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Dear Reader,

The *Euro-Asian Journal of Sustainable Energy Development Policy” is the
outcome of the established cooperation among scientists from Europe, Black Sea,
Caspian Sea and Central Asia.

It is part of a growing cooperation in the frame of PROMITHEASnRet activities. A
network that includes members from sixteen countries and remains open to new
participants, while its range of activities includes an Annual Scientific Conference,
scientific awards, workshops, seminars and joint participation in EU financing
research activities.

In addition the PROMITHEAS network disseminates relevant information through
its newsletter, to more than 23,000 registered recipients from 170 countries all over
the world.

In this context we do encourage scientific synergies and we invite colleagues to join
us as authors, article-reviewers or even as partners in research projects.

Our continuous effort is the quality upgrade of the journal’s content and to this aim
we welcome your contribution.

The editor

Prof. Dimitrios Mavrakis
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Joporoit untarens,

“EBpo-A3HaTcKUil JKypHal MO NOJUTHKE pa3BUTHA YCTOHYMBON OSHEPreTHKH’
ABJSIETCSL  Pe3yJbTaTOM COTPYAHUYECTBA, HAJAKEHHOTO MEXKAY YUYCHBIMH U3
EBpormsl, pernonoB Yepnoro mops, Kacnuiickoro mops u LleHTpansHoil A3un.

OH SBIISETCS YaCThIO PACTYILEr0 COTPYAHMYESCTBA B paMKax ICATCILHOCTH CETH
PROMITHEAS. D10 cerp, BKIIOYaeT B ceOs WICHOB W3 IICCTHAAIATHA CTpaH H
OCTaeTCsl OTKPBITOW JUIsi HOBBIX YYaCTHHKOB, a TaKXe CIEKTP €€ MEpONpPUSATHI
BuIogaeT Exxeromnyro Hayunyro Kondepenmuio, HaydHble Harpaibl, COBEIIAHMSI,
CeMUHAaphl ¥ COBMECTHOEC YyYacTHE€ B HCCIICJJOBAHUAX, (UHAHCHPYEMBIX
EBponeiickum Coro3om.

Kpome Ttoro, uepe3 cetb PROMITHEAS pacnpocTpaHseTcs COOTBETCTBYOIIAS
UHQOpMaIUs MOCPEICTBOM €€ MHPOpMaMOHHOTro OroiuiereHs, 6oiee yem 23,000
3aperuCTPUPOBAHHBIM IoydaTeneM u3 170 cTpaH 1mo BceMy MupY.

B cBa3u ¢ 9TUM, MBI Takke MNOJACPKUBAEM HAyYHOE COTPYAHUYECTBO U
NpUTIAlIaeM KOJUIET TIPUCOSIMHUTLCSA K HaM B KauecTBE aBTOPOB, 0003peBaTeleit
WIIH JJake B Ka4eCTBE MAapTHEPOB B HAYYHO-HCCIIEIOBATEECKHUX MPOEKTaX.

Hamwm HenpephIBHBIC yCHIHS HApaBiICHBI HA O0OCCIICUCHHE KAYEeCTBA COACPIKAHUS
JKypHaJa, ¥ MbI IPUBETCTBYeM Bam Bkiaa muis obecriedeHus 3TOH meim.

B 3akimouenue, 1 xoten Obl onpuBeTcTBOBaTH [Ipodheccopa Dnpmupy Pamazanoy,
mupektopa  HaywHo-mccnemoBatenbckoro — MHctutyta  ['eoTeXHOIOTHMYECKUX
IIpo6nem Hedtu, 'aza u Xumum (GPOGC) AzepOaitmkanckoit ['ocymapcTBeHHOM
Hedrsanoit Akagemun, Kak CTapIiero pelakTopa 3TOro KypHala, U BRIPa3UTh CBOIO
UCKPEHHIOIO OJIaroJlapHOCTh 32 €€ IOCTOSIHHYIO TMOJJICPKKY — M3JIaHHUH 3TOrO
KypHaa.

Penakrop

[pod. Aumutproc Mapakuc
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Aim and scope

The PROMITHEAS scientific journal titled “Euro-Asian Journal of Sustainable
Energy Development Policy” is a semi-annual bilingual (English, Russian) publication
addressing policy issues on energy and climate change, mainly from the Black Sea,
Caspian, Central Asia and S.E. Europe regions. The aim of the publication is to motivate
and encourage the scientific and research human potential of these regions to present
their research work in the aforementioned areas. Thus, it is expected that the regional
scientific potential will be more easily identified and able to be contacted by regional and
EU energy policy and environmental stakeholders. Efforts will be made so as the journal
contains articles produced through joint efforts among researchers from the regions and
the PROMITHEAS network participants.

The scientific journal will also host articles and executive summaries of scientific reports
and studies presented during workshops, organized by the PROMITHEAS Network,
regarding energy and climate policy issues. The contents of each issue will be determined
by the editorial board.

Major articles will cover a comprehensive range of topics such as:
Energy supply and geopolitics;

Strategic energy planning;

Socio-economics of hydrocarbon reserves exploitation;

Energy interconnections;

Regional Energy Market development;

Emerging hydrogen technologies;

Socio-economics of transcontinental energy corridors;
Implementation of Kyoto Protocol mechanisms;

Analysis and implementation of climate policy instruments;

RTD policies and socio-economics for new forms of energy.
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Ienu u 3axanus

Hayunsiit xypnan cetu PROMITHEAS non HazBannem « EBpo-A3uaTckuii sKypHaJI M0
NOJINTHKE Pa3BUTHS YCTOHYMBON JHepPreTHKM» SBJSIETCS MOIYTOAMYHOM U
IBYS3bIYHON (AHrnmiickuii, Pycckmil) myOnukamueil, KoTopas yIenseT OCHOBHOE
BHUMAaHUE BOIIpOCaM IIOJUTUKH B OOJACTH 3HEPreTMKH U M3MEHEHMs KiuMmarta, B
OCHOBHOM Jts1 perrnoHoB YepHoro u Kacmuiickoro mopei, Llentpanbpaoit Asun u KOro-
Bocrounoit EBpombl. Llenbio myOnukanuu sIBIsSETCS CTUMYJIMPOBAHHWE W THOAJEPIKKA
HAYYHO-HCCIIEIOBATEIHCKOrO YEIOBEYECKOr0 TOTEHIMANlA STHX PETHOHOB YTO OBl
NPEICTaBUTh CBOIO HCCIENOBATENLCKYI0 pabOTy B BBIIICNICPEUHCICHHBIX O00IaCTsX.
Oxupaercs,  YTO  PErHMOHAJBHBIM ~ HAay4yHBId  MOTeHUWan  OyaeT  Jieruye
WIACHTHU(QHUIIMPOBATECS U 3aMHTEPECOBAHHBIM CTOPOHAM, PETHOHAIBLHBIM, CBS3aHBIM C
sHeprerrnueckoi noautuke EC u skonoruu, OyzAeT jerde ¢ HUM CBA3aThCs. IDTO Oyaer
OCYIIECTBIIATHCS ITyTeM BKIIOYEHHS B JKypHaJl HAy4YHBIX CTaTed, HalHMCaHHBIX B
pe3ysbTaTe COBMECTHOTO COTPYJHUYECTBA YUEHBIX U3 BBIIETIEPEUUCICHHBIX PETHOHOB U
yuactHuKOB ceTi PROMITHEAS.

HayuHsbiii xxypHan takxke OyneT pazMmeliaTh MaTepHalbl U KpaTkhe 0030pbl Hay4HBIX
OTYETOB W HCCIEIOBaHMH, TMPEJICTaBIEHHBIX BO BpEeMsA pa3HBIX CEMHHAPOB,
oprannzoBaHHbIX CeTbio PROMITHEAS, xoTtoppie kacaioTcsi TeM 3HEPreTHYecKod U
KIMMaTH4ecKo monuTuku. ColepKaHue KakAOoTo BBITYCKa OyJeT OTOMpaThCsl YUSHBIM
COBETOM.

OcCHOBHBIE CTaThH, B MEPY BO3MOXKHOCTEM, OYIYT MOKPHIBATH CIIETYIOIINE TEMBI:

- DHEPrOCHA0XKEHUE U TEOIOUTHKA,;

- CTPaTEernuecKoe SHEPreTHIECKOe MIIaHNPOBAHHE;

- COMAaJIbHO-OKOHOMHNYCCKHUE aCIICKThI MCIIOJIb30BaHUA YIJICBOAOPOJHBIX 3aI1aCOB;
- SQHEPreTUYECKUE B3aUMOCBSI3H;

- pa3BuTHE PerrmoHaabHOro DHEPreTHIecKoro PeIHKa;

- HOBOCO3/AIOIIUECS BOAOPOIHBIC TEXHOJIOTHH;

- COIMAILHO-3KOHOMHUYECKHUE aCHEeKThl TPAHCKOHTHHEHTAIBHBIX DHEPreTHYECKHX
KOPHUIOPOB;

- MCXaHU3MbI OCYIICCTBIICHUA Kuorckoro HpOTOKOJ'Ia;
- AaHAaJIM3 U BHCAPCHUE HHCTPYMCHTOB KJIMMaTHIECKOU TIOJIMTUKU,

- TONUTHKH HAy4YHBIX TEXHHYECKHUX MCCIENOBAaHUA M COLMATbHOIKOHOMHUYECKHE
aCTIEeKTHI HOBBIX ()OPM IHEPTHH.
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About some features of the power transfer mode on the long
transmission line

Berzan V.P., Rimschi V.X,, Tirsu M.S., Patsyuk V.I., Uzun M.N.

Institute of Power Engineering of Academy of Sciences of Moldova

E-mail: berzan@ie.asm.md

Abstract. The features of electric power
transmission over long lines, processes in
which can be described by the telegraph
equations in the dimensionless units, have
been considered. The boundary conditions are
given in this case in the form of differential-
integral equations. The using of the relative
load parameter z allows obtaining aggregate
data about working regime of a long line when
you change the load under the Ilimits

~©0<Rs <*©  Numerical method of finite

differences, called as “Albatros” method, has
been used during study of working modes of a
long line. The method has a homogeneous
structure and allows to carry out through
calculation of discontinuous solutions. Wave
fronts and other discontinuities values of the
unknown parameters are allocated
automatically and are represented in the form
of large gradients of the wave field. Basic
modes of transmission of power have been
investigated in dependence of the values of the
linear parameters of the line, of its length and
of the load features. It has been shown that
from electrical point of view a long line is
non-uniform object, which is characterized by
the singular points in order to transfer
maximum power to the load. The location of
these points depends on the length of the
electromagnetic wave, and also depends on

parameters of the line loss. At singular points
of the AC lines active power at its input
(generator power) is the same as in the idle
mode (XX), and also is the same as in a short-
circuit current (SCC) for this singular point of
the line. The line length influences mostly
strongly at the mode of transmission of power.
At the same time it is necessary to distinguish
modes of operation of the line under
conditions of the maximum line transmission
capacity, of the maximum value of the
coefficient of performance (COP), of the
maximum value of power factor (PF), and of
the maximum energy injection level in the line
by a sinusoidal voltage generator. It have been
presented characteristics of changing of power
at the beginning and at the end of the line, of
power factor, of the coefficient of performance
(COP) of power transmission lines, and of the
currents, in dependence on the length of line,
on the line parameters and load parameters.

Keywords: long line, mode of operation,
transmitted power.

1. Introduction

Currently, there are new qualitative changes in

the technologies of energy supply, particularly due
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to increased share of renewable energy in the
consumption balance. The problem of greater
involvement of renewable energy will require a new
approach in the organization of production and
transport of electrical energy, because it is necessary
to ensure a constant balance between production
and consumption, as an example, due to the parallel
operation of solar power plants located in different
time zones and climate zones.

Possibility of production of large amount of
electricity by solar power plants has been proved by
long-term experience in this field. For example, the
world's most powerful solar power plant has been
opened in Portugal in 2007, with the installed
capacity equal to 11 MW [1]. In this case solar PV
modules occupy an area of about 60 hectares. There
are also other projects of solar power plants. In
particular, in accordance with the elaborated in the
USA project for Arizona state it is planned to
construct and put into operation in 2011 solar power
plant with capacity equal to 280 MW [2]. Also,
technical proposal regarding construction of a solar
power station in the Sahara desert in Africa has
been presented, with electric power generation at
the level of 100 GWh [3].

Taking into consideration continuous increasing
the share of generation from renewable energy
sources, reliable and sustainable energy supply can
be possible by realization of concept of planetary
electrical power system [4].

Trends of continuous increasing of power
generation sources and of increasing of distance of
transmission electric lines are typical for the whole
period of development of power engineering. In
particular, rated voltage of electric lines has been
increased from 1.5-2 kW (1882) to 1150 kW at the
present time, and distance of electric power
transmission lines has been increased from 57 km to
1500 km and more [1-3, 5-7]. These quantitative
changes in the structure, in the structures of circuits
of transmission and distribution of electrical energy
are accompanied by the emergence of new scientific

and technological problems that are not typical for
small power systems.

In the consolidated regional electric power
transmission systems, line distance will be
comparable with the wavelength of the
electromagnetic wave. Under these dimensions
problems of efficiency and reliability of the system
are relevant as to a whole system and also to its
components. So, investigation of characteristics of
transmission of electric power on a long distance is
not only theoretical problem but has also big
practical relevance for modern electrical power
engineering.

2. Problem of statement

Creation of the big power supply systems with
lingering electric lines, for example, within the
frame of the West-east project, a power ring round
Black sea (regional association of power supply
systems) or in case of electric energy transit from
Sahara solar power station to Europe [3] demands
more intensive research of energy transmission
features on the big distances. Besides, at creation of
power corridors use of new technical solutions, for
example such as superconducting electrical
transmission line (ETL) or separate sites of
electricity  transmission on the basis of
superconductivity effect, that will affect works
modes of such non-uniform lines is not excluded.

Quantitative  changes in  structure of
electropower systems (EPS) generate some question
on which now is not present clear and definite
answers, for example such as:

Modern methods of the processes analysis in
long lines are how much exact and whether there
are borders of their applicability, for example in
case of line lost-free.

Under what conditions it is possible to provide
the greatest transferred power, the greatest value of
line EFFICIENCY, including at compensation of
reactive components of loading and line.
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As line heterogeneity, its length and values of
longitudinal parameters influences characteristics of
electric power transfer at normal and emergency
operation.

The problem of the given work consists in the
analysis of scale (linear) and parametrical factors
influence on efficiency of electric power transfer on
the big distances. At the analysis of features of long
electric lines functioning, for example, as a part of
regional EPS, the cable equations are used.

3. Research method

Heterogeneity of long lines and dependence of
energy transmission mode of, both on loading
parameters, and on line parameters are complicating
factors at research of features of their work in EPS
structure.

At the analysis we will start with position, that
any established mode is preceded always by non-
stationary wave process. The most convenient tools
for the problem solution in such statement are in our
opinion the method of characteristics and method of
final differences "Albatross” [8]. Differential
numerical scheme "Albatross" is offered and strictly
proved by Institute of power engineering of
Academy of Sciences of Moldova (ASM). Using
this approach it is possible to solve easily and
simply the cable equations for non-uniform lines
and chains with any losses, the branching points,
several generating both loading knots and other
complicating factors [8].

In a method of characteristics it is necessary to
allocate and trace a priori configuration of wave
fronts (strong ruptures) which considerably become
complicated eventually. Therefore the method of
characteristics is expedient for using, basically, for
test calculations of ideal and not deforming lines for
the purpose of the control of accuracy of numerical
solutions. The method of final differences
"Albatross" possesses homogeneous structure and
carries out the through account of explosive
solutions where fronts of waves and other jumps are
allocated automatically and are represented in the

form of places of the big gradients of wave field.
This conclusive advantage, in combination to
practically absolute accuracy, allows to carry out
calculation of the transitive and established
processes under uniform formulas of predictor -
corrector type taking into account a various type of
heterogeneities without excessive physical and
geometrical idealisation of investigated electric
systems and devices [8-10].

Thanks to conservatism, zero differential
dissipation and minimum dispersion of the
numerical scheme the calculations error on it does
not collect, that allows to count non-stationary
processes on the big intervals of time corresponding
300 ... 500 run of an electromagnetic wave on
length of line up to reception of the established
mode. Thus parameters of loadings can suddenly
vary, modelling, for example, emergencies of type
short circuit (SC) or rupture of line.

The method of final differences "Albatross" is
based on the known cable equations of long line
which well describe processes in two-wire,
multiwire and coaxial lines. These structures are
most widely used in practice as longitudinal-regular
directing structures in which energy extends in the
form of cross-section electromagnetic waves (T-
waves). As is known, the field T - waves in
transversal section coincides with stationary field in
the same structure, and currents in conductors
proceed only in longitudinal direction (conductivity
currents). Therefore at the features analysis of
electric processes course in long line voltage u and
current intensity in conductor i can be considered as
independent variables and to carry out the analysis
of voltage and currents "waves" in line on the basis
of the cable equations [8-10]:

Lg+a—u+ Ri=0; C@+Q+Gu =0

ot ox ot ox (1)
where L, C, R, G - longitudinal inductance,
capacity, active resistance and conductivity of
insulation.
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At the analysis of these processes it is
expedient to use system of dimensionless sizes that
allows to obtain the generalised data about
processes course in long lines in not dependences
on frequency of current (50 or 60 Hz). The
considered problem belongs to the class of
mathematical physics problems with initial-
boundary conditions. At the solution of such
problems transition to dimensionless (hormalized)
sizes is carried out under formulas:

u® . i°Zg 0 x°
UO 1 Uo ) AD ) }Vo 1
010 RO
rR=RL g5
Zy . Zy . G=G°A°Z;. (2)
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where U - some rated voltage; Zg
R

- Wave

resistance of ideal line; s -resistance of loading; A
= a/f - wave length on frequency of chain power
supplies source;

A - wave transit time on length of line equall:
A=Ala: a - gpeed of electromagnetic indignations
distribution along a line; the degree mark is present
at dimensional sizes.
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Fig. 1. Dependence of generated (a) and transferred (b) powers from length of line at various resistance of loading: Rs=1 (1); 2 (2); 1/2
(3); 4 (4); 1/4 (5); 6 (6); 1/6 (7); 8 (8); 1/8 (9); 10 (10); 1/10 (11); 100 (12); 1/100 (13)andR=4.8,G =0
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Fig. 2. Dependence of EFFICIENCY on length of a line at various resistance of loading: RS = 1 (1); 2 (2); 1/2 (3); 4 (4); 1/4 (5); 6 (6);
1/6 (7); 8 (8); 1/8 (9); 10 (10); 1/10 (11); 100 (12); 1/100 (13) at R = 4.8, G=0 (a) and G = R/5 (b).
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4. Features of a long lines mode
4.1. Adirect current line

Let a homogeneous line of length I, having
longitudinal parameters: R> 0; G = 0, it is connected
to a source of direct voltage: u = U, and its
reception end will close on purely active loading
with resistance Zs = Rs. In this case as voltage
generator internal resistance we used full line
resistance: Ry = IR. In the given chain the condition
of maximum power transfer P, in loading Rs is
known, i.e. Rs= IR [11].

Results of the parametrical analysis show (fig.
1), that function of generator power P, (X) reaches
limiting values in mode close to SC at Rs — 0,
whereas maxima of loading power function P; (x)
obviously depend on length of line x.

The efficiency of direct current line
monotonously decreases with increase in length of
line and losses in it (fig. 2), and in case of losses in
insulation decrease in value of line EFFICIENCY
with growth of its length is expressed more
strongly.

4.2. An alternating current line

Let's consider instant inclusion on alternating
voltage of not charged line (u =1 =0 att = 0),
loaded on concentrated resistance RS:

P, 1, PF

s @,

wse, |

u=U,((t) at x=0,t>0;
u=Ry at x=I,t>0. 3)

It is obvious, that at Rs = 0 we receive a short

circuit mode: Y = 0, and condition Rs = o0
corresponds to line in idling mode (IM): i=0
(loading is disconnected). Similar degenerated
loadings (IM or SC) in practice meet rather seldom,
however their studying represents doubtless interest
as an initial step at transition to real (non-
degenerated) loading modes.

Let the electric chain (fig. 3) joins during the
initial moment of time t = 0 an external source of
voltage:

U=u, (t) at x=0,
and its end will close on RLC - loading:
L,CGR,G,l

1

Ly

7

Cs(0)

Fig. 3. Alternating voltage line with RLC-loading on the end.

Fig. 4. Dependence of generated and transferred power, EFFICIENCY and PF of source and receiver from line length x at Zs = Z, (a);

Z;(b); R =0.48; G = R/5.

di 1 ¢
u=RSi+Lsa+C—ji(r)dr at x=1.
S0

It is obvious, that at Ry = Lg=0, Cg= © we
receive a short circuit mode: u= 0, and condition
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Rs = corresponds to line idling: i =0 (loading is
disconnected).

At sinusoidal voltage u=U,sin(2z ft) power

2
rating value we defined from relation P = ZUZO in
B

. . T . . .
dimensional or P =3 in dimensionless kind. At
constant value of variable voltage amplitude on line

input: U, =const =U, we received P:LZJ_j or P=1
B

On fig. 4 change of average (dimensionless)
values of generated and transferred power (curves 1;
2), EFFICIENCY (3), power factor (PF) (cos¢) of
source and receiver (4; 5) is shown depending on
line length x at z, =7, (a); Zg(b); R=0.48,
G=R/5, where Z,-complex wave resistance at which
the line works in mode of running waves; Z; -
wave resistance at which the line works in mode of

the mixed waves and which is purely active
resistance.

Apparently from schedules with increase of
line length transferred power and EFFICIENCY
monotonously decrease, and generated power

P, n, PF
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0.8 /
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! 2
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01

remains practically invariable, testing only
insignificant (within 1 ... 3 %) fluctuation at z; =

Z,.

On fig. 5 dependence of investigated values on
line length x is presented at zg = Z; +jols (a); Zs-]

/ (o Cs) (b); Ls =1/8 (0.66 H); Cs =1/5 (15.23 mkF);
R = 0.48; G = R/5. Presence of reactive elements in
loading resistance leads to sharp change of chain
entrance resistance and as consequence all values
characterising process of power transfer by
alternating current test fluctuations for tens percent.
For a half-wave line transferred power and
EFFICIENCY are maximum, when loading on its
reception end purely active. In case of line with
losses (fig. 5b) wavy character of power given by
the generator in network is similar as for line lost-
free.

With increase of line length, power function of
the generator aspires to the established value at
increase of longitudinal transversal active resistance
of this line faster. Thereof there is an easing of scale
factor influence on process of transfer to line of
active power by generator.

P, 1, PF
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Fig. 5. Dependence of generated and transferred power, EFFICIENCY and PF of source and receiver from line length x at Zs=Zz +j @

Ls(@); Zzj /! (w Cs) (b); Ls =1/8; Cs =1/5; R =0.48; G = R/5.
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Fig. 6. Dependence of generator power Py on line length x in IM (1) and SC mode (2) atR =0.48 (a); R = 4.8 (b); G =R/5.

Research of generator power change given to
lines in IM and SC mode shows, that there are
special points (length of line) for which this power
is identical on value both to IM and SC mode in the
given section (fig. 6 - special points are designated
by arrows).

Growth of longitudinal active resistance R
reduces number of such points. Generator active
power function PB,(x) connected to line, for this

condition reaches faster the established value at line
length increase. Hence, for generator instant power
amplitude condition P,(x)<P,(x) for R,>R,

where R,R, - running resistance of long line (fig. 6)
is satisfied.

It is established also, that in a vicinity of line
special points active longitudinal resistance does not
influence value of power given to lines by
generator. For example, at increase in longitudinal
active resistance from 0.48 to 4.8 relative units for
the line lengths defined by co-ordinates of special
points placement, identical values of generator
active power connected to such line are received.

Unlike of direct voltage line where idling
generator power always is less, than at short circuit,
here we have on 4 points of crossing of these curves
on each piece of length of the line, equal to A. Co-
ordinates of these points on line length are next:
|, =0.1481; I, =0.3809; I,=0.6211, 1, =0.8619;
|, =1.1027; 1,=1.3434; |, =15842; |,=1.825.

The parametrical analysis of electric energy
transfer processes on line length has shown in the
electric plan, that the transmission line is non-
uniform object. Generator working conditions in the
line beginning depends on many factors: line wave
length, loading connection point, loading character
and devices for reactive power compensation, the
connection scheme of compensating device,
transformers for voltage increase and-or drop in
line, schemes of loading connection to line and both
in any points and special points of long line.

As an example on fig. 7 the equivalent circuit
of long line with indication of special points of
loadings connection, compensating devices and
transformers providing transfer of the greatest
power in loading is shown.

