being
tested in labs.

Costs of sample projects can vary
from a reference power plant, depend-
ing on their specific characteristics. At
present, costs of diverse technologies
of CO, capture are rather similar, but
the costs of reconstruction on existing
power plants will be rather much high-
er than on new coal facilities. Costs of
reference power plant can also vary
depending on the size of the plant, its
location or technology. Transport dis-
tance can raise the price for approxi-
mately 10 EUR/t at 200 km distance.
Relatively equalized prices of diverse
capturing technologies effect on testing
diverse technologies at the same time.

Building CCS into existing power plant
will be economical acceptable only on
new facilities with a basic high share of
conversion efficiency.

There are practical realizable passages

from demonstration phase to early com-
mercial phase in 2030, but first a prob-
lem of storage and a business model
should be solved. To reduce emissions
of CO, for 0.4 Gt CO, by CCS technol-
ogy in Europe by 2030 there should be
between 80 and 120 commercial power
plants built. They will probably form
clusters of new and old, renewed CCS
power plants and industrial projects,
gathered into the same transport net-
work and common location for stor-
ing CO,. The speed of the expansion
of CCS projects will effect on reduc-
ing emissions of CO, coming from the
objects with CCS technology by 2030.
But if the first commercial projects are
not accepted soon after the demonstra-
tion phase or if delays in projecting oc-
cur because of gaining certain permis-
sions, CCS technology will hardly be
accepted before 2030.

Storage of CO, is probably one of the
main insecurities, which could affect
on advancing of CCS projects. Despite
of all, experts are convinced that there
is enough potential on storing CO, for
many decades to come. Abandoned
oil and gas fields are important pos-
sibilities, but they are mostly located
in north sea, underground locations of
salt water are more spread but less re-
searched. It would be ideal if each main
emission bunch would have its own un-
derground reservoir of salt water, but it
is also possible that transport lines to
sea wells will have to be made.
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For effective use of CCS technol-
ogy potential in Europe demonstration
program and appropriate planning of
further commercial expansion of the
technology should be started as soon
as possible. There will be a few ob-
stacles and doubts which will have to
be abolished. Demonstration program
with integrated CCS project could ap-
prove usefulness of technology, iden-
tify the risks, get public and industry
trust into technology. It is necessary
to open several demonstrative projects
to test diverse capturing technologies
and storage characteristics on diverse
geologic locations connected to aban-
doned fuel deposits. Considering high
costs for demonstration projects there
is an economic difference between ex-
pected price CO, costs of building and
operation of power plant in range of
500 mio. to 1000 mio. EUR/project. In
coincidence with these demonstration
projects or partly in connection with
them, feasibility of storing CO, in un-
derground deposits of salt water should
be proved.
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Abstract: Coal is a fossil fuel, which, due to vast deposits of coal world-

wide, boasts the longest exploitation time line of all fossil fuels.
When it comes to power generation, coal has proven the most cost
effective of all fossil fuels. A comparison of the cost of coal mined
at the Trbovlje-Hrastnik mine (RTH) has been carried out using the
cost of coal mined at the Ojstro mine (where mining is more cost-
intensive than at the Trbovlje mines Plesko polje and III. polje).
The competitiveness of the Ojstro mine coal has been assessed
against the comparative advantages of the prices of produced coal
and alternative energy sources, in particular the prices of imported
coal and natural gas. The production price of coal from the Ojstro
mine presently amounts to 3.33 EUR/GJ; in the entire studied pe-
riod, this considerably exceeds the prices of coal in the European
markets ranging between 1.75 EUR/GJ and 1.87 EUR/GJ in 2009,
and between 2.38 EUR/GJ and 2.63 EUR/GJ in 2015. The calcula-
tions show that, considering the above assumptions, the interval of
purchase price for imported coal ranges from 3.32 EUR/GIJ to 3.48
EUR/GJ in 2009, and the prices will progressively climb from 4.16
EUR/GJ to 4.51 EUR/GJ in 2015. This effectively means that the
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production cost of coal from the exploitation field of the Ojstro mine
in 2009 is already lower or approximately the same as the purchase
price for imported coal; over the coming years that ratio continues
to improve in favour of coal from the Ojstro mine.

Izvlecek: Premog je fosilno gorivo, ki ima zaradi svojih velikih svetov-
nih zalog tudi najdaljSo ¢asovno perspektivo izkori§¢anja. Tako
proizvodnja kakor tudi poraba premoga v svetovnem merilu strmo
naras¢ata vse od leta 2000 dalje. Cenovno je premog izmed vseh
fosilnih goriv za proizvodnjo elektricne energije najugodnejsi
energent. V Evropi je bilo do leta 1999 cutiti teznjo padanja tako
proizvodnje kakor tudi porabe premoga, po tem letu pa se je teznja
padanja ustavila ali celo obrnila, pri tem pa je zacela narascati vrzel
med proizvodnjo in porabo, kar kaze na vseevropski porast odvi-
snosti od uvozenega premoga. Slovenska proizvodnja premoga ima
od leta 1992 naprej teznjo upadanja, ki se bo s predvidenim zapr-
tjem premogovnikov v Zasavju $e poglobila in bo kljub so¢asnemu
upadu porabe znova povecala razliko med porabo in proizvodnjo
premoga, kar bo nadalje vodilo do povecane odvisnosti od tujih
energijskih virov.

Konkurencnost pridobivanja premoga v Rudniku Trbovlje-Hrastnik
(RTH) smo primerjali pri stroSkovno najzahtevnej$i jami Ojstro,
stroskovna cena za odkopavanje v jami Trbovlje (Plesko polje in
II1. polje) je nizja. Konkurenc¢nost pridobivanja premoga iz jame
Ojstro temelji na primerjalni prednosti cen pridobljenega premoga
in cen alternativnih energentov iz tujine, predvsem cen uvoZenega
premoga ter zemeljskega plina. Proizvodna cena premoga v odko-
panem polju jame Ojstro, 3,33 EUR/GJ, je v celotnem preuc¢evanem
obdobju bistveno vi§ja od cen premoga na evropskih trgih, ki so v
letu 2009 od 1,75 EUR/GJ do 1,87 EUR/GIJ, v letu 2015 pa bodo
med 2,38 EUR/GJ in 2,63 EUR/GJ. Izracuni kazejo, da je glede
na omenjene predpostavke interval nabavne cene premoga iz uvo-
za v letu 2009 od 3,32 EUR/GJ do 3,48 EUR/GJ, z leti pa bodo
meje intervalov narascale in bodo v letu 2015 dosegle vrednosti od
4,16 EUR/GJ do 4,51 EUR/GJ, kar pomeni, da je proizvodna cena
premoga iz odkopnega polja jame Ojstro Ze v letu 2009 manjsa ali
priblizno enaka nabavni ceni premoga iz uvoza, razmerje med obe-
ma cenama pa se z leti izboljSuje v korist premoga iz odkopnega
polja jame Ojstro. Upostevajoc¢ proizvodno ceno premoga iz odkop-
nega polja jame Ojstro je Ze v letu 2010 manjsa kot nabavna cena
zemeljskega plina, kot premogu alternativnemu energetskemu viru,

RMZ-M&G 2009, 56



Estimation of competitiveness of brown coal exploitation from the Trbovlje- Hrastnik mine 481

razmerje med obema cenama pa se bo z leti Se izboljSevalo v korist
premoga iz odkopnega polja jame Ojstro.

Key words: brown coal, competitiveness, electricity power supply and de-
mand, energy sources, cost comparison

Kljuc¢ne besede: rjavi premog, konkurenénost, povprasevanje in oskrba z
elektri¢no energijo, energijski viri, primerjava stroskov

INTRODUCTION

Up until and including the year 2009,
Rudnik Trbovlje-Hrastnik (RTH) will
supply the thermal power plant Ter-
moelektrarna Trbovlje (TET) with
coal in the planned amount of 0.6 mil-
lion ton per year. Despite all econom-
ic and environmental disadvantages
of coal, the EU will not significantly
reduce the current consumption of
domestic and imported coal. It would
be reasonable to treat coal reserves in
the Republic of Slovenia in a similar
way. Replacing coal with other fossil
fuels (probably with gas) will inevi-
tably decrease the self-sufficiency in
the Republic of Slovenia and increase
the import dependence in electricity
production as well.

Even after the year 2009, RTH intends
to continue exploitation of coal from
the Trbovlje mines (III. polje, Plesko
polje), the Ojstro mine and from the
already closed-down Hrastnik mine
where there are still considerable
coal reserves available. Considering
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the competitive conditions on the en-
ergy market, it will be reasonable to
exploit all coal reserves.

In September 2008, our team at the
Faculty of Natural Sciences and En-
gineering in Ljubljana elaborated the
study “Justifiability of exploitation
of the remaining coal reserves in the
mines Ojstro and Trbovlje after the
year 2009 and the closed-down sec-
tion of the Hrastnik mine - Phase 17,
followed by Phase Il and Phase III of
this Study in March 2009. The objec-
tive of the Study was an assessment of
feasibility and economic justifiability
of continued exploitation after the
year 2009, upon expiration, pursuant
to the valid law, of state subsidies for
pre-emptive dispatching of electricity
from TET and upon termination of
coal exploitation pursuant to the Act
Regulating Gradual Closure of the
Trbovlje-Hrastnik Mine.

In Phase I of the Study, the following
activities were carried out:
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e Evaluation of the approved expert
report on coal reserves,

e Estimation of exploitation reserves
in the coal layer Ojstro and Trbovlje,

e Determination of the necessary
scope of additional exploration re-
garding coal reserves,

e Determination of the scope of pre-
paratory works, from the techno-
logical, time schedule and financial
aspect,

e Determination of excavation time
schedule in relation to the coal’s
quantitative and energy value,

In Phase II of the Study, the following

activities were carried out:

e Estimation of exploitation reserves
in the coal layer of the already
closed-down section of the Hrast-
nik mine,

e Determination of the scope of ex-
ploration and safety measures in the
process of coal exploitation,

e Assessment of competitiveness of
coal exploitation based on the data
acquired from the Study and data
on prices and transport costs for
alternative energy fuels (imported
coal and natural gas).

In Phase I1II of the Study, the following

activities were carried out:

e Assessment of significance of elec-
tricity produced from this energy
source for stable electricity supply
in Slovenia and in the market rel-
evant for Slovenian electricity sup-

pliers and consumers.

e Assessment of influence of eventu-
al opening works on the production,
added value, employment rates as
well as export and import currents
of the Slovenian economy.

The Study provided answers to the fo

lowing questions:

¢ Quantities of exploited coal and its
calorific value,

e Indication of the scope of geologi-
cal, geomechanical and hydrogeo-
logical research,

e Indication of the scope of opening
facilities,

e Elaboration of time schedule and
economic evaluation of costs for
preparation works and excavation
as well as economic model for the
trend of its own price for GJ of pro-
duced energy.

The final result of the Study is the as-
sessment of eligibility of continued ex-
ploitation.

STATISTICAL INDICATORS OF GLOBAL
PRODUCTION AND CONSUMPTION OF COAL

Coal is a fossil fuel, which, due to vast
deposits of coal worldwide, boasts the
longest exploitation time line of all fos-
sil fuels. According to Energy Informa-
tion Administration (EIA), the world’s
coal production reached 7,036 million
»short ton« (1 short ton =907.18 kg) in
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the year 2007, while the consumption
amounted to 7,193 million »short ton«.

Both production and consumption of
coal have been demonstrating a strong
upward trend on a global scale since
the year 2000, when they were both at
a level of approximately 5.000 million
»short ton«. Figure 1 illustrates global
production and consumption of coal
from the year 1992. When it comes to
electricity generation, coal has proven
the most cost effective of all fossil fu-
els. Figure 2 illustrates the price of fos-
sil fuels used for electricity production
from 1995-2008.

Until the year 1999, Europe witnessed
a downward trend of both production
and consumption of coal, but after that
year, the downward trend was stopped
or even reversed. Figure 3, indicating
European production and consumption
of coal in Europe from 1992-2007,
also illustrates an increase of the gap
between production and consumption,
indicating a pan-European increase in
dependence on imported coal.

In the year 2006, 306,200 TJ of primary
energy was used in Slovenia. Domestic
energy sources were sufficient to cover
47 % of all Slovenian needs, and 53 %
of energy needs were covered by im-
ported sources which are mostly used
for transport and heating. The main en-
ergy source in Slovenia is crude oil and
its derivatives representing a more than
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Figure 1. World coal production and consump-
tion 1992-2007 (MST), Source: Energy Infor-
mation Administration

18

Figure 2. Fossil fuel prices for electricity pro-
duction from 1995-2008 ($/MBtu), Source: En-
ergy Information Administration

£330

Figure 3. Coal production and consumption in
Europe 1992-2007 (MST), Source: Energy In-
formation Administration
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34 % share, followed by nuclear ener-
gy and solid fuels with approximately
20 % each, natural gas with 13 % and
renewable energy sources with 10 %.

As indicated in Figure 4, Slovenian
coal production has been, since the
year 1992, experiencing a downward
trend which will fall even more after
the planned closing of mines in the Za-
savje region by the year 2015 — pursu-
ant to the Act Regulating Gradual Clo-
sure of the Trbovlje-Hrastnik Mine and
Development Restructuring of the Re-
gion (Official Gazette of the Republic
of Slovenia, No. 61/2000) — and will,
despite simultaneous decrease of con-
sumption, again enlarge the difference
between consumption and production of
coal, which will lead to an increased de-
pendence on imported energy sources.

With the purpose of studying the rel-
evance of re-opening of the mine’s
exploitation fields, the price competi-
tiveness of coal exploitation in the area
of the Ojstro mine has been evaluated
in comparison with alternative energy
sources such as imported coal and nat-
ural gas. In the following text, we as-
sessed the significance which the elec-
tricity produced from the studied energy
source has in Slovenian electricity mar-
ket. And finally, we assessed the influ-
ence that the eventual opening works in
the exploitation field of the Ojstro mine
might have on various macroeconomic
variables of the Slovenian economy.

5L0_PROD ELO_FOR
Figure 4. Coal production and consump-

tion in Slovenia 1992-2007 (MST), Source:
Energy Information Administration

ASSESSMENT OF PRICE COMPETITIVENESS
OF COAL EXPLOITATION FROM THE QJSTRO
MINE

The competitiveness of coal exploita-
tion from the Ojstro mine is based on
the comparative advantage of the prices
of produced coal and foreign alternative
energy sources, in particular the prices
of imported coal and natural gas. There-
fore, the following estimation of coal
price trends in the European market has
been made, together with the estimation
of trends of purchase prices for imported
coal in the period 2009-2015, and fol-
lowed by analogue estimates of price
trends for the alternative energy source,
natural gas. The reference point for esti-
mating the coal price trends are the pric-
es of Richards Bay and ARA coal in Eu-
ropean Energy Exchange EEX. For the
year 2009, the price of both products has
been calculated as an average of quarter-
ly futures contracts in the current year.
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Equally, coal prices until the year 2013
have been acquired from prices contained
in annual futures contracts. For the years
2014 and 2015, a 3 % growth of coal
prices is predicted. Since the prices are
given in USD/t, a conversion into EUR/
GJ was also made. The production price
of coal in the area of exploitation field of
the Ojstro mine amounts to 3.33 EUR/
GJ (Dervaric, 2008: Table 11), with
an assumption that the average energy
value of coal for electricity production
is 27 GJ/t (Energy Conversion Facts),
and, furthermore, that the exchange
rate EUR/USD is 1.29 and remains un-
changed during the studied period. Final
results are listed in Table 1, with prices
in EUR/GJ in the last two lines. It is evi-

dent that in the entire studied period, the
production price of coal from the Ojstro
mine, which amounts to EUR 3.33 EUR/
GJ, considerably exceeds the prices of
coal in the European markets ranging
between 1.75 EUR/GJ and 1.87 EUR/GJ
in 2009, and between 2.38 EUR/GJ and
2.63 EUR/GJ in 2015. The calculations
have been made using exclusively ex-
change prices of coal which significantly
differ from the purchase price of coal in
the global market; namely, to calculate
an adequate purchase price, it is strictly
necessary to add sea shipping and rail-
way transport charges as well as various
handling charges to the exchange prices
of coal. The distribution of additional
charges is shown in Table 2.

Table 1. Coal price evaluation in European market, Source: EEX, EIPF (February,

March 2009)
2009 2010 2011 2012 2013 2014 2015
USD/t
RB 61.11 68.81 73.13 76.88 78.13 80.47 82.89
ARA 65.26 74.40 80.35 85.20 86.45 89.04 91.71
USD/GJ
RB 2.26 2.55 2.71 2.85 2.89 2.98 3.07
ARA 2.42 2.76 2.98 3.16 3.20 3.30 3.40
EUR/GJ
RB 1.75 1.98 2.10 2.21 2.24 2.31 2.38
ARA 1.87 2.14 2.31 2.45 2.48 2.56 2.63
Note:

e RB — Richards Bay, South Africa;

¢ ARA - Amsterdam-Rotterdam-Antwerpen (60 % Africa, 30 % Colombia, 10 % Australia)
e The exchange rate EUR/USD is 1.29 and is assumed to remain unchanged

throughout the entire period.

e The average energy value of coal amounts to 27 GJ/t.
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Table 2. Imported coal price evaluation, Source: Slovenian Railways’ tariffs, EIPF

2009 2010 2011 2012 2013 2014 2015

Richards Bay ($/t) 61.11 68.81 73.13 76.88 78.13 80.47 82.89

Cargo shipping, charges
($/t)

Railway transport,
charges ($/t)

21.39 24.08 25.60 26.91 27.35 28.16 29.01

17.67 17.67 17.67 17.67 17.67 17.67 17.67

Handling charges (8$/t) 15.48 15.48 15.48 15.48 15.48 15.48 15.48

Total charges ($/t) 54.54 57.24 58.75 60.06 60.50 61.32 62.16

Coal purchase price (§/t) | 115.65 126.05 131.88 136.94 138.63 141.79 145.05

Coal purchase price

($/GJ) 4.28 4.67 4.88 5.07 5.13 5.25 5.37
Coal purchase price

(EUR/GJ) 3.32 3.62 3.79 3.93 3.98 4.07 4.16
ARA (8/1) 65.26 74.4 80.35 85.2 86.45 89.04 91.71

Cargo shipping, charges
($/t)

Railway transport,
charges ($/t)

22.84 26.04 28.12 29.82 30.26 31.16 32.10

17.67 17.67 17.67 17.67 17.67 17.67 17.67

Handling charges ($/t) 15.48 15.48 15.48 15.48 15.48 15.48 15.48

Total charges ($/t) 55.99 59.19 61.28 62.97 63.41 64.32 65.25

Coal purchase price ($/t) | 121.25 133.59 141.63 148.17 149.86 153.36 156.96

Coal purchase price

($/GJ) 4.49 4.95 5.25 5.49 5.55 5.68 5.81

Coal purchase price

(EUR/G)) 3.48 3.84 4.07 4.25 4.30 4.40 451
Note:

e RB — Richards Bay, South Africa;

e ARA — Amsterdam-Rotterdam-Antwerpen (60 % Africa, 30 % Colombia, 10
% Australia)

e The exchange rate EUR/USD is 1.29 and is assumed to remain unchanged
throughout the entire period.

e The average energy value of coal amounts to 27 GJ/t.
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Table 3. Gas price evaluation in Europe (2010-2015), Source: Bloomberg, Finan-

cial Times, EEX, EIPF

0‘2/;%‘(’); 2010 2011 2012 2013 2014 2015
USD/MMBtu

4.10 4.85 5.52 5.84 5.84 5.84 5.84
USD/GI

3.88 4.59 5.23 5.53 5.53 5.53 5.53
EUR/GJ

3.01 3.56 4.05 429 429 429 429

Note:

e The exchange rate EUR/USD is 1.29 and is assumed to remain unchanged through-

out the entire period.

e Conversion factor is 1 MMBtu = 1.05506 GJ.

