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1. INTRODUCTION

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

- The model has gone from setting the electricity needs for a particular year and then
settled its coverage by alternative scenarios.

- For each primary energy source analysed (natural gas, coal, uranium, biomass,
wind, large hydro, small hydro), for environmental component it was applied the life
cycle analysis method (LCA). We carried out an inventory, which identified the main
pollutants for each primary energy source. It was developed, also, an environment
Impact assessment by which indicators were calculated for each impact class.

- It was calculated the cost of investment, the cost of operating, the cost of fuel and
finally, calculate the total expenditure. To select the optimal scenario, the economic
recovery cost was used as main criterion.

- Through this model the user can identify the optimal scenario for covering the
electricity demand (balance) as from environment and technical/economic point of

»[H
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2. HOW TO CREATE A MULTI-CRITERIA MODEL

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 to optimal load 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

- For this article, we will determine the particular needs of electricity in 2020. Of the scenarios made, for further
development we chose the scenario under which the final electricity consumption in 2020 will be 6.3 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.

- To meet demand the electricity (85 TWh) we have established different scenarios that would achieve the
electricity balance of different loading. In making these scenarios we considered technological restrictions
(conditions imposed) the various international engagement assumed by Romania, and some programs being
implemented with government support. Under these conditions the imposed structure of electricity generation
Is as follows:

The structure imposed on electricity production

Total production, including: 8 TwWh
nuclear 20.2 TWh

renewables 30.8 TWh —
thermo 34 Twh 11
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- 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 the table.

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

Energy Sl Sz Ss S4 55 SG S7 Sg
chains

Uranium 20.2 20.2 20.2 20.2 20.2 20.2 20.2 20.2
Large 25 25 25 25 25 25 15.4 15.4
hidro

Small 0 0 1.2 1.2 0.5 0.5 0 0
hidro

Biomass 5.8 5.8 4.6 4.6 0 0 15.4 15.4
Energy 0 0 0 0 5.3 5.3 0 0
wind

Coal 17 255 17 25.5 17 25.5 17 255
Natural 17 8.5 17 8.5 17 8.5 17 8.5
Gas

2.1.3. Defining the field of study

- First we established the field of study of each energy chains that will be part of the energy scenarios achieved.
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, next figure).
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2.2. Inventory Analysis

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

table. _ .
The pollutants for each scenario (thousand t/scenario)

r — ' v r ' r ' ' ' n
Emissions Sa S> Sz Sa 85_ Se Sz Ss 1
CO> 28,363 32930 28328 32831 28358 32,361 29,692 33695
cO 16475 14010 162605 14401 15.406 13040 16.055 16191
NO 0.721 0.363 0.721 0.363 0.721 0363 0.721 0.363

| 4 ' g ' g g ' g | g ' g ' g ' g
NH= 2 224 2.883 2.182 2841 2020 2679 2562
CH., 90687 645898 90661 64872 90.061 64.272 89.977

[ NOz | 82082 ] 102867 | 81096 | T0188T | 77.149 | 97.934 | 89682 | 170467
[ Dust 162971 | 239166 | 162931 | 239.127 | 162649 | 238844 | 163044 [ 239240
Formaldehyde
(CHO) 0.145 0.073 0.145 0.073 0.145 0073 0.145 0.073
COD 1.209 0.641 1208 0.640 1203 0636 1217 0650 |
SO> 123727 | 177447 | 123346 | 177.065 | 121775 | 175495 | 126587 | 180306
NO 0.780 0634 0.756 0.610 0.664 0518 0068 0822
Lead 0.058 0.031 0.058 0.031 0.058 0031 0.059 0.031
| Arsenic 0.003 0.004 0.003 0.005 0.003 0005 0.003 0.005
Barium 0.008 0011 0.008 0.011 0.008 0011 0.008 0.011