For any not deforming line: RC =GL gene-
rators powers at IM and SC mode coincide in points
X = A/8, 3A/8, 5 A/8 etc. If RC>GL owing to
diffraction of waves these curves are displaced little
to the right: x = 0.15 A, 0.386 A, 0.63 X. From here
follows, that the maximum selection power from
alternating voltage line on site:

0.151 < x < 0.386A it is possible in a mode close
to IM, and on sites:

0 <x < 0.15)1 and 0.386A < x < 0.631 in a
mode close to SC. Such situation repeats through
each pieces of length the lines equal approximately
M4,
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Fig. 8. Character of active power change on input of line
with losses in function from its length at co-ordinated
loadings.

Fig.7. The special points of a long line and suggested
technical solutions to incorporate compensating devices,
transformers and loads to the line.
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Fig. 9. Character of active power change (transit) on the line end with losses in function from its length at co-ordinated loading
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Fig. 10. Dependence of generated and transferred power, EFFICIENCY and PF of source and receiver on resistance of loading Rs at | =
0.0516; R=10.48 (a); 4.8 (b); G=R/5; Z5 = Ry, where 1 -Py;2-Py; 3~ 1; 4 ~C0Sp;; 5 - COSp,
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Fig. 11. Dependence on resistance loadings Rs of generated (1)
and transferred powers (2), EFFICIENCY (3) and PF source
(4) and the receiver (5) at | = 0.0516; R = 0.48; G = R/5;
Zs =Rg — j/(wCyq):Cs=1

On fig. 8 and 9 the generalised data about
character of power change on input and output ends
of line with losses (at various losses) in case of the
co-ordinated loading are presented.

It is necessary to notice, that though line losses
influence value of transferred power, but there are
such points in line for which influence of line losses
on value of the power transferred in loading does
not come to light. Such modes are possible both in
relatively short lines, and in lines comparable with
wave length.

On fig. 10 change of generated and transferred
power, EFFICIENCY and PF of source and receiver
(curves 1-5) depending on parameter z is presented
at | = 0.0516; R = 0.48 (a); 4.8 (b); G = R/5;
Zs = Ry. These schedules visually illustrate that
fact, that maxima of all functions investigated here
are reached at various values of loading resistance
Rs - With increase in line losses it is observed «run

up» of critical resistance for generated and
transferred power whereas points of maximum for
EFFICIENCY and PF remain practically
motionless. Thus, at variation of parameter Ry for

any piece of line length it is possible to receive full
representation about power overflows that allows to
choose an optimum mode of line proceeding from
those or other criteria.

The Fig. 11 illustrates dependence of generated
and transferred power, EFFICIENCY and PF of

i L
1 -0.5 08 0.4 -0.2 o 0.2 0.4 0.8 og z 1

P,om 2y
25 -

Fig. 12. Dependence on line length x of generated (1),
maximum transferred (2) powers EFFICIENCY (3) and critical
resistance zy (4) at R = 0.48; G = R/5.

source and receiver on parameter z at
Zs =Rg —j/(aCyq); Cs =1 (17.57mkF).
Longitudinal  active resistance and active
conductivity of line in relative units have values:
R=0.48, G = R/5. Longitudinal compensation of
loading parameters for this line length increases the
maximum  transferred power, but reduces
EFFICIENCY and cos¢.

On fig. 12 dependence of generated and
maximum transferred power, EFFICIENCY and
critical resistance zy, from line length (curves 1-4) is
shown.

The increase (reduction) of transferred power
in process of change of line length always is
accompanied by  reduction  (increase) in
EFFICIENCY. For a quarter wave line the power
maximum takes place in mode close to IM
(Rg=13.93Z;), and for a half-wave line in mode

close to SC (R;=10.14Z;).

Conclusions

1. Within the frame of the tendency of regional and
inter-regional power systems development the
urgency of working out of effective methods of
modes research in such chains repeatedly
increases. Research of influence of various
factors what line and loading parameters, waves
dissipation and dispersion are on power losses
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allows to develop measures on efficiency
increase of ETL functioning as a part of regional
power connections.

. The most significant influencing parameter on
mode of power transfer on long lines is its
length.

. It is necessary to distinguish line operating
modes at the maximum transferred power,
EFFICIENCY, PF and the maximum return of

energy by the generator of sinusoidal voltage in
the given line.

. Researches in the given direction has not only

the scientific importance, but also practical as it
is possible is proved to develop the most rational
ways of energy transmission on high voltage
lines and to solve others problems from area of
diagnostics, coordination of insulation,
calculation of losses, as in stationary, and non-

stationary (transitive) modes.
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AHnHoOTanus. PaccmatpuBaioTcsi 0COOEHHOCTH

Mepefiayn  JJIEKTPUYECKOW  DHEprud IO
JIUHHBIM JIMHUSIM, IIPOLECCHl B KOTOPBIX
OTIMCHIBAIOTCS TenerpadHbIMU YPaBHEHUSIMHU B
cucteMe 0Oe3pa3MepHBIX CIUHUIL. | paHUYHBIC
YCIIOBUS 33aI0TCs B BUE MU HepeHIUaTbHO-
WHTETpaJbHbIX ypaBHEeHMU. Hcmonb3oBaHue
OTHOCHUTENILHOTO TapaMeTpa Harpy3kud Z,
MO3BOJIMJI MOJYYHTh OOOOIICHHBIC JAHHBIE O
pexxuMe paboThl JUIMHHOW JIMHUU pH
W3MCHECHUU €€ Harpy3ku Rs B mpezgenax

—0 <Ry <+00.

[Ipu uccnenoBaHuy peXXUMOB IITUHHON JTUHUH
WCTIONIF30BaH YHCJICHHBIM METOJX B KOHEYHBIX
Pa3HOCTSX, HAa3BaHHBIH aBTOPAMU  METOJ
«AnpbaTpoc». Metox o6mamaeT OIXHOPOIHOM
CTPYKTYPOM M OCYIIECTBIISIET CKBO3HOM CUET
Pa3phIBHEIX penreHuil. DPOHTHI BOJIH U APYTHE
CKauKy 3HAYEHUHU

HNCKOMBIX  IapaMeTpoOB

BBIACIAIOTCA ABTOMAaTHYCCKH nu
MNpEaACTAaBIIAIOTCA B BHIAEC MCECT OOIBIIHX

rpaAuCHTOB BOJIHOBOTI'O ITOJIA.

HCCJ’IGI[OB&HBI PCKUMEBI TTIEPCAaYn MOITHOCTH B

3aBUCUMOCTHU oT 3HAYCHUN IIOI'OHHBIX
napamMeTpoB JIMHUH, CC JIIMHBI W XapaKTCpa

Harpy3kd. [loka3aHo, 4TO B DIEKTPHYECKOM

TJIaHe JUTMHHAS JTUHHS SIBIISIETCS
HEOAHOPOIHBIM 00BEKTOM, KOTOPBII
XapaKTepU3yeTcs 0COOBIMHU TOYKAMH
KacaTeJlbHO YCIIOBUUI nepeaadu

MaKCHUMaJIbHOH MOIIHOCTHU B HAI'PY3KY.
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PacmomoskeHne 3THX TOYEK 3aBUCHUT Kak OT
JUIMHBI DJIEKTPOMArHUTHOW BOJHBI, TaK M OT
MapaMeTpoB TOTEPh JIMHUU. B 0COOBIX TOYKax
JIUHAN MEPEMEHHOTO TOKA aKTUBHASI MOIIHOCTh
Ha ee¢ BXxome (TeHepaTopHas) OJWHAKOBA II0
3HAYCHUID KaK B PEXHUME XOJIOCTOrO XOJa
(XX), Tak ¥ B peKUME KOPOTKOTO 3aMBIKAHUS
(K3) B nanHOi1, 0cO00¥, TOUKH JTHHHH.

JinHa nuHUKM HauOojiee CUIIBHO BIMSIET Ha
peXHM  Ilepefavu Crnenyer
JUHAW  TIPH

MOIITHOCTH.

pas3in4yatb PCKUMBL pa60TI:I

MaKCUMaJIbHOM  TepelaBaéMOl  MOIIHOCTH,
3HAUCHUH KO3 PUIHMEHTa
nostesHoro aeictBus (KIIJl), MakcumaibHOM

3HaueHun Koddduuuenta momHoctd (KM) u

MaKCHUMaJIbHOM

MaKCHUMAaJIbHOH HWHXXCKIIUNU SHECPruv B JIMHUU
réHepaTopoM CUHYCOUJAIIbHOI'O HAIIPSKCHUS.

[IpencraBieHbl XapaKTEPUCTHKH H3MEHEHUS
MOITHOCTE B Havajie M B KOHIE JIMHHH,
ko3 dunmenTa ko3 unmenta
nevicteus  JIOII,
3aBUCUMOCTH OT JUIMHBI, APaMETPOB JIMHUU U

MOIITHOCTH,

IIOJIE3HOI'O TOKOB B

MapaMeTpoB HaTrPy3KH.

KuaroueBble cjoBa: JJIMHHAs JMHUSA, PEXKUM,
nepeiaBaeMasi MOIIHOCTb.

1. BBenenne

B macrosimee BpeMs TNPOWCXOAST HOBBIE

KayeCTBCHHBIC U3MEHEHUS B TEXHUKE OOCCIICUCHUS


mailto:berzan@ie.asm.md�

EGDO-A3MCZW[CKMIZ HCYPHAJL NO noJumuke paseumus VCWIOIZHMGOIZ QHepzemuKku

JHEPrHeH, B YaCTHOCTH, M3-3a YBEIHYCHUS JOJIU
BO300HOBIISIEMOM DPHEPTHHU B OajaHCe MOTpeOIcHUS.
[Ipobnema  Gosnee  MIMPOKOTO  BOBJICUCHHMS
nmoTpedyeT

NPOM3BOACTBA U

BO300HOBIISIEMOI OHEpPIUun HOBOI'O

MoaxoJa B OpraHU3alluf
TpaHCIoOpTa 3JIEKTPUYECKON DSHEPTUH, MOCKOIBKY
HEOOXOJMMO OO0ECIeYnTh TIOCTOSIHHBIM  OanaHc
MEXIy

HampuMep, 3a

MMpOU3BOJACTBOM n 1'[0Tpe6J'ICHI/IeM,

CUeT mapajuieIbHOW  paboThl
COJTHEUHBIX JJIEKTPOCTAHIUK, PaCMOJOKEHHBIX B

PAa3JINYHBIX YaCOBbIX U KIIMMATUYCCKHUX TTOsACAX.

B0O3MOXHOCTh  IPOM3BOACTBO B OOJIBIINX
KOJIMYECTBaX 3JIEKTPOIHEPTUU  COJTHEYHBIMU
3JIEKTPOCTAHLUAMHA MOATBEPKIACTCS

HaKOIUICHHBIM OITBITOM B 3TOM oOiacTtu. Hanmpumep,
B [lopryramuu (2007 T.) OTKpBLIaCh camasi MOIIIHAS
(1],

ycTaHOBJICHHONH MomHOCTRIO 11 MBT. ConHeunsie

B MHUPE COJIHCYHAaA QJICKTPOCTAaHIIUA

PV monynu 3anuMarot mnomaas B 60 ra. M3BecTHbI

U JApyrue
HampuMep, IIaHupyeMbli k peanmmzanuu B CIIA

IMPOCKTHI  TAKHUX BHCKTPOCTaH]_[I/If/‘I,

(wrar  Apu30Ha) IPOEKT, MpelycMaTpUBAeT
cTpoutenscTBO W myck B 2011 1. comHedHOI
3JEKTpOCTaHUMU MoIHOocTh0 280 MBT [2], a
TaKKe MpeJIoKEHHEe O CTPOUTEIHCTBE COJIHEUHOM
anekTpoctaHiuu B mycThiHe Caxapa B Adpuke [3].
B pamkax mocienHero

MIpoCKTa, MOIIHOCTb

HCTOYHMK TeHepauuu coctasut 100 I'BT.

Hapexnoe u ycroiiunBoe 3HeprocHaOXeHUe
MpU YBEJIMYEHUH JOJM TEHEepaldd Ha OCHOBE
BO300HOBIISIEMBIX MCTOUYHUKOB HHEPTMH BO3MOXKHO

Opy  pealu3alid  KOHLEMIHMH  IUIaHeTapHON
ANIEKTPOIHEPrETUUECKOI CHCTeMBI [4].
Tennenums YBEIUUCHUSI MOIIHOCTH

HUCTOYHHMKOB TICHCpalMu W OaJbHOCTHU II€p€aavyun
SIICKTPHUYECKOM DHEPrHMH XapakTepHA JUIs BCErO
MePHO/Ia Pa3BUTHS JIEKTPOIHEpreTuku. Hanpumep,
HAIMPAKECHUC SJICKTPUICCKUX JIMHUHN YBEJINYUIOCH C
15—2 kB (1882 r.) mo 1150 kB B mHacrosmee
BpeMs, a pacCTOSHHE TEpeaadd DICKTPHISCKOU
sHepruu ¢ 57 kM g0 1500 xm u 6omee [1-3, 5-7].
KonnuecTBeHHBIE H3MEHEHHST B CTPYKType, B
CXeMax Tepeaud U pactpeeeH s SIeKTPUUSCKON
SHEPrHUH  COMPOBOXKIAIOTCS W  BO3HHUKHOBEHHEM
HOBBIX HAyYHO-TEXHHYECKUX MMPOOIIEM, KOTOPbIE HE
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XapaKTepHBbI st MaJIOpa3MEpPHBIX
JIEKTPO3HEPTETUIECKUX CUCTEM.

B KOHCONMAMPOBAaHHBIX  PErHMOHAIBHBIX
JIEKTPOIHEPreTUYECKUX  CHUCTEMAax  PacCTOSHUS

nepefayd MOILIHOCTH OyAyT CcOM3MEpPHMBI C
JUIMHHOM 3J€KTPOMATHUTHOM BOJIHBI, & MPHU TAKUX
PasMEpHOCTSIX aKTyalbHBIMH OYyIOyT MpOOIEeMBI
a¢dhexTnBHOCTH " HaJe)KHOCTH
(YHKUMOHUPOBAHUS KaK CUCTEMBI B II€JIOM, TaK M
€€ OTHCNBHBIX KOMIOHEHT. IloaToMy wu3yueHue

0ocoOeHHOCTEH nepenayn 3IIEKTPUUECKOMN

MOINHOCTHU Ha AaJIbHUE PACCTOSHHA MPCACTABIACT

HE TOJBKO  TCOPETUYECKUU  HUHTEpec,  HO
MPENCTaBIsIeT MHTEpeC W ISl MPaKTUYECKOH
AIEKTPOIHEPTETUKH.

2. IlocranoBka 3agauu

Co3nanue  OONBIIMX ~ BHEPrOCUCTEM  C
HIPOTSKHBIMU IEKTPUIECKUMHU JIVHUSMH,
HampuMep, B paMKax mpoekra 3aman-Boctok,

SHEPreTHUYECKOTO KOJbIla BOKpYr UYepHOoro mops
(pernonansHOE 00BEINHEHNE DHEPTOCUCTEM) WK B
cIy4yae TpaH3WTa »JIIEKTPUYSCKOH OSHEPruu OT
COJTHEUHOH 3yekTpocranniui u3 Caxapel B EBpomy
[3] Tpebyer OGonee TIyOOKOrO HCCICIOBAHUS
0COOCHHOCTEH Tmepemadn SHEPrHH Ha OOJbIIHE
paccrosausi.  Kpome
SHEPIeTHYECKUX  KOPUIOPOB  HE

TOTO, TpPH  CO3JAAHHUU
HCKIIIOYEHO
WCIIONb30BAaHNE HOBBIX TEXHHUYECKHX PpEIICHHH,
cBepxnpoBosmue JIOII

HallpuMep TaKuX, Kak

WKW OTHACJIBHBIX YYACTKOB JJICKTPONCPECAAYN Ha

a¢dekra

MOBJIMACT Ha PCIKUMBIL pa60T TaKUX HCOAHOPOIHBIX

OCHOBE CBEPXIPOBOANMOCTH,  YTO

JINHUH.
KonmnuecTBeHHBIE ~ HM3MEGHEHHS B CTPYKType
JIIEKTPOIHEPTETHUECKHX CHCTEM (92C)

MOPOXKAAIOT  PsiA
HACTOSIIEE BPEMs HET SICHBIX M YETKHUX OTBETOB,

BOIIPOCOB, Ha KOTOPLBIX B

HaOpUMEP TaKHX KaK:

1. Hackonpko TOYHBI COBPEMEHHBIC METOJIBI
aHaJM3a MPOIECCOB B [UIMHHBIX JIMHUSAX U €CTh JIK
TPaHUIBI UX MPUMEHUMOCTH, HAaMpHUMEp B Cliydyae
JUHUK 0€3 TIOTEPb.
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2. [Ipu kakuxX yCIOBUSX MOXHO 00ECIEeYNTh
HanOOJIBITYIO TepeIaBacMyro MOITHOCTb,
HanOoubmee 3HaueHne KI1/] muHuu, B TOM 9HCIIe U
NpU KOMIICHCAIIUM PEAKTUBHBIX COCTABJISIOLIUX
Harpy3KH W JINHUU.

3. Kax Bnusier HEONHOPOOHOCTH JIMHHUH, €€
IIMHA W 3HAYCHWSA TIOTOHHBIX TIapaMeTpOB Ha
XapaKTEePUCTUKHU

nepeaayun BHGKTqueCKOﬁ

MOIIIHOCTH IpU  HOPMAJbHBIX U aBaprIHLIX

pexxumax.

3ajaya JaHHOM PaOOTHI COCTOHT B aHAJIM3E BIUSHUS
MmacmrtabHOro (JIMHEHHOr0) ¥ TMapaMeTpUYEeCKUX

(dakTopoB Ha 3¢ (HEeKTUBHOCTD nepeaadn
ANEKTPUIECKOH  MOITHOCTH Ha  Oompiue
PacCcTOsSHUS.

3. Meroa uccjiefoBaHus

HeogHopomHOCT,  AMWHHBIX ~ JUHUH U
3aBUCUMOCTb pEXUMa MEpelayd >HEPruu, Kak OT
rapaMeTpoB Harpy3Kkd, TaK U OT IMapaMeTPOB CaMOM
JIUHUH SBIISIOTCS YCIOXKHSIOMMMH (haKTopaMy TpH
WCCIIEIOBAaHUN OCOOEHHOCTEH UX PabOTHI B COCTaBe

99C.

IIpu aHanuse ocobeHHOCTEH

(YHKIMOHUPOBAHUSL  JUTMHHBIX  DJICKTPUYECKUX
JIMHWUH, HallpUMep, B COCTaBe peruoHanbHbIX DIC,

BOCTIOJNIb3yeMCS TelerpadHbIMU YPaBHEHUSIMH.

[Ipu ananmze OyaeM HCXOAUTH W3 MOJIOXKEHUS,
9TO JIOOOMY YCTaHOBHBIIEMYCS PEXHMY BCETa
MPEAIIECTBYET HeCTallMOHAPHBIN BOJIHOBOM
nporiecc. Haubosiee ymao0OHBIMH HWHCTPYMEHTaMHU
Il pelleHds 3aJaud B TakoOd ITOCTaHOBKE
SIBJISIFOTCSL HA HAIIl B3TJISAI METOJ XapaKTEPUCTUK U
METOl KOHEYHBIX pa3HocTell «AnbbaTpoc» [8].
PasnoctHast uucnenHas cxemMa «ApOaTpoc»
MpeIUIOKeHa U CTpPOro oOocHoBaHa WMHCTHTYyTOM
sHepretukn  AHM. Hcnone3ysa 3TOT moaxon
MOXKHO JIETKO M TIPOCTO pelath TejaerpadHbie
YpaBHEHUSI Uil HEOAHOPOIHBIX JIMHUU M LENed C
MPOU3BOJIBHBIMU TOTEPSIMH, TOYKAMU BETBIICHUS,
HECKOJIBKMMH TE€HEPATOPHBIMH W Harpy30YHBIMU

y3JlaMd U JOPYTUMH YCIOXHSIOLMMU (aKTOpaMu

(8].
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B Meroge  xapakTepHUCTHK  HEOOXOIMMO
anpuopHy BBIJENATh M OTCIIEKHUBATH KOH(DUTYpAIHIO
BOJTHOBBIX (DPOHTOB (CHIIBHBIX Pa3pbIBOB), KOTOpBIE
3HAYUTENIBHO YCIOXKHSIOTCS C TEYCHHUEM BPEMEHHU.
IloaToMy wMeTOn XapaKTepUCTHK IeJIecooOpa3sHo
UCIIONIb30BaTh, B OCHOBHOM, JUIL  TECTOBBIX
pacueToB WACANbHBIX W HEHCKAKAIOUINX JIMHUH C

LCJIBKO KOHTPOJIA TOYHOCTH YHUCJICHHBIX pemeHHﬁ.

MeTton  KOHEUHBIX  pasHOCcTed  «AnpbaTpoc»
obnamaer OJTHOPOJTHOM CTPYKTYpOH u
OCYIIECTBISIET  CKBO3HOM  CYUET  pa3pbIBHBIX

pelieHui, rae (QpPOHTHI BOJH M APYrde CKAuKH
BBIJACIISIFOTCSA aBTOMATUYCCKHU U Hpe)lCTaBHHIOTCH B
BUJIC MECT OOJIBIINX TPATUCHTOB BOJHOBOTO MOJISI.
MIMEHHO 93TO HEOCIIOPUMOE MPEUMYIIECTBO, B
a0CONMIOTHOU

COYCTaHUH C MMPAKTUYICCKH

TOYHOCTBIO, TO3BOJIIET  OCYIICCTBUTH  pPacyeT
MEPEXOHBIX M YCTAaHOBUBIIMXCS MPOIIECCOB IO
eanHooOpa3HbIM  QopMynaM TuUHa NPEIUKTOP—
KOPpPEKTOp ¢ pona

HEOJHOPOJIHOCTEH 0Oe3 W3IUIIHeH (U3UYECKOl u

y4eTOM  pa3iIMyHOTO

FeOMeTpH‘IGCKOfI nacajn3anunumn HCCICAYCMbBIX

ANEKTPHUUECKUX CHCTEM U ycTpoicTs [8-10].

bnaronaps KOHCEpPBATUBHOCTH, HYJIEBOU
pa3HOCTHOM  JuccUlauMd W MHUHUMAalIbHOMU
JUCTIEPCUH YUCIIEHHOW  CXEMBI  OIIMOKa
BBHIUMCIICHUA 1O HEHl HEe HaKaIUIMBAaeTCs,  4TO
IIO3BOJISIET paccUuTHIBATH HECTallMOHApHBIE
mporecchl Ha OONBIIMX WHTEpPBaIaxX BPEMEHH,
COOTBETCTBYIOIINX 300...500 npoberos

3JIEKTPOMArHUTHOM BOJIHBI 11O JJIMHE JIMHUHU BIIOTh
O TIOMYYEHHUs] YCTaHOBMBLIETocs pexuma. llpu
3TOM TapaMeTphl

Harpy30Kk MOIYT BHE3aIlHO

MEHSTBCS, MOJENUpPYs, K HNpUMepy, aBapHUilHbIE

cutyaruu tuna K3 niu pa3psiBa JIMHUY.

MeToslT KOHEUHBIX pa3HOCTeH «AILOAaTpoC»

OasupyeTcs  Ha  U3BECTHBIX  TeserpadHbIX
yYpaBHEHUSX UIMHHOW JHMHUHM, KOTOpBIE XOPOIIO
OMHMCBHIBAIOT ~ TPOLECCHl B ABYXIIPOBOIHBIX,
MHOTOIIPOBOJHBIX U KOAKCHAIBHBIX JIMHHUAX. OTH
CTPYKTYpBl HauOoJjee IIUPOKO HCIONB3YIOTCS Ha
MIPAKTUKE B KA4eCTBE MPOJOIbHO-PETYISPHBIX
HaMpaBJISIONINX CTPYKTYD,

pacmpocTpaHseTcs B

B KOTODPBIX 3HEPIus

BHJIC TONIEPEYHBIX

snekTpoMarHuTHbx  BoaH  (T-Bommer).  Kak
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W3BECTHO, ToJie¢ T- BOJHBI B MOMEPEYHOM CCUCHUH
COBIIAJACT CO CTAI[MOHAPHBIM IIOJIEM B TOH JKe
CTPYKType, a TOKH B MPOBOJHHUKAX MPOTEKAIOT

TOJBKO B TPOJOJGHOM  HampaBieHUH (TOKH
MPOBOIUMOCTH). [Toatomy npu aHaJu3e
ocoOeHHOCTel MIPOTEKAHUS IIEKTPUIECKUX

NPOIIECCOB B [UIMHHOW JIMHUW HampspkeHne U U
CHJIY TOKa B POBOJHUKE | MOXKHO paccMaTpuBaTh B
Ka4yeCTBE HE3aBUCHMBIX IEPEMEHHBIX U IPOBOJHUTH
aHaynu3 “BOJIH” HaNpsHKEeHUH U TOKOB B JIMHUHU Ha
OCHOBE  TenerpadHbIx [8-10]:

Lg+a—u+Ri:O;Ca—u+ﬁ+Gu=0, (1)
ot ox ot ox

ypaBHEHUI

rne L, C, R, G — moroHHsle WHAYKTUBHOCTH,
€MKOCTH, AKTUBHBIE COTPOTHBIICHUS U

IIPOBOJUMOCTH H3O0JISAHH.

[lpy aHamm3e OHTHX MPOLECCOB MENECOO0Pa3HO
HCIIOJIb30BaTh CHCTEMYy Oe3pa3MEPHBIX BEJIHYMH,
YTO TIO3BOJISIET IOJIy9aTh OOOOIIEHHEBIE JAaHHBIE O
MPOTEKaHUE TMPOIIECCOB B JUIMHHBIX JIMHUSX B HE
3aBUCUMOCTH OT 4acToThl Toka (50 mmm 60 I'm).
PaccmaTpuBaemass 3amaya OTHOCHUTCS K KJaccy

W\ Ny a
MANARY
SRNAV\Y

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

3agad MaTeMaTU4eCKON (1)I/I3I/IKG C Ha4YaJbHO-
KpacBbIMU YCJIOBUSIMMU. HpI/I PEIICHUN TAaKUX 3aJa4

nepexo K 0Oe3pasMepHbIM (HOPMHUPOBAHHBIM)

BCJIMYMHAM OCYILICCTBIIACTCA 110 q)OpMyJIaM:
0 HY 0 to
u= u ; i= : ZB X t= -
u° u° A
o
090 XO R
RzRf X=—, Rsz_i; 2)
z: p z8

G=G°2°Z2; Zg =~L°/C° ;
a° =1/ ; z=Rs s

R +Zg

roe U
Zp — BOJIHOBOE COIPOTHBIICHIE HICATBHON JINHHK;

— HCKOTOPOC HOMUHAJIBHOC HAIIPAKCHUC,

R, -comporuBnenne Harpy3km; A = aff — mmuHa

BOJIHBI Ha 4YaCTOTC HUCTOYHHKA SHCKTPOHI/ITS.HI/IH
- BpCMH npo6era BOJIHBI II0 OJIMHEC
Ala; a-

OJICKTPOMArHuTHBIX
3HA4YO0K TIpagyca

menu; A
JUHUK, paBHOH A: A = CKOPOCTh
pacnpocTpaHeHus
BO3MYILICHHI  BJIOJb

MIPUCYTCTBYET y pa3MEPHBIX BEJIHUNH.

JIMHNH;

05 |-

0.4

03 13\

\3
W\,
NN

o 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.9 1

Puc. 1. 3asucumocmo 2enepupyemoii (a) u nepedasaemoi (0) mowHocmu om OruHbL IUHUY NPU PAZTULHBIX CORPOMUBTCHUAX HA2PY3KU: Rg
=1(1); 2(2); 1/2 (3); 4 (4); 1/4 (5); 6 (6); 1/6 (7); 8 (8); 1/8 (9); 10 (10); 1/10 (11); 100 (12); 1/100 (13) uR=4.8,G =0
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Puc.2. 3asucumocmo KII/T om onunvl aunuu npu pasiuunsix conpomuenenusx nazpysru: Rs =1 (1); 2(2); 1/2 (3); 4 (4); 1/4 (5); 6 (6);
1/6 (7); 8 (8); 1/8 (9); 10 (10); 1/10 (11); 100 (12); 1/100 (13) npu R = 4.8, G=0 (a) u G = R/5(b)

4. Oco0EHHOCTH PesKUMA JIHHHBIX JTHHUA
4.1.Jlunus nocmosanno2o moka

ITycTh ogHOpOIHAS THHUSA ATHHOM |, UMeroras
nmoro"Hele napametpol: R >0; G = 0, noakiroyeHa K
HCTOYHHUKY MOCTOSIHHOTO Hampsbkenus: U = Up, a ee
NPUEMHBI KOHEI[ 3aMKHYT Ha YHCTO aKTHBHYIO
Harpy3ky ¢ comportuBieHueM Zs = Rs. B astom
cllyyac B KauyeCTBE BHYTPCHHETO COIMPOTHBIICHHUS
reHepaTopa HAMpsHKCHUS HUCIOJb3yeM  IIOJIHOE
conporuBienue muHuU: Ry = IR. B ngansoll nemu
yCJIOBHE Mepeiadd MaKCHMMAlIbHOH MOITHOCTH P; B
Harpysky Rs ussectHo, T.e. Rs=IR [11].

PesynpTathl  mapameTpU4eckoro - aHajamM3a
MMOKa3eBatOT (puc.l), d9ro GYHKINUA MOITHOCTH
reneparopa Py (X) mocTuraet npeiesbHbIX 3HaUCHUH
B pexxkmme, ommm3koM kK K3 npu Rs — 0, Torma xak
MaKCUMyMBbI (YHKIIUM MOITHOCTH Harpy3ku P (X)

SIBHO 3aBUCAT OT AJIMHBI JIUHUU X.

Koaddumuent mone3HOro MeHCTBUS JIMHUU

MMOCTOSSHHOTO ~ TOKA MOHOTOHHO  YOBIBaeT C
YBEIMYEHUEM JJTMHBI JHHUW U MOTEepPh B HEU (pwc.
2), IpUYEM B cIydyae TIOTEPh B U3OJISAIUU CHIDKCHUE
3HaueHusa KIIJI nuHUM € pocTOM €€ JJIMHBI

MPOSIBISIETCS 00JIEE CHUITBHO.
4.2. Jlunusa nepemennHo2o moka

PaccMOTpUM ~ MTHOBEHHOE BKJIIOYEHHE Ha
MEPEMEHHOE HANpPsDKCHUE HE3apsHKCHHOW — JIMHUH
(u =i 0 mpu t 0), Harpy)XeHHOW Ha

COCPEIOTOYCHHOE COMPOTHBIICHHUE Rs :
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u=U,(t) mpu x=0,t>0;

u=Rgi mpu x=I1,t>0.

©)
OueBunHoO, uTo Mpu Ry = 0 mosydaeM pexum
KOPOTKOTrO 3aMmbIKaHus: U= 0, a ycioBue Rg = oo
i=0
(marpy3ka otkitodeHa). [1ogo0HbBIE BBIPOXKICHHBIC

COOTBCTCTBYCT XOJIOCTOMY XOAY JIMHHUU:

Harpy3ku (XX mnm K3) Ha mpakTHke BCTpeyaroTcs
penKo, OIHAaKO
HECOMHEHHBIN

CpaBHUTCIIBHO
IpeaACTaBIIACT

HX  H3YUYCHHC

HHTEpEC  Kak
WUCXOAHAS CTYNEHb IPH TIEpexoAe K peaTbHBIM

(HEBBIPOXKACHHBIM ) HATPY30YHBIM PEKUMAM.

Ilyctb 3NIEKTpUUECKast Lenb

(puc.3)
NPUCOCIMHSCTCS B HAYaJbHBIA MOMEHT BPEMEHH

t = 0 k BHEIIHEMY HCTOYHHKY HANPSHKCHUS
uU=u,(t) opu x=0,
a ee koHel 3aMKHYT Ha RLC — Harpysky:

. di 1 ¢
u=Rji+L —+—|i(r)dzopu x=1I.

dt C, 1
OueBuano, 4TO IpH Ry L,=0, C;= =
MOIyyaeM PeXUM KOPOTKOro 3aMblkaHusa: u= 0, a
YCIIOBUE Rg = o0 COOTBETCTBYET XOJIOCTOMY XOIy

muaud: | =0 (Harpy3ka OTKJIIOUCHA).

[Ipu CHHYCOUATHFHOM HaIPsSHKCHUH
u=U,sin(2x ft) HOMHHaIBPHOE 3HAYEHUE MOIIHOCTH
U 2
ONpelensieM U3 COOTHOLIEHUS P= 220
B
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Kak BuaHo wu3 rpadukoB C yBEIWYCHUEM

1
a3MepHoM uiu P =— B Ge3paszmepnom Buze. [lpu
P P 2 p P A P JUTMHBI JIMHUW TiepenaBaemass MomiHocTh u KITJ]

NOCTOSIHHOM 3HA4YCHUHM aMIIIUTYyAbl IIEPEMCEHHOIO MOHOTOHHO YOBIBAIOT, a TeHEpUpyeMask MOITHOCTh
HalnpspDKEHUM Ha Bxoxe JymHMH: U, =const=U, OCTaeTCsl MPAKTHUUYECKH HEU3MEHHOW, HUCHBITHIBAS
2 UL He3HauuTeNnbHBIe (B mpepenax 1...3 %)

nosryyaem P = Yo nm P=1.

R Guyxryauuu npu Zg = Zg.

L,CRG,I
Ha puc. 4 mnoka3aHo H3MEHEHHE CpPEAHUX ]

(6e3pasMepHBIX) 3HAYCHWH  TEHEPHUPYEMOH W R
nepeaaBaemoii MomHocTH (kpussie 1;2), KII/ (3), 7 s
KM (cosp) wucrounmka u mnpuemHuka (4;5) B

. Ls(®
3aBUCHMOCTH OT JUIMHBI JIMHUM X TIpU Z¢ = Zg (),

Zg(b); R=048, G=R/S, rne Z, —KOMIUIEKCHOE ;écs(t)

BOJIHOBO€ COIIPOTUBJICHUEC, IIPpU KOTOPOM JIMHHA

paboTaeT B pesxuMe OEryIuX BOJIH; Zg - BOJTHOBOC Puc 3. Jlunus nepemennozo nanpsicenus ¢ RLC—nazpysxoii na

COIIPOTHBIICHHE, TIPH KOTOPOM JIHHHSA paboTaeT B konye

PCKUMEC CMCIIAHHBIX BOJH H KOTOPOC SABJIACTCA
YHUCTO aKTUBHBIM COIIPOTHUBJIICHHUEM.

B KMg, K . P, KM, KM
i 45 cosyp cosgy; | i i ! I

45  coso; cose; b

08

Puc. 4. 3asucumocmo 2eHepupyeM0ﬁ u nepedaeaeMaﬂ MowgHoCcmu, K11/ u KIVI UCMOYHUKA U NPUEMHUKA OM OJIUHbL TUHUU X NPpU Ls = Lg
(a); Zz(b); R=0.48; G =R/5.

P, K4, K P, K4, K

Puc. 5. 3asucumocmo cenepupyemoii u nepedagaemoii mownocmu, KIJJ u KM ucmounuxa u npuemuuxa om onunsl aunuu x npu ZS = ZB
+jw LS (a); ZB —j/(w CS) (b); LS =1/8; CS =1/5;R = 0.48; G = R/5.
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H=0.1517, L=03859, L=06317, L=08T0F, L=1 1287, L=13T780, H=1.6275, K=1%772

i i i L x
0g a8 1 1.2 14 16 18 2

I
0 0.z 04

h=0.1481, E=03800, Hh=06211, L=0.8619, B=1.1027, L=13434, =1.5842, k=1 %250

Puc. 6. 3asucumocms mownocmu 2enepamopa PO om onunwl aunuu x 6 pestcume XX (1) u K3 (2) npu R = 0.48 (a); R =4.8 (b); G = R/5.

Ha puc. 5
WCCIIEyeMbIX BEJIMYMH OT IJUHBI JIUHUH X TIPH
Zs = Zgtjols (a); Zs —j/(0Cs ) (b); Ls =1/8 (0.66
I'n); Cs =1/5 (15.23 mx®); R = 0.48; G = R/5.
Hanuuue peakTUBHBIX 3JEMEHTOB B HArpy304HOM

npeacraBji€cHa 3aBHCHUMOCTDH

COIPOTHBIICHUN TPHUBOJIUT K PE3KOMY HU3MEHCHHUIO
BXOJIHOTO COIIPOTHBJICHUSI LIEMH M KakK CIIEICTBHE
BCE XapaKTepU3yIOIUe  MpoLece
TOKOM

BCJIIMYHUHBI,
nepeaadun MOITHOCTHU NIEPEMEHHBIM
HCHBITHIBAIOT KOJICOaHUS Ha ACCATKU IMPOLICHTOB.

Jos

momrHOocTh U KIIJ[ sBisrOTCS MaKCHMalbHBIMH,

HOHyBOHHOBOﬁ JIJMHUHA nepeaaBacmas
KOrga Harpy3ka Ha €€ HNPpUEMHOM KOHIE YHCTO

aKTHUBHasd.

B cayuae nmHEMM ¢ morepsmu  (puc.5b)

BOJIHOOOPA3HBIH XapaxkTep oTAaBaeMoin
TeHEePaTOPOM MOIIHOCTH B CETH MOA00EH Kak Jyis
nuHKM 6e3 noreps. C yBeMUeHNEeM AJTUHHBI TUHUH,
GyHKIMS

CTpEMUTCA K YCTAHOBUBHIEMYCSA 3HAUCHHIO IIpU

MOIITHOCTA  TeHepaTopa  OwIcTpee
YBEJIUYCHUH MPOAOJIBHOTO MOMOHHOIO aKTHUBHOTO
CONPOTHUBJIEHUA 3TOW JIMHUM. BcliencTBue 3Toro
MPOUCXOANT OchableHne BIHUSHUAS MacIITaOHOTO
(hakTOpa Ha TMpOIECC Mepenavyn B JIHHUI0 aKTHBHOM

MOIIIHOCTH T'€HEPaTOPOM.

Uccnenopanue W3MEHEHHUS MOIIHOCTH
reHeparopa OTAaBaeMol B JIMHUM B pexxume XX U
K3 moxkaspiBaeT, 4TO HMEIOTCS OCOOBIE TOYKH
(nmuHBI JNMHWUW) IS KOTOPBIX ~ 3Ta MOIIHOCTH

OJIMHAKOBA 10 3HAYEHHUIO KakK JJIs pexxkuma XX, Tak

17

u st pexuma K3 nmuHum B JaHHOM cedeHuH (puc.6
- ocoOble TOYKM O0O3HAUeHBI cTpenkamu). Poct

IIOT'OHHOT'O AKTUBHOI'O COIIPOTHUBJICHUSL R

YMEHBIIAET YUCIO Takux Todek. DyHkmus P,(x)

aKTUBHOM MOIIIHOCTH IreéHepaTopa, MOAKIHOYCHHOI'O
K JUHUH, TPH 3TOM YCJIOBHH OBICTpEC TOCTHUTACT
YCTAaHOBUBHICTOCA 3HAUYCHUSA TIpU  YBCIIMYCHHUU
JJIMHBbI JIMHHUH. CHCI{OB&TGJ’ILHO, A aMIIIUTY AbI
MT'HOBEHHOM MOIOHOCTHU T'€HEpPATOopa BBIIIOJIHACTCIA
Pe(X) <Py(x) mma R, >R, tme R,R,-

MTOTOHHBIC COMPOTUBIICHUS JJIMHHOMN JIMHUH (pHC.6).

ycJoBUe

YcTaHOBICHO TAKXC, YTO B OKPECTHOCTU

0COOBIX TOYEK JIMHUM AaKTUBHOE TOTOHHOE
COIIPOTHUBIICHHUE HE BJIMACT Ha 3HAYEHUE MOLIHOCTU
OTJIaBaeMoOM B JJMHWUU reHepatopoM. Hampumep, npu
YBEJIMUYEHUH TTIOTOHHOT'O AKTUBHOI'O CONPOTUBIICHUS

¢ 0.48 nmo 4.8 OTHOCHUTEIBLHBIX COWHUI] IS JUIHH

JIMHHUH, OMpPEACIIACMBIX KOOpAWHATaMH1
PpacCIiojIoKCHUA 0COOBIX TOYCK, IIOJTY4YCHBI
OJHWHAaKOBBIC 3HA4YCHUA aKTHBHOM MOIIIHOCTH

reHeparopa NOAKIHYCHHOI'O K TaKOU JIMHUH.

B  oramume ot
rae
XOJIOCTOM XOJy BCET/Ia MECHBIIIE, YeM IIPH KOPOTKOM
3aMBIKaHUH, 3/1ECb UMeEM 10 4 TOUKHU MepecCUCHUs

JIMHHUHA IIOCTOAHHOI'O

HampsKCHUA, MOIIHOCTL I'CHEpATOpa Ha

3TUX KPHUBBIX Ha Ka)XJOM OTPE3KE IJIMHBI JIMHUH,
paBHOM A. KoopawmHaThl 3THX TOYEK IO JJIMHE
JINHUM CIIENYIOIIHE:

|, =0.1481 1, =0.3809; I, =0.6211; I, = 0.8619;
I, =1.1027; 1, =1.3434; |, =1.5842; |, =1.825
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[Tapamerpuueckuit aHaINu3 IIPOLIECCOB
nepeiayd AJIEKTPUUYECKOW OHHEPTUM MO JIIMHOU
JIMHUM TI0Ka3aJl B 3JIEKTPUUECKOM IIIaHE, YTO JTMHUSA
JJIEKTpONEepeEAAUN SIBIIICTCS HEOJIHOPOIHBIM
00beKTOM. PeskuM paboThl TreHepaTopa B Hayaje
JIMHUH 3aBUCUT OT MHOTHX (DaKTOPOB, TaKWX Kak:
BOJIHOBOM JJIMHbI JIMHHHW, TOYKH IIOAKJIIFOUYCHUS

Harpy3KkH, XapakTepa Harpy3kd M YCTPOMCTB IS

KOMIICHCAllUM ~ PEAKTHUBHOM MOIIHOCTH, CXEMBI
MOJKIIIOYEHHSI ~ KOMIIEHCHPYIOLIETO  yCTPOWCTBA
TpaHC(OPMAaTOPOB  JUISI  TOBBIIICHUS  W/HIU
TTOHMKCHUS HalpsOKEHUST B JIMHUH, CXEMBI

MMOAKJIFOUCHUA HArpy3KU K JIMHU U B IIPOU3BOJIBHBIX
TOYKaX M B 0COOBIX TOUKaX I[J'H/IHHOﬁ JIMHHMH.

B kadectBe mpumepa Ha puc. 7 IIOKa3aHa
CXeMa 3aMeILICHUs NIMHHON JIMHUM C yKa3aHUEM
0COOBIX  TOUEK MOJKIIIOYEHHSI ~ Harpy3oK,
KOMIIEHCUPYIOIUX YCTPOMCTB U TpaHC(HOpMaTOpOB,
00eCTIeYNBAIOLINX nepeagaqy HanOobIICH

MOIIHOCTH B Harpys3kKe.

Jns  nmroboii  HeucCKakaroIeHd JIMHHU I
RC =GL,
MoIlHOCTH reHeparopoB npu XX u K3 coBmagatot B
Toukax X = A8, 3M8, 58 wm t1.n. Ecam xe
BBINONHAETCSL yciioBHe RC >GL, TO BCIECOCTBHUE

KOTOpOﬁ BBITTOJTHAIOTCA ycCiioBue

IU(PaKIMKA BOJH, KPUBBIE MOIIHOCTH T€HepaTopa
CMEIIAITCs HECKONBKO BIpaBo: X = 0.15A, 0.386A,
0.63\. Otcroma cieayer, 4To MaKCHUMajIbHBIHA 0TOOP
MOIITHOCTH OT JINHUH TIEPEMEHHOT0 HATPSHKSHUS Ha

yuactke: 0.154 < x < 0.386L
pexume, 6mu3koMm K XX, a Ha ygacTkax: 0 < X <

0.154 1 0.386L < x < 0.63\ B pexxume, OIM3KOM
k K3. Taxkas cutyanus nmoBTopsieTcs uepe3 Kaxable

BO3MOXCH B

OTPE3KU BOJIHOBOU
npuMepHo M4,

JUINHBI

JINHHH,

paBHBIE

lea\Z% l
i b
o = sin{er) ] ]

Pas> P Pﬂ.,c::.\ﬁ Poi< Pony

B
! Fnax=73 —=

| — upm

R, — oo (XX) _ 1
1‘ ﬁmu\"‘ik —>
2R,

R,— 0 (K3)

B

Puc.7. Ocobvie mouxu OaumHOU AuHUU U peKOMeHOYeMble

cxembul BKJIIOYEHUs KOMNeHcupyrouwux ycmpozicme,
Mpancghopmamopos u Hazpy3oK K JuHUU

3 Po c
2.5

5 N A

1-5 M
1

0.5

A A

I

% 0.2 0.4 0.6 0.8 1
Puc.8. Xapaxmep uzmenenuss axmugnou MOWHOCMU HA 6X00e
JUHUY € nomepaMU 8 Qynkyuu om ee Oaunvl npu

C0211ACOBAHHON Haepys3Ku

3P1

2.5

2

1.5

OO 0.2

C02N1aco8aHHOL Haecpy3Ku

0.4

Puc.9. Xapaxmep usmenenus axmugHou MOwjHOCMU (MPAH3UMHOU) HA KOHYe NUHUU C NOMEPAMU 6
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0.6 0.8 1

@ynkyuu om ee OnuHbL NPU
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1
P, Kg, kK
o8

Tt
Q6

a5}

i i i
0.2 o @2 04 [oX:]

o

L i i
=1 08 06 0.4 08 z

X

086
05

0.2

I i i i i
-1 -0.8 0.8 0.4 0.2 a 0.2 04 a6 a8 z 1

Puc. 10. 3asucumocms cenepupyemoti u nepedasaemoui mownocmu, KIIJ[ u KM ucmoynuxa u npuemHuxa om conpomusienus HazpysKu
RS npul=0.0516; R = 0.48(a); 4.8(b); G =R/5; Zs=Rs, 20e 1 —P1;2-P2;3 -1, 4—cospl; 5—cosp2

P, K0, KM

Puc. 11. 3asucumocmv om conpomusnenus
naepysku RS eenepupyemoii (1) u nepedasaemoti
mownocmu (2), KIIJI (3 ) u KM ucmounuka

(4) u npuemnuxa (5) npu [ = 0.0516; R = 0.48;
G =R/5; Zs=Rs 'j / (a)Cs),CS =1.

Ha puc. 8 u 9 mnpuBeneHsl 0000IICHHBIC
JAaHHBIE O XapaKTepe H3MEHEHWs MOIIHOCTH Ha
BXOJI¢ M Ha NPUEMHOM KOHIIE JIMHHU C MOTEePSIMU
(IpH pa3UYHBIX MOTEPSIX) B CIIyYae COTIIaCOBAHHON
Harpys3KH.

Cnenyer OTMETHTh, YTO XOTS NOTEPU JIMHHUH
BIIUSIOT Ha 3HaUEHHUE NepeaBacMoi MOIIHOCTH, HO
HUMEIOTCS Takue TOYKH B JIMHUH, [UI1 KOTOPBIX HE
BBIBIISIETCSA BJIMSHUE IOTEPh JUHMM HAa 3HAUYEHUE
NepejaHHOW B Harpy3Ky MOIIHOCTH. Takue
pPEXHUMBI BO3MOXKHBI KaK B JIMHUSAX OTHOCHUTEIBHO
KOPOTKHX, TaK M B JIMHUAX CPABHUMBIX C JJIUHHON

BOJIHBI.

Ha MPEACTABICHO  HU3MEHEHHUE
reHepupyemon u nepenasaemor MmoutHoctu, KIT u

puc. 10

KM wucrounmka w mnpueMHUKa (KpuBbBIe 1-5) B
3aBucUMOCTH OT mapamerpa Z npu | = 0.0516; R =
0.48(a); 4.8(b); G =R/5; zg = Ry. O1n rpaduxu

Puc. 12 3asucumocmov om OnuHvl AUHUU X

eenepupyemolii (1), maxcumanvroii nepedoasaemoi (2)
mowmocmu, KIIJ (3) u kpumuueckozo conpomuénenus z1k (4)
npu R = 0.48; G = R/5.
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o
RA0% 05|
JIOCTHATAIOTCS 3HAYCHUAX

OpU  Pa3IM4YHBIX

CONPOTUBIICHUS HArpy3ku Rg. C yBenmuueHueM

noTephr B JIMHUM HaOmomaercs «pa3OeraHue»
KPUTUYECKUX COMPOTUBICHUM ISl TEHEPUPYEMOil U
nepeaaBaeMo  MOIIHOCTH, TOT/AA
KIIT u KM

MPAaKTHYECKH HETOABIKHBIMHA. TakuMm o00pazowm,

KaKk TOYKH

MaKCuMyMa JJIA OCTAaroTCA

IpH BapHalluM MapameTpa Ry JUId JII000ro oTpeska

JUINHBI JIMHHUHA MO>XKHO IIOJIYy4YHTh

mpeaACTaBJICHUE O TIIEPETOKaX MOIIHOCTH,

IIOJTHOC
qTo
IMO3BOJIACT BI:;I6paTb OITHMAaJIbHBII PCKUM JIMHUA
HCXOOA U3 TEX WU UHBIX KPUTCPUCB.

Puc.11 nmmoctpupyeTt 3aBUCMMOCTb T€HEPUPYEMO
U 1nepeaaBaeMon KIIJI u KM
UCTOYHUKAa M IpPUEMHHUKA OT IapaMmerpa Z IpHu
Zg =R —jl(wCg); GCs =1 (1757 wx®D).

HpOI[OJILHOC AKTUBHOC COIIPOTHUBJICHUE U aKTHBHAA

MOIIHOCTH,

NPOBOAMMOCTD JIMHUHM B OTHOCUTEJIBHBIX €IMHHUILIAX
uMerT 3HadeHus: R =0.48, G = R/5. IlpononbHas
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KOMIICHCALIMSI TapaMETpOB HAarpy3ku Ui 3TOU
JUTHHBI YBEIMYMBAET  MaKCHMAaJIbHYIO
nepeaaBacMyr0 MOIIHOCTb, HO yMeHbinaeT KIIJ u

JIMHUHA

CosQ.

Ha puc.12
TEHEPUpPYEeMOM M MaKCUMaJIbHOM TepegaBaeMoit

MoKa3aHa 3aBHUCHMOCTD
momtHocTd, KITJ[ 1 KpUTHYECKOro CONMPOTUBICHUS
Zix OT JTMHBI TUHUY (KpuBbIe 1-4).

YBennueHuto (YMEHBLICHHUIO) TepelaBacMOu
MOIIHOCTA 10 Mepe W3MEHEHHWS [UIMHBI JIMHUU
BCErJa COMYTCTBYET YMEHbLICHUE (YBEIUYCHHUE)
KIIA. Jis 4eTBEpTHBOJIHOBOM JMHUHM MaKCHUMYM
MOIITHOCTH UMEET MECTO B pexkuMe, OIU3KOM K XX
(Rg= 13.93Z;), a ansd NoONyBOJHOBOW JIMHMH B

pexume, ommskom k K3 (Rg=0.14Z).
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BoiBoabI

1. B pamkax TCHACHILMH Pa3BUTHS PETHOHAIBHBIX
U MCXKPCTHOHAJIBHBIX 3HCPICTHYCCKUX CHCTEM
pa3paboTku  3PPEKTUBHBIX

METOAOB HMCCICAOBAaHHUA PEXKHUMOB B TaKUX

aKTyaJbHOCTh

HETIsIX MHOTOKPaTHO BO3pacTaer.
HccnenoBanne BIUSIHUS pa3iUYHBIX (HaKTOPOB,
KakKUMHU  SIBJISIIOTCSL  TIApaMeTpbl  JIMHUM |
HArpy3Kd, JUCCUMALUS W IWCIEpCUsl BOJTH Ha
HOTEPH MOIIHOCTH MO3BOJSIET pa3paboTaTh
MOBBILICHHIO 3P PEKTHBHOCTH
JIBIT B

PETHOHAIBHBIX SHEPrOOOBEINHEHNH.

MEpBl 11O

(yHKINOHUPOBaHUS cocTaBe

2. CaMbIM 3HaYUMBIM BJIMSIOIIUM [TApaMETPOM Ha
PeXHM Iepeladyd MOLIHOCTHM MO JJIMHHBIM
JIMHUSIM SIBJIAETCS €€ JUIMHA.

3. Crnemyer pasznudaTh pPEXUMBI PaOOTHI JIMHUHU
NP MAKCUMAaJIbHOM IeperaBaeMOi MOILIHOCTH,
KIIJd, KM u MakcuMaibHOM OTAaue 3HEPTUu
TeHEepPaTOPOM CHHYCOHUIAIBHOI'O HANpPSDKEHUS B
JAHHYIO JIMHUIO.

4. HccnemoBaHusi B JJAaHHOM HAIPaBJICHUU UMEET
HE TONBKO HAyYHYI0 3HAYMUMOCTb, HO U
IPaKTUYIECKYIO, HOCKOIBbKY MOXKHO 00OCHOBaHO
pa3pabateiBaTh  Hambolee

CHoco0Bl  Tepenadn

panoHaIbHBIE
SHEPTUHM 1O JUHUSIM
BBHICOKOTO HAMpPSOKEHUST M peliaTh APYTUX
3a/1a4¥ U3 00JIACTH TUATHOCTHKH, KOOPIMHAIINN
pacueta KakK B

H30JI1I1H, IOTEPH,

CTallMOHAPHBIX, TaK n HECTAIMOHAPHBIX

(TIepexoaHBIX) peKIMaXx.
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e-mail: argirov@inrne.bas.bg

Address: Institute for Nuclear Research and Nuclear Energy, 1784 Sofia, Bulgaria

Abstract: Our current understanding is that
since 18th century many of mankind’s activities
contribute significantly to the changes in the
global climate system. The number of
hazardous installations in use and their diversity
has dramatically increased during the last 60
years. Each of those technological facilities is a
potential source of major accidents with huge or
catastrophic impacts on the soil, atmosphere,
water quality, ecosystems and directly on
human health. The paper briefly comments on
an approach for addressing the uncertainty
about the unacceptable consequences expected
from a particular hazardous facility. The first
stage of the approach is discussed in a case
study. This part of the methodology is capable
to search for and rank those likely abnormal
situations having high potential to progress
further on into major accidents.
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1. Introduction

The scientific community works systematically
more than 20 years to understand and predict
dangerous anthropogenetic interference with the
climate system (Hansel et al., 2005), (EEA, 2008),
(Rohde, R., et al. 2011). Part of these efforts is to
identify and reduce the frequencies and magnitudes
of accidents at any engineering system (ES).
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Nowadays, natural hazards are not the only
threats that affect seriously human live and the
global climate system. Modern society relies on
various fixed and movable facilities as those of
process industries, the energy sector, offshore
platforms, etc. It also cannot exist without airplanes
and various vehicles for land and marine transport.
Many of these ES use, produce and store hazardous
materials. Both moving vehicles and fixed
installations can be responsible for distinct health
effects on their personnel, off-site population and
various impacts on ecosystems all over the world.

While operating normally, some installations of
the energy sector and process industries emit
permanently various substances. In general,
observing continuously the dangerous substances,
which an ES usually releases, we are able to
estimate their quantities with increasing degree of
certainty. There is no doubt that the effective
techniques for capturing of specific substances,
escaping permanently from an ES, may be neither
simple nor cheap to implement. However, the
uncertainty, about the negative effects on human
health and the environment due to persistent
emissions, can be reduced just by monitoring the
daily production rate of given substances. Thus,
efficient protection measures against the continuous
pollution of air, the soil and waters are easier to
implement than against the harmful impacts, which
fixed installations and vehicles can give rise to, in
case of occasional abnormal behavior.
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Since the industrial era (starting about 1750
A.D.), the *“capacity” of ES to utilize diverse
hazardous substances in civil and military industries
enhances from a day to a day. As a result
unexpected releases from hazardous installations
(HI) will keep occurring. Part of these undesired
events may progress to accidents, associated with
shocking impacts of various magnitudes, having the
potential to damage smaller or larger regions of the
Earth. A list of accidents ending in the past with
catastrophic health and environmental effects can be
too long. The accidents at: Bhopal chemical plant in
1984 (e.g. Khan & Abbas, 1997), Chernobyl NPP in
1986 (see IAEA, 2006), offshore platform Piper
Alpha in 1988 (e.g. HSE, 2004) etc. are only small
part of those occurred in the recent 25 years all over
the world.

Although major accidents at HI rarely happen,
due to their huge or catastrophic immediate and
long-term consequences, they are rather risk-
significant. On the other hand the accident
consequences are too diverse and should be
assessed in terms of human deaths and injuries,
financial losses, ecological damages etc. Actually,
the experience shows that accidents can never be
entirely  prevented. However, implementing
different means to reducee the chance for severe
consequences is a reasonable strategy for
minimizing the resources that should be spent for
post accident activities.

Since ionizing radiation exposure damages
living cells and the half-life of a number of
radioactive elements is thousands of years, living
beings must be protected as effectively as possible
from the products of nuclear fission. Specific
nuclear legislation and design concepts, applying
several levels of defensive barriers, redundant safety
systems and various types of emergency procedures,
guarantee the high safety of every operating Nuclear
Power Plant (NPP) unit.

To keep acceptably low the chance for no
adverse impacts on human health and the
environment, the radioactive substances at every
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NPP site must stay isolated, by the installed strictly
independent defensive barriers, after any abnormal
situation no matter how rarely it can occur.
Although, the accidents stemming from non-nuclear
HI usually cannot lead to extremely long-lasting
consequences, the release of some toxic substances
may cause both immediate and long-term damages.
The Seveso disaster in 1976, in which the
surrounding area near Milan was contaminated with
tetrachloro dibenzo dioxin, is such an example.

Taking care about high level of safety for the
non-nuclear establishments, the EU Council defines
in 1996 the Directive 96/82/EC (known as Seveso
I1). The Seveso Il lists many requirements for
installations, operating with big amounts of non-
nuclear dangerous substances which the legislation
of each of the member states should implement. The
philosophy of the Seveso Il directive is discussed in
many works for instance (Hawksley, 1999),
(Kirchsteiger, 1999), (Mitchison, et al, 1999), etc.

From 2002 the first edition of the Bulgarian
law for “Environmental protection” is in force.
Chapter 6 of the law obliges all individuals and
organizations, before starting whatever activities, to
obtain special assessment specifying their possible
impacts on the environment. The chapter 7 of this
law directly applies the Seveso Il directive to
everyone whose activities in the country pose non-
nuclear hazards. It specifies that every operator of a
large scale facility must classify it as a unit with low
or with high risk potential for the environment. The
operator of a highly risky installation needs a safety
report that should be periodically updated.

The non-nuclear installations of the energy
sector usually contain huge amounts of combustible
or flammable materials. Some toxic substances also
can be present in those ES. Therefore, if something
goes wrong in such installations, it is very likely
major accidents, associated with release of large
quantities of pollutants, eventually to take place.

Section 2 of this paper briefly presents an
approach for identifying those zones at a certain site
from which accidental scenarios can emerge. That
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section also discusses the ranking of likely release
scenarios by the release rate of specific hazardous
substances. Section 3 comments on a simple case
study showing how the method can be applied. In
section 4 some conclusions are drawn.

2. Generic features of the approach

A hazardous substance is free to escape in all
directions from a given hazardous unit after the
defensive barriers, installed to isolate it from its
close vicinity, have lost their integrity. The first
stage of the approach under discussion quantifies
the frequency for occurrence of situations that may
go forward into major accidents. This stage of the
methodology needs suitable inferential methods by
which from the available observations the
occurrence frequency of the events, leading even
rarely to accidents, to be quantified. Once an
undesired event has started proper action of certain
mitigating systems and emergency procedures must
be applied for preventing the progress of accidental
phenomena. The success or failure of these means
for fighting accidents determines the chance for
harming a target region by dangerous substances
escaping from the disabled HI. A number of
conditional probabilities estimates the chance for
success (or failure) of particular accident fighting
means to prevent the occurrence of significant
consequences. Finally, correcting the occurrence
frequency of the initial abnormal event by these
conditional probabilities the frequency of huge
consequences in the regions around the stricken Hl
can be quantified.

The paper comments only on some elements of
the entire methodology. It very briefly considers the
method for quantifying the frequency of initiators of
accidents.  Actually, the paper focuses on
guantifying the chance that the disturbances with a
high risk potential can emerge from each part of a
hazardous facility.

The frequency for arising into a given zone X
of the HI J of accidents whose risk potential is
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higher than a given threshold can be formally
assessed as:

Fix= F*P(AX|F)), where A, =(R,ND,)

F; — Occurrence frequency of specific type of
accidents in all zones of the installation J of interest.
This entity is considered in many references (e.g.
Bier & Yi, 1995; Argirov, 1999) etc., and there is no
discussion on it here;

P(A=(RyND,)|F;) - The chance that the complex
event A, addresses sufficiently well the uncertainty
associated with emerging of accidents of a given
type in the zone X of the installation J. Probability
theory helps for quantifying this chance;

The event A, specifies those random and
deterministic factors that determine the risk
potential of abnormal events in whose further
progress hazardous substances escape out of the
defensive barriers. The symbols R, and D, indicate
sets (vectors) consisting of the values of the random
parameters and the deterministic variables,
respectively. Members of both sets can deviate in
space and time and can be complexly related
logically with each other. A simple case is
considered here in which none of the random
parameters varies in time t and each of them is also
independent from the deterministic variables.
Actually, this is a reasonable assumption if the
occurring accident is progressing too quickly for the
corrective actions by automatics and operators
aimed at preventing the accidental phenomena to be
successful thus allowing the hazardous substances
to bypass the dedicated defensive barriers.

The set R, includes values of such random
factors that identify how those barriers, which are
available at the zone X of the installation J, can fail
at the time t=0. The initial values of the
deterministic variables, D, [t=0], should be known
to predict how the indicators for severity of the
potential accidents vary. The symbol D, [t]|] Ry«
shows that for the zone X the deterministic variables
can also depend on anyone of the random
parameters.
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Due to the assumptions and conventions
mentioned above the following relation can be
written:

P( (RxﬂDx[t])lFJ ):P(RxlFJ)P(Dx[t]lFJ: Rx) (1)

P(R4F;) — Conditional probability specifying the
severity of initial disturbances by using a vector of
random parameters whose value R, falls into a
particular region of a corresponding hyperspace.
This term identifies the vague damaging potential of
this fraction of the likely accidents, which for a unit
time arise just at the zone X of the facility J. The
values of the random parameters identify “holes” in
a barrier inducing particular fractions of accidents;

P(D4[t]|IF;, Ry) — Conditional probability specifying
those abnormal events that, after arising from the
zone X with the potential identified by the values of
Ry and D,[0], progress later on in such a way that
can overcome the rest of the defense barriers. This
means that for this fraction of possible accidents as
the Ry so the D,[0] are known to the accuracy of a
small region within their hyper-spaces.

In fact, the final consequences are those
indicating how severe an accident scenario is.
However, while an abnormal situation progresses
from stage to a stage its magnitude can be
“measured” by using some “intermediate”
indicators. For instance, using the release rate of a
hazardous substance as an indicator we can find
those potential disturbances, which can develop
further on into major accidents. Indicators of every
stage take their values depending on what has
happened in previous stages of the propagation of
accidents. The time variation of the indicators,
suggesting that major accidents are possible,
depends strongly on the D,[t]. On the other hand for
similar scenarios the deterministic variables never
accept the same values D,[t] at the time t. The initial
values D,[0] of deterministic factors change from
scenario to scenario since the value of every random
parameter is predictable only to the accuracy of a
certain range. If the sets of values R, and D,[0] plus
those deterministic laws of nature that govern the
evolution of the dominant accidental phenomena are
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exactly known, then predictions are obtainable by
single values. However, this is impossible in the real
word because of the uncertainties which both the
parameters and the models introduce. Quantifying
the indicators the analyst should consider that
random factors are inherently vague and also it is
not possible to specify exactly the real initial values
of all deterministic variables. Since mathematical
expressions for deterministic laws of nature more or
less adequately approximate but very rarely entirely
reproduce the real progress of the phenomena of
interest they also contribute to the uncertainty.
Being unable to assess with zero error how the
indicators vary in space and time, the best we can
do is to address the uncertainty which dominant
factors introduce in the investigations.

The formal mathematical relations discussed so
far suggest that the uncertainty about the indicators,
for arising of high risk abnormal situations, can be
addressed varying suitably in their hyperspaces the
factors, identifying the potential of the zone X, to
induce accidents. It is assumed that the values R,
which the random parameters take initially, stay
unchanged while accidents progress. Also, that the
initial values, D,[0], of the deterministic variables
can depend on R, but the opposite is not true.

The approach here presented supposes that the
real world accidental scenarios are expressible
sufficiently well by the following logical order:
R«—Dx(0)—[Dx(t)=f(Rx, Dx(0))]— [IMx(t):f(Dx(t))]
- the symbol f() shows a function of a number of
arguments;

- the symbol 'M,(t) points out the value taken by the
indicator’s vectors, given the initial values of the
random and deterministic factors are restricted
within small regions of their hyperspaces. The
components of the matrix:

My(t) = [ 'My(), 2My(t), ... , ™ My(t)] can be
calculated altering the values of both type of
parameters for all sub-regions they can fall into.
(Since ey is usually a big number the analysis is
time consuming.)
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In order to address the vague potential of the
abnormal events, occurring from the zone X of the
J, the first step is to define the joint probability
distribution — Py(Ry, Ry, ..., Ry|Fy), for n=1, 2, ...,
N, of those N random parameters having dominant
contribution. The hyperspace, in which these factors
vary, is an ordered N-tuple Cartesian product. An
appropriate inferential approach is needed to
identify the marginal probability distributions first,
and after that their joint probability distribution.
Then the likely initial values, D,[0], which the
deterministic variables take into their hyperspace,
should be identified. Once the hyperspaces of both
types of factors are divided into a reasonable
number of sub-regions the components of the matrix
M,[t], are assessable by using corresponding
expressions for the deterministic laws of nature.
Finally, the fraction of the risk-significant abnormal
events can be assessed as the ratio of the number of
those values of the matrix M,[t], which fall outside
the safety region of the indicators hyperspace, to the
total number of its elements.

There is no more discussion on the generic
features of the methodology further in this work.
None of the issues related with the model
uncertainty are commented on here in order to focus
on the methodology’s application. Some specific
methods that the methodology uses are considered
in the next section.

3. Case study
The case specific discussion on the approach

A vertical cylindrical storage tank filled with a
liquid flammable fuel is analyzed to identify the
land areas around the tank from which huge fires or
explosions can occur. Although the tank is no part
of an installation processing hazardous substances it
is surrounded by other vessels. Thus, at the site in
which the tank of study is situated the domino effect
is highly possible.

The wall of the wvessel is the single barrier
separating the fuel form the environment. Therefore,
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any time when the wall has lost its integrity release
scenarios occur and liquid fuel and its vapors will
be emitted around the tank. The mass flow rate of
fuel through the tank’s wall is used as an indicator
showing that the wall failures can grow further into
huge fires or explosions. The magnitude of velocity
through the ruptured place and the cross-section of
this hole uniquely determine the mass of fuel
released for any given period. The direction of
velocity from the hole is also important parameter
since contents of both the vulnerable items and the
ignition sources in the vicinity of the tank can vary
largely from one target area to another. It is well
know that the meteorological conditions and local
topology dominantly determine how the fuel will
disperse first in the air and then onto the land but
this stage of accident progression is outside the
scope of this work.

The restricted analysis, here presented, aims to
identify the most severe release scenarios. The fuel
mass that has left the tank for a certain period [0, t;]
is an indicator for those wall’s failures, which later
on can turn into fires or explosions. The indicator
M[t] is quantified by the following relations:

t1
MIt,] = [MItldt; Mt =] ult] | p[A,
0 )

where,

lu[t]| - the magnitude of the velocity through the
hole at the time t - [m/s];

p[t] — the density of the liquid fuel leaving the hole
at the moment t — [kg/m®];

Ah — [m?] the cross-section of the wall’s rupture,
specified by a circular hole with the same face.

For this study, R; identifies the location on the
wall surface in which the tank fails and R, is the
diameter of a circular hole with cross-section of A.
(To specify the joint distribution of these two
random variables their marginal distributions should
be obtained first).
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Let us suppose that the tank of study stands on
the ground and there is no thermal isolation over its
metal wall. The tank height is 3 [m] and its diameter
is 1 [m]. Neither chemical reactions nor other
sources generate or sink heat into the tank but heat
fluxes from the outside make the pressure, the
temperature and the fuel properties to fluctuate. The
tank has no connection with other vessels or pumps
also the fuel inside is under stable static pressure
and its temperature is almost the same as the
ambient one. Thus, when a rupture arises the static
pressure is the force pushing the liquid fuel out of
the tank. Later on, due to the loss of fuel, the
pressure and the density of fuel inside the tank
decrease and the mass flow rate through the hole
reduces continuously in the time. (The pressure
inside cannot change suddenly due to impacts from
other vessels or active components like pumps and
valves). After the tank fails the pressure and the
density inside will change very slowly as only small
holes are assumed possible to occur unexpectedly.
When the failure of the tank’s wall induces a very
mild transient the Bernoulli equation is a
suffieciently correct deterministinc law for
prediciting the quasi-static change in the pressure of
fuel inside. Due to the assumpions listed above, for
a short time step the average velocity over the
hole’s cross-section up[t] is assessed as:

uh[t] = (h[t]g)"*; 3
where,
g — acceleration of gravity [m/s?];

h[t] — the distance between the free fuel surface in
the tank and the center of hole at the time t [m].

Identifying the ranges in the hyperspaces of
parameters

To estimate uniquely the fuel mass flow rate
through the hole at the given time of t; we need the
initial values of two deterministic parameters - the
temperature behind the hole T,[0] and the distance
h[0]. The initial temperature in the whole tank can
be supposed almost the same and equal to T,[0] but

28

its exact value is uncertain because the varying
ambient conditions influence on the state of the fuel
inside. For this study we assume that T,[0] varies in
the range [5°, 45°] degrees Celsius. Due to the
uncertainty about the exact value of T,[0] it falls
into a larger range than the range in which the Tj[t]
varies during the progress of release scenarios.
Thus, for the period t < t; Ty[t] is considered a
constant equal to T,[0]. The h[0] falls into the range
[0, 3] in [m] and it is a function of the random

parameter Ry, which is discussed later on.

The following sequential steps are applicable in
the inner cycle of the iteration scheme, given the
random factors {“R;, “R,} are identified to the
accuracy of a small region within their space :

1. The values °un(t)=Ff(h[ti1]),p[ti]=p(Prlti-1], ThlO1),
pult]=po+tg°h[tielp[ti], for po the atmospheric
pressure, and  A’M[t]="un[t]p[ti(t-ti)A,  are
assessed at each time step i first;

2. After correcting the fuel mass in the tank by the
lost mass of A°MI[t] the new value of °h[t] is
estimated. Then ‘un[t], pll, Ta[t] and A°M[t;] are
calculated. The time step is reduced if the difference
between A’M[t;] and A°M[t] is too large. When the
error of lost mass at current time step is acceptably
small then AM[t;]=A°M[t]] and the calculation goes
on;

3. Since the conjugate space of the deterministic
variables for the case study is two-dimensional the
indicator should be predicted by combining their
initial values at least in four couples. The biggest
among the calculated values is used as conservative
estimate for the fuel mass lost through a particular
area over the wall surface. The maximal value of the
indicator can be obtained as:

A™M[t]=max(A“*M[t;],A**M[t;],A"“*M[t],, ““M[t])

The meaning of the above listed symbols is as
follows:

T, (0)l’T%, 'T"];h(0) e["h?, “h"]; "R, ['RS, "R!] .

“R, is radius vector of the space surface.
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Ad'dM:f(JTd, th’ KR1, LRz); Ad'”M:f(JTd, Nhul KRl’ LRZ)

Au’dM:f(JTu, th’ KR1, LRZ); AU’UM:f(JTu, Nhu' KRI' LR2)

The range of the initial temperature of fuel in
the tank can be divided on two sub-ranges [5°, 25°)
and [25° 45°]. The sub-ranges of the initial distance
h[0] depend on the sub-regions on which the
random parameter R, is divided on.

The outer cycle of the iteration scheme
includes sequential visiting of all sub-regions into
which the entire hyperspace of random parameters
is divided for the case of study.

1. The parameter R; should identify so small
areas on the entire surface of the tank’s wall within
which the minimal and the maximal value of the
indicator do not differ too much. For the case of
study a cylindrical coordinate system is suitable to
define the radius vector of any part of the wall
surface in which the rupture can arise. Also, the
point at which the tank axis crosses the land surface
is used as the origin of this coordinate system. In
order to identify the values of the radius vector “R;,
corresponding to the area KA,, of the wall surface,
two parameters are used - height Y and azimuth
angle o:

Y €(0,3); *Y €(0,0.6]; 2Y € (0.6,1.3]; °Y € (1.3,2.1]; *Y € (2.1,3)
0[0°,360°]; *0 €[0°,60°]; 20 €[60°,120°]; %0 [120°,180°]
“0<[180°,240 °T; °0 <[240 °,300 °]; 0 <[300°,360 °]

By using the listed notations it is easy to find that
the couple *°R, ={*¥,°0} corresponds to that part of
the wall surface for which the Y and the 6 falls into
the ranges (1.3, 2.1] and (240°, 300°], respectively.

2. The other random parameter the diameter of
the hole, specified by the symbol R, uniquely
identifies the cross-section of the crack location as
A, = R’

A suitable inferential model is required to
guantify the marginal distributions of the random
factors. Because of the above listed, for the case of
interest, at the outer cycle of the iteration scheme
4x6 sub-regions within the conjugate hyperspace of
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the random parameters should be visited. For each
one of those 24 sub-regions the initial values of
deterministic parameters are altered at least 4 times
and by using the deterministic laws the indicator
values varying in time should be found and ranked.
The maximal among those 4 figures about the
indicator, obtained in the inter cycle of the iteration
scheme, specifies the most dangerous release
scenario among those emerging from anyone of the
specified parts of the tank’s wall. The mass of fuel
left the tank for the control time t1 shows how likely
the given release scenarios are to progress later on
into huge fires and explosions. The discussion so far
focuses on identifying the significance of release
scenarios in terms of deterministic arguments. In the
author’s opinion the more important question is
what is the fraction of release scenarios that for the
period t; can push out of the tank a fuel mass bigger
than given threshold value?

Quantifying the probabilities of the major release
scenarios

As it was discussed in section 2 the approach
here presented estimates the chance that the possible
failures of the tank of study can grow to major
releases of hazardous substances. The approach
introduces the conditional probabilities P(D,[t]|F;,
R,) and P(R,|F;). The term P(D4[t]|F;, Ry) identifies
how probable it is if the rupture has occurred the
deterministic variables after falling initially into a
certain region of their hyper-space to change later in
a particular way, given the random parameters are
restricted within a small sub-region of their
hyperspace.

For the tank of investigation we should assess
the probability of the following complex events:

Eys i =0 To[0]<[5°,.25°) A(Chl0] € (243D (I'Y.“6]. ‘R, ]
Esunwae =0 Tal0][25°,45°]) A(*h[0] « (24,311 (['Y," 61, “R.]

Erspa =L Tal0]<[5°,25°]) (*h[0]< (00911 ([*Y, 0], R, ]
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Eupar =L Ta[01€[25°45°]) n(*h[0] € (00.9D]1 ([*Y, 6], 'R, ]
for K, varying from 1 to 6 as first L=1 and then
L=2.

We can define the following probabilities:
P(‘T,[0]) = 0.5; P(°T,[0])=0.5

The term P(R,F;), that the methodology
introduces should specify in the case of study the
rupture location on the defensive barrier — the tank’s
wall for this study.

Since the uncertainty about random parameters
is expressed by their joint probability distribution let
us suppose that the parameters R; and R, are
independent and the following is true:

PR, 7R, ) =P(RPR,); P(R,) =P(U R, ) PR,) = P(R,°R,)

The symbol R, indicates that value of the hole
diameter at which the cumulative distribution is
equal to some value ¢; or P(0 < R, < dRz) =cy. The
symbol "R, shows the 97.5% quintile of this
distribution or PR, < R, < “R,)=0.975-c; and
P(R; >"R,) = 0.025.

Having no reliable observations about those
areas on the tank surface within which the wall’s
integrity is more often lost, the assumption that
rupture is equally likely in each one of the specified
24 parts of the wall surface is a reasonable one or:

P(R,)=... =P(*R,) =....= P(*R,) =...=P(*R,) =0.04167

The distribution about the hole’s diameter should be
identified first, then the values of °R, and R, can be
assessed. When there is not enough specific data, as
usually the situation is, Bayesian statistics can help.
It is capable to combine coherently generic
information with the limited data coming from
identical units.

Identifying the distribution about the hole’s

diameter

The Bayesian concept on probability is outside
the scope of this paper. Many excellent works as
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(Robert, C., 2004) and many others are dedicated to
the Bayesian approach. A parametric Bayesian
model is used to specify the distribution for the
entity R,. This inferential model can obtain the
posterior density function about the rupture
diameter relating it with both its prior distribution
and the likelihood function about the available
observations.

l(p]|O
w010y 0! A)n(«p)

, where A =[/(¢|O)r(p)dp

(4)
(¢ | 0)=p(O | ¢) - likelihood function about the evidence O
(p), n(e|O) - prior and postrior density functions

A —normalizing constant

0= [0Og, O] — a set of more or less relevant
observations about the entity Ry;

The set of observations includes generic data,
OG, and more relevant data about ruptures of
identical tanks - OIl. The source of generic
information for the study is the (HSE, 2000) and
data here used are listed in the appendix. Due to the
lack of reliable data for the size of cracks on
identical tanks the set O, =[2, 5, 10] in [mm] is
applied in order to show how the inferential model
works.

The Bayesian theorem is applied two times. On
the first stage the evidence Og is used to specify the
generic posterior distribution. On the second stage
the generic posterior distribution is updated by
means of the data set O, coming from identical
units. Hierarchical Bayesian models are used on
every one of these stages. A huge number of
references are dedicated to the theoretical aspects of
Bayesian models with hierarchical structure, like
(Browne&Draper, 2000), (Gelman&Pardoe, 2006)
etc. The application of Bayesian inference at various
practical problems is also considered in many
works, for example (Esner et al., 2004), (Argirov,
2006) and so on.

The multilevel model used has the following
structure:

B ~gamma(a,, 1, ); where a,, u, are constants



Euro - Asian Journal of sustainable energy development policy

o ~ uniform(a,, u,); where a,, i1, are constants
(@) =n(B,o)
l(@|0O,)~Normal(B,c|O,); forL=G, I ©)

The constants ay, o, , pg, pp are chosen in such
a manner that the distributed parameters f, o
identify our prior believe about the variability of the
hole diameter. Then, under the assumption that the
likelihood functions for all separate observations
belong to the lognormal family, the parameters B, o
are updated by using first the evidence Og and then
the data O,. Although, the hierarchical model here
presented is not the best one, it demonstrates well
enough how the uncertainty about the entity R, is
addressed.

The computer code WinBUGS (Spiegelhalter
et al., 2003), (Woodward, 2005) is used to solve this
multilevel inferential model. The generic prior, the
generic posterior and the tank specific posterior
density functions are presented on figures 1, 2 and 3
respectively. Some characteristics of these
distributions are listed in table 1. Table 1 shows that
as far as the evidence O is relevant to our case we
can be 97.5% sure that the hole’s diameter is
smaller than 14.5 mm.

Therefore, we can specify that
P(0 < R, < 8.44)=0.75, P(8.44 < R, < 14.5)=0.225
and P(R,> 14.5)=0.025.

hole.prior chains 1:2 sample: 100000
0.021

0.01f

0.01

T T T T
0.0 500.0 1.00E+3

Fig. 1. Generic prior distribution
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hole.pos.O chains 1:2 sample: 100000
0.03r

0.02r1
0.01r1

0.0r

T T T T
0.0 50.0 100.0

Fig. 2. Generic posterior (specific prior) distribution

0.15 Fhole.pos.O1 chains 1:2 sample: 100000
0.1f
0.05r
0.0
T T T T T
-20.0 0.0 20.0 40.0

Fig. 3. Specific posterior distribution

Table 1: Distributions about the diameter of the
hole

Distribution  about | 2.5% | 50% | 75% | 97.5%
the hole diameter in

[mm]

Generic prior | 1.29 274 | 46.6 | 104.3
(hole.prior)

Specific prior | 0.95 19.8 | 332 | 63.2
(hole.pos.O)

Specific posterior | 0.66 6.04 | 8.44 | 145
(hole.pos.01)

Quantitative characteristics of the release scenarios

For the tank of investigation it is easy to figure
out that the bigger accidental release rates are
associated with a sub-area of its wall that is closest
to the ground. These parts of the wall surface are
analyzed by the following events:

El‘l,[l,Kz],L = (1Th [0] € [5O 1250]) ﬁ(lh[O] € (2-413]) | ([1Y1Kze]: LRz)
Es e =CTh[0]€[25°,45° ) N(*h[0] « (24,3 [ ([*Y, 6], “R,)
for K, varying from 1 to 6 as first L=1 and then
L=2.

All of these events, consider release scenarios
for which the parameter h[0] varies in the range
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[2.4, 3] in [m] and the velocity u,[0] falls in the rage
[4.86, 5.42] in [m/s].

The events Ei 11 kzp1 and Ezap1kzp1 represent the
random occurrence of ruptures in the tank wall with
equivalent diameter smaller than 8.44 [mm]. For
both events the value of A, is smaller than 2.24x10*
[m?] and the chance that it is true is about 0.75 -
P(0<R2<8.44)=0.75. The couple of events Ej 11 k2,2
and E; 1k identifies release scenarios for which
the value of A, is in the range [2.24x10™, 6.61x10™)
and also P(8.44<R2<14.5)=0.225. The chance for
random occurring raptures with cross-section of
about 6.61x10™ [m?] and above is no more than
0.025.

Let us assume that the tank contains flammable
methanol at pressure of 1.3 [bar] whose density and
the specified temperatures are: p[5°]=805.1,
p[25°]=786.4 and p[45°]=767.4 [kg/s], respectively.
Having in mind all listed figures we can conclude
that the maximal mass flow rate of interest from the
tank at the t=0 is 2.88 [kg/s]. Thus, for the study the
following is true:

P(Evprene VEarprs) = P(KQEWKZM )+ P(KQIEZLW]Q )=0.0563
P(KQlELL[LKz}2 )=P(° <T,[0]) < 25°)P(ij K2R )P(8.44 <R, <14.5)
P(KL;EM[LKM )=P(25° <, [0]) < 45°)P(ij K2R VP(8.44 <R, <14.5)
P(T, [0]) < 25°) = P(25 < T, [0]) < 45°) = 0,5;

P(Lij t®2R,)=0.25; P(8.44 <R, <14.5) =0.225

Thus, no more than about 2.25% of the
expected release scenarios may originate with
release rate bigger than 2.88 [kg/s]. A fraction of
5.63% of all scenarios is associated with an initial
mass release rate varying in the range [0.835, 2.88]
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[ka/s]. For the tank of study the remaining release
scenarios occur with mass flow rate smaller than the
figure of 2.88 [kog/s].

4. Conclusions

The paper suggests that the possible impacts on
the global climate system due to accidental releases
of dangerous substances should be quantified and
taken into account. Since the magnitude of such
releases is associated with huge uncertainty, specific
methodology is required. An easy for implementing
in practice approach capable to “measure” the
potential of release scenarios to progress further into
major accidents, is presented. This methodology
allows the fraction of those scenarios which can
affect badly certain target land areas, situated in
particular directions from a hazardous unit, to be
identified. The part of the approach presented in this
work is applicable to search for those zones over a
defensive barrier, separating hazardous substances
from their surroundings, within which risk
significant release scenarios can emerge. The
information, that even the first stage of the approach
here presented finds, can help in ranking by
guantitative criteria the areas, in the surroundings of
a hazardous unit, which may be polluted seriously.
By predicting conservatively the most likely
amounts of dangerous substance entering in certain
regions around the failed unit the uncertainty about
the consequences of likely accidents for people and
the environment can be reduced.
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Appendix

Generic evidence - OG for failures of units
operating with liquids (based on HSE, 2000)
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No (year) System Equivalent
hole [mm]

1 (92-93) Utilities Qil; Heat transfer Oil | 3

2 (93-94) Gas Compressor lubricating 25
QOil

3 (93-94) Gas Compressor lubricating 1
QOil

4 (92-94) Gas Compressor lubricating 1
Oil

5 (93-94) Condensate methanol 50.8

6 (93-94) Processing Methanol 20.4

7 (93-94) Dehydration of Glycol 10

8 (93-94) Dehydration of Glycol 12.7

9 (93-94) Power gen. turbine, Diesel 6.7
released

10 (93-94) | Utilities, Oil, diesel 25.4

11 (93-94) | Utilities, Heat transfer oil 9.53

12 (93-94) | Power gen. turbine, Oil 1.0
released

13 (93-94) | Separation, Oil test 12.7

14 (93-94) | Flare, Condensate released 76.2

15 (93-94) | Processing, LPG released 12.7

16 (94-95) | Export, Qil released 1.0

17 (94-95) | Gas Compression, Lub. Oil 12.7
released

18 (94-95) | Gas Compression, Lub. Qil 1.0
released

19 (94-95) | Gas Compression, Lub. Qil 1.0
released

20 (94-95) | Gas Compression, Lub. Qil 1.0
released

21 (94-95) | Processing, Glycol released 2.0

22 (94-95) | Dehydration of Glycol 1.0

23 (94-95) | Dehydration of Glycol 1.0

24 (94-95) | Dehydration of Glycol 1.0

25 (94-95) | Power Gen. turbine, Diesel 5.0
released

26 (94-95) | Utilities Qil, Heat transfer Oil | 1.0

27 (94-95) | Utilities Qil, Heat transfer Oil | 1.8

28 (94-95) | Utilities Oil, jet fuel 1.0

29 (94-95) | Power Gen. turbine, Diesel 11.8
released

30 (94-95) | Power Gen. turbine, Diesel 11.8
released

31 (94-95) | Power Gen. turbine, Qil 25.4
released

32 (94-95) | Treatment of (H2S/CQO2), 25.4
Condensate
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No (year) System Equivalent
hole [mm]

33 (95-96) | Gas Compression, Lub. Qil 1.0
released

34 (95-96) | Gas Compression, Lub. Qil 2.7
released

35 (95-96) | Dehydration of Glycol 1.0

36 (95-96) | Power Gen. turbine, Diesel 1.0
released

37 (95-96) | Utilities, Diesel released 2.3

38 (95-96) | Heat transfer Lub. Qil released | 1.0

39 (95-96) | Heat transfer Lub. Qil released | 38.1

40 (96-97) | Export Lubrication Oil 1.0

41 (96-97) | Power Gen. turbine Lub. Qil 5.4
released

42 (96-97) | Power Gen. turbine, Diesel 1.0
released

43 (96-97) | Utilities, Diesel released 1.0

44 (96-97) | Utilities, Diesel released 1.0

45 (96-97) | Utilities, Diesel released 12.7

46 (96-97) | Utilities, Diesel released 12.7

47 (96-97) | Utilities, Diesel released 12.7

48 (96-97) | Utilities, Diesel released 1.0

49 (96-97) | Utilities, Diesel released 1.0

50 (96-97) | Utilities, Diesel released 1.0

51 (96-97) | Import, Condensate released 1.0

52 (97-98) | Utilities, Diesel released 1.0

53 (97-98) | Utilities, Diesel released 3.0

54 (97-98) | Utilities, Diesel released 1.0

55 (98-99) | Gas Compression, Lub. Qil 5.0
released

56 (98-99) | Dehydration of Glycol 1.0

57 (98-99) | Power Gen. turbine, Lub Oil 1.0
released

58 (98-99) | Power Gen. turbine, Lub Oil 1.0
released

59 (98-99) | Power Gen. turbine, Lub Qil 5.0
released

60 (98-99) | Power Gen. turbine, Qil 3.2
released

61 (98-99) | Power Gen. turbine, Lub Oil 1.0
released

62 (98-99) | Utilities, Diesel released 1.0

63 (98-99) | Utilities, Diesel released 1.0

64 (98-99) | Utilities, Diesel released 1.0

65 (99-00) | Utilities, Diesel released 1.4

66 (99-00) | Utilities, Diesel released 1.0

67 (99-00) | Utilities, Diesel released 1.4

68 (99-00) | Power Gen. turbine, Lub Oil 1.9

released




EGDO'A3MCZW[CKMIZ HCYPHAL NO NOAUMUKE PA3BUMUSL VCMOUYUBOU dHePeemUKY

nenuBasi Puck 3arpsiznenus us-3a HenopmanabHoro IloBeaenusi
OnacHoill YCTAHOBKH

Ap. Lxynaii Argirov
e-mail: argirov@inrne.bas.bg

Anpec: Uuctutyt Anepusix UccnenoBanmii u Snepuoit Duepretuku, 17 84 Codwus, bonrapus

Pe3rome: Hamre HbIHENIHEE MOHUMAaHHE, 3aKIOYACTCS B TOM, 4YTO C 18-r0 Beka MHOTHE BUJIBI
JIESTETPHOCTH YeJIOBEKa CIOCOOCTBYIOT MHOTO3HAYUTEIHHO U3MEHEHHUSIM B TI00ANBHON KIMMATHYECKON
cucteme. KoanmuecTBO OMacHBIX YCTAaHOBOK B HCIIOJIB30BAHUU U UX PAa3HOOOpa3He Pe3KO YBEIUYHIOCH B
TeueHue mocieaHux 60 ser. Kakaplii M3 9THX TEXHOJIOTMYECKHX OOBEKTOB SBISICTCS MOTEHIMAILHBIM
HMCTOYHUKOM KPYITHBIX HECUACTHBIX CIIy4aeB, C OTPOMHBIMH WJIA KaTaCTPOPUUECKUMHU BO3ECHCTBUSAME HA
Mo4By, aTMoc(hepy, KaueCTBO BOJBI, SKOCUCTEMBI U HEMOCPEACTBEHHO Ha 3/I0POBBE YeloBeKa. B craThe
KpaTKO KOMMEHTHPYETCS TOJXOJ K PENICHUI0 HEONPENCICHHOCTH B OTHOIICHHUH HETPHEMIIEMBIX
MOCIICACTBANA KOTOPBIC OXXKHIAIOTCS OT OCOOCHHOTO OMacHOro o0bekTa. [lepBhlii 3Tam moaxona
00CY)XJIaeTCsI B HCCIICOBAHUU KOHKPETHOTO Cilydas (KeWc craam). JTa 4acTh METOIOJOTHH CIOCOOHA
WCKaTh W KJIACCH(UIIMPOBATH TE, BEPOSTHO, HEHOPMAIBHBIC CHTYal[MH C BBICOKAM IOTEHIIMAJIOM K
JIATbHEMY MPOTPECCy B HECUYACTHBIX CIydasX.

KiroueBble cinoBa: OmacHple YCTAHOBKH, TEXHOJIOTHYECKUI PHUCK, CIIEHAPUH OCHOBHOTO BBIITYCKA.
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Abstract: In this work, the concentration signal
of repeated instantaneous releases of hazardous
gases into the atmosphere is decomposed into
its principal components by means of the
Proper Orthogonal Decomposition (POD) with
the dual purpose of reconstructing it from its
first (most energetic) components and
predicting it in cases sharing common features
with the cases from which those features were
extracted by applying the POD. The analysis
showed that a model can be constructed by
interpolation in the range of varied parameters.
The important issue of the uncertainty
associated with the proposed POD model is
discussed and a measure of uncertainty is
provided.

Keywords: concentration, dispersion,
prediction.

1. Introduction

In cases where a polluting substance is released
into the environment, the need for assessing the
consequences of its release arises. The question of
the extent of the impact caused may be posed by
governmental agencies or private operations
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administrations, relating the extent of the impact to
regulatory directives or legal actions or both. In
particular, referring to the case of hazardous (toxic or
flammable) gases being released into the
atmosphere, in order to quantify the environmental
impact of such releases, mathematical models are
constructed and employed that describe the physical
process of dispersion of the released substances into
the atmosphere, as well as the chemical processes
involved.

Such models have been introduced decades ago
and since then are being continuously improved as
research carries on. The aim is to improve the
accuracy of the model performance by taking into
account the factors that affect it. Such factors include
the fundamental physics and chemistry associated
with the phenomenon of the dispersion of the
released substance, as well as the mathematical and

statistical techniques applied to describe the

phenomenon.

1.1. Physical and mathematical - statistical
background

In this study no chemical reactions will be
considered, so the concentration of the pollutant in
guestion will be treated as a passive scalar. In such a
case, the concentration I'(X,t) at position x and time t


mailto:t_antypas@yahoo.com�
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is determined by two processes: advection by a
turbulent flow with velocity field Y(xt), and
molecular diffusion with constant diffusivity k. T
obeys the equation

or 2
—— 4+ >Vl =kv2I
ot

@

where Y satisfies the Navier-Stokes equations with
the incompressibility conditionV.Y = 0 (Monin &
Yaglom vol.1, 1971).

Since all the flows encountered in the real world
are turbulent, Y and hence T, are random (or
stochastic) fields. That means that their values at a
given location x and at a given time instant t cannot
be predicted and vary from realisation to realisation,
in antithesis to predictable quantities like time or
space averages or rms concentration values often
considered in practical applications. Hence, a
probabilistic approach should be followed.

The probability density function (PDF) of the
concentration field I'(x,t), denoted by p(&;x.t), is
defined by

) d
p(@,X,t)z— {P[F(X,t)f@]} (2)
a0
for all 6>0. The variable & ranges over all the
possible values T'(X,t) can take.

P[T'(x,t) < 4], the probability that I'(x,t) < & is the
proportion of realisations forming the ensemble of
realisations for which I'(x,t) < 6. Being a probability
measure, p(&;x,t) satisfies
[ pO:xndo=1 @3)
0

Then, the expected value (or ensemble mean)

and the variance of T'(x,t) are defined in the usual
way, by

u(XH=E[l (X,t)]=T Op(0;x,1)do (4)
0

and
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o(x,t) = var[[(x,)] = T [ 6- u(x,0%p(O;x,H)dd =
0

& p(6;x,0d8 - [u(x.)]* ®)

O3

respectively. The square root of the variance denoted
by o(x,t) is the standard deviation of the
concentration, otherwise known as the rms
concentration fluctuation. Higher central moments
are defined in analogy to eq.(4) with a suitable
choice of the exponent. The time evolution equations
of the PDF, mean and variance of concentration are
given by Chatwin (1990).

The true values of these parameters are
unknown, therefore in practice, in order to estimate
them one must draw a random sample from the
ensemble of realisations and compute statistics to be
used as estimators of the aforementioned parameters.

1.1.1. The mean concentration

From a sample of n realisations I'j(x,t) one
may compute the sample mean,

I'n(X,t) :%ZFi(x,t) (6)
i=1

defined as the arithmetic mean of the data (the
subscript n is often omitted). This is itself a random
variable (it varies as the sample is varied with
respect to its size as well as with respect to the
experimenter’s choice of values of the varied
parameters). When used as an estimator of u(x,t), it
possesses the property of unbiasedness, as well as
that of least variance, hence being referred to as the
best unbiased estimator of the mean (Arnold, 1990;
p.264). Notably, in the limit as n—ow, eq. (5)
provides

uexH=1im T (x; 1) (7)

Often, when data are not available, the mean
concentration is modelled with a Gaussian, which
provides a reasonably good approximation some
time after release (Hanna and Drivas, 1987).
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However, although the sample mean suggests
itself as an important measure in estimating
concentrations of harmful substances dispersing in
the atmosphere under realistic conditions, it does not
per se establish a panacea in that regard. The reason
is that a predictive concentration model should also
incorporate concentration fluctuations, measured by
the concentration rms as defined above, since in
many cases the standard deviation of concentration is
as large as its mean or even larger (Chatwin, 1982).

1.1.2. The variance of concentration

The sample variance of the concentration field,
defined by

=1 iy -Toxp  ©
n-14=
is an unbiased estimator of the ensemble

concentration variance, not possessing though the
property of least variance (Arnold, 1990; p. 266).
Further, the statistical noise it contains (being a
random variable) is likely to be greater than that of
the sample mean.

A very important contribution in the direction of
modelling the concentration variance in the context
of turbulent diffusion was the introduction of the
Chatwin — Sullivan collapse theory (Chatwin and
Sullivan, 1990), which states that a simple quadratic
relationship between the mean and the variance
exists, namely

=L 1 aio- 1) 9)

where S and o are scalar non-dimensional
parameters and . is a scale for u (e.g. its maximum).

The above equation fits well data taken from
steady continuous sources for which the statistical
properties of the concentration field are stationary. In
these cases « and  must both be constants satisfying
1<a and 0<B<1. For instantaneous releases though,
for which the statistical properties of the
concentration field are non-stationary,a, £ and 1

39

must be functions of downwind receptor position and
time. More on mathematical models for « and S can
be found in Sullivan (1990), Moseley (1991), Mole
(1995), Mole et al. (1997) as well as in Mole et al.
(2007).

1.2. Stochastic concentration models — motivation
for use of Principal Components Analysis

The development of mathematical models
predicting, ideally the PDF, or less ambitiously, the
mean and variance of the concentration field has
been and carries on being a major area of research as
already pointed out by Chatwin and Sullivan (1994).

The main reason is that such models are much
less costly than most deterministic ones, exhibiting
at the same time a very good performance, often
superior to that of deterministic ones that need vast
computing power (unavailable in the reasonably near
future) for the large number of direct numerical
simulations required. They also tend to replace
Gaussian models which due to the many unrealistic
assumptions they include are becoming obsolete.
Mole, Chatwin and Sullivan (1993) provided a
detailed account on different modelling approaches,
as well as methods for assessing model performance.

Hanna and Drivas (1987) also declared
emphatically the need for development of
concentration fluctuation models in their detailed
synopsis, adding the imperative requirement of
inclusion of the uncertainty assessment that should
accompany the model, without which use of the
model should be avoided.

Here, the less ambitious direction will be
followed, i.e. the proposed model will restrict itself
to describing the variance of the concentration field,
with the mean being estimated by eqg. (6). The
methodology  proposed is based on the
decomposition of the covariance matrix of the
concentration field into its principal components. It
has been used to identify and describe the coherent
structures of turbulent flows by analysing the
velocity field Y into a series of orthogonal functions
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(principal components) possessing the property of
optimal convergence with success (Berkooz et al.,
1994; Kevlahan et al., 1994; Holmes et al., 1996).
The term “optimal” means that only a few of these
functions suffice in order to reproduce the original
signal, thus playing a key role in the identification of
coherent structures. Following an analogous way of
thinking, the method is applied here with the hope of
extracting from data sets common features
characterising the process of turbulent dispersion of
a passive scalar, in particular the concentration field.
In such a case it would be possible to reconstruct the
concentration field or make predictions based only
on a few orthogonal functions whose shape would
bear the common features mentioned above.