The calculation of purchase prices for
imported coal is again based on prices of
Richards Bay and ARA coal in European
Energy Exchange EEX as listed in Ta-
ble 1. Considering average sea shipping
charges, an average share of sea shipping
is calculated in the coal’s purchase price
in the amount of 35 % of purchase price,
furthermore, handling charges in the
amount of 12 EUR/ (i.e. EUR 1.2 per
each started 100 kg of actual mass) and
railway transport charges in the amount
of EUR 13.7 per ton at the distance of
161-170 driven km and amount of 15 t
should be added. Additionally, the items
for handling charges and railway trans-
port are assumed to be fixed, while the
dynamics of sea shipping charges fol-
lows the dynamics of price growth. The
results are listed in Table 2.
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The calculations shown indicate that
considering the above-mentioned as-
sumptions, the interval of purchase
price for imported coal ranges from
3.32 EUR/GJ to 3.48 EUR/GJ in the
year 2009, and the prices will pro-
gressively climb from 4.16 EUR/GJ
to 4.51 EUR/GJ in 2015. Considering
the production price of coal from the
exploitation field of the Ojstro mine
amounting to 3.33 EUR/GJ, it is lower
or approximately the same as the pur-
chase price for imported coal already
in 2009, and over the coming years that
ratio continues to improve in favour of
the Ojstro mine.

Another energy fuel competitive to
coal from the exploitation field of the
Ojstro mine is natural gas. Similarly as
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with imported coal, the price dynamics
for the time period 2010-2015 has been
estimated for natural gas, based on data
for spot prices and prices contained in
futures contracts.

The reference point for the current spot
price of natural gas was acquired as an
average of daily spot prices in February
2009. We acquired the data on prices
contained in futures contracts for nat-
ural gas supply from EEX website as
an average of prices in futures con-
tracts GUD Natural Gas Futures and
NCG Natural Gas Futures for the years
2010-2015 and used these prices to
calculate interim growth rates. Consid-
ering the assumption that the dynamics
of the spot price will converge towards
the dynamics of prices of futures con-
tracts for natural gas, we estimated, on
the basis of the above-mentioned inter-
im growth rates, the price dynamics of
natural gas in the studied period. Basic
data on natural gas prices is expressed
in USD/MMBtu. Therefore, the factor
1 MMBtu = 1.05506 GJ (Bioenergy
Conversion Factors( was used in con-
version. The results are listed in Table 3.

The calculations shown in Table 3 in-
dicate that considering the above-men-
tioned assumptions, the price of natural
gas will range from 3.65 EUR/GJ to
4.29 EUR/GJ in the period 2010-2015.
Considering the production price of coal
from the exploitation field of the Ojstro
mine amounting to 3.33 EUR/GJ, it is

lower than the purchase price for nat-
ural gas (as an energy source alterna-
tive to coal) already in 2010, and with
years, the ratio between both prices is
improving to the benefit of coal from
the exploitation field of the Ojstro
mine.

ESTIMATION OF ECONOMICS OF ELEC-
TRICITY PRODUCED FROM COAL MINED
FROM THE (QJSTRO MINE

The estimation of economic viability
of the Ojstro mine coal being used for
power generation purposes is based on
the assumption that the coal intended
for electricity production would be
used in the thermal power plant Ter-
moelektrarna Trbovlje (TET). At the
same time, however, the overall elec-
tricity market in Slovenia should be
analysed in terms of electricity sup-
ply and demand. The following text
therefore briefly presents the construc-
tion of both functions in the Slovenian
electricity market based on the study
by BoLE, VoLc¢iak (2006), followed by
their upgrade in terms of the EU’s en-
vironmental conditions regarding CO,
emissions, both with a special accent
on TE Trbovlje as the principal con-
sumer of coal from RTH.

The function of electricity supply is a
function of limit costs in all produc-
tion volumes, except in production of
peak electricity (in the event of “peaks”
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of electricity consumption) when it is
necessary to switch on the production
unit - power plant with the highest limit
costs. Namely, the price for electricity
from a limit unit should exceed the
variable costs for the amount paid by a
consumer for electricity in the periods
of highest loads. The amount is, natu-
rally, high enough to (usually) cover
the fixed costs for all (including limit)
producers. Basic production units (for
production in “range”) have low limit
costs and high fixed costs. In “peak”
production units, the amount of costs
is exactly reversed. Limit costs of hy-
dro power plants and the nuclear power
plant are usually considerably lower
than in thermal power plants.

In case of hydro power plants, limit
costs also include the opportunity costs
of water use and, in Slovenia, also con-
cession charge costs. In thermal power
plants, however, the additional fuel is
by far the largest component of limit
costs. In the future, opportunity costs
of greenhouse gas emissions will be
important for thermal power plants, i.e.
costs of additional purchase of rights,
which might significantly increase the
thermal power plants’ limit costs.

It can be expected that limit costs of in-
dividual production units will increase
with growth of electricity production,
particularly if production approaches
the production unit’s maximum capac-
ity. However, foreign empirical studies
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do not confirm such limit costs increase
of individual production units (power
plants) in actual production volumes. The
electricity supply functions are therefore
horizontal in parts. The construction
of the electricity supply function is de-
scribed in detail in BoLE, VoL¢1AK, 2006.

In the construction of the supply func-
tion, the power plants are categorised
according to the height of their limit
costs, i.e. according to the order of their
switching into the network (supply) in
an efficient regulation of schedule; first
the hydro power plants on the Drava
river, then hydro power plants on
the rivers Sava and Soca, the nuclear
power plant Kr$ko (NEK), the thermal
power plant Sostanj, TE-TO Ljubljana
and Trbovlje and, finally, at “peaks” in
the total consumption or in the event
of sudden failure (as a system reserve),
the power plant Brestanica. “Total
consumption” means here the sum of
domestic threshold consumption, plus
differences between export and import
of electricity; the threshold production
is naturally higher than total consump-
tion for transmission losses (approxi-
mately 2 %). The function was further
expanded by import supply. The thus
constructed supply function is shown in
Figure 5 as the blue stair-step curve S.

When analysing the market, the func-
tion of electricity demand should also
be assessed. The demand function is
specified in the normal manner, with
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a price variable and other factors - de-
mand variables. In tests for both elec-
trical products, some explanatory vari-
ables known from foreign empirical
research were tested as well (hourly
variables of wind strength, temperature
and cloudiness, monthly variables of
industrial production, total domestic
consumption, GDP), but except the
spot price of electricity, only the vari-
ables of temperature and industrial pro-
duction were statistically significant.
The construction of the function is fur-
ther described in BoLE, VoL¢IAk, 2006.

After the liberalisation of the electricity
market, the gross currents of electric-
ity across borders of Austria, Croatia
and Italy have increased considerably,
even in short periods (days, months).
Therefore, when analysing the equilib-
rium in the market in the more recent
period, it is necessary to consider the
overall (gross) electricity market. Due
to substantially higher electricity prices
in Italy, electricity is normally (net) ex-
ported across the border with Italy and
net imported across the borders with
Austria and Croatia. The demand func-
tion is therefore expanded by export de-
mand from Italy. The thus constructed
demand function is shown in Figure 5 as
the magenta curve D, with the horizon-
tal section representing export to Italy.

The equilibrium in the electricity mar-
ket is established in the point of in-
tersection of the functions (curves) of

supply and demand. It is evident from
Figure 5 that with the current electric-
ity prices, the total production of TET
is included in the switching schedule
of Slovenian electricity producers, as
the equilibrium point is situated to the
right and above the section of supply
by TET. This means that the limit costs
of TET, which depend on the price of
coal from RTH, are still low enough to
enable the sales of the entire produc-
tion of TET.

The second phase of limiting CO,
emissions in the EU began already last
year. The increase of prices of emission
certificates will cause a relative rise of
prices of electricity from thermal pow-
er plants in relation to other electricity
producers.

Such change in limit costs of electric-
ity producers (i.e. shift in the electricity
supply) would be of secondary meaning
to TET, as long as the size of change in
limit costs didn’t influence the schedule
of production-supply of “peak” elec-
tricity. However, if the change in limit
costs caused a change of TET s position
in the electricity production schedule,
the consequences could be drastically
large for RTH, as they would cause
either a reduction in coal’s purchase
price that would enable TET to keep
its position in the production schedule,
or a reduction in consumption of coal
from RTH for an entire shift of TET’s
position in the electricity supply sched-
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ule through the balanced realisation of
electricity in the market.

The nature of supply from domestic
electricity producers prevents the pric-
es of emission certificates to change the
TET’s position in the production sched-
ule. But it is necessary to consider, in
the analysis of the schedule, the gross
function of electricity supply, i.e. the
import electricity as well. As the limit
costs (the price) of import electricity
exceed the TET’s limit costs, TET has
until now entered the electricity supply
schedule before the total supply of im-
port electricity.

An increase of limit costs of import
electricity in the event of increase in
the price of emission certificates would
be considerably lower than in TET, as
the import electricity is derived from
economies where coal is little used for
electricity production (e.g. Austria) or
where commitments for CO, emission
reductions are substantially less strict,
either due to non-development or non-
membership in the EU (e.g. Bulgaria
and Bosnia). A larger increase in prices
of emission certificates could therefore
cause the import electricity supply to
start entering the electricity supply be-
fore TET, which would prevent TET
from entering entirely into the electric-
ity supply. The equilibrium point (in-
tersection of supply and demand) in
the electricity market is namely in the
initial section of the import electric-
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ity supply. Furthermore, for the period
until the year 2014, no visible shift of
the gross demand function is expected,
as there are no changes planned for
cross-border transmission capacities
with Italy and therefore they won’t
provide any larger export of electricity
to Italy, which would actually cause a
sufficient shift of the gross electricity
demand function to the right and made
it possible for the total production of
TET to enter into the electricity sup-
ply even after the increase of prices of
emission certificates. Let us study the
possible effects of changed prices of
emission certificates on the electricity
supply by looking at two scenarios of
reduction of available CO, certificates
(European Commission, 2004). The
first one is the “Kyoto forever” scenar-
io where the volume of CO, emission
in the EU would reduce by 5.5 % be-
low the level from the year 1990 and
remain there until 2030. The second
scenario, “the Gothenburg initiative”,
predicts reduction of CO, emission
in the EU by 13 % until 2020 and by
21 % until 2030. Figure 6 shows CO,
emission for both alternative scenarios
and for a spontaneous scenario without
interventions. The necessary decrease
of emitted certificates in both scenarios
is illustrated in Figure 7. A significant
reduction of available emission cer-
tificates would probably substantially
increase their price. The estimates of
the bottom limit of the certificate price
increase by 2030 amount to 41 EUR/t
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of CO, in the first scenario and exceed
136 EUR/t in the second scenario (in
prices from 2000).

The dotted lines in Figure 5 indicate the
predicted change of the electricity sup-
ply function resulting from increase of
certificate prices in both scenarios. It is
obvious that an increase of limit costs
of TET in the event of predicted con-
sequences of the first scenario (“Kyoto
forever”) for the emission certificate
price would be to small to change the
schedule of TET’s entering into the
electricity supply. But at the same time,
in the event of predicted increase of
emission certificate price, the second
scenario could, in the years 2014 and
2015 and definitely two or three years
later, compromise TET’s position in
the electricity production schedule, as
TET’s limit costs would be substantial-
ly higher than electricity import price.
This would cause the total production
of TET to be excluded from the sched-
ule of producers’ entering in the energy
system.

ANALYSIS OF THE IMPACT OF EVENTUAL
OPENING WORKS IN THE QJSTRO MINE ON
SLOVENIAN ECONOMY

The analysis of economic impact as-
sesses the contribution of business ac-
tivity, project or investment or change

in production scope to the economy of a
region or state. The analysis is based on
the system of input-output models that
constitute a part of national accounts
of the economy. Input-output models
show mutual connections between the
sectors of the economy. They indicate
the structure of production, production
costs and revenues generated in the
production process, currents of prod-
ucts and services produced within the
framework of domestic economy, and
currents of products and services with
foreign countries. Using the input-out-
put models, it is possible to establish
the structure of production of a certain
sector, share of added value, salaries
and other labour costs, indirect and
direct taxes and the number of work-
places necessary for the production of
certain amount of output.

In the input-output modelling, direct
and indirect effects should be distin-
guished. Indirect effects are additional
revenues, workplaces, salaries and
taxes directly generated or paid by the
company carrying out a new project or
investment, as in this case RTH with
its investment into opening and explo-
ration works in the area of the Ojstro
mine. Direct effects are changes in the
revenues of other companies in Slov-
enia, in the revenues of the entire pop-
ulation or in collected taxes resulting
from the investment into the opening
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Figure 5. Gross electricity market (demand and supply) in the emission certificate re-
duction scenarios, Source: Bole in Vol¢jak (2006), European Energy and Transport —
Scenarios on Key Drivers

Note: the ordinate represents the volume of allocated certificates in the volume share in 2006
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and exploration works. Indirect effects
are derived from three factors. First, the
company RTH acquires the inputs need-
ed for investment and further production
from the suppliers. This increases their
revenues. Suppliers also acquire a part
of their inputs from sub-suppliers. The
effect of increased demand thus moves
upwards on the value chain. Second, the
employees at the company RTH and the
employees at the company’s suppliers
spend their revenues and thus increase
the demand for goods and services of
numerous companies in Slovenia and
their revenues as well. Similarly, the
population’s increased demand is trans-
ferred upwards on the value chain and
influences an even larger number of
companies. Total effects are the sum of
direct and indirect effects. They repre-
sent an overall change in the economic
activity of the country (value of produc-
tion, added value, employment rates,
import-export currents) resulting from

RTH’s investment in opening and explo-
ration works.

The necessary opening works and their
costs as well as exploration costs by in-
dividual exploitation fields in the area of
the Hrastnik mine are itemised in detail
in the Study (Dervaric, 2008), so Table
4 shows only their summary for the area
of the exploitation field of the Ojstro
mine. The opening and exploration costs
in the area of the Ojstro mine have been
estimated to the amount of EUR 2 mil-
lion.

Table 4 also shows the potential pro-
duction of the exploitation field of the
Ojstro mine amounting to 730.000 t.
Considering the actual calorific value of
exploited coal in the amount of 11 GJ/,
the last column contains an average cost
of opening and exploration per energy
unit and amounts to 0.249 EUR/GJ.

Table 4. R&D costs at Ojstro pit, (DErvarIC 2008)

Field Production Calorific value Ope”‘f‘g and Opempg and
exploration costs  exploration costs
® (GJnY) ©) (€/GJ)
the Ojstro mine 730,000 11 2,000,000.00 0.249
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Table 5. R&D costs at Ostro pit and their impact on slovenian economy

Change in

Change in

equipment

production | share of added Change in Change m
Sector of the economy . . . number of import (in
value (in 1000 | value (in basis emplovees basis points)
EUR) points) Ploy p
A Agriculture, forestry 19.23 0.63 1 0.23
B Fishing 0.05 0.00 0 0.07
CA Mining  of energy-producing | 3¢ g6 18.59 1 49.08
materials
CB Mining of ores and stones, except 10.10 005 0 041
energy materials
DA Manufacture of food products,
beverages, prepared feeds for farm 12.61 0.22 0 0.11
animals and tobacco products
DB Manufacture of textiles, leather
clothes, textile products and articles 38.71 0.52 1 0.41
of fur
DC Manufacture of leather, foortwear, 331 0.04 0 0.12
leather products, except apparel
DD Processing of wood, manufapture 24.99 119 ) 152
of products of wood, except furniture
DE Manufacture of pulp, paper and
paperboard and articles of paper and 18.85 0.34 0 0.20
paperboard
DF Manufacture of coke, refined 5334 0.00 0 0.44
petroleum products, nuclear fuel
DG . Manufacture of chemicals, 5511 1.05 0 033
chemical products, man-made fibres
DH Manufacture of rubber and plastic 29.62 039 0 025
products
D¥ Manufacture of other non-metallic 74.07 0.80 | 0.75
mineral products
DJ Manufacture of metals and
fabricated metal products 476.88 4.91 > 118
DK Manufacture of machinery and 155.70 515 6 200
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DL. Manufacture of electrical and 103.90 175 ) 0.64
optical equipment

DM Manufacture  of  transport 6.74 0.09 0 0.07
equipment

DN Manufacture .of furnltur.e and 20.90 0.69 | 0.52
other manufacturing, recycling

E Electricity, gas and water supply 102.75 3.19 1 1.07
F Construction 88.73 2.53 4 0.41
G Wholesale and retail trade,

repair of motor vehicles and other 41.37 7.74 8 0.65
household goods

H Ac.cgmmodatlon and food service 1136 0.50 1 0.22
activities

I Transport and storage 60.33 2.12 2 0.28
J Financial intermediation 58.68 2.31 1 0.53
K Real estate.actlvn.le.s,. rental and 243 .82 365 4 051
business service activities

L Public adm1n1§trat10n 'f\nd defence, 589 116 | 0.19
compulsory social security

M Education 343 1.38 1 0.24
N Hgn.lan health and social work 1.49 0.54 1 011
activities

o O'.[her pu.bh.c, common and personal 2344 1.65 By 0.45
service activities

P Private households as employers of 0.00 0.00 0 0.00
personnel

TOTAL 3839.37 68.18 55 62.99

In calculation of impacts of eventual en into account and the Supply table at
opening works at the exploitation field purchasers’ prices from the year 2005,
of the Ojstro mine on Slovenian econo- issued by the Statistical office of the
my, the planned size of investment for Republic of Slovenia and partitioned
opening and exploration works in the to 30 sectors, was used. The results are
amount of EUR 2,000,000.00 was tak- listed in Table 5.
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The second column of Table 5 shows the
absolute change in value of production
by economy sectors. It is evident that,
as expected, the investment impact is
the strongest in the sector »Mining of
energy-producing materials«, with an
increase in production by approximately
EUR 2,037,000. The observed invest-
ment also has a strong impact (over
EUR 100,000) on production in the sec-
tors »Manufacture of metals and fabri-
cated metal products« (EUR 477,000),
“Real estate activities, rental and busi-
ness service activities” (EUR 244,000),
“Manufacture of machinery and equip-
ment” (EUR 156,000), “Manufacture of
electrical and optical equipment” (EUR
104,000) and “Electricity, gas and wa-
ter supply” (EUR 103,000). The even-
tual opening works have a slightly less
strong impact on the construction sector,
where there is a production increase by
EUR 89,000 and on the sector “Process-
ing of wood, manufacture of products
of wood, except furniture” which would
have an increase of EUR 85,000. In oth-
er sectors, the impact on production is
less pronounced or negligible. The entire
effect of production increase amounts to
EUR 3,839,000.