[FChromium T ooos [ ooosr I 0005 [ ooo7r [ o0o005 [ o0oo/ [ o005 [ ooo7 [
Cobalt 0 0.001 0 0.001 0 0001 0 0.001

| 4 ' g L g g ' g ' g ' g ' g ' g
Copper 0.002 0.004 0.002 0.004 0.002 0004 0.002 0.004
Molybdenum 0.001 0 0 0 0 0 0 0
N1 ckel 0.004 0.006 0.004 0.006 0.004 0006 0.004 0.006

| 4 - ' g ' g g ' g | g ' g ' g ' g
Selenium 0.007 0.011 0.008 0.011 0.007 0011 0.007 0.011
Vanadium 0.007 0010 0.007 0.010 0.005 0010 0.007 0010
NHa U .09Y 0097 0.09Y 0. 09/ 0. oYY 0597/ 0.59Y9 0097

| 4 ' g g ' g ' g ' g ' g ' g o
Hydrogen
Chloride (HCD)| 1 .229 1.229 0.984 0.984 0.039 0039 3.183 3.183
Hydrogen
Fluoride (HF) | 0.004 0.004 0.004 0.004 0.004 0004 2413 2413 —
Nitric acid 0.002 0.002 0.002 0.002 0 0 0.006 0.006 1]

[Tsopren [ 123172 | 123172 | 97732 | 97.732 | 0 [ 0 | 326692 | 326692 |
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2.3. Impact Analysis

The table shows a comparison between the calculated impact indicators for each scenario.

The impact indicators for each scenario

Impactindicaors S1 S2 Ss S S S S7 Ss
ADP[tecuvakentSh | 212,18 | 20524 | 20,78 | 218 572 | 161510 | 15297 | 48 300 | 46 147
GWP fhou . 3L0B | 35506 | 098 | .40 | 047 | %0 | 3,88 | 4306
t equivalent CO-]

Ap'teqjiva|ert SO;] 185 Ui 2/1,128 92,00 | 20 11U | 16/ 90 200 zw,zsllb 216 Il
POCP [t equivalert_ethyeene | | 143 36 | 14658 | 15,5 | U8,AL | 8,72 | D00 | 35 4 | 363,061
EP [t equivalent PO:"] 10760 | 1604 | 167 | 4or | now | R | 2,867 | 1651
HTP [thou 817 4% | %740 | &6.181 | 96.087 | 810817 | 9072 | &7 32 | Lo
t equivalent 14-

achlordbenzene |

[FAETP[t ecuivaent L4- [ 1300 [ 1814l [ .1 [18,4 [ Bip [ 18145 [B,16 [ BD |
dchlorobenzene |

[ MAETP[tequvalert 14- | &7/ .50 | 5095 | 65,000 [ 50,89 [ 837580 [ 594009 [ &7 40 [ 50,00 [
achlordbenzene |

TETP [t equivalert 14- 7 | 681 | 574 | 6600 | 574 | 662 | 5/4 | 641
dchlorobenzene |
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2.4. Technical and economic analysis

- Starting from the amount of electricity produced for each scenario 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 noted that the scenario that requires the highest total expenditure is the scenario 7.

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

Total expediture
withoutwith ecotax

Total expenditure
without ecotax

Totalexpenditure | 4 gog | 4629 | 4,264 | 4.235| 2753 | 2.723| 7804 | 7,774
with minimum ecotax

Total expenditure 5,389 | 5525 | 4,996 | 5,132 | 3450 | 3,586 | 8559 | 8,695
with mediumecotax

Total expenditure
with maximum 7,745] 8616 | 7,335 | 8,206 | 5720 | 6,592 | 11,044 | 11915

gcotax

Sy S, S3 S4 Ss Se S; Sg

4,397 | 4305 | 4,005 | 3,913 | 2500 | 2,408 | 7531 7,439

- The economic cost recovery was chosen as the criterion of selection the technical and economic scenarios.

The economic cost recovery for the scenarios [Euro/MWh]

Economic cost S1 S, S3 Sa Ss Se S; Sg
recovery(ECR)
ECR without 65.7 654 613 609 | 438 434 1014 | 1011
gcotax
ECRwith 69.2 643 648 467 | 467 472 1047 | 1051

minimum ecotax
ECRwithmedium | 79.9 730 753 552 552 576 1136 1160

gcotax — —
ECRwith 1164 1007 1117 821 821 931 1430 1540 e I —
maximum ecotax ]
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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 comparison between scenarios.

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

- We obtained the normalized matrix, based on which energy scenarios were evaluated by each set of criteria
to finally obtain a global evaluation of energy scenarios.

The normalized matrix

CRITERIA [ s. I s, [ sz I S [ ss [ S I S; [ Sg
B B Ecological B B B B

ADP[ t equivalent S 0.5/3 Qe3l Q327 0.0 QX2 Q410 0942 1.0
GWP [thou. o8 |09 | oss | oos | os® | oo | as®m | 100
tequivalent CO?2]

AP [tequivalent SO 2] 0.62 0.972 0.6 0.93 0.674 054 0720 1.00
POCP [tequivalent ethylene] 0.30 037 0313 032 o [eYect] 0991 1.00
EP [t equivalent PO 4”] 0.7/28 Q951 Q719 0.95 QA Q a5/ Q797 1.000
HTP [thou.

tequivalent 1,4- 0812 090 Q810 | 0.9® 08B os o821 | 1.00

dichlorobenzene ]

FAETP [tequivalent 14-
dichlorobenzene ]
MAETP [tequivalent 1,4-
di chlorobenzene ]

TETP [tequivalent 14-
dichlorobenzene ]

0.7% 100 0.7%6 1.000 0756 100 072% 0.9

0.%7 0.6/5 100 0.6/5 0 %7 065 09% 0.6/5

0.80 100 0.810 1.000 0.80 100 0870 1.000

Technical and economic

Investment expenses 0.8 090 loXecv4 098 099 100 (0131571 0.9%B
(thou. Euro)
Operating ex penses oo | o2 | o | 09w | oxs | aws | 090 | 1.00
(thou. Euro)
Fuel expenditure 058 | o8 | 058 | 04 | 020 | o234 | 1000 | 095

(thou. Euro)
Economic recovery cost

without costto emissions

of CO5 SO, and NOx 0.6 086 osr 0.871 Q771 o8 0971 1.000 = I =
(Euro/ MW h) (at

“a”=discount rate=8%) M|
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- Referring to the environmental criteria, scenario 5 presents the highest value and is considered the best

scenario, and scenario 8 is the worst scenario.

- Regarding the technical and economic criteria, scenario 5 presents the highest value and is, therefore,

the best scenario.
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- The evaluation results were represented by families of criteria set by a radar chatrt.

S1
2

S5

—#—Tehnical and economic —li—Ecological

The global assessment of energy scenarios

- Observe the diagram above that scenario 5 is the scenario that the highest values recorded in terms of family
environmental criteria and in terms of family economic and technical criteria, so scenario 5 is 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. »
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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 done in a long time
and with lower performance. Eclipse program offers an attractive graphical interfaces and
database created multi-criteria model can be enriched by providing greater opportunities for
simulation and interpretation of different data loads.

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

1. Establishment of electricity demand;

2. Scenarios;

3. Life Cycle Analysis;

4. Powers, technical and economic calculations;
5. Evaluation scenarios.

These modules are added to a home page, from which the user has direct access to the
modules listed above.
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& Java - test/1.scenario - Eclipse SDK
File Edit mMavigate Search Projeck Run  Window Help

il F IR F-0-Q- | SHFG- @5 | - e

L]
i;,{{i *Energy Editor 23 :
Stabilirea necesarului de energie electrica i
Consum Final en.el.: W Twh Consum propriu tehnologic: W Twh Export net: W Twh Mecesar en.el.: |T,D8 Twh

Salvare scenariu: Export in Format .csv:

4
Skark | Mecesar energie electrica] Scenarii | Analiza ciclului de wiata | Puteri si calcule tehnico-economice | — I —

Module 1 “Establishment of electricity demand” T
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& Jawva - tesks 1 . scenario - Eclipse SDK

File Edit Mawigakte Search Projeck Fun g o Help

| £33 - & l= | |3 -0 -@ - | & & & - | = 5 | - - e <

gg’ *Enesrgy Edikor 3

Stabilirea scenariilor de acoperire a necesarului de enaergie electrica

- Calcul contributie surse energie electrica
Surse ensrgie eleckrica

HMecesarul de energie electrica este de 85,08 Tvwh
FProduckie tokala energie nucleara 20,2 Twh

Energia =slecktrica din surse regencerabile este de 30,51 Twh
Energia =slecktrica din surse termo eske de 34,07 Twwh

- Scenarii de acoperire a necesaruluil de energie elecktrica
Scenarii energie eleckrica

Scenarios: Iscenario 1 = I
Muclear: I z0.z  Twh

Surse regenaerabile:
Hidro rmare: I == Twh
Hidro mic: I—D Twh
Biormasa: I ss1 Twh

Ealian: I a Twh

Solara: I—D Thw'h
Termo:

Gaz: [ 17.03  Twh

Zarbune: IW Twh

FPacura: o Twh

=

Skark |Necesar energie =leckrica IScenarii I analiza ciclului de wiakta | FPukeri si calcul=s kehnico-economice — I

Module 2 “Scenarios” ’ =
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scenario - Eclipse SDK

File Edit Mavigate Search Project Run  Window Help

IS- B+ |IR|$-0-Q- | EHFG-|[®F | -l-0CC- -

;{ﬁ *Energy Editor &3

Analiza ciclului de viata

Filiere: energetice:

Gaz |Carbune |Bi0masa |Uraniu |Hidr0 mare |Hidr0 mic |E0\ian |GraFice m

Emisii{total pe scenariu):

COZ: IM tone COn Im tone MO IW tone S02: IM tone
MH3: Im tane CH4: lm tane MOZ: Im tane MaCy lm tane
praf: lm tone CH2O: Im tone COD: IM tone Clor-benzen: Im tone
Ph: Im tone Fenal: m tone Phsal: Im tone ankirnoniu: W tone
arsenic: Im tone bariu: Im tone beriliu: Im tone cadmiu: Im tone
cromm; IM tone cobalt: lm tone CUprU; lm tone MErour: W tone
molibden: lm tone nichel: Im tone seleniu: Im tone vanadiu: lm tone
H4: Iﬁ tone antimoniu sol: | 0,.253896 tone arsenic sol: lm tone bariu sal: IW tone
berilin sol: lm tone cadmiu sal: m tone crom sal: Im tone cobalt sal: m tone
cupru sol; Im tone mercur sol: IM tone molibden sol: | 0.6628559999999999 tone nichel sal; Im tone
seleniu sol: m tone vanadiu sal: Im tone HCl: Im tonge HF: Im tone
Hzs: lm tone Isoprene: IW tone azotat: Im tone acid azatic: lm tone
subst, azotice: | 0.0 tane benzen: m tane ey m tane nitrati: Iﬁ tane
Fosfati: m tone ioni P m tone ioni Hg: IF tone ioni Cu: Iﬁ tone
ioni Cr3: m tone ioni Cré: m tone ioni Cd: m tane razzh: 0.0 tone
Clase de impactitotal pe scenariu):

ADP: Im techiv, antimoniu— GWP: Im t echiv, COZ AP Im t echiv, 502 POCP: Im t echiv, eten
EP: [11834.957331348478 ¢ echiv. PO4 HTR: [eigsea.as05715669  techiv. 1,4-DCB  FAETP:  [13179.54g600528 techiv. 1,4-DCB  MAETP: | 837652.0247785973  techiv. 1,4-DCB

TETP: I 5744.195369003057

4

t echiv, 1,4-DCE

Skark |Necesar energie electrica |Scenarii lAnaIiza ciclului de viata] Puteri si calcule tehnico-economice |

From Module 3, The inventory analysis and the impact assessment on all scenarios
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Fil= Edit mawigakte

1 c3 - =

Search  Project

Run

wWindow Help

¢ |R | -0-Q- | E&FEG- |5 |

=% *Energy Editar E2

Determinarea puterii instalate si calcule tehnico-economice

Putere maxima: 11,03  GW Putere minima: 8,87 | QW Puterea medie: | Q.71 GW

Puterea nuclear: I 2,31 GW

Puterea carbune: | 1,95 GW

Puterea hidroMare: | 2,85 QW

Futerea hidroMic: | 0,00 G

Puterea biomasa: | 0,66 @W

Puterea eolian: I 0,00  GW

Puterea gaz: I 1,94 QW

| Referinta chelt. invest. | | Referinkta chelt. expl(fixe) | | Referinta chelt. explivar). | | Referinta chelt. comb. |

| Pret combustibil | | Durata invesk, si expl. | | Ecotaxe | Rata acktualizare

Indicatori I Muclear I 53z I Carbune | EBiomasa I Hidro mare I Hidro mic I Eolian I Tot‘il_

Zheltuieli de exploal

Zheltuieli katale (eul

Cosk de revenire ec.
Cosk de revenire ec.
Cosk de revenire ec

Cosk de revenire ec.

=

Zheltuieli de inwvestitie (eural

tare [euro)

Zheltuieli cu combustibilul {euro)

[g=3]

Zheltuieli kotale cu ecotaxe minimeleuro)
Zheltuieli totale cu ecotaxe mediifeuro)
Cheltuieli kotale cu ecotaxe maxime(eu. ..

|85,39
cu ecakaxe min. I 55,45
. o ecokaxe med. I 7,16

2405091324, 20
129694146,12
Zo03566197,18
380060343, 30
S907F153535,30
4Z06e57091,350
4993537 16435,350

eurafMiih
eurafMiih

eurafMiih

cu ecokaxe max. I 125,05  eurofMuwh

SE0660955, 90
53500639, 27
1046570909,09
1100071545, 36
1149314900,51
1304442755, 16
1600390509, 36
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Z195052191,75

FEOI9S42, 47
Z5105a0000,00
2585399342,47
ZFFEEE57351,352
SE03796557,07
S5153210699,47

F49463470,352
26540292, 24
1590156666,67
1916726955,90
1924864557, 41
1941559505, 10
2027 142929,60

SF07762557,08
S5616435,36
0,00
SE5616435,36
GOFFEASE, 36
101416458, 36
134316458, 36

0,00
0,00
0,00
0,00
0,00
0,00
0,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00

11941060502,25
SF3190555,45
Se97eE3FFE, 94
6O70S74631,39
B333557265,70
FOF190=2952,99
S444432520,09

Skark |Necesar energie eleckrica |Scenarii |F\naliza ciclului de wviakta I_F'uteri si calcule tehnico—economice]

From Module 4, The installed capacity and technical and economic calculations




Lt
@
& lava - test/1.scenario - Eclipse SDK
File Edit Mavigate Search Project Run  ‘Window Help
= ]
Jei-E R [$-0-Q- | SE&HG-|® 5| -l -Ba- -
[ Evaluation view 1
Matricea de evaluare finala:
Criterii I Jtesti1,scenario I [testiZ scenario I Jkestf3.scenario | Jtest/4.scenario I Jtest/S, scenario I ItestiG, scenario I Jtesti7 scenario I,l'test,l'B.scenarioI
Tehnico-econo,.. 0.9583333333333334  0.8958333333333334  0.9583333333333334  0.8956333533333334 | 1.4583333333333335  1.2083333333333335 0.9375 0.6575
Ecologic 1.0925925925925926 0.8611111111111112  1.1451481451481451  0.5611111111111112  1.3703703703703702  0.9722222222222222  0.9444444444444445 0.75
Evaluarea finala a scenariilor
1,4
1,2 4
1 -
0,8
B Tehnico-economic
0,6 B Ecologic
0,4 -
0,2 -
o - T T T T T T T T
Jteski1 Jtest/z2 Jtest/3 Thest/4 Jkest/s ftestia Ttesti? Itestis
Scenarii
From Module 5, Global assessment of scenarios » =1l =
—
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4. CONCLUSIONS

> The implementation of this model enabled the identification of the optimal scenario to
cover the balance of electricity in terms of environmental criteria and in terms of technical
and economic criteria.

> Following analysis, scenario 5 is the optimal scenario to cover the electricity needs of 85
TWh in 2020. It was called "Wind — Natural gas 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;

- small hydro provides 0.5 TWh;

- thermo energy is achieved in equal proportion of coal and gas, each making one 17 TWh.

> Since the program supports changes to many parameters, it allows the user achieve many
simulations and data interpretation (in a very short time) that can be used in determining
strategies for energy sector development.

> The program also addressed to less initiated 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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Thank you for your attention!

Irina Voda

Institute for Studies and Power Engineering (ISPE)
Energy and Environment Division

1-3 Lacul Tei Blvd.
020371 Bucharest
Romania

ph: + 4021 2061309
e-mail: irina.voda@ispe.ro
WWW.ispe.ro
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