Energy Policy and Development Centre (KEPA)
National and Kapodistrian University of Athens

Hentp DHepreruveckas [louruku u Pazpurus
Haumnonaiasnoro u Kanoaucrpuaiickoro Yuusepcurera AQpuH

Volume 4, Number 2, July - December 2011
Coopanue 4, Homep 2, Uroasb - Jlekadps 2011

Euro - Asian Journal
of sustainable energy

development policy

EBpo-A3uaTCKUHA
KYPHAJ 110 MOJUTUKE
Pa3BUTHUS YCTONYUBOM
JHEPreTUKH

Athens 2013







Euro - Asian Journal
of sustainable energy

development policy

Eepo-A3uamckuii scypnan
O noJiumuKe pa3eumus

YCHOUYUUBOU IHEP2eMUKU

Energy Policy and Development Centre (KEPA)
National and Kapodistrian University of Athens (NKUA)

entp DHeprerudeckasi [louruku u Pazpurus

HauuonansHoro u Kanoaucrpuaiickoro YHusepcurera AQpuH









COPYRIGHT TRANSFER AGREEMENT

To: .

Re: Manuscript entitled. ..ot e

(the “Contribution’) for publication in .............coiiiiiiiiiiiiii i,

(the

“Journal”) published on behalf of the Energy Policy and Development Centre (KEPA) of the National and

Kapodistrian University of Athens.

Thank you for submitting your contribution for publication. In order to expedite the publishing process and enable

your
retur

work to be disseminated to the fullest extent, we need to have this Copyright Transfer Agreement signed and
ned to us as soon as possible. If the Contribution is not accepted for publication this Agreement shall be null

and void.

A.
1.

B.

Copyright

The Contributor assigns to the Energy Policy and Development Centre (KEPA) of the National and
Kapodistrian University of Athens (NKUA), hereafter mentioned as KEPA — NKUA, during the full term of
copyright and any extensions or renewals of that term, all copyright in and to the Contribution, including but
not limited to the right to publish, republish, transmit, distribute and otherwise use the Contribution and the
material contained therein in electronic and print editions of the Journal and in derivative works throughout
the world, in all languages and in all media of expression now known or later developed, and to license or
permit others to do so.

Reproduction, posting, trasmission or other distribution use of the Contribution or any material contained
therein, in any medium as permitted hereunder, requires a citation to the Journal as the copyright owners,
suitable in form and contents as follows: (Title of Article, Author, Journal Title, Volume/Issue, Copyright ©
[year] National and Kapodistrian University of Athens).

Permission grants - if the manuscript contains extracts, including illustrations, from other copyright works
(including material from on-line or intranet sources) it is the author's responsibility to obtain written
permission from the owners of the publishing rights to reproduce such extracts.

Other rights of Contributor

KEPA - NKUA grant back to the Contributor the following:

1.

The right to share with colleagues print or electronic “preprints” of the unpublished Contribution, in form
and content as accepted by KEPA - NKUA for publication in the Journal. Such preprints may be posted as
electronic files on the Contributor’s own website for personal or professional use, or on the Contributor’s
internal university or corporate networks/intranet, or secure external website at the Contributor’s institution,
but not for commersial sale or for any systematic external distribution by a third party (eg: a listserver or
database connected to the public access server). Prior to the publication, the Contributor must include the
following notice on the preprint: “This is a preprint of the article accepted for publication in [Journal title]
Copyright © [year] Energy Policy and Development Centre of the National and Kapodistrian University of



Athens”. After publication of the Contribution by KEPA-NKUA, the preprint notice should be amended to
read as follows: “This is a preprint of the article published in [include the complete citation information for
the final version of the Contribution as published in the print edition of the [Journal title] Copyright © [year]
Energy Policy and Development Centre of the National and Kapodistrian University of Athens” and should
provide an electronic link to the Journal’s web site, located at the following URL:
http://www.promitheasnet.kepa.uoa.gr. The Contributor agrees not to update the preprint or replace it with
the published version of the Contribution.

2. The right without charge to photocopy or to transmit on-line or to download, print out and distribute to a
colleague a copy of the published Contribution in whole or in part, for the Contributor’s personal or
professional use, for the advancement of scholarly or scientific research or study, or for corporate
informational purposes.

3. The right to republish, without charge, in print format, all or part of the material from the published
Contribution in a book written or edited by the Contributor.

4. The right to use selected figures or tables, and selected text from the Contribution, for the Contributor’s own
teaching purposes, or for incorporation within another work by the Contributor that is made part of an edited
work published (in print or electronic format) by a third or for presentation in electronic format on the
internal computer network or external website of the Contributor or the Contributor’s employer.

5. The right to include the Contribution in a compilation for classroom use (course packs) to be distributed to
students at the Contributor’s institution free of charge or to be stored in electronic format in data rooms for
access by students at the Contributor’s institution as part of their course work (sometime called as “electronic
reserve rooms”) and for in-house training programmes at the Contributor’s employer.

C. Contributors Representations

The Contributor represents that the Contribution is the Contributor’s original work. If the Contribution was
prepared jointly, the Contributor agrees to inform the co-Contributors of the terms of this Agreement and to
obtain their signature(s) to this Agreement or their written permission to sign on their behalf. The Contribution is
submitted only to this Journal and has not been published before, except for “preprints” as permitted above.

Contributor’s signature Date

Type or print name and title

Co-Contributor’s signature Date

Type or print name and title

To enable the journal editor to disseminate the author’s work to the fullest extent, the author must sign the
Copyright Transfer Agreement, transferring copyright in the article from the author to the journal editor and
submit the original signed agreement with the article presented for publication. A copy of the agreement to be
used (which may be photocopied) can be found in each issue of the journal or on the website at
http://www.promitheasnet.kepa.uoa.gr. Copies may also be obtained from the journal editor.



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 PROMITHEASnet 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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Hoporoii unrarens,

“EBpo-A3HaTcKkuil JKypHal MO NOJUTHKE pPa3BUTHSA YCTOMUMBOM 3HEPreTHKu”’
ABIIICTCSL  PE3yNbTaTOM COTPYAHHYECTBA, HAIAKEHHOTO MEXAY YYEHBIMH U3
EBpomnel, pernonos Uepnoro mops, Kacnmiickoro mopst u LlenTpansHoit A3uu.

OH sBISIETCSI YaCThIO PACTYIIETO COTPYOHHMYECTBA B paMKaxX IESTEIbHOCTU CETH
PROMITHEAS. D10 cetb, BKIOYaeT B ceOs WICHOB W3 IICCTHAAIATH CTpaH U
OCTAaeTCsl OTKPBITOM IJIi HOBBIX YYaCTHHUKOB, & TaKXeE CIEKTP €€ MEPOIPHITHH
BkitouaeT Exeromnyro Hayunyro Kondepenmuro, HaydHbIe Harpaapl, COBEIIAHUS,
CCMUHAPLI u COBMCECTHOC y4dacTue B HNCCJIICOOBAaHUAX, (bI/IHaHCI/IpyeMI)IX
EBponeiickum Corozom.

Kpome Toro, uepes cetb PROMITHEAS pacnpoctpansieTcs cOOTBETCTBYIOMIAS
WHQOPMAIU MOCPEIICTBOM ee MHPOpPMaMOHHOTO OroiuieTeHs, 6onee yem 23,000
3apEeruCTPUPOBAHHBIM NoayyaTeneM u3 170 ctpan no BceMy Mupy.

B cBa3u ¢ 3TUM, MBI Takke NOJAEPKMBA€M HAaydyHOE COTPYIHMYECTBO H
IpUriamaeM KOJUIeI IPUCOSANHUTHCS K HaM B KayecTBE aBTOPOB, 0003peBaTeseit
WIH JaK€ B KA4eCTBE MapTHEPOB B HAYYHO-HCCIIENOBATENBCKHUX MMPOEKTAX.

Harm HempepbIBHBIC YCHIIMS HAIlpaBJICHbl Ha 00ECIICUEHUE KAauecTBa COJCPIKAHHMS
JKypHaJIa, ¥ MBI IPUBETCTBYeM Barir Bkiaa uis obecriedeHus 3TOH 1eim.

B 3axmouenue, s xoten Obl monpuBeTcTBOBaTh [Ipodeccopa Dnemupy PamazaHosy,
nupexkropa  HayuHo-uccnenosarensckoro  MHctuTyTa  I'€0TEXHOJIOTMYECKUX
IIpodnem Hedrn, I'aza u Xumun (GPOGC) AszepOaitmxanckoil I'ocynapcTBeHHON
HedtsHoit AkanemMun, Kak CTaplIero pellakTopa 3TOTo JKypHalla, U BEIPa3UTh CBOIO
WCKPEHHIOIO OJIarofapHOCTh 32 €€ IOCTOSIHHYIO MOIJAEPKKY  HM3JaHHH 3TOrO
JKypHaa.

Penakrop

[Ipod. Anmutproc Maspakuc
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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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Iesu u 3axanus

Hayunsiii xypnan cetu PROMITHEAS nop nasBannem « EBpo-A3uaTckuii skypHaJI 1o
NMOJUTHKE PA3BUTHA YCTOHYMBOW JHEPreTHMKW» ABIICTCS IOJYTOAWYHOH H
IOBYS3bIYHON (AHrimiickuii, Pycckuii) mnyOnukanuel, KoTopas yOenseT OCHOBHOE
BHUMAaHUE BOIIpOCaM IOJUTUKHA B OOJAaCTH JHEPreTUKHM M H3MEHEHHs KiuMmarta, B
OCHOBHOM Jtsl perrnoHoB YUepHoro u Kacmuiickoro mopeit, I{enTpansaoit Aszun u FOro-
Bocrounoit Epombl. Llenpto myOnukanuu sBIsieTcS CTUMYJIMPOBAaHHME W TOJJEPIKKA
HAyYHO-UCCIIEA0BATEIbCKOIO YEJIOBEYECKOr0 IOTEHIMANa 3THX PErHOHOB 4YTO Obl
MPeICTaBUTh CBOIO HCCIENOBATENBCKYI0 pabOTy B BBIIICIEPEUUCICHHBIX OOJIACTSIX.
Oxunaercs, YTO  pErMOHANbHBIA  HAYYHBIH  MOTEHHMan  OyJger  Jerde
WACHTU(QULUPOBATHCA U 3aMHTEPECOBAHHBIM CTOPOHAM, PETHOHAIBHBIM, CBS3aHBIM C
sHepreTuueckoi noautuke EC u skonoruum, OyneT jierde ¢ HUM CBs3aThCs. DTO OyaeT
OCYILECTBIATBCS IyTEM BKIIOYEHMs] B JKypHAl HAy4yHBIX CTaTed, HaNMCAaHHBIX B
pe3ysbTaTe COBMECTHOTO COTPYAHUUYECTBA YUEHBIX U3 BBIIIETIEPEUNCICHHBIX PETHOHOB U
yuacTHUKOB ceTd PROMITHEAS.

Hayunsblii xypHan takxke OyaeT pasMmemiarb MaTepHajibl U KpaTKue 0030pbl HayYHBIX
OTYCTOB U HCCHG}IOB&HI/II\/’I, MpEeACTaBJICHHBIX  BO BpEMs pasHbIX CEMHUHApPOB,
opraam3oBaHHBIX Cerpto PROMITHEAS, koTopsie KacarTcs TeM >HEPTeTUYeCcKOH U
KIUMaTudeckoi nonutuki. ConepKaHue KaKA0To BhIMycka OyAeT OTOMPAThCs yUeHBIM
COBETOM.

OCHOBHBIE CTaThH, B MEPY BO3MOKHOCTEH, OyIyT MOKPBIBATh CIICAYIOIINE TEMBI:

- BHEPTOCHA0KEHHE U TCOTIOIUTHKA,

- CTPATEruueckKoe SHEPreTHIECKOe IAaHUPOBAHHUE;

- COLMAIbHO-9KOHOMUYECKHE aCTIEKThI HCIIOIb30BAHUS YTIIEBOAOPOIHBIX 3aI1acoB;
- DHEPreTUUCCKHE B3aUMOCBSI3H;

- pazBuTHe PernonansHoro JHeprerudyeckoro PeiHka;

- HOBOCO3/IAFOLIMECS] BOJIOPOJHBIC TEXHOJIOTUH;

- COLMAIBHO-3KOHOMHYECKHE aCHEKTbl TPAaHCKOHTHMHEHTAJBbHBIX JHEPreTHUYECKUX
KOPHUIOPOB;

- MexaHM3MbI ocymiecTBienns Knorckoro IIpoTokona;
- aHaJIU3 ¥ BHEIPEHNE HHCTPYMEHTOB KIMMAaTHYECKOM MTOJTUTHKH;

- IOJMTHKM HAy4YHBIX TEXHUYECKHX HCCIEAOBAHMA U COLUAJIbHO3KOHOMUYECKHE
aCIEeKThI HOBBIX ()OPM DHEPTHH.
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Pressure Swing Adsorption as an Efficient Tool for the Separation of
Carbon Dioxide from Flue Gases

Prof. Krzysztof WARMUZINSKI !, Dr. Marek TANCZYK,

Dr. Manfred JASCHIK, Artur WOJDYLA, M.Sc.

! Contact details of the corresponding author

Tel: +48 32 234 6915, Fax: +48 32 231 0318

e-mail: kwarmuz@iich.gliwice.pl

Address: Polish Academy of Sciences, Institute of Chemical

Engineering. ul. Baltycka 5, 44-100 Gliwice, Poland

Abstract:  An important option for the
abatement of carbon dioxide emissions is the
removal of CO, from flue gases. This
technique, known as post-combustion capture,
can be realized by various methods already
used in other applications. One of these
methods is pressure swing adsorption (PSA),
which was specifically mentioned in the IPCC
Special Report as a promising emerging
technology. Mathematical modelling and
simulation provide a reliable and inexpensive
tool to analyse the various PSA configurations
that might yield high-purity CO,. The paper
presents such an approach, together with the
relevant equilibrium and kinetic data and the
results of extensive PSA simulations. The
simulations were carried out for a three-
column installation packed with zeolite
molecular sieves 13X. The principal objective
of the simulations was to demonstrate the
practical feasibility of the proposed PSA
configuration. The main result of the study is
the modification of the PSA process used in
the purification of flue gases by the

introduction of purge with the CO,-rich
stream.

Keywords: flue gas, CO, abatement, pressure
swing adsorption

1. Introduction

A promising technique for the removal of carbon
dioxide from gas streams is pressure swing
adsorption  (PSA), which was specifically
mentioned in the IPCC Special Report (Metz et al.,
2005) as an interesting emerging option when
applied to flue gases (Kikkinides et al., 1993, Na et
al., 2001, Chou and Chen, 2004). However, a key
problem in the design and optimization of this
process is a judicious selection of a suitable
adsorbent which, on the one hand, would exhibit a
high CO, adsorption capacity and, on the other,
would be selective in terms of CO,/N, separations.

Therefore, the present study was at first focused
on the choice of an appropriate adsorbent from a
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range of commercially available materials, based on
extensive experimental assessment of their
adsorptive properties. Then, for an adsorbent thus
selected, simulations were performed for a three-
column PSA installation using a model developed
and verified elsewhere (Tanczyk et al., 2010). The
simulations led to a number of interesting
conclusions. It was found, among others, that the
three-column system can vyield a highly
concentrated stream of carbon dioxide, with an
almost complete recovery of this species.

2. Adsorption isotherms for carbon dioxide
and nitrogen

The initial screening of adsorbents that might
potentially be used in CO,/N, separations was done
for five commercially available materials: three
activated carbons (BA-10, GAC CECA and Norit
Vapure 612) and two zeolite molecular sieves
(Molsiv 13X and Grace 13X). The equilibrium
experiments were carried out using an Intelligent
Gravimetric Analyser (Hiden Isochema) shown
schematically in Fig. 1.

The experimental CO, and N, adsorption
isotherms for the five adsorbents at 20°C are shown
in Figs. 2 and 3.

Based on the isotherms thus measured selectivity
coefficients were calculated using the following
formula

O, /0y,
Oco,in, =

yoo2 / yN2 (1)

Obviously, for non-linear isotherms these
coefficients strongly depend on partial pressures of
the two species (Warmuzinski and Sodzawiczny,
1999), Fig. 4.

Vi ——y

PP

--
g

GAS

Fig. 1. Schematic representation of the measurement system
(IGA — gravimetric analyser, PP — vacuum pump, GAS — gas
cylinder, MV1- inlet valve, MV2 — outlet valve, EV1 — three-
way valve, V1 — safety valve, V2 — inlet valve for ambient air)
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Fig. 2. Experimental adsorption isotherms for CO, at 20°C
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Fig. 3. Experimental adsorption isotherms for N, at 20°C
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As the experiments reveal (cf. Fig. 2, 3 and 4),
ZMS Grace 13X is superior to the other adsorbents
in terms of both adsorption capacity and selectivity.
Consequently, it is this adsorbent that was selected
for the detailed investigation of both equilibria and
kinetics of CO, and N, adsorption.
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Fig. 4. CO,/N, selectivities for the five adsorbents at 20°C

Adsorption equilibria were measured at 20, 40, 60
and 800C, over a pressure range of 0-5 bar (Figs. 5
and 6).
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Fig. 5. Experimental equilibria for CO, over ZMS 13X (Grace)
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Fig. 6. Experimental equilibria for N, over ZMS 13X (Grace)

The equilibrium data were then correlated using
the Langmuir-Freundlich equation

b, p;"

qi = qsi 1 + bi plnI (2)

3. The kinetics of adsorption

Every single point of an adsorption isotherm is
measured as an uptake curve which shows the
temporal approach to equilibrium. Such a curve
makes it possible to determine mass transfer rate in
the adsorbent pores provided certain experimental
conditions are met.

The kinetics of mass transport within the pores
can be quantified using diffusional time constants.
For the systems analysed (i.e., CO, and N, over
ZMS 13X Grace) these constants remain almost
unchanged with pressure. Therefore, in simulation
calculations their averaged values were used. Also,
the difference between the values of this parameter
for CO, and N, is only minor and is less than one
order of magnitude. Hence, it is assumed that the
adsorptive separation of carbon dioxide and
nitrogen is controlled by their equilibrium
properties rather than by the rate at which the two
species move within the tortuous pores of the
adsorbent.
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The values of the diffusional time constants for
the adsorption of CO, and N, on ZMS 13X (Grace)
averaged over pressure are given in Table 1.

Table 1: Diffusional time constants for CO, and N,
over ZMS 13X (Grace)

Gas D/r?, st

20°C 40°C 60 °C 80 °C

CO, | 9.06:10* | 1.07-10® | 1.33-10® | 1.59-107

N, | 4.0810% | 47910% | 4.6510° | 4.86:10°

4. Mathematical model of the process

The main components of a dry flue gas include
carbon dioxide, nitrogen and oxygen. Due to a low
separation selectivity of nitrogen vs. oxygen and
large adsorption capacity for CO, on many carbon
and zeolite adsorbents, N, and O, are treated as a
single component. The problem is thus reduced to
the separation of CO, and N,, which yields a stream
of pure nitrogen and a stream of gas enriched in
carbon dioxide. Based on the available literature and
our own experimental and theoretical studies it is
assumed that the sequence of steps in such a process
can be as follows: feed with the flue gas, cocurrent
depressurisation, purge with CO,-rich stream,
countercurrent depressurisation, vacuum
regeneration, and, finally, pressurisation with the
feed (cocurrent) or with a fraction of the N, stream
(countercurrent). The feed, purge and vacuum
regeneration steps are carried out at a constant
pressure. During the other steps the pressure either
increases or decreases. The direction of the
cocurrent flow is the same as that of the flow during
the adsorption (feed) step, while the countercurrent
flow takes place in the opposite direction. It is
further assumed that the process is realised in a PSA
installation consisting of 2-4 columns, and the
columns are packed with zeolite molecular sieves
(ZMS 13X). Although the process itself is non-
isothermal, thermal equilibrium prevails between
the gas and the solid phase. Plug flow with axial

dispersion is assumed, pressure drop over the
adsorbent bed is negligible and the fluid phase is
modelled as an ideal gas.

The details of the model are given in Tanczyk et
al., 2010. The model was validated based on
extensive experiments carried out in a two-column
PSA laboratory installation for the separation of
CO; and N, mixtures (Tanczyk et al., 2010).

5. Simulation studies

In conventional PSA cycles an increase in CO,
content in the enriched gas relative to the
concentration of carbon dioxide in the feed gas is
20-80%. Thus, if the initial CO, concentration in the
flue gas is 15%, its concentrations in the enriched
product are, roughly, between 18% and 27%. These
are rather small numbers, despite using vacuum
regeneration of the adsorbent bed. As has already
been pointed out, a means to raise the content of
carbon dioxide in the product is the purge with a
portion of the enriched gas. The results of the
numerical simulations for such a modified cycle (cf.
Table 2) are shown in this chapter.

Table 2: PSA cycle in the three-bed installation. F —
feed, D — depressurisation, P — pressurisation, Pu —
purge, R — regeneration (vacuum), 7 — cocurrent
flow, ¥ — countercurrent flow

Column
1 2 3
Stage
1 FA DA | Pun DV R | PY
2 |Ipy|RY | PY FA DA | Pu
3 DA | Putr |DV| RV | PV F

A Dbinary CO,/N, mixture (15%/85%) is
separated in a three-column PSA installation (the
addition of a third column leads to an almost
continuous flow of the gaseous stream through the
system). It is assumed that a small fraction of pure
nitrogen is passed through the column undergoing
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vacuum regeneration to enhance the regeneration of
the adsorbent. Nitrogen flow rate in this step along
with the flow rate of the CO,-enriched stream in the
purge step were the only parameters varied in the
calculations. The feed gas had a pressure of 1.1 bar
and a temperature of 80°C; the duration of the feed
step was 120 s. The pressure during vacuum
regeneration was 0.1 bar. The dimensions of the
columns were the same as those in the experimental
PSA system (Tanczyk et al., 2010). The
performance of the installation was assessed in
terms of the CO, content in the enriched gas and the
recovery of carbon dioxide. The effect of the gas
flow rate during purge and vacuum regeneration on
these two parameters is shown in Figs. 7 and 8.
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Fig. 7. Effect of the gas flow rate during the purge with CO, -
rich stream on CO, product concentration
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Fig. 8. Effect of the gas flow rate during the purge with CO, -
rich stream on CO, recovery

As can be seen, the PSA process can enrich the
15% CO,/85% N, mixture to a level of over 80% of

CO,, with a full (100%) recovery of this species.
Such an efficiency can be achieved by a suitable
selection of flow rates during purge with the
enriched gas and vacuum regeneration. For a three-
column PSA installation the maximum CO, content
(82%) corresponds to flow rates of 0.8 and 0.2
my’/h, respectively.

6. Conclusions

The mathematical model used in the simulations
was successfully validated based on CO,/N,
separation experiments in a two-column laboratory
PSA installation (Tanczyk et al., 2010). The relative
discrepancy between the model predictions and
experimental data were, in the majority of cases,
less than 10%. Therefore, the model provides a
useful tool for the analysis and optimisation of the
adsorptive separation of carbon dioxide from flue
gases. It has to be remembered, however, that the
quality of the model strongly depends on the
numerical values of the relevant equilibrium and
kinetic parameters which, preferably, should be
determined experimentally for each individual
adsorbate - adsorbent system, as shown in Sections
2 and 3 of this paper.

Nomenclature

b- coefficient of the
isotherm, 1/bar"

D - coefficient of diffusion in the adsorbent

Langmuir-Freundlich

pellet, m%/s

D/r?- diffusional time constant, 1/s

i- CO,orN,

n- coefficient of the Langmuir-Freundlich
isotherm

p-  pressure, bar

g - adsorbed phase concentration in the pellet at
equilibrium, mol/kg

gs- equilibrium adsorbed phase concentration
at p — oo, mol/kg

r- pore radius, m

y -  mole fraction in the gas phase

o -  selectivity
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Pe3rome: BaxHpIM BapHaHTOM IJIsI CHMKEHHS BBIOPOCOB YTIIEKHCIOro rasa ssisiercs: ynaneane CO, u3
JIBIMOBBIX Ta30B. OJTa TEXHHMKA, M3BECTHAs KaK 3axBaT IOCNE IOXHTaHUS, MOXET OBITh pealn30BaHa
pa3sHBIMH METOJaMH YK€ HCIONB30BAaHBI B APYTrUX NpPUMEHEHWsX. OOUH W3 3TUX METOJOB SIBIISETCS
agcopOius maneHueM (AJ]), koTopas Oblia ocobeHHO ynomsHyTa B CrernaibHoM [loknane MI'OUK, B
Ka4yeCTBE MEPCIEKTUBHOM pa3BUBAIOIICICS TEXHONIOrnen. MarteMaTH4ecKoe MOIETMPOBAHUE U CUMYJISIUS
00ecreYnBaOT HAJCKHBIH M HEJIOPOrOH HWHCTPYMEHT IS aHamu3a pasnudHeix AJl KoH(urypamui,
KoTophie MOTyT npuHecTH CO, BRICOKOW YUCTOTHL. JlaHHAs paboTa MPeJICTaBISIET TAKOBOM JOCTYII, BMECTE
C COOTBETCTBYIONIMMH PAaBHOBECHHIMH W KHHETUYECKMMH JTAHHBIMH W pe3ylbTaTaMu OoOmupHBIX Al
cumynsui. CHMYIISIIUY ObUTA TPOBEACHBI ISl TPEX KOJIOHHOW YCTaHOBKH, HAMTOJHEHOW MOJIEKYIISIPHBIMHU
cutamu 1ieoauToM 13X. OCHOBHas I€Jb CHUMYJSAIUN  SBISETCS JICMOHCTPAIUS MPAKTHYECKOH
OCYIIECTBUMOCTH TpeiaraeMoil koHpurypanun AJl. [TaBHBEIM pe3ynbTaTOM HCCIEAOBAHUS SBISETCS
Moaupukanus A/l mporiecca UCIONb3YONMUECs )i OYUCTKU JTBIMOBBIX Fa30B IIPU BBEICHUU OUHIIICHHUS C
MOTOKOM BBICOKOTO conepxannsi CO,.

KaroueBsle cnoBa: 1eiMoBoii ra3, cHmkeHne CO,, agcopOiust 1aBneHIeM
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Abstract: The main purpose of this work is to
estimate supply from agriculture and forest
based biomass in Western Balkan countries as
well as in Moldova and Ukraine. A bottom up
approach was employed in order to estimate the
technical potential per feedstock type in each
country. Forest based biomass is dominant in
Montenegro, Boshia and Herzegovina, Albania
and FYROM. On the other hand, agriculture is
the main source of biomass in Moldova,
Ukraine, Serbia and Croatia. Currently, these
countries depend heavily on fossil fuels and
imports to cover their energy requirements.
However, the results of this work indicate that,
option for future investment in these countries.
As far as heat generation is concerned, local,

domestic use of wood for space heating is an
important sector in all studied counties and high
efficiency- low emissions modern boilers could
be used to heat domestic and other public
buildings. The results of this study could be used
for future assessments of the economic biomass
potentials and the investment opportunities for
biomass exploitation in each of the under study
countries, since identification, understanding and
implementation of bankable bioenergy project
options in the region should be included in the
regional energy portfolio for the short to medium
term future.

Keywords: biomass supply; energy market;
Energy Community.
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1. Introduction

Western Balkan countries depend heavily on
fossil fuels, mainly coal and oil, to cover their
energy needs. The situation is similar in Moldova
and Ukraine, where natural gas is the dominant
energy carrier. Furthermore, a common feature of
these countries is strong dependence on energy
imports. In 2008, Western Balkan countries
produced on average approximately half their
primary energy consumption, with energy
independence ranging from 44% in Croatia to 74%
in BiH. In Ukraine, energy production amounts to
60% of the primary energy consumption, while
Moldova is reliant on imports for 95% of its needs
[Energy Institute Hrvoje Pozar 2010; IEA 2010;
Ministry of Economic Development of Montenegro
2007; National Bureau of Statistics of the Republic
of Moldova 2009; NANR 2010; Statistical Office of
the Republic of Serbia 2009].

With the situation described above, there is clear
opportunity to reduce energy import dependency of
these countries by improving energy efficiency in
the production, transmission, distribution and
utilization of energy and by higher energy
production from renewable energy sources and
other domestic resources.

Renewable energy sources are  mostly
undeveloped with the exception of solid biomass
fuels (mostly fuelwood). According to national
statistical energy data, solid biomass accounts for
10% of the domestic energy production in Western
Balkans with the exception of Albania, where this
number climbs to 20%. In Ukraine, solid biomass
share in domestic energy production is just 0,5%.
Moldova is on the opposite side, where half of the
population is rural and the high prices of
conventional fuels have led to a significant level of
exploitation of field crop residues and prunings
from orchards and vineyards. Solid biomass is the
most significant domestic energy source in Moldova
accounting for 70% of domestic energy production
according to the national bureau of statistics.
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At this point, it should be mentioned that there
are significant unregistered-informal quantities of
solid biomass consumed in the countries studied.
These quantities are currently used mainly by the
rural population for household heating, cooking and
hot water preparation [FAO 2010; Savcor 2005].

The aim of this study was to estimate supply
from agriculture and forest based biomass in the
Western Balkan countries, namely Albania,
FYROM, Montenegro, Croatia, Serbia and Bosnia
and Herzegovina, as well as in Moldova and
Ukraine.

2. Approach

The study employed a bottom-up approach to
estimate the biomass potentials per feedstock type
in each country (Figure 1). Two types of biomass
potentials were considered:

Theoretical Potential: The total quantity of
biomass that can be produced annually from a
specific crop or waste / residue / by-product.
Theoretical Potential is the quantity grown or
disposed, constrained only by macro-factors such as
land availability and growth yield.

Technical Potential: This considers the key
issues around “practical availability” and is
invariably a proportion of Theoretical Potential.
Thus, calculation of Technical Potential considers
factors such as other competing demands, the need
for residues to stay on the land to replenish soil
nutrients, etc.

Theoretical Potential can be considered a step on
the way to calculating the Technical Potential. The
Technical Potential provides, in a sense, the useful
data, because this shows how much resource could
actually be exploited. Therefore, only the technical
potential is presented in this paper.
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Fig. 1. Bottom up approach to estimate biomass potential.

Data sources included: official statistics from
national and international governmental
organisations; published and unpublished surveys
and studies as well as direct communication with
local experts. The reference year for all calculations
was 2008.

3. Biomass Feedstocks
3.1. Agricultural based biomass

Agricultural biomass examined in this study
includes field crop, arboricultural and livestock
residues.

e Field crops are producing two types of field
residues, i.e., dry and fresh or green residues.
Green field crop residues, such as sugarbeets,
potatoes, etc., are left in the field in fresh,
succulent condition. These residues are usually
rotting in the field and in some occasions they
are used for animal feeding. That type of
residues because of high moisture content,
usually more than 70%, can be considered as
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potential feedstock for biogas applications. Dry
field crop residues are derived from field crops,
such as small grain cereals (wheat, barley, oat,
rye, and rice), maize, oil crops (sunflower,
rapeseed, etc.), etc. These residues are
incorporated into the soil, burned in the field or
collected and used for various purposes (animal
feed, bedding, mushroom cultivation, etc.).

e Arboricultural residues are the prunings of
grapes and trees such as apple trees, olive trees,
pear trees, etc.

e Two main sources of livestock residues are
manures and slaughter residues — the latter is not
included in this study. Energy can be derived
from animal manure as long as it is collected in
lagoons or large tanks and can be considered
feasible only in in-stall livestock systems. This
precludes sheep and goats since their husbandry
is extensive, making collection of manure
impossible. Intensive livestock in the studied
countries consists of cattle, pigs and poultry
farming. Since animal manure is of a high water
content, it can be digested anaerobically for the
production of biogas, which can be burnt for heat
or/and electricity production (AD units).

3.2. Forest based biomass

Forest based biomass includes fuelwood, forest
residues and wood industry residues.

e Fuelwood is the form of wood used primarily for
heat or for conversion to a form of energy.

e Forest (or logging) residues are woody biomass
by-products which are created during harvest of
merchantable timber. They are usually left at the
logging site due to the high cost of collection and
the maintenance of soil condition. Forest
residues that can be used either for industrial
heat or densified wood fuels (pellets and
briquettes) production include tops, branches,
stumps and bark.

e Wood industry residues are woody biomass by-
products originating from the wood processing
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as well as the paper and pulp industry. In each
phase of wood processing several by-products
are produced such as chips and particles,
sawdust, slabs, edgings and shavings. These
residues can be either used in particleboards or
pulp production or used for energy purposes in
industrial boilers and for densified wood fuels
production (pellets and briquettes). Bark is also
included in industrial residues, if industrial wood
is debarked at the sawmills. Black liquor, which
is a by-product of the pulp industry, can also be
used for energy production.