2. The problem and the proposed methodology
The problem addressed here is stated as follows:
Given as input

(a) the dimensions of a gaseous pollutant source
with finite dimensions e.g. the cylinder
radius Ry and the cylinder height L (which is
taken to be the length scale of the problem),
in the case of a cylindrical source;

(b)the initial gas density pgas=0"=gAp/p=9(Pgas
'pair)/ Pair
(c) the mean wind speed U at source height,

(d)the mean concentration field;

describe and predict the temporal evolution of the
concentration of the instantaneously released gas in
the atmosphere, at some position downstream.

The proposed methodology is the Proper
Orthogonal Decomposition (POD), or Principal
Components Analysis, presented in Holmes et al.
(1996), the basis of the analysis of the velocity field
into its principal components that provides an
optimal, low-dimensional model.
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2.1. POD of concentration field

Consider an ensemble {T";(#)} of concentration

fields, each being defined in the domain 0<t<T and

thought of as a point in an infinite dimensional

Hilbert space L* ([0,7]) with inner product
T

(f.g)=[f(®g®dt (10
0

The evolution in time of such a concentration
field is, as already mentioned, governed by
eg.(1).When the Reynolds number Re=UL/v >>1 (U
is the mean wind velocity, L is the characteristic
length scale and v the molecular viscosity), the flow
is turbulent (Monin & Yaglom vol. 1, 1971), s0 Y
and, consequently, T'; are random variables.

Hence, a statistical description of the physical
phenomenon of turbulent diffusion is necessary, as
discussed in the introduction.

To that end, the non-dimensional concentration
fluctuation is defined as

I (t) {n (t)} _
F (t) = —=—-E| —/—— [=Ci()-E[Ci(t)] (11)
1—‘0 1—‘0

where T is a typical concentration scale so that the
value of C(t) is a non-dimensional concentration

representing the data set, and E[] denotes an
"ensemble” average.

Thus F(t) is non-dimensional with E[F(t)]=0.
The purpose here is “to find a basis {goj(l‘)}o;):lfor L?

that is optimal for the data set in the sense that finite-
dimensional representations of the form

N
FO (1) =2 a0, (12)
j=1
describe typical members of the ensemble better than

representations of the same dimension in any other
basis” (Holmes et al., 1996).
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In this context, the optimality problem is stated as:
2
find max E[|(F(#),0(D)|']

subject to H(DHZ =1

where |||| is the standard norm in L?,

| ]=(r. n2 =1 F*(9an? (13)

from eq. (10).

Introducing a Lagrange multiplier A, the
functional

Jol= EF o) 1-2(e] -0 @4

is constructed and the extremum condition

a
EJ[¢+51//] |§=0 =0 (15)

is imposed, where ¢ + oy € L*([0,T]),0 R, isa
variation of ¢.

Solving the extremisation problem it is found
that the optimal basis is given by the eigenfunctions
{¢i} of the covariance of concentration (Holmes et
al., 1996). In the finite dimensional case, where the
observations {C;} are m-vectors (where m is the
number of sampled time points), the eigenvectors
{pi} are the principal components of the mxm
concentration covariance matrix. Furthermore, the
eigenfunctions ¢; are mutually orthogonal in L? being
basis vectors:

,
[o.(00,(dt=0,i% j (16)
0

Assuming no degeneracy of the eigenvalues,
that is:

(i) A =0 isnot an eigenvalue;

(i) no multiple eigenfunctions for a given
eigenvalue;

and from A, >0, we may order the eigenvalues:

A >4 (17)

Then, F(t) may be reproduced by a modal
decomposition based on the eigenfunctions

o, 0f

F(D) = ji;lai¢i 0 (18)
where

a, = } F(t)p, ()t (19)

Equation (18) is called the POD, {¢;(t)} are the
empirical orthogonal functions (EOF), {4} are the
empirical eigenvalues and the (random) constants a;
are the expansion coefficients with the following
statistical properties:

.

Ela,]=[E[F ()], (t)dt =0 (20)
0

and

covla;, a;]1= Haa;]1= 1,6, (21)

Thus, the expansion coefficients a are
uncorrelated and

var[a;]= 4,

Also,

var[F (t)] = %var[F(t)] = iw ®) 2

If eq. (16) can in practice be strengthened to
A; >> 4 in which case only a few modes will

suffice to reproduce the original signal accurately, so
that eq. (18) can be replaced by eq. (12), the model
will be of great value for describing the data and
possibly for making predictions.

j+1

Finally, when the domain of {Ij(t)} is not
bounded, as in the case of open flows considered
here, it will be assumed that T7(t) decays rapidly to
zero outside some bounded domain [0,T], when no
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measurements exist for t>T, where T is the length of
the record of the experiment, so that the above
analysis is still valid.

3. The experiments and the data

The data used here to carry out the POD were
collected in the course of the experiments of Hall et
al. (1991) which modelled the Thorney Island (UK)
trials at 1/100 scale. The experiment corresponds to
the sudden release of a heavy gas in the neutrally
buoyant atmospheric boundary layer over a flat
terrain. The apparatus used consisted of a cylinder of
height L=13cm and diameter 14cm that collapsed
upon release of its content, a dense contaminant gas,
in a wind tunnel. The Richardson number R;
characterising the gas, is defined by R; = g4pL/pU?,
where Aplp is the relative to air gas density and U
the mean air velocity at the top of the cylinder. The
values of Ri were 0, 0.5, 1, 2, 5, 10. Values of Ri
close to zero indicate a neutrally buoyant gas, while
higher values characterise heavier (denser-than-air)
gases. 50 releases were made with the two highest
values of R;and 100 with the rest. Four sensors were
used to record the gas concentration signal, located
at 70 and 200cm along the centre-line, at heights of
0.4 and 2.4cm above the ground. In this paper, the
four measuring positions are denoted by
X1(70,0,0.4), X2(70,0,2.4), X3(200,0,0.4),
X4(200,0,2.4). The near-field sensors at positions X1
and X2 monitored gravitational effects dominating
close to the source, while the far-field sensors
located at positions X3 and X4 captured atmospheric
turbulence effects at a further downwind location
where the gas concentration was 2% of the initial
concentration upon release. Typical release plots
with R;=0 are provided in Hall et al. (1991).

The POD is applied here to the time series
obtained from the experiments of Hall et al.
described above, with the purpose of investigating
the possibility of obtaining a universal model for the
description of the data, as well as a predictive tool
with varying parameters R;, downwind distance from
the source and height from the ground.

4. Data analysis

4.1. Comments on eigenfunctions

The sequence of resulting eigenvalues A,

(shown in Table 1) of the concentration covariance
matrix appears to satisfy A, >> 4., in agreement

i+1
with the discussion in section 2.1. The first
eigenfunction, corresponding to the largest

eigenvalue, resembles a typical replication
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Fig. 1. Typical release (top) and first concentration
eigenfunction (bottom) with Ri=0; position X.
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(see Figure 1) since it carries the largest variance
proportion because

var[F ()] = ;Mﬁ. (t) =~ A (1) 23)

from egs. (12) & (22), and since the plot of
concentration standard deviation against time
resembles that of mean concentration. Also, the
fact that the plot of concentration standard deviation
against time resembles that of mean concentration
more with decreasing Richardson number, and
particularly so for R=0 (Robinson, 1996), suggests
that it may be possible to obtain a universal POD
model for neutrally buoyant gases.

Table 1: Normalised concentration eigenvalues
(relative variance proportion) corresponding to the
first four eigenfunctions (modes).

R; Station | Normalised Eigenvalues
X1 0.438 | 0.142 | 0.090 | 0.066
0 X2 0.220 | 0.150 | 0.130 | 0.080
X3 0.397 | 0.205 | 0.074 | 0.057
X4 0.213 | 0.148 | 0.080 | 0.070
X1 0.458 | 0.159 | 0.089 | 0.059
05 X2 0.198 | 0.127 | 0.085 | 0.059
X3 0.481 | 0.195 | 0.079 | 0.043
X4 0.289 | 0.129 | 0.065 | 0.051
X1 0.389 | 0.152 | 0.072 | 0.044
1 X2 0.146 | 0.103 | 0.079 | 0.063
X3 0.516 | 0.172 | 0.080 | 0.044
X4 0.257 | 0.121 | 0.078 | 0.054
X1 0.475 | 0.171 | 0.093 | 0.045
2 X2 0.207 | 0.156 | 0.083 | 0.054
X3 0.609 | 0.126 | 0.057 | 0.027
X4 0.202 | 0.076 | 0.056 | 0.040
X1 0.322 | 0.178 | 0.120 | 0.070
X2 0.463 | 0.131 | 0.082 | 0.048
S X3 0.504 | 0.249 | 0.076 | 0.033
X4 0.091 | 0.074 | 0.059 | 0.056
X1 0.325 | 0.149 | 0.099 | 0.080
10 X2 0.117 | 0.090 | 0.067 | 0.062
X3 0.550 | 0.290 | 0.039 | 0.025
X4 0.140 | 0.066 | 0.056 | 0.048
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The first eigenfunction tends to zero as time
tends to infinity, while the long right tails observed
in some cases and dealt with in section 4.2 not only
do not represent actual concentration measurements
(they should be attributed to instrument noise) but
may potentially distort the true shape of the
eigenfunction, contributing unwanted fluctuations to
consequent calculations.

The first eigenfunction’s smoothness decreases
with Richardson number at the higher measuring
stations consistent with the larger degree of
intermittency in those cases.

The initial peak characterising measurements of
concentration at the three highest Richardson
numbers, 2, 5 and 10, at the measuring stations close
to the source is exhibited by the first eigenfunction,
displaying the existence of a gravity current head at
the edge of these gas clouds.

The first eigenfunction’s shape widens as the
Richardson number increases closer to the ground,
indicating that heavier gases spend a larger
proportion of time near the ground, again consistent
with the gravity current motion induced by these
gases.

The shape of the eigenfunction is not affected
when reducing the length of record down to 2/3 of
the original length. The eigenvalues are almost the
same, with small differences in the 3™ decimal.
When the record length was reduced to 1/2 the
original length, in one case (R; =10, X3), the first
eigenfunction changed slightly and in another case
(Ri=5, X4) even less. In these cases, eigenvalues
differ to the second decimal. In all cases, eigenvalues
are not affected by truncation of record length, when
rounded to one decimal. All of the above provides
evidence that the shape of eigenfunctions is invariant
under record length truncation when the main part of
the cloud has passed, so that further measurements
do not contribute. Record length appears to have an
effect only when the cloud is truncated.
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4.2. Normalisation and scaling

In order to be able to transfer results to another
scale, so that a universal model can be obtained, the
problem of normalisation and scaling of the first
eigenfunctions of concentration covariance is
addressed:

By applying an appropriate transformation to
the eigenfunctions defined in section 2.1, it is hoped
that their shapes will collapse to a common universal
shape, thus removing the dependence on varied
parameters. Then, by inverting the transformation, it
would be possible to reproduce an eigenfunction
based on the universal shape obtained, thus enabling
one to transfer to another scale. That would lead to a
simple model for describing the data and for making
predictions. The eigenvectors ¢ ,i=1,...,N of the
concentration covariance matrix defined in section
2.1 are normalised as

T
podt =1
! | (24)
To obtain a common universal shape produced
by the first (most energetic) eigenfunctions ¢(t),
start by defining

# = [t} )t/ | of ()t = [to? (B)dt (25)

T

(t—p)’0f Ot/ [ of Ot = [ (- )l (Bt (26)

0

2 _
o, =

Sy amm—

w(s) =oc ()] A (27)
s_t—# (28)
O-t
A= j[¢1dt, (29)
t=T T
j v, (s)ds = jwl(t)dt/ A=1 (30)
t=0 0

where the last equality in both egs. (25) and (26) is
obtained by virtue of eq. (24).

Then, apply the scale transformations under
which all scaled eigenfunctions have area equal to 1:
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where dt=cds from eq. (28) .

The reason for the unusual definition of z4and
o in egs. (25) and (26) is that choosing ¢:*(t) as the
weight in the definition of zzand o, effectively
removes the small fluctuations about zero in the long
right tail of ¢(t) in experiments which measured
much further into the tails, thus resulting in obtaining
comparable functions as desired.

The statistics 1, and o, can be interpreted as
estimators of the mean signal time and its standard
deviation (rms), respectively. In particular, o, may be
regarded as a measure of the cloud width. Below is
provided a physical description of the variation of
and o; with Richardson number and spatial position.

a. The variation of g4

ye gives a central time for the cloud at the
measurement position. Therefore this time is the sum
of the time the cloud takes to arrive at that point and
roughly half the time it takes to pass over that point.
The latter contribution will be roughly proportional
to oy, which measures the spread of the cloud.

Regarding the former contribution, it can be
pointed out that comparing values of p, with 90%iles
of cloud arriving time reported by Hall et al. (1991),
in principle there is a direct analogy in variation. As
Ri increases though, there is a disproportionate
decrease of p, from the low near to the high near
station. Also, for the three heavier gases (Ri=2,5,10)
a similar decrease of L, is observed from low far to
the high far station, which for Ri=5 and 10 is
reported for the 90%ile of cloud arriving time too,
suggesting that the variation pattern reported is not
greatly altered.

Regarding the latter contribution now, as far as
variation of . with respect to height is concerned,
for the three higher values of R; (R=2,5,10), the
cloud spends more time at the lower stations than at
the higher ones due to the gravity current-like
motion being more pronounced in these cases
(heavier gases) and causing velocity shear stress
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layers between the cloud and the surrounding air
(Hunt et al., 1983).

As R; decreases, this effect is attenuated and
particularly for R=0, p; is almost the same at the
lower and higher stations, because a neutrally
buoyant gas will diffuse faster than a heavier one
that will settle on the ground due to negative
buoyancy.

Concerning now the variation of p, with respect
to downwind distance, for the three lower values of
Ri (R=0,0.5,1), the cloud spends about twice as
much time at the far stations than at the near stations
as a result of the larger travel time to the downwind
stations. For the three higher values of R;
(R=2,5,10), the time the cloud spends at the lower
stations is almost tripled going from near to far
stations for the same reason as above, the effect
being more pronounced for heavier gases though.
Also, for all values of R>0, one may explain the
larger times spent at the downwind stations as a
result of the decoupling of the cloud from the
ambient flow and its motion downwind at a rate
slower than the ambient wind speed.

At the higher stations now, as the cloud moves
from the position close to the source (near field) to
that away from the source (far field) the amount of
time spent is about four times as much because
upward diffusive flux dominates over downward
flux produced by the mean sinking motion of the
cloud (Hunt et al., 1983).

b. The variation of &

In the case of a neutrally buoyant gas (R; of 0),
from near to far stations o, increases (more than
double) because spreading from turbulent dispersion
as well as gravity current spreading has occurred as
it moves downstream. As R; increases, o, increases at
the stations near the source, which, acting as near-
field monitors, record fluctuations occurring during
the gravity slumping phase. Thus, heavier gas clouds
exhibit a wider profile in time.

At the far stations, o, is also increasing with
increasing R;.

A general (all stations), but not striking,
exception in the increasing trend of o; with R; is
observed when Ri changes from 0.5 to 1. Referring
to the Appendix of Hall et al. (1991) though, it is
seen that plots of typical repetitions also possess this
feature. A possible physical explanation is that these
values of R; represent the threshold of the transition
from neutrally buoyant to heavier gas behaviour. A
notable exception is the decrease of o; at position X2
when R; is changed from 1 to 2. It should also be
pointed out that in that case (Ri=2, X2), the first
principal component was swapped with the second
principal component (its shape resembled the shape
of the second principal components produced by the
POD).

4.3. Towards a universal model

Application of the normalisation procedure
described above gave the normalised first
eigenfunctions, which were then matched. The
results are summarised in the following plot in the
Figure 2, which depicts clearly the most successfully
matched first eigenfunctions.

0.025
1

horizontal axis: non-dimensional
time, vertical axis: concentration

(1.57 * v)/sum(v)
0.015 0.020
I |

0.010
1

0.005
1

0.0

10 20 30 40

Fig. 2. Matched normalised and scaled first concentration
eigenfunctions in cases with R;=0; all stations and R;=0.5;
lower stations.
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Inspection of the collapse of the shape of the
first normalised eigenfunctions in Figure 2 suggests
that it might be possible to describe the first
eigenfunction with R;=0 at all measuring positions
and R;=0.5 at the two lower positions by a common
universal shape, so that one would be able to transfer
to another downwind distance or height or
Richardson number by inverting the transformations
(27) and (28):

BioS+ )= (s) (3D

o

where the left hand side is a predicted first
eigenfunction from a given scaled eigenfunction .

4.4. Reconstructing the signal

The first eigenfunction (principal component or
mode) carries the more coarse features of the signal,
since it resembles a typical repetition, the finer
details being carried by the next (higher)
eigenfunctions.

More specifically, the first eigenfunction,
carrying most of the variability represents the largest
scale of the fluctuations caused by the biggest
eddies. The next eigenfunctions with less and less
energy content represent smaller scale fluctuations
due to smaller size eddies. According to the
“energy cascade” theory (Batchelor, 1953; Tennekes
and Lumley, 1972), bigger eddies supply energy to
smaller ones in a hierarchical order, until in the final
stage of the dispersion process all the energy will
have dissipated to heat.

As provided by the theory in section 2.1, the
signal can be reconstructed using only a few
principal components (eq. (12)) when the sequence
of the eigenvalues converges sufficiently rapidly, a
condition that is generally satisfied here.

Next, a measure of the accuracy of
reconstruction of the concentration signal is
provided.

Since the data are conceptualised as vectors in
an L? space (section 2), it would seem natural to

choose an error formula that incorporates the L?
norm:

The relative error (RE) in the L?space is defined
as

HONCEEAb
e

where C;is the observed concentration signal and Cr;
the reconstructed concentration signal from the
principal components of the covariance matrix at
sampling time t.

RE; =1,..n, (32
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Fig. 3a. Observed (solid line) and reconstructed from first 4
eigenfunctions (dashed line) concentration signal with R;=0 at
position X1. Randomly chosen release.
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Fig. 3b. Observed (solid line) and reconstructed from first 4
eigenfunctions (dotted line) concentration signal with R=0 at
position X1. Randomly chosen release.
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Table 2: Mean relative error between observed and
reconstructed signal using 2 and 4 modes.

R; | Station No of MR
modes E

0 X1 2 41

4 .34

X2 2 .50

4 42

X3 2 .32

4 .26

X4 2 48

4 43

0.5 X1 2 .33

4 27

X3 2 .60

4 .50

The mean relative error (MRE) is the sample mean
value of RE over all n replications:
1 n
MRE == RE, (33)
n'z
The reason for choosing RE as the appropriate
measure of accuracy of reconstruction of a
concentration signal is that from the point of view of
the end user of the model, knowing that the MRE is
10 percent means a great deal more than knowing
that the mean absolute error is 123 for example
(Makridakis et al., 1983, p.47).

Now, from the concentration eigenvalue
sequence (see Table 1) is provided an indication that
initially the MRE converges relatively fast. This was
verified by computing MRE, shown in Table 2, with
2 and 4 modes. When more modes (5 to 12) were
included in the reconstruction of the concentration
signal, differences in the MRE occurred only in the
3" decimal place or above, indicating that the rate of
convergence of the MRE is much slower beyond the
4™ mode.

In the cases where the MRE is small and almost
the same (or the same within 1 decimal place) when
2 or 4 modes are used, it is clear that the signal can
be reconstructed using the first 2 modes only as
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discussed also by Kevlahan et al. (1994). In those
cases the contribution of small scale fluctuations is
negligible in the sense that the amount of energy
contained in the first 2 eigenfunctions representing
the larger scales of motion is sufficient to reproduce
the signal fairly well.

The mean relative error (MRE) computed over
all replications, between observed and reconstructed
signal is shown in Table 2.

In Figure 3, the reconstructed signal from the
first four modes is plotted together with the original
signal, portraying the good approximation expected
from the theory.

4.5. The distribution of the expansion coefficients

It is also of interest to discuss the distribution of
the coefficients (eq.(19)) in the expansion (18) of the
concentration field, and particularly the distribution
of a; used in the prediction model presented in
section 5.

In Figure 4, histograms (with estimated density
lines) of the first expansion coefficients are shown in
all cases with R;=0. The sample means are almost
zero and the sample variances are almost equal to the
respective eigenvalues. The small differences
observed between these statistics and the theoretical
values of the respective parameters provided by the
theory should be attributed to the fact that a finite
sample of gas releases was used to produce these
results.

Next, the hypothesis that the expansion
coefficients come from a normal distribution is
tested. The reason behind this particular choice is
that normality might be a desirable property related
to the practical application of the model, although no
such property is prescribed by the theory.

The setting is:
Null hypothesis
Ho: True PDF of coefficients is normal
Vs,
Alternative hypothesis
Hi:True PDF of coefficients is not normal.
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To carry out this test, an appropriate test
statistic and a test criterion must be chosen.

Kolmogorov and Smirnov have developed a
normality test in which estimates of the parameters
of the normal distribution from the data are used.
This test is rather conservative though, in the sense
that lower p-values than those computed by the
Kolmogorov-Smirnov  test can be achieved
(Lilliefors, 1967). A more powerful normality test
has been proposed by Shapiro and Wilk (Shapiro and
Wilk, 1965), based on a variance ratio, that will
reject the null hypothesis more often than the more
conservative Kolmogorov-Smirnov test.

Carrying out both tests it was found that the
more powerful Shapiro-Wilk test rejected the null
hypothesis concerning the first expansion coefficient
a; in the following cases:R;=0, station X3 (p-
value=0.0094); and R;=0.5, station X1 (p-
value=0.0082), while the Kolmogorov-Smirnov test
never did.

Further, regarding the question of independence
of the first expansion coefficient o, Pearson’s y° -
criterion was employed in order to carry out two
hypothesis tests according to the following setting:

() Null hypothesis

Ho: a1 independent with respect to measuring
position vs.

Alternative hypothesis Hi: a; not independent with
respect to measuring position;

(b) Null hypothesis

HO: a; independent with respect to Richardson
number vs.

Alternative hypothesis HI1: a; not independent of

Richardson number.

In all cases the tests rejected the null hypotheses
of independence, thus providing evidence that the
first expansion coefficients are not independent with
respect to measuring position or Richardson number.
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Fig. 4. Histogram with estimated density line of first expansion
coefficients al for Ri=0 at position XI.

5. Predictive model validation

In this section, a predictive model for the
concentration fluctuation field is proposed, based on
the results found in the previous sections.

The model is built based on the assumption that
the true mean-corrected concentration curve is
closely approximated by the first eigenfunction of
concentration, given that the first eigenfunction
carries most of the variability.

Furthermore, the universal shape of the first
eigenfunction obtained in section 4.3 suggests the
feasibility of constructing a POD-based prediction
model for the case of neutrally buoyant gases (Ri=0
and Ri=0.5).

5.1. The predictive model
The proposed model is
Ft)=a'¢'®) (4

or, from the definition (eq.(11)) of the concentration
fluctuation F(t),

C(t) = u(t) +ad (1) +&(t) (35

where dashes denote predictors and
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C(t) is the concentration field,
u(t)= E[C()] is the mean concentration field,

o(t) is the normalised first (most energetic)
eigenfunction of concentration,

a, is the first expansion coefficient chosen from the
PDF of coefficients given and discussed in section
45, and

&(t) is the POD model error.

Now, since C(t) is a random variable, because
of the nature of the phenomenon of turbulent
dispersion, any prediction of it would be a prediction
of one member of the ensemble of realisations
considered. It is more sensible therefore to predict
the mean and standard deviation of the ensemble
instead, as discussed in the introduction of this work,
where the standard deviation is approximated by the
square root of A, (t).

Given that the collapse of the first concentration
eigenfunction occurred at all measuring stations for
R=0, and at X1 and X2 for R;=0.5 (see section 4.3),
predictions for the mean concentration (and dose)
field can be obtained by means of linear
interpolation between values of the varied
parameters.

As discussed in the introduction (section 1.1),
the sample mean curve is the best unbiased estimator
of the true mean concentration curve.

The sample mean concentration defined by eq.
(6) at a measuring position is computed as
. 1
cm® :;ZCi ® (36

where n is the number of repetitions of the
experiment.

To assess convergence of the statistic, the data
sets were split in half and the sample mean was
recalculated with n/2 observations. The resulting
mean curves were indistinguishable from the ones
found using all n observations in agreement with
Schopflocher and Sullivan (1997), thus providing
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evidence that convergence of the statistic was
attained.

Furthermore, the proposed model predicts the
mean concentration when the best estimator of the
coefficient a; is chosen to be the expected value of
the distribution of coefficients - which is found to be
zero in agreement with the theory (see section 2.2).

To predict the variance of concentration now,
the first eigenvalues and squared first eigenfunctions
of concentration must be predicted, so as to form
their product as the concentration variance predictor.
The method of linear interpolation can be used again
as discussed above.

Regarding the question of estimating the first
eigenfunction independently of the data, the
Chatwin-Sullivan collapse theory (eq. (9)) in
combination with the first comments in section 4.1
suggests that the mean concentration (which is easily
modelled with a Gaussian) can be used as the
predictor of ¢, thus providing a theoretical
predictive model.

5.2 Model uncertainty

As far as the predictive uncertainty is
concerned, this is due to three factors:

One is the data input and observations factor,
which is not dealt with in this work; the second
factor is the mean estimation error and the third one
is stochastic or random atmospheric (turbulent)
fluctuations characterising the natural phenomenon
of dispersion of a pollutant substance (Mole et al,
1993).

It is mandatory that any predictive model
claiming reliability and completeness must
incorporate its uncertainty in the output so as to
assist end users in the decision making process.

Since the second and third uncertainty
components are uncorrelated by virtue of eq. (20),
the total uncertainty of the model is given by the
following equation (mean squared error; Papoulis,
1965), when data input and observations errors are
ignored (Hanna and Drivas, 1987):
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E{[C(t) - C (I} = E{[u(®) - #' )T}
+E{[C(t) - u(O’}

E{Lu() — ' OF}+ E{[a,0, OT }+ E{[e ()T}
[®2F + Aelt)+Var{e(®)} (37)

where

I(t) is the expected length of the confidence interval

for the mean, A, the first eigenvalue,

#1(t) the first normalised concentration eigenfunction

and

&(t) the POD model error.

The total model uncertainty is reduced when

(@) the expected length of the confidence interval
for the mean is minimised;

(b) the first (normalised) eigenvalue approaches 1
so that &(t) approaches O (see section 4.4).
Regarding (a), the classical approach of the

construction of a large sample confidence interval

(see for example Arnold, 1990; Roussas, 1973),

gives large expected lengths. However, a non-

parametric approach that makes no assumptions
about prescribed form distributions of the
concentration mean, described by Frangos and

Antypas (2001), leads to a dramatic reduction of the

confidence interval expected lengths.

Regarding the POD model error now, &(t), using

the definition of the relative error (RE) in the L?

space introduced in section 4.4 (eq. (32), where C;is

the observed concentration signal and Cry the
predicted concentration signal now from the POD

model at sampling time t, it is possible to obtain a

measure of var{s(#)}by computing the variance of

RE when Cry is “predicted” by eq. (35) for values of
the parameters for which C; has been observed:

VRE = %Z(RE, - MRE)*  (38)
n—1=

where MRE is given by eq. (33).

Here, of course, the model employs only the
first (most energetic) principal component.

The following table (Table 3) summarises the
results concerning the model predictors variance in
all cases exhibiting common features, that is, the

50

cases with  corresponding  collapsing  first
eigenfunctions (R;=0, all stations and R=0.5, low-
height stations — see section 4.3).

Table 3: Variance of POD model predictors 5/ and
Fr(t)=a:i"g:’ (1)

R; Station Variance VRE of
of a F()=a1’p, (1)

0 X1 0.438 0.037

X2 0.220 0.014

X3 0.397 0.033

X4 0.213 0.013
05 | X1 0.458 0.031

X3 0.481 0.039

6. Discussion of results and conclusions

In this paper is provided a model for the
description and prediction of concentration
fluctuations of gases dispersing in the atmosphere.
The model describes turbulence fluctuations that
charactrerise the physical phenomenon of dispersion
of contaminants in the atmosphere (Chatwin, 1981,
1982). Initially it was hoped that by applying the
POD method of analysis, a model unifying the
common features of neutrally buoyant and heavy
gases would be obtained. The research provided in
the previous sections did not prove to be all that
fruitful, nevertheless:

The proposed model claims universality for
neutrally buoyant gases with respect to downwind
distance and height, as well as for gases close to the
threshold between neutral buoyancy and heaviness,
with respect to downwind distance.

For these gases predictions can be made, that is,
the end user of the model is in position predict the
mean concentration with the associated POD model
uncertainty will be at a fixed time instant, downwind
location, height and Richardson number, the varied
parameters taken into account by the model. As far
as heavier gases are concerned, physical modelling
(box models, as discussed by Andronopoulos (1992)
can be employed so as to provide predictive results
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extending thus the proposed model for the neutrally
buoyant gases case.

An important advantage of the model is its
simplicity in the sense that only a few modes
(sometimes only one) suffice so as to describe and
predict the concentration field. This is in agreement
with the findings of Kevlahan et al. (1994).

Among the limitations of the model, except for
its inability to incorporate heavier gases, one notes
that predictions are limited within the range of the
values of the varied parameters because of their
small sample sizes; extrapolation beyond these
values being thus performed via physical modelling
as mentioned above.
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Abstract: Renewable Energy Sources (RES),
excluding big hydroelectric plants, covered in
2010 7,6% of total electricity production in
Greece. According to the current European and
national legislation, Greece targets to a 40%
share of renewable energy sources (RES) in
electricity production by 2020, which is a
major challenge. The potential, though, does
exist; so does a series of barriers. National
legislation is trying to support the development
of a “green” electricity market, by means of
supply-side  policies like subsidies for
renewable electricity production and attractive
feed-in tariff rates. However, socio-economic
and public awareness problems are still met in
the planning and implementation of RES
projects, together with the lack of a completed
national cadastre and a spatial development
master plan, specifying areas eligible for RES
development. A consolidated study of this
broad set of barriers will be discussed in this

paper.

Keywords: Renewable energy sources; energy
policies; barriers;

1. Introduction

Since the early 1990s the demand for a change
in energy policies became a major issue of
discussion around the world, driven by economic,
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environmental, security of supply and social
concerns. Political and legislative changes occurred,
having a profound influence on the development of
Renewable Energy Systems (RES), directly or
indirectly. On a European level changes were
expressed i.a. by a series of Directives dealing with
renewable energy matters, including the Directive
on the promotion of electricity from renewable
energy sources (Directive 2009/28/EC,;
2001/77/EC) and the Directive on the promotion of
biofuels (Directive 2003/30/EC) which aimed at
the elimination of existing barriers. Within this
process, the Directive 2009/28/EC, regarding the
promotion of use of energy from renewable sources,
sets the mandatory national targets for their overall
share in gross final consumption of energy and in
transport by 2020. It is a far-reaching package of
measures that falls within the line of the European
Union's ambitious commitment to fight climate
change and promote renewable energy up to 2020
and beyond. Moreover, it establishes a common
framework for promoting energy from RES
regarding statistical transfers between Member
States and third countries, guarantees of origin,
administrative procedures, information, training and
access to the electricity grid from RES.

In Greece, the first national renewable energy
allocation plan foresaw an initial aim of 18%, as
determined by the aforementioned Directive
2009/28/EC; it increased to 20%, corresponding to
40% of the total national electricity production in


mailto:boemi@aix.meng.auth.gr�
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32001L0077:EN:NOT�

Euro - Asian Journal of sustainable energy development policy

2010 (Law 3851/2010, NREAP, 2010; Kambezidis
et al., 2011). The share of renewable energy
sources, with the non-interconnected islands
included is depicted in table 1.

When referring in real terms, the overall share
of RES in the Greek final energy consumption
shows a notable positive trend during the last two
decades, rising from 4.5% in 2008 to 7.6% in 2010.
Hydropower  still  represents the dominant
renewable energy source; its development has been
relatively steady during the last years mainly due to
the introduction of other emerging technologies
such as wind and solar. Thus, given the present
state of market progress on RES and especially on
wind power and solar-photovoltaic  (PV)
applications in Greece (table 1), the target offset for
2020 is rather realistic, under the condition that
specific developments will be realized, like
removing certain  bureaucracy barriers  or
strengthening the existing legislative frameworks,
and persistence or even improvement of the existing
policy instruments will be ensured (Kaldellis,
2012).

2. The Greek policy framework

The Greek policy framework is related to the
development of a common European energy policy,
refers to an integrated strategic objective known as
the “*20-20-20’" target. In this line of approach a
series of supplementary laws and ministerial
decisions were introduced, to create the framework
for an efficient implementation of the aim.

Specifically, Greek legislation incorporated the
aforementioned directives in a series of successive
laws.

The Law 3468/2006 on “Production of
Electrical Energy form RES and combined heat and
power in the gross electricity production and other”.
The law simplified licensing procedures, whilst it
provided a feed-in tariff guarantee for 10 years,
which could be extended by 10 years following a
producer's unilateral declaration towards the

56

Transmission System Operator. That was made in
order to expanse the electrical power market and to
provide long term stability. The 20 years period is
one element of best practice for national support
schemes because it provides stability and support of
long term mechanisms.

The Law 3851/2010 on accelerating the
development of Renewable Energy Sources in order
to deal with Climate Change and other regulations
(Governmental Gazette 85/4-6-2010) integrates
Directive 2009/28/EC into the national legislation
and sets the following national targets until 2020:
40% RES penetration in gross electricity
production, 20% RES share in gross energy
consumption for heating/cooling and 10% RES
share in the transport sector. It is an extension of
Law 3468/2006 and it also includes issues
regarding the simplification of licensing procedures
for RES-E units and establishment of a RES agency
under the Ministry of Environment, Energy &
Climate Change (MEECC) for advising RES-E
investors. Additionally to this law the Ministerial
Decision on Physical planning and allocation of
RES has been issued (Governmental Gazette B
2464/3-12-2008).

Finally, a series of supplementary presidential
decress ministerial decisions were issued to enable
the effective implementation of the laws.

3. The barriers for RES in Greece

Greece is, considering its morphology,
climate and spatial development, a rather clustered
country, as it incorporates mountainous areas and
islands, high income touristic places and low
income rural areas as well as highly urbanized cities
and sparsely populated remote areas. Despite this
fact, a series of studies have proven that there are
drivers and barriers common in the whole country.
Administrative and procedural decoupling of
conflicting interests characterizes most of the
barriers. Eurostat (2007) wused socioeconomic
indicators in order to categorize the RES barriers in
Greece. The five major types are:
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(1) technological barriers;

(2) environmental barriers;

(3) social/public opinion barriers;
(4) economic barriers;

(5) regulatory, administrative
barriers.

The present study, the main finding of which
were based on the DEPOIR consolidated Hellenic —
Canadian research project, adopts that approach and
attempts to identify the existing barriers.

and legislative

3.1. Technological barriers

There are different needs for the use of RES on
the mainland, compared to the islands. It is obvious
that, when it comes to the needs of the mainland,
the infrastructure network is much more suited to
absorb the electrical energy produced by RES in
areas with increased potential. The insular electrical
connections are, at best, limited to absorb or to store
the whole some of the power produced by wind
parks (Oikonomou et al, 2009a).

Concerning the wind energy Papadopoulos et
al (2007) presented the limited capabilities of
absorbing RES-generated power. The need of
upgrading existing grids, a time consuming and
expensive procedure, especially in the case of high-
voltage nets. These problems occur mainly in the
regions of Thrace, Evoia and Lakonia, where there
is a high interest for investments due to the very
favourable wind potential. The seasonal fluctuation
of the energy demand, especially on Greek islands,
underlines the weakness of the network’s
infrastructure. There is an problem of concurrency
between the demand and the offer of energy and
this is, in an insular system, a significant drawback.

3.2. Environmental barriers

The problem with the Greek energy market, at
least in its current shape, is that environmental costs
are not adequately internalised. While the
production of fossil energy is combined with the
greenhouse gas emissions as well as with
environmental degradation, the costs of these
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external factors are poorly reflected in the pricing of
energy and therefore in the operation of the market.
Even thought there has been an effort to reflect
environmental costs through the national
transmission fees, this reflects only to a small extent
on the eco-system (Stangeland, 2007).

According to Oikonomou et al (2009b) the
effects on environmental barriers can be recognised
on the ecosystems, on the landscape and on the
change of land use. More analytically, fauna and
flora can change until a RES work completion.
Especially, minimal interventions should be made
in order for the side to return to its original
environmental state as close as possible upon
completion of all works.

Also, the upgraded levels of dust and noise
during infrastructure works, such as road opening,
cables of electric current transport, may lead to an
environmental devaluation of the environment.
Finally, special attention should be given after
completion of all works in order to minimize the
intervention with the environment and return the
site as close as possible to its original
environmental state. The necessary measures
include the plantation of trees where new roads
need to be constructed, so that the former land use
around a wind park does not change.

3.3. Social / public barriers

This is probably the most important underlying
factor, because it refers to the public acceptance of
the RES. During the last years, a significant number
of large-scale RES-based projects have been
installed or planned in many places all over Greece,
with the public opinion being generally in favour of
them. But, moving from global to local, the
aforementioned positive view for RES may change
considerably (Walker et al., 2010). It should be
noted that the public concern often originates from
the fact that environmental advantages of RES
projects are perceived on a global or national level,
whereas, environmental impacts of such systems
only affect the local environment and habitants.
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This has been also the case in Greece. Deploying a
renewable energy project, such as a wind farm, a
hydro or, to a lesser extent, a PV plant, close to a
community sometimes causes the local population
to react, mainly owed to the local habitants’
suspicion and negative expectations about this type
of applications in their neighbourhood (Kaldellis et
al., 2012). Specifically, levels of public acceptance
and reactions are usually considered among the
primary indicators for implementing a RES project,
comprising at the same time a matter of political
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interest (Elliott, 1994) for all bodies involved (e.g.
government, developers, etc.). In some cases,
environmental concerns become important enough
to affect negatively, or even hinder, the
implementation of such projects. Public opposition
often focuses on the environmental impacts caused
by the installation and operation of wind farms, like
the visual impact , the impact on birds’ populations
and migration, the noise emission, the change in
land use, the moving shadows in the nearby
vicinities etc.
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Fig. 1. Average lead time for overall authorisation procedure and grid connection

Source:

3.4. Economic barriers

Significant economic incentives, together with
other forms of stimulus have been launched for
propagating the implementation of RES systems in
the field and in buildings. Efforts were made on the
Greek market to reduce the final price of PVs, but
the initial cost is still high, both for commercial and
domestic use, to make them attractive without any
form of subsidies. Even where feed-in tariffs were
attractive, almost excessively so, as in the case of
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"Promotion and growth of renewable energy sources and systems™ COM 2009

photovoltaics in field, progress is slow and tedious
(Papadopoulos et al, 2009).

Referring to the use of wind energy, market
distortion and competition exists and unequal
distribution of the subsidies’ allocation can be
monitored between RES and other competitive
activities like tourism. Also, an important obstacle
for the infiltration of wind energy is the lack of a
tax-free income against the expenditure for
purchasing small domestic wind turbines
(Oikonomou et al., 2009b).
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3.5. Regulatory, administrative and
barriers

legislative

Government procurement policies aim to
promote sustained and sustainable commercial
development of renewable energy, but bureaucracy
still creates obstacles.

One of the major barriers is the overall
authorisation procedure together with the grid
connection process. As depicted in Figure 1, with
respect to the average lead time for overall licensing
procedure in Europe, Greece ranks in the last third
of the countries.

This is mainly because there is a rather
complicated licensing procedure for RES.
Concerning the construction of a wind park the
duration of the entire procedure can take more than
3 years (Figure 4).
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Fig. 4. Stages of development and operation of a PV
park - Source: DEPOIR 2007

The first stage, which lasts 3-6 months, is
planning and includes site selection and all the
required studies.

One of the criteria that should be taken into
consideration during the planning phase is, fairly
obviously, the wind potential of the selected area.
Still, it was not until 2006 that adequate data were
available. Other parametersthat have to be
considered are:

- The distance form transmission networks
- The distance from similar installation;

- The distance from residential areas;

- The distance from archaeological areas;
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- The distance from airports and areas protected
by international agreements like NATURA,
RAMSAR, etc.

The next stage involves the authorization of
the wind park project, which lasts from 9 to 18
months, which includes the approvement of a series
of detailed studies considering the installations, the
construction works and the electrical connections

Finally, the construction of the wind farm, its
connection to the grid and a test operation phase are
part of the last stage of implementation prior to the
plant’s commercial operation.

Concerning the construction of a PV park more
than ten essential documents are needed in order to
start (Figure 5).
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Fig. 5. Stages of development and operation of a wind
park - Source: DEPOIR 2007

The first stage for implementing a PV park is
the planning. It includes the selection of the suitable
area for the installation and the selection of PV
frameworks and other system installation based on
the best financial deals. The duration of this stage is
one to three months.

The next stage includes all the bureaucratic
process and lasts from two to nine months. The
third and final stage of a PV park project includes
(1) ordering and purchase of the equipment [0- 3
months, depending on the availability of materials],
(2) installation of PV frames and equipment (not
required in buildings), (3) connection to the
network. This stage can last from 1 to 7 months
depending on the size of the park.
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Finally, a problem that cannot remain
unaddressed concerns the fact that the same projects
are monitored concerning their operation and
performance by different authorities
simultaneously. The turn-key cost of wind parks is
monitored by the Ministry of Development, which
is granting the production licences and is also
responsible for managing the funding from
European Union sources, if applicable. The monthly
and annual energy output is monitored by the
Hellenic Transmission System Operator (HTSO)
which is responsible for the payment of energy
producers. The Regulatory Authority of Energy is
monitoring the producers’ compliance with the
terms of the production licences, as well as the
evolution of the electricity market as a whole.
Although both HTSO and RAE are supervised by
the Ministry of Development, this fragmentation
does not enable a rundown of the data needed for
the evaluation of the wind parks’ energy
performance and economic efficiency
(Papadopoulos et al, 2007). Finally, the Ministry for
Finance is monitoring the cash flows from national
funding sources.

The implementation of the national spatial
master plan for RES is another barrier. In 2007 was

Acknowledgements

published the spatial plan specifically for RES, but
its implementation has shown that there are many
question to be answered before it actually
contributes to speeding up the whole procedure.

4. Conclusions

Price-setting policies in order to reduce cost
and pricing related barriers will give a boost to the
development of RES. Also, proper dissemination of
knowledge on the level of local communities will
help in overcoming the social reactions even though
the negative social impacts have reduced
significantly the last years. Also, a wide variety of
policies are designed to explicitly to promote
renewable energy and a rise is to the MW produced
from RES is obvious Greece need more effective
measures to achieve the 20-20-20 target.

Finally, policymakers should provide ‘smart’
targeting policies in order to boost the RES in early
market stages with a view to overcome the
institutional barriers to commercialization, to
encourage the development of appropriate
infrastructure and provide the local markets paths
for technologies that require intergraded technical,
infrastructure and regulatory changes.
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Table 1: Mainland’s primary energy production for the period 2005-2010 and the demand for 2020
Source: NREAP, 2010; Kambezidis et al., 2011

2005 2006 2007 2008 2009 2010 2020
Wind 943.8 MW | 1199.4 MW | 1333.1 MW | 1661.2 MW | 1908.3 MW | 2061.7 MW 75GW
3.5GW
Hydro 164.2 MW 220.4 MW 223.2 MW 324.9 MW 657.2 MW 753.5 MW (including large
hydropower plants)
Solar
(photovoltaic and
: 2.2 GW and 250 MW
concentrating solar power - - 0.1MW SIMW | 451MW | 132.0 MW GW and 250

(CSP) plants

250 MW and
98.1 MW 91.9 MW 155.9 MW 176.7 MW 181.9 MW 193.9 MW biofuels 10% of final con-

consumption in the
transportation sector

Biomass-biogas

120 MW
880 MW of pumped
Geothermal energy 14.4 MW 9.1 MW 34.0 MW 34.8 MW 1441 MW 114.6 MW storages systems -
(including GHP) concerning exclusively the
non-interconnected (NI)
islands
RES in total 27% 3.4% 35% 45% 6.5% 7.6 %
Table 2: Drivers and barriers for RES and projects in Greece.
Source: DEPOIR, 2007
Barriers Renewable Energy Systems
Technological Lack of trained human resources.
Environmental Incorporation costs for RES
High cost of grid connection.
Social and political There is no maturity in the recognition and realistic assessment of the RES potential .

Lack of funds.

Economic Participation in EU funding projects in public-private partnerships.

Delays in the overall procedure.
Legislative and administrative Lack of special spatial design for RES.
Ineffective control mechanisms and administrative structures.
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Jlabopatopus Termonepenaun u Jxonornueckoit Uukenepuu, Otaen. Mamunoctpoenus, OakyinbTeT
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1 CootsectByrommuii aBTop: E-mail: boemi@aix.meng.auth.gr, Temr. +30 2310 996011,
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Pe3rome: Bo3oOHOBisieMble ucTouHuKM sHeprun (BUDJ), 0e3 yuera OONBIIMX THAPOSIEKTPOCTAHLHM,
nokpein B 2010 roxy 7,6% oOimero mpou3BojacTBa 3IeKTpodHeprud B ['penmu. B cooTBercTBHE €
JICHCTBYIOIUM €BpPONEHCKMM M HAallMOHAJIBHBIM 3aKOHOAATeNbCcTBOM, I'penus HaneneHa Ha 40% nomro
BO300HOBIISIEMBIX HCTOYHMKOB sHeprud (BUD) B mpomsBoxactBe snektposHepruu k 2020 romy, 4To
SIBJSIETCSI Cepbe3HOM 3amaueii. IloTeHmman, XoTs, JEHCTBUTEIFHO CYIIECTBYET, TaK K€ M CepUs OapbepoB.
HanmonansHOe 3aKOHOJATENBCTBO MBITAETCS TOAIEPKUBATE PA3BUTHE «3€JICHOT0» PHIHKA AJIEKTPO3HEPTHH
C MOMOIIBIO TPOU3BOJCTBEHHO-COBITOBOM MOJMTHKH, KaK CyOCHINHM Ha MPOU3BOJCTBO BO30OHOBIISEMOM
SNIEKTPO’HEPTHH M TPUBJIEKATEIbHBIC JIBIOTHBIE Tapudbl. OAHAKO, CONMATBHO-?KOHOMHYECKHE U
npobjaeMbl OOLIECTBEHHOH WMH(GOPMHPOBAHHOCTH, A0 CHX IOp  BCTPEYAIOTCS B IUIAHUPOBAHUH U
peanu3alyy MPOEKTOB, YKa3bIBaI0T BMECTE C OTCYTCTBHEM COBEPIIEHHOIO HalMOHAIBHOIO KaJacTpa U
MPOCTPAHCTBEHHOT'O TEHEPAILHOTO [IaHA PAa3BUTHS, 00JIACTH UMEIOIMe paBo Ha pa3zsutue BUD. B s1oii
cTatbe, OyJeT paccMaTpUBaThCS KOHCOMMANPOBAHHOE H3yUSHUE STOTO IUPOKOTO CIIEKTpa OaphepoB.

KiroueBbie ciioBa: Bo300HOBIsIEMbIE HCTOYHUKH SHEPTHH; SHEPTETHICCKHE TIONMTHKH;, Oaphephl;
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Abstract: Albanian vehicle fleet is composed
of 80% diesel vehicles, which use diesel with
very high sulfur content and are relatively
“old”. This article addresses an important
aspect: comparison of sulfur concentrations of
diesel fuels traded within Albania with diesel
fuels traded in an EU country, Greece, and the
impact of the diesel combustion in cars on the
urban air SO, pollution in Albania.

This research showed that: i) diesel D2 has an
average S concentration of 1020 ppm for the
imported fuel, and 1600 ppm S for the fuel
produced in the country; ii) Diesel D1, although
a relatively higher quality fuel, has great
differences regarding S content: the average S
concentration for Diesel D1 imported in
Albania was 210 ppm, whereas the average S
concentration of Diesel D1 used by the vehicles
in Greece was 27 ppm.

On the other hand, although the SO,
concentrations in the air of Albanian cities
continue to respect the Albanian norm of 60
ng/m?® a significant increase of SO, concentra-
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tions in the urban air is observed. SO, higher
concentrations and trends of annual increase
are very well correlated with the annual
increase in the number of cars and mainly with
the traffic density in certain cross-roads in
Tirana city.

Keywords: diesel, sulfur content, SO, air
pollution.

1. Introduction
1.1 Vehicle Fleet in Albania

The Albanian vehicle fleet is composed of
about 80% of diesel cars which are mostly second
hand vehicles imported from neighboring countries
during the last 20 years. In particular, the number of
private cars, has significantly increased during the
last 16 years (Figure 1), comprising slightly more
than 70% of the total number of registered vehicles
in 2009. The number of “0 km” cars at the moment
of purchase is very small. For the period 2006-2009
the registered as brand new cars that were purchased
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during these years is less than 5% of the total
number of vehicles (MTTPW, 2010).

Due to the improved living conditions and the
higher standards of living in Tirana compared to
other districts, the number of cars per 1000
inhabitants has almost doubled in the capital
compared to that of the whole country during the
last decade. The trends show a significant and
constant annual increase, as presented in Figure 2.

The number of cars per 1000 inhabitants
presented in Figure 2 shows an even more dramatic
increase of this parameter compared to year 1990,
as illustrated from data of Table 1 (MTTPW, 2010;
INSTAT, 2010). It is worth mentioning that till
1991 the private ownership of any vehicle was not
permitted by the Socialist Government in power up
at that time.

1.2 Diesels consumed in Albania

The reports regarding the State of Environment
which are published every 2 years by the Ministry
of Environment, for the time period 1997-2009
attribute the “bad urban air quality” to the fact that
vehicles in Albania are “very old” and that the fuel
they use is not of good quality (SoE 1999; SoE

2001; SoE 2003; SoE 2005; SoE 2008; SoE 2009).
It was also noticed that these reports do not provide
figures to illustrate the “bad quality” of fuels used
by these vehicles.

Although there is a State Institution, the
Central Technical Inspectorate, that is responsible
for the fuel analysis, no official reports are
published by it until now regarding the fuel quality
in the country. Therefore it was necessary for the
authors of this paper to conduct this research for the
time period 2008-2009 in order to observe the
quality regarding sulfur content in diesels traded in
Albania and their impact on the SO, urban air
pollution. The city of Tirana was selected for the
observation of the SO, air concentrations because: i)
over 36 % of the total vehicles in Albania circulate
in Tirana District (MTTPW, 2010); ii) 23% of the
population of the country lives in this city
(INSTAT, 2010) and iii) SO, is one of the indicators
of the urban air quality.

Thousands

1993
1994
1995
1996
1997
1998
1999
2000
2001

2002

o Total Vehicles

mNo ofcars

2003
2004
2005
2006
2007
2008
2009

Fig. 1: Number of cars compared to the total number of registered vehicles in Albania during the last 16 years. (Source: MTTPW, 2010).
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2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009

I Albania 4351 | 4816 | 5633 | 57.15 | 6221 | 7148 | 7869 | 8354 | 88.05
B Tirana District| 81.68 | 95.33 | 117.25 | 12268 | 1184 | 12562 | 1347 | 14243 | 155.12

Fig. 2: Number of cars per 1000 inhabitants in the Republic of Albania and in Tirana district for the period 2001-2009. (Source:
MTTPW, 2010; INSTAT, 2010).

Table 2: Number of vehicles and cars / 1000 inhabitants for the year 1990

Population of Albania | Total no. of vehicles | No. of cars | vehicles / 1000 inhabitants | cars /1000 inhabitants

3,273,131 20200 2400 6.171 0.733
700
600 ] [
500 —_— ] |_|
3
S 400 -
o . .
S 300 - O Native Diesel D2
a 200 B Imported D2 Diesel
O Imported D1 Diesel
100 -

2003 2004 2005 2006 2007 2008 2009

Fig. 3: Quantity of diesels consumed by the Albanian vehicle fleet during the last 6 years (Source: METE, 2010; NICC, 2010).
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Fig. 4: Shares of Albanian D2, imported D2 diesel and imported D1 Eurodiesel during the last 6 years in the Albanian fuel consumption

market (Source: METE, 2010; NICC, 2010).

In Albania up to 2009, the diesel vehicles used
Diesel D2 which contained sulfur in the range of
0.05 - 0.2 % in mass and Diesel D1, named
“Eurodiesel”, which contains less than 0.05 % (in
mass) sulfur, according to the customs’
classification. The diesel produced in Albania up to
2008 was of the type D2 due to its high sulfur
content and the lack of a desulphurization plant in
the country. The quantity of diesels consumed by
the Albanian market has increased annually during
the last decade, as Figure 3 shows. However, there
was an exception of this trend in year 2009, due to
the import banning of Diesel D2 type by the
Government, and also due to the effects of the world
financial crisis on fuel consumption in Albania.

During the last decade, 85-90 % of fuels in
Albania were imported mainly from Greece and
Russia.  For year 2008 the percentages were
respectively 61 % and 32 %, of the whole fuel
quantity imported in Albania (NICC, 2010). In
average during the last decade only 10-15 % of the
fuel market in Albania is being supplied by ARMO,
the Albanian Oil Refining company [Figure 4]
(METE, 2010).
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1.3 Sulfur dioxide concentrations in Tirana

To show the tendency for the period 2002-
2009, Figure 5 was produced with annual average
SO, concentrations in 5 monitoring stations in
Tirana (MEFAW, 2009; IPH 2010).

The EU standard for the SO, air concentrations
is 50 pg/m® (annual arithmetic average), whereas
the Albanian standard is 60 ug/m® (AEF, 2009).
Concentrations of SO, measured in Tirana respect
the Albanian standard in all monitoring stations,
nevertheless they show an annual increase
especially in the “heavy traffic” cross road named
“21 December”. For the year 2008 in this
monitoring site, the EU norm was passed for SO,.

The relationship between the number of
vehicles passing by a road and the SO,
concentrations is shown by comparing Figure 5 with
Figure 6. The much higher SO, concentrations in
the Tirana 4 monitoring point are explained by the
much higher number of vehicles passing daily in
this monitoring point, based on the traffic
numbering in Tirana’s roads during the morning
rush hour in 2007 (MT, 2008).
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For the period April 2008 — June 2009, in resulted 20.8 pg/m® (AEF, 2009), as presented in
Tirana’s heavy traffic section of the crossroad “21 Figure 7.
December”, the average monthly SO, concentration

60 ,
Albanian Norm F ——Tirana 1: Central
50 Polyclinic 10 m. a.g.

Hydrometeorological

(?\E 20 Institute 6 m. a. g.
g. Tirana 3: Institute of
public Health 15 m. a. g.
20
10 Tirana 4: 21 December
Crossroad 3 m. a. g.
0

—¥—Tirana 5: Directory of

2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 Hygiene 5m. a. g.

Sulfur Dioxide Concentrations in Tirana's air

Fig. 5: Average SO, annual air concentrations in Tirana at 5 monitoring points carried out by IPH for the period 2001 — 2009 (Source:
MEFAW, 2009; ISHP, 2010).

400 -
ppm 363,42
350 +
300 -
250 -

200 - 188,5
64,65

150 -
100 -
0 - . :

Korca - Kapshtica fuel stations Tiran - Durres Fuel Stations Diesel brought from Greece

Fig. 6: Total number of vehicles passing by each Air Quality Monitoring Site in Tirana, during year 2007 (Source: MT, 2008).
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Fig. 7: SO, air concentrations in Tirana for the period April 2008 — June 2009 (Source: AEF, 2009).

2. Material and methods

Due to the lack of published data about the
fuel quality in Albania and in order to complete this
research, information was obtained from
Governmental Institutions, such as Ministries,
Agencies and Directorates, as presented in
references and Source of data for each case. Data
was used as it was or combined with data from
several Institutions so as to compile certain graphs.

For the experimental part, diesel samples of
one liter were taken in sterile plastic bottles from
various fuel stations along Tirana- Durres and
Korga — Kapshtica highways. For a reference of the
fuel used in an EU country, diesel brought from
Greek fuel stations was analyzed regarding its sulfur
content at the same time and with the same
equipment that the other diesel samples were
analyzed.

The equipment used to analyze the sulfur
content in Diesel fuels is Multi EA 3100 Analytik
Jena. Pyrolysis is used for the breakdown of the
substances in the Multi EA 3100, with subsequent
thermal oxidation of the pyrolysis products. The
apparatus was operated in the vertical mode for the
analysis of our Diesel samples.

With a syringe of 50 ul capacity, an exactly 20
ul diesel sample was taken and injected manually
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directly into the evaporation zone of the combustion
tube. There the sample was subjected to pyrolysis in
the stream of argon. After this, the gases from the
pyrolysis were completely oxidized in the stream of
oxygen. Reaction taking place can be summarized
as below:

R-S + Oz - SOZ + COZ + Hzo (1)

R represents the organic substances
containing carbon in the diesel to be analyzed.

The average S concentration is displayed on
the screen on the computer linked to the Multi EA
3100 Analytic Jena apparatus for each analysis
based on the calibration function that has been
determined before hand and automatically
calculates the amount of total sulfur in the fuel
sample analyzed (CL, 2009).

For diesels containing 0-50 mg/l sulfur the
linear calibration curve was used. For the ones
containing 51-500 mg/l sulfur the quadratic
calibration curve was used. For the Diesels that
contain much more than 500 mg/l sulfur, dilution
takes place with the solvent iso-octane. Iso-octane is
used as a diluent because it is used to “zero” the
apparatus and it does not contain sulfur in it, thus
not interfering with the results.

The proportion of dilution depends on the
result of the first trial experiment: if it resulted in 1



Euro - Asian Journal of sustainable energy development policy

g/l sulfur, the dilution is 1 part in volume fuel: 3
parts in volume iso-octane. If the result was 1.5 g/l
the dilution is made in the proportion 1:4 and if it
resulted in 2 g/l the dilution was made in the
proportion 1:5 respectively. Dilution is made in
order for the S concentrations to be within the
boundary of 51-500 mg/l calibration curve, thus
resulting in more accurate measurements. For each
sample one trial measurement and three other
measurements were carried out in order to define an
average value of the total sulfur content in the
diesels analyzed.

3. Results and discussion

Samples of diesel were collected in the period
August — December 2008. Their analysis was
carried out at the Laboratory of Petrochemicals in
the Customs Directory of Laboratories by the first
author of this article, in the period March - April
2009. The summary of analysis’ results is presented
in Tables 2-6 according to the diesel types analyzed
and it is grouped by the place where the diesel
samples were taken.

Compared to previous research regarding the
sulfur content in Albanian fuels in 1996 (Mulla and
Dhimitri, 2002) and 2003 (Mulla and Norbeck,
2005) the diesels’ quality in Albania in 2008 has
improved significantly compared to their quality in
1996 when their S content did not even respect the
Albanian standard of less than 0.2 % S for both the
native and the imported Diesel (Mulla and Dhimitri,
2002). In 2003 most of the Diesel used in Albania
was D2 with more than 500 ppm Sulfur in it, but all
of the imported Diesel samples met the Albanian
Standard, whereas the Albanian Diesel D2 [Ballshi
Naphta] passed this standard significantly (Mulla
and Norbeck, 2005). Five years latter, in 2008, the
authors noticed a diversification of the diesel fuel
types used in the country, and all the samples meet
the Albanian standard, even the Diesel produced in
Ballshi Refinery.
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Depending on their quality and their sulfur
content the prices of Diesels vary. Native Diesel is
cheaper and Eurodiesel is the most expensive in the
market. The economic situation of the people
determines the type of car (new or old), the
frequency of service that they will do to their cars
and, most importantly, the type of fuel (the
expensive or the cheap one) they will use on daily
basis.

Based on data from Table 6, the pie charts of
Figures 8 and 9 are compiled in order to give a more
visual representation of different types of Diesels’
contribution in the SO, quantity in the air of
Albania for the year 2008. The proportions for S
content in the fuels and SO, released in the urban air
are the same because the molar mass of SO, is
double than the atomic mass of sulfur.

From the graphs in Figure 8 and 9 it is easily
noticeable that for the year 2008, although the
Albanian D2 Diesel contributed with only 11 % of
the total fuel quantity, due to its very high S content,
it contributed with 23 % of the total S contained in
the Diesels used, and consequently with 23 % of the
total SO, released in the urban air, due to the
Diesels combustion in vehicles’ engines. On the
other hand, the imported Diesel D1, or the
EuroDiesel, contributed with 39 % of the total
quantity of fuels, but only with 11 % of the total S
in the fuels, and 11 % of the total SO, was released
in the urban air due to its combustion.

In this research it was concluded that the
Diesels D2 used in Tirana District contained less S
than the ones used in Korga District. As expected,
and as it is illustrated in Figure 10, the samples of
Diesel D2 from Ballshi Refinery contained much
more S than all the samples of Diesel D2 imported
in Albania.

By comparing the S content in the Diesel
samples taken in Albania with the ones taken in an
EU country, Greece, it is noticeable that the average
S content in Diesel D1 used in Albania is nearly 8
times more than the average S content in the Diesels
used in Greece as demonstrated by the Graph in
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Figure 11. The variation of S content in the Diesel
D1 samples taken in Albania is great, from 4.81
ppm to 562.55 ppm, whereas for the samples taken
from Greece, the variation of S content is much
smaller, from 2.75 to 64.65 ppm.

For many years, meeting the fuel standards
regarding sulfur content has been a challenge. Up to
early 2009, the Albanian Standard of sulfur content
was the same as the one of 1987 (STASH, 1987)
thus it allowed the import of fuels with less than 0.2
% (in mass) of sulfur. By the Decision of the

Council of Ministers No. 52 dt. 14 January 2009 the
Diesel produced in the Refinery of Ballshi would be
allowed to be in the fuel market up to the end of
2009 and after that date the ARMO fuel company is
obliged to produce and sell Diesel which will
respect the EURO standards on this schedule:

Diesel needs not to contain more than:

1) 350 ppm S from 1 Jan. 2010 2) 150 ppm S from
1 Jan. 2011, 3) 10 ppm S from 1 Jan. 2012 (DCM,
2009).

Table 2: Results for the sulfur content in the Diesel D2 samples.

Place taken Korca — Kapshtica highway fuel Tirana fuel stations Diesel D2 from Ballshi, native
stations fuel
Sample name diesel 1 diesel 5 diesel 7 diesel 8 diesel 9 diesel 19 diesel 25 diesel 26 diesel 27
S concentration average
(mg ll) 865 1257 981.9 866.6 552.7 622.5 1325.1 1349. 2 1408.9
Standard deviation
(mg / |) 5.2 5.78 8.56 25.11 4.97 9.15 24.7 16.6 32
Variation coefficient
(%) 0.6 0.46 0.87 2.9 0.9 1.47 1.89 1.24 2.04
Quadratic regression C=(ko- Pret + ki~ lnet +ko)/V
[ug] ko =-0.055513 k;=7.651E-6 k,=1.115E-12
A oC
Density at 15 (kg/l) 0.845 0.838 0.834 0.840 0.833 0.850 0.855 0.854 0.854
S content calculated in
ppm = Csulfur average
(mg/l) / d15°C (kg/l)
1023 1499.28 1178.04 10315 663.90 732.01 1550 1580 1650
S content in mass % =
Sppm : 10000 0.102 0.1499 0.118 0.103 0.066 0.073 0.155 0.158 0.165
Table 3: Results for the sulfur content in the Diesel D1 samples with S concentration more than 50 mg/l and less than 500
mg/l.
. brought
Place taken KOI’Cﬁ_— Kapshtica Tirana fror?n Tirana — Durres highway
ighway
Greece
Sample name diesel 2 diesel 3 diesel 10 diesel 11 diesel 12 diesel 13 diesel 14 diesel 16 diesel 20 diesel 21
S concentration
average (mg/l) 156.8 353.5 298.8 54.33 218.9 386.2 463.6 81.68 46.12 54.93
Standard deviation
(mg/l) 1.1 2.02 946.4 0.833 1.07 2.65 5.62 1.92 1.24 1.09
Variation
coefficient (%) 0.7 0.57 0.32 1.563 0.49 0.69 1.21 2.35 2.69 1.98
Quadratic C=(ke Pret + Ki- It +ko)/V
regression [ug] Ko=-0.055513 k;=7.651E-6 k,=1115E-12
Density at 15 °C
(kg/l) 0.832 0.837 0.822 0.840 0.839 0.840 0.824 0.826 0.836 0.8359
S content
calculated in ppm
= Csulfur (mg/l) /
d15°C (kg/l) 188.5 422.29 363.42 64.65 260.78 459.49 562.55 98.95 55.20 65.71
S content in mass
% = Sppm : 10000 0.019 0.042 0.036 0.007 0.026 0.046 0.056 0.010 0.006 0.007
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Table 4: Results for the sulfur content in the Diesel D1 samples with S concentration less than 50 mg /I
Place taken

Tirana | Brought from Greece | Tirana — Durres highway Brought from Greece
Sample name diesel 4 | diesel 6 | diesel 15 | diesel 17 diesel 18 | diesel 22 | diesel 23 | diesel 24
S concentration average
(mg /) 24.45 30.85 2.75 4.02 8.25 22.92 22.85 2.3
Standard deviation
(mg /1) 6.06 0.12 0.052 0.067 0.086 0.191 0.084 0.064
Variation coefficient
(%) 24.78 0.39 1.9 1.67 1.05 0.83 0.37 2.79
Linear regression C=(ky -l + ko) /V
[ugl] ko = - 0.052299 k; =8.182E-6
H 0,
Density at 15°C 0.832 | 0842 | 0835 0.836 0.837 0.834 | 0834 | 0.835
S content calculated in ppm
= Csulfur (mg/l) / d15°C
(kg/1) 29.37 36.62 3.29 4.81 9.86 27.50 27.41 2.75
S content in mass % =
Sppm : 10000 0.003 0.004 0.0003 0.0005 0.001 0.003 0.003 0.0003

Table 5: Summary of the average sulfur content (in mass percentage) of the fuels traded in Albania in 2008, according to
their categories.

Diesel D1 imported 12 samples 0.021
Diesel D2 imported 6 samples 0.102
Albanian D2 diesel 3 samples 0.160
Diesel brought from Greece 6 samples 0.003

Table 6: Average amount of S and SO, per inhabitant in Albania in 2008.

S mass % Diesel quantity in kg in 2008 (10°) Total S in Diesels in kg
Diesel D1 imported 0.021 246 51660
Diesel D2 imported 0.102 316 322320
Albanian D2 diesel 0.16 71 113600
Total amount of Sulfur in Diesels in kg 487580
Average amount of SO, supposing that S is oxidized 100 % in SO, 975160
M 502 = 64 g/mol whereas Ag = 32 g/mol
Number of inhabitants in 2008 3170048
Average amount of S per inhabitant / year 2008 in kg 0.154
Average amount of SO, per inhabitant / year 2008 in kg 0.308

Source: Table 6 calculations are based on data received from NICC, 2010; METE, 2010; INSTAT, 2010
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Fig. 8: Share of different types of Diesels traded in Albania for year 2008 (Source: NICC, 2010).
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Fig. 9: Share of the total amount of Sulfur contained in different types of diesels traded in Albania in the year 2008.
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Fig. 10: Sulfur content in diesel D2 samples.
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Fig. 11: Sulfur content in Diesel D1 samples.

From Figure 4, it is noticed that in the last
seven years the quantity of Eurodiesel consumed in
Albania has increased annually, comprising 74 % of
the total quantity of the Diesel consumed in 2009,
compared to the 18.5 % of the total quantity of
Diesel consumed in 2003. This is a good indication
of the pressure by the Government to the fuel
importers to provide a good quality Diesel for the
Albanian drivers. Even within the D1 category of
Diesel there are fuel stations which sell Euro 5
Diesel with less than 10 ppm of sulfur in it, thus
enabling the drivers to care not only about their cars
but also about the environment.

Although SO, air concentrations respect the
Albanian and EU standards, the SPM (Suspended
Particulate Matter) and PMy, (particulate matter less
than 10 mikrons) concentrations in the urban air in
Albania continue to be much higher even than the
present Albanian SPM and PMy, standard in all the
monitoring points not only in Tirana, but in all the
monitored cities in Albania (SoE, 2009). An
explanation for this is based on research findings
from other Universities, that although sulfur is
oxidized mostly to SO, on combustion in Diesel car
engines, sometimes, besides in SO,, it is oxidized in
sulfate ions, SO,%, which can assist in the nucleation
of particles and therefore give rise to SPM and PMy,
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air concentrations (Colvile et. al. 2001; Placentino
et al., 2008; Bader, 2007; Wahlin et al., 2001;
Sterner, 2003; Elsom, 1996) For Tirana the SPM
and PMy, air concentrations correlate very well with
the total number of cars passing by the 5 monitoring
points (Mulla E. 2008; Mulla E. 2009).

4, Conclusions and recommendations
In conclusion,

1) The analyzed Diesel samples were found to
meet the Albanian Standard regarding the sulfur
content, but in general they failed to meet the EU
standards of Euro 5 type of Diesel. There were a few
fuel stations that provided good quality Diesel
comparable to the Diesel that was currently traded in
Greece.

2) The air quality in Tirana generally does
respect the Albanian standard and the EU standard
regarding the SO, concentrations in the 5 monitoring
points, but the trends of these concentrations being
increased annually in heavy traffic sections show
that the respect of these standards will not last
indefinitely. With the significant reduction of Diesel
D2 consumption in 2009, a slight decrease of the
SO, air concentrations was measured at the Tirana 4
station as the monitoring results of 2009 showed.
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As a recommendation, out of this research, the
Government needs to refresh the Standard regarding
the sulfur content. At least, the import of only Euro
5 Diesel (with less than 10 ppm S) must be the first
amendment of the Revised standard, in order not
only to meet for a very long time the SO, air
concentrations standard, but also the SPM and the
PM, standard.

Because Albania produces its own Diesel which
has always resulted in a very high S content, it is
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recommended that in the near future the Government
finds the proper economical and legal mechanisms
so that the private company which runs the Oil
Refinery of Ballshi provides only Euro 5 Diesel for
the Albanian car drivers and becomes a good
competitor in the Diesel market in Albania.
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EGDO'A3MCZW[CKMIZ HCYPHAL NO NOAUMUKE PA3BUMUSL VCMOUYUBOU dHePeemUKY

Bo3neiicTBue cropaHus A13eJbHOT0 TOIIMBA B ABTOMOOMJIAX HA
3arpsizHenue SO, ropoackoro Bozayxa B Tupane, Asioanus

Eqmupa F. MULLAY; Aureann SHTJEFNI?; Augonak Lamani (LONDO)?
! Henaprament Xumuu. [lonurexunueckuii Y HusepcureT TUpaHsbL.
2 Henaprament DHepretuku. [lonmurexunueckuii Y HuBepcuTeT TupaHsl.

*CootBectBytonuii aBTop: [lonmurexandyeckuii YHuBepcutet Tupansl, [lnomans “NEné Tereza”,
Tupana, Anbanus, Ten / ®@axc: +355 4 222 3707, Email: edimulla@gmail.com

Pe3tome: AnbaHCKOE aBTOTPAHCIIOPTHOE MpeAnpusTie cocTouT n3 80% MU3eTbHBIX TPAHCIOPTHBIX CPE/CTB,
KOTOPBIE HCIIONB3YIOT THU3ENb C OYCHBb BHICOKUM COJIEPIKAHHEM CEPBI M SBIISIOTCS OTHOCHTEIHHO "CTapbIMu'.
B maHHO# cTaThe paccMaTpHUBaeTCs BaXKHBIM ACIIEKT: CPABHCHUE KOHIICHTPAIIWA CEPhl JU3EIBHOTO TOILIHBA
TOPTYIONIEBO B ANOaHWH, C AW3EIHHBIM TOIUTMBOM Topryromem B ctpane EC, B ['penmm, m Bo3mecTBHE
CTOpaHus AU3CIBHOTO TOIUIMBA B aBTOMOOMIISIX Ha 3arpsi3HeHne SO, ropoICKOro Bo3ayxa B AJI0aHUH.

DT0 HWCCaemoBaHME IMOKa3alo, uTo: i) am3ens D2 wmmeer cpemmioro S KomenTparmio 1020 ppm mos
HAMIIOPTHOTO TOIUTHBa, W 1600 ppm S mms TOILIMBa MPOM3BOAMUMOro B cTpase; ii) duzens DI, xors u
OTHOCHUTEIIFHO SIBIIIETCS 0OJIee BBICOKOTO Ka4yeCTBa TOIUIMBO, MMEET OOJBIIHME Pa3ivdds B OTHOIICHHUH
coaepxkaHus S: CpemHssi KOHIEeHTpamus S 1 ausens D1 mMmmopTupoBaHHBEIM B Anbanun coctaBismio 210
ppm, B TO BpeMsl Kak CpeAHssE KOHIeHTpanus S nmu3ensd D1 uemoiib3yeMbIX TPaHCIOPTHBIX CPEACTB B [ 'permu
cocTaBiso 27 ppm.

C apyrod CTOpOHBI, HE CMOTpPSI HA TO YTO KOHIeHTpamuu SO, B BO3AyXe al0aHCKHX TOPOAOB MPOIOIDKAIOT
yBaxaTh anbaHckue HOpMbI 60 pg/m°, HaGiromaeTcs 3HAUMTENILHOE YBEIMUEHHE KOHIeHTpamuu SO, B
TOpPOACKOM BO3ayxe. bonee BbicOkMe KoHIEHTpamuun SO, W TEHIEHIIMH €XETOJHOr0 YBEIHMYCHHS,
KOPPENUPYIOTCS OY€Hb XOPOLIO C €XETOJHBIM YBEIMYCHHEM KOJIMYECTBA aBTOMOOWIIEH W B OCHOBHOM C
IJIOTHOCTBIO JABM)KEHNUS B ONPENEICHHBIX NIepeKpecTKax B ropoae TupaHa.

KuroueBble ci1oBa: 1u3enb, CoAepKanue cepsl, 3arps3aenue SO, Bo3ayxa.
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