It is evident from the third column of Ta-
ble 5 that the structure of added value is
changed the most in the sector “Mining
of energy-producing materials” where
its share increases by 18.6 base points.
A change (an increase) in share of added
value can also be noted in the sectors
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“Real estate activities, rental and busi-
ness service activities” (8.7 base points),
“Wholesale and retail trade, repair of
motor vehicles and other household
goods” (7.7 base points), “Manufacture
of machinery and equipment” (5.2 base
points) and “Manufacture of metals and
fabricated metal products” (4.9 base
points). In other sectors, the effect on
added value is less pronounced or neg-
ligible.

The effects on Slovenian employment
are shown in the fourth column of Table
5. The results have been rounded to the
whole number and show the strongest
effect in the sector “Mining of energy-
producing material” where the number
of employees is increased by 11. In the
sector “Wholesale and retail trade, re-
pair of motor vehicles and other house-
hold goods”, the number of employees
is increased by 8 persons, in the sector
“Manufacture of machinery and equip-
ment” by 6 persons and in the sector
“Manufacture of metals and fabricated
metal products” by 5 persons. In other
sectors, the effect on employment is less
pronounced or negligible. The total ef-
fect of the investment on Slovenian em-
ployment is 55 newly employed persons.

The fifth column of Table 5 shows the
investment’s effect on import currents of
the Slovenian economy. It is evident that
the import is increased by nearly half a
percent in the sector “Mining of energy-
producing materials”. An increase of
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import can also be noted in the sector
“Manufacture of machinery and equip-
ment” (2 base points) and in the sector
“Processing of wood, manufacture of
products of wood, except furniture” (1.5
base points). In other sectors, the impact
on import is less pronounced or negligi-
ble.

CONCLUSION

The calculations show that, considering
the above assumptions, the interval of
purchase price for imported coal ranges
from 3.32 EUR/GJ to 3.48 EUR/GJ in
2009, and the prices will progressively
climb to 4.164.51 EUR/GJ in 2015.
This effectively means that the produc-
tion cost of coal from the exploitation
field of the Ojstro mine in 2009 is al-
ready lower or approximately the same
as the purchase price for imported coal;
over the coming years that ratio contin-
ues to improve in favour of coal from the
Ojstro mine.

The projection of coal price trends
shows that the coal at the RTH location,
mined from the already closed-down
Hrastnik mine can be sold at maximum
3.32 EUR/GJ, representing economy of
costs that would be still acceptable. The
coal could also be exploited in the long
term (i.e. after 2015), at 3.32 EUR/GJ
at the actual location of TET. However,
any additional transport costs would in-
crease the price of coal and result in op-
erating loss.

SUMMARY

Coal price forecasts indicate that RTH
coal (the Ojstro mine, Plesko polje, III.
polje) and even the coal from the al-
ready closed-down Hrastnik mine could
be sold at a maximum of 3.32 EUR/GJ.
That price would make the cost of opera-
tion economically viable. The coal could
be mined in the long term (i.e. after
2015) at 3.32 EUR/GJ at the actual loca-
tion of the Trbovlje thermal power plant.
Any additional transport costs, however,
would push the cost of coal upwards and
result in operating loss.

The assessment of economic viability
of the Ojstro mine coal being used for
power generation purposes is based on
the assumption that electricity would
be generated at the local thermal pow-
er plant i.e. Termoelektrarna Trbovlje
(TET). At the same time, however, the
overall electricity market in Slovenia
should be analysed in terms of electricity
supply and demand and in conjunction
with the existing or proposed CO, emis-
sions standards applicable in EU, and in
the context of TET as the principal con-
sumer of RTH coal. At the current prices
of electricity the entire TET output feeds
into the power grid of Slovenian elec-
tricity producers as the power system
equilibrium point is located to the right
and above TET’s supply segment. This
effectively means that TET’s break-even
costs, which are directly subject to the
price of RTH coal, are still low enough
to make TET competitive in the market.

RMZ-M&G 2009, 56
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Under the initial CO, emissions scenario
proposed by EU, the increase of TET’s
break-even costs would not be significant
enough to change TET’s role and func-
tion in the Slovenian power supply sys-
tem. However, the second scenario with
the proposed price increase of emission
certificate allowances would push TET’s
break-even costs considerably above
the price of imported electricity, which
could seriously threaten TET’s position
as a supplier of electricity to the Slove-
nian market as early as 2014 and 2015,
and definitely two or three years after
that. As a result, the entire TET output
would be excluded from the Slovenian
power generation and distribution grid.

When determining the impact of re-
opening the Ojstro mine on the Slove-
nian economy, the investment involved
in the reopening of the mine and asso-
ciated exploration works has been esti-
mated at EUR 2,000,000. The biggest
effects of the investment would be felt in
the sector “Mining of energy-producing
materials”, boosting production output
by roughly EUR 2,037,000. The pro-
posed investment would also give a sig-
nificant production boost (in excess of
EUR 100,000) to the following industry
sectors: “Production of metals and fab-
ricated metal products” (EUR 477,000);
“Real estate activities, rental and busi-
ness service activities” (EUR 244,000);
“Manufacture of machinery and equip-
ment” (EUR 156,000); “Manufacture of
electrical and optical equipment” (EUR
104,000); and “Electricity, gas and wa-

RMZ-M&G 2009, 56

ter supply” (EUR 103,000). The impact
on production output in other sectors
would be less pronounced or negligible.
The proposed investment would boost
overall production by EUR 3,839,000.
The biggest change in the share of value
added would occur in the sector “Min-
ing of energy-producing materials™ (up
18.6 points). A change (increase) in the
share of value added is also indicated in
the following sectors: “Real estate ac-
tivities, rental and business service ac-
tivities” (up 8.7 points); “Wholesale and
retail trade, repair of motor vehicles and
other household goods” (up 7.7 points);
“Manufacture of machinery and equip-
ment” (up 5.2 points); and “Production
of metals and fabricated metal products”
(up 4.9 points). The impact on value
added in other sectors would be less
pronounced or negligible. The biggest
impact on employment can be noted in
the sector “Mining of energy-producing
materials”, resulting in 11 new jobs.
Eight new jobs would be created in the
sector “Wholesale and retail trade, repair
of motor vehicles and other household
goods”, six in the sector “Manufacture
of machinery and equipment”, and five
in the sector “Production of metals and
fabricated metal products”. The impact
on employment in other sectors would
be less pronounced or nil. The total effect
of the proposed investment on national
employment would be 55 new jobs. Im-
ports would increase by just under half a
percent in the sector “Mining of energy-
producing materials”. Also noteworthy
are the impacts on imports in the sector
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“Manufacture of machinery and equip-
ment” (up 2 points) and the sector “Pro-
cessing of wood, manufacture of prod-
ucts of wood, except furniture” (up 1.5
points). The impact on imports in other
sectors would be less pronounced or
negligible.
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Izvle€ek Karakterizacija historicnih ometov je po navadi del §irsih prei-
skav pri raziskavah dolo¢enega objekta. Rezultati, ki jih pridobimo
s temi preiskavami, so kljucnega pomena pri odloc¢anju za najpri-
mernejSi konservatorsko-restavratorski poseg na dolocenem objek-
tu, arheologom pa dajejo podatek o kronologiji, izvoru materiala
in tehnologiji izdelave. V prispevku so poleg opisa metodologije
preiskovanja historicnih ometov predstavljeni tudi znacilni rezul-
tati analiz vzorcev ometov, ki so bile opravljene v okviru nekaterih
konservatorsko-restavratorskih projektov ali poizkopavalnih arheo-
loskih analiz v zadnjih letih v Sloveniji. Zaobjema karakterizacijo
histori¢nih ometov, ki temelji na doloCanju petroloske ter mineralne
sestave agregata in veziva. Pridobljeni podatki imajo tudi veliko
dokumentacijsko vrednost, saj dajejo pregled informacij o sestavi
razli¢nih ometov iz razlicnih obdobij na obmocju Slovenije. Vsi ti
podatki nam govorijo o smiselnosti vzpostavitve baze historicnih
ometov.

Review paper
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Abstract Characterisation of historical mortars is most often carried out

for particular case studies. The analysis of historical mortars refines
our knowledge of mortar composition and thus gives important in-
formation about the technology of mortar manufacturing of some
period, indicates provenience of the applied raw material and even-
tually enables us to reconstruct original mortar. This study sum-
marizes some results of historical mortars research that was part
of several conservation-restoration projects or archaeological exca-
vations during the past few years in Slovenia. Characterisation of
these mortars based on petrological and mineralogical composition
of used aggregates and binders. As systematic long-term collection
of data about historic mortars can provide additional knowledge,
creation of specific databases of historic materials, based on inter-
national cooperation and networks seem to be an important task for

the future research on historic materials.

Klju¢ne besede: histori¢ni ometi, mineralna sestava, kulturna dedis¢ina,

karakterizacija

Key words: historical mortars, mineral composition, cultural heritage,

characterisation

Uvop

Karakterizacija histori¢cnih ometov je
po navadi del SirSih preiskav pri razi-
skavah doloCenega histori¢nega objek-
ta in poteka v okviru konservatorsko-
restavratorskih projektov ali poizko-
pavalnih arheoloskih analiz. Rezultati,
ki jih pridobimo s temi preiskavami, so
klju¢nega pomena pri odlocanju o naj-
primernejSem konservatorsko-restavra-
torskem posegu na dolo¢enem objektu,
arheologom pa dajejo podatek o krono-
logiji, izvoru materiala in tehnologiji
izdelave. Ti podatki nam omogocajo
med drugim lociti originalni omet od

kasnejS$ih preslikav ali sekundarnih slo-
jev ter morebitno rekonstrukcijo origi-
nalne sestave ometa. Pomembna je tudi
identifikacija procesov oz. produktov
degradacije. Pridobljeni podatki imajo
veliko dokumentacijsko vrednost, saj
dajejo nabor informacij o sestavi raz-
licnih ometov iz razli¢nih obdobij na
nekem obmocju. Vzpostavitev baze
v mednarodnem okviru bi omogocala
informacije in umestitev analiziranih
ometov v ¢asovni in prostorski okvir,
katere prvi predlogi so bili Ze predsta-
vljeni na konferencah (VALEK, 2008).
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Prvi zacetki sistemati¢nega Studija hi-
storiénih ometov segajo v leto 1981,
ko je ICCROM (International Centre
for the Study of the Preservation and
Restoration of Cultural Property) dal
pobudo za vzpostavitev strategije prei-
skovanja histori¢nih ometov za potrebe
obnove kulturne dedis¢ine (PALomo et
al., 2002). Od takrat naprej nastajajo
Stevilni prispevki, ki obravnavajo Stu-
dij in karakterizacijo ometov iz raznih
objektov (LuxAN et al, 1995, GuLEC et
al., 1997, Riccarpi et al., 1998, VAN Ba-
LEN et al., 1999, DEGRYSE et al., 2002,
ELsEN et al.,, 2004, BENEDETTI et al.,
2004, MEIR et al., 2005, Paama et al.,
2006), rimskih ometov (CHARoOLA et al.,
1999, Huass et al., 1999, Farcr et al.,
2005, SivA et al., 2005, SANCHEZ-Mo-
RALES et al., 2005, GENESTAR et al., 20006,
VELOSA et al., 2007, ZamBba et al., 2007),
hidravli¢nosti (ALvarez et al., 1999,
MARAVELAKI-KALAITZAKI et al., 2005,
Carpiano et al, 2004, Riccarpr et al.,
2007, Boke et al., 2008), tehnologije iz-
delave (MoroprouLou et al, 2000, Pavia
et al, 2008), propadanja (ARrioGLU et al.,
2006) ali formuliranja novih ometov za
konservatorsko-restavratorske postop-
ke in vrednotenje mikrostrukture (AL-
Saap, 2001, MARAVELAKI-KALAITZAKI
et al., 2004, MARAVELAKI-KALAITZAKI,
2007). Ve¢ referenc o karakterizaciji,
restavriranju in konserviranju historic-
nih ometov lahko bralec najde v zbor-
niku »Historical mortars conference«
(Bokan-BosiLikov et al., 2008).

RMZ-M&G 2009, 56

Prispevek v prvi vrsti obsega opis me-
todologije za celovito karakterizacijo
vzorcev ometov in nam podaja vrsto
informacije, ki jo lahko pridobimo z
doloc¢eno preiskovalno metodo. Poleg
tega so v prispevku predstavljeni tudi
posamezni znalilni primeri rezultatov
analiz ometov, ki so bile opravljene v
okviru nekaterih konservatorsko-resta-
vratorskih projektov ali poizkopavalnih
arheoloskih analiz v zadnjih letih v Slo-
veniji. Ta je temeljila predvsem na do-
loCanju petroloske in mineralne sesta-
ve agregata in veziva v ometih. Vzorci
ometov se razlikujejo glede na njihovo
razli¢éno namembnost ter na razli¢no ¢a-
sovno obdobje nastanka na geografsko
razli¢nih lokacijah. Odvzeti so bili s Ste-
vilnih objektov, ki so datirani od rimske
dobe do baroka. V prispevku se upora-
blja skupni izraz ometi za vse vzorce, ki
so sicer vezivne malte, malte za leplje-
nje kamnitih delov, podlozne malte pri
mozaikih, stenskih poslikavah, fasade
ter za razlicne omete in opleske.

DELITEV OMETOV

Omet je vrsta gradiva, ki ga nanesemo
na nosilno konstrukcijo (stene, strop),
da jo za$itimo in povecamo njeno
uporabno vrednost. Omete sestavljata
agregat in vezivo, lahko pa so dodani
Se razni dodatki, ki spreminjajo lastno-
sti ometa 0z. mu dajejo Zelene lastno-
sti. Ometi oz. gradiva, ki imajo podob-
no sestavo in funkcijo kot ometi, so Se:
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e malte, ki vezejo npr. zidake v trdno
gradbeno konstrukcijo,

e ometi za izdelavo fasad,

e tlaki in estrihi za oblaganje tal (po-
hodnih povrsin),

e opleski oz. belezi in malte kot pod-
lage za poslikave in mozaike.

Za vse so znacilne naslednje sestavine:

agregat, vezivo, voda in dodatki.

Omete delimo glede na:

e mineralno in petroloSko sestavo
agregata in veziva,

e porazdelitev velikosti delcev agre-
gata,

e razmerje agregat/vezivo,

e vrsto in koli¢ino dodatkov.

Nasteti parametri vplivajo na tehnolo-
gijo izdelave ometov, na njihovo mesto
vgraditve, na vrsto uporabe in tudi na
trajnost 0z. na nacin propadanja.

Glede na vrsto veziva v ometu le-te

delimo po RILEM-klasifikaciji (Réu-

nion Internationale des Laboratoires
et Experts des Matériaux, Systémes de

Construction et Ouvrages (angleski iz-

raz: International Union of Laboratori-

es and Experts in Construction Materi-
als, Systems and Structures)) na malte
0z. omete z vezivom iz:

e apna,

e apna in latentno hidravlicnega ma-
teriala (tuf, vulkanski pepel, kera-
tofir, rozenci, diatomejska zemlja,
zlindre, elektrofiltrski pepel, dro-
bljena Zgana glina),

e hidravlicnega (cementnega) apne-
nega materiala,

e naravnega »rimskega« cementa,

hidravlicnega materiala (portlan-

dskega cementa),

sadre,

gline,

materialov organskega izvora,

ve¢ razli¢nih vezivnih materialov —

kompozitno vezivo.

Ve¢ informacij o posamezni vrsti veziv
lahko najdemo v ¢lanku PaLomo et al.,
2002.

Prvi podatki o uporabi apna izhajajo iz
casa neolitika, ko so odkrili ogenj in
spoznali, da kamni, ki ob stiku z vodo
otrdijo, lahko kalcinirajo, vidnejSo vlo-
go pa je uporaba dobila v bronasti dobi
(Cazzara et al. 2002, UroSEvic, 2005).
Presenetljivo je, da so ze v prazgodo-
vini (predvsem na Bliznjem vzhodu in
v Mezopotamiji) tako dobro poznali
gradbene materiale in gradbene tehni-
ke. Egipcani so apnene omete le redko
uporabljali, Ceprav obstajajo podatki o
uporabi le-teh pri gradnji piramid pred
2000 leti pr. n. 8. Egip€ani so bili prvi,
ki so za vezivo uporabljali sadro in
tako izpodrinili uporabo apna, Ceprav
drzi, da se v nekaterih sadrinih ometih
pojavi tudi apno. V casu Grkov se je
uporaba apna v gradbenistvu zelo raz-
Sirila. V rimski dobi so se izboljsale
metode (KRriZNAR, 2006), ki so jih upo-
rabljali Grki, in sicer za pridobivanje
apna, tehnike nanasanja ometa, njego-
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vo glajenje/poliranje, nanaSanje v ve¢
plasteh, tudi dodajanje aditivov osnov-
ni masi. V osemnajstem stoletju pa se
je poleg apnenega veziva zacel tudi ra-
zvoj hidravli¢nih veziv (hydraulic lime
binder), ki so vsaj delno nadomestila
apneno vezivo oziroma apnene ome-
te. V devetnajstem stoletju je z razvo-
jem portlandskega cementa hidravli¢ni
omet povsem izrinil apnenega. Vrsto
hidravlicnega veziva so sicer poznali
ze v 10. stoletju pred nasim Stetjem. To
je bila vrsta cementa, Zganega iz karbo-
natne in silikatne surovine do 1250 °C,
ki je imela nekaj hidravli¢nih lastnosti.

PREGLED PREISKOVALNIH METOD

Navadno je izbira metode odvisna
predvsem od informacije, ki jo Zelimo
pridobiti, in od koli¢ine vzorca, ki ga
imamo na voljo. Medtem ko je doloc¢a-
nje anorganske komponente ometov Ze
dodobra osvojeno, pa se je pomen po-
znanja organskih dodatkov (kot so npr.
proteini) pokazal Sele v zadnjem casu.

Osnovna analiza ometov v obliki po-
liranih zbruskov se zacne z opticnim
mikroskopom, ki nam prikaze struktu-
ro in teksturo vzorcev ter da osnovno
informacijo o kvalitativni in kvantita-
tivni mineralni ter petroloSki sestavi.
Tako lahko opazujemo obliko, velikost
in porazdelitev zrn agregata, ocenimo
razmerje agregat/vezivo ter razmer-
ja med posameznimi komponentami

RMZ-M&G 2009, 56

agregata. Lahko ugotovimo vrsto vezi-
va in morebitnih dodatkov. Z opti¢nim
mikroskopom ugotavljamo tudi sto-
pnjo in vrsto poroznosti, kohezijo med
sestavnimi deli ometa in razpokanost.
Oblika in lega razpok nakazuje tudi
verjetne vzroke za njihov nastanek. Te
so lahko nastale kot posledica karbona-
tizacije ob strjevanju ometa, lahko pa
so tudi posledica sekundarnih patoge-
nih reakcij, zaradi katerih omet propa-
da in izgublja trdnost.

Povprec¢na mineralna sestava ometa se
dolo¢a z metodo rentgenske praskov-
ne difrakcije (XRD), ki nam omogoca
tako kvantitativno kot kvalitativno ana-
lizo.

Za natancnejSo analizo ometa, pred-
vsem dodatkov ter veziva, pa uporabi-
mo kombinacijo vrsticne elektronske
mikroskopije (SEM) in energijske di-
sperzne spektroskopije (EDS). Metoda
nam omogoca, da pri velikih poveca-
vah dobimo vpogled v mikrostrukturo
in kemijsko sestavo podrocij, ki nas
bolj detajlno zanimajo.

Organske dodatke kot primarne vho-
dne surovine ali utrjevalce lahko dolo-
¢imo s FTIR-spektroskopijo. Metoda
omogoca tudi dolo¢anje kvalitativne in
kvantitativne mineralne sestave ome-
tov. Nadaljnje preiskave vkljucujejo
razlicne kvalitativne in kvantitativne
mineraloSke in kemi¢ne analize, ki med
drugimi vkljucujejo preiskave z DTA/
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TGA (MonTtova et al., 2004), mikrora-
mansko spektroskopijo (BoscHETTI et
al., 2008), PIXE (Sonck-Koota et al.,
2008) in XRF (Horrman et al., 1990).

Karakterizacijo dopolnjuje ugotavlja-
nje mikrostrukture histori¢nih ometov
(doloCanje poroznosti in porazdelitve
por) in preverjanje kompatibilnosti
ometov za obnovo, kamor poleg mine-
ralne sestave spadajo tudi njihove me-
hanske in fizikalne lastnosti (MoroPOU-
Lou et al., 2003).

Obstajajo tudi Stevilne Studije datiranja
ometov z uporabo “C (HEINEMEIER et
al., 1997, Nawrocka et al., 2005, Za-
URIDAKIS et al, 2007) ali luminiscence
(ZacHArias et al., 2002, FEATHERS et al.,
2008).

SESTAVA OMETA

Agregat

Agregat je skelet ometa in mu daje tr-
dnost, poleg tega doloca njegov barv-
ni ton. Njegova poroznost pa vpliva
na nacin in hitrost karbonatizacije.
Osnovna naloga agregata je izboljSati
mehanske lastnosti veziva (ometa ali
malte). Agregat vpliva na volumensko
stabilnost, trdnost in strukturne lastno-
sti (STEFaNIDU et al., 2005). Zato je tre-
ba poznati njegovo mineralno/petrolo-
Sko sestavo, razmerje vezivo/agregat,
sortiranost ter velikost in obliko zrn
agregata (ELICEs et al., 2008).

Vrsta in oblika agregata nam lahko na-
kazujeta njegov izvor. Zaobljena zrna
agregata so jasen znak, da je bil le-ta
odvzet v recni strugi oz. je bil odvzet
v gramoznici kot drobnozrnata frakci-
ja. Oglata zrna lahko kaZejo na kratko
transportno pot zrna do mesta, kjer je
bil agregat odvzet za izdelavo ometa,
ali pa kazejo na to, da je bil agregat pri-
dobljen z drobljenjem kamnine — dro-
bljenec. Opozoriti je treba, da so zrna,
ki jih sestavljajo minerali z visoko tr-
doto, vedno manj zaobljena kot tista z
nizjo trdoto. Tako med minerale z viso-
ko trdoto pristevamo kremen, amorfno
obliko kremenice — roZenec in glinen-
ce ter po analogiji tudi kamnine iz teh
mineralov (liticna zrna magmatskih in
metamorfnih kamnin). Med minerale
z nizko trdoto spadajo karbonati (kal-
cit in dolomit) oziroma kamnini iz teh
mineralov — apnenec in dolomit. Nizko
trdoto imajo tudi liti¢ni delci glinavca.
Zato so tudi ti delci zaobljeni.

Sestava agregata tudi v predstavljenih
primerih variira glede na geografsko
pozicijo objekta, casovno obdobje gra-
ditve objekta, kot tudi glede na vrsto
aplikacije. Na podlagi dosedanjih razi-
skav lahko sklepamo, da so vhodne su-
rovine za omete ponavadi pridobivali
iz lokalnih virov. NajpogostejSe je to
pesek iz bliznjih re¢nih strug. Tako na
primer v okolici Radovljice prevladu-
je agregat s prevladujoco karbonatno
komponento (sliki 1 a in 1 b), na ob-
mocju Ljubljane pa agregat s prevladu-
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Slika 1. Mikroskopske fotografije poliranih zbruskov prikazujejo razlicne vrste agre-
gata. a) Prevladujo¢ karbonaten agregat v rimskem ometu za zidanje-malta. Presevna
svetloba, prekrizani nikoli. b) Prevladujo¢ karbonaten agregat v rimskem ometu. Pre-
sevna svetloba, prekrizani nikoli. ¢) Prevladujoca zrna silikatnega agregata v ometu
baroc¢nih stenskih poslikav. Presevna svetloba, prekrizani nikoli. d) Drobljenec apnenca,
uporabljen pri intonaccu rimske stenske poslikave. Presevna svetloba, prekrizani nikoli.

joco silikatno komponento (slika 1 c).
Silikatno komponento vecinoma tvo-
rijo liticni delci raznih metamorfnih,
magmatskih ter sedimentnih kamnin
ter zrn glinencev, kremena in sljude iz
kamnin zaledja porecja.

Dodatek drobljenega agregata (slika
1 d) ni tako zelo pogost v preiskanih
vzorcih. Drobljeni so bili v glavnem le
dodatki, kot so npr. zgane gline, sadra,
marmorji ali Zlindre. Po literaturnih
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podatkih je za omet najprimernejsi dro-
bljenec, saj se na hrapavo povrsino (na-
sprotno od sedimentov, ki imajo gladko
povrsino) apno bolje oprime in je omet
tako kompaktnejsi (KriZNAR, 2006).

Velikost delcev in sortiranost se razli-
kujejo glede na namembnost razli¢nih
ometov. Tako je agregat v ometih do-
bro sortiran, z manjSimi zrni, medtem
ko je v maltah slabo sortiran, delci pa
so ve¢ji. Opleski agregata ne vsebuje-
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jo. Prav tako je slabSa sortiranost zna-
¢ilnost ometov in malt, v katerih je bil
kot vezivo uporabljen cement — hidra-
vli¢no vezivo ali pa apneno hidravli¢no
vezivo. Ti dve vrsti veziva sta postali
aktualni Sele v prejSnjem stoletju. Tako
lahko tudi iz vrste uporabljenega ve-
ziva oz. glede na sortiranost agregata
sklepamo na starost ometa.

Razmerje agregat/vezivo nam poda
mozen razlicen izvor preiskovane-
ga ometa, na podlagi katerega je bilo
mozno potrditi razli¢ne gradbene faze
objektov, iz katerih so bili vzorci ome-
ta odvzeti (ZALAR, 2008, ZALAR et al.,
2009 b).

Dodatki

Ometu so vcasih primesali tudi razne
dodatke in tako z njimi poskusSali iz-
boljsati njegove lastnosti. Ti dodatki
so lahko bili anorganski (zdrobljena
opeka, tufi, marmor, sadra, zlindre) ali
organski (slama, zivalska dlaka, kaze-
in, sladkor, olje, kri). V¢asih so doda-
jali tudi pigmente. Tako je bila tudi pri
nekaterih preiskovanih primerih ugoto-
vljena prisotnost posebnih dodatkov, da
bi z njimi izboljsali oz. pridobili to¢no
dolocene lastnosti ometa. Dodatki lah-
ko deloma ali popolnoma nadomestijo
agregat ali pa so le dodani vezivu.

Anorganski dodatki

Poznamo reaktivne, latentno hidra-
vli¢ne (zlindra, zgana glina) ter inertne
anorganske dodatke. V zunanji plasti

belega glajenega ometa, ki je bil odvzet
iz rimske vile, je bil kot agregat upora-
bljen drobljen marmor (KraMAR et al.,
2008), kot prikazuje slika 2 a. Posame-
zna zrna so bila dodana tudi v zunanji
plasti rdecih stenskih poslikav iz istega
objekta (slika 2 b). Po Vitruviusu (pre-
vod 1960) naj bi dodatek marmorja iz-
boljsal u¢inek poliranja. Sicer agregat
marmorja med strjevanjem ometa ne
vstopa v reakcijo in je inerten dodatek.

Za objekte iz rimske dobe iz rimskih
term, kjer je bila potrebna vodoodboj-
nost materialov, je znacilen dodatek
drobljene zgane gline, kar prikazujeta
sliki 2 b in 2 ¢ (KraMAR et al., 2008,
ZALAR, 2009 a, Lux et al., 2009). Okoli
teh zrn je pogost reakcijski rob (slika
6 b). V nekaterih fasadnih ometih cer-
kva je opazen dodatek steklaste zlindre
(slika 2 d). Znano je, da sta zgana glina
in odpadna steklasta zlindra iz meta-
lurskih procesov latentno hidravlicna
materiala, ki v prisotnosti apna v stiku
z vodo otrdita. Potece t. i. pucolanska
reakcija. Med reakcijo hidratacije se
vedeta enako kot tuf (pucolan).

Kot anorganski dodatek je znan tudi
kalcijev sulfat (anhidrit), ki veze vodo
ter pri tem preide ponovno v sadro (sli-
ka 2 e). S tem prepre¢imo, da bi omet
med strjevanjem pokal.

Opleskom se za pridobitev doloCene
barve dodajajo razli¢ni pigmenti, ki so

lahko anorganski ali organski (slika 2 f).
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Slika 2. Mikroskopske fotografije poliranih zbruskov predstavljajo razli¢ne anorganske
dodatke. a) Inerten anorganski dodatek: debelozrnat kalcit-drobljen marmor v rimskem
belem poliranem ometu. Presevna svetloba, prekrizani nikoli. b) Delci drobljene Zgane
gline pri ometih za talne mozaike iz rimskih term. Presevna svetloba, prekrizani nikoli.
¢) Fina frakcija opeke v vezivu intonacca rimske poslikave. Presevna svetloba, prekri-
zani nikoli. d) Steklasta Zlindra v fasadnem ometu. Presevna svetloba, vzporedni nikoli.
e) Zma sadre v ometu. Presevna svetloba, prekrizani nikoli. f) Pigment kot posebni
dodatek v oplesku, ki daje oplesku znacilno obarvanost. Presevna svetloba, prekrizani
nikoli.
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Slika 3. a) Delec lesa v rimskem ometu, ki je najverjetneje posledica kontaminacije.
Presevna svetloba, vzporedni nikoli. b) Delci trstike v stropnem ometu iz rimske vile.
Presevna svetloba, vzporedni nikoli.

Organski dodatki

Med dodatke organskega izvora priSte-
vamo predvsem delce lesa (slika 3 a). Ti
so lahko nakljucno prisotni kot posledica
onesnazenja maltne meSanice ali ostanek
pri pridobivanju apna. V nekaterih pri-
merih pa so opazni delci trstike (slika 3
b), ki so bili uporabljeni za boljso veziv-
no sposobnost oziroma natezno trdnost
ometov. Tako so bili pri stenskem ometu
iz rimske vile ugotovljeni delci trstike.
Stevilni so tudi primeri uporabe protein-
skih dodatkov vezivu, ki so pogosti pri
baro¢nih ometih (Kuckova et al., 2009).

Vezivo

Vezivo veze agregat, ki kompozitu daje
proznost in ustrezno konsistenco ter s
tem omogoca njegov nanos na nosilec —
zid ali na drug konstrukcijski element.
Vezivo je najpogostejSe apneno ali hi-
dravli¢no, poznamo pa tudi druge vrste
veziv, kot so npr. sadra, ilovica ali razna
organska veziva.

Pri vecini preiskovanih vzorcev histo-
ricnih ometov je vezivo iz gaSenega
apna - apneno vezivo (slika 5 a). Prei-
skava z elektronskim mikroskopom po-
kaze, ali vezivo v posameznih plasteh
vsebuje poleg kalcija tudi druge elemen-
te, kot je na primer magnezij (slika 4).
Prisotnost magnezija dokazuje, da se
je za Zganje apna, ki so ga uporabili v
preiskovanih vzorcih ometov kot vezi-
vo, uporabljal tudi dolomit ali pa apne-
nec z dolomitom (slika 5 b). Taksno
vezivo sestavljata minerala portlandit
— Ca(OH), ter brucit — Mg(OH),, ki v
stiku z zrakom oz. CO, iz zraka ze v
kratkem Casu karbonatizirata. Nastala
CaCO, in MgCO, dajeta ometu trdnost.

Vezivo je v nekaterih vzorcih dokaj
razpokano. Razpokanost veziva se
kaze predvsem v ometih, kjer je bilo
kot vezivo uporabljeno apno. V apne-
nih ometih se razpoke pojavijo na me-
stih, kjer je plast apnenega veziva de-

RMZ-M&G 2009, 56



Karakterizacija histori¢nih ometov kot del konservatorsko-restavratorskih posegov ...

511

[

A Vot
e T e

_—

Slika 4. SEM-EDS-analiza vzorca ometa prikazuje obmocja v vezivu, bogata z ma-
gnezijem, ki nakazuje na nastanek brucita. Desno zgoraj: porazdelitev kalcija. Desno
spodaj: porazdelitev magnezija, ki nakazujejo mesta pojavljanja brucita. Skupki brucita

so veliki okoli 200 pm.

belejSa (zaradi slabe karbonatizacije),
na stiku med vezivom in agregatom
in v apnenih skupkih — grudicah, aglo-
meratih. Razpoke zmanjSujejo trdnost
ometa in dokazujejo slabo kakovost
veziva, zmanjSujejo toplotno in zvoc-
no izolacijo ter povecujejo sposobnost
vezanja vlage. V vzorcih so pogoste t.
1. grudice karbonatiziranega apna, ki
variirajo tako po velikosti kot po koli-
¢ini (slika 6 a) in nakazujejo, da je bilo
vezivo slabo gaSeno ali slabo homoge-
nizirano. Grudice so lahko tudi slabo
zgan koSc¢ek apnenca, ki je ostal pri
pridobivanju apna (ELsEN, 2006).

Vecji skupki grudic apna nakazujejo
na uporabo zivoapnene tehnike (Mo-
ropoLUOU et al, 1996). To vezivo tudi
ni razpokano in je izredno trdno. Tak
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nacin so uporabljali Rimljani in je bil
po vsej verjetnosti uporabljen pri zida-
vi vile rustike v MoSnjah (KramAR et
al., 2008).

Glede na lastnosti, ki so jih Zeleli pri-
dobiti pri ometih, so dodajali v vezi-
vo dodatke. Vezivno sredstvo so bili v
preteklosti razli¢ni latentno hidravli¢ni
materiali ali naravni cement. Sestavlja-
jo ju kalcijevi silikati hidrati, ki sicer
dajejo vezivu trdnost in mehansko od-
pornost, vendar imajo slabSo toplotno
in zvocno izolacijsko sposobnost ter
slabSo sposobnost absorpcije vode.
Tako je npr. v vzorcih, ki so bili odvze-
ti iz prostorov rimskih term, kjer naj bi
bila zagotovljena vodoodbojnost mate-
rialov, agregat iz zdrobljene opeke. V
tem primeru je bilo tudi ugotovljeno,
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Slika 5. a) Razpokano apneno zra¢no vezivo. Presevna svetloba, prekrizani nikoli. b)
Temno obarvana obmocja v vezivu nakazujejo magnezit, ki nastane pri uporabi dolo-
mitnega apna. Presevna svetloba, prekrizani nikoli. ¢) Kompaktno latentno hidravli¢no
vezivo z zdrobljeno zgano glino. d) Malta za lepljenje kamnitih elementov, kjer je kot
vezivo uporabljena naravna smola. Presevna svetoba, prekrizani nikoli. e) Klinkerjevi
minerali v podaljSani malti. Presevna svetloba, vzporedni nikoli. f) Ve¢ plasti opleska
z razli¢no vrsto veziva (od spodaj navzgor): apneno vezivo, apneno hidravli¢no vezivo
(tri plasti). Presevna svetloba, vzporedni nikoli.
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Slika 6. a) Razpokana grudica apna. Presevna svetloba, prekrizani nikoli. b) Reakcijski
rob okoli opeke. Presevna svetloba, prekrizani nikoli.

da fina frakcija zdrobljene Zgane gline
vodi do pucolanske reakcije v vezivu
(HucHes et al., 1999, Kramar et al.,
2008). Glede na posebno namembnost
dolocenega ometa je bilo uporabljeno
tudi hidravli¢no vezivo. Vezivo v teh
ometih je kompaktno in ni razpokano,
kar je sicer znacilno za apnene omete.

Pri inkrustracijskih maltah na raznih
baro¢nih oltarjih je bila kot vezivo upo-
rabljena naravna smola (slika 5 d), ki je
omogocala lepljenje kamnitih elemen-
tov (Kramar et al. 2007) .

V ometih, ki so bili vgrajeni v zadnjih
sto letih, je pogosto cementni klinker.
Lahko gre za t. i. podaljSano malto (kot
vezivo sta bila v ustreznem razmerju
uporabljena apno in cement) ali pa za
Cisto cemento malto (sliki 5 a in 7 a).
Slednja je dokaz za poseg, ki je bil iz-
veden v zadnjem casu.
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PROPADANJE OMETA

V ometih kot posledico razgradnje naj-
veckrat najdemo v vodi topne soli. Naj-
pogostejSe je to sadra, ki je nastala z
reakcijo kalcija iz veziva in Zveplovega
oksida iz ozra¢ja. Sadra se pogosto po-
javlja v obliki plasti na povrsini ometa.
Ce je v ometu tudi magnezij, lahko pod
povr§ino ometa nastajajo razli€ni ma-
gnezijevi sulfati hidrati (Kramagr, 2006).
Zaradi kristalizacije soli se ometi, malte
in opleski lus¢ijo.

MATERIALI ZA RESTAVRIRANJE - UTRJE-
VALCI IN DOMODULACIJE

Velikokrat je zaradi konservatorsko-re-
stavratorskih posegov pomembna infor-
macija o prisotnosti morebitnih sekun-
darnih materialov, ki so bili uporabljeni
pri posegih v preteklosti (slika 7). Tako
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Slika 7. a) Klinkerjevi minerali v cementi malti, kar velja kot neprimerno nadomes¢anje ori-
ginalne apnene malte. SEM-BSE. b) Sadrino vezivo v domodulacijski malti. SEM-BSE. c)
Opleski nad ometom. SEM-BSE. d) Ve plasti ometa in opleska. Vzorec je vzet iz fasade
restavriranega objekta. Videti je, da je bila fasada obnovljena vsaj trikrat. Med posameznimi
plastmi so vidne razli¢no debele plasti sadre, ki je prekrila fasado zaradi reakcije apna iz fasade
in zveplovega oksida iz ozra¢ja. Zadnja plast sadre (na sliki zgoraj) je najdebelejsa. Omet za
fasado vsebuje debelozrnat agregat. Vmes so tudi tanke plasti pigmentiranega opleska brez
dodanega agregata. Presevna svetloba, vzporedni nikoli.
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Slika 8. a) FTIR-spekter epoksidne smole, ki je bila uporabljena pri utrjevanju stenskih poslikav
pri preteklih restavratorskih posegih. b) FTIR-spekter proteinov, prisotnih pri ometih stenskih po-
slikav, ki so verjetno posledica utrjevanja z amonijevem kazeinatom (LEsAR-KIKEL) et al., 2009).
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lahko ugotovimo prisotnost preslikav
0z. domodulacijskih mas in morebi-
tnih materialov za utrjevanje (slika 8).

SKLEPI

Rezultati, ki jih lahko pridobimo s pre-
iskavami sestave historicnih ometov,
so klju¢nega pomena pri odlocanju za
najprimernejSi  konservatorsko-resta-
vratorski poseg na dolo¢enem objektu,
arheologom pa dajejo podatek o kro-
nologiji, izvoru materiala in tehnolo-
giji izdelave. Pridobljeni podatki imajo
tudi veliko dokumentacijsko vrednost,
saj dajejo pregled informacij o sestavi
razli¢nih ometov in ometom podobnih
gradbenih materialov iz razli¢nih ob-
dobij na obmocju Slovenije. Podatek
o sestavi ometov omogoca tudi prido-
bitev recepture ometa za rekonstrukci-
je, ki se priblizuje sestavi originalnega
ometa.

Sestava ometov variira glede na geo-
grafsko pozicijo objekta, Casovno ob-
dobje graditve objekta, kot tudi glede
na vrsto aplikacije. Vhodne surovine za
omete so ponavadi pridobivali iz lokal-
nih virov. Ve€ina ometov je apnenih.
Glede na dolo¢ene lastnosti, ki so jih
zeleli pridobiti pri posameznih ometih,
so dodajali v vezivo razli¢ne dodatke.
Rezultati preiskav kazejo, da so pri gra-
dnji rimskih term uporabljali kot pose-
bej dodani agregat v malti zgano glino
in s tem dosegli njeno vodoodbojnost.
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Vsi ti podatki nam govorijo o smisel-
nosti vzpostavitve baze histori¢nih
ometov, ki bi bila klju¢nega pomena
pri nadaljnjih preiskavah histori¢nih
gradbenih materialov.
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Abstract: Grey cast iron with flak graphite precipitates carbon in the form

of graphite or cementite during the solidification process. If the ce-
mentite appears in the microstructure in the form of ledeburit, the
mechanical machining of castings becomes impaired. In this rese-
arch paper we described the conditions that contribute to forming
of ledeburitic cementite in thin wall castings casted by the process
of automatic casting. We produced workpieces with the help of two
inoculants differentiated by their content of barium, calcium and
aluminium. During the test we observed the quality of inoculation
by using chemical and metalographic research and stepped as well
as wedge samples. We also studied the machinability. The results of
these tests showed that the occurance of precipitation of cementite
and machinability depends on the amount and on the type of added
inoculants. Thus the difference in hardness in various wall thicknes-
ses is smaller in the case of using inoculant which contained less
barium and no aluminium.

Izvle€ek: Pri sivi litini z lamelastim grafitom se med strjevanjem izloca

ogljik v obliki grafita ali cementita. Ce se cementit pojavi v mikro-
strukturi v obliki ledeburita, se poslabsa mehanska obdelava ulit-
kov. V raziskovalni nalogi smo preiskovali pogoje, kdaj pride do
tvorbe ledeburitnega cementita v tankostenskih ulitkih, ulitih po
postopku avtomatskega litja. Izdelali smo preizkusance z uporabo
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dveh razlicnih cepiv, ki sta se razlikovali po vsebnosti barija, kalcija
in aluminija. Med preizkusom smo spremljali kakovost cepljenja
s kemi¢nimi in mikroskopskimi preiskavami ter s stopnicastimi in
klinastimi vzorci. Hkrati smo spremljali tudi obdelovalnost. Rezul-
tati preiskav so pokazali, da je pojav izloCenega cementita in s tem
tudi obdelovalnost odvisna od koli¢ine in vrste dodanega cepiva.
Tako je razlika v trdoti pri razli¢nih debelinah stene manjsa v pri-
meru uporabe cepiva, ki je vsebovalo nizji odstotek barija in ni bilo

legirano z aluminijem.

Key words: grey cast iron, inoculation, ledeburitic cementite, machina-

bility

Kljucne besede: siva litina, cepljenje,

nost

INTRODUCTION

Grey cast iron with flak graphite pre-
cipitates carbon in the form of cemen-
tite and graphite during the process of
solidification. The form of precipitated
carbon has an effect on mechanical pro-
perties of grey cast iron out of which
the most important are tensile strength
and hardness. If cementite is present in
perlite, we talk about perlitic grey cast
iron. It is undesirable for cementite to
be precipitated in the »free« form. The
occurance of free precipitated cemen-
tite (This is cementite into ledeburite.)
increases the hardness to a great extent
and cast iron with this kind of micro-
structure is hard to be machined."

There are many factors!?! that influence
precipitation of the ledeburitic cemen-
tite in the grey cast iron with flake graphi-
te, such as input raw materials, chemi-

ledeburitni cementit, obdeloval-

cal composition of the produced cast
iron, furnaces for manufacturing the
grey cast iron, the pouring temperature
of casting, wall thickness, amount of
inoculants,... The cooling speed is es-
sential. Different speed in cooling can
in spite of the same chemical compo-
sition of the cast iron cause differently
formed graphite and the microstructure
of base.P! If the cooling is carried out
too fast or if the inoculation is carried
out incorrectly, ledeburitic cementite
can occur. The result is white solidifi-
cation — solidification into ledeburite.
Thin walled castings'* are very suscep-
tible to precipitation of cementite from
ledeburite. Solidification into ledeburi-
te can be avoided if the grey cast iron
is added different modificators known
as inoculants. These are alloys of Fe-
Si75A1 0.3, CaSi, FeSiMn... We know
different types of inoculants,””! out of
which mostly used nowadays are com-
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plex inoculants that besides silicon also
contain barium, zirconium, strontium
and rare earths.™ ® The type of inocu-
lants have an effect on formation of
nucleation and dendrites of austenite.
The increased number of austenitic
dendrites causes a bigger number of
eutectic cells. Thus a primary solidified
austenite has an effect on nucleation.!”!
Manganese and sulphur also have an
effect on nucleation because it has been
proven that graphite can start growing
on particles of MnS.[®! As shown abo-
ve, the right amount of crystal nucleus
can be achieved with the right chemical
composition of the base melt, the right
choice of inoculants and optimal addi-
tion of inoculants. Thus we prevent the
occurance of hard spots and excesive
hardness especially in thin walled ca-
stings because of reduced undercooling
during the solidification process. This
ensures that the graphites flakes grow
evenly in the metal base. The preci-
pitated graphite is in this case of type
A. With increased undercooling the
microstructure shows undesired forms
of graphite and it can lead to precipita-
tion of ledeburitic cementite.

In this paper we described the results
of the research of castings that were
claimed back because there was lede-
buritic cementite in the microstructu-
re. Although there was not much of it,
these castings could not be turned on
the automatic CNC machine. Our tests
were started by first searching for rea-

RMZ-M&G 2009, 56

sons of this fault and how to react in the
production process to ensure that the
produced castings would be of good
quality. The type of inoculation® and
type of inoculants have a major effect
on precipitation of cementite. This me-
ans that it was necessary to determine
which inoculant is the most appropri-
ate for the production in our foundry
and determine the minimum amount of
inoculant that has to be added to the ca-
sting to ensure that the microstructure
will contain no ledeburitic cementite.

EXPERIMENTAL WORK

Because of claiming back the ca-
stings due to not good machinability
we analyzed these pieces. Chemical
analysis did not show any deviations
from the standard requirements of cu-
stomers. But it was a different case with
hardness and microstructure. It showed
that on the edge ledeburitic cementite
was occured.

To improve the manufacturing pro-
cess of the claimed back castings, we
produced specimens and observed the
occurance of cementite. Because the
distance from the casting system (place
of casting) also has an effect on precipi-
tation of cementite from ledeburite, we
first checked the occurance of cementi-
te on different spots of casting and then
also on the different castings of the
match plate. We realized that solidifi-
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cation into ledeburite occured on all the
castings regardless of where they were
positioned on the match plate.

We prepared different specimens whi-
ch all had the same starting chemical
composition and we only varied the
quantity and type of inoculant. Table
1 shows the chemical composition of
non inoculated cast iron.

Table 2 shows the number of produced
specimens and type as well as quantity
of added inoculants.

Table 3 shows chemical composition
of the inoculant used.

We made four different specimens for
the test. Table 1 shows the chemical
composition of the base cast iron. The
temperature of casting the base cast
iron was 1421 °C. We casted specimen
1 with the base cast iron. The time of
casting these samples was from 12 s to
13 s. To produce specimen 2 we added
0.06 % of inoculant from producer 1 to
the base cast iron. Specimen 3 contai-
ned 0.09 % of the inoculant from the

Table 1. Chemical composition of the non inoculated cast iron

Chemical composition (mass fraction, w/%)
Alloy type
C Si Mn S Cr P Cu Sn Ni Mo
Basegrey | 348 | 199 | 053 | 006 | 012 | 010 | 04 | 001 | 0.09 | 0.02
cast 1ron
Table 2. Specimens type
Number Specimen type Quantity of the inoculant
1 Specimen 1 Without inoculant (base cast iron), w/%
2 Specimen 2 0.06 % of inoculant — producer 1
3 Specimen 3 0,09 % of inoculant — producer 1
4 Specimen 4 0.09 % of inoculant — producer 2
Table 3. Chemical composition of the inoculants
Chemical composition (w/%)
Type of inoculant
Si Al Ca Ba
Producer 1 60-65 2.2-2.7 2-2.5
Producer 2 69.4 1.82 1.7 6.09
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Wedge
sample

Figure 1. Presentation of samples for testing the quality of grey cast iron

same producer, while specimen 4 con-
tained 0.09 % of the inoculant from
producer 2. This means that specimen
4 was different from specimen 3 becau-
se we changed the producer of the ino-
culant while the added quantity of the
inoculant stayed the same. We added
the inoculant into the form.

We studied the quality of the inoculati-

on by using:

o stepped test bar (figure 1 a),

o wedge samples (figure 1 ¢),

e standard specimens (trial bar) for
the tensile test (figure 1 d) and

e castings (compressor block, figure
1 b).

RMZ-M&G 2009, 56

RESULTS AND DISCUSSION

Hardness of stepped test bars are in
Table 4. Figure 2 shows that hardness
increases with reducing the wall thic-
kness. Hardness measurements also
show that optimally inoculated sample
has the smallest difference in hardness
between 50.8 mm and 3.2 mm thick
wall in specimen 3 and it accounts for
only HB =44.

Hardnesses of castings are in table 5.
The measurements showed that the
hardness is lower in the center of the
casting than on the base. The differen-
ce in hardness is large, if the casting is
not well inoculated. This is confirmed
by measurements of hardness in speci-
mens 1 and 2.
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Table 4. Hardness of the stepped test bar

Step thickness Hardness (//B)

(mm) Specimen 1 Specimen 2 Specimen 3 Specimen 4
3,2 297 278 229 231
6,3 241 229 222 222
12,7 224 222 219 217
25,4 211 209 209 211
38,1 195 197 193 195
50,8 189 189 185 187

350
300
250
&8 3 7 MM
= 500 - -
g = - p— =563 mm
1]
ﬁ 150 12,7 mm
]
" 100 — 05 A mm
50 =18 1 mm
S0.8 mm
]
Spec.l Spec.2 Spec.3 Specd
—_— .
Specimen type

Figure 2. The influence of the type and quantity of the inoculant on hardness at different

wall thickness of the castings

As visible from table 5 and figure 3, the
quality of inoculant also plays a part on
the difference in hardness between the
center of the castings and its base beca-
use specimens 3 and 4 have the same
inoculants but of different producers.

This can also be seen in qualitative pro-
file of hardnesses where the smallest
difference between the hardness of the
center and of the base is HB =17 which
means that the quality of the inoculant
in specimen 3 is the best.
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Table 5. Hardness on the castings

Specimen Hardness of castings (HB) Difference (HB)
type Center Base
Specimen 1 215 301 86
Specimen 2 213 285 72
Specimen 3 209 226 17
Specimen 4 207 229 22
350
301
300 - 285 B Center
B Base
250 1 226 229
g 215 207
= 200 -1
@
e
= 150 A
2
100 A
I 50 1
u -
Specimen 1 Specimen 2 Specimen 3 Specimen 4
[ Specimen type

Figure 3. Hardnesses on the casting

Figure 4 shows the height of white so-
lidification, breaking of the step at the
thinnest wall spot of the step bar sam-
ple and microstructure at the critical
part of the casting, i.e. on the base of
the casting. It can be seen that in the
microstructure of specimen 3 there is
the most roughly formed perlite which
means that the hardness is the lowest.

RMZ-M&G 2009, 56

Figure 5 shows the dependence of har-
dness on wall thickness of the step bar
sample and specimen 3. The diagram
only contains the thickness of the ca-
stings for the center and the base. Step
bar sample and specimen 3 were cast
with the same molten metal. The pic-
ture shows that in case the casting is
properly inoculated, the hardness of the
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Height of solidification | Breaking of the step bar Microstructure of the base
into ledeburite sample at the thickness of | of the compressor
3.2 mm

Specimen 1 Specimen 1 Specimen1”

Specimen 2 L -
Lo Specimen 2
W

Specimen 3 Specimen 3

Figure 4. The influence of the type and quantity of the inoculant on the height of solidifi-
cation into ledeburite, hardness and microstructure of castings (magnification 500-times)
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casting and the step bar sample at the same wall thickness, don't differ. It can

even be calculated by equation 1.

HB .. =f(wall thickness) =-0.910.7 + 2302 =HB__ (1)
250 1
—
o 150 == HB == 0.910- wallthickness + 230.2
T R#=0,986
(1]
2 100
5 *_ Slep lest bar sample
] Slep test bar sample
= & O Casting
0 . . . : ; |
0 10 20 30 40 50 &0
Wall thickness (mm)
Figure 5. Interdependence of the hardness and the wall thickness
CONCLUSIONS ler in cases, where inoculants with less

Because of relatively high prices of
inoculants in the production process it
is essential to determine the minimum
quantity of the added inoculant nee-
ded for the casting to solidify without
the ledeburite. We studied the effect of
inoculation of the complex inoculants
based on barium produced by two dif-
ferent suppliers. The research showed
that the quantity of the added inoculant
has an effect on the formation of le-
deburitic cementite which impairs the
mechanical machinability. Inoculants
help to balance the hardness on the ca-
stings. The measurements showed that
the difference in hardness of the castin-
gs at different wall thicknesses is smal-
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barium were used and they also were
alloyed with calcium and also contain-
ed no aluminium.

SUMMARY

This paper describes the influence of
ledeburitic cementite on the castings
of unacceptable quality. Occurance
of ledeburitic cementite is undesired
because such castings cannot be ma-
chined with removing material. Thin
walled castings are especially sensitive
to precipitation of cementite. The ob-
served casting had the wall thickness
of 6 mm to 7 mm on the base and 25
mm in the center. This difference is big



530

Tonkovic¢, P. M., VRANIKOVIC, J., MIHOKOVIC, 1.

enough to cause precipitation of lede-
buritic cementite at unproperly carried
out inoculation. Correct solidification
in walls that thick can be regulated in
the production process with a suitable
type and quantity of the inoculant.

To prevent the problems in the pro-
duction process, we made grey cast
iron with flak graphite. We varied the
quantity and type of inoculant during
the test. After the test we observed so-
lidification by studying chemical and
microstructural composition of cast
iron as well as step bar and wedge sam-
ples. We cast this casting with the same
type of cast iron that was used for step
bar and wedge samples. We measured
the hardness on the test samples by Bri-
nell. The hardness analysis shows that
the hardness in step bar sample at the
same thickness are comparable with
the hardness of the casting. The har-
dness of the casting can be determined
with the help of step bar sample by this
equation:
HB .. =/ (wall thickness) =-0.910
f + 2302 =HB_, .
Hardness measurements and microsco-
pic test showed that the most suitable
inoculant for the chosen casting was
the one that besided iron and sillicon
contains also 2 % to 2.5 % of barium
and 2 % to 2.7 % of calcium.
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Kadar posegamo v okoljski prostor, se
moramo zavedati, da lahko s tem vpli-
vamo tudi na stabilnostne razmere na
tem obmocju. Poleg antropogenih vzro-
kov pa imajo vpliv na stabilnostna sta-
nja tudi naravni pojavi, v prvi vrsti tem-
peraturne spremembe, voda in potresi.

Short paper
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Za zagotavljanje stabilnih razmer in
varnosti moramo spremljati ¢im vecje
Stevilo parametrov, ki vplivajo na spre-
membe v okolju. Tako za optimalno
preventivno ukrepanje kot tudi pravilno
kurativno ravnanje so kljuénega pome-
na podatki, pridobljeni v realnem casu.

Namen postavitve sistema nadzora v
kamnolomu Lipica II je spremljanje in
analiza premikov na osnovi opazovanj
mreze enofrekvennih GPS-spreje-
mnikov in senzorjev nagiba v realnem
¢asu. Pridobljeni podatki so potrebni za
zagotavljanje varnosti pri povrSinskem
in podzemnem pridobivanju naravnega
kamna ter vplivov odkopavanja na po-
vr§je in SirSe okolje. Sistem omogoca
loceno merjenje dvoosne inklinacije ter
spremljanje pomikov dolo¢enih obmo-
¢ij terena v prostoru. Na sliki 1 je pri-
kazana opazovalna tocka v kamnolomu
Lipica II.

Slika 1. Opremljena opazovalna tocka v
kamnolomu Lipica II
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Sistem sestavljajo stabilna tocka —
GRS in tri opazovane tocke — GMXI,
GMX2 ter GMX3. Stabilna tocka je
uporabljena kot izhodis¢e baznih GPS-
vektorjev, po katerih se dolocajo koor-
dinate opazovanih tock. Sprememba
smeri ali dolzine vektorja pomeni pre-
mik merjene tocke. Stabilno tocko oz.
referencno postajo GRS1 sestavljata
GNSS-sprejemnik (GPS+GLONASS)
Leica GMX902GG ter antena Leica
AX1202GG, ki sta neposredno pri-
klju¢ena na centralni racunalnik. Na
opazovanih tockah pa so namesceni
GPS-sprejemnik Leica GMX901, sen-
zor nagiba Leica Nivel 210, sistem za
brezprekinitveno napajanje ter oprema
za brezzi¢no komunikacijo, po kateri
je postaja povezana s centralnim racu-
nalnikom. Detajlne;j$i prikaz postavitve
sistema je prikazan na shemi (slika 2).

Ledca ANTIOZ GG

Imtemet 1

Rufer .
Firtrwiall

—
us |
IOV !—T—ar'

12 V mapajsinik

Na centralnem rac¢unalniku sta namesce-
na programa Leica GNSS Spider in Leica
GeoMoS. Za upravljanje z GNSS/GPS-
sprejemniki, zbiranje in obdelavo podat-
kov GPS-meritev ter racunanje koordinat
opazovanih tock v realnem Casu upora-
bljamo programski paket Leica GNSS
Spider. Leica GeoMoS je osrednji pro-
gram, ki je namenjen za upravljanje naj-
razli¢nejSih geodetskih in geotehni¢nih
senzorjev. Zajema koordinate iz GNSS
Spiderja ter opazovanja senzorjev nagi-
ba, njihovo shranjevanje, predstavitev in
analizo. Dodatne moznosti Leica Geo-
MoS vkljucujejo tudi samodejno alarmi-
ranje in posiljanje sporo€il po SMS-u in
e-posti. Do centralnega racunalnika, ki
upravlja celotni sistem in je namescen
na sami lokaciji, dostopamo oddaljeno
po medmrezju. Tako so nam kjer koli in
kadar koli na voljo vsi rezultati.

Leica GMUPO1 S
"

L — I

Akeumaslaton

Slika 2. Shema nadzornega sistema
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Po preliminarnih rezultatih sode¢ se
je metoda izkazala z ve€jo natancno-
stjo, kot je tista, podana od proizva-
jalca opreme. Tako lahko z obdelavo
24-urne meritve doseZzemo natanc¢nost
0,1-0,4 mm, torej v najslabSem prime-
ru zaznamo premik ve¢ji od 1,2 mm
z 99-odstotno verjetnostjo. Prednost
nadzora v realnem Casu se kaze v tem,
da lahko kadar koli, ne glede na to, kje
se nahajamo, po medmrezju spremlja-
mo dogajanje na terenu. Zaradi mnozi-
ce podatkov lahko iS¢emo korelacije z
drugimi dogodki, ki se pojavljajo soca-
sno (dez, potresi, miniranje, tempera-
turno raztezanje...).

Predstavljena metodologija ima $iro-
ko uporabnost v geoznanosti. Sistem
lahko uporabljamo za nadzor velikih
objektov na slabo nosilnih tleh, za opa-
zovanje lezenja in plazenja hribinskih
gmot, spremljanje vedenja objektov in
hribinskih gmot med miniranjem, opa-
zovanje brezin okoli vecjih izkopov,

RMZ-M&G 2009, 56

ugotavljanje pomikov in posedanja
pri gradnji ali postavljanju velikih te-
meljev in objektov, kot tudi za nadzor
povrsja nad vsakrSnim podzemnim ko-
pom ali gradnjo podzemnega prostora.

Nadzorne meritve izvaja Katedra za
rudarsko merjenje in geofizikalno raz-
iskovanje Oddelka za geotehnologijo
in rudarstvo pod vodstvom doc. dr. Mi-
livoja Vuli¢a. Sodelujejo tudi podjetje
Geoservis, d. o. o., ki je podarilo po-
trebno opremo, in podjetje Marmor Se-
zana, d. 0. 0. V projekt je sedaj vkljuce-
nih $tirinajst ljudi, od tega pet doktorjev
znanosti s podroc¢ij geotehnologije in
rudarstva, geologije, geodezije in grad-
benistva. V sklopu projekta sta v izde-
lavi magistrsko in diplomsko delo, kar
pa ne preseneca, saj Studijski programi
Naravoslovnotehniske fakultete vse-
bujejo vsebine, povezane z nadzorom
v realnem Casu. Ve¢ informacij lahko
najdete na svetovnem spletu www.geo.
ntf.uni-lj.si/mvulic/rt_monitoring.
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Zahvala sodelujocim pri pripravi slavnostne akademije ob
90-letnici Studijev na Naravoslovnotehniski fakulteti

Ob 90-letnici Univerze v Ljubljani in Studijev na Naravoslovnotehniski fa-
kulteti smo praznovali tako kot vsako leto, tudi god sv. Barbare, zaS¢itnice
montanistov. Ob teh dveh priloZnostih smo na Naravoslovnotehniski fakul-
teti pripravili slavnostno akademijo, ki je bila v hotelu Mons v Ljubljani.
Te akademije so se udeleZili poleg rektorja Univerze v Ljubljani prof. dr.
Stanislava Radovana Pejovnika in Zupana mesta Ljubljane g. Zorana Janko-
vi¢a Se nekateri dekani ljubljanskih fakultet, predstavniki premogovnikov in
industrije, diplomanti in Studentje Naravoslovnotehniske fakultete ter drugi
gosti.

Na slavnostni akademiji so imeli priloZznostne govore: dekan NTF, rektor
UL, Zupan mesta Ljubljane in generalni direktor premogovnika Velenje,
predstavljeni pa so bili tudi posamezni oddelki NTF.

Pri predstavitvi oddelkov smo vsi predstojniki podali videnje razvoja strok
v prihodnje, kriticno ocenili sedanje stanje in se seveda ozrli v preteklost.
To je vsekakor pomenilo prebiranje starih zapisov in brskanje po spominih
mnogih ljudi, njihovih zapiskih, govorih ob preteklih obletnicah in Se kaj.
Sprico ¢asovne stiske in, kot sem hitro ugotovil, mojega luknji¢avega po-
znanja zgodovine zacetkov Studijev rudarstva, geologije in metalurgije na
UL, sem se zatekal po pomo¢ k mnogim. Pri tem mi je veliko pomagal de-
kan prof. dr. J. Likar, ki je vzpostavil stik s tistimi, ki veliko vedo o zacetku
Studijev na UL sploh. O zacetkih Tehniske fakultete, na kateri je bil tudi
Oddelek za rudarstvo (in plavZarstvo?), sta mi prijazno z mnogimi podatki
pomagala g. Kersni¢ (sin pokojnega prof. dr. Kersni¢a) in g. Subelj. Obema
najlepSa hvala. Pogovori na to temo s prof. dr. U. BajZljem so bili ve¢ kot
koristni, saj so mi pomagali osvetliti povezanost Studijev rudarstva in meta-
lurgije, pa tudi geologije. Pri brskanju za starimi seznami predavanj po dol-
gem in pocez so mi prijazno pomagale ga. U. Gliha, ga. B. Bohar - Bobnar
in gd¢. N. Strekel.

Short paper
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Pisanje mojega govora ob predstavitvi Oddelka za materiale in metalurgijo
na slavnostni akademiji je bila zelo zahtevna naloga. Bila bi Se tezja, ¢e ne bi
bilo pomoci prof. dr. J. Lamuta in njegovega vedenja o zgodovini metalurgi-
je na UL. Predstavitev Oddelka za materiale in metalurgijo ter spremljajoci
plakati ne bi bili tako imenitni brez oblikovalske Zilice mlade raziskovalke
gd¢. A. Salej. Za gradivo pri pripravi predstavitve se zahvaljujem kolegom
g. A. Lajovicu, prof. P. Mrvarju, doc. M. Knapu, doc. J. Medvedu pa za ki-
pec sv. Barbare. Hvala tudi kolegoma prof. B. Koscu in prof. P. Fajfarju ter
ge. V. Krapez, ker so me razbremenili pri opravljanju nalog predstojnika,
tako da sem se lahko posvetil pripravi predstavitve Oddelka za materiale in
metalurgijo. Zahvala velja tudi vsem neimenovanim, ki so mi pri tem kakor
koli pomagali.

Predstojnik Oddelka za materiale in metalurgijo
izr. prof. dr. BoStjan Markoli
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In memoriam

Prof. dr. Janez StrziSar

(23. 1. 1950-29. 7. 2008)

V zadnjih vrocih julijskih dneh leta 2008 se je prof. dr.
Janez StraZiSar mnogo prezgodaj poslovil od tega sve-
ta, saj njegova starost e zdalec¢ ni bila visoka, da bi to
laze razumeli. Kruta bolezen, ki se je zajedla v njego-
vo telo, je nezadrzno napredovala, tako da je Zivljenje
dragega sodelavca hitro ugasalo ter 29. 7. 2008 tudi za
zmeraj ugasnilo.

Prof. dr. Janez StraziSar je lu€ sveta zagledal v Ljublja-
ni 23. 1. 1950, kjer je tudi odrascal in sprejemal ucenje
kot pomemben del svojega Zivljenja. Nadarjen in vesS¢ ucenja je hitro napredoval
in si iz leta v leto pridobival znanje: najprej na Tehniski srednji Soli v Ljubljani,
nato na Univerzi v Ljubljani, natan¢neje, na tedanji Fakulteti za naravoslovje
in tehnologijo na Oddelku za kemijo, kjer je leta 1973 po uspesno kon¢anem
Studiju najprej diplomiral, nato leta 1976 magistriral in leta 1983 tudi doktoriral.
Raziskovalna vnema in veselje do inovativnega dela sta ga vodila tudi v tujino v
Veliko Britanijo na Univerzo Dundee, kjer se je izpopolnjeval v svoji stroki, ki
jo je neizmerno cenil in razvijal do zadnjega diha.

Svoje bogato strokovno znanje, povezano z znanstvenoraziskovalnim delom je
udejanjal na Institutu "JoZef Stefan” in v podjetju KLI Logatec do leta 1978, ko
se je odlocil za pedagosko in znanstvenoraziskovalno delo na mati¢ni fakulte-
ti oz. natan¢neje, na Oddelku za montanistiko, Odseku za rudarstvo. Njegova
znanstvenoraziskovalna usmeritev je bila tesno povezana s Katedro za mehan-
sko procesno tehniko in bogatenje mineralnih ter sekundarnih surovin, ki jo je
vodil tako, da jo je neprestano plemenitil in ji dodajal vrednost v ve¢ segmentih
raziskav, predvsem povezanih z geotehnologijo.

Pokojnikova pedagoska pot se je strmo vzpenjala od asistenta do leta 2002, ko je
bil izvoljen v naziv rednega profesorja za podrocje Geotehnologija in rudarstvo.

In memoriam
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Bogate in trajne sadove je pustil na podro¢ju znanstvenoraziskovalnega dela,
saj je bil vec¢ let vodja domacih in mednarodnih temeljnih ter aplikativnih razi-
skovalnih projektov, vodja programske skupine ter vodja raziskovalne skupine
Oddelka za geotehnologijo in rudarstvo. Izsledke in rezultate svojega dela je v
sodelovanju z drugimi sodelavci redno objavljal v periodi¢nih znanstvenih in
strokovnih revijah ter o njih porocal na domacih in mednarodnih posvetovanjih.

Ceprav je bil mnogokrat do sebe in do svojega dela strog, vendar skromen, je bila
odmevnost njegovega znanstvenega in raziskovalnega dela obratno sorazmerna
ne samo doma, temve¢ tudi v tujini, kar kaze na njegovo visoko raziskovalno
usposobljenost in ne nazadnje na trdno in pokon¢no osebnost znanstvenika. Po-
leg znanstvene in pedagoske dejavnosti je z veseljem vodil mati¢no katedro,
Odsek za rudarstvo, Oddelek za montanistiko, Oddelek za geotehnologijo in ru-
darstvo ter bil prodekan Naravoslovnotehniske fakultete za razlicna podrocja.
Vedno je znal ohraniti trezno komunikacijo s sodelavci in drugimi, ¢eprav so bili
Casi razdruzevanja Fakultete za naravoslovje in tehnologijo tezki. Podobno se
je odzival tudi zadnja leta, ko je zopet prisotna Zelja po razdruzevanju maticne
Naravoslovnotehniske fakultete. Za vse prispevke k ohranjanju in razvoju rudar-
ske in geotehnoloske stroke ter za plemenito opravljeno delo smo mu sodelavci
Oddelka za geotehnologijo in rudarstvo globoko hvalezni, kakor tudi za nasvete,
ki jih je nesebicno posredoval Studentom in strokovnjakom z razlicnih gospo-
darskih podrocij.

Njegovo znanstveno usmeritev in nikoli dokoncano delo je z razumevanjem
sprejemala tudi njegova druzina, ki mu je bila vedno v ponos in hkrati v oporo
pri premagovanju razli¢nih ovir, ki so sestavni del znanstvenega, raziskovalnega

in pedagoskega dela na fakulteti.

Naj bodo te besede trdna podlaga za ohranitev spomina na spoStovanega in ce-
njenega sodelavca.

Srecno!

Predstojnik Oddelka za geotehnologijo in rudarstvo
izr. prof. dr. Jakob Likar
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In memoriam

Prof. dr. Rudi Ah¢an
(19. 1. 1918-2. 11. 2008)

Pokojni profesor doktor Rudi Ahc¢an je bil ve¢ desetle-
® tij vodilni strokovnjak na podro¢ju odkopavanja pre-
# moga v bivsi Jugoslaviji, kot tudi SirSe v evropskem
in svetovnem prostoru. Pred devetdesetimi leti, 19.
1. 1918, se je rodil v rudarskem Zagorju ob Savi. Po
osnovni $oli je najprej uspesno koncal klasi¢éno gimna-
zijo v Ljubljani, po maturi pa se je vpisal na Rudarski
odsek Tehniske fakultete Univerze v Ljubljani.

Med 2. svetovno vojno je bil veckrat zaprt, med drugim tudi v Zagrebu. Diplom-
sko delo je leta 1943 uspesno zagovarjal ter bil nato kratek Cas zaposlen pri zele-
znici v Ljubljani, nato pa je bil od avgusta leta 1944 do konca vojne na prisilnem
delu v Nem¢iji.

Strokovna vnema in predanost poklicu sta ga vodili po razli¢nih rudnikih v Jugo-
slaviji. Zacel je kot asistent v rudniku Zabukovica leta 1945, nadaljeval v Premo-
govniku Velenje, nato pa je bil leta 1947 premescen za upravnika jam v Rudnik
uglja Tito v Banovice.

Strokovna pot ga je leta 1950 pripeljala v Istro, kjer je bil postavljen za tehni¢ne-
ga vodjo jame RaSa in nato za vodjo rudarskih del. Strokovnost je uspeSno doka-
zal leta 1951, ko je opravil strokovni izpit v Zagrebu ter bil nato v letih od 1953
do 1958 vodja Studijskega oddelka v Premogovniku Velenje ter od leta 1959 do
1963 tehni¢ni direktor Rudnika rjavega premoga Zagorje. Povsod ga je odlikova-
la izjemna inzenirska inovativnost ter prefinjen tehni¢ni ob¢utek pri analiziranju
in razvijanju novih u¢inkovitih tehnologij podetaznega odkopavanja premoga,
saj gre pripisati ravno njemu najvecji delez pri razvoju Velenjske odkopne meto-
de, ki je danes zascitena s patentom ter poznana $ir$i strokovni javnosti v svetu.

V cCasu aktivnega strokovnega dela je bil veckrat na specializacijah v tujini, pred-
vsem v Franciji, Zvezni republiki Nemciji, Poljski in Belgiji. Strokovno bogata
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zivljenjska pot, tlakovana s prakticnimi izkusnjami, ga je leta 1963 pripeljala na
Rudarski institut v Beogradu, kjer je bil imenovan za upravnika biroja za znan-
stvenoraziskovalno delo. Kot izjemno sposoben in stroki predan strokovnjak je
bil leta 1964 izbran za ¢lana ekspertne skupine s podro¢ja produktivnosti in vo-
denja v premogovnikih pri Komiteju za premog Evropske ekonomske skupine
v Zenevi.

Znanstveno dokazovanje je kronal leta 1965, ko je bil promoviran za doktorja
tehniskih znanosti na Univerzi v Beogradu. Pedagosko in znanstveno delo je
nadaljeval leta 1966, potem ko je bil izvoljen za izrednega in nato leta 1972 za
rednega profesorja na nasi fakulteti. Ve¢ generacij Studentov je imelo moznost
prejemati njegovo znanje, saj ga je znal nesebi¢no posredovati ne samo nam
Studentom, ampak tudi kolegom v praksi.

Sodelovanje na strokovnih posvetovanjih doma in v tujini je vseskozi spremljalo
njegovo »premogu« predano delo, tako da je odmev njegove znanstvene in stro-
kovne dejavnosti segal dale¢ zunaj tedanje Jugoslavije. Predaval je na razli¢nih
univerzah in institutih v Moskvi, Clausthalu, Katowicah, Leobnu, Zenevi in dru-
gje. Svoje znanje je na predavanjih posredoval strokovni javnosti tudi v Indiji,
ZDA in v drugih drzavah, kjer so bili organizirani svetovni kongresi s podrocja
rudarstva.

Njegov ugled v strokovnem okolju ter pripravljenost delati za dobro rudarske
stroke sta pripomogla k temu, da mu je bilo zaupanih ve¢ upravnih in druzbenih
funkcij na tedanji Fakulteti za naravoslovje in tehnologijo. Bil je predsednik
upravnega odbora Fakultete za naravoslovje in tehnologijo, predstojnik Oddelka
za montanistiko, predsednik znanstvenih odborov Rudarskega instituta v Beo-
gradu in Ljubljani itd.

Pokojni profesor Ah¢an se je upokojil 29. 6. 1988 po 49 let trajajoCem inten-
zivnem, uspesnem in za stroko izjemno pomembnem delu. Njegovo bogato in z
inZenirskim delom prezeto zZivljenje je ugasnilo 2. 11. 2008.

SRECNO!

Predstojnik Oddelka za geotehnologijo in rudarstvo

izr. prof. dr. Jakob Likar
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In memoriam

France Gregorac, dipl. inZ. rud.

(19. 1. 1921-26. 6. 2009)

" France Gregorac se je rodil 19. januarja 1921 v Tacnu
pod Smarno goro, nato pa se je druzina preselila v
Ljubljano. Po maturi na klasi¢ni gimnaziji se je odlo-
¢il za $tudij rudarstva.

» Okupacija, udelezba v boju proti okupatorju od leta
1941, internacija, sluzenje vojaskega roka v KNOJ-
u so mu preprecili redni Studij na rudarskem oddelku TehniSke fakultete v
Ljubljani. Nadaljeval ga je po Stirih letih, ko se je jeseni 1946 vpisal v 5. se-
mester. Odlo¢il se je za §tudij na podro¢ju bogatenja ekonomskih mineralnih
surovin in v oktobru 1950 diplomiral pri prof. Viktorju Gostisi. Zadnji dve
leti $tudija je bil na katedri za tehni¢no oplemenitenje ekonomskih mineralnih
surovin pomozni asistent pri prof. Gostisi. Delo na fakulteti je nadaljeval tudi
po diplomi. Z odlo¢bo ministrstva za znanost in kulturo je bil s 1. januarjem
1951 imenovan za rednega asistenta. V tem letu je prevzel tudi predavanja
Enciklopedija tehni¢nega oplemenitenja ekonomskih mineralov za Studente
2. letnika metalurgije. Nato so ga v marcu 1952 administrativno premestili na
mesto upravnika rudnika azbesta »Ozren« v Bosanskem Petrovem selu. Po
petmesecnem delu se je vrnil na fakulteto, takoj nato pa je bil zopet preme-
S¢en na delo tehnologa v separaciji Rudnika Mezica.

Rudnik MeZica se je namre¢ znaSel v teZki situaciji. Ruda je bila siromasna,
zahteva pa je bila, da naj bi rudnik rentabilno obratoval. France se je vkljuéil
v izvajanje nacrta razvoja rudnika od 1952 do 1962, ki ga je izdelal glavni
tehnolog inz. B. Pirkmaier. Posvetil se je bogatenju rude in povecanju njene
predelave. Zelel si je, da bi bila ruda, ki so jo rudarji izkopali s tezkim delom,
popolnoma izkoris¢ena. Treba je bilo povecati obstojeco flotacijo (s troselek-
tivnim sistemom flotiranja) in ji dodati nov del z dvoselektivnim sistemom za
predelavo starih jalovis¢ (hald) ter tudi vgraditi tezkotekocinsko separacijo.
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Ta je pod njegovim vodstvom zacela redno obratovati 1. maja 1954, celotna
rekonstrukcija separacije pa je bila dokonCana leta 1959. France je postal
glavni inZenir za separiranje in tudi namestnik direktorja Rudnikov svinca in
topilnice Mezica. Uspeh prve in edine take separacije v drzavi se je razvedel
doma in v svetu. To je bil uspeh visoke strokovnosti vodstva in zagnanosti
delavcev rudnika, uspeh snovalca desetletnega nacrta razvoja rudnika, poseb-
no pa Franceta, ki je bil osrednji, vodilni dejavnik uresni¢evanja tega nacrta,
zlasti glede doseganja ucinkovitejSega obogatenja meziske rude.

Ob svojem rednem delu se je lotil tudi drugih izzivov, ki so se pojavljali v
rudniku. Pripravil je mnoge projekte, opravljal Stevilne aplikativne in preiz-
kusne raziskave rudnin iz raznih jugoslovanskih rudnikov in tudi od drugod
(Ceska, Italija, Alzirija) ter bil recenzent in svetovalec. S §tipendijo Agencije
za atomsko energijo IAEA na Dunaju je bil od septembra 1961 do marca
1962 na Imperial College of Science and Technology, Mineral Technology
Department v Londonu pri prof. M. G. Flemingu. Z mentorjem dr. J. A. Kit-
chnerjem je Studiral povrSinsko reakcijo galenita z uporabo radioizotopov.
Radioizotope je po porocilih v literaturi vpeljal doma za tekoce ugotavljanje
gostote separacijske suspenzije s sodelovanjem tedaj Nuklearnega instituta
»Jozet Stefan« z napravo, ki jo je ta razvil in tudi uspesno izdelal Ze jeseni
1961 oziroma maja 1962.

Bil je ¢lan strokovne komisije pri zdruZenju rudnikov barvaste metalurgije,
se seznanil z vso problematiko separiranja tovrstnih rud iz rudnikov v Jugo-
slaviji in sodeloval pri reSevanju njihovih problemov in pri skrbi za strokovni
dvig zaposlenih v separacijah. Redno se je udelezeval mednarodnih in do-
macih kongresov s predavanji, z razpravami in drugimi prispevki. O svojih
raziskavah je ze od leta 1952 objavljal porocila v domacih in tujih strokovnih
casopisih.

Popolnoma utemeljeno je samozavestno sodil, da je dosegel rudnik Mezica s svo-

ey e

mednarodni druzbi strokovnjakov za podro¢je bogatenja mineralnih surovin. Bil
je v najboljsih odnosih z rudniki doma, z zahodno Evropo, Ameriko, s sosednjimi
drzavami. Rudnik MeZica in njegove strokovnjake so mednarodno zelo cenili.
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O ravni njegovega znanja in dosezkov prica dejstvo, da je bil v zborniku re-
feratov XVI. mednarodnega kongresa junija 1988 v Stockholmu povzet ¢la-
nek, v katerem so bila obravnavana razmerja med gostoto, viskoznostjo in
stabilnostjo suspenzije pri tezkotekoCinskem separiranju in doloc¢ena pravila
medsebojnega uravnavanja ter nadziranja pri dolo¢anju najugodne;js$ih oko-
lis¢in pri tem nacinu separiranja. Ta ista vprasanja je obravnaval France Ze
30 let prej v zborniku ¢lankov 5. vsedrzavne konference v Tatranski Lomnici
novembra 1958. Njegove napotke iz porocil so s pridom uporabljali tudi pri
upravljanju drugih rudnikov, kamor so ga vabili na oglede in posvete.

Leta 1965 je presel v podjetje Rudis v Trbovljah, kjer naj bi prevzel vodstvo
pri novi flotaciji v Djebel Gustaru v Alziriji. V Alziriji je bil na povabilo Rudi-
sa leta 1963 s skupino geologov in Rudis je po ugodnih rezultatih preizkuSanja
vzorcev rude in halde predlagal ponovno vzpostavitev dela na rudniku Djebel
Gustar, kar so Alzirci sprejeli. Rudis je izdelal projekt in prevzel izvedbo,
postavljanje flotacije pa je vodil France od zacetka jeseni 1966 do 1969, ko so

jo po zagonu prevzeli Alzirci.

France se je vrnil v Trbovlje, spet izdeloval idejne projekte separacijskih na-
prav, sodeloval kot svetovalec pri izdelavi projektov in raziskavah, leta 1972
pa odSel za pet let in pol na popolnoma drugacno rudarsko delo v Nemcijo,
kjer je Rudis sodeloval pri graditvi rudniskih jaskov in pripravi prog v premo-
govnikih Vestfalije.

Po upokojitvi se je kot strokovni sodelavec Rudarskega instituta vrnil k svo-
jemu najljubsemu podrocju — separiranju. Sredi leta 1980 ga je druzba Termit
povabila za svetovalca pri postavljanju nove separacije. Tehnoloski postopek
pranja in separiranja kremenovih peskov je usposobil do stopnje, ki zagota-
vlja nemoteno delovanje, potrebno kapaciteto in stalno kvaliteto. To je omo-
gocilo, da je Termit vodilno slovensko podjetje za pridobivanje in predelavo
kremenovih peskov. Pri Termitu je 1. 1985 prevzel e vodstvo varnosti pri delu
in se ob tem ukvarjal s skrbjo za okolje in z napredkom tehnologij bogatenja
rudnin. V podjetju so ga cenili kot izkuSenega strokovnjaka, rudarja z duso in
srcem ter odprtega in toplega ¢loveka, kar je zastopnica podjetja lepo pouda-
rila v besedah slovesa.
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Leta 2000 je izdal knjizico o svojem strokovnem delu z naslovom Vzponi in
padci — izsek iz zivljenja strokovnjaka. Dodal ji je predavanje Tezkotekocin-
sko separiranje Pb — Zn rude Rudnika Mezica, ki ga je imel na 5. vsedrzavni
konferenci leta 1958 v Tatranski Lomnici. Oba spisa sta pomembno price-
vanje o rudarstvu ter ozra¢ju v Jugoslaviji in Sloveniji, kot tudi o odnosih s
svetom v desetletjih po drugi svetovni vojni.

Ob svojem Sirokem strokovnem delu je sodeloval tudi pri druzbenem zivlje-
nju, za kar so mu bila podeljena Stevilna priznanja. Za prizadevno in uspesno
raziskovalno ter ustvarjalno delo mu je bil podeljen red dela z rdeco zastavo.
Bil je pogumen borec, zgleden drzavljan, pol stoletja odli¢en rudarski stro-
kovnjak, predvsem pa dober moz in oce, poSten, vztrajen, zanesljiv, skromen
¢lovek, zvest humanisti¢nim idealom.

Od Franceta smo se poslovili prav na dan rudarjev 3. julija 2009.

Ignacij Gregorac
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In memoriam

Prof. dr. Anton Zalar
(28. 5. 1943-16. 7. 2009)

Prof. dr. Anton Zalar se je rodil 28. 5. 1943 v Lju-
bljani. Po koncani srednji Soli se je leta 1962 vpisal
na Fakulteto za naravoslovje in tehnologijo, smer
metalurgija, kjer je leta 1969 diplomiral. Na isti
fakulteti je zacel podiplomski Studij, ki ga je kon-
c¢al leta 1987 in bil promoviran v doktorja znanosti
s podrocja metalurgije. Svojo poklicno pot je zacel
1. 1970, ko se je zaposlil na InStitutu za elektroniko
in vakuumsko tehniko v Ljubljani. Ob reorganizaci-
Ji tega inStituta je nastal tudi InStitut za tehnologijo
povrsin in optoelektroniko, katerega direktor je bil v
obdobju 1995-2003. V tem letu je bil skupaj s svojo raziskovalno skupino
pripojen k Institutu »Jozef Stefan« v Ljubljani. Ukvarjal se z razvojem in ka-
rakterizacijo tankoplastnih struktur, analizo povrSin, razvojem elektronskih
komponent ter vakuumsko tehniko. Uvedel je raziskovalno metodo Auger-
jevih elektronov (AES). Pionirsko pa je njegovo delo na podrocju profilne
analize tankih plasti. O njegovi predanosti znanstvenoraziskovalnemu delu
prica ve¢ kot 140 izvirnih znanstvenih ¢lankov, avtorstvo dveh patentov in
skupno vec¢ kot 350 bibliografskih enot.

Prof. dr. Anotn Zalar ni bil le raziskovalec in znanstvenik, pa¢ pa tudi zelo
uspesen pedagog. Tako sem imel 1. 1992, Se kot Student, ¢ast biti na njego-
vem predstavitvenem predavanju ob imenovanju za docenta s podroc¢ja fizi-
kalne metalurgije na takratni Fakulteti za naravoslovje in tehnologijo. Svojo
pedagosko kariero je nato nadaljeval tudi na Naravoslovnotehniski fakulteti
tako na dodiplomskem kot na podiplomskem $tudiju, kjer je na Studente pre-
nasal svoje bogato teoreti¢no znanje in prakti¢ne izkusnje. Leta 2004 je bil
promoviran v naziv rednega profesorja za fizikalno metalurgijo. V njegovi
predavateljski karieri je pri njem na dodiplomskem in podiplomskem $tudiju
diplomiralo skupaj pet kandidatov.
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Prof. dr. Antona Zalarja se bomo kolegi, sodelavci in prijatelji spominjali kot
veselega in soCutnega ¢loveka, ki je bil vedno pripravljen pomagati, po drugi
strani pa kot izjemnega znanstvenika in pedagoga. Za njim je ostala praznina,
ki jo ne bo mogoce zapolniti. Naj poc¢iva v miru.

Predstojnik Oddelka za materiale in metalurgijo
izr. prof. dr. BoStjan Markoli
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INSTRUCTIONS TO AUTHORS

RMZ-MATERIALS & GEOENVIRONMENT (RMZ- Materiali in
geookolje) is a periodical publication with four issues per year (established 1952
and renamed to RMZ-M&G in 1998). The main topics of contents are Mining
and Geotechnology, Metallurgy and Materials, Geology and Geoenvironment.

RMZ-M&G publishes original Scientific articles, Review papers, Preliminary
notes, Professional papers in English. In addition, evaluations of other
publications (books, monographs,...), In memoriam, Professional remarks and
reviews are welcome. The Title, Abstract and Key words in Slovene will be
included by the author(s) or will be provided by the referee or the Editorial
Office.

* Additional information and remarks for Slovenian authors:
Only Professional papers, Publications notes, Events notes, Discussion of papers
and In memoriam, will be exceptionally published in the Slovenian language.

Authorship and originality of the contributions. Authors are responsible for
originality of presented data, ideas and conclusions as well as for correct citation
of data adopted from other sources. The publication in RMZ-M&G obligate
authors that the article will not be published anywhere else in the same form.

Specification of Contributions
RMZ-M&G will publish papers of the following categories:

Full papers (optimal number of pages is 7 to 15, longer articles should be
discussed with Editor prior to submission). An abstract is required.
e Original scientific papers represent unpublished results of original
research.
e Review papers summarize previously published scientific, research and/
or expertise articles on the new scientific level and can contain also other
cited sources, which are not mainly result of author(s).
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¢ Preliminary notes represent preliminary research findings, which should
be published rapidly.

e Professional papersaretheresultoftechnological research achievements,
application research results and information about achievements in
practice and industry.

Short papers (the number of pages is limited to 1 for Discussion of papers and
2 pages for Publication note, Event note and In Memoriam). No abstract is
required for short papers.

e Publication notes contain author’s opinion on new published books,
monographs, textbooks, or other published material. A figure of cover
page is expected.

¢ Event notes in which descriptions of a scientific or professional event
are given.

e Discussion of papers (Comments) where only professional
disagreements can be discussed. Normally the source author(s) reply the
remarks in the same issue.

¢ In memoriam (a photo is expected).

Supervision and review of manuscripts. All manuscripts will be supervised.
The referees evaluate manuscripts and can ask authors to change particular
segments, and propose to the Editor the acceptability of submitted articles.
Authors can suggest the referee but Editor has a right to choose another. The
name of the referee remains anonymous. The technical corrections will be
done too and authors can be asked to correct missing items. The final decision
whether the manuscript will be published is made by the Editor in Chief.

The Form of the Manuscript

The manuscript should be submitted as a complete hard copy including figures and
tables. The figures should also be enclosed separately, both charts and photos in
the original version. In addition, all material should also be provided in electronic
form on a diskette or a CD. The necessary information can conveniently also be
delivered by E-mail.

RMZ-M&G 2009, 56



Instructions to authors 557

Composition of manuscript is defined in the attached Template

The original file of Template is available on RMZ-Materials and Geoenvironment
Home page address:

http://www.rmz-mg.com

References - can be arranged in two ways:

- first possibility: alphabetic arrangement of first authors - in text: (Borgne, 1955),
or

- second possibility: 'numerated in the same order as cited in the text: example!!!

Format of papers in journals:
LE BorGNE, E. (1955): Susceptibilite magnetic anomale du sol superficiel.
Annales de Geophysique, 11, pp. 399—419.

Format of books:
RoBERTs, J. L. (1989): Geological structures, MacMillan, London, 250 p.

Text on the hard print copy can be prepared with any text-processor. The
electronic version on the diskette, CD or E-mail transfer should be in MS Word
or ASCII format.

Captions of figures and tables should be enclosed separately.

Figures (graphs and photos) and tables should be original and sent separately in
addition to text. They can be prepared on paper or computer designed (MSExcel,
Corel, Acad).

Format. Electronic figures are recommended to be in CDR, Al, EPS, TIF or JPG
formats. Resolution of bitmap graphics (TIF, JPG) should be at least 300 dpi.
Text in vector graphics (CDR, Al, EPS) must be in MSWord Times typography
or converted in curves.

Color prints. Authors will be charged for color prints of figures and photos.
Labeling of the additionally provided material for the manuscript should be very
clear and must contain at least the lead author’s name, address, the beginning of
the title and the date of delivery of the manuscript. In case of an E-mail transfer
the exact message with above asked data must accompany the attachment with
the file containing the manuscript.
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Information about RMZ-M&G:

Editor in Chief prof. dr. Peter Fajfar (phone: ++386 1 4250-316) or

Secretary Barbara Bohar Bobnar, univ. dipl. ing. geol. (phone: ++386 1 4704-
630),

Askerceva 12, 1000 Ljubljana, Slovenia

or at E-mail addresses:

peter.fajfar@ntf.uni-lj.si,

barbara.bohar@ntf.uni-lj.si

Sending of manuscripts. Manuscripts can be sent by mail to the Editorial
Office address:
o RMZ-Materials & Geoenvironment
Askerceva 12,
1000 Ljubljana, Slovenia
or delivered to:
J Reception of the Faculty of Natural Science and Engineering (for RMZ-
M&G)
Askerceva 12,
1000 Ljubljana, Slovenia
J E-mail - addresses of Editor and Secretary
J You can also contact them on their phone numbers.

These instructions are valid from August 2009
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NAVODILA AVTORJEM

RMZ-MATERIALS AND GEOENVIRONMENT (RMZ- Materiali in
geookolje) — kratica RMZ-M&G - je revija (ustanovljena kot zbornik 1952 in
preimenovana v revijo RMZ-M&G 1998), ki izhaja vsako leto v §tirih zvezkih.
V reviji objavljamo prispevke s podrocja rudarstva, geotehnologije, materialov,
metalurgije, geologije in geookolja.

RMZ- M&G objavlja izvirne znanstvene, pregledne in strokovne ¢lanke
ter predhodne objave samo v angleSkem jeziku. Strokovni ¢lanki so lahko
izjemoma napisani v slovenskem jeziku. Kot dodatek so zaZelene recenzije
drugih publikacij (knjig, monografij ...), nekrologi In Memoriam, predstavitve
znanstvenih in strokovnih dogodkov, kratke objave in strokovne replike na
¢lanke objavljene v RMZ-M&G v slovenskem ali angleSkem jeziku. Prispevki
naj bodo kratki in jasni.

Avtorstvo in izvirnost prispevkov. Avtorji so odgovorni za izvirnost podatkov,
idej in sklepov v predlozenem prispevku oziroma za pravilno citiranje privzetih
podatkov. Z objavo v RMZ-M&G se tudi obvezejo, da ne bodo nikjer drugje
objavili enakega prispevka.

Vrste prispevkov

Optimalno Stevilo strani je 7 do 15, za daljse clanke je potrebno soglasje
glavnega urednika.

Izvirni znanstveni ¢lanki opisujejo Se neobjavljene rezultate lastnih raziskav.
Pregledni ¢lanki povzemajo Ze objavljene znanstvene, raziskovalne ali
strokovne dosezke na novem znanstvenem nivoju in lahko vsebujejo tudi druge
(citirane) vire, ki niso ve€insko rezultat dela avtorjev.

Predhodna objava povzema izsledke raziskave, ki je v teku in zahteva hitro
objavo.

Strokovni €lanki vsebujejo rezultate tehnoloSkih doseZkov, razvojnih projektov
in druge informacije iz prakse.

Recenzije publikacij zajemajo ocene novih knjig, monografij, u¢benikov, razstav
...(do dve strani; zazelena slika naslovnice in kratka navedba osnovnih podatkov
- izkaznica).
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In memoriam (do dve strani, zazelena slika).

Strokovne pripombe na objavljene ¢lanke ne smejo presegati ene strani in
opozarjajo izklju¢no na strokovne nedoslednosti objavljenih ¢lankov v prejSnjih
Stevilkah RMZ-M&G. Praviloma Ze v isti Stevilki avtorji prvotnega ¢lanka
napisejo odgovor na pripombe.

Poljudni ¢lanki, ki povzemajo znanstvene in strokovne dogodke (do dve strani).

Recenzije. Vsi prispevki bodo predlozeni v recenzijo. Recenzent oceni
primernost prispevka za objavo in lahko predlaga kot pogoj za objavo dopolnilo
k prispevku. Recenzenta izbere UredniStvo med strokovnjaki, ki so dejavni na
sorodnih podroc¢jih, kot jih obravnava prispevek. Avtorji lahko sami predlagajo
recenzenta, vendar si uredniStvo pridrzuje pravico, da izbere drugega recenzenta.
Recenzent ostane anonimen. Prispevki bodo tudi tehni¢no ocenjeni in avtorji
so dolzni popraviti pomanjkljivosti. Kon¢no odlocitev za objavo da glavni in
odgovorni urednik.

Oblika prispevka
Prispevek predlozite v tiskanem oStevil¢enem izvodu (po moznosti z vklju€enimi
slikami in tabelami) ter na disketi ali CD, lahko pa ga posljete tudi prek E-maila.

Slike in grafe je mozno poslati tudi risane na papirju, fotografije naj bodo
originalne.

Raz¢lenitev prispevka:
Predloga za pisanje ¢lanka se nahaja na spletni strani:

http://www.rmz-mg.com/predloga.htm

Seznam literature je lahko urejen na dva nacina:
-po abecednem zaporedju prvih avtorjev ali
-po Mvrstnem zaporedju citiranosti v prispevku.

Oblika je za oba nacina enaka:

Clanki:
LE BorGNE, E. (1955): Susceptibilite magnetic anomale du sol superficiel.
Annales de Geophysique; Vol. 11, pp. 399-419.
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Knjige:
RoBERTS, J. L. (1989): Geological structures, MacMillan, London, 250 p.

Tekst izpisanega izvoda je lahko pripravljen v kateremkoli urejevalniku. Na
disketi, CD ali v elektronskem prenosu pa mora biti v MS Word ali v ASCII
obliki.

Naslovi slik in tabel naj bodo prilozeni posebej. Naslove slik, tabel in celotno
besedilo, ki se pojavlja na slikah in tabelah, je potrebno navesti v angleSkem in
slovenskem jeziku.

Slike (ilustracije in fotografije) in tabele morajo biti izvirne in prilozene posebe;j.
Njihov polozaj v besedilu mora biti jasen iz prilozenega kompletnega izvoda.
Narejene so lahko na papirju ali pa v racunalniski obliki (MS Excel, Corel, Acad).
Format elektronskih slik naj bo v EPS, TIF ali JPG obliki z locljivostjo okrog
300 dpi. Tekst v grafiki naj bo v Times tipografiji.

Barvne slike. Objavo barvnih slik sofinancirajo avtor;ji

Oznacenost poslanega materiala. Izpisan izvod, disketa ali CD morajo biti
jasno oznaceni — vsaj z imenom prvega avtorja, zaCetkom naslova in datumom
izroCitve urednis§tvu RMZ-M&G. Elektronski prenos mora biti pospremljen z
jasnim sporocilom in z enakimi podatki kot velja za ostale na¢ine posredovanja.

Informacije o RMZ-M&G: urednik prof. dr. Peter Fajfar, univ. dipl. ing. metal.
(tel. ++386 1 4250316) ali tajnica Barbara Bohar Bobnar, univ. dipl. ing. geol.
(tel. ++386 1 4704630), Askerceva 12, 1000 Ljubljana

ali na E-mail naslovih:

peter.fajfar@ntf.uni-lj.si

barbara.bohar@ntf.uni-lj.si

Posiljanje prispevkov. Prispevke posljite priporo¢eno na naslov UredniStva:
e RMZ-Materials and Geoenvironment
Askerceva 12,
1000 Ljubljana, Slovenija
oziroma jih oddajte v
e Recepciji NaravoslovnotehniSke fakultete (pritlicje) (za RMZ-M&G)
Askerceva 12,
1000 Ljubljana, Slovenija
e Mozna je tudi oddaja pri uredniku oziroma pri tajnici.

Navodila veljajo od avgusta 2009.
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TEMPLATE

The title of the manuscript should be written in bold letters
(Times New Roman, 14, Center)

Naslov ¢lanka (Times New Roman, 14, Center)

NaME SURNAME!, ...., & NAME SURNAMEX (TIMES NEw RoMAN, 12, CENTER)

* University of ..., Faculty of ..., Address..., Country ... (Times New Roman, 11,
Center)

*Corresponding author. E-mail: ... (Times New Roman, 11, Center)

Abstract (Times New Roman, Normal, 11): The abstract should be
concise and should present the aim of the work, essential results
and conclusion. It should be typed in font size 11, single-spaced.
Except for the first line, the text should be indented from the left
margin by 10 mm. The length should not exceed fifteen (15) lines
(10 are recommended).

Izvle¢ek (Times New Roman, navadno, 11): Kratek izvle¢ek namena
¢lanka ter klju¢nih rezultatov in ugotovitev. Razen prve vrstice naj
bo tekst zamaknjen z levega roba za 10 mm. Dolzina naj ne presega
petnajst (15) vrstic (10 je priporoceno).

Key words: a list of up to 5 key words (3 to 5) that will be useful for
indexing or searching. Use the same styling as for abstract.

Kljucne besede: seznam najve¢ 5 kljuénih besed (3—5) za pomo¢ pri
indeksiranju ali iskanju. Uporabite enako obliko kot za izvlecek.

InTRODUCTION (TIMES NEW RoMAN, BoLb, 12)

Two lines below the keywords begin the introduction. Use Times New Roman,
font size 12, Justify alignment.
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There are two (2) admissible methods of citing references in text:

1. by stating the first author and the year of publication of the reference
in the parenthesis at the appropriate place in the text and arranging the
reference list in the alphabetic order of first authors; e.g.:

“Detailed information about geohistorical development of this zone can
be found in: ANTONUEVIC (1957), GRUBIC (1962), ...”
“... the method was described previously (Hokrs, 1996)”

2. by consecutive Arabic numerals in square brackets, superscripted at the
appropriate place in the text and arranging the reference list at the end of
the text in the like manner; e.g.:

“... while the portal was made in Zope environment.

MATERIALS AND METHODS (TiMEs NEw Roman, BoLp, 12)

This section describes the available data and procedure of work and therefore
provides enough information to allow the interpretation of the results, obtained
by the used methods.

REesuLts AND DpIscussioN (Tives NEw Roman, BoLp, 12)

Tables, figures, pictures, and schemes should be incorporated in the text at the
appropriate place and should fit on one page. Break larger schemes and tables
into smaller parts to prevent extending over more than one page.

Concrusions (Times NEw Roman, BoLp, 12)

This paragraph summarizes the results and draws conclusions.

Acknowledgements (Times New Roman, Bold, 12, Center - optional)

This work was supported by the ****,
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REFERENCES (TimeEs NEw Roman, BoLp, 12)

In regard to the method used in the text, the styling, punctuation and capitalization
should conform to the following:

FIRST OPTION - in alphabetical order

Casari, P., Japoul, F., Nicora, A., MARINELLI, M., FANTINI-SESTINI, N. & Fors, E. (1981):
Geologia della Valle del’ Anisici e dei gruppi M. Popera - Tre Cime di Lavaredo
(Dolomiti Orientali). Riv. Ital. Paleont.; Vol. 87, No. 3, pp. 391-400, Milano.

Fork, R. L. (1959): Practical petrographic classification of limestones. Amer. Ass.
Petrol. Geol. Bull.; Vol. 43, No. 1, pp. 1-38, Tulsa.

SECOND OPTION - in numerical order

. TrCEk, B. (2001): Solute transport monitoring in the unsaturated zone of the karst
aquifer by natural tracers. Ph. D. Thesis. Ljubljana: University of Ljubljana
2001; 125 p.

. Hicasnrrant, K., Iseri, H., OkuHARA, K., HATADE, S. (1995): Magnetic Effects on Zeta
Potential and Diffusivity of Nonmagnetic Particles. Journal of Colloid and
Interface Science, 172, pp. 383-388.

Citing the Internet site:

CASREACT-Chemical reactions database [online]. Chemical Abstracts Service, 2000,
updated 2. 2. 2000 [cited 3. 2. 2000]. Accessible on Internet: http://www.cas.org/
CASFILES/casreact.html.

Texts in Slovene (title, abstract and key words) can be written by the
author(s) or will be provided by the referee or by the Editorial Board.
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PREDLOGA ZA SLOVENSKE CLANKE
Naslov ¢lanka (Times New Roman, 14, Na sredino)

The title of the manuscript should be written in bold letters
(Times New Roman, 14, Center)

IME PrinvEek !, ..., IME PRiMEK® (TMES NEW ROMAN, 12, NA SREDINO)

XUniverza..., Fakulteta..., Naslov..., Drzava... (Times New Roman, 11, Center)

*Koresponden¢ni avtor. E-mail: ... (Times New Roman, 11, Center)

Izvle¢ek (Times New Roman, Navadno, 11): Kratek izvle¢ek namena
¢lanka ter klju¢nih rezultatov in ugotovitev. Razen prve j bo tekst
zamaknjen z levega roba za 10 mm. DolZina naj ne presega petnajst
(15) vrstic (10 je priporoceno).

Abstract (Times New Roman, Normal, 11): The abstract should be
concise and should present the aim of the work, essential results and
conclusion. It should be typed in font size 11, single-spaced. Except
for the first line, the text should be indented from the left margin
by 10 mm. The length should not exceed fifteen (15) lines (10 are
recommended).

Kljucne besede: seznam najve¢ 5 kljuénih besed (3—5) za pomo¢ pri
indeksiranju ali iskanju. Uporabite enako obliko kot za izvlecek.

Key words: a list of up to 5 key words (3 to 5) that will be useful for
indexing or searching. Use the same styling as for abstract.

Uvobp (TiMes NEw Roman, Kreprko, 12)

Dve vrstici pod kljuénimi besedami se za¢ne Uvod. Uporabite pisavo Times
New Roman, velikost ¢rk 12, z obojestransko poravnavo. Naslovi slik in tabel
(vklju¢éno z besedilom v slikah) morajo biti v slovenskem jeziku.

Slika (Tabela) X. Pripadajoce besedilo k sliki (tabeli)
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Obstajata dve sprejemljivi metodi navajanja referenc:

1. z navedbo prvega avtorja in letnice objave reference v oklepaju na
ustreznem mestu v tekstu in z ureditvijo seznama referenc po abecednem
zaporedju prvih avtorjev; npr.:

“Detailed information about geohistorical development of this zone can be
found in: ANToNUEVIC (1957), GRUBIC (1962), ...”
“... the method was described previously (Hokrs, 1996)”

ali
2. z zaporednimi arabskimi Stevilkami v oglatih oklepajih na ustreznem

mestu v tekstu in z ureditvijo seznama referenc v Stevilcnem zaporedju
navajanja; npr.;
“... while the portal was made in Zopel® environment.”

MaATERIALI IN METODE (TiMEs NEw Roman, Krepko, 12)

Ta del opisuje razpolozljive podatke, metode in nacin dela ter omogoc¢a zadostno

koli¢ino informacij, da lahko z opisanimi metodami delo ponovimo.

REzuLTATI IN RAZPRAVA (TiMES NEW RoMAN, KREPKO, 12)

Tabele, sheme in slike je treba vnesti (z ukazom Insert, ne Paste) v tekst na

ustreznem mestu. Vecje sheme in tabele je po treba lociti na manjSe dele, da ne

presegajo ene strani.

SkLEPI (TiMEs NEwW Roman, Krepko, 12)

Povzetek rezultatov in sklepi.
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Zahvale (Times New Roman, Krepko, 12, Na sredino - opcija)

Izvedbo tega dela je omogocilo .........

Viri (Times NEw Roman, Krepko, 12)

Glede na uporabljeno metodo citiranja referenc v tekstu upostevajte eno od
naslednjih oblik:

PRVA MOZNOST (priporo&ena) - v abecednem zaporedju

Casari, P., JapouL, F., Nicora, A., MARINELLI, M., FANTINI-SESTINI, N. & Fois, E. (1981):
Geologia della Valle del’ Anisici e dei gruppi M. Popera — Tre Cime di Lavaredo
(Dolomiti Orientali). Riv. Ital. Paleont.; Vol. 87, No. 3, pp. 391-400, Milano.

Fork, R. L. (1959): Practical petrographic classification of limestones. Amer. Ass. Petrol.
Geol. Bull.; Vol. 43, No. 1, pp. 1-38, Tulsa.

DRUGA MOZNOST - v numeri¢nem zaporedju

" Treex, B. (2001): Solute transport monitoring in the unsaturated zone of the karst
aquifer by natural tracers. Ph. D. Thesis. Ljubljana: University of Ljubljana
2001; 125 p.

el Hicasnitani, K., Iseri, H., OkuHARA, K., HaTADE, S. (1995): Magnetic Effects on Zeta
Potential and Diffusivity of Nonmagnetic Particles. Journal of Colloid and
Interface Science, 172, pp. 383-388.

Citiranje spletne strani:

CASREACT-Chemical reactions database [online]. Chemical Abstracts Service, 2000,
obnovljeno 2. 2. 2000 [citirano 3. 2. 2000]. Dostopno na svetovnem spletu: http://www.
cas.org/CASFILES/casreact.html.

Znanstveni, pregledni in strokovni ¢lanki ter predhodne objave se objavijo

v angleSkem jeziku. Izjemoma se strokovni ¢lanek objavi v slovenskem
jeziku.
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PREMOGOVNIK

vV E L E N J E

PREMOGOVNIK VELENJE

je pomemben in zanesljiv ¢len
v oskrbi Slovenije
z elektricno energijo.

Zavedamo se odgovornosti do

lastnikov, zaposlenih in okolja.
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Ce se premakne, boste izvedeli prvi

Leica Geosystems resitve za opazovanje premikov
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® Geotehnifni senzorji
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apazovan|, alarmiranje, predstavitev rezultatoy
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Industrijski forum

Inovacije, razvoj, tehnologije

Forum znanja in izkusen;

V dveh dneh se je na Industrijskem forumu IRT 2009 druzilo in tkalo nove vezi
vec kot 250 strokovnjakov, ki so lahko prisluhnili ve¢ kot 50 prispevkom o
strokovnih, inovacijskih in tehnoloskih dosezkih domacega znanja zadnjih nekaj
let. Ob forumu se je predstavilo tudi vec deset podjetij iz industrije, ki so na
razstavnih prostorih na ogled postavili svoje najnovejse dosezke. Udelezenci so
se strinjali, da je zaradi gospodarske krize Se toliko pomembnejse druzenje na
dogodkih, saj se na njih sklene veliko novih poznanstev, ki omogocajo izmenjavo
mnenj, izkuSenj in znanj, pogosto pa pomenijo tudi zacetek uspesnega
sodelovanja. Zato snovalci revije IRT3000 na krilih uspeha prvega foruma in v
ustvarjalnem sodelovanju z industrijo pripravljajo Industrijski forum IRT 2010.

Dogodek je namenjen predstavitvi dosezkov in novosti iz industrije, inovacij in
inovativnih resitev iz industrije in za industrijo, primerov prenosa znanja in
izkuSenj iz industrije vindustrijo, uporabe novih zamisli, zasnov, metod
tehnologij in orodij v industrijskem okolju, resni¢nega stanja v industriji ter
njenih zahtev in potreb, uspesnih aplikativnih projektov raziskovalnih
organizacij, institutov in univerz, izvedenih v industrijskem okolju, ter primerov
prenosa uporabnega znanja iz znanstveno-raziskovalnega okolja v industrijo.

Osrednje teme IFIRT

inoviranje

razvoj

izdelovalne tehnologije
orodjarstvo in strojegradnja
toplotna obdelava in spajanje
napredni materiali

umetne mase in njihova predelava
organiziranje in vodenje proizvodnje
menedZment kakovosti
avtomatizacija

robotizacija

informatizacija

mehatronika

proizvodna logistika

informacijske tehnologije
napredne tehnologije

ponudba znanja
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Organizatorja dogodka: PROFIDTP, d. 0. o., Gradis¢e nad Pijavo Gorico 204, 1291 Skofljica; ECETERA, d. 0. 0., Motnica 7 A, 1236 Trzin | Partner dogodka: Obrtno-podjetniska zbornica Slovenije,

Organizacijski vodja dogodka: Darko Svetak, darko.svetak@forum-irt.si | Programski vodja dogodka: dr. Tomaz Perme, tomaz.perme@forum-irt.si

Dodatne informacije in prijava na dogodek: Industrijski forum IRT 2010, Motnica 7 A, 1236 Trzin | tel.: 01/600 1000 | faks: 01/600 3001 | e-po3ta: info@forum-irt.si | www.forum-irt.si