4. Biomass supply potentials

The estimated total biomass potentials in each
country are presented graphically in Figure 2.

Serbia _
99 BiH Albania
Croatia 36 15

FYROM
14
| Montenegro
Ukraine 4
510 Moldova

39

Fig. 2. Estimated biomass potentials (PJ).

Results are related with land area and land use in
the under study countries. As expected Ukraine
exhibits the highest potential (510PJ) and Serbia
follows with 99PJ. Croatia, Moldova and BiH have
similar biomass potentials of around 40PJ, while the
same is true for Albania and FYROM whose
potential is estimated at around 15PJ. The lowest
value is found in Montenegro.

The respective contribution of each feedstock
type to the total biomass potential is presented in
Figure 3. Agricultural biomass is dominant in
Ukraine and Moldova as well as in Serbia and
Croatia. On the other hand, forest based biomass
represents the highest share in Bosnia and
Herzegovina, Montenegro, Albania and FYROM.
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Fig. 3. Biomass contribution (per feedstock type) to the total
potential in each country.

Field crop residues in Western Balkan countries
derive mainly from the cultivation of maize and
wheat. Oilseeds as well as sugar beet are significant
biomass sources only in Serbia and Croatia, with the
first category having a significant contribution to
the total crop residues potential also in Moldova and
Ukraine. The latter was the world’s second largest
sunflower seed producer in 2008. Furthermore,
maize, small grain cereals and sugar beet residues
have also a high share in the crop residues potential
of these countries.

In the arboricultural residues category, apples
and plums are the most significant sources of tree
prunings, while vineyards also have significant
potential in most of the countries. Olive prunings
exist only in Albania, Croatia and Montenegro.

Significant quantities relative to the total
potential of livestock residues are found in
Moldova, Albania and Serbia. In Albania, FYROM
and Montenegro livestock residues come mostly
from cattle farming, while in BiH, Moldova and
Ukraine cattle and poultry are dominant. Lastly, in
Serbia and Croatia cattle and pig manure have the
highest share.

Finally, forest based biomass comes mainly from
fuelwood. However, residual biomass coming from
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logging activities and wood processing has a high
share, which is as high as 54% of the total forest
based biomass potential in Montenegro and Croatia.

5. Biomass role in the energy system

To appreciate the putative share of biomass in
the energy system of the countries studied, the
potentials in relation to the total primary energy
supply (TPES) were estimated and are shown in
Figure 4. Biomass could supply 10 to 15% of the
energy needs in each country, except Moldova
whose share reaches 42%.

25% 1 mm42%

20% A

15% -

10% -

5% A

0% -+
\60@ é\\fzf {6\’2} Q}Q* Q~0® o,\{o R QQ\O
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&

Fig. 4. Estimated biomass potentials as a percentage of each
country’s TPES.

Bearing in mind the above, a list of potential
biomass applications in the heat & electricity
markets can be identified.

An important sector for biomass use in all
countries is the use of fuelwood for space heating.
The use of biomass for space heating both in the
residential as well as in the tertiary sector in these
countries is quite high; however its use is mostly
restricted to open fireplaces or inefficient old stoves.
Hence there is a great potential for the use of
modern, efficient biomass boilers or stoves for
heating purposes in public buildings (schools,
hospitals etc) as well as in the residential sector.

Furthermore, in all the countries of the former
Yugoslavia apart from Croatia, power generation
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depends heavily on solid fossil fuels such as coal or
lignite. At the same time there are numerous district
heating plants that use solid fossil fuels as well.
Hence there is a great opportunity for co-firing of
indigenous biomass at these plants at a ratio of 5%
so that there is no need for significant upgrades of
the firing system.

The potential of wooden biomass may also
suffice for the construction of new medium to large
scale biomass only CHP units. This is particularly
true in Western Balkan countries, where there is a
significant potential of unexploited forest residues
as well as wood industry residues.

On the other hand, the abundance of agricultural
residues especially in Ukraine, Moldova, Serbia and
Croatia indicates the opportunity for biogas plants
and new straw fired plants, either as small scale
heating units or small-medium scale CHP plants.
Additionally, the vast agricultural potential in
Ukraine could support in the long term the operation
of large-scale straw-fired electricity plants.

6. Conclusions & Recommendations

The results of the study clearly indicate that
there is a great potential for biomass utilization for
energy purposes in the region studied. The
exploitation of this potential can displace a large
portion of the currently used fossil fuels providing
significant  environmental  benefits and the
opportunity to develop a domestic bioenergy
market.

Further analysis for the investigation of the
actual economically exploitable biomass potential is
necessary. Specific national biomass roadmaps shall
also be developed in order to set specific targets and
analyse various policies and measures for achieving
them. Identification, understanding and
dissemination of bankable project options in the
region should be a priority.
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Omomacchel B cTpaHax 3amaiHbiX bankaH, a Takke B MonmoBe n Ykpawne. [logxox "cHmsy BBepx' ObLI
WCIIONIB30BAH ISl TOTO, YTOOBI OIICHUTHh TEXHUYECKUH IMMOTEHITMAT IO THITY CHIPhS B KAXKIOW CTpaHE.
Jlecnass Omomacca siBisieTcsi AoMuHUpyomeid B YUepHoropun, bocHumn u TepueroBuHsl, AnOaHuu u
Pecrryomukn Maxkenonun. C Apyrodl CTOpOHBI, CEIBCKOE XO3SIMCTBO SBISETCS OCHOBHBIM HCTOYHHKOM
ouomaccel B Momnose, Ykpaune, CepOun u Xopeatuu. B HacTosiiee BpeMs 3TH CTPaHbI CHIIBHO 3aBUCST
OT UCKOIIAEMOT0 TOIUIMBA ¥ UMITOPTA JJISI MOKPHITHS CBOMX YHEPTeTUIECKUX oTpeOHocTel. Tem He MeHee,
pe3yinbTaThl 3TOH pabOThl IOKA3BIBAIOT, 4YTO OuoMacca Momia Obl moctaeisath or 10 mo 15%
SHEPreTHUYECKUX TOTPEOHOCTEH B KaXKIOH CTpaHe, 0COOCHHO B MOJIIOBE, BKJIaJ OMOMAacChl MOT ObI
nocTUTHYTH 42%. [Ipou3BOACTBO MEKTPOIHEPTHH JTNOO YEPe3 COBMECTHOTO CKHTAHUS B CYIIECTBYFOIIAX
AJIEKTPOCTAHIIMA WM HOBBIX cTaHIuii KoMOwHMpOBaHHOTO TEIUIOBBINCICHUS  SBISAETCS PEaIbHBIM
BapUAaHTOM JUI OyQyIIMX WHBECTHIIMHA B OTHX CTpaHax. UTo KacaeTcs TeHepalld TeIula, TO, MECTHOE,
JIOMaIlTHEE UCIOIb30BaHUE IPEBECUHBI IJIs1 OTOIUICHHS MOMEIIEHUN SIBISIETCS BaXKHBIM CEKTOPOM BO BCEX
HCCIIEyEMBIX CTpaHaX M BBICOKOW 3((EKTUBHOCTH- COBPEMEHHBIC KOTJIBI HH3KOI'O YPOBHS BBIODOCOB
MOTYT OBITH HCIIOJIE30BaHbBI /IS HATPEBAaHUS JOMAITHUX M JPYTHX OOIIECTBEHHBIX 37aHWid. Pe3ynbrarhl
3TOr0 MCCJIEOBAHUS MOTYT OBITh MCIIOJIb30BAHHBI JUIs OyAyIIMX OICHKaX 3KOHOMHYECKOTO IOTSHIIMAja
O0MOMacChl M MHBECTUIIMOHHBIX BO3MOXXHOCTEH 3KCIDIyaTallid OMOMAcChl B KaXKIOW M3 HCCIEIOBAHHBIX
CTpaH, MOCKOJIbKY MACHTU(UKAINS, IOHUMAHAE U pean3aiusd SKOHOMUIECKH 000CHOBAHHBIX BapPHAHTOB
MPOeKTa OMOPHEPreTHKH B PErMOHE JOJDKHBI OBITh BKJIIOUEHBI B PETMOHATBHBIN MOPTHENb SHEPrUd B
KpaTKOCPOYHOH U CPEAHECPOUHON NEPCIIEKTUBE.
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Abstract: In this paper possibilities and
roadmaps are explored, for the establishment of a
technically and economically  feasible,
environment-friendly and sustainable, biomass-to-
biohydrogen economy in Europe. The work is
focused on the long range (2010-2030) potential
of 2-step fermentative hydrogen generation.
Current and future biomass feedstocks are
assessed at EU and regional level, taking into
consideration their technical suitability, cost and
sustainability. The regional differences affecting
policy priorities are examined by a comparative
study of two EU regions, Rotterdam (NL) and
Thessaly (GR). These case studies have resulted in
an inventory of potential stakeholders, and the
foresight of their role in 5-year segment of the
considered period. The establishment of a
sustainable bio-based energy system can be made
possible by the appropriate synergies between
stakeholders with wusually diverging interests,
within the frame of a common “biohydrogen
culture”. Some other findings follow:

= Incentives should be provided to local agro-
industries and current biofuel producers for the
transition from 1% to 2™ generation biofuels,
including biohydrogen, with emphasis on
sustainability.

= The biomass/biohydrogen potentials in these
regions are quantitatively similar, but
gualitatively different: in Mt/a (dry biomass),
1.5 for Thessaly (energy crops, farm residues),
1.8 for Rotterdam (agro-industrial residues,
imported feedstocks), or 80 and 83 kt/a of
biohydrogen, respectively. In both cases, the
estimated potential can cover the expected
regional H, demand in the next 20 years.

= The economic feasibility of such plants will
require significant yield improvements, both in
carbohydrate  recovery and  hydrogen
generation rates, as well as high value-added
co-product applications.

Keywords: biomass, sustainable biofuels,
biohydrogen, Europe, Rotterdam, Thessaly
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1. Introduction

Mapping the biological resources within specific
geographical ~ boundaries,  qualitatively  and
guantitatively, and assessing the conditions under
which they will be available, constitutes the basis for
the design and sustainable operation of any biomass-
to-biofuel system. Given that the role of biomass in
the future energy landscape will be increasingly
important (Van Dam et al., 2005), a more accurate
and “conversion technology oriented” assessment of
its potential availability becomes necessary for
policy making, long term planning and overall
biomass-to-biofuel system design and optimization.

The research presented in this paper was carried
out within the framework of EU funded Integrated
Project, Hyvolution (2006-2010). The main objective
of Hyvolution project is:

o the development and optimization of a 2-stage
bioprocess for the generation of pure hydrogen
from biomass (from this point forward to be
mentioned as “Hyvolution technology”),

e the simultaneous optimization of technical,
economic, environmental and social parameters
of the whole biomasss-to-biohydrogen chain, and

o the exploration of the sustainable operation of the
specific technology under various regional
conditions within EU (Hyvolution, 2010).

It should be noted that one of the major benefits
of the examined technology is its applicability at a
relatively small scale (2 MW Hydrogen generation
unit), which provides the flexibility and option of
decentralized resource exploitation.

The carbohydrate resources from agricultural and
agro-industrial sector are considered as potential
feedstocks for the examined technology (Claassen et
al., 1999). The overall annual hydrogen generation
potential, based on the major, non forest originated,
EU biomass resources, has been assessed as about 30
Mt (Karaoglanoglou et al., 2008).

The accurate estimation of the actual resource
availability can take place only if the geographical
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boundaries of the system are kept quite limited, e.g.
at regional level. Data collection at this level would
provide the necessary basis for such estimation. The
competition and synergies, which will be created
during the implementation of the Hyvolution
technology, not only with food sector but also with
other biofuel/bioenergy generation options will be
crucial for the feasibility and sustainability of the
potential biomass-to-biohydrogen generation chains.
The impact of the future plants on the natural
resources, their social acceptance, which is highly
dependent on their relevant effect on the local
employment and economy, have to be examined
regionally, as potential further incentives or
constraints.

Within this framework, the present paper will
provide an overview of the activities which took
place, for the assessment of the prospects of the
Hyvolution Technology integration, into the energy
system of two EU regions, in a 20 year (2010-2030)
perspective. The ultimate purpose of the whole
process was to derive strategy, investment and policy
hints for the development of Hyvolution technology
applications in  EU regions with different
characteristics.

2. Methodology

Two European regions were selected in order to
explore the potential logistic chains which can be
built for the supply of feedstocks to biohydrogen
facilities and their dependence on the regional
factors.

The region selection took place, according to the
criteria of Rural vs. Urban, Low vs. High income,
Low vs. High innovativeness and South vs. North,
and targeting at the maximum  possible
diversification of the two selected regions (Eurostat
2010; Pro Inno Europe, 2010):

The Region of Thessaly, Greece: As a typical low
income and innovation, primary sector based region
of South Europe
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The Region of Rotterdam, The Netherlands: As a
typical high income, highly industrialised and
innovative region of North Europe

e The methodological approach which was
followed, in order to collect and process data for
these two regions can be summarised into three
major activities:

e Desktop research, where crucial regional
characteristics were identified (Figure 1), and

statistical and other data were collected in a
systematic way in order to have the profile of
each region,

o Workshops and on-site visits to the key players in
both regions,

e Scenario-based potential assessments and socio-
economic analysis through the projection of the
current situation into the future.

EU Policy }

[ National Policy ]

Renewables

attitudes
towards
innovation

Energy
market
structure

Socio-economic
conditions
(GDP/capita,
employment,...)

Potential vs
exploitation

Biomass-based

Natural
conditions
(Water, soil,

climate)

renewables

Short/long term

strategy

Data categories for the definition
of the regional system

ystem

Supply chain

Fig. 1: Regional dimension of the implementation of Hyvolution technology

3. Results and Discussion
3.1. Desktop research - Data Collection

The regional profile of each studied region was
outlined, according to the key regional factors
identified in the methodology. The results of this
process are presented in Table 1.
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This data along with the insight already
acquired, throughout the Hyvolution project, are
used, first in the immediate and future potential
estimation and then in the scenario development.

The application of technical, economic, social
and environmental criteria lead in the identification
of sugar beet juice, potato peels, barley straw and
wheat bran as the most promising feedstocks for the



examined technology in EU (Diamantopoulou et al.,

2007, Diamantopoulou

Diamantopoulou, Koukios, 2010).

