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Abstract

In this report, we describe a network energy system model that optimally allocates energy

resources and selects the optimal mix of energy technologies to meet anticipated demand

over time. The model was developed for the German economy (being, due to its volume,

sufficiently representative of actual trends). Though, the same model is applicable to

other spatial entities by altering the input parameters. The model was formulated using

the linear programming technique in GAMS modeling environment. The objective of the

model is to optimise the energy system in the long term, providing a background for

the assessment of the potential to implement the energy pathway labeled as ”hydrogen

economy”, under environmental constraints corresponding to CO2 abatement policies.
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Kef�laio 1Eisagwg 
1.1 Energeiakì sÔsthmaH k�luyh twn energeiak¸n anagk¸n mia oikonom�a antimetwp�zetai sta pla�sia enì su-st mato sto opo�o oi diergas�e metasqhmatismoÔ1 enèrgeia sundèontai metaxÔ tou meroè energeiak¸n morf¸n2. To sÔnolo twn sundedemènwn energeiak¸n metasqhmatism¸n(energeiakì sÔsthma) diaqwr�zetai apì �lle biomhqanikè kai oikonomikè diadikas�e (su-sthmik  je¸rhsh th enèrgeia). Antimetwp�zetai w enia�o sÔsthma me eswterikoÔ nìmoukai qarakthristik� all� kai allhlepidr�sei me �lla sust mata.1Oi diergas�e energeiak¸n metasqhmatism¸n perilamb�noun: teqnolog�e exìruxh energeiak¸n pìrwn,metatrop  apì mia morf  enèrgeia se mia deuterogen  morf  (di�lish petrela�ou, paragwg  hlektrismoÔ)kai teqnolog�e telik  qr sh.2Me ton ìro energeiak  morf    energeiakì forèa or�zetai k�je stoiqe�o enì sunìlou proðìntwnth oikonom�a pou perikle�ei ekmetalleÔsimh enèrgeia kai mpore� na qrhsimopoihje� e�te gia metatrop  se�llo energeiakì forèa e�te gia thn paragwg  wfèlimh enèrgeia. Oi fore� diakr�nontai se puknoÔ(hlektrismì, ugr� kaÔsima) kai di�qutou (jermìthta diktÔou) kai se apojhkeÔsimou (stere� kaÔsima)kai mh-apojhkeÔsimou (hlektrismì).

Sq ma 1.1: Energeiakì sÔsthma: oriojèthsh sust mato kai allhlep�drash me exwterik�sust mata 1



2 Kef�laio 1. Eisagwg 1.2 Energeiakì sqediasmìO energeiakì sqediasmì anaparist� to prìblhma apìfash pou sqet�zetai me thn elaqi-stopo�hsh tou sunolikoÔ kìstou paragwg  kai di�jesh th enèrgeia stou katanalw-tè. To prìblhma elaqistopo�hsh tou kìstou tou energeiakoÔ sust mato se diaqronik kl�maka3 isoduname�, sÔmfwna me th oikonomik  jewr�a twn Dorfman, Samuelson, Solow([4℄), me th makroqrìnia isorrop�a twn energeiak¸n agor¸n, upì thn pro�pìjesh ìti uf�-statai pl rh kai tèleio antagwnismì.Diamìrfwsh tim¸n katanalwt  energeiak¸n proðìntwn: To montèlo ener-geiakoÔ sqediasmoÔ diaqronikoÔ olikoÔ kìstou, ìnta isìmorfo me to montèlo pl rou kaitèleiou antagwnismoÔ, antistoiqe� se timolìghsh sto makroqrìnio oriakì kìsto4. Se sÔg-krish me thn pragmatik  oikonom�a ìpou sp�nia epibebai¸netai h parap�nw upìjesh pl roukai tèleiou antagwnismoÔ, oi timè pou diamorf¸nontai sto sÔsthma diaforopoioÔntai wpro to ìti den perilamb�noun ta oligopwliak� kèrdh lìgw tou ateloÔ antagwnismoÔ.1.3 Montèla energeiakoÔ sqediasmoÔO arijmhtikì upologismì tou makroqrìniou energeiakoÔ sqediasmoÔ lamb�nei th morf efarmosmènou majhmatikoÔ montèlou5 meg�lh kl�maka to opo�o prosomoi¸nei th leitourg�atou sust mato. Diakr�nontai oi akìlouje basikè kathgor�e montèlwn makroqrìniouenergeiakoÔ sqediasmoÔ:� Montèla leptomeroÔ apeikìnish tou energeiakoÔ sust mato apì thn teqnologik tou skopi�: To sÔsthma apeikon�zetai mèsw twn diajèsimwn teqnologi¸n sta di�forast�dia energeiak¸n metasqhmatism¸n. An koun sth genikìterh kl�sh bottom-up twnenergeiak¸n montèlwn. Mèsw th teqnologik  apeikìnish tou sust mato prosdio-r�zetai to m�gma teqnologi¸n el�qistou kìstou pou ikanopoie� th z thsh gia miaorismènh energeiak  uphres�a.63Sthn per�ptwsh tou makroqrìniou sqediasmoÔ to energeiakì sÔsthma epekte�netai ¸ste na sumperil�beipijanè gia ton or�zonta sqediasmoÔ energeiakè teqnolog�e kai morfè.4Gia th diamìrfwsh gia par�deigma twn tim¸n tou hlektrismoÔ w telik  enèrgeia to oriakì kìstopou upolog�zetai perilamb�nei to kìsto th oriak  epèndush kai leitourg�a twn energeiak¸n egkata-st�sewn hlektroparagwg , to oriakì kìsto apì ex�ntlhsh twn energeiak¸n pìrwn kai to oriakì kìstoqrhsimopo�hsh tou hlektrikoÔ diktÔou.5O ìro montèlo sthn energeiak  an�lush perigr�fei èna majhmatikì sÔsthma pou apotele� aploÔ-steush tou pragmatikoÔ sust mato. Ta energeiak� montèla anaptÔssontai gia prosomo�wsh   beltisto-po�hsh twn energeiak¸n susthm�twn. Ta montèla sqediasmoÔ e�nai montèla beltistopo�hsh me b�sh miaantikeimenik  sun�rthsh pou megistopoie�tai   elaqistopoie�tai. Tupikì prìblhma beltistopo�hsh apo-tele� h elaqistopo�hsh tou kìstou tou sust mato en¸ oi ekpompè aer�wn perior�zontai k�tw apì ènaorismèno ep�pedo.6Sthn kathgor�a aut  an koun ta pr¸ta energeiak� montèla sqediasmoÔ pou kataskeu�sthkan: Hbasik  ekdoq  tou MARKAL (http://www.etsap.org/tools.htm) kaj¸ kai ta EFOM ([7℄), to statikìmontèlo beltistopo�hsh (BESOM[11℄) kai h exèlix  tou w dunamikì montèlo (montèla pr¸th geni� poukataskeu�zoun èna olikì prìblhma majhmatikoÔ programmatismoÔ gia to sunolikì energeiakì sÔsthma)



1.3 Montèla energeiakoÔ sqediasmoÔ 3

Sq ma 1.2: Energeiakì montèlo sqediasmoÔ pou bas�zetai sthn apeikìnish twn teqnologik¸ndiergasi¸n tou sust mato.
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Sq ma 1.3: Rht  apeikìnish epimèrou paragìntwn l yh apof�sewn sto energeiakì sÔ-sthma� Montèla sumpuknwmènh morf  (reduced-form), ìpou ant� th analutik  anapar�-stash twn energeiak¸n diergasi¸n protim¸ntai sunart sei   exis¸sei sumperifor�pou prokÔptoun apì statistikè mejìdou.� Mikt� montèla ìpou apeikon�zontai rht� ta epimèrou prìswpa pou lamb�noun apo-f�sei sto energeiakì sÔsthma7. Ta montèla aut� prosomoi¸noun kai isorrop�a upìatel  antagwnismì.Sthn paroÔsa ergas�a uðojete�tai to par�deigma montèlwn bottom-up w antiproswpeutikìtou probl mato bèltistou sqediasmoÔ.Genik�:Se èna makroqrìnio montèlo energeiakoÔ sqediasmoÔ zhte�tai na breje� h bèl-tisth sÔnjesh drasthriot twn prosfor� morf¸n wfèlimh enèrgeia pou jaikanopoi sei ti an�gke th oikonom�a.O makroqrìnio energeiakì sqediasmì exart�tai apì apof�sei th energeiak  poli-tik , oi opo�e eis�gontai sto montèlo me th morf  paramètrwn kai exis¸sewn periorism¸n.Tètoie apof�sei mpore� na aforoÔn: fìrou kai epidot sei, periorismoÔ analog�a ener-geiak¸n morf¸n8   teqnologi¸n9, periballontikoÔ periorismoÔ, krit ria axiopist�a kaiasf�leia   periorismoÔ m�xh energeiak¸n morf¸n pou sqet�zontai me thn el�ttwsh tougewpolitikoÔ r�skou.H arijmhtik  ep�lush tou montèlou sqediasmoÔ parèqei èna ergale�o apot�mhsh twnapotelesm�twn twn efarmozìmenwn energeiak¸n politik¸n. Ektele�tai sun jw mia pr¸thent�ssontai se aut  thn kathgor�a, parist¸nta to energeiakì sÔsthma w d�ktuo ro¸n pou akolouje�thn teqnologik  dom  tou sust mato.7Sthn kathgor�a aut  an koun ta montèla NEMS (www.eia.doe.gov/oiaf/aeo/overview) kai PRIMES(www.e3mlab.ntua.grs) pou anaptÔqjhkan gia ti Hnwmène Polite�e kai thn Eur¸ph ant�stoiqa.8gia par�deigma, summetoq  kat' el�qisto se orismèno posostì twn biokaus�mwn ston tomèa metafor¸n[koinotik  odhg�a 2003/30/EC℄9ant�stoiqa, h koinotik  odhg�a 2001/77/EC prowje� th summetoq  twn teqnologi¸n anane¸simwn phg¸nenèrgeia sthn hlektroparagwg 



1.4 Skopì th ergas�a - Enswm�twsh uposust mato udrogìnou 5ep�lush anafor� (reference case) me thn upìjesh ìti sthn per�odo pou exet�zetai isqÔounoi t�sei (trends) tou ètou b�sh (business-as-usual). Exet�zonta enallaktik� sen�riagia thn exèlixh tou sust mato prokÔptoun apotelèsmata qr sima gia th l yh apof�sewn.H sÔgkrish taxinome�tai kat� par�gonta ¸ste na uposthr�xei an�lush kìstou - ofèlou.Stou par�gonte autoÔ perilamb�nontai tupik�: to sunolikì kìsto tou sust mato, taoriak� kìsth twn energeiak¸n forèwn   ta ep�peda ekpomp¸n tou sust mato.H ermhneutik  kai probleptik  ikanìthta tou montèlou perior�zetai shmantik�10 apì thnepituq�a th prìbleyh gia thn teqnologik  prìodo (teqniko-oikonomik� qarakthristik�teqnologi¸n ston or�zonta tou montèlou)11. SÔmfwna me th jewr�a th an�ptuxh twn
Solow, Arrow, h teqnologik  prìodo èqei dÔo sunist¸se:� Thn autìnomh teqnologik  prìodo pou e�nai anex�rthth apì thn oikonom�a (lìgouq�rh, mia tuqa�a episthmonik  anak�luyh).� Th sunist¸sa pou exart�tai apì thn oikonomik  an�ptuxh   tou periballontikoÔperiorismoÔ.Ta sÔgqrona montèla energeiakoÔ sqediasmoÔ prospajoÔn na enswmat¸soun mhqanismoÔme b�sh tou opo�ou meg�lo posostì th teqnik  proìdou na kaj�statai endogenè kaina apeikon�zetai w sunèpeia th oikonomik  exèlixh (endogen  teqnologik  prìodo).Qarakthristikì par�deigma e�nai to montèlo learning-by-doing pou prot�jhke apì ton K

Arrow to 1962 ([3℄).1.4 Skopì th ergas�a - Enswm�twsh uposust ma-to udrogìnouAnaptÔssetai èna montèlo makroqrìniou energeiakoÔ sqediasmoÔ me mejìdou grammikoÔprogrammatismoÔ, to opo�o qrhsimeÔei w upìbajro gia thn enswm�twsh tou energeia-koÔ uposust mato tou udrogìnou, pragmatopoi¸nta merikì anasqediasmì tou sumbatikoÔenergeiakoÔ sust mato.H oikonom�a tou udrogìnou suzhte�tai w èna mesoprìjesma èw makroprìjesma dunh-tik� bi¸simo sen�rio gia thn exèlixh twn energeiak¸n susthm�twn. Sto pla�sio autì èqounanaptuqje� progr�mmata qrhmatodìthsh th èreuna gia to udrogìno (tìso apì th skopi�twn teqnologi¸n udrogìnou ìso kai apì th skopi� melet¸n enswm�tws  tou sto up�rqonenergeiakì sÔsthma)12. Ta parak�tw qarakthristik� tou udrogìnou apoteloÔn basikoÔmoqloÔ gia thn pro¸jhsh tou udrogìnou w energeiakoÔ forèa e�nai:10Upojètonta ìti oi upìloipe par�metroi tou sust mato e�nai gnwstè me akr�beia11Sto montèlo pou anaptÔssetai sta pla�sia th ergas�a jewroÔme ta teqniko-oikonomik� dedomèna twnteqnologi¸n exwgen .12� Sta http://www.eere.energy.gov/hydrogenandfuelcells/ kai http://www.hydrogen.energy.gov/ peri-gr�fetai to prìgramma udrogìnou twn Hnwmènwn Politei¸n.� Sto http://www.ieahia.org/ perigr�fetai to prìgramma udrogìnou th DiejnoÔ Uphres�a Enèr-
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Sq ma 1.4: Genikì gr�fo energeiakoÔ sust mato udrogìnou



1.4 Skopì th ergas�a - Enswm�twsh uposust mato udrogìnou 7� 'Opw o hlektrismì, apotele� energeiakì forèa me mhdenikè ekpompè rÔpwn13 stoshme�o th katan�lwsh. An to udrogìno proèrqetai apì teqnolog�e paragwg  meb�sh thn purhnik  enèrgeia   ti anane¸sime phgè enèrgeia tìte h periballontik epib�runsh se ìrou ekpomp¸n e�nai mhdenik . Akìmh kai an to udrogìno proèljei apìmetatrop  orukt¸n pìrwn gia katan�lwsh, èstw, ston tomèa twn metafor¸n, oi ek-pompè aer�wn metatop�zontai apì ti astikè perioqè sthn perioq  th egkat�stashparagwg  udrogìnou, ìpou mpore� epiplèon na efarmoste� katakr�thsh twn aer�wn,apall�ssonta ti astikè perioqè apì mèro tou fort�ou rÔpwn.� To udrogìno mpore� na paraqje� me di�forou sunduasmoÔ teqnologi¸n kai prwto-gen¸n energeiak¸n forèwn. Autì mpore� na mei¸sei thn ex�rthsh apì eisagìmenouprwtogene� pìrou.� Se ant�jesh me ton hlektrismì, pou ep�sh sunist� kajar  morf  enèrgeia se ep�pedotelik  qr sh, to udrogìno mpore� na apojhkeute�, aux�nonta thn axiopist�a tou su-st mato paroq  enèrgeia. Ep�sh eunoe� thn pro¸jhsh teqnologi¸n anane¸simwnphg¸n enèrgeia me diakoptìmenh paroq  (intermittent supply), ìpw h hliak  kai haiolik  enèrgeia, gia ti opo�e sobarì meionèkthma e�nai h an�gkh sugqronismoÔ thparagwg  me thn kampÔlh fort�ou.H met�bash wstìso apì thn energeiak  oikonom�a sth shmerin  th morf  (ìpou ku-riarqoÔn oi orukto� energeiako� pìroi) sthn endeqìmenh oikonom�a tou udrogìnou exart�taiapì ti teqnologikè exel�xei (ulopo�hsh   belt�wsh apodotik¸n teqnologi¸n metatrop udrogìnou ìpw oi kuyèle kaus�mou, teqnologi¸n paragwg  kai apoj keush udrogìnoukaj¸ kai upodom¸n metafor� kai dianom ).Sunoptik� (qarakthristik� megèjh twn teqnologi¸n udrogìnou anafèrontai sto 3):� Pr¸te Ôle: To udrogìno mpore� na paraqje� apì plhj¸ra prwtogen¸n   endi�meswnenergeiak¸n forèwn (�njraka, petrelaioeid , fusikì aèrio, biom�za, kaj¸ kai apìanane¸sime (plhn biom�za) morfè enèrgeia   purhnik    hlektrik  enèrgeia medi�spash   hlektrìlush tou neroÔ).� Diadrom  pro thn telik  katan�lwsh: To udrogìno mpore� na paraqje� ep� tìpou   sekentrikè mon�de. H metafor� kai dianom  tou mpore� na g�nei mèsw agwg¸n, doqe�wnsumpiesmènou   ugropoihmènou aer�ou   mèsw metallik¸n udrid�wn. H apoj keushtou udrogìnou kaj¸ kai h upodom  dianemht rwn (stajm¸n anefodiasmoÔ gia qr shsti metaforè) oloklhr¸noun th q�raxh energeiak¸n diadrom¸n udrogìnou pro thntelik  katan�lwsh.geia.� To ant�stoiqo prìgramma th EE parousi�zetai sto https://www.hfpeurope.org/.13'Otan h teqnolog�a qrhsimopo�hs  tou antistoiqe� se hlektroqhmik  diergas�a se kuyèlh kaus�mou.Wstìso, ìtan to H2 qrhsimopoihje� se jermik  diergas�a (sumbatik  kaÔsh) me atmosfairikì aèra (pouperièqei �zwto (N2) se posostì 79%) kai ìqi me kajarì O2 dhmiourgoÔntai oxe�dia tou az¸tou NOx.