The biomass/biohydrogen potentials in the 2
regions are assessed to be quantitatively similar, but
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et al., 2008;

Rotterdam

Table 1: Profile of two case study regions

feedstocks),
respectively.

qualitatively different: in Mt/a (dry biomass), 1.5
for Thessaly energy crops, farm residues), 1.8 for

(agro-industrial  residues, imported
or 80 and 83 kt/a of biohydrogen,

“Rural South™:

“Industrial North™:

Land use / Main Agricultural Products

- Total Agricultural Land: 490000 ha

- Cotton: 150000 ha

- Wheat: 110000 ha

-Barley: 14000 ha

- Sugar beet: 7000 ha

- Fallow/pasture land/other not utilised agricultural land: 38000 ha

- Total Agricultural Land: 150000 ha
- Cereals: 12500

- Potatoes: 9000 ha

- Sugar beet: 4000 ha

Estimated Agricultural Income

850-2500 €/ha (40-50% coming from national or EU subsidies)

900-2500 €//ha (much higher for greenhouse agriculture)

Agro-industrial Units

2 large wheat mill units

I large juice production unit

Several small canned product units
Several oil production/processing units

- oilseed crushing

- grain processing

- large beer breweries

- potato processing facilities

Spatial Distribution of Agro-industrial
Units

-2 wheat mills are placed in Larissa and Magnesia prefectures
- The juice production unit is placed in Magnesia prefecture
- The rest units are distributed throughout the 4 prefectures

Main agro-industrial units are placed around the , withina 30
km radius

Potentially Available Agricultural and
Agro-industrial By-products

- wheat bran

- wheat and barley straw
- pulp from juice industry
- cake from oil industry

- wheat bran
- potato steam peels
- cake from oil industry

Transport Infrastructure

- a major port in Magnesia prefecture
- good road network

- port ('s cheapest bunker port): the third largest port in the
world
- railway and road network supplying the port

Available Supply Chain Infrastructures

Already existing import (oil/oil seeds. cereals) and export (flour
and other processed cereal and juice products) activities in the
region

The agro-industrial units of the region are largely based on
imported feedstock. The Agri-bulk handled in is about 9.5
million tones

Renewable Energy in the Region

135 MW power produced in H/E plants. and 2 biodiesel
production units

- electricity production using imported wood residues(1
Mton dry wood residues)
- wind energy

Biomass-based Energy Production

- 2 biodiesel production units (using imported feedstock) of 55000
tonnes total capacity

- | bioethanol unit (from sugar beet and cereals) to be operational
within 2010

- co-firing of wood for electricity

- surplus of heat from oil refinery

- farm scale biogas digesters

- several bioethanol facilities around the port area

Population

About 750000 persons

About 1600000 persons

GDP/Capita - Employment

73.2 (considering 100 the GDP of EU25)
13% employed in primary sector

- 204 billion Euro regional product
-21% of the total employment of NL. 1.5% in primary

Special Regional Conditions - Policies

Governmental initiatives encouraging the land use change
(especially from cotton to alternative crops)

Sustainable production program for all the economic sectors

Social Acceptance of Bioenergy Projects

“Thessaly Biofuel Technology Platform™ along with the play a
positive role in the social acceptance of biofuels

- Positive public response to “green electricity”
- Negative public response to large biofuel plant projects

* Hellenic Sugar Industry announced in March 2010 that the specific project was cancelled, since they assessed that such a large plant
will not be feasible and sustainable in long term.
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Only a small part (5 to 10%) of this potential
originates from the four most promising feedstocks
(Karaoglanoglou, Koukios, 2010)

The potential plants, in the two regions, which
can be based on the four most promising feedstocks
are presented in Table 2 and 3.

Table 2: Mapping the landscape of potential
biohydrogen units in Thessaly

Potential Location | Co-operation with existing or | Hydrogen | Potential Capacity
Feedstock potential industrial units Unit Type
Sugar beet | Larissa Bio-ethanol Production Unit Add-on >> 8000 dry t/year
(under construction)
Wheat Bran | Volos Wheat Mill (locally produced Add-on > 8000 dry t /year
and imported wheat)
Potato Lamia (city | Potato Chips Production Plant | Add-on ~ 8000 dry t/year
Steam Peels | close to
Thessaly
region)
Barley Straw | Karditsa- Regionally produced straw Local stand |~ 8000 dry t/year
Trikala alone
Table 3: Mapping the landscape of potential

biohydrogen units in Rotterdam

Potential Location Co-operation with existing | Hydrogen | Potential Capacity
Feedstock or potential industrial units | Unit Type
Sugar beet | Rotterdam Sugar production unit Add-on >> 8000 dry t/year
port area
Wheat Bran | Moerdijk Wheat Mill (mainly imported | Add-on >> 8000 dry t /year
industrial wheat)
area
Potato Rotterdam Potato Chips Production Add-on >>8000 dry t/year
Steam Peels | port area Plant
Barley Straw | Rotterdam Regionally produced straw Local stand | ~ 8000 dry t/year
agricultural alone
land area

3.2. Workshops and on-site visits

Two major on-site visits and workshops, in
Thessaly (Sugar beet factory, October 2007) and in
Rotterdam (Port area, May 2009) were carried out.

Furthermore, numerous communications and on-
site visits took place, to:

e academics, farmers and biofuel
production companies in Thessaly

(biodiesel)

o potential feedstock providers (Meneba mills,
Farm Frites, etc.), already existing or under
construction biofuel plants and the port authority
in Rotterdam

Some crucial feasibility and sustainability issues,
and key stakeholders were identified throughout
this process. The degree of involvement of these
stakeholders on the implementation of Hyvolution

21

technology differs, for each region and 5 year sub-
period in a 20 year perspective. An assessment of
this involvement can be seen in Table 4.

3.3. Scenario-based analysis

An attempt for the identification of the main
priorities, bottlenecks and driving forces in each of
the 5 year sub-periods, also took place. The positive
or negative developments in these issues will lead
in the “Best case” or “Worst case” scenarios for
Hyvolution technology, respectively.

The outline of such a roadmap to the future
application of Hyvolution Technology in both
regions is presented in Figure 2a, b.

Best Case Scenario 20?30 Worst Case Scenario
BIOREFINERIES
SUSTAINABILITY
COMBINED LARGE - SMALL SCALE APPLICATIONS —
NEW GENERATION BIOFUELS IN THE REGION
2020 1 2020
BIOFUEL TARGETS I
HYDROGEN TECHNOLOGY PENETRATION
LOCAL SMALL SCALE APPLICATIONS IN THE REGION
2015 ] 2015
DEVELOPMENT OF HYVOLUTION TECHNOLOGY
j¢——— NEW CAP - LAND AVAILABILITY - OIL CROPS
BIOETHANOL PLANT AND ITS SUCCESS IN THE REGION ,

2010

Fig. 2a: Roadmap to Hydrogen through Hyvolution technology
in Thessaly

2030

BIOREFINERIES
fe——] SUSTAINABILITY (BIOMASS vs NATURAL GAS, BIOFUEL vs FOOD & FEED)

2025 20
'NANSPORY AND DISTRIBUTION INFRASTRUCTURE FOR H,
COMPETITIONINH, GENERATION

Best Case Scenario Worst Case Scenario

IMPORTED AGRI-BULK
le——1 LOCAL PRETREATMENT PLANTS J
RESIDUE PRODUCTION AND AVAILABILITY \
201 5 COMPETITION - COMPLEMENTARY USE WITH OTHER BIOFUEL TECHNOLOGIES 201 5
I
PORT EXTENSION
" [EFFECT ON INDUSTRIAL ACTIVITIES -
EFFECT ON LAND AVAILABILITY FOR FURTHER ACTIVITIES

2010

Fig. 2b: Roadmap to Hydrogen through Hyvolution technology
in Rotterdam
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3.3.1. Future Hydrogen generation potential in
Thessaly

The prospects of the future hydrogen generation
potential of the region will highly depend on the
land use change which is expected to take place due
to the new Common Agricultural Policy (CAP) of
EU. Under this perspective, 3 scenarios for the
future land use, for the period 2010-2020, were
considered assuming, in the meantime, that the
agricultural yield will have an improvement for all
the crops, equal to 1%/year [EEA, 2006]:

e Minimum energy crops scenario: 1/3 of current
set aside land used for sugar crop cultivation

e Medium energy crops: Starting from 1/3 of
current set aside land in 2010, and ending to 2/3
in 2020, to be used for sugar crop cultivation

e Maximum energy crops: Starting from 1/3 of
current set aside land in 2010 and 0% of current
cotton land, and ending to 2/3 of set aside land
and 70% of cotton land in 2020, to be used for
sugar crop cultivation.

Table 4: Key Socio-economic actors and their involvement 2010-2030

EESSANTTTT T T koTTERDAM
I!\'eV actors 2010-201512015-2020]2020-2025]12025-203012010-2015]12015-202012020-2025]2025-2030
Farmers * ko ok ok * ¢ " B
Local society B ok 3 5 3k k¢ ok ok 5 ok %k sk sk
Existing biofuel industry ok bk ek * ok ek ik "
Existing food industry * ok ok ok 0 ke ke e e e
Feed and fodder sector * ke ek ok * ok ek ok i
[Transport * i ek ek * e s s o ok
Distribution * ik bk ok ok ok ok * ek . -
End-use * bk ¥k ok sk * 5k ek o
[Technology research and development [t e ¥ * koK ek ¢ i
EU policy ok ok bk bk ek ok ek btk b
National policy * ek ok ok % ok ok ok e e e
Hyvolution bv-product market * pk ek ek ok * ¢ ek e

It should be also noted that the transition from
the current agricultural land use to the future energy
crop agriculture can take place only under certain
conditions. The farmers’ income expectations will
play a major role in this process. Under the current
conditions the land use change, for the replacement
of cotton cultures, should lead in a gross margin
generation about 400 Euro/ha in order to provide
the necessary incentives to the farmers (LMC,
2007).

Moreover, the effect of the improvements in the
refining and conversion technologies (especially for
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starch and lignocellulosics) was examined in a
multiple scenario basis, starting from the currently

obtained efficiencies and assuming future
technology improvements, in order to assess the
hydrogen generation potential from selected

feedstocks in the region. (Fig. 3a, b)
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Fig. 3a: Effect of technology efficiency on minimum energy
crops scenario

2015

200

2020

100

Years

2010 2015

Fig. 3b: Effect of technology efficiency on maximum energy
crops scenario

3.3.2 Future Hydrogen generation potential in
Rotterdam

The region attracts a lot of industrial activities
and it will do it even more in the short/medium term
future, due to the expansion of the port area.
However, the main limiting factor for the region
will be the land availability for new industrial units
and any other activity (e.g. agriculture).

The price of agricultural land is particularly high
for growing energy crops in the region (29-68
kEuro/ha depending on the type of land).

2020
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Consequently, the main feedstock for short-medium
term future will be by-products from agro-
processing industry, especially wet products, which
are less useful for other purposes:

e Wheat processing: wheat bran (Meneba)

o Potato processing: potato steam peelings
(Cosun/Aviko, Mccain)

o Beer breweries:
(Heineken, others)

spent brewery grains

The future “supply side” Hydrogen generation
potential, through Hyvolution technology, for the
region, was based on the total agribulk handled by
the regional industrial units, and the future
prospects of its development.

Table 5: Supply-side scenarios

Annual increase in Available by-
agribulk handled in |products/residues for| Carbohydrate
Scenarios | industries of port area hyvolution recoy.

l 3"0 l()o/o 30%
2 3% 10% 70%
3 3% l()% 30‘%
4 3% 10% 70%
5 6% 10% 30%
6| 6% 10% 70%
7 6% 10% 30%
8 6% 10% 70%
9 3% 15% 30%
10 3% 15% 70%
11 3% 15% 30%
12 3% |5% 70%
13 6% 15% 30"/0
14 6% 15% 70%
15 6% 15% 30%
16) 6% 15% 70%
*100% conversion = 0.1 t hydrogen from 1 t carbohydrates

Several scenarios, considering the agro-industrial
development and Hyvolution technology efficiency,
were developed in order to map this potential. The
parameters considered for each scenario are
presented in Table 5.

The outcome of these scenarios along with the
respective demand-side scenarios are presented in
Fig. 4.
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Fig. 4: Supply and demand of Hydrogen in Rotterdam

The direct connection of the feedstock
availability with the development of the food sector
(agribulk handled and residues produced due to the
pretreatment practices) in the region should be
underlined.

Although, the Hydrogen generation potential
through the Hyvolution technology from the
feedstock supply side can be within a wide range
(10-65 kt/year in 2010 and 15 to 220 kt/year in
2030), due to the high degree of uncertainties, it can
be observed that most of the supply side scenarios
provide the necessary potential to fulfil the
respective demand assessment.

4. Conclusions
4.1. General remarks for both regions

e The future success and sustainable application
of the examined technology is a function of the
positive or negative progress of the issues
identified and analysed in this paper. The
respective priorities of each 5 year period
should be monitored and the targets should be
re-assessed in order to succeed in an optimised
integration of the hyvolution technology in the
EU’s future energy map.

e |t is assessed that the transition from first

generation to second generation biofuels and
biohydrogen will play a crucial role for the land
and infrastructure availability in both examined
regions. Motives should be provided, especially
to the local agro-industries and current biodiesel
producers of the regions for this transition, as
long as simultaneous improvement of the
overall biofuel sustainability indices s
achieved.

e Although the current refining and conversion

technology can provide the necessary hydrogen
potential, the economic feasibility of such
plants will require the yield improvement and
value added co-product applications.

e In a fully bioenergy integrated energy future,

the competitive biofuel applications will further
decrease the availability of the feedstocks. As a
consequence, simultaneous research on the
improvement of the hydrogen production
efficiency and on the enrichment of the techno-
economically suitable feedstock portfolio
should be carried out.

e There will be diverse effects of existing biofuel

production plants on the development and
domination of Hyvolution technology:

o Positive, in the “start-up” phase, providing
the necessary infrastructure for pilot or
small scale production

o Possible negative effect in  further
development phase due to land use
competition

o “Success stories” of first generation
biofuels will improve the social acceptance
of biofuels and will create a “bio-society”
culture which will facilitate the integration
of Biohydrogen generation into the existing
energy system.

e The land need for the reactor of the
photochemical fermentation (currently 60ha for
an 8000 dry tonne/year biomass plant capacity,
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estimation for 10 ha after process optimisation)
is a further concern especially for Rotterdam
case where the land availability is already
limited. This obstacle probably could be by-
passed using otherwise unused areas (which
primarily was water). In the case of Thessaly the
availability of lower quality and non utilised
agricultural land is estimated to provide the
necessary land source in the start-up phase.

The prospects of imported feedstock utilisation
in biohydrogen generation plants is expected to
play a crucial role in the future hydrogen
economy especially in the case of Rotterdam,
where the agricultural land availability for
dedicated energy crop production is also
extremely limited. Furthermore, this option
would exploit the major strategic advantage of
the region, the port infrastructure, which already
supports import activities for large amounts of
agri-bulk products, in the framework of the
current industrial activities. As far as Thessaly
region is concerned, the imported feedstocks
will not be the key player for the full scale
implementation of Hyvolution applications,
given the current and estimated future land
availability. However, they are expected to have
an indirect effect, especially in the case of wheat
milling residues, since the operation of already
existing wheat milling plants is highly dependent
on the imported (either from other Greek regions
or from other countries) feedstocks. The future
of this sector will affect the relevant by-product
generation (wheat bran) in the region and its
consequent availability for energy applications.

Despite the potential feedstock availability for
Biohydrogen generation:

o 70% of biofuels is expected to be first
generation biofuels in 2020. This situation
will limit significantly the actual feedstock
availability (especially in the energy crop
category) for Hyvolution Technology at this
time period
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o The Hydrogen distribution and end use
technology will still be capable to support a
small contribution of Hydrogen in regional
and national energy balance

4.2. “Thessaly” Case

4.3

The current hydrogen generation potential from
the 4 selected feedstocks in Thessaly region can
cover the expected from the literature annual
Hydrogen-from biomass demands of the region
for the period 2010-2020 (even without any
energy crop use and assuming that all the
biomass-hydrogen will come from Hyvolution
technology).

The energy crop cultivation scenarios, even the
most conservative ones, increase the potential
significantly, increasing the importance of
Thessaly in the future hydrogen economy, as
well. According to the assumed “maximum
energy crops” scenario in the region, 2.5 to
4.7% of the expected transport sector energy
needs [EC - DG for Energy and Transport,
2007] (or 1.0 to 1.9% of the expected overall
energy needs) of Greece in 2020 can be covered
by the “Hyvolution” Hydrogen which will be
produced in the region.

The social impact assessment of cotton culture
replacement, in Thessaly, by energy crops
should also consider the impact of this situation
on the secondary sector, the cotton gin plants of
the region, which employ a large number of
labourers (about 200 permanent and 600
seasonal).

"Rotterdam” Case

The supply and demand site scenarios showed
that the hydrogen demand of the region can be
easily covered by the feedstock availability
from the regional agro-industrial units, under
the conditions that the continuous future
development of these units is secured and that
the techno-economic feedstock suitability issues
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for a larger number of potential Hyvolution
feedstocks are solved.

The feasibility and sustainability of the add-on
to potato unit hydrogen plants will depend on:

o The competitiveness of bio-hydrogen
against natural gas

o The reduction of CO, emission due to less
transport movements

o The potential to sell the CO, credits earned

o The reliability of the biohydrogen plant (no
malfunctions) since long-term storage of

o The exploitation of the co-products and
effluents of the BioH, facility

o The assessment of other impacts of the bio-
hydrogen plant, such a nuisance and safety
regulations, and the local
environment/habitat

Given that one add-on hydrogen conversion
plant may not be able to be fully supplied with
potato steam peelings as feedstocks, the
feasibility of using other industrial by-products
in a multi-feedstock hydrogen plant should be
assessed.

the by-product is not desired/possible
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* UcenenoBarensekuit OTaen mo Hndpactpyxrype, Texnonoruueckas [lonutuka u Pa3Butue.
Henaprament [LnannpoBanus u PernonansHoro Pazsutus, lllkona MammHoCTpoeHUs, Y HUBEPCUTET
deccammn, I'P.

Pe3srome: B nanHO# paboTe Mcciaen0BalOTCsl BOSMOKHOCTH U JOPOKHBIE KapThl IJIsl CO3AaHUSI TEXHUYECKU U
SKOHOMHYECKH OCYIIIECTBUMOM, SKOJIOTHIECKU YHCTON M YCTOMYUBOH, OMOMACCHI-B-OMOBOJOPO] SKOHOMHKH B
EBpome. PabGora cdokycupoBana Ha momrocpounbiii  (2010-2030) moreHmmanm 2-x  CTYIEHYATOH
(hepMeHTaTUBHOM reHepanuy Bojopoja. HeiHenHne u Oyayniue Chipbsi OMOMAacChl OIIEHHBAIOTCS HA YPOBHE
EC u pernoHaJbHOM YpOBHE, YUYWTBIBasg HMX TEXHHYECKOE COOTBETCTBUE, CTOMMOCTH W YCTONYHMBOCT.
PernonanbHble pasnuuus, BIMAIOIME HA IMOJUTHYECKHE NPUOPUTETHI PACCMATPHUBAIOTCS CPAaBHUTEIBHBIM
uccnenopanreM AByx peruoHoB EC, Porrepmama (HJI) u ®deccanuu (I'P). Otu TemMaTtnueckue MCCIIeIOBaHUS
MPUBEIN K WHBEHTApU3alliy MOTEHLIUAIBHBIX 3aWHTEPECOBAHHBIX CTOPOH, M IPEABUACHHUIO UX pOJIA B 5-
JIETHUA CErMEeHT paccMarpuBaeMoro nepuonaa. Co3gaHue YCTOWYMBOM SHEPreTUYECKOW CHCTEMBI Ha
OMOOCHOBE MOXKET OBITh BO3MOXHBIM OJlarojaps MOAXO/SMICH CHHEPTMH MEXIY 3aMHTEPECOBaHHBIMH
CTOPOHAMH y KOTOPBIX OOBIYHO Pa3InYHbIE HHTEPECHL, B paMKax OOIIEH «KyJIbTYpbl OMOBOJOpOoAa». CienyroT
HEKOTOpPBIE BHIBOIBI:
e Crumynsl IOJDKHBI TPEAOCTABIATHCA MECTHBIM arpONpPOMBIIUICEHHBIM MPEANPUATHSIM W HBIHEITHUM
MPOU3BOJUTESIM OMOTOIUIMBA JJIsl mepexona ¢ 1-oif Ha 2-yi0 TeHepaluio OMOTOIUIMBA, B TOM YHMCIIE
OMOBOIOPOI, YCIIsIsl 0C000€ BHUMAHHUE Ha YCTOWYMBOCTD.
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e [loreHnmanel OMoMacchl/OMOBOIOPOA B ATUX PETHOHAX KOJHMYESCTBEHHO MOX0XKH, HO KAYeCTBEHHO WHBIC:
HA Mt/a (cyxas Oumomacca), 1,5 mis Deccanum (SHEPreTHYSCKUN YpOXKaW, CEIbCKOXO3SICTBEHHBIC
ocanku), 1.8 mms Porrepmama (arponpoMBIIIIEHHBIE OCaIKH, UMIOPTHBIE ChIphbs), win 80 u 83 kt/a
OMOBOIIOPO/IA, COOTBETCTBEHHO. B 000MX ciydasx, OLICHMBAaCMbId IOTCHIMAT MOXET MOKPHITh
OKHJIaeMbIi peruoHanbHbIN cripoc H, B Omkaiimue 20 net.

e DKOHOMHYECKasl OCYIIECTBUMOCTh TAKHX YCTAHOBOK IOTPEOYeT 3HAYMTENHHOTO YIy4IICHHS ypokas, B
TEeMITaX YIJIEBOJHOTO BOCCTAHOBJICHUS W TEHEPAllMd BOAOPOAA, a TAaKKe NPUMEHEHHS COBMECTHBIX
MPOAYKTOB C BEICOKOW JOOABIEHHONH CTOMMOCTBIO.

KaioueBsble ci1oBa: Gmomacca, ycroitunBoe OMoToIumBo, 6noBogopox, Espomna, Porrepmam, @eccammst
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Abstract: Wave energy is a renewable source,
which has not yet been exploited to a large extent.
So far the main focus of wave energy conversion
has been on the large wave energy resources of
the great oceans on northern latitudes
(Diamantaras et al., 1995; Bernhoff et al., 2003).
However, large portions of the world potential
wave energy resources are found in sheltered
waters and calmer seas, which often exhibit a
milder, but still steady wave climate (Soerensen
et al., 2009). Examples are the Baltic Sea, the
Mediterranean and the North Sea in Europe, and
ocean areas closer to the equator (Bernhoff et al.,
2003). The wave energy contribution from
sheltered waters has been little investigated, but
there have been many attempts to successfully
convert the irregular wave energy into electricity
(Glendenning, 1978; Thorpe, 1992; 1998; Boud,
1999).

This paper presents an overview of some of the
main developments in wave energy and their
potential implementation to Agios Efstratios, the
first Greek green island, in the Aegean sea. It
concentrates on devices for which new data have
been produced since 2009. It presents the
technical characteristics of each device and their
economical valuation, which includes the capital
cost, operation and maintenance cost, payback
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period, cost of electricity and life cycle.

The methodology, which is followed, consists of
two parts. In first part, it is examined the
technical characteristics of the device and if it is
efficient in the specific location. It is taken into
consideration the wave height, depth of water,
wind velocity and the annual output. If the
device is efficient and productive, then we
continue in the second part of the methodology,
where the economic characteristics are examined
examined. If a device meets the requirements
then it is appropriate for implementation in the
island.

The review methodology indicates that wave
energy could become a useful source of energy.
The results show that wave energy is already
economically competitive and has good
prospects of being commercially competitive
with further Research and Development (R&D).
In Agios Efstratios only a restrictive number of
the examined devices could be implemented, due
to the shallow water and the small wave power.
However, the more promising offshore devices
are still at the assessment stage.

Keywords: wave energy, economical valuation,
green island
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1. Introduction

Nowadays the need for new energy sources
became more urgent. Traditional methods of energy
production are contributing to serious environmental
problems. Renewable energy sources could provide
a solution to the problem, as they are inexhaustible
and have less adverse impacts on the environment
than fossil fuels.

There are many types of renewable energy that
can replace the use of fossil fuels (e.g. oil and coal).
Nowadays, the most widespread exploitable
renewable energy sources are wind and solar. Wave
energy is one of the most promising sources, as
demonstrates a relatively high power density. Wave
power generation is not currently a widely employed
commercial technology although there have been
attempts at using it since at least 1890 (Miller,
2004).

The energy from waves alone could supply the
world's electricity needs. Wave energy contains
roughly 1000 times the kinetic energy of wind
(Kumar, 2007). Wave energy varies as the square of
wave height whereas wind power varies with the
cube of air speed. Water being 850 times as dense as
air results in much higher power produced from
wave averaged over time. The total power of waves
breaking on the world's coastlines is estimated at 2
to 3 million megawatts.

The theoretical global ocean energy resource is
estimated to be on the order of (IEA, 2007):
* 2,000 TWh/year for osmotic energy,
* 10.000 TWh/year for ocean thermal energy
(OTEQC),

* 800 TWh/year for tidal current energy, and
*8.000 — 80.000 TWh/year for wave energy.

This theoretical potential is several times greater
than the actual global electricity demand, and
equivalent to 4000 —18000 MToE (million tons of
oil equivalent).

In some locations, the wave energy density can
average 65 megawatts per mile of coastline (Wave
Energy, 2010). In the Mediterranean basin, the
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annual power level off the coasts of the European
countries varies between 4 and 11 kW/m, the highest
values occurring in the area of the south-western
Aegean Sea (Clement et al., 2002). This area is
characterized by a relatively long fetch and high
wind energy potential. The entire annual deep-water
resource along the European coasts in the
Mediterranean is of the order of 30 GW, the total
wave energy resource for Europe resulting thus to
320 GW (Clement et al., 2002). The problem is how
to harness wave energy efficiently and with minimal
environmental, social, and economic impacts.

Even though ocean waves is a substantial energy
source, with no fuel costs, a high power density and
high utilization over the year, wave energy
conversion is often neglected on technological
grounds. There are humerous suggestions on how to
convert wave energy into electricity in the literature.
Some of these are currently being tested in different
parts of the world. The broad majority of these
approaches use interfaces to match the low speed
reciprocal wave motion to a conventional electrical
generator (Leijon et. al., 2006).

Across Europe there is a significant ambition to
develop ocean energy, notably in the countries on
the Atlantic arc (UK, Ireland, France, Spain and
Portugal). In recognition of the widespread interest
in developing the wave and tidal energy industry
across Europe, the European Commission has
provided a total of €58.3 million over the past nine
years to develop the industry.

The scope of this paper is to asses twenty-eight
(28) wave energy devices and their potential
application in Agios Efstratios, the first Greek green
island. The devices are evaluated based on the
location’s characteristics, the capital cost, the
electricity cost and the payback period. In section 2
it is presented the state of the art. Section 3 describes
the methodological framework that is applied for the
evaluation of the wave energy devices, while section
4 is referred to data collection. Section 5 presents
the case study of Agios Efstratios — if the wave
energy device is applicable and if it is, the profit of
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the productivity of each device. Section 6 concludes
the paper.

2. State of the art

There are three approaches to capturing wave
energy: floats or pitching devices, oscillating water
columns (OWC), and wave surge or focusing
devices; energy collection devices can be placed
either on the shoreline, near the shoreline, or
offshore (Wave Energy, 2010).

Shoreline devices have the advantage of
relatively easier maintenance and installation and do
not require deep water moorings and long
underwater electrical cables (Wave Energy, 2010).
The wave energy is less on the shoreline but this can
be partly compensated by the concentration of wave
energy that occurs naturally at some locations by
refraction and/or defraction.

Nearshore devices are situated in 10-25metres of
water near the shore. The most common device for
this situation is the oscillating water column (OWC).
Offshore devices are situated in deep water, with
typical depths of more than 40metres. The incidence
of wave power at deep ocean sites is three to eight
times the wave power at adjacent coastal sites. A
range of devices are being trialed for offshore use.
Experience of constructing shoreline devices has
been poor, with extended schedules and difficulties
in providing adequate temporary construction works,
(e.g. protection of personnel from waves).

The wave energy converting device placed on the
sea bed may be completely submerged, it may
extend above the sea surface, or it may be a
converter system placed on an offshore platform.
The visual impact of a wave energy conversion
facility depends on the type of device and its
distance from shore. Onshore or nearshore devices
could change the visual landscape from one of
natural scenery to industrial.

Shoreline and near-shore OWCs were identified
in five countries: Scotland, Australia, India, Japan
and Portugal (the Azores) (The Carbon Trust, 2005).
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Of these, presently operational shoreline units are
built out of concrete, but steel has been proposed for
near-shore devices. All structures have been bespoke
designs for particular locations, with the collector
geometry a function of the local water depth and
wave climate.

3. Methodological Framework

In order to design the methodological framework
that is applied in this paper, it is used as base the
Methodology for Economic Appraisal that proposed
by Thorpe (1999), with some changes, as it is taken
into consideration other aspects such as
characteristics of location, wave energy machine’s
lifetime and payback period. The new
methodological framework is presented in Figure 1
and described below.

The clearest and simplest measure of the
commercial viability of wave energy is probably the
predicted cost of electricity produced by a wave
energy station in terms of p/kWh (Thorpe, 1999).
Although some of these aspects are common to all
devices and, as such, can be discussed in general
terms under appraisal methodology, other aspects
are device-specific.

First Step: Site Selection

Wave energy can be considered as a concentrated
form of solar energy. Winds are generated by the
differential heating of the earth. As they pass over
open bodies of water they transfer some of their
energy to form waves (Southgate, 1987). Clearly,
the amount of energy transferred, and hence the size
of the resulting waves, depends on the wind speed,
the length of time for which the wind blows and the
distance over which it blows (Thorpe, 1999).

Also, as concern the site selection, it should be
taken into consideration and other location
characteristics, such as the depth of water, wave
height and the distance from the coast.

If the location is appropriate for installing a wave
energy device, then it is examined the device
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selection (second step). Also, if the device is not
applicable to the site, there are two options: either to
select another place, or to select another device.

Second Step: Device Selection

If the device is appropriate for the selected place,
then they are examined the annual output, the cost of
electricity, the cost of capital, the operational and
maintenance (O&M) costs, the payback period and
finally the profit of the investment. If the profit
satisfies the investor, then the wave energy device is
appropriate for applying in the selected location; if
there is loss or the profit is low, it is examined again
the site and device selection.

Electrical Output

+ Available Wave Power. The amount of wave
energy available for capture has a strong influence
on the amount of energy any device can generate. It
is a function of location, water depth and local sea
bed topography.

» Captured Wave Power. The efficiency with which
a particular device captures wave power is a
function of the sea state. Most devices have been
tested in wave tanks to determine this aspect of their
performance. In those cases where no such data are
available, theoretical analysis had to be used. The
applicability of such data to the performance of full
size devices in real seas is one of the most important
areas of uncertainty in this research.

* Maximum Annual Output. The amount of energy
delivered to the grid from a particular device in a
given sea state depends on the losses in the power
chain (turbines, generators, rectifiers, transformers,
transmission lines etc.). Data exist on the relative
losses as a function of power level and rating of
electrical equipment but often the performance of
mechanical plant had to be estimated from
theoretical assessments.
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» Actual Annual Output. The amount of energy
predicted by the above calculation assumes that the
wave energy scheme functions continuously (i.e.
without failure). In practice there will be periods of
reduced output due to breakdown and maintenance.

O&M Costs: Good maintenance procedures are
essential if any energy technology is to perform
successfully. However, in addition to this planned
maintenance there will be other, unscheduled
outages due to component failure. Therefore, any
estimation of annual O&M costs has to encompass
both these aspects. This assessment evaluates three
main components of O&M costs (cost of spares,
repair cost, operational costs).

Capital Cost: The capital cost can broken down
into: the cost of the generation device itself
(materials, components and labour in manufacturing
and fabrication processes); the costs associated with
installing it (deployment); the costs of keeping it on
station (foundations or moorings); and the costs of
connecting it to the grid (electrical cables and
switchgear). Some of these costs are more dominant
than others, and the relative distribution of cost
centres varies between different device concepts and
site locations.

Annual Costs: There are three main factors,
which make up the annual running cost of any power
station: fuel, repayment of capital costs and payment
of recurrent costs such as insurance and O&M. The
annual sum involved in repayment of the capital cost
of a wave power scheme can be assessed in a
number of ways. The approach adopted in this
review was that used in previous appraisals, namely
amortisation of the capital costs over the complete
lifetime of the scheme using various discount rates.
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Fig. 5: Methodological Framework
4. Data Collection 5. Analysis

The aim of this paper is to examine the technical
and economic characteristics of a wide range of
wave energy devices. It’s examined the technology
of wave energy devices and their characteristics,
and their commercial use. Moreover, the devices
are evaluated based on the costs of construction, the
operational and maintenance costs, the payback
period, the lifecycle. In order to have all these
details of the wave energy devices, the
manufacturer companies or research units were
called to complete a form referred to the above
characteristics. Ten out of thirty five companies
that we conducted returned the form completed. For
the rest devices their web sites were used in order to
extract information. For more details about the
wave energy devices, please, see Kamargianni,
2009.
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Case Study: Agios Efstratios, the first Greek green
island

5.1. Agios Efstratios

Agios Efstratios is a small island with 250
residents, located between Lesvos and Lemnos, to
which it belongs administratively, while it is the
most isolated island in the Aegean sea. The
geographical coordinates are 39° 27'N  24° 58'E.
The island is shaped like a triangle with unequal the
hypotenuse to the West and an area of 49,6 km?.
The climate is arid, with little rainfall during the
winter months and long, hot summers. The
landscape is mostly rocky, with scarce and low
vegetation.



Euro - Asian Journal of sustainable energy development policy

Athens News Agency (2009) reported that, on 4
June 2009, at a two-day international conference in
Athens on "Climate Change and Challenges for the
Future Generations" under the patronage of
UNESCO, Agios Efstratios would soon become the
country's first "green" island, entirely powered by
renewable energy sources (RES), while its residents
relying on solar and wind generated energy and
moving around the island on bicycles and in electric
cars. A €10 million project would be implemented
by 2010. Agios Efstratios, could serve as a global
model for 100% reliance on RES. Also, the island is
included in the European Union's Natura 2000
network of nature protected areas.

250 4-Jan

200+

150 1

1004

0 6 12 18 24

Main characteristics of Agios Efstratios’ electricity
demand for 2008 were (Figure 2; Ministry of
Development, 2009):

e Maximum Electricity Demand: 200 kW (mean),
270 KW (maximum);

e  Minimum Electricity Demand: 70 kW (mean)
e Annual Electricity Demand: 1020 MWh;

e Mean Electricity Demand per day: Figure 2
(winter and summer);

e Expected RES Output : +150% base year 2008
(power and energy).

2504-F

200+

1504

100 -

Fig. 2: Mean Electricity Demand in kW per day — January and August 2008

5.2. Agios Efstratios’ Characteristics

Agios Efstratios has an average wave height of
0.7m. Specifically, accordingly to each season, the
wave height is: 0.7m in autumn, 1.1m in winter,
0.7m in spring and 0.4m in summer (Fig. 3). Sea
depth is shown in Fig. 4.
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The wave height is small enough to implement most
of the wave systems that analysed below. But there
are some wave energy devices, which could be
applied and be profitable.


http://en.wikipedia.org/wiki/Athens_News_Agency
http://en.wikipedia.org/wiki/Climate_Change
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5.3. Analysis

As it is already said, in order to evaluate a wave
energy device, we take into consideration both the
characteristics of the selected site and of the selected
device as well.

Table 1 shows the results from each system’s
evaluation, when the selected site is Agios Efstratios.
Having in mind that the project’s budget is €10
million and focuses more on solar and wind energy
we assume that the maximum amount that could be
allocated in wave energy is up to €1 million and in
doing so we divided the capital cost into: High (more
than €3 millions), Medium (€1-3 millions), Low (less
than €1 million). The Cost of Electricity takes the
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prices: High (more than 0.20 €/kWh), Medium (0.10-
0.19 €/kWh) and Low (less than 0.09 €/kWh), as the
mean cost of electricity in EU is 0.03-0.08 €/kWh.

The devices discussed in this section are evaluated
on behalf of the criteria that are referred in Section 3
(Methodological Framework). After the assessment
the devices that satisfy both the First and the Second
step of the Methodology and both Low capital cost
and Low cost of electricity are approved for
installation in Agios Efstratios, while the others are
declined. In this point it is worthwhile to refer that in
some cases not all details were available in order to
evaluate the devices and knowing only one
characteristic that was not satisfying we declined the
device.
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Table 1: Valuation of Wave Energy Devices

Wave Energy
Device

Site Selection:
Agios Efstratios
Mean Wave Height: 0,7m (min 0,4m during the summer)
Mean Wave Period: 4,4sec.
Sea Depth: maximum 170m
Wave Power: 20kW/m

Economic
Valuation

(<)
Decline
d

SHORE BASED

1. LIMPET Requires areas exposed to strong wave energy (more than 50 kW/m) X
Capital cost: €1.54 million (Medium)
The device does not satisfy the First step.

2. WECA Requires areas exposed to strong wave energy (more than 40 kW/m) X

Immature technology. Not applicable.

3. Mighty Whale

Sea depth: 40m.
Capital cost: €13.5 million (High)

4. SARA MWEC

Ideal for areas with high wave energy capacity (more than 30 kW/m)
Capital cost: €400,000 (Low)

5. MAWEC Capital cost: €480,000 (Low) x
Electricity output: 10 kW/m (Wave Height: 0,6cm, Wave Period:
0,9sec — collects 75% of wave energy -> electricity output 16%)
(Low)

6. Oceanlinx Ideal for the oceans, not for the Aegean sea. X

Location characteristics: Wave Height: 2m, Wave Period: 0,7sec.

7. Sperboy™

Sea depth: 50m

Electricity output: 100 kW per hour
Capital cost: €600,000 (Low)

Cost of electricity: 0.06 €/ MWh (Low)
Payback period: 6 years

Proposed location: SE of the Island

8. WaveMaster

Requires areas with high wave height (more than 5m)
Capital cost: €190,000 (Low)

2. ABOVE WATERL

INE WITH OVERTOPPING

1.5SG

Requires areas with high wave height (4m)
Capital cost: €420,000

Cost of electricity: 0.25 €/kWh (High)
Payback period: 15 years

2.Wave Dragon

Sea depth: 6m (output = 0,4kW/m)
Not appropriate for the site, as the mean wave height is low.

3. ABOVE WATER

1. LabBuoy

Ideal for the selected location.

Electricity output: 200 KW per hour
Capital cost: €550,000 (Low)

Cost of electricity: 0.07-0.09 €/kW (Low)
Payback period: 8 years

Proposed location: SE of the Island

2. SDE

Electricity output: 150 kW per hour
Capital cost: €600,000 (Low)

Cost of electricity: 0.02-0.06 €/kWh (Low)
Payback period: 3 years

The most ideal for the selected site.

3. WET EnGen™

Requires areas exposed to strong wave energy (more than 20 kW/m)
Not Applicable to the selected site.
Capital cost: €530,000 (Low)

4. Wave Star©

Ideal for areas with more than 2m wave height.
Cost of Electricity: 0.33-0.8 €/kWh (Low)
Lifetime: 50years / Maintenance every 10 years
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5. AquaBuoy Ideal for open seas with high wave power, not for the Aegean sea.
6. Manchester Requires areas with wave height up to 8m.

Bobber Sea Depth: 30-60m

7. CETO™ Ideal for the oceans, where wave height is more than 4m.

Sea Depth: 15m

Capital cost: €5 millions (High)

Cost of electricity: 0.084 €/kWh (Low)

It can be used to produce fresh water through reverse osmosis.

8. SyncWave™

Requires areas with high wave energy capacity (oceans).
Cost of Electricity: 0.03-0.05 €/kWh

9. Power Buoy®

Ideal for open seas.

10. OWEC®

Ideal for open seas and oceans.

11. FWEPS

Its construction depends on the characteristics of the selected site.
Capital cost: €990,000 (Low)

=> 10 mW output power will be assembled out of a great number
of 10 kW devices.

Electricity cost: 0.08 €kWh (Low)

Payback period: 5 years

12. Brandl
Generator

Designed for areas with high wave energy capacity (esp. fo North
and Baltic seas)

Electricity Cost: 0.033 €/kWh

Profit: 8% of capital cost per year

Payback Period: 10 years

13. WaveBlanket

Requires areas with wave power between 30-70kW

4. ABOVE WATERL

INE WITH HYDRAULIC PTO

1. Pelamis P-750
WEC

Designed for areas with high wave power (55kW/m)
Capital cost (for one unit): €4.43 million (High)
Electricity cost: 0.11 €/kWh (Medium)

2. DEXA Distance from coast: 16km
Capital cost: €2.68 million (Medium)
Cost of Electricity: 0.068 €/kWh (Low)

3. Crestwing Immature technology. It is estimated to deliver the final device in

2014,
Capital cost: €12 million
Est. Electricity cost: 0.13 €/kWh

4. McCabe Wave
Pump

Wave Height: 7m (not appropriate for Agios Efstratios)
Capital cost: €780,000
Electricity cost: 0.08 €/kWh (Low)

5. Floating Wave
Generator

Its construction depends on the characteristics of the selected site.
Electricity cost: 15kW per hour

Capital Cost: €7,000 (Low)

Cost of Electricity: 0.034 €/kWh

Payback Period: 40 days

5.BOTTOM MOUNTED

1. Oyster™

Available for oceans.
Sea Depth: 10m / 500m from the shore
Capital cost: €1.200.000 (Medium)

2. WaveRoller

Wave Period: High

Capital cost: €3 million (Medium)

Cost of Electricity: 0.044 €/kWh (Low)

It was tested in Crete but the efficiency was relatively low

3. bioWAVE™

Not enough information in order to evaluate.
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6. Conclusions

Last decades, the technology of wave energy
devices has improved significantly, but still is
lacking behind compared to other RES devices.

The construction of a wave energy device is
usually too expensive and the cost of capital in
order to apply them in a site is quite high.
Moreover, the payback period is quite long, as in
most cases is more than 12 years. Also, the O&M
costs are too high.

On the other hand, the environmental impact is
low as in the most of them are used only
environmental friendly materials. Also, they provide
minimal obstruction for marine life.

In conclusion:

e In order to maximize the profit of such an
investment, it should be taken into consideration
not only the selected site, but the proper device,
with the maximum output as well.

e The cost of electricity is usually bigger than this
of other RES. The mean cost of electricity in
EU is €0,030-0,080/kWh, whereas the mean
cost of electricity for wave energy is €0,06-
0,10/kWh
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The wave power in Greek seas is low and the
majority of the wave energy devices that
analyzed above, are inappropriate, with low
output. But further research is needed in order
to design wave energy devices for areas with
lower wave power density.

A further investigation and evaluation of the
wave energy devices could take place for other
Greek areas with higher wave power than Agios
Efstratios, such as the lonian sea and Crete.

Wind and solar energy devices are more
productive and more profitable than wave
energy in Greece.

Although, wave energy can provide big
amounts of electricity, the technology is still
immature. Further R&D is needed in order
wave energy to become commercially
competitive.
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Pe3rome: OHeprus BOJIH- BO30OHOBISIEMBI HCTOYHHK 3HEPrUH, KOTOPBIM elle He SKCIUIyaTUPOBAJCS B
3HAUHUTENFHOU cTeneHu. Jlo cux mop, OCHOBHOE BHHMaHHE NMPEoOpa3OBaHUsl SHEPTHU BOJH OBUIO YACIEHO
SHEPreTHYECKUM pecypcaM OOJBIIUX BOJIH BEJIMKHX OKEaHOB Ha ceBepHbIX mmporax (Diamantaras et al.,
1995; Bernhoff et al., 2003). OxHako 60JbIINE YaCTH MHPOBBIX MOTCHIIHATLHBIX YHEPTETHUECKUX PECYPCOB
BOJIH HaxXOJATCS B 3alllMIICHHBIX BOJAX M 0ojiee CIIOKOWHBIX MOpPEW, KOTOPHIE YacTO MPOSBISIOT Ooliee
MSTKHH, HO BCE € YCTOWYMBBIA BOJMHOBOW kiumat (Soerensen et al., 2009). Ilpumepamu SBISIOTCS
Banruiickoe mope, Cpenuzemnoe u CeBepHOoe Mopsi B EBporie, U OKeaHCKHE 00JacTh OJIKE K DKBATOpPY
(Bernhoff et al., 2003). KouTpuOy111si 3HEprUU BOJIH OT 3alUIICHHBIX BOJ ObLIa MaJ0 MCCIIeI0BaHa, HO ObLIO
MHOTO TIONBITOK JUIS YCHEIIHOIO IPeo0pa3oBaHUsl HEPETYJSIPHOM SHEPrMM BOJH B 3JIEKTPHYECTBO
(Glendenning, 1978; Thorpe, 1992; 1998; Boud, 1999).

B nmanHOW pabote mpencraBieH 0030p HEKOTOPBIX OCHOBHBIX Pa3pO0OTOK B BOJHOBOH SHEPTHH U HX
MOTEHIIMATBHOE OCYIIECTBICHHE HA IIEPBOM IPEYECKOM 3€JIEHOM OCTpoBe Aloc-D(CTpaTHOC B DTeHCKOM
Mope. OHa KOHLIEHTPUPYETCSl Ha yCTPOMCTBA, HOBBIE JaHHBIE ISl KOTOPBIX ObLIH IpousBenensl ¢ 2009 roxa.
B Heil mpezacTaBieHpl TEXHUYECKHE XapPAKTEPUCTHUKU KaXKIOTO YCTPOMCTBA M MX SKOHOMHYECKas OIIEHKA,
BKITIOYAasi B ce0s KalUTaJbHBIE 3aTPaThl, PACXOMABI 10 3KCILTyaTallid B OOCITY)KWBAaHUIO, CPOK OKYIAeMOCTH,
CTOMMOCTD AJIEKTPOSIHEPTHH U )KU3HEHHBIH UKJI.

MeTtononorusi, KOTopas NPUMEHSETCA, COCTOMT M3 ABYX 4YacTed. B mepBol YacTH, paccMaTpHUBAarOTCA
TEXHUYECKUE XAPaKTEPUCTUKH YCTPOWCTBA W €CIH OHO cumTaeTcsi 3(Q(EKTUBHBIM B ONpPENEIIEHHOM MECTe.
[lpuHuMaroTcss BO BHHMAaHHWE BBICOTA BOJHBI, TIIyOMHAa BOJBI, CKOPOCTH BETpa H  TOJAOBAS
MPOU3BOJUTENBHOCTE. EciaM YCTpOHWCTBO OKakeTcsi 3((EeKTUBHBIM W MPOAYKTHBHBIM, MBI MPOJOIDKUM
paccMaTpuBaTh SKOHOMUYECKHE XapPAaKTEPUCTUKA BO BTOPOW YacTH MeToxosiorud. Ecim  ycTpoilcTBO
COOTBETCTBYET TPEOOBAHHSAM, TO OHO IMOAXOAMT JJIsl OCYIIECTBIICHHUS HA OCTPOBE.

0603peHHe MCTOJ0JIOrMH YKa3bIBA€T, YTO SHEPIHUA BOJH MOXET CTAaTh IIOJIEC3HBIM HCTOYHHKOM OHEPIHU.
PeSy.HLTaTI)I IMOKAa3bIBAKOT, YTO SOHEPTHA BOJIH YKC ABIACTCA OKOHOMHUYCCKHU KOHKprHTOCHOCO6HOI>i n
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MMEET XOPOIIHE IEePCIICKTUBBI CTaTh KOMMEPYECKH KOHKYPEHTOCIIOCOOHOM C TaIbHEHIINM HCCIIEIOBAaHUEM U
pazButuem (M1 & P). Ha Aijioc-Oderparnoc MoXeT OBITH OCYIIECTBICHO BCETO IUIIb OTPaHHYEHHOE
KOJIMUECTBO PACCMATPUBAEMBIX YCTPOMCTB, BCIEACTBHE MEIIKOW BOJBI ¥ MaJIOMOLIHBIX BoiH. OnHaKo, Ooiee
MHOT000€IaroI1e MOPCKHE YCTPOICTBA HAXOSATCS €1lle Ha CTa UK 00JI0KEHHS.

KiroueBble ciioBa: SHCPTUA BOJIH, DKOHOMUYCCKAA OLCHKA, 3€JICHBIN OCTpPOB
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Abstract: The main objective of this work was
the creation of a multi-criteria model analysis for
the optimal electricity balance of Romania in
terms of primary energy mix used for electricity
generation. The paper is part of a comprehensive
thesis named "Contributions to the Elaboration of
Strategies Regarding the Sustainable
Development of the Romanian Energy Sector”.
This topic was chosen by considering two
reasons: on one side, the need of a Dbetter
elaboration of strategies for the energy sector
development by using dynamic methods sensitive
to legislative changes, and, on the other side, the
need of taking into account both technical and
economic elements as well as the environmental
factors when elaborating the strategies for the
energy sector sustainable development on
medium and long term. The software "Eclipse"
(based on the Java platform) is used to achieve a
multi-criteria analysis of optimal electricity
balance for Romania in year 2020. The software
has a large database for the environment (fuel
life-cycle analysis for each life-cycle stage),
technical and economical points of view. It
allows numerous changes of parameters and the
results can be viewed in real time. The software
allows also the user to conduct many simulations
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and interpretations of data that can be used in
establishing the energy sector development
strategy.

Keywords: sustainable development, life cycle
analysis, multi-criteria model

1. Introduction

In this article the authors explain how to build a
multi-criteria model and the results of using it for
analysing the optimal electricity balance in Romania
up to 2020, from the point of view of primary
energy mix used to produce electricity.

To elaborate the model we started from the
establishment of the electricity demand of a given
year and then we created alternative scenarios to
cover it. For each analyzed primary energy source
(natural gas, coal, uranium, biomass, wind energy,
large or small hydro) the life cycle analysis (LCA)
was applied for the environmental component. An
inventory of the identified main pollutants for each
primary energy source and scenario was developed.
Also an impact analysis was done through which the
indicators for each impact class were calculated.
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In order to perform the technical and economic
analysis, we started to determine the installed power
required to produce a certain quantity of electricity
for each primary energy source considered. Costs of
investment and operating, cost of fuel and finally,
total expenditure were calculated. The economic
recovery cost was used as main criterion so as to
select the optimal scenario.

Through this model the user can identify the
optimal scenario for covering the electricity demand
(balance) under environmental and technical/
economic point of view.

2. How to create a multi-criteria model

The multi-criteria model was first developed
using Excel. This allowed designing the multi-
criteria model in a simple manner. The steps
performed in model design and the obtained results
are presented in the following sections.

2.1.Defining objectives and the field of study
2.1.1. Defining objectives

The main objective of the analysis was to
develop a multi-criteria model that might lead to
optimal load of the electricity balance of Romania
(in terms of primary resources used for electricity
generation) in 2020, in terms of environmental,
technical and economic criteria.

2.1.2. Coverage of electricity demand in 2020
e The way for establishing the electricity demand:

The program allows setting the electricity
demand every year. For this particular case, we will
determine the particular needs of electricity in 2020.
It has been defined taking into account the primary
and final energy scenarios realized in other work
using the MAED model (model analysis of energy
demand). The MAED model, as it was built realized
six possible scenarios for primary energy and final
energy. Of the scenarios made, for further
development we chose the scenario under which the
final electricity consumption in 2020 will be 6.3
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million toe (73.3 TWh). The total -electricity
demand was calculated as the sum of the final
electricity ~ consumption,  ancillary  services
consumption in networks and was obtained (taking
into account specific documents for each parameter)
value of 85 TWh in 2020 perspective.

e How to cover of electricity demand (the
preparation of scenarios):

To meet demand the electricity (85 TWh) we
have established different scenarios that would
achieve the electricity balance of different loading.
In this article presents eight scenarios that coverage
85 TWh. The program enables by the user creating
and other scenarios. In making these scenarios we
considered technological restrictions (conditions
imposed) the wvarious international engagement
assumed by Romania, and some programs being
implemented with government support.

Thus, as regards the nuclear chain it was
considered that alongside the two groups in
operation at Cernavoda will be completed two other
groups with similar characteristics. In the period
2010 - 2020 we will install an additional gross
power of 1,400 MW in nuclear groups and a total
energy production of 11 TWh gross.

Energy delivered into the system (net
production) in these two groups will then be about
10.1 TWh. The total net production of nuclear
energy of all four groups will be 20.2 TWh.

The Energy Strategy aims to build a fifth nuclear
power, but this will be done in an unspecified
future. Putting it into operation will take place with
certainty beyond 2020. Under these conditions it has
not been established to develop a nuclear scenario
electricity generation. It was considered that
developing nuclear energy is the same in all
scenarios.

In achieving scenarios we considered retirement
program groups of the National Power Generation
System established.
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Nuclear groups and small hydro power will not
be retirement.

Another restriction relates to compliance the
engagement governmental to achieving an
production of 38% of gross electricity consumption
from renewable sources.

According to the above gross electricity
consumption in 2020 was estimated at 81 TWh.

We have thus achieved an output of 30.8 TWh of
electricity from renewable energy sources. Thermal
energy is obtained by difference.

Under these conditions the imposed structure of
electricity generation is as follows:

Table 1 — The structure imposed on electricity
production

Total production, including 85 TWh
- nuclear 20.2 TWh
- renewables 30.8 TWh
- thermo 34 TWh

Renewable energy sources considered are: large
hydro, small hydro, energy from biomass and wind
energy. The program enables the user to use other
renewable sources. Thermo energy is studied for
coal and natural gas. The program enables also the
use fuel oil.

By combining the ways of producing electricity
from renewable sources and thermo resulted eight
scenarios and the quantities of electricity made by
each chains within each scenario are presented in
Table 2.

Table 2 — The amount of electricity carried by chains in the scenarios (TWh)

Energy chains S S, Ss S, Ss S S, Ss
Uranium 20.2 20.2 20.2 20.2 | 20.2 | 20.2 20.2 20.2
Large hidro 25 25 25 25 25 25 154 15.4
Small hidro 0 0 1.2 1.2 0.5 0.5 0 0
Biomass 5.8 5.8 4.6 4.6 0 0 154 15.4
Energy wind 0 0 0 0 53 5.3 0 0
Coal 17 25.5 17 25.5 17 25.5 17 25.5
Natural Gas 17 8.5 17 8.5 17 8.5 17 8.5

e The technological solutions and life cycle stages:

From the variety of technological solutions from
the literature we retained the following for the
production of electricity taking into account the
different primary energy sources:

o For natural gas (an inferior caloric power of
50,000 [kJ/kg]) as a technical solution gas-
steam combined cycle without postcombustion
with an efficiency of 55% was chosen.

o For coal (coal with an inferior calorific power
of 27,000 [kJ/kg]) a technical solution was
chosen circulating fluidized bed combustion
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with supercritical parameters, with an efficiency
of 45%.

o For uranium nuclear power generation
technology is considered that is based on the
concept of CANDU reactor, which operating
with indigenous natural uranium. The efficiency
for production of electricity through this chain
is 35.5%.

o For biomass (an inferior calorific power 12,300
[kJ/kg]) we chose as a technical solution for the
stationary fluidized bed combustion, with an
efficiency of 30%.
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o For the production of hydro energy in large
plants using the Pelton turbine and hydropower
production in small plants using the Kaplan
turbine.

o Propeller-type turbines are used horizontal shaft
mounted in "wind farms" to produce electricity
from wind.

For each life cycle stage related to energy chain
we established the efficiency and were calculated
masses of fuel needed at every stage. For the stages
of construction and demolition for the power plant
we did not considered the efficiency. These values
are approximate. The program enables the user to
change the values for the stages effiency and fuels
with different compositions, which lead to other
inferior calorific powers.

2.1.3. Defining the field of study

First we established the field of study of each
energy chain that will be part of the energy
scenarios. Then, field study was realized for each
scenario separately. Given that the functional unit is
defined on the basis of three units: the function,
time and product is considered as the functional
unit: Romania's electricity needs in 2020 (85 TWh).

All scenarios are compared to this year's level. In
conclusion, it will select the energy scenario which

will  cover energy needs with minimal
environmental impact and minimum cost of
production.

For each scenario, electricity demand coverage
in 2020 (85 TWh), we have made detailed study
fields. For example the diagram shows the results
for scenario 5 (results from the analysis, Fig. 1).

TOTAL ELECTRICITY PRODUCTION

85 Twh

Fig. 1 — The field of study for scenario 5
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2.2. Inventory Analysis

First for each life cycle stage of each energy
chains the emissions were calculated, and ultimately
resulted in the emissions for each scenario. After
establishing the Functional Unit (FU) at one TWh
and the efficiency for the stages, starting from the
inferior calorific power of each fuel, we calculated
the mass of fuel required at each stage relative to
FU. Reference Unit (RU) in this study represents
the amount of fuel required at each stage to produce
one TWh of electricity.

Inventory of air emissions was realised on
ecosystems air, water and soil on each stage for
each chain separately. Emissions for each chain

were taken from literature reference. The unit is
g/kWh.

The stages of construction and demolition power
plant chains of natural gas, coal, uranium and
biomass were considered equal in terms of
emissions.

Each scenario is designed to produce 85 TWh of
electricity.

The inventory analysis was performed for each
scenario, the emissions are reported according to the
contribution of each chain in producing electricity.
The total emissions of each scenario are presented
in Table 3.

Table 3 — The pollutants for each scenario (thousand t/scenario)

Emissions S, S, S3 Sg S S, Sg
CO; 28,363 32,939 28,828 32,831 28,358 32,361 29,692 33,695
CO 16.473 14.610 16.263 14.401 15.408 13.546 18.053 16.191
NO 0.721 0.363 0.721 0.363 0.721 0.363 0.721 0.363
NH; 2.224 2.883 2.182 2.841 2.020 2.679 2.562 3.221
CH, 90.687 64.898 90.661 64.872 90.061 64.272 89.977 64.188
NO, 82.082 102.867 81.096 101.881 77.149 97.934 89.682 110.467
Dust 162.971 | 239.166 | 162.931 | 239.127 | 162.649 | 238.844 | 163.044 | 239.240
Formaldehyde

(CH;0) 0.145 0.073 0.145 0.073 0.145 0.073 0.145 0.073
COD 1.209 0.641 1.208 0.640 1.203 0.636 1.217 0.650
SO, 123.727 177.447 123.346 177.065 121.775 175.495 126.587 180.306
N,O 0.780 0.634 0.756 0.610 0.664 0.518 0.968 0.822
Lead 0.058 0.031 0.058 0.031 0.058 0.031 0.059 0.031
Arsenic 0.003 0.004 0.003 0.005 0.003 0.005 0.003 0.005
Barium 0.008 0.011 0.008 0.011 0.008 0.011 0.008 0.011
Chromium 0.005 0.007 0.005 0.007 0.005 0.007 0.005 0.007
Cobalt 0 0.001 0 0.001 0 0.001 0 0.001
Copper 0.002 0.004 0.002 0.004 0.002 0.004 0.002 0.004
Molybdenum 0.001 0 0 0 0 0 0
Nickel 0.004 0.006 0.004 0.006 0.004 0.006 0.004 0.006
Selenium 0.007 0.011 0.008 0.011 0.007 0.011 0.007 0.011
Vanadium 0.007 0.010 0.007 0.010 0.005 0.010 0.007 0.010
NH,4 0.399 0.597 0.399 0.597 0.399 0.597 0.399 0.597
Hydrogen

Chloride (HCI) 1.229 1.229 0.984 0.984 0.039 0.039 3.183 3.183
Hydrogen

Fluoride (HF) 0.004 0.004 0.004 0.004 0.004 0.004 2413 2.413
Nitric acid 0.002 0.002 0.002 0.002 0 0 0.006 0.006
Isopren 123.172 | 123.172 97.732 97.732 0 0 326.692 | 326.692

In quantitative terms, the air emissions are much
higher than those in water and soil ecosystems. The
main pollutants in the scenarios are: CO,, dust, SO,,
NO,, CH,, CO, NH; and N,O. Although the values
for other pollutants are insignificant, however,
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impact assessment should be realized to determine
their influence on the environment.

Regarding the maximum values of the main
pollutants in each scenario the following aspects are
distinguished:
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In terms of carbon dioxide, dust particles,
sulphur dioxide, nitrogen dioxide, scenario 8
(biomass-coal scenario) has the largest amount
of emissions.

For carbon monoxide, methane the maximum
values are recorded in scenario 1 (large hydro-
gas scenario, 90.7 thousand t/scenario) and

Table 4 — The impact indicators for each scenario

scenario 7 (biomass-gas scenario, 16.2 thousand
t/scenario).

2.3. Impact Analysis

Table 4 shows a comparison between the
calculated impact indicators for each scenario.

dichlorobenzene]

Impact indicators S S, Ss Sy Ss Se Sy Ss
ADP[t equivalent Sbh] 272,738 | 300,524 | 250,785 | 278,572 | 167,510 | 195297 | 448,360 | 476,147
GWP [thou. 31,083 35,516 30,968 35,401 30,457 34,890 31,883 36,316
t equivalent CO,]

AP [t equivalent SO;] 193,074 | 271,128 | 192,055 | 270,110 | 187,938 | 265,993 | 200,846 | 278,900
POCP [t equivalent ethylene] 143,316 | 146,533 | 115534 | 118,751 8,792 12,009 365,544 | 368,761
EP [t equivalent PO,*] 11,760 15,044 11,617 14,901 11,047 14,331 12,867 16,151
HTP [thou. 817.495 | 997.400 | 816.181 | 996.087 | 810.817 | 990.722 | 827.372 1.007
t equivalent 1,4-

dichlorobenzene]

FAETP [t equivalent 1,4- 13,171 18,141 13,171 18,141 13,175 18,145 13,165 18,135
dichlorobenzene]

MAETP [t equivalent 1,4- 837,555 | 590,985 | 875,604 | 590,989 | 837,580 | 591,009 | 837,480 | 590,910
dichlorobenzene]

TETP [t equivalent 1,4- 5,744 6,601 5,744 6,601 5,744 6,602 5,744 6,601

According to available data we can make some
observations:

In terms of the impact indicator "Abiotic
Depletion Potential” (ADP), scenario 8 presents
the highest value (equivalent to 476,147 t Sh)
versus the lowest value recorded for the
scenario 5 (equivalent to 167,510 t Sh).

In terms of the impact indicator "Global
Warming Potential” (GWP), the highest value
scenario is also found in scenario 8 (36,316,272
tonnes CO, equivalent), and the lowest in
scenario 5 (30,456,539 tonnes CO, equivalent).

Regarding the indicator  "Acidification
Potential” (AP), maximum and minimum values
obtained in this study are equivalent to 278,900
tons SO, (in scenario 8) and 187,938 tons SO,.
(in scenario five).

Regarding the indicator "Photochemical Ozone
Creation Potential” (POCP), the values obtained
in this study vary greatly. The minimum
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recorded in scenario 5 (8,892 tons are
equivalent ethylene), and the maximum
scenario 8 (equivalent to 368,761 tons
ethylene).

e In terms of the impact indicator
"Eutrophication” (EP) the scenario 8 presents
the highest value (equivalent to 16,151 tons
phosphate), while the minimum value is found
in the scenario 5 (equivalent to 11,047 tons of
phosphate).

e Analyzing the impact indicator "Human
Toxicity Potential” (HTP), we conclude that the
EP as the indicator, the maximum value
presents in the scenario 8 (approximately
equivalent to 1,007 kt 1,4 DCB) and the
minimum value in the scenario 5 (equivalent to
811 kt 1,4 DCB).

e The "Freshwater Aquatic Ecotoxicity Potential”
(FAETP) shows the maximum (equivalent to
18,135 t 1,4 DCB) in scenario 8, and the
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minimum value in scenario 7 (equivalent to
13,165t 1,4 DCB).

e The "Marine Aquatic Ecotoxicity Potential"
(MAETP) has maximum value equivalent to
875,604 t DCB 1,4 in scenario 3 and the
minimum value is recorded in the scenario 8
(equivalent to 590 910t 1,4 DCB).

e For indicator “Terrestrial Ecotoxicity Potential”
(TETP) scenarios 1, 3, 5 and 7 presents the
minimum value of about 6 kt 1,4 DCB
equivalent and scenarios two, four, six and eight
presents the maximum to about 7 kt DCB 1,4
equivalent.

2.4. Technical and economic analysis

Starting from the amount of electricity produced
we determined for each chain the power installed in
each scenario for 2020. Taking into account the
duration of the investment, the duration of
exploitation and the duration of the study, were
determined the investment costs, operating costs,
fuel costs, resulting the total expenses. We used
three cost scenarios eco-taxes. The table below
shows the total expenditure eco-tax. It is worth
mentioning that the scenario with the highest
required total expenditure is scenario 7. The
software allows the user to modify the values
considered for eco-taxes.

Table 5: The total expenditure with eco-taxes for the energy chains and for the scenarios [million Euro].

Total expenditure

without/with ecotax St S2 Ss Ss Ss Se S Ss
Total expenditure 4397 | 4305 | 4,005 | 3913 | 2500 | 2,408 | 7531 | 7,439
without ecotax

Total expenditure 4658 | 4629 | 4264 | 4235 | 2753 | 2,723 | 7,804 | 7,774
with minimum ecotax

Total expenditure 5380 | 5525 | 4,99 | 5132 | 3450 | 3,586 | 8559 | 8,695
with medium ecotax

Total expenditure

with maximum 7745 | 8616 | 7,335 | 8206 | 5720 | 6,592 | 11,044 | 11,915
ecotax

The economic cost recovery (Table 6) was
chosen as the criterion of selection the technical and
economic scenarios. This indicator is appropriate
for these types of scenarios created, each producing
the same amount of electricity.

This indicator represents the minimum price at
which electricity can be sold so as to cover all
economic costs over the lifetime.

Table 6: The economic cost recovery for the scenarios [Euro/MWh].

Economic cost S S, Ss S, Ss Se S; Sg
recovery (ECR)
ECR without 65.7 65.4 61.3 60.9 43.8 43.4 101.4 101.1
ecotax
ECR with 69.2 64.3 64.8 46.7 46.7 47.2 104.7 105.1
minimum ecotax
ECR with medium 79.9 73.0 75.3 55.2 55.2 57.6 113.6 116.0
ecotax
ECR with 116.4 100.7 111.7 82.1 82.1 93.1 143.0 154.0
maximum ecotax

Note that the minimum value for the cost of
recovery scenarios are recorded in scenario 5 (43.8
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Euro/MWh) and scenario 6 (43.4 Euro/MWHh). Both
have very similar values.
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The software allows the changing of values for
the duration of study and for the discount rate.

2.5. Multi-criteria Analysis

The previous performed steps allowed us to
obtain information about energy chains used to
create scenarios. Further, we will achieve global

Evaluations were normalized after each criterion
and were established in the class memberships
good/low.

We obtained the normalized matrix (Table 7),
based on which energy scenarios were evaluated
against the set of criteria to finally obtain a global
evaluation of energy scenarios.

comparison between scenarios.
Table 7: The normalized matrix.

CRITERIA | s, | s s | si | s | oss | s | s
Ecologial

ADP [t equivalt Sb] 0.573 0.631 0.527 0.585 0.352 0.410 0.942 1.000

GWP [thou. t equivalent CO,] 0.856 0.978 0.853 0.975 0.839 0.961 0.878 1.000

AP [t equivalent SO,] 0.692 0.972 0.689 0.968 0.674 0.954 0.720 1.000

POCP [t equivalent ethylene] 0.389 0.397 0.313 0.322 0.024 0.033 0.991 1.000

EP [t equivalent PO,*] 0.728 0.931 0.719 0.923 0.684 0.887 0.797 1.000

HTP [thou. t equivalent 1,4-

dichlorobenzene] 0.812 0.990 0.810 0.898 0.805 0.984 0.821 1.000

FAETP [thou. t equivalent 1,4-

dichlorobenzene] 0.726 1.000 0.726 1.000 0.726 1.000 0.726 0.999

MAETP [thou. t equivalent 1,4-

dichlorobenzene] 0.957 0.675 1.000 0.675 0.957 0.675 0.956 0.675

TETP [thou. t equivalent 1,4-

dichlorobenzene] 0.870 1.000 0.870 1.000 0.870 1.000 0.870 1.000
Technical and Economic

Investment expenses

(thou. Euro) 0.928 0.979 0.937 0.988 0.949 1.000 0.854 0.905

Operating expenses

(thou. Euro) 0.942 0.972 0.938 0.969 0.925 0.956 0.970 1.000

Fuel expenditure

(thou. Euro) 0.563 0.548 0.508 0.494 0.299 0.284 1.000 0.985

Exonomic recovery cost without

cost to emissions of CO,, SO,

nd NOx (Euro/MWh) (at

""a""'=discount rate=8%) 0.856 0.886 0.842 0.871 0.771 0.801 0.971 1.000
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S1 S2 S3 sS4 S5 S6 S7 S8
B Good class membership B Low class membership

Fig. 2: The evaluation of energy scenarios using environmental
criteria.
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Fig. 3: The evaluation of energy scenarios using economic and
technical criteria.

Normalization was performed for each value of
this criterion in relation to the maximum value of
that criterion.

Referring to the environmental criteria, scenario
5 received the highest value and is considered the
best scenario, while scenario 8 is the worst scenario

(Fig. 2).

Regarding the technical and economic criteria,
scenario 5 presents the highest value and is,
therefore, the best scenario. The program also
selects other two scenarios as the best scenario
(scenario 6, with a value close to that of Scenario 5
and Scenario 7 with a lower value) (Fig. 3).

The evaluation results were represented by
families of criteria set by a radar chart (Fig. 4).
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Fig. 4: The global assessment of energy scenarios.

Observe the diagram above that scenario 5 has
the highest values recorded in terms of family
environmental criteria. In terms of family economic
and technical criteria, scenario 5 is the optimal
scenario. We require that the solution always chosen
to have maximum value under environmental
criteria, since an environmental criterion is the
decisive criterion in selecting the optimal scenario.

2.6. Sensitivity analysis and robustness analysis

The sensitivity analysis was performed taking
into account both the change in the objective
indicators (share of families of criteria etc.) and
subjective indicators of change (fuel prices,
introduction eco-taxes, the discount rate).

The robustness analysis revealed that the chosen
solution (scenario 5) remains the best because the
optimal loading scenarios depending types of
primary sources of energy is achieved at about the
same proportion.

3. The structure and the results obtained with
multi-criteria model using “Eclipse”

In the previous chapter has presented the multi-
criteria model as was done in Excel. Transposition
was done in the "Eclipse™ program (using Java) in
order to quickly select an optimal energy scenario in
detail using other values, where modification is



Euro - Asian Journal of sustainable energy development policy

done in a long time and with lower performance.
Eclipse software offers attractive graphical
interfaces and a database creating a multi-criteria
model that can be enriched by providing greater
opportunities for simulation and interpretation of
different data loads.

The developed multi-criteria model consists of
five modules, named after the steps necessary to use
the software (and have been detailed in part 2 of
article in the creation phase of the model), as
follows:

Module 2 "Scenarios" makes covering different
amounts for each scenario with electricity of each
scenario with power produced from primary energy
sources to 2020 (year of study in the article), but
also for any desired year. The program developed
allows the user to use for simulation other scenarios,
which it creates.

Viewing this module is done in Fig. 6.

Module 3 "Life cycle analysis” is very detailed
and contains all the analysis done by applying the
methodology LCA.

In the next window we present the inventory
analysis and the impact assessment on all scenarios

(Fig. 7).

The software allows the user to choose different
fuel composition and other specific efficiency for
each stage of the respective chains, but also using
other reference values for emissions. Graphic
comparisons can be made in terms of chains (total
emissions of CO,, CO, emissions without, Fig. 8),
comparisons in terms of an impact indicator, but
comparisons between chains (from the point of view
of all indicators, except the "Global Warming
Potential, in Fig. 9).
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Establishment of electricity demand,;
Scenarios;
Life Cycle Analysis;

Powers, technical and economic calculations;

o M w D oE

Evaluation scenarios.

These modules are added to a home page, from
which the user has direct access to the modules
listed above. Module 1 "Establishment of electricity
demand” is shown in Fig. 5.

Module 4 "Powers, technical and economic
calculations” is detailed (Fig. 10), and was
described in part 2 of the article.

Module 5 "Evaluation scenarios" made global
comparison (ecological, technical and economic) for
the scenarios achieved. You can compare any
scenarios between them.

This module is based on the evaluation matrix
that includes ecological and techno-economic
indicators for each scenario. Matrix is then made to
normalize the values of the evaluation matrix (Fig.
11). We calculated the class membership of
good/low on environmental criteria categories,
namely technical and economic (Fig.12, fig.13).

In the final | realized the global evaluation of
scenarios both families of criteria, ecological and
techno-economic. Evaluation is possible in the form
of graphic (Fig. 14).

We can make comparisons between scenarios
(graph) in terms of recorded emissions and in terms
of impact of each indicator assigned to a scenario.
(Fig. 15).
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Fig. 5: Module 1 "Establishment of electricity demand"
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Fig. 6: Module 2 "Scenarios".
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Fig. 8 - Comparison between the chains in terms of total non-CO2 emissions
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Fig. 9: Comparison between the chains in terms of impact classes, less GWP
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scenatio - Eclipse SDK

Fil=  Edit Naigate Search Project Run  Window Help
IS-B O |4 IR[%-0-Q- | EH#G-|®F |- - 0&- -

e

Matricea de evaluare finala:

Criterii | [test/1.scenario | [test/2, scenario | [test/3,scenario | [test/4, scenario | JtestS. scenaria | Jresti6, scenaria | Jtesti7.scenaria | [testl8.scenario
Tehnico-econo,,. | 0,9583333333333334 | 0.895833333333333¢ | 0.9583333333333334 | 0.899533333333333¢ | 1.4583333333333335  1.2083333333333335 0,9375 06875
Ecalagic 1.0925925025025926  0.8611111111111112  1.1451481451481481  0.8611111111111112  1,3703703703703702 | 0.9722222222222222  0.9444444444444445 0.75

Evaluarea finala a scenariilor

B Tehnico-economic
B Ecologic

Jtest/1 Jtestiz Jeest)s Jtest/4 Jtest/s Jreste Jtest|7 Jtest)s
Scenarii

Fig. 14 - Global assessment of scenarios
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Cormparatii intre scenarii;

Alege un criteriu de comparare:

Comparatii intre scenarii
1000000

a00000 o

ADP
AR
pocP
EP
HTR
FAETP
MAETP
TETP

600000

400000

200000

Jresti1 ftestf2 Jresti3 Jresti4 Jrestis

Scenarii

Jrestia Jresti? Jrestfa

Fig. 15: Comparison between scenarios in terms of impact classes, less GWP.

4. Conclusions -

small hydro provides 0.5 TWh;

- thermo energy is achieved in equal
proportion of coal and gas, each making one

The implementation of this model enabled the
17 TWh.

identification of the optimal scenario to cover

the balance of electricity in terms of o
environmental criteria and in terms of technical

and economic criteria.

Since the software supports changes to many
parameters, it allows the user to perform many
simulations and data interpretation (in a very
short time) that can be used in determining

Following analysis, scenario 5 is the optimal .
strategies for the energy sector development.

scenario to cover the electricity needs of 85

TWh in 2020. It was called "Wind — Natural gas e The software also addressed to less initiated

Scenario”. The loading of this scenario is as
follows:

- four nuclear groups, provide 20.2 TWh;
- wind energy provides 5.3 TWh;
- large hydro provides 25 TWh;

64

persons into multi-criteria model, encompassing
a part of graphics makes it possible to interpret
the data in an easier manner. It presents a tool
that allows exporting data in Excel format.
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Crpykrypa JiekTpodHeprerudeckoro bamsanca Pymoinnm na 2020 roga,
Co3nannass Ha OcHoBe OnTumanbHbIX [lepBuYHBIX JHEpPropecypcoB
HUcenoab3ys Moaeinb MHOTOKpUTEPpHAJIBLHOIO AHAIM3A

Jloktopant Hpuna VODA

WNucruryt MccnenoBanuii 1 DHEPreTUKH (COOTBECTBYIOLIUN ABTOD)
Ten: +40-21-206-1331, daxc: +40-21-210-1255
DrekTpoHHas modra: irina.voda@ispe.ro
Anpec: Uucturyt Uccnenosanuit u Duepreruxu (MUD), 1-3 Lacul Tei Blvd, 020 371,
byxapecrt, Pymbinus

Joxropant Mapuan DOBRIN

Menemxep Mccnenoanuii u [IpoexkroB @unancoBoro Jlenapramenra, Mactutyr MccnenoBanuii u
DHEpPreTUKu

IIpodgeccop Joxkropant Axpuan BADEA

[TpopekTop ITonmurexunueckoro YHuusepcurera byxapecra, Akagemusi Pymbiackux Yuensix (APY)

Pe3tome: OCHOBHOW HEIBIO STOW Pa0OTHI SBISIETCS CO3MaHHUE MOJEIH MHOTOKPUTEPHUATBHOTO aHAIHM3a IS
ONTUMAJIBHOTO OajaHca 3JIEKTPOIHEPrul PyMBIHMH, ¢ TOUKH 3pEHHS MEPBUYHOTO SHEPTETUUECKOTo OajaHca
WCTIONIB3YIOMIMECS JUIsl BBIPAOOTKH JiieKTpodHepruw. JlamHas paboTa SBISIETCS YacThEO HCUEPIBIBAIOIICH
muccepramuu monx HasBanueM "CopeiictBus B Paspaborku Crtpareruii B Ob6nactu YcronumBoro Paspurus
OHnepretudeckoro Cektopa PyMberaum». OTa Tema Oblla BRIOpaHA 1O JBYM HMPUYHHAM: C OJJHOW CTOPOHBI, U3-
3a HEOOXOAMMOCTH JIydIled pa3padOTKH CTPATeTHHl pPa3BUTHS OHEPreTHYECKOTO CEKTOpa, HCIOIb3YS
TUHAMAYECKUE METOJbl UyBCTBUTEIHHBI K 3aKOHOJIATEIHHBIM H3MEHEHUSM, a C APYrod CTOPOHBI, H3-3a
HEOOXOJUMOCTH yYUTHIBATH TEXHUUYECKHE W SKOHOMHYECKHE DJIEMEHTHI, a TaKKe (PAKTOPBI OKPYXKaromien
CpelIbl, IpH Pa3pabOTKe CTPATErHid ISl YCTOMYMBOTO Pa3BUTHS SHEPTETUUECKOTIO CEKTOPa Ha CPEIHECPOUHYO
Y JIONTOCPOYHYIO MEPCIIEKTUBY.

JIst OCTHYKEHHST MHOTOKPUTEPHAILHOTO aHaIM3a ONTUMAIbHOTO OaaHca 3JIEKTPOIHEPTHH it PyMbIHUN B
2020 romy, ucmoms3yercsi mporpamMuoe obecneuerne "Eclipse" (ocHoBanHoe Ha miatdopme Java). DTto
nporpaMMHOe obecrieueHne UMeeT OOJIbINYI0 0a3y JMaHHBIX IS CPEebl (aHAIM3 )KU3HEHHOTO IIHUKJIA TOILIHBA
JUTST KQXKIOW CTaJNH YKU3HEHHOTO ITUKJIA), TEXHUIECKHE U SKOHOMUYECKUE XapaKTepUCTUKH. OHO TIO3BOJISET
MHOT'OYHUCJICHHBIE M3MCHCHUA ITapaMETPOB U PE3YJIbTATBI MOI'YT IMPOCMATPUBATCA B PC€ajlbHOM BPEMCHHU.
IIporpamMmMHoOe obecrieueHre TMO3BOJIAET MOJIB30BATENIO MPOBOJAUTH MHOTOYHMCICHHBIC MOJCITHPOBAHHS MU
HUHTEPIPETAIIUN OAaHHBIX, KOTOPBIC MOIYT 6I)ITI) HCIIOJIB30BaHbl JIA CO3JaHUA CTpPaTeruu pa3BUTHA
HHEPreTUYECKOTO CEKTOpa.

KaroueBble cjoBa: YCTOi/‘I‘H/IBOC Ppa3BUTUEC, aHAIU3 )KU3HCHHOI'O ITMKJIa, MHOTOKPUTEPpHUAJIbHAA MOACIIb.
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PROMITHEAS Network, the origin of which is the Project Development Fund of BSEC, aims to promote
scientific cooperation on the energy and climate policy issues between the countries of BSEC and EU and thus to
contribute in knowledge transfer to that region, as a basic precondition for the development of human potential
that will materialize policies of cooperation.

PROMITHEAS Network has the following members:

KEPA
PUT
ESC
GPOGC
BSREC
TUSB
EEC
NOA

AUT

UA

INEXCB-Kz

SRC KAZHIMINVEST
PCTC-KG

IPE

ISPE

Financial University

ESSUT
UOB-CE
SoDeSCo

IWHEA

TUBITAK
MUGLA
ESEMI
IUCPT

Energy Policy and Development Centre, Greece

Polytechnic University of Tirana, Albania

Energy Strategy Centre, Armenia

Geotechnological Problems of Oil, Gas and Chemistry, Azerbaijan
Black Sea Regional Energy Centre, Bulgaria

Technical University of Sofia, Bulgaria

Energy Efficiency Centre, Georgia

National Observatory of Athens, Greece

Aristotle University of Thessaloniki —Laboratory of Heat Transfer and
Environmental Engineering, Greece

University of Aegean — Department of Environment, Energy Management
Laboratory, Greece

Independent Expert Consulting Board to Promote Scientific Research Activity
in Kazakhstan, Kazakhstan

Scientific Production Firm KAZIMINVEST, Kazakhstan
Public Centre for Tobacco Control, Kyrgyzstan

Institute of Power Engineering, Moldova

Institute for Studies and Power Engineering, Romania

Federal State-Funded Educational Institution of Higher Professional
Education Financial University under the Government of the Russian
Federation

Eastern Siberia State University of Technology, Russian Federation
University of Belgrade — Centre of Energy, Serbia
Society for Development of Scientific Cooperation in Tajikistan, Tajikistan

Institute of Water problems, Hydropower and Ecology Academy, Academy of
Sciences, Tajikistan

Marmara Research Center, Energy Institute, Turkey

Mugla University, Turkey

Energy Saving and Energy Management Institute, Ukraine
Indo-Uzbek Centre for Promotion S&T Cooperation, Uzbekistan
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