8 Kef�laio 1. Eisagwg � Telik  katan�lwsh: To udrogìno mpore� na qrhsimopoihje� mèsw th teqnolog�atwn kuyel¸n kaus�mou sti metaforè kai thn paragwg  hlektrismoÔ kai jermìthtaqamhl  enjalp�a (p.q. atmì gia oikiak  jèrmansh). Ep�sh, se an�mixh me fusi-kì aèrio   w kajarì udrogìno se ugr    aèria morf  mpore� na qrhsimopoihje� sejermikè diergas�e (kaÔsh).



Kef�laio 2Majhmatik  tupopo�hshenergeiakoÔ sust mato
2.1 Epilog  mejìdou majhmatikoÔ programmatismoÔH poluplokìthta th diasÔndesh twn domik¸n stoiqe�wn enì energeiakoÔ sust mato kaio arijmì twn qronik¸n periìdwn pou lamb�nontai up' ìyin gia ep�lush sto makroqrìnioor�zonta dhmiourgoÔn èna majhmatikì sÔsthma pro ep�lush meg�lou megèjou sta ìria thdiajèsimh upologistik  isqÔo. Gia to lìgo autì ta montèla makroqrìniou energeiakoÔsqediasmoÔ anaptÔssontai w probl mata grammikoÔ programmatismoÔ (aplousteÔonta tipragmatikè mh grammikè   akèraie sqèsei pou perigr�foun to energeiakì sÔsthma) (2.2)me dedomèno ìti oi algìrijmoi ep�lush susthm�twn grammikoÔ programmatismoÔ uperteroÔnse taqÔthta kai eust�jeia1.2.1.1 Sunèpeie epilog  grammikoÔ programmatismoÔProkeimènou na perigrafe� to energeiakì sÔsthma me grammikè sqèsei, efarmìzontai aplou-steÔsei sqetik� me thn anapar�stash teqnik¸n sqèsewn kai sqèsewn sumperifor� pouparathroÔntai ston energeiakì tomèa th oikonom�a. Oi aplousteÔsei autè mpore� naaforoÔn:1. Teqnikè sqèsei me pragmatik  mh-grammik  morf  (p.q. to pragmatikì metablh-tì kìsto paragwg  hlektrismoÔ apì mon�de sunduasmènou kÔklou exart�tai apìto suntelest  qrhsimopo�hsh th mon�da, sqèsh pou ekfr�zetai me mh-grammikoÔìrou).2. Oriakì kìsto apì ex�ntlhsh energeiak¸n pìrwn (prosdior�zetai apì mh grammik sqèsh)   mh grammikè kampÔle kìstou pou anaparistoÔn th duskol�a qr sh thgh gia energeiakè egkatast�sei.1se sqèsh me tou algor�jmou mh-grammikoÔ programmatismoÔ9
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Sq ma 2.1: Par�deigma tmhmatik� grammik  prosèggish mh-grammik  sqèsh: Sun�rthshkìstou orukt¸n energeiak¸n pìrwn, ìpou ∆Q1 h diajèsimh posìthta apì epifaneiak�koit�smata kai ∆Q2 h diajèsimh posìthta apì oruqe�a se mikrì b�jo.3. Sumperiforè paragìntwn pou droun sta pla�sia enì energeiakoÔ sust mato (p.q.oikiako� katanalwtè   ependutè se mon�de paragwg ). Oi sumperiforè twnepimèrou forèwn apoteloÔn jemeli¸de mh-grammikì stoiqe�o (diaqe�rish kindÔnou-abebaiìthta). H t�sh gia apofug  kindÔnou twn epimèrou paragìntwn odhge� sekatamerismì twn ependÔsewn (m�gma epilog¸n), en¸ o grammikì programmatismì epi-lègei akra�e lÔsei.4. Oikonom�e (  dusoikonom�e) kl�maka (id�w sti teqnolog�e ent�sew kl�maka)2.Orismène apì ti mh-grammikè sqèsei (autè pou ekfr�zoun aÔxousa sqèsh tim  - posì-thta, sq ma 2.1.1) sta pla�sia tou energeiakoÔ sust mato mporoÔn na parastajoÔn metmhmatik  grammikopo�hsh.Ep�sh gia thn efarmog  grammikoÔ programmatismoÔ upojètoume ìti ìle oi teqnolog�ee�nai diajèsime se suneq  megèjh3.2.2 Grammikì programmatismìH genik  morf  enì montèlou majhmatikoÔ programmatismoÔ e�nai:
min z = z(x1, . . . , xn)

g1(x1, . . . , xn) ≥ b1...
gm(x1, . . . , xn) ≥ bm (2.1)2O ìro oikonom�a kl�maka perigr�fei th me�wsh tou monadia�ou kìstou tou proðìnto mia diergas�aìtan aux�netai h posìthta tou paragìmenou proðìnto.3Gia na lhfje� up�oyin o periorismì ìti orismène teqnolog�e e�nai diajèsime se diakrit� magèjh prèpeina efarmoste� akèraio programmatismì.



2.2 Grammikì programmatismì 11Sthn per�ptwsh tou energeiakoÔ montèlou pou anaptÔssetai, h antikeimenik  sun�rthshantistoiqe� sto olikì kìsto tou sust mato gia thn ikanopo�hsh th exwgenoÔ z thshtwn katanalwt¸n, upì periorismoÔ. H sun�rthsh pou ekfr�zei to anhgmèno sunolikìkìsto tou sust mato (4.5.4) kai oi periorismo� perièqoun mìno grammikoÔ ìrou twnmetablht¸n:Orismì 2.1. 'Ena montèlo onom�zetai grammikì, ìtan oi majhmatikè ekfr�sei pou pe-rigr�foun tou periorismoÔ tou montèlou kai thn antikeimenik  sun�rthsh den perièqounmh-grammikè sqèsei metaxÔ twn metablht¸n tou sust mato.Ant�stoiqa, h graf  tou montèlou grammikoÔ programmatismoÔ e�nai:
min z = c1x1 + . . . + cnxn

a11x1 + · · · + a1nxn ≥ b1...
am1x1 + · · · + amnxn ≥ bm (2.2) , se dianusmatik  morf :

min z = cx̄

Ax̄ ≥ b

x̄ ≥ 0 (2.3)H basik  mèjodo ep�lush problhm�twn grammikoÔ programmatismoÔ akolouje� thnex  idèa (algìrijmo simplex): Entop�zetai h perioq  efikt¸n lÔsewn gia to prìblhma(sth genik  per�ptwsh prìkeitai gia èna kurtì kleistì polÔedro N diast�sewn, ìpou Nto pl jo metablht¸n tou probl mato). Sth sunèqeia o algìrijmo metakine�tai ep� twnakm¸n tou poluèdrou metaxÔ twn koruf¸n tou (k�je koruf  apotele� pijan  bèltisth lÔsh),mèqri na entop�sei thn olik  bèltisth lÔsh. H olik  bèltisth lÔsh ja e�nai to shme�o ìpouto polÔedro tou q¸rou efikt¸n lÔsewn ef�ptetai me èna iso�yè ep�pedo th antikeimenik sun�rthsh. Se k�je f�sh th anaz thsh, oi akmè tou poluèdrou pou prìskeintai sthntrèqousa koruf  pou exet�zetai antistoiqoÔn se desmeutikoÔ periorismoÔ (sÔmfwna methn orolog�a tou simplex, an koun sth b�sh tou sust mato).Gia k�je prìblhma grammikoÔ programmatismoÔ (sÔsthma 2.3) or�zetai to ant�stoiqoduadikì:
max z = bT λ̄

AT λ̄ ≤ c

λ̄ ≥ 0 (2.4)Ta dÔo probl mata sundèontai metaxÔ tou me to isqurì je¸rhma duðkìthta4, pou or�zei4E�n sto arqikì sÔsthma (2.3) o arijmì twn periorism¸n uperba�nei ton arijmì twn metablht¸n, tìte oalgìrijmo epilègei na lÔsei to duðkì prìblhma. Autì exoikonome� upologistikoÔ pìrou, ef' ìson h b�shtou sust mato p�nw sthn opo�a ekteloÔntai algebriko� metasqhmatismo� isodunam�a e�nai tetragwnik me di�stash ton arijmì periorism¸n tou sust mato.



12 Kef�laio 2. Majhmatik  tupopo�hsh energeiakoÔ sust matoìti an gia èna apì ta dÔo sust mata (2.3) kai (2.4) up�rqei bèltisth lÔsh, tìte ja up�rqeikai gia to �llo, en¸ h tim  th antikeimenik  sun�rthsh ja e�nai h �dia:
bT λ̄∗ = cx̄∗ (2.5)Oi metablhtè λi tou duadikoÔ probl mato antistoiqoÔn stou periorismoÔ tou prw-teÔonto. Gia k�je periorismì pou e�nai perioristikì sto shme�o olikoÔ belt�stou, h ant�-stoiqh ski¸dh metablht  èqei tim  di�forh tou mhdenì:

λi =
∂z

∂bi
6= 0 ann i-stì periorismì desmeutikìkai ekfr�zei th metabol  th tim  th antikeimenik  sun�rthsh sto shme�o belt�stou giamonadia�a metabol  tou stajeroÔ ìrou tou ant�stoiqou periorismoÔ.2.3 To perib�llon montelopo�hsh GAMSTo sÔsthma GAMS5 (Genikì SÔsthma Algebrik  Montelopo�hsh) anaptÔqjhke arqik� apìeidikoÔ beltistopo�hsh susthm�twn sthn Pagkìsmia Tr�peza gia na dieukolÔnei thn an�-ptuxh montèlwn beltistopo�hsh ependÔsewn se anaptussìmene q¸re. Epitrèpei sto qr -sth na eisag�gei to sÔsthma pro ep�lush se perigrafik  gl¸ssa (high-level) kai diasundèeito montèlo me ton algìrijmo ep�lush pou efarmìzetai.2.3.1 Orismì sunìlwnH majhmatik  tupopo�hsh montèlwn sto GAMS bas�zetai ston orismì sunìlwn, me b�sh taopo�a g�netai o orismì twn dedomènwn kai twn exis¸sewn. 'Ola ta domik� stoiqe�a tousust mato (energeiakè morfè kai teqnolog�e) an koun se toul�qiston èna sÔnolo. Hd lwsh twn basik¸n sunìlwn tou montèlou fa�netai ston p�naka 2.1.2.3.2 Par�metroiTa dedomèna tou montèlou organ¸nontai se arqe�a EXCEL kai eis�gontai sto GAMS mèswkat�llhlwn endi�meswn programm�twn6. Prin g�nei h an�jesh dedomènwn, prèpei na èqounoriste� oi par�metroi tou montèlou (p�naka 2.2). Pèra apì ti rhtè anajèsei tim¸n stiparamètrou, to GAMS ektele� epiplèon anajèsei se eikonikè paramètrou.2.3.3 MetablhtèAnt�stoiqa dhl¸nontai oi metablhtè tou sust mato. H antikeimenik  sÔn�rthsh antistoi-qe� ep�sh se metablht  (p�naka 2.3).5www.gams.com6Ta arqe�a EXCEL diasundèontai me to GAMS mèsw th efarmog  gdxxrw.



2.3 To perib�llon montelopo�hsh GAMS 13
//SET_DEFINITIONS_NETWORK_TOPOLOGY_DATA-------------------------------------------------------------

SET P periods in model horizon

//-----------------------------------------------------------------------------------------

A all entities (nodes and overlying entities)

N(A) network nodes set {representing activity or energy form}

F(A) infrastructure entities: regulated networks

//-----------------------------------------------------------------------------------------

D(N) terminal nodes: [associated with useful energy demand]

DRES(D),DTER(D),DIND(D),DTRA(D) demand nodes - subsets

TCLASS end-use utilising technologies classes /ORD,IMP,ADV/

T(N) utilizing devices nodes: [end-use utilising technologies]

TINDi,TTERi,TRESi virtual nodes

TIND(N),TTRA(N),TRES(N),TTER(N)

F(N) nodes: [final energy] by aggregate sector

FRES(N),FTER(N),FIND(N),FTRA(N)

//-----------------------------------------------------------------------------------------

PRI(N) primary energy sources

NPRI(N) non depletable primary energy sources

FPRI(N) fossile primary energy sources

EXTR(N) fossile primary energy sources extraction nodes

RSRC(N) fossile primary energy resources nodes

TRNO(N) transformation activities nodes

INTE(N) intermediate energy carriers nodes

EHGX(N) electricity + heat generation nodes [existing]

EHGF(N) electricity + heat generation nodes [future]

//-----------------------------------------------------------------------------------------

IMPO(N) imports nodes

EXPO(N) exports nodes

...

;P�naka 2.1: Orismì sunìlwn: H apar�jmhsh twn mel¸n twn sunìlwn g�netai sto arqe�oeisìdou EXCEL tou montèlou.
//PARAMETERS_DEFINITION_BEGIN---------------------------------------------------------

...

IMPOQ (IMPO,P) imported energy carriers upper limit

...

EMF (M,N,E) emission factor by emission type by arc

...

K0 (*{M,F},CY) existing capacity in base year

...

CC (*{M,F},P) capital cost overnight investment

...

UEDEM (D,CY,*) useful energy demand data [in specific useful energy units]

...

//PARAMETERS_DEFINITION_END-----------------------------------------------------------P�naka 2.2: Orismì paramètrwn
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//-----------------------------------------VARIABLES------------------------------------------------

Variable obj objective function

Positive Variable

x(L,CY,P,S) energy flow along arc L:M-->N [in ktoe]

Ki(A,CY,P) investment in capacity [in ktoe per y]

xIn(M,CY,P,S) injection in node with storage capacity

xOut(M,CY,P,S) extraction from node with storage capacity

...

;

//------------------------------------BOUND-VARIABLES-----------------------------------------------

//no investment allowed in baseyear - existing equipment is fixed

Ki.fx(A,CY,P)$[ord(P) eq 1]=0;

... P�naka 2.3: Orismì metablht¸n2.3.4 Exis¸sei - orismì montèlouOi exis¸sei tou sust mato dhl¸nontai kai sth sunèqeia or�zontai. Gia na oloklhrw-je� h tupopo�hsh tou montèlou, prosdior�zetai h metablht  pou apotele� thn antikeimenik sun�rthsh kai h kateÔjunsh th beltistopo�hsh (p�naka 2.4).2.4 Algìrijmo ep�lushGia thn ep�lush tou montèlou qrhsimopoie�tai to prìgramma ep�lush (solver) CPLEX7, poudiasundèetai me thn tupopoihmènh perigraf  tou montèlou mèsw tou GAMS. Pèra apì thbasik  idèa tou algor�jmou simplex o CPLEX enswmat¸nei teqnikè pou epitaqÔnoun thneÔresh tou bèltistou shme�ou tou sust mato, ìpw h di�sqish th perioq  efikt¸n lÔsewnant� th exètash diadoqik¸n koruf¸n (sq ma 2.2).

7www.cplex.com
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//--------------------------------------------EQUATIONS---------------------------------------------

//--------------------------------------------declaration

Equations

udemDRES(DRES,CY,P,S) satisfy demand at residential sector useful energy demand nodes

...

eqFE(FE,CY,P,S) balance at final energy supply nodes

...

defObj objective function definition

...

//--------------------------------------------EQUATIONS---------------------------------------------

//--------------------------------------------definition

udemDRES(DRES,CY,P,S)..

SUM(L,[iNet(L,DRES)*x(L,CY,P,S)]$[iNet(L,DRES) =+1]) =g=

UEDEM(DRES,CY,P)*delta(S)/8760*alphaD(DRES,CY,S);

...

eqFE(FE,CY,P,S)..

SUM(L,[iNet(L,FE)*x(L,CY,P,S)*(1-LLoss(L))*(1-SUM(F$iFLINK(L,F),LossF(F)))]$[iNet(L,FE)=+1]) =e=

-SUM(L,[iNet(L,FE)*x(L,CY,P,S)]$[iNet(L,FE)=-1]);

...

defObj.. obj =e= SUM(CY,

SUM(P,( ... {objective function terms}

)/[(1+R(CY))**(PLEN*(ord(P)-1))]

))/1e+9;

//-------------------------------------------DEFINE MODEL = EQUATION SETS---------------------------

Model BEASTLP /ALL/;

SOLVE BEASTLP using LP minimizing obj;

P�naka 2.4: D lwsh kai orismì exis¸sewn



16 Kef�laio 2. Majhmatik  tupopo�hsh energeiakoÔ sust mato

Sq ma 2.2: 2-di�stato prìblhma grammikoÔ programmatismoÔ: sumbatik  mèjodo simplexkai di�sqish th perioq  efikt¸n lÔsewn pro thn kateÔjunsh ∇f = ∂f
∂x1

~x1 + ∂f
∂x2

~x2, ìpou
f h antikeimenik  sun�rthsh tou 2-di�statou probl mato.



Kef�laio 3Teqniko-oikonomik�qarakthristik� tou energeiakoÔuposust mato udrogìnouTo udrogìno èqei to uyhlìtero energeiakì perieqìmeno kat� m�za apì ìla ta kaÔsima (120-144MJ
kg )1. Wstìso, se kanonikè sunj ke (300K,1atm) to energeiakì tou perieqìmeno kat�ìgko e�nai 3 t�xei mikrìtero apì autì pou apaite�tai gia qrhsimopo�hs  tou se opoiad potekl�maka (10.8-12.7 MJ

Nm3 ), k�ti pou kajist� ti teqnolog�e apoj keush kai metafor� touudrogìnou se sumpiesmènh   ugr  morf  kr�simo st�dio sth diamìrfwsh enì bi¸simouenergeiakoÔ sust mato udrogìnou.3.1 Paragwg To udrogìno e�nai deuterogen  energeiakì forèa. Gia thn paragwg  udrogìnou mporoÔnna qrhsimopoihjoÔn di�foroi sunduasmo� pr¸th Ôlh kai prwtogenoÔ2 energeiakoÔ forèa.H mình per�ptwsh ìpou diaforopoie�tai h pr¸th Ôlh apì ton energeiakì forèa e�nai sthn pa-ragwg  udrogìnou apì nerì (mèsw hlektrìlush   jermik  di�spash). Jewr¸nta ìti tonerì br�sketai se afjon�a, h taxinìmhsh pou akolouje� bas�zetai ston prwtogen  energeia-
1 λM λV (l) λV (g)udrogìno 1.00 1.00 1.00mej�nio 0.25 2.10 3.30aij�nio 0.20 2.60prop�nio 0.18 2.50 8.70petrelaioeid  0.16 3.40aijanìlh 0.13 2.30mejanìlh 0.12 1.70 (ìpou oi lìgoi tou energeiakoÔ perieqomènou twn sumbatik¸nkaus�mwn pro to energeiakì perieqìmeno tou H2 d�nontai w ex : λM kat� m�za, λV (l) kat� ìgko ugroÔ  ugropoihmènou kaus�mou (an�loga me th fusik  kat�stash tou kaus�mou se sunj ke perib�llonto) kai

λV (g) kat� ìgko kaus�mou se aèria kat�stash)2Oi energeiako� fore� pou mpore� na metasqhmatistoÔn se udrogìno den e�nai apokleistik� prwtogene�.Anafèrontai w prwtogene� giat� prohgoÔntai tou udrogìnou sthn alus�da energeiak¸n metatrop¸n.17



18 Kef�laio 3. Teqniko-oikonomik� qarakthristik� tou energeiakoÔ uposust matoudrogìnoukì forèa - e�sodo k�je teqnolog�a. AkoloujoÔn oi mhqanismo� twn basik¸n teqnologi¸nparagwg  udrogìnou (taxinìmhsh an� eiserqìmeno sth diergas�a energeiakì forèa)3:1. Paragwg  apì fusikì aèrio - anasqhmatismì (natural gas steam reforming).Prìkeitai gia thn ex  kataluìmenh endìjermh ant�drash se dÔo st�dia:
CxHy + xH2O −→ xCO + (x + y/2)H2, x ≤ 4

xCO + xH2O −→ xCO2 + xH2H mèjodo aut  efarmìzetai s mera se egkatast�sei meg�lh kl�maka gia thn pa-ragwg  tou udrogìnou pou katanal¸netai apì th biomhqan�a se qhmikè diergas�e.Mpore� na sunduaste� me sullèkte hliak  jermik  enèrgeia gia thn aÔxhsh thapìdosh.2. Paragwg  apì bare� udrogon�njrake me merik  oxe�dwsh (partial oxidation).Pragmatopoie�tai ap' euje�a ant�drash merik  oxe�dwsh twn barèwn udrogonanjr�-kwn se uyhl  jermokras�a kai p�esh:
CxHy + x/2O2 −→ xCO + y/2H2H diergas�a aut  pragmatopoie�tai sun jw se egkatast�sei di�listhr�wn gia anakÔ-klwsh barèwn udrogonanjr�kwn qamhl  poiìthta. E�nai efarmìsimh mìno se meg�lhkl�maka.3. Paragwg  apì �njraka me aeriopo�hsh (gasification). Pragmatopoie�tai merik  kaÔ-sh (oxe�dwsh) tou �njraka, en¸ to H2 apomon¸netai se deÔterh f�sh apì to prokÔ-pton m�gma H2 kai CO (syngas). Apotele� apodotik  teqnolog�a an up�rqoun diajèsi-ma koit�smata �njraka. E�nai dunhtik� sumbat  me thn an�ptuxh enì periballontik�bi¸simou energeiakoÔ sust mato an sunduaste� me uposust mata katakr�thsh tou

CO2.4. Paragwg  apì biom�za (??)(sq ma 3.1): Oi alus�de metatrop  me e�sodo th biom�zadiairoÔntai se �mese kai èmmese (sti opo�e dhmiourgoÔntai endi�mesa apojhkeÔsimaenergeiak� proðìnta)4. W pro th diergas�a pou efarmìzetai gia th metatrop  thbiom�za, diakr�noume ti ex  kathgor�e:� Jermoqhmikè mèjodoi (aeriopo�hsh, purìlush): Prote�nontai pollaplè epilogègia th di�rjrwsh th diergas�a se biomhqanikì ep�pedo. Genik�, h aeriopo�hshth biom�za èqei qamhlìtero bajmì apìdosh apì thn aeriopo�hsh tou �njraka(lìgw tou qamhlìterou perieqomènou se H2 th biom�za). To telikì proðìn th3Stoiqe�a gia thn teqniko-oikonomik  axiolìghsh twn teqnologi¸n pou sqet�zontai me to energeiakìuposÔsthma tou udrogìnou parat�jentai sta [14℄,[9℄4To ?? anafèrei w pleonèkthma twn èmmeswn mejìdwn th dunatìthta di�spash ti alus�da metatrop se epimèrou st�dia, ¸ste to pr¸to st�dio na ulopoie�tai ìpou up�rqei diajesimìthta biom�za kai todeÔtero ìpou up�rqei z thsh udrogìnou. O sunduasmì autì elaqistopoie� ta kìsth metafor�.
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Sq ma 3.1: Energeiakì uposÔsthma biom�zaaeriopo�hsh e�nai m�gma kur�w H2,COx,CH4 pou an�loga me ta st�dia emplou-tismoÔ kai kajarismoÔ d�nei to telikì proðìn se di�forou bajmoÔ energeiakoÔperieqomènou.� Bioqhmikè mèjodoi.5. Apì hlektrismì (hlektrìlush). Prìkeitai gia hlektroqhmik  diergas�a pou prag-matopoie�tai se kÔttara hlektrìlush. H basik  arq  leitourg�a (ant�strofh twnkuyel¸n kaus�mou) sun�statai sti ex  antidr�sei pou pragmatopoioÔntai sta hle-ktrìdia tou hlektrolÔth5:
2H2O −→ O2 + 4H+ + 4e− ['Anodo]

4H+ + 4e− −→ 2H2 [K�jodo]
2H2O −→ 2H2 + O2 [Olik  ant�drash]To megalÔtero mèro th tim  pou diamorf¸netai gia to paragìmeno udrogìno ofe�le-5Basikè kathgor�e kutt�rwn hlektrìlush:� Alkaliko� hlektrolÔte� TÔpou “Proton Exchange Membrane”� Stere¸n oxeid�wn (Solid Oxide)



20 Kef�laio 3. Teqniko-oikonomik� qarakthristik� tou energeiakoÔ uposust matoudrogìnoutai sto kìsto tou hlektrismoÔ, ìtan h diergas�a hlektrìlush trofodote�tai apì tod�ktuo. 'Otan o hlektrismì proèrqetai apì anane¸sime phgè kai par�getai sth mo-n�da hlektrìlush, tìte to kìsto epèndush kuriarqe� sth diamìrfwsh th telik tim . H hliak  enèrgeia mpore� na qrhsimopoihje� gia thn hlektrìlush e�te �mesa medioqèteush reÔmato sth suskeu  hlektrìlush se jermokras�a perib�llonto, e�teèmmesa, ìpou èna mèro th sullegìmenh hliak  enèrgeia qrhsimopoie�tai gia thnparagwg  atmoÔ ston opo�o efarmìzetai h hlektrìlush. Ant�stoiqa diamorf¸nontaialus�de paragwg  udrogìnou apì �lle anane¸sime phgè. H hlektrìlush èqei topleonèkthma ìti up�rqei euelix�a sth diakop  kai epanek�nhsh th diadikas�a. Epo-mènw h paragwg  udrogìnou apì hlektrismì tou diktÔou ti ¸re qamhl  z thshprosjètei mia dunat  epilog  apoj keush hlektrismoÔ sto energeiakì sÔsthma.6. Apì jermik  enèrgeia: To nerì mpore� na diaspaste� se H2 kai O2 se endìjermokataluìmeno kÔklo6 qrhsimopoi¸nta jermìthta apì hliak    purhnik  enèrgeia7.Orismène apì ti parap�nw basikè kathgor�e mejìdwn paragwg  udrogìnou mporoÔnna ulopoihjoÔn se mikr    meg�lh kl�maka (opìte h tim  tou udrogìnou se ep�pedo telikoÔkatanalwt  diaforopoie�tai ant�stoiqa). H epilog  kentrik    katanemhmènh paragwg prosjètei ènan akìmh bajmì eleujer�a sth di�rjrwsh tou uposust mato udrogìnou.Basik� teqniko-oikonomik� megèjh teqnologi¸n paragwg  parat�jentai ston p�naka3.28.3.2 Apoj keush kai metafor�H qrhsimopo�hsh tou udrogìnou w energeiakoÔ forèa apaite� th metafor� kai apoj keus tou ston tìpo th paragwg    katan�lwsh gia kumainìmena qronik� diast mata9, prokei-mènou na tautoqroniste� h paragwg  me th z thsh. Ston p�naka 3.3 fa�netai to energeiakì6Endeiktik� anafèretai o kÔklo S − I2:
I2 + SO2 + 2H2O −→ 2HI + H2SO4

H2SO4 −→ H2O + SO2 + 1/2O2

2HI −→ H2 + I27H melèth twn dunat¸n jermodunamik¸n kÔklwn paragwg  H2 apì purhnik  jermik  enèrgeia fj�nei,metaxÔ �llwn lìgw th poluplokìthta pou apaite� h kataskeu  twn mon�dwn, en¸ ant�jeta h aÔxhshtou bajmoÔ sumpÔknwsh th sullegìmenh hliak  aktinobol�a pou mpore� na epiteuqje� prowje� touant�stoiqou kÔklou jermik  di�spash apì hliak  enèrgeia ([9℄)8Sta megèjh pou parat�jentai up�rqei meg�lo bajmì abebaiìthta pou prokÔptei apì thn prosp�jeiataxinìmhsh dedomènwn gia teqnolog�e pou br�skontai akìmh sto st�dio th an�ptuxh. Sth bibliograf�agia ti teqnolog�e paragwg  udrogìnou up�rqoun meg�le apokl�sei pou ofe�lontai kai sti upojèseisqetik� me ti oikonom�e kl�maka twn epimèrou teqnologi¸n. H abebaiìthta kai oi apokl�sei aux�nounakìmh perissìtero sta dedomèna twn teqnologi¸n apoj keush kai metafor� udrogìnou.9Analutik  diereÔnhsh twn dunat¸n sunduasm¸n perièqetai sto [2℄
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perieqìmeno tou udrogìnou an� morf  apoj keush10:1. Ugropoihmèno udrogìno: To uyhlì energeiakì perieqìmeno tou ugroÔ H2 kajist�thn ugropo�hsh tou H2 kat�llhlo endi�meso st�dio an prìkeitai na metaferje� semeg�lh apìstash. O kÔklo ugropo�hsh tou H2 apaite� meg�lh posìthta enèrgeia(yÔxh tou H2 apì jermokras�a perib�llonto w to shme�o zèsh (20,3 bajmo� p�nwapì to apìluto mhdèn) isoduname� me ap¸leia per�pou 15% tou arqikoÔ energeiakoÔperieqomènou). H apoj keush tou H2 se ugr  morf  apaite� eidik� monwmèna (¸ste namhn aux�netai h p�esh sto doqe�o lìgw merik  ex�tmish (boil-off) tou apojhkeumènou

H2) doqe�a pou aux�noun to kìsto tou sust mato apoj keush.2. Sumpiesmèno aèrio11: To H2 apojhkeÔetai upì p�esh (5-200atm) se doqe�a kat�llhla10Anafèrontai morfè apoj keush pou e�nai diajèsime sthn paroÔsa f�sh. H èreuna sto ep�pedoth apoj keush udrogìnou epikentr¸netai sta sust mata apoj keush se stere� morf  (ìpw aut� poubas�zontai ston �njraka kai epitrèpoun thn apoj keush tou H2 se uyhl  kat� m�za energeiak  puknìthta(èw kai 65% tou b�rou tou), pou exasfal�zoun asfal  kai stajer  apodèsmeush tou H2 apì to mèsoapoj keush).11Upoper�ptwsh apotele� h apoj keush se upìgeie fusikè dexamenè (p.q. oruqe�a), pou exart�tai apì



22 Kef�laio 3. Teqniko-oikonomik� qarakthristik� tou energeiakoÔ uposust matoudrogìnoue�te apokleistik� gia metafor� e�te gia metafor� kai apoj keush. Gia th sump�e-sh apaite�tai enèrgeia pou antistoiqe� se 6% ap¸leia energeiakoÔ perieqomènou giasump�esh se 6atm.3. Metallikì udr�dio: Prìkeitai gia en¸sei met�llwn me udrogìno ìpou h dèsmeushtou udrogìnou apì to mètallo e�nai elegqìmena anastrèyimh se kat�llhle sunj kep�esh - jermokras�a.Oi mèjodoi autè mporoÔn na qrhsimopoihjoÔn tìso gia statik  apoj keush tou udrogì-nou, ìso kai p�nw se oq mata pou qrhsimopoioÔn to udrogìno w forèa enèrgeia. An kai hepilog  mia mejìdou apoj keush gia mia sugkekrimènh efarmog  e�nai apl  mèsw teqniko-oikonomik  melèth, dhmiourge�tai shmantik  poluplokìthta se sqèsh me thn enswm�twshtwn epilog¸n apoj keush sta pla�sia enì energeiakoÔ sust mato meg�lh kl�maka. Giapar�deigma, to ugrì udrogìno èqei kat� m�za th megalÔtero energeiak  puknìthta, wstìsoapaite� monwmèno doqe�o gia thn apoj keus  tou en¸ h diadikas�a ugropo�hsh èqei shman-tikè ap¸leie. Ap¸leie prokaloÔntai kai apì th stadiak  ex�tmish gia meg�lh di�rkeiaapoj keush (per�ptwsh sthn opo�a e�nai idanik  h apoj keush se morf  udrid�ou lìgw mh-denik¸n apwlei¸n sth di�rkeia th apoj keush). E�nai profanè ìti gia th montelopo�hshtou energeiakoÔ uposust mato tou udrogìnou prèpei na lhfjoÔn up' ìyin gewgrafikè kaiqronikè par�metroi, ìpw ep�sh kai oi oikonom�e kl�maka pou parousi�zontai idia�teraèntone sto uposÔsthma tou udrogìnou. Tèlo, gia thn epilog  morf  apoj keush lam-b�netai up' ìyin h mèjodo paragwg  apì ìpou proèkuye to udrogìno (p.q. se orismènakÔttara hlektrìlush to H2 paragetai se sumpiesmènh morf .).Ston p�naka 3.4 parat�jentai qarakthristik� proseggistik� megèjh twn dunat¸n epilo-g¸n apoj keush tou H2.3.2.1 Epilogè metafor� H2 sthn telik  katan�lwshBasikè epilogè metafor� tou udrogìnou ston telikì katanalwt :1. odik 12 metafor� se kruogenik� but�a (eidik� monwmèna doqe�a ugroÔ H2)2. odik  metafor� se doqe�a sumpiesmènou aer�ou3. odik  metafor� stere¸n morf¸n udrogìnou4. metafor� mèsw agwgoÔ13: Ektì th upodom  agwg¸n apokleistik� gia dianom udrogìnou, to udrogìno mpore� na metaferje� mèsw tou up�rqonto diktÔou fusikoÔaer�ou. AnamignÔonta to fusikì aèrio me udrogìno (se desmeumènh analog�a, ex�it�ath idiìthta tou udrogìnou na antidr� me tou metallikoÔ agwgoÔ tou diktÔouta idia�tera qarakthristik� tou upì melèth energeiakoÔ sust mato.12  sidhrodromik 13Ta d�ktua agwg¸n èqoun meg�lh qwrhtikìthta, en¸ an� diast mata topojetoÔntai stajmo� anasum-p�esh tou aer�ou. Rujm�zonta thn p�esh tou aer�ou ston agwgì (kai epomènw th m�za tou aer�ou pouperièqetai sto sÔsthma), to sÔsthma metafor� mpore� na qrhsimopoihje� kai w sÔsthma apoj keush.
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Sq ma 3.4: Proseggistik� megèjh dunat¸n epilog¸n apoj keush tou H2

χωρητικότητα συστήματος αποθήκευσης (GJ)
κόστος επένδυσης 

(€2000/GJ) 
[χωρητικότητα]

κόστος 
αποθήκευσης 

(€2000/GJ)
συμπιεσμένο αέριο
βραχυχρόνια αποθήκευση (1-3 ημέρες)

~100 8000 4.0
~10,000 2000 1.8

~100,000 1500 1.5
μακροχρόνια αποθήκευση (~30 ημέρες)

~10,000 2800 35.0
~100,000 800 12.0

~1,000,000 500 7.0
βραχυχρόνια αποθήκευση (1-3 ημέρες) - υπόγεια δεξαμενή [προσέγγιση] 100 1.0
υγρό
βραχυχρόνια αποθήκευση (1-3 ημέρες)

~100 35000 17.0
~10,000 7000 7.0

~100,000 1800 5.0
μακροχρόνια αποθήκευση (~30 ημέρες)

~10,000 1600 22.0
~100,000 600 25.0

~1,000,000 150 6.0
μεταλλικό υδρίδιο
βραχυχρόνια αποθήκευση (1-3 ημέρες) [προσέγγιση]

~100,000 10000 4.0
μακροχρόνια αποθήκευση (~30 ημέρες) [προσέγγιση]

~1,000,000 18000 200.0



24 Kef�laio 3. Teqniko-oikonomik� qarakthristik� tou energeiakoÔ uposust matoudrogìnoupar�gonte gia sunduasmènh epilog  mejìdou apoj keush kai metafor�rujmì paragwg apìstash w ton telikì katanalwt qrìno apoj keush (isodÔnama, rujmì z thsh)P�naka 3.1: Par�metroi epilog  mejìdou apoj keush kai metafor�P�naka 3.2: Endeiktiko� upologismo� kìstou odik  metafor� H2 (phg : [9℄)per�ptwsh apìstash metafor� qwrhtikìthta doqe�ou(kg) kìsto e/GJ

H2(l), mikr  apìstash 100km 3500 2.0
H2(g), mikr  apìstash 100km 250 17.0
H2(l), meg�lh apìstash 800km 3500 7.6
H2(g), meg�lh apìstash 800km 250 76.0udrogìnou) to udrogìno mpore� na qrhsimopoihje� se jermikè diergas�e (kaÔsh) stonbiomhqanikì, oikiakì kai tritogen  tomèa, elatt¸nonta ti ekpompè pou ofe�lontaisti ant�stoiqe diergas�e.H katan�lwsh tou udrogìnou ston tomèa twn metafor¸n apaite� thn kataskeu  diktÔoustajm¸n trofodìthsh twn oqhm�twn. Ant�stoiqa me thn poluplokìthta twn sunduasm¸nmejìdwn paragwg , apoj keush kai metafor�, oi stajmo� mpore� na anefodi�zontai apìmon�de kentrik  paragwg    na perilamb�noun epitìpie mon�de mikr  kl�maka. Toependutikì kìsto diamorf¸netai an�loga kai apotele� antike�meno teqniko-oikonomik¸n me-let¸n. To kìsto epèndush enì stajmoÔ anefodiasmoÔ topojete�tai sthn kl�maka 1500-2000e/(kg/d).3.3 Teqnolog�e telik  qr shDiakr�nontai oi akìlouje kathgor�e telik  katan�lwsh H2: statikè efarmogè, seant�jesh me ti teqnolog�e tou tomèa metafor¸n, kai hlektroqhmikè diergas�e (oi opo�eulopoioÔntai se kuyèle kaus�mou), se ant�jesh me ti diergas�e pou bas�zontai sthn kaÔshtou udrogìnou14. Oi dunhtik� bi¸sime efarmogè tou H2 mèsw hlektroqhmik¸n diergasi¸n(fuel cells) epikentr¸nontai sthn prìwsh oqhm�twn kai thn (apokentrwmènh) sumparagwg hlektrismoÔ kai jermìthta15.� Statikè efarmogè kuyel¸n kaus�mou H2: Dunatè teqnolog�e gia ton tomèa autìe�nai oi ex  kathgor�e kuyel¸n: PEM, PAFC, MCFC, SOFC, AFC. Bas�zontai14H ant�drash kaÔsh tou H2 (H2 + O2 −→ H2O + Q) d�nei mhdenikè ekpompè CO2. Wstìso, ìtansthn kaÔsh qrhsimopoie�tai atmosfarikì aèra prokÔptoun ep�sh oxe�dia tou az¸tou NOx.15H an�ptuxh twn teqnologi¸n kuyel¸n kaus�mou eunoe� th dianemhmènh sumparagwg  hlektrismoÔ,diìti h apìdos  tou w pro ton paragìmeno hlektrismì kuma�netai sto 30-40%, en¸ sunupolog�zontathn paragìmenh jermìthta prosegg�zei to 85%



3.3 Teqnolog�e telik  qr sh 25Sq ma 3.5: Dunat� ped�a efarmog¸n kuyel¸n kaus�mou H2

Sq ma 3.6: Arq  leitourg�a fuel cell - sqhmatikì di�gramma (phg : www.ballard.com):Kuyèlh tÔpou PEM ìpou ta iìnta H+ (prwtìnia) dièrqontai mèsa apì membr�nh ¸ste naoloklhrwje� h ant�drash oxeidoanagwg .



26 Kef�laio 3. Teqniko-oikonomik� qarakthristik� tou energeiakoÔ uposust matoudrogìnouP�naka 3.3: Qarakthristik� teqnikooikonomik� megèjh statik¸n efarmog¸n hlektropara-gwg  apì kuyèle kaus�mou H2 mikr  kl�maka meg�lh kl�makaìria kl�sh 1-5kWel 0.1-10MWelapìdosh w pro thn hlektrik  enèrgeia 30% 50%olik  apìdosh 85% 85%suntelest  diajesimìthta 90% 90%qrìno zw  15y 15ykìsto epèndush e/kWel 11000 12000qrìno upodiplasiasmoÔ kìstou < 5y < 5ystajerì kìsto leitourg�a (% kìstou epèndush) 5% 3%sthn �dia arq  leitourg�a (sq ma 3.6) all� diaforopoioÔntai an�loga me to ped�-o efarmog  (mikr    meg�lh kl�maka egkat�stash, dunatìthta tautoqronismènhprosarmog  sth z thsh16, jermokras�a leitourg�a). Qarakthristik� genikeumènamegèjh gia thn kl�sh aut  efarmog¸n H2 parousi�zontai ston p�naka 3.3.� Statikè efarmogè sumbatik  kaÔsh H2: To H2 mpore� na qrhsimopoihje� se mo-n�de hlektroparagwg  mikr  kl�maka eswterik  kaÔsh (to kìsto epèndushkuma�netai sta e1400/kWel me hlektrik  apìdosh 0.45), kaj¸ kai se k�je efar-mog  jermik  metatrop  (paragwg  jermìthta uyhl  enjalp�a sto biomhqanikìtomèa, jèrmansh ston oikiakì   tritogen  tomèa).� Efarmogè kuyel¸n kaus�mou H2 ston tomèa twn metafor¸n: H arq  leitourg�a thkuyèlh kaus�mou e�nai h �dia. H diaforopo�hsh ègkeitai sto sqediasmì tou oloklhrw-mènou sust mato (to opo�o perilamb�nei ektì th kuyèlh ton hlektrikì kinht ra,to sÔsthma elègqou, yÔxh, paroq  aèra gia thn pragmatopo�hsh th ant�drashoxeidoanagwg 17 kai apoj keush tou H2 ep� tou oq mato. Me mèso kìsto twnsumbatik¸n mhqan¸n prìwsh oqhm�twn 30e/kW , o stìqo twn 60e/kW gia sust -mata H2
18 jewre�tai efiktì w to 2015.� Efarmogè H2 sumbatik  kaÔsh ston tomèa twn metafor¸n: H qrhsimopo�hsh H2se mhqanè eswterik  kaÔsh gia prìwsh oqhm�twn jewre�tai endi�meso st�dio19 thmet�bash se teqnolog�e FC20.16Endeiktik�, ta sust mata SOFC, MCFC apaitoÔn meg�lo qronikì di�sthma ekk�nhsh, opìte apokle�-ontai apì efarmogè mikr  kl�maka.17kai pijan� ton anasqhmatist  (reformer) tou kaus�mou (p.q. fusikì aèrio, mejanìlh), an to ìqhma dentrofodote�tai apèuje�a me H218http://www.eere.energy.gov/vehiclesandfuels/19Oi mhqanè eswterik  kaÔsh meionektoÔn w pro thn apìdosh kai ti ekpompè aèriwn rÔpwn (NOx)se sqèsh me ti kuyèle kaus�mou.20Oq mata H2ICE gia emporik  ekmet�lleush èqoun anaptuqje� metaxÔ �llwn apì ti etaire�e

www.stuartenergy.com, www.isecorp.com, www.ford.com, tropoi¸nta sumbatikoÔ kinht re.



Kef�laio 4An�ptuxh montèlou
4.1 Eisagwg  - Mejodolog�aTo montèlo pou anaptÔssetai e�nai èna grammikì (2.1), diaqronikì (inter-temporal) energeia-kì montèlo makroqrìniou energeiakoÔ sqediasmoÔ pou prosdior�zei th di�rjrwsh1 el�qistoukìstou tou energeiakoÔ sust mato. H lÔsh pou upolog�zetai e�nai lÔsh isorrop�a gia tonenergeiakì tomèa th oikonom�a. H isorrop�a tou energeiakoÔ sust mato perigr�fetai apìti energeiakè roè (  isodÔnama apì ti timè twn energeiak¸n agaj¸n pou upolog�zontaiendogen¸ apì to montèlo w duadikè timè twn exis¸sewn periorism¸n 2.4). To montèloodhge�tai apì thn ikanopo�hsh twn energeiak¸n anagk¸n th oikonom�a2 gia th di�rkeia touor�zonta tou montèlou. Den up�rqei rht  di�krish metaxÔ paragwg¸n kai katanalwt¸n stìsÔsthma. Gia k�je energeiak  morf  oi diergas�e pou trofodotoÔn ton kìmbo apoteloÔneikonikoÔ paragwgoÔ kai oi diergas�e pou trofodotoÔntai eikonikoÔ katanalwtè tousugkekrimènou forèa enèrgeia.H olik  isorrop�a th oikonom�a ephre�zei to energeiakì sÔsthma ìpw anapar�stataisto montèlo me tou ex  trìpou:� Mèsw th problepìmenh gia ton or�zonta tou montèlou z thsh gia energeiakè uph-res�e. H z thsh wfèlimh enèrgeia (Basic Energy Demand) e�nai exwgen  metablh-t  gia to montèlo energeiakoÔ sqediasmoÔ kai prokÔptei apì oikonometrik� montèla  montèla olik  isorrìp�a th oikonom�a. Jewre�tai ìti oi sunart sei z thshenergeiak¸n uphresi¸n e�nai stajerè (den up�rqei elastikìthta w pro to kìstoikanopo�hsh twn epimèrou energeiak¸n anagk¸n [sq ma 4.1℄).� Mèsw tou suntelest  anagwg  se paroÔsa ax�a (4.5.4).� Emmèsw, mèsw tou kìstou ergas�a kai ulik¸n pou ephre�zoun ta metablht� kaiependutik� kìsth twn energeiak¸n teqnologi¸n.1H di�rjrwsh tou energeiakoÔ sust mato or�zetai apì ti apof�sei tou montèlou sqetik� me tiependÔsei se teqnolog�e, ta ep�peda leitourg�a twn egkatesthmènwn teqnologi¸n kai thn analog�a metaxÔtwn enallaktik¸n energeiak¸n morf¸n trofodìthsh k�je diergas�a.2se ìrou wfèlimh enèrgeia, ìpw mhqanikì èrgo   jermìthta27



28 Kef�laio 4. An�ptuxh montèlou4.1.1 Idiìthte tou montèlouTo montèlo upolog�zei th bèltisth lÔsh sÔmfwna me ti ex  upojèsei:� Upojètoume ìti oi ependÔsei se teqnolog�e pou ulopoioÔntai sto montèlo mporoÔn naèqoun opoiod pote mègejo (agnooÔntai oi periorismo� diakritìthta). Sto pragmatikìenergeiakì sÔsthma wstìso, oi teqnolog�e energeiak¸n metatrop¸n e�nai diajèsimese diakrit� megèjh3.� H kat�stash isorrop�a sunep�getai elaqistopo�hsh tou olikoÔ kìstou. To mon-tèlo odhge�tai èmmesa mèsw th elaqistopo�hsh tou olikoÔ kìstou sti epimèroukatast�sei isorrop�a gia k�je energeiakì forèa kai gia th zhtoÔmenh wfèlimh enèr-geia. Sto sq ma [4.1℄ fa�netai h di�rjrwsh th kat�stash isorrop�a gia th z thshwfèlimh enèrgeia, ìpou upojètoume ìti h kampÔlh z thsh4 e�nai stajer�5. Ant�-stoiqa sto sq ma [4.2℄ fa�netai h isorrop�a pou diamorf¸netai endogen¸ sto montèlogia k�je mh termatikì kìmbo energeiakoÔ forèa (kìmboi FPRI, INTE, Fxxx sÔmfwname ton diaqwrismì twn domik¸n stoiqe�wn tou montèlou se sÔnola). K�je shme�-o asunèqeia th tmhmatik� stajer  kampÔlh prosfor� antistoiqe� se ex�ntlhshth diajèsimh posìthta enì pìrou   th dunamikìthta mia teqnolog�a (genik�,se enallag  twn periorism¸n pou br�skontai k�je stigm  sth b�sh tou grammikoÔsust mato tou montèlou [par�grafo 2.2℄).� To montèlo upolog�zei th diaqronik  isorrop�a tou energeiakoÔ tomèa, upojètontaìti o par�gonta l yh apof�sewn6 èqei a priori plhrofìrhsh gia ton or�zonta toumontèlou. H isorrop�a upolog�zetai se èna pèrasma (pass) gia ìle ti periìdou7.
3Gia na enswmatwje� h diakritìthta twn pragmatik¸n teqnologi¸n sto montèlo prèpei na efarmoste�miktì akèraio programmatismì.4Oi kampÔle prosfor� kai z thsh gia tou energeiakoÔ fore� tou montèlou den ekfr�zontai rht�,all� sqhmat�zontai endogen¸ kat� thn arijmhtik  ep�lush tou montèlou. Oi eikonikè kampÔle pouprokÔptoun perigr�foun thn kat�stash merik  isorrop�a pou upolog�zei to montèlo.5H tim  isorrop�a PE antistoiqe� sth ski¸dh tim  th ex�swsh periorismoÔ gia thn ikanopo�hsh thant�stoiqh z thsh. H eikonik  kampÔlh prosfor� pD = pD(q) gia k�je energeiak  uphres�a D dh-miourge�tai endogen¸ apì to montèlo. To sunolikì kìsto tou sust mato antistoiqe� sto �jroisma twnginomènwn th duadik  tim  k�je ex�swsh z thsh wfèlimh enèrgeia ep� ti ant�stoiqe zhtoÔmeneposìthte gia k�je D: X

D

QE(D)pE(D) (4.1)6social planner7H isorrop�a pou upolog�zetai me thn upìjesh aut  onom�zetai kai inter-temporal.
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Sq ma 4.1: Kat�stash isorrop�a stou kìmbou wfèlimh enèrgeia - stajer  z thsh giak�je energeiak  uphres�a

Sq ma 4.2: Kat�stash isorrop�a stou endi�mesou kìmbou energeiak¸n forèwn - endo-gen  diamìrfwsh eikonik¸n kampul¸n prosfor� kai z thsh



30 Kef�laio 4. An�ptuxh montèlou4.2 Par�stash energeiakoÔ sust mato4.2.1 Gr�fo anafor�H susthmatopoihmènh apeikìnish twn energeiak¸n susthm�twn me gr�fou anaptÔqjhkesto Brookhaven National Laboratory. Me ton ìro Gr�fo anafor� energeiakoÔsust mato   RES (Reference Energy System) ennooÔme èna grafikì montèlo pou peri-gr�fei ìle ti energeiakè roè kai metatropè se èna energeiakì sÔsthma. To RES meta-sqhmat�zetai se èna majhmatikì montèlo qrhsimopoi¸nta mejodolog�e th Epiqeirhsiak èreuna. Apotele� èna sÔnjeto di�gramma ro  ìpou anapar�stantai ìle oi energeiakèmetatropè apì thn exìruxh   th sullog  twn prwtogen¸n phg¸n enèrgeia w thn telik katan�lwsh. Sun jw akolouje�tai h ex  sÔmbash8:� kìmboi: AntistoiqoÔn se diergas�e paragwg , katan�lwsh   metatrop  enèr-geia.� kl�doi: AntistoiqoÔn se roè enèrgeia metaxÔ twn kìmbwn.To di�gramma ro  sqedi�zetai me for� apì ta arister� pro ta dexi�, ¸ste oi termatiko�kìmboi na antistoiqoÔn:� sti diajèsime phgè prwtogenoÔ enèrgeia (aristerì �kro)� sth z thsh gia wfèlimh enèrgeia se ep�pedo katanalwt  (dexiì �kro)Diatrèqonta èna di�gramma RES [sq ma 4.3℄ orizìntia akoloujoÔme thn alus�da enìenergeiakoÔ forèa apì thn paragwg  sthn telik  katan�lwsh. Diatrèqonta to �dio di�-gramma katakìrufa entop�zoume sÔnola teqnologi¸n pou antagwn�zontai metaxÔ tou giathn k�luyh th an�gkh gia k�poia energeiak  metatrop    sÔnola energeiak¸n forèwn pouantagwn�zontai metaxÔ tou gia na trofodot soun mia teqnolog�a.
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Sq ma 4.3: Par�stash tm mato energeiakoÔ sust mato me di�gramma RES8  h duadik  th,   akìmh ubridikè mèjodoi pou exasfal�zoun sunèpeia sthn perigraf  tou sust mato



4.2 Par�stash energeiakoÔ sust mato 31AfoÔ diamorfwje� o gr�fo anafor� tou sust mato9 prèpei h plhrofor�a gia thntopolog�a tou gr�fou na domhje� kat�llhla:H topologik  perigraf  tou gr�fou d�netai mèsw enì p�naka kìmbwn-kl�dwn [sq -ma 4.4℄, sÔmfwna me ton orismì:Orismì 4.2. 'Ena gr�fo G or�zetai w {V,E}, ìpou V sÔnolo twn kìmbwn kai E ⊂

V × V to sÔnolo twn kl�dwn pou sundèoun tou kìmbou metaxÔ tou. O gr�fo onom�zetaikateujunìmeno10 ìtan gia k�je kl�do E =
−−→
VdVa or�zetai kai h kateÔjuns  tou apì tonkìmbo anaq¸rhsh Vd ston kìmbo �fixh Va.O p�naka kìmbwn-kl�dwn èqei diast�sei card(V ) × card(E) kai ta stoiqe�a tou pa�r-noun timè aij = ±1: aij = +1 ann o kl�do−j xekin�ei apì ton kìmbo-i ,aij = −1 ann okl�do−j katal gei ston kìmbo-i kai aij = 0 alli¸.IsodÔnama, mporoÔme na perigr�youme to gr�fo me (tetragwnik , �nw trigwnik ) m traeggÔthta kìmbwn (adjacency matrix), diast�sewn card(V )× card(V ), ìpou bij = +1 annup�rqei kl�do pou na kateujÔnetai apì ton kìmbo−i ston kìmbo−j kai bij = +1 alli¸.H perigraf  aut  èqei to meionèkthma ìti prokÔptoun araio� p�nake gia sust mata meg�lwndiast�sewn, dhmiourg¸nta prìsjeto upologistikì kìsto.AfoÔ prosdioriste� h topolog�a tou gr�fou, prèpei na oristoÔn ta sundedemèna me k�jedomikì stoiqe�o tou gr�fou dedomèna se domhmènh morf . Tupik�, èna kìmbo z thsh qa-rakthr�zetai apì th zhtoÔmenh posìthta wfèlimh enèrgeia se orismèno qronikì di�sthma,èna kìmbo paroq  prwtogenoÔ enèrgeia apì th diajèsimh anakt simh posìthta, en¸ oiendi�mesoi kìmboi energeiak¸n diergasi¸n perigr�fontai apì èna suntelest  apìdosh kaithn egkatesthmènh dunamikìthta metatrop . An to montèlo leitourge� diaqronik�, lamb�-nonta apof�sei ependÔsewn, tìte k�je kìmbo diergas�a qarakthr�zetai ep�sh apì tokìsto epèndush kai leitourg�a. Stou kl�dou antistoiqe� èna suntelest  sqetik apìdosh th k�je morf  enèrgeia pou trofodote� mia diergas�a.'Ena montèlo energeiakoÔ sqediasmoÔ (beltistopo�hsh) basismèno sthn anapar�stashtou sust mato me morf  gr�fou akolouje� to genikìtero prìblhma beltistopo�hsh twnro¸n mèsw diktÔou (flow network). To prìblhma beltistopo�hsh tou energeiakoÔ sust -mato e�nai upoper�ptwsh tou genikoÔ probl mato beltistopo�hsh ro¸n11. O algìrijmoep�lush tou montèlou epidi¸kei ton entopismì olikoÔ belt�stou th antikeimenik  sun�r-thsh (elaq�stou an h antikeimenik  sun�rthsh ekfr�zei to olikì kìsto tou sust mato  meg�stou an ekfr�zei to olikì ìfelo), diathr¸nta to sÔsthma entì efikt¸n or�wn.An sti exis¸sei pou perigr�foun to montèlo oi sqèsei metaxÔ twn metablht¸n - ro¸nden perilamb�noun mh-grammikoÔ ìrou, tìte to montèlo e�nai grammikoÔ programmatismoÔ[2.2, sel. 10℄.9Up�rqoun sÔgqrona sust mata energeiak  montelopo�hsh ìpw to LEAP,

http://forums.seib.org/leap/ (sÔsthma kataskeu  montèlwn enèrgeia - perib�llonto) pou peri-lamb�noun grafikì perib�llon gia thn an�ptuxh tou gr�fou anafor�.10'Otan èna energeiakì montèlo anapar�statai me th bo jeia gr�fou, oi kl�doi antistoiqoÔn se energeia-kè roè pou èqoun orismènh kateÔjunsh.11Minimum Cost Flow Problem
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Sq ma 4.4: P�naka kìmbwn-kl�dwn gia thn topologik  perigraf  tou gr�fou anafor�4.3 Dom H dom  enì montèlou diaforopoie�tai apì èna sugkekrimèno stigmiìtupo th ulopo�hshtou montèlou. H dom  antistoiqe� sthn prosèggish tou energeiakoÔ sust mato. Mon-tèla gia diaforetikè perioqè ja èqoun akrib¸ thn �dia dom  all� ja diaforopoioÔntaista susqetismèna me ta domik� stoiqe�a tou montèlou dedomèna (ta opo�a diamorf¸noun tostigmiìtupo gia th sugkekrimènh perioq ).To energeiakì sÔsthma ìpw apeikon�zetai sto gr�fo tou montèlou apotele�tai apì:� kìmbou z thsh an� tomèa pou antistoiqoÔn sti zhtoÔmene energeiakè uphres�-e (lìgou q�rh: jèrmansh q¸rwn, metaforè epibat¸n, biomhqanik  paragwg ) pouprèpei na ikanopoioÔntai apì to sÔsthma� energeiakè phgè pou antistoiqoÔn sthn e�sodo energeiak¸n forèwn (mèsw exìruxhegq¸riwn pìrwn   eisagwg¸n)� energeiakè katabìjre, pou antistoiqoÔn sti exagwgè energeiak¸n agaj¸n� teqnolog�e (  diergas�e) pou e�te metasqhmat�zoun tou fore� enèrgeia se �llhmorf  e�te se wfèlimh enèrgeia� energeiak� agaj� (commodities) pou par�gontai   katanal¸nontai sto sÔsthma kai
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Sq ma 4.5: Basikì di�gramma ro  energeiakoÔ sust mato



34 Kef�laio 4. An�ptuxh montèloudiasundèoun tou kìmbou diergasi¸n metaxÔ tou. Ta energeiak� agaj� antistoiqoÔnse eikonikoÔ kìmbou qwr� sundedemèna (associated) dedomèna.� sust mata metafor� kai apoj keush energeiak¸n forèwnOi ontìthte pou apoteloÔn to gr�fo tou sust mato diakr�nontai se:1. Kìmbou tÔpou A: AntistoiqoÔn se energeiakè diergas�e kai qarakthr�zontai apì taex  megèjh:� Dunamikìthta metatrop  (se mon�de isqÔo). Se èna dunamikì montèlo gnwst e�nai h dunamikìthta tou ètou b�sh.� Suntelest  apìdosh.� Teqniko-oikonomik� qarakthristik�, ìpw kìsto epèndush kai anamenìmenoqrìno zw .2. Kìmbou tÔpou B: AntistoiqoÔn se energeiak� agaj�. Prìkeitai gia yeudokìmbouqwr� sundedemèna dedomèna   periorismoÔ (ektì apì thn ex�swsh isorrop�a toukìmbou)12.3. Kl�dou tÔpou A: ParistoÔn metafor� k�poiou energeiakoÔ agajoÔ. Qarakthr�zontaiapì:� Monadia�o kìsto metafor�  � To sÔnolo twn megej¸n pou isqÔoun gia tou kìmbou tÔpou A, ìtan h metafor�tou sugkekrimènou agajoÔ pragmatopoie�tai mèsw diktÔou (p.q. kl�do dianom hlektrismoÔ mèsw d�ktuou).4. Kl�dou tÔpou B: Eikoniko� kl�doi pou antistoiqoÔn se logistik  energeiak  ro ,qwr� sundedemèna dedomèna (6).5. D�ktua: AntistoiqoÔn se omadopoihmènou kl�dou gia tou opo�ou isqÔei ajroistik�periorismì ikanìthta metafor�.K�je kìmbo, kl�do   d�ktuo tou sust mato ìpou up�rqoun periorismo� dunamikìthtakai ìpou h aÔxhsh th dunamikìthta g�netai mèsw ependÔsewn an kei sto sÔnolo A.Oi komboi N tou montèlou omadopoioÔntai se sÔnola Ni ⊂ N . H taxinìmhsh g�netaisÔmfwna me thn enìthta tou energeiakoÔ sust mato sthn opo�a an koun (opìte ìloi oitermatiko� kìmboi z thsh omadopoioÔntai sto sÔnolo D)   sÔmfwna me ti qarakthristikèposìthte k�je kìmbou (gia par�deigma, oi kìmboi twn teqnologi¸n hlektroparagwg  dia-qwr�zontai apì tou �llou kìmbou deuterogen¸n metatrop¸n enèrgeia, diìti ta dedomènapou sqet�zontai me ti mon�de hlektroparagwg  e�nai diaforetik� domhmèna).H kathgoriopo�hsh twn kìmbwn N fa�netai ston p�naka [4.1℄ kai h diasÔndesh metaxÔtwn sunìlwn sto sq ma [4.6℄.12An gia k�poio kìmbo energeiakoÔ forèa up�rqei dunatìthta apoj keush, tìte ston kìmbo prosar-toÔntai ta ant�stoiqa dedomèna dunamikìthta kai apoj keush kaj¸ kai h ex�swsh pou perigr�fei thnisorrop�a apoj keush (6).



4.3 Dom  35P�naka 4.1: kathgoriopo�hsh kìmbwn N se sÔnolasÔnolo perigraf 
DIND,DTRA,DRES,DTER kìmboi z thsh wfèlimh enèrgeia
TIND,TTRA,TRES,TTER kìmboi metatrop  telik  enèrgeia se wfèlimh
FIND,FTRA,FRES,FTER telikè morfè enèrgeia pou katanal¸nontai an� to-mèa

EGEN teqnolog�e paragwg  hlektrismoÔ kai jermìthtaqamhl  enjalp�a (atmoÔ) (diaqwr�zontai sta uposÔ-nola EGE1 kai EGE2 gia up�rqouse kai mellontikèteqnolog�e ant�stoiqa)
TRNO teqnolog�e deuterogen¸n metatrop¸n enèrgeia (ìpouperilamb�nontai ta di�list ria) kai loipè energeiakèdiergas�e
INTE kìmboi endi�meswn energeiak¸n morf¸n (p.q. hlektri-smì sthn èxodo twn stajmoÔ paragwg )
PRIM prwtogene� fore� enèrgeia (diaqwr�zontai sta upo-sÔnola FPRI kai NPRI gia orukt� energeiak� agaj� kaimh-orukt�, ìpw oi anane¸sime phgè enèrgeia)
EXTR drasthriìthte exìruxh pou trofodotoÔn tou kìm-bou FPRI
RSRC kìmboi diajèsimwn pro exìruxh orukt¸n energeiak¸nforèwn (trofodotoÔn tou kìmbou EXTR)

IMPO,EXPO kìmboi eisagwg¸n kai exagwg¸n

Sq ma 4.6: Di�rjrwsh tou gr�fou anafor�, me sqèsei diasÔndesh metaxÔ twn sunìlwn



36 Kef�laio 4. An�ptuxh montèlouH topolog�a tou RES [4.2℄ perigr�fetai mèsw th m tra iNet(L, I), ìpou L to sÔnolotwn kl�dwn kai I to sÔnolo twn kìmbwn. Up�rqei kl�do metaxÔ twn kìmbwn I∗, J∗ mefor� apì ton kìmbo I∗ ston kìmbo J∗ an p�rqei L∗ tètoio ¸ste iNet(L∗, I∗) = −1 kai
iNet(L∗, J∗) = +1.Gia ta d�ktua F pou or�zontai w sÔnola omadopoihmènwn kl�dwn gia tou opo�ou isqÔeiajroistik� èna periorismì ikanìthta metafor� isqÔei Fi ⊂ L∀i.To olikì energeiakì sÔsthma mpore� na jewrhje� ènwsh dÔo uposusthm�twn (prosfor�kai z thsh telik  enèrgeia). To ep�pedo diaqwrismoÔ sto gr�fo tou olikoÔ sust matoe�nai to sÔnolo telik¸n energeiak¸n morf¸n Fxxx:4.3.1 UposÔsthma telik  energeiak  z thshTo montèlo kateujÔnetai apì th z thsh (5) gia energeiakè uphres�e (  wfèlimh enèrgeia)13pou katanèmetai stou ex  tome�14:� Biomhqanikì tomèa [5.2℄: K�je tomèa drasthriìthta th biomhqan�a DIND

i(termatikì kìmbo ) trofodote�tai apì sumplhrwmatikè teqnikè diergas�e
TIND

j(i) (p.q. jermikè   mhqanikè diergas�e, sump�esh aèra). Oi diergas�e tro-fodotoÔntai apì energeiakè morfè FIND
k(j(i)) antagwnistikè metaxÔ tou (p.q.fusikì aèrio, hlektrismì, proðìnta petrela�ou). Kat� thn ep�lush tou montèlou,upolog�zetai me b�sh thn arq  elaqistopo�hsh tou olikoÔ kìstou h z thsh gia tiantagwnistikè morfè telik  enèrgeia, pou an�getai pro to amèsw prohgoÔmenoep�pedo tou gr�fou. Ant�stoiqh e�nai h ierarq�a stou �llou tome� telik  energeia-k  z thsh, exair¸nta to gegonì ìti mìno sth biomhqan�a oi kìmboi teqnologi¸ne�nai sumplhrwmatiko� kai ìqi upokatast�simoi (kef�laio 5):� Tomèa metafor¸n [5.1℄: Oi drasthriìthte tou tomèa metafor¸n katanèmontaise:

– metaforè epibat¸n (me mon�da mètrhsh ta epibato-qiliìmetra   p-km)
– metaforè emporeum�twn (me mon�da mètrhsh ta tono-qiliìmetra   t-km)H z thsh gia thn ikanopo�hsh twn anagk¸n aut¸n kalÔptetai apì tou upotome� dra-sthriìthta tou tomèa metafor¸n DTRA

i, pou e�nai merik¸ upokatast�simoi metaxÔtou. K�je tomèa DTRA
i kalÔptetai apì antagwnistikè teqnolog�e TTRA

j(i) (p.q.epibatik� oq mata sumbatik  teqnolog�a eswterik  kaÔsh   ubridik� oq mata),oi opo�e me th seir� tou trofodotoÔntai apì antagwnistikè energeiakè morfè
FTRA

k(j(i)).13H z thsh gia to di�nusma Dxxx twn zhtoÔmenwn energeiak¸n uphresi¸n D =

DIND∪DRES∪DTER∪DTRA upolog�zetai apì oikonometrik� montèla   b�sh dhmografik¸n kai oi-konomik¸n problèyewn.14Ta dedomèna sqetik� me th z thsh wfèlimh enèrgeia proèrqontai apì to montèlo PRIMES. Ef' ìsono or�zonta tou montèlou uperba�nei ton or�zonta tou PRIMES, efarmìzoume grammik  proekbol  gia thsumpl rwsh twn ant�stoiqwn qronoseir¸n.



4.4 Qronikè kai qwrikè diast�sei 37� Tomèa oikiak¸n qr sewn: Diaire�tai se NRES upotome� energeiak¸n uphre-si¸n (p.q. jèrmansh, yÔxh, fwtismì). Antistoiqe� sto sÔnolo kìmbwn DRES. HzhtoÔmenh wfèlimh enèrgeia ekfr�zetai se "wfèlima� toe   �lle mon�de èkfrashth zhtoÔmenh energeiak  uphres�a. Gia k�je energeiak  uphres�a or�zontai sÔno-la TRES paragwg  th uphres�a (p.q. hliakì jermos�fwna   kaust ra fusikoÔaer�ou gia thn paragwg  wfèlimh jermìthta) kai ant�stoiqe antagwnistikè ener-geiakè morfè FRES trofodìthsh twn teqnologi¸n.� Tomèa emporik¸n kai �llwn qr sewn: Ant�stoiqa me ton oikiakì tomèa.To montèlo sqediasmoÔ pou ulopoie�tai kale�tai na apofas�sei sqetik� me to p¸ ja ka-lufje� h z thsh, apofas�zonta lìgou q�rh metaxÔ th epèndush se pio apodotikè te-qnolog�e ¸ste na parame�nei stajer  h katanaliskìmenh telik  enèrgeia,   katal¸nontamegalÔterh posìthta telik  enèrgeia qwr� na ependÔei se prohgmène teqnolog�e.K�je kìmbo energeiak  uphres�a [sq ma 4.7℄ èqei orismèna susqetismèna dedomènapou perigr�foun:� th zhtoÔmenh wfèlimh enèrgeia sth di�rkeia mia periìdou� thn kampÔlh fort�ou tou sugkekrimènou kìmbou 15.4.3.2 UposÔsthma prosfor� telik  enèrgeiaH enìthta prosfor� (kef�laio 6) kalÔptei th ro  th enèrgeia mèqri to ep�pedo tou te-likoÔ katanalwt  (kìmboi Fxxx telik¸n energeiak¸n morf¸n), perilamb�nonta ta tm mataprwtogen¸n energeiak¸n pìrwn, metatrop¸n se deuterogene� morfè, metafor�, diano-m  kai apoj keush. Oi kìmboi RSRC antistoiqoÔn sta anakt sima apojèmata egq¸riwnpìrwn pou trofodotoÔn ti ant�stoiqe diergas�e exìruxh EXTR. Ta exorussìmena ener-geiak� proðìnta FPRI antistoiqoÔn se èna uposÔnolo tou sunìlou prwtogen¸n energeiak¸nmorf¸n PRIM, en¸ ta upìloipa stoiqe�a tou PRIM apoteloÔn to uposÔnolo NPRI. Apì tiprwtogene� energeiakè morfè PRIM trofodotoÔntai oi diergas�e metasqhmatismoÔ EGExkai TRNO, en¸ orismène prwtogene� morfè kateujÔnontai apèuje�a sto di�nusma telik¸nenergeaik¸n morf¸n Fxxx. Ta energeiak� proðìnta pou prokÔptoun apì metasqhmatismìprwtogen¸n morf¸n (p.q. hlektrismì) an koun sto sÔnolo INTE, pou trofodote� tìsoto sÔnolo Fxxx ìso kai deuterob�jmie metatropè twn EGEx kai TRNO. Tèlo, oi egq¸rioipìroi sumplhr¸nontai apì ti eisagwgè IMPO pou kateujÔnontai e�te sto sÔnolo FPRI e�testo INTE.
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� ����� �� �� �� �� ������� ���� ����� �� �� �� �� ������� �������� ����� �� �� �� �� ��� �������� � ����� ����� �� �� �� �� ���������� ����� �� �� �� �� ������� ������� ����� �� �� �� �� ��� �� ���� �� ������� ��� �� �� �� �� �� ��  ���� �������� ����� �� �� �� �� ������� ����¡¢ £ ¤¥¡¢£ ¤¥¡¢£ ¤¥¡¢£ ¤¥
(dþ) DTER - tritogen  tomèaSq ma 4.7: Kìmboi z thsh energeiak¸n uphresi¸n D=DIND∪DTRA∪DRES∪DTER



4.4 Qronikè kai qwrikè diast�sei 39

Sq ma 4.8: Qronologik  kampÔlh hlektrikoÔ fort�ou sust mato gia th German�a sto ètob�sh: Me b�sh ta posost� summetoq  tou hlektrismoÔ sthn k�luyh k�je energeiak an�gkh epalhjeÔetai h kampÔlh fort�ou ìpw èqei diamorfwje� gia ti epimèrou uphres�e.
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Sq ma 4.9: Isorrop�a uposusthm�twn prosfor� kai z thsh sto ep�pedo telik  enèrgeia

Sq ma 4.10: Kat�tmhsh tou ètou se periìdou gia th diamìrfwsh twn kampul¸n fort�ou



4.4 Qronikè kai qwrikè diast�sei 414.4 Qronikè kai qwrikè diast�sei4.4.1 Qronikè diast�seiO gr�fo apotele� mia statik  apeikìnish tou energeiakoÔ sust mato. Ta dunamik� stoi-qe�a enswmat¸nontai sto montèlo se dÔo ep�peda:1. Entì mia periìdou (intra-period). Aut  h dunamik  di�stash epib�lletai apì tikampÔle fort�ou pou parathroÔntai se ep�pedo z thsh gia energeiakè uphres�e(end-user). Oi kampÔle fort�ou or�zontai gia k�je energeiak  uphres�a stì ter-matikì dexiì �kro tou gr�fou. Mèsw twn exis¸sewn kai anis¸sewn periorism¸n, hplhrofor�a gia th qronik  katanom  tou fort�ou z thsh metabib�zetai stou upì-loipou kìmbou me kateÔjunsh pro ta arister�16. Oi aiqmè z thsh èqoun meg�lhshmas�a gia to sÔsthma, ef' ìson meg�lo mèro twn ependÔsewn, kur�w sthn hle-ktroparagwg , pragmatopoie�tai gia na kalÔyei autè ti aiqmè (ex�swsh 4.5). Oienergeiako� fore� pou mporoÔn na apojhkeutoÔn (p.q. udrogon�njrake   stere�kaÔsima) parousi�zoun diakum�nsei sth z ths  tou sto epoqikì ep�pedo qronik kat�tmhsh. H kat�tmhsh th qronik  periìdou twn 8760 wr¸n g�netai sÔmfwna meto sq ma [4.10℄. Diakr�noume 2 epoqè sth di�rkeia enì ètou kai 5 tm mata sthdi�rkeia k�je hmèra. To kartesianì ginìmeno twn sunìlwn aut¸n d�nei 10 kl�smata
S tou ètou, di�rkeia dS . Gia k�je kìmbo z thsh D, an Q h zhtoÔmenh wfèlimhenèrgeia sth di�rkeia olìklhrou tou ètou, or�zoume th mèsh isqÔ PD = Q/8760kai to suntelest  aD

S = PD
S /PD (lìgo th zhtoÔmenh isqÔo sto sugkekrimènoqronikì kl�sma pro th mèsh zhtoÔmenh isqÔ), opìte isqÔei:

∑

S

aD
S

dS

8760
= 1 ∀D (4.2)Ant�stoiqa or�zoume kai thn kampÔlh diajesimìthta twn prwtogen¸n phg¸n enèr-geia. H epoqikìthta gia ti prwtogene� phgè enèrgeia perior�zetai sti anane¸si-me phgè diakoptìmenh paroq  (hliak    aiolik ).2. Diamèsou twn periìdwn (inter-period). Oi problèyei gia thn exèlixh twn exwgen¸nmetablht¸n(aþ) z thsh wfèlimh enèrgeia Ω(D,T )(bþ) diajèsime teqnolog�e kai ta ant�stoiqa teqniko-oikonomik� dedomèna15Oi qronologikè kampÔle fort�ou twn epimèrou energeiak¸n uphresi¸n èqoun prokÔyei apì eÔlogeupojèsei sqetik� me th sumperifor� twn katanalwt¸n an� tomèa, qrhsimopoi¸nta gia epal jeush tikampÔle hlektrikoÔ fort�ou (gr�fhma 4.3.1) pou e�nai gnwstè me akr�beia.16K�je kìmbo tÔpou B leitourge� w f�ltro gia thn kampÔlh fort�ou pou metabib�zetai sto sÔsthmasta arister� tou (sÔmfwna me thn kateÔjunsh energeiak¸n ro¸n). An o kìmbo enì energeiakoÔ forèaden èqei dunatìthta apoj keush (p.q. hlektrismì) tìte h kampÔlh fort�ou paramènei anallo�wth kaj¸dièrqetai apì ton kìmbo. An up�rqei dunatìthta apoj keush posìthta tou energeiakoÔ forèa (kef�laio6), tìte o kìmbo tropopoie� thn kampÔlh fort�ou, exomalÔnont� thn.



42 Kef�laio 4. An�ptuxh montèlou(gþ) tim  eisagìmenwn forèwn enèrgeia kai ep�peda eg¸riwn diajèsimwn pìrwnkaj¸ kai oi periorismo� pou sqet�zontai me ta diereunhtik� sen�ria ekfr�zoun thdunamik  di�stash tou montèlou diamèsou twn periìdwn.Ta dÔo stoiqe�a pou kajor�zoun thn inter-period di�stash tou montèlou e�nai:� h èktash tou qronikoÔ or�zonta pou exart�tai apì tou skopoÔ th an�lush, kai� h puknìthta stigmiotÔpwn entì tou qronikoÔ or�zonta pou exart�tai apì th zh-toÔmenh akr�beia an�lush kai th diajèsimh upologistik  isqÔ.Sto montèlo energeiakoÔ sqediasmoÔ meletoÔme to energeiakì d�ktuo gia orismèno qronikìor�zonta17 kat� th di�rkeia tou opo�ou apomon¸noume N periìdou. H ep�lush tou montèlou(diaqronik  isorrop�a) d�nei mia seir� stigmiotÔpwn tou energeiakoÔ sust mato. Oi per�odoipou exet�zontai èqoun afethr�a ta èth Tα
i , i = 1, ..., 11, Tα

1 = 2000 kai di�rkeia ∆τ i = 5.To èto anafor� gia k�je per�odo e�nai to pr¸to èto tou diast mato [Tα
i . . . Tα

i + ∆τ i].Ta èth pou an koun sthn �dia per�odo jewroÔntai ìmoia. Sta apotelèsmata, oi energeiakèroè kai ta ep�peda ekpomp¸n pou anafèrontai gia mia per�odo antistoiqoÔn kai sta ∆τ i = 5èth pou an koun sthn per�odo aut . Wstìso, gia ti ependÔsei pou pragmatopoioÔntai sem�a per�odo, upojetoume ìti autè ulopoioÔntai stigmia�a sthn arq  tou pr¸tou ètou thperiìdou kai e�nai diajèsime gia olìklhrh thn per�odo.4.4.2 Qwrikè diast�sei'Otan to montèlo epilÔetai gia m�a memonwmènh gewgrafik  perioq , jewroÔme ìti allhlepi-dr� me èna #apeiro sÔsthma". Tìte o gr�fo anafor� e�nai ep�pedo kai perigr�fetai apìth m tra iNet(L, I). An prostejoÔn epiplèon q¸re CY sto montèlo, tìte h m tra tougr�fou anafor� g�netai iNet∗(L∗, I∗), ìpou L∗ = LCY1
∪ LCY2

kai I∗ = ICY1
∪ ICY2

. Giak�je q¸ra anapar�getai o �dio gr�fo18 kai or�zontai epiplèon oi dunatìthte eisagwg¸n- exagwg¸n apì - pro ti upìloipe q¸re tou montèlou kai to #apeiro sÔsthma".
iNet∗(L∗, I∗) =






LCY1
LCY2

LCY1CY2

ICY1
iNet(CY1) ∅ · · ·

ICY2
∅ iNet(CY2) · · ·




4.5 Metablhtè - Exis¸seiShme�wsh 1. Sth gl¸ssa algebrik  montelopo�hsh GAMS, an X e�nai èna sÔnolo tìteto i-stoiqe�o tou sunìlou e�nai ep�sh prospel�simo me anafor� sto X (ant� gia Q[i]). Sthnperigraf  twn exis¸sewn diathroÔme aut  thn paradoq .17'Otan isqÔei H > maxi τi, ìpou H o or�zonta tou montèlou kai τi h di�rkeia zw  tou  dh up�rqontoexoplismoÔ, tìte exasfal�zoume ìti h telik  di�rjwsh tou sust mato exart�tai apokleistik� apì tiapof�sei tou montèlou.18An k�poio kìmbo (teqnolog�a   fusikì pìro) den èqei efarmog  sth sugkekrimènh q¸ra, tìtemetatrèpetai se anenergì kìmbo.



4.5 Metablhtè - Exis¸sei 434.5.1 MetablhtèOi metablhtè apìfash tou sust mato e�nai:� x(L,CY, P, S): ekfr�zei se ktoe th ro  enèrgeia gia èna (opoiod pote) èto thperiìdou P kat� th di�rkeia th qronik  upodia�resh S ep� tou kl�dou L gia thq¸ra CY . Anafèretai kai w xS
L, parale�ponta tou de�kte CY ,P .� y(L,CY, P ): ekfr�zei energeiak  ro , ìpw h metablht  x, parale�ponta apì taor�smat� th to qronikì kl�sma S. Oi metablhtè x kai y e�nai sumplhrwmatikè: Giak�je L, an x 6= 0 tìte y = 0 kai ant�strofa.� KI(A,CY, P ): ekfr�zei se ktoe/y thn epèndush pou pragmatopoie�tai gia epèktashth dunamikìthta th ontìthta A tou sust mato sthn per�odo P gia th q¸ra CY .Anafèretai kai w KIA.� Gia k�je kìmbo N energeiakoÔ forèa me dunatìthta apoj keush or�zontai epiplèon oimetablhtè xIn(N,Sin(N)) kai xOut(N,Sout(N)) pou ekfr�zoun thn apotamieuìmenhkai ektamieuìmenh enèrgeia ston kìmbo kat� th di�rkeia twn ant�stoiqwn qronik¸nklasm�twn (blèpe 6.5). Oi metablhtè autè sumb�lloun sth diamìrfwsh tou olikoÔkìstou tou sust mato mèsw tou metablhtoÔ kìstou gia k�je mon�da enèrgeiapou apotamieÔetai.H egkatesthmènh dunamikìthta th periìdou P gia to domikì stoiqe�o A ekfr�zetai w

KP (A,CY, P ) kai prokÔptei �mesa an e�nai gnwst  h arqik  dunamikìthta tou ètou b�sh
K0(A,CY ) kai oi ependÔsei pou èqoun pragmatopoihje� sti periìdou P ′ ≤ P . Gnw-r�zonta ti timè twn metablht¸n x,KI prosdior�zoume k�je par�metro leitourg�a tousust mato (energeiakè roè an� tÔpo forèa, ep�peda qrhsimopo�hsh egkatesthmènwn te-qnologi¸n, ekpompè aer�wn, eisagwgè   exagwgè).Shme�wsh 2. To pl jo twn kìmbwn tou montèlou e�nai th t�xh tou 103 (gia k�je q¸ra
CY ), en¸ o p�naka NET (I, J) (adjacency matrix tou gr�fou) èqei suntelest  puknìthta(to posostì twn mh-mhdenik¸n stoiqe�wn) per�pou 0.3%. Or�zonta ti metablhtè x, y ep�tou sunìlou L ant� tou kartesianoÔ ginomènou I × J exoikonomoÔme upologistikoÔ pìrou.Shme�wsh 3. H metablht  KI(A,CY, P ) or�zetai gia tou kìmbou tou gr�fou pou anti-stoiqoÔn se energeiakè diergas�e (dhlad  gia èna uposÔnolo tou N), kai gia ti sÔnjeteontìthte F pou antistoiqoÔn se metafor� energeiak¸n forèwn mèsw diktÔou, pou upakoÔounse periorismoÔ dunamikìthta. To sÔnolo ontot twn A èqei oriste� w A = N ∪ F .H arqik  per�odo tou sust mato apotele� to èto b�sh, gia to opo�o up�rqoun  dhdedomèna katagegrammèna se isozÔgia. Oi qarakthristikè posìthte tou montèlou (ener-geiakè roè, up�rqouse dunamikìthte teqnologi¸n) e�nai prokajorismène. H arqikopo�h-sh gia to èto b�sh ephre�zei to sÔsthma gia ti akìlouje periìdou, diìti tm ma twn dh ulopoihmènwn ependÔsewn exakolouje� na e�nai diajèsimo sti epìmene periìdou.



44 Kef�laio 4. An�ptuxh montèlou4.5.2 Exis¸seiOi exis¸sei   anis¸sei pou antistoiqoÔn stou periorismoÔ tou sust mato apoteloÔnti seirè (prosjètonta ton orismì th antikeimenik  sun�rthsh) [par�rthma 2.2℄ toumontèlou grammikoÔ programmatismoÔ19 kai prosdior�zoun thn perioq  efikt  leitourg�atou sust mato:� Ikanopo�hsh z thsh: Gia k�je kìmbo energeiak  uphres�a D, per�odo P , qronikìkl�sma S, h ro  pro ton kìmbo prèpei na kalÔptei thn problepìmenh z thsh.
∑

L,iNet(L,D)=+1

xL
P,S

︸ ︷︷ ︸�jroisma energeiak¸n ro¸npou kateujÔnontai pro ton kìmbo D

≥ Ω(D,P )
dS

8760
aS(D) ∀(D,P, S) (4.3)

� Periorismo� diajèsimwn prwtogen¸n phg¸n enèrgeia: An SY oi kìmboi prwtogen¸nphg¸n enèrgeia, tìte oi exis¸sei pou isqÔoun èqoun th morf :
∑

S

∑

L,iNet(L,SY )=−1

xL
P,S ≤ QSY (SY, P ) ∀(P, SY )  ∑

P

∑

S

∑

L,iNet(L,SY )=−1

xL
P,S ≤ QSYP (SY ) ∀SY (4.4)Gia par�deigma, gia ti anane¸sime phgè enèrgeia up�rqei prìbleyh tou et siouposoÔ enèrgeia pou mporoÔme na ekmetalleutoÔme, opìte efarmìzetai h pr¸th ex�sw-sh (ìpou SY=NPRI). Ant�stoiqa, gia tou oruktoÔ pìrou (ìpou SY=RSRC), up�rqeiekt�mhsh twn sunolik¸n posot twn pou mporoÔme na anakt soume sunolik� gia tonor�zonta tou sust mato, kai o ant�stoiqo periorismì d�netai apì t  deÔterh ex�sw-sh.� Periorismì energeiak  ro  sÔmfwna me thn trèqousa egkatesthmènh dunamikìthta.

∑

L:L(A)

xL
P,S ≤ AF (A)KP (A,P )

dS

8760
︸ ︷︷ ︸

ktoe pou mporoÔn na metasqhmatistoÔnapì th diergas�a A sth di�rkeia tou kl�smato S

∀(A,P, S) (4.5)O sumbolismì L : L(A) shma�nei ìti h energeiak  ro  ston kl�do L perior�zetai apìth dunamikìthta tou stoiqe�ou A. O suntelest  diajesimìthta tou exoplismoÔ e�nai
AF (A).Shme�wsh 4. Ta megèjh x kai KP antistoiqoÔn se ro  enèrgeia (ktoe) me qrìnoanafor� to èna èto (  8760h), opìte to dex� mèlo th ex�swsh (4.5) ekfr�zei semon�de enèrgeia th mègisth dunat  èxodo apì ton kìmbo diergas�a A.19Oi exis¸sei d�nontai sthn pio genik  morf  tou, en¸ oi eidikè peript¸sei parousi�zontai stiant�stoiqe paragr�fou.
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Sq ma 4.11: Metafor� dunamikìthta kai prosj kh nèwn ependÔsewnShme�wsh 5. H ex�swsh (4.5) ja e�nai perioristik  gia k�je A mìno gia m�a apì tiexis¸sei pou or�zontai gia ta tm mata qronologik  kat�tmhsh S. H apaitoÔmenhepèndush ja kajor�zetai apì to qronikì tm ma th periìdou anafor� (èto) ìpoudhmiourge�tai z thsh aiqm  gia ton sugkekrimèno kìmbo.� Metafor� apomènousa dunamikìthta stou kìmbou diergasi¸n sthn epìmenh per�-odo kai prosj kh nèwn ependÔsewn: Gia k�je stoiqe�o tou diktÔou A ìpou up�rqeiperiorismì dunamikìthta ulopoihmènh epèndush, h dunamikìthta gia thn per�odo Pd�netai apì th sqèsh:
KP (A,P ) = K0(A)

(

1 −
(P − 1)PLEN

LFT (A)

)

︸ ︷︷ ︸[apomènousa dunamikìthta apì thn  dh egkatesthmènh sto èto b�sh℄
+

∑

PP≤P
(P−PP )PLEN≤LFT (A)

KI(A,PP )

︸ ︷︷ ︸[�jroisma prìsjetwn ependÔsewn pou èqoun ulopoihje� met� to èto b�sh℄ (4.6)Upojètoume dhlad  ìti h apomènousa dunamikìthta apì ton  dh egkatesthmèno exo-plismì tou ètou b�sh mei¸netai grammik� me to qrìno, en¸ oi nèe ependÔsei e�naileitourgikè gia to sÔnolo tou megèjou th arqik  epèndush gia qronikì di�sthma
LFT (A) (sq ma 4.11).� Isorrop�a stou mh-termatikoÔ kìmbou: Gia ton tupikì kìmbo I pou den an keisti peript¸sei exairèsewn (kìmboi pollapl¸n eisìdwn me desmeumènh analog�a,  pollapl¸n exìdwn me desmeumènh analog�a, ìpw o kìmbo pou anaparist� th diÔlish



46 Kef�laio 4. An�ptuxh montèloutou argoÔ petrela�ou) isqÔei h akìloujh ex�swsh isorrop�a th ro  pou dièrqetaiapì ton kìmbo:1. Gia kìmbo I tÔpou B:
∑

L

iNet(L, I)x(L,CY, P, S) = 0 ∀(CY,P, S) (4.7)H ex�swsh 4.7 gr�fetai alli¸:
∑

L:iNet(L,I)=+1

x(L,CY, P, S)

︸ ︷︷ ︸ro  pou af�knutai ston kìmbo I

= −
∑

L:iNet(L,I)=−1

x(L,CY, P, S)

︸ ︷︷ ︸ro  pou apomakrÔnetai apì ton kìmbo I

(4.8)
2. Gia kìmbo tÔpou A (pou qarakthr�zetai apì suntelest  apìdosh):

EF (I, T )
∑

L,iNet(L,I)=+1

x(L,CY, P, S) =
∑

L,iNet(L,I)=−1

x(L,CY, P, S) (4.9)� Termatikì periorismì ep�rkeia egkatesthmènwn ependÔsewn20: To montèlo bel-tistopoie� th di�rjrwsh tou sust mato gia ton or�zonta anafor�, agno¸nta thnperaitèrw exèlixh tou sust mato. Autì èqei w sunèpeia na programmat�zei ti epen-dÔsei epitrèponta th mazik  apìsursh twn teleuta�wn ependÔsewn met� thn teleuta�aper�odo tou or�zonta. Aut  h sumperifor� tou grammikoÔ montèlou elaqistopoie� toolikì kìsto tou sust mato gia ton or�zonta anafor�, all� apotele� kak  exo-mo�wsh twn pragmatik¸n sunjhk¸n leitourg�a enì energeiakoÔ sust mato. Gia thdhmiourg�a omal¸n termatik¸n sunjhk¸n prost�jetai mia ex�swsh th morf :
g(KP (A,P )) ≥ 0 an h per�odo P e�nai h teleuta�a per�odo tou or�zonta (4.10)� Prìsjetoi periorismo� gia thn ikanopo�hsh sumplhrwmatik¸n stìqwn, ìpw h el�t-twsh twn ekpomp¸n aer�wn (kef�laio 7), th morf :

h

(
∑

L

x(L,CY, P )

)

≥ 0 ∀(CY,P ) (4.11) 
h

(
∑

L

x(L,CY )

)

≥ 0 ∀CY (4.12)20O periorismì autì mpore� na upokatastaje� apì thn epim kunsh tou or�zonta H tou montèlou, pèraapì ti periìdou pou ma endiafèrei na melet soume. Ta megèjh twn periìdwn P ′ : P ′
≥ H jewroÔn-tai ìmoia me ta megèjh th teleuta�a periìdou tou pragmatikoÔ or�zonta. 'Etsi oi an¸male sunj ketermatismoÔ tou or�zonta melèth metafèrontai sto tèlo tou plasmatkoÔ or�zonta H'.



4.5 Metablhtè - Exis¸sei 474.5.3 Duadikè metablhtèGia k�je periorismì tou sust mato or�zetai h ant�stoiqh duadik  metablht  (2.4). Gia pa-r�deigma, se k�je ex�swsh th morf  (4.3) antistoiqe� mia ski¸dh metablht  λD(D,P, S)pou ekfr�zei thn aÔxhsh th antikeimenik  sun�rthsh olikoÔ kìstou tou sust mato giamonadia�a aÔxhsh th z thsh Ω(D,P, S). Profan¸ ìle oi exis¸sei (4.3) e�nai periori-stikè gia to sÔsthma, opìte ant�stoiqa oi duðkè timè tou e�nai mh-mhdenikè21. Ant�jeta,gia ti duðkè metablhtè λC(A,P, S) pou antistoiqoÔn sti exis¸sei (4.5), gia k�je kìmbo
A kai per�odo P ja up�rqei mìno èna S∗ ∈ S tètoio ¸ste λC(A,P, S) 6= 0, ef' ìson hegkatesthmènh dunamikìthta gia k�je diergas�a exart�tai apì to qronikì kl�sma aiqm .H exètash twn duadik¸n tim¸n e�nai qr simo ergale�o gia thn epibeba�wsh th swst topologik  dom  tou gr�fou kai gia ton entopismì exis¸sewn pou kajistoÔn thn eÔreshlÔsh anèfikth (infeasible).4.5.4 Antikeimenik  sun�rthshH antikeimenik  sun�rthsh, thn opo�a elaqistopoie� to montèlo majhmatikoÔ programmati-smoÔ tou energeiakoÔ sust mato, ekfr�zei to sunolikì kìsto gia ton or�zonta melèthanhgmèno sto èto b�sh. JewroÔme ìti ìle oi ependutikè apof�sei lamb�nontai èqontagn¸sh twn mellontik¸n sunj k¸n gia ìlh th di�rkeia tou or�zonta (full-foresight).To kìsto ependÔsewn eis�getai me th morf  isìposwn et siwn tokoqrewlutik¸n dì-sewn plhrwm¸n sth di�rkeia tou teqnologikoÔ qrìnou zw  th epèndush. H paroÔsaax�a th seir� plhrwm¸n, anhgmènh sto èto pragmatopo�hsh th epèndush isoÔtai me topragmatikì kìsto se ìrou mellontik  ax�a th epèndush pou apofas�zei to montèlo.H anagwg  se seir� plhrwm¸n g�netai sÔmfwna me ton tÔpo:

Ri = K
rern

ern − 1
∀i = 1, .., n (4.13)ìpou K to kìsto th epèndush sto èto b�sh (èto pragmatopo�hsh epèndush), r osuntelest  anagwg 22, n o qrìno zw  th epèndush.21To olikì kìsto tou sust mato sthn kat�stash isorrop�a e�nai P

D,P,S
λD(D, P, S)Ω(D, P, S).22H epilog  tou suntelest  r apotele� me�zon jèma sto makroqrìnio sqediasmì:� Arqik  prosèggish: Gia probl mata makroqrìniou sqediasmoÔ (upojètonta ìti h oikonom�a pa-rousi�zei jetik  an�ptuxh gia qronikì or�zonta pou te�nei sto �peiro) w suntelest  anagwg qrhsimopoioÔntan to social discount rate (�jroisma dÔo sunistws¸n pou ekfr�zoun th dhmografik exèlixh kai thn teqnologik  an�ptuxh ant�stoiqa) prosauxhmèno kat� èna suntelest  ependutikoÔkindÔnou rR. O suntelest  anagwg  orismèno kat� ton trìpo autì antiproswpeÔei to sumbatìme thn makroqrìnia oikonomik  an�ptuxh epitìkio.� Sta sÔgqrona montèla energeiakoÔ sqediasmoÔ h parap�nw prosèggish katarr�ptetai ([1℄den isqÔeih upìjesh �peirou qronikoÔ or�zonta an�ptuxh, ef' ìson o or�zonta tou montèlou e�nai peperasmè-no, [2℄to energeiakì sÔsthma apotele� mèro th olik  oikonom�a). W suntelest  anagwg qrhsimopoie�tai h bèbaia apìdosh kefala�wn rK (epitìkia kratik¸n omolìgwn) prosauxhmènh kat�to suntelest  rR. Lamb�nonta up' ìyin ìti sto energeiakì sÔsthma oi ependÔsei pragmatopoioÔn-tai apì idi¸te, prost�jetai h sunist¸sa rP . Telik� o suntelest  anagwg  diamorf¸netai w

r = rK + rR + rP .



48 Kef�laio 4. An�ptuxh montèlouOi upìloipe sunist¸se tou kìstou tou sust mato (metablhtì kìsto leitourg�a)anafèrontai se et sia b�sh, opìte gia k�je per�odo i tou or�zonta prokÔptei to et siokìsto Ci.To kìsto Ci pou anafèrontai sthn i−st  per�odo an�getai sto èto b�sh me b�sh tosuntelest  anagwg  r:
Ci

0 = Ci
1

(1 + r)i
(4.14)Tìte:

obj =
∑

CY

∑

i

Ci
CY 1

(1 + rCY )i
(4.15)Shme�wsh 6. SÔmfwna me thn parap�nw ex�swsh, sthn antikeimenik  sun�rthsh peri-lamb�netai to kìsto pou antistoiqe� mìno se èna èto gia k�je per�odo tou or�zonta. Ef�osonìle oi sunist¸se anafèrontai se et sia b�sh, h elaqistopo�hsh th sun�rthsh obj d�neito �dio apotèlesma me thn elaqistopo�hsh th obj∗ = PLEN obj23.To kìsto leitourg�a Ci gia thn per�odo i tou sust mato perilamb�nei:� Kìsth ependÔsewn se teqnolog�e, anhgmèna se isìpose seirè plhrwm¸n.� Et sia (stajer� kai metablht�) kìsth leitourg�a kai sunt rhsh twn ulopoihmènwnependÔsewn.� Kìsth eisagwg¸n (me�on èsoda apì exagwgè) energeiak¸n agaj¸n.� Kìsth egq¸ria exìruxh prwtogen¸n morf¸n enèrgeia.� Kìsth metafor� kai dianom  energeiak¸n forèwn.H genik  èkfrashCi tou kìstou gia k�je CY e�nai (jewr¸nta ìti A e�nai k�je stoiqe�o[kìmbo diergas�a N , kl�do L   ajroistikì d�ktuo F ℄ pou sumb�llei sto olikì kìstotou sust mato):

Ci =
∑

A

RA
i [et sio kìsto apoplhrwm  epèndush (4.13)℄

+
∑

A

KpA
ifA

FC [stajerì kìsto leitourg�a℄
+

∑

A

∑

L=L(A)

xL
ifA

V C [metablhtì kìsto leitourg�a℄
+

∑

I

xIpI [eisagwgè℄ −
∑

E

xEpE [exagwgè℄ (4.16)Gia par�deigma, to kìsto metafor� energeiak¸n agaj¸n ìtan aut  den pragmatopoie�taimèsw diktÔou (p.q. metafor� petrelaioeid¸n me butiofìra) apod�detai ston ant�stoiqo kl�do23O grammikì programmatismì èqei thn idiìthta na d�nei thn �dia lÔsh gia thn arqik  sun�rthsh p kaik�je metasqhmatismì αp+ β.



4.5 Metablhtè - Exis¸sei 49
L, pou jewre�tai ìti èqei mìno metablhtì kìsto fL

V C (monadia�o kìsto metafor� an�mon�da enèrgeia). Gia ton prosdiorismì ton tim¸n fL
V C èqei g�nei h proseggistik  paradoq ìti agnooÔme th qwrik  di�stash tou probl mato. Aplopoihtik�, jewroÔme ìti to kìstometafor� twn energeiak¸n forèwn apotele� èna orismèno posostì th telik  tim  stonkatanalwt .





Kef�laio 5UposÔsthma qr sh enèrgeiaTo uposÔsthma qr sh enèrgeia perigr�fei thn katan�lwsh twn morf¸n telik  enèrgeia(pou prokÔptoun w proðìnta twn uposusthm�twn prosfor�) gia thn ikanopo�hsh twnanagk¸n th oikonom�a se energeiakè uphres�e. H metatrop  th telik  enèrgeia (Fxxx)se wfèlimh enèrgeia Dxxx pragmatopoie�tai mèsw twn teqnologi¸n qr sh (Txxx), ìpou xxxoi tome� stou opo�ou diaqwr�zetai h z thsh energeaik¸n uphresi¸n th oikonom�a:5.1 Tomèa metafor¸nH z thsh energeiak¸n uphresi¸n ston tomèa metafor¸n [p�naka 4.7℄ diaqwr�zetai stouuper-tome� epibatik¸n kai emporeumatik¸n metakin sewn (MTRA1). Oi upotome� DTRA ∈ MTRAantagwn�zontai metaxÔ tou gia thn k�luyh twn anagk¸n gia metaforè, upì periorismoÔ:Me dedomènh thn arqik� problepìmenh2 katanom  λ0
DTRA = d∗DTRA/d∗MTRA stou upo-tome� DTRA th z thsh gia epibatikè/ emporeumatikè metaforè, to montèlo epitrèpeith qal�rwsh aut¸n twn katanom¸n ekatèrwjen twn posost¸n pou problèpei to PRIMES(prosjètonta epiplèon bajmoÔ eleujer�a sth diamìrfwsh th isorrop�a tou sust ma-to, ef�oson e�nai dunatìn ta zhtoÔmena pkm   tkm na pragmatopoihjoÔn me opoiad poteteqnolog�a th kathgor�a DTRA):

∑

L:iNet(L,DTRA)=−1

xI,DTRA ≤ (λ0
DTRA + σ+) d∗MTRA (5.1)

∑

L:iNet(L,DTRA)=−1

xI,DTRA ≥ (λ0
DTRA − σ−) d∗MTRA (5.2)H dunatìthta upokat�stash metaxÔ twn kl�sewn z thsh DTRA perior�zetai apì tou sun-telestè σ+, σ−.Oi teqnolog�e telik  qr sh (sÔnolo TTRA) trofodotoÔntai apì ti upokatast�sime1Oi uper-tome� ston tomèa twn metafor¸n e�nai eikoniko� kai den apeikon�zontai sto gr�fo tou sust -mato.2me b�sh ta dedomèna tou PRIMES 51



52 Kef�laio 5. UposÔsthma qr sh enèrgeiaP�naka 5.1: ped�a dedomènwn gia to sÔnolo teqnologi¸n metafor� TTRAped�o perigraf 
K0 diajèsimh ikanìthta teqnolog�a to èto b�sh (se arijmì kmpou dianÔjhkan)

CC0 kìsto epèndush to èto b�sh (se e an� ìqhma)
EF0 apìdosh teqnolog�a (se 106 pkm   tkm an� toe telik  enèr-geia) gia ta teqnologik� dedomèna tou ètou b�sh
LFT qrìno teqnologik  zw 

FIXOM stajerì kìsto sunt rhsh exoplismoÔ (se e an� ìqhma)
SLOPECC,FLOORCC par�metroi kampÔlh me�wsh kìstou epèndush
SLOPEEF,FLOOREF par�metroi kampÔlh belt�wsh apìdosh

TAV teqnologik  diajesimìthta: duadik  par�metromorfè telik  enèrgeia tou tomèa metafor¸n (sÔnolo FTRA)3.
FTRA

toe
// TTRA

vkm
// DTRAH b�sh dedomènwn tou montèlou perièqei gia to sÔnolo TTRA ta ped�a tou p�naka [5.1℄.Gia thn anagwg  th zhtoÔmenh energeiak  uphres�a se arijmì oqhm�twn èqoun qrh-simopoihje� oi suntelestè ALF(DTRA) kai VKMY(DTRA), orismènoi ep� tou sunìlou upotomèwn

DTRA, ìpou ALF ekfr�zei to lìgo pkm   tkm pro ta ant�stoiqa oqhmatoqiliìmetra (vkm)kai VKMY to mèso arijmì oqhmatoqiliomètrwn pou pragmatopoie� se et sia b�sh k�je ìqhma4.Ston p�naka ?? fa�netai èna tm ma tou sq mato dedomènwn gia ti teqnolog�e tou tomèametafor¸n. An�loga èqoun domhje� ta dedomèna gia tou upìloipou tome� z thsh.Shme�wsh 7. Gia orismène apì ti teqnolog�e energeiak¸n metatrop¸n tou montèloud�nontai ektì apì to kìsto epèndush kai thn apìdosh sto èto b�sh kai oi par�metroi
(s[lope],f[loor]) pou or�zoun thn anamenìmenh teqnologik  tou prìodo. Gia thn prosarmog tou kìstou epèndush isqÔei h ex�swsh:

CCt = CC0[(1 − f)e−s(t−1) + f ] (5.3)Ant�stoiqa, gia thn prosarmog  th apìdosh mia teqnolog�a isqÔei h ex�swsh:
1

EFt
=

1

EF0
[(1 − f)e−s(t−1) + f ] (5.4)3To udrogìno w morf  telik  enèrgeia gia ton tomèa metafor¸n, antistoiqe� ston kìmbo tÔpouB TRHDG∈FTRA. De g�netai di�krish metaxÔ twn teqnologi¸n udrogìnou me b�sh th fusik  morf  touudrogìnou pou mpore� na katanal¸sei (ugropoihmèno, sumpiesmèno aèrio, se stere� morf  metallikoÔudrid�ou). H abebaiìthta sta proseggistik� kìsth twn teqnologi¸n udrogìnou uperba�nei thn anakr�beiapou dhmiourge� aut  h paradoq .4Par�deigma proseggistikoÔ upologismoÔ stìlou benzinok�nhtwn epibatik¸n autokin twn to èto bash:Apì statistik� stoiqe�a gnwr�zoume ìti sth German�a dianÔjhkan to èto b�sh 780 ·109 epibatoqiliìmetrase epibatik�, ek twn opo�wn to 76% me benzinok�nhta oq mata. Lamb�nonta up' ìyin tou suntelestè

VKMU = 1.3 (pou shma�nei ìti kat� mèso ìro antistoiqoÔn 1.3 epib�te se k�je ìqhma) kai ALF = 13000(mèso suntelest  fort�ou oq mato), prokÔptei 780·10
9

1.3·13000
≃ 46 · 106 oq mata.
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Sq ma 5.1: H teqnologik  prìodo w exwgen  par�metro tou montèlou: KampÔlh me�w-sh tou kìstou epèndush, ex�swsh [5.3℄H grafik  par�stash tou kìstou epèndush se sun�rthsh tou qronou gia di�foretimè twn paramètrwn ìtan h teqnologik  prìodo e�nai dedomènh fa�ntai sto sq ma [5.1℄.Ant�stoiqa or�zontai oi kampÔle teqnologik  proìdou kai gia �lle teqnolog�e qr -sh tou sust mato, jewr¸nta thn teqnologik  prìodo exwgenè dedomèno me monadik par�metro to qrìno5.Gia orismènou sunduasmoÔ morf¸n telik  enèrgeia kai teqnologi¸n telik  qr sht�jentai �nw (  k�tw) ìria sth dunatìthta upokat�stash metaxÔ twn energeiak¸n morf¸n6.Gia par�deigma, oi sumbatiko� kinht re diesel mporoÔn na qrhsimopoi soun bio-kaÔsimamèqri èna ìrio an�mix  tou sto sumbatikì kaÔsimo. O periorismì autì (sq ma 5.2), pou5H paradoq  sqetik� me thn prokajorismènh anamenìmenh teqnologik  prìodo eis�gei epiplèon abe-baiìthta sto montèlo tou sust mato. Oi upojèsei pou g�nontai gia thn teqnologik� qarakthristik�orismènwn diergasi¸n e�nai kr�sime gia ta apotelèsmata tou montèlou. Autì epite�netai apì to gego-nì ìti to montèlo èqei ulopoihje� me mejìdou grammikoÔ programmatismoÔ, pou te�noun na dhmiourgoÔnakra�e sumperiforè tou sust mato pou exomoi¸netai. Se sÔgqrona montèla tÔpou bottom-up([?℄, [?℄)h teqnologik  prìodo apotele� endogen  par�metro. H aploÔsterh morf  th montelopo�hsh th sqè-sh metaxÔ tou kìstou epèndush CC mia teqnolog�a kai th  dh ulopoihmènh dunamikìthta K thteqnolog�a e�nai h kampÔlh m�jhsh enì par�gonta:
CC(K) = α K−b (5.5)SÔmfwna me th sqèsh aut , to kìsto th teqnolog�a mei¸netai kat� 1 − 2−b ìtan diplasiaste� h egka-testhmènh dunamikìthta th teqnolog�a.6Autì o periorismì e�nai stigmiìtupo twn periorism¸n pou isqÔoun gia kìmbou pollapl¸n eisìdwnme fragmènh dunatìthta upokat�stash metaxÔ twn eisìdwn.
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 �Sq ma 5.2: Periorismì analog�a energeiak¸n morf¸n pou eisèrqontai se ènan kìmbo ener-geiak  diergas�aisqÔei kai se �llou sundusmoÔ teqnologi¸n kai energeiak¸n morf¸n perigr�fetai apì thnex�swsh:
li
∑

j

xj ≤ xi ≤ ui

∑

j

xj (5.6)5.2 Biomhqanikì tomèaH ierarq�a th anapar�stash tou biomhqanikoÔ tomèa sto montèlo fa�netai sto sq ma5.4. Oi epimèrou diergas�e TINDi7 (gia k�je diergas�a up�rqoun trei kl�sei diajèsi-mwn teqnologik¸n epilog¸n TIND [ORD,IMP,ADV]) k�je tomèa biomhqanik  paragwg 
DIND e�nai sumplhrwmatikè metaxÔ tou, dhlad  gia thn paragwg  mia mon�da k�-poiou biomhqanikoÔ proðìnto apaite�tai summetoq  ìlwn twn diergasi¸n se prokajorismènhanalog�a. Oi eisroè apì k�je diergas�a TINDi(DIND) ston ant�stoiqo tomèa biomhqanik paragwg  DIND èqoun metaxÔ tou desmeumènh analog�a, kai oi ant�stoiqoi periorismo� e�nai(σu, σl suntelestè euelix�a tou periorismoÔ sumplhrwmatik¸n diergasi¸n):

∀TINDi :
∑

TIND(TINDi)
L:iNet(L,TIND)=−1

x(L) ≤ (1 + σu)
∑

DIND(TINDi)
L:iNet(L,DIND)=+1

x(L)

∑

TIND(TINDi)
L:iNet(L,TIND)=−1

x(L) ≥ (1 − σl)
∑

DIND(TINDi)
L:iNet(L,DIND)=+1

x(L) (5.7)Oi diergas�e TIND trofodotoÔntai apì to sÔnolo upokatast�simwn morf¸n telik  enèr-geia tou tomèa FIND8.Shme�wsh 8. Or�zetai èna uposÔnolo bP ⊂ TIND twn kìmbwn biomhqanik¸n dierga-si¸n pou par�gei paraproðìnta (aèrio uyikam�nwn   sidhrourgi¸n) pou anakukl¸nontai stoenergeiakì sÔsthma (sq ma 5.6). Oi kl�doi bPL ⊂ L sundèoun tou kìmbou bP me toukìmbou tÔpou B twn paraproðìntwn. Gia thn prosfor� paraproðìntwn isqÔei o periorismì:
∀bP

∑

bPL:iNet(bPL,bP )=−1

x(bPL) ≤ au(bP )
∑

L:iNet(l,bP )=+1

x(L) (5.8)7Oi diergas�e montelopoioÔntai èmmesa sto sÔsthma mèsw twn tri¸n kl�sewn (vintages) teqnologi¸npou ulopoioÔn thn k�je diergas�a.8To udrogìno w morf  telik  enèrgeia tou biomhqanikoÔ tomèa antistoiqe� stou kìmbou INHDG kai
INNGH (fusikì aèrio se an�mixh me udrogìno). Kai oi dÔo energeiakè morfè kateujÔnontai apokleistik�se jermikè   qhmikè diergas�e, ef�oson h katanemhmènh hlektroparagwg  twn biomhqani¸n ent�ssetaisthn enìthta prosfor� enèrgeia (6).
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(aþ) Tm ma tou p�naka dedomènwn gia ti teqnolog�e tou tomèa metafor�, ìpw èqei anaptuqje� se
EXCEL. 'Ola ta dedìmèna (topologik  perigraf  kai teqniko-oikonomik� qarakthristik�) tou sust matoèqoun anaptuqje� se logistik� fÔlla, anex�rthta apì thn tupopoihmènh perigraf  twn exis¸sewn toumontèlou.
(bþ) Topolog�a tou gr�fou anafor� gia ton tomèa metafor¸n: Ta stoiqe�a tou sunìlou FTRAsundèontai me ta stoiqe�a tou TTRA me 57 kl�dou, opìte o suntelest  puknìthta tou tm matoautoÔ tou p�naka net(FTRA,TTRA) antistoiqe� se 12.7%.Sq ma 5.3: Dedomèna gia ton tomèa metafor¸n
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DIND TINDtechnical coefficient FINDsubstitution

demand_sector sector process technology_class input_fuel

IND

building_materials

iron_ and_steel

non_ferrous_metals

paper_and_pulp

chemicals

food_drink_tobacco

engineering

textiles

other_industries

RES

TER

TRA air_compressing

low_enthalpy_heat

motor

electric_process

high_enthalpy_heat

thermal_process

non_energy_use

ORDinary

IMProved

ADVanced

diesel_oil

heavy_fuel_oil

natural_gas

solid_fuels

Sq ma5.4:Ierarq�athmontelopo�hshstobiomhqanikìtomèa
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D_INDTINDi IMP

INDUSTRIAL
SECTORENERGY PROCESS

TINDi ORD

TINDi ADV

TINDi

TECHNOLOGY

...

...

Ai

Sq ma 5.5: Kajorismèno lìgo eisro¸n an� tomèa biomhqanik  paragwg 

Sq ma 5.6: Prosfor� paraproðìntwn biomhqanik¸n diergasi¸n: AntistoiqoÔn ston kìmbotÔpou B energeiak  morf  BYG pou anakukl¸netai sto sÔsthma w kaÔsimo jermik¸nstajm¸n hlektroparagwg .H energeiak  ro  pro to paraproðìn de sumperilamb�netai sthn ex�swsh isorrop�a toukìmbou.Sto biomhqanikì uposÔsthma z thsh h metablht  pou perigr�fei ti energeiakè roè wto ep�pedo telik  enèrgeia e�nai h y, h opo�a den èqei w ìrisma ta qronik� kl�smata S. HkampÔlh fort�ou th biomhqanik  z thsh efarmìzetai mìno sto ep�pedo telik  enèrgeia,apall�ssonta to montèlo apì thn epiplèon poluplokìthta tou upogr�fou biomhqanik z thsh.5.3 Oikiakì kai tritogen  tomèaOi teqnolog�e telik  qr sh (sÔnola TRES kai TTER) antagwn�zontai metaxÔ tou gia thnk�luyh twn ant�stoiqwn energeiak¸n uphresi¸n kai trofodotoÔntai apì ti upokatast�simemorfè telik  enèrgeia tou oikiakoÔ kai tritogenoÔ tomèa (sÔnola FRES kai FTER). Oikatanalwtè twn tomèwn aut¸n qrhsimopoioÔn udrogìno �mesa (se jermikè diergas�e medunatìthta an�mixh me fusikì aèrio), opìte trofodotoÔntai apì tou kìmbou telik 



58 Kef�laio 5. UposÔsthma qr sh enèrgeiaP�naka 5.2: ped�a dedomènwn gia ta sÔnolo teqnologi¸n qrhsimopo�hsh telik  enèrgeia
TIND, TRES, TTER ped�o perigraf 

K0 diajèsimh ikanìthta teqnolog�a to èto b�sh (se wfèlima
toe sthn èxodo tou sust mato metatrop )

CCORD, CCIMP , CCADV kìsto epèndush (se e an� dunatìthta metatrop  1 wfèli-mou toe an� èto)
EFORD, EFIMP , EFADV apìdosh teqnolog�a an� kl�sh

LFT qrìno teqnologik  zw 
FIXOM, VAROM stajerì kai metablhtì kìsto sunt rhsh exoplismoÔ (se

e an� ìqhma)
TAV per�odo apì thn opo�a kai met� m�a teqnolog�a e�nai diajèsimhenèrgeia RENGH,TENGH (H2 se an�mixh me fusikì aèrio) kai REHDG,TEHDG (kajarì H2gia qr sh se diergas�e apèuje�a kaÔsh),   èmmesa, mèsw mon�dwn hlektroparagwg  mee�sodo udrogìno, opìte h ant�stoiqh telik  enèrgeia katagr�fetai w telik  z thsh giahlektrismì (kai jermìthta).H apomìnwsh dedomènwn (tupik�: kìsto epèndush, stajerì kai metablhtì kìstoleitourg�a, diajèsime kl�sei teqnologi¸n kai ant�stoiqa kìsth kai apodìsei [p�naka5.3℄) gia ti teqnolog�e telik  metatrop  enèrgeia stou tome� autoÔ (ìpw ep�sh kaisto biomhqanikì tomèa) parousi�zei dusqèreie. Autè prokÔptoun apì to ìti (se ant�jeshme ton tomèa metafor¸n, ìpou oi teqnolog�e e�nai anex�rthte stand-alone), stou tome�

RES, TER, IND apoteloÔn mèro mia eurÔterh egkat�stash pou dhmiourge� epiplèonadr�neia gia thn upokat�stash metaxÔ teqnologi¸n   kaus�mwn.Gia tou trei autoÔ tome� èqei prosteje� èna epiplèon periorismì pou ekfr�zei thnadr�neia sthn upokat�stash twn teqnologi¸n   morf¸n telik¸n qr sewn. O periorismìe�nai desmeutikì sti pr¸te periìdou kai exasjene� sti epìmene.
FRES

toe
// TRES

utoe
// DRES

FTER
toe

// TTER
utoe

// DTERShme�wsh 9. H diadikas�a l yh apof�sewn tou montèlou sqetik� me ti ependÔsei seteqnolog�e qrhsimopo�hsh se ep�pedo katanalwt  parousi�zei adunam�a. Epeid  to montèloepidi¸kei thn elaqistopo�hsh tou olikoÔ kìstou tou sust mato, agnoe� th diadikas�a l yhapof�sewn apì epimèrou par�gonte (agents), ìpw oi oikiako� katanalwtè. Se tmhmatik�(modular) montèla tou energeiakoÔ sust mato ìpw to NEMS[?℄   to PRIMES lamb�-nontai up' ìyin oi mh oikonomikè par�metroi th sun�rthsh qrhsimìthta twn epimèroukathgori¸n katanalwt¸n.



Kef�laio 6Enìthta prosfor� enèrgeiaH enìthta paragwg  tou sust mato anafèretai sthn exìruxh (  sullog , ìtan anafe-rìmaste sti anane¸sime energeiakè phgè) egq¸riwn energeiak¸n prwtogen¸n pìrwn,eisagwg  kai exagwg  prwtogen¸n kai deuterogen¸n energeiak¸n forèwn kai diergas�emetatrop  se telikè morfè enèrgeia (p.q. di�lish petrela�ou, paragwg  hlektrismoÔ,paragwg  H2). Perilamb�nei ep�sh ta d�ktua metafor� kai dianom  twn energeiak¸nforèwn mèqri to ep�pedo telik  qr sh.6.1 Exìruxh prwtogen¸n orukt¸n pìrwn kai sullog mh orukt¸n pìrwnTa anakt sima apojèmata prwtogen¸n orukt¸n pìrwn apoteloÔn to sÔnolo RSRC, oi dier-gas�e exìruxh to sÔnolo EXTR, en¸ ta energeiak� agaj� pou prokÔptoun apì thn exìruxhto sÔnolo FPRI. O periorismì pou isqÔei gia tou kìmbou RSRC ekfr�zetai w:
∀EXTR :

∑

P

∑

L,iNet(L,RSRC)=−1

yL
P ≤ Q(RSRC)

︸ ︷︷ ︸[diajèsima apojèmata℄ (6.1)IsqÔei ep�sh h perioristik  sunj kh ìti h exorussìmenh posìthta se k�je per�odo den mpo-re� na uperba�nei thn egkatesthmènh isqÔ, ant�stoiqa me k�je kìmbo energeiak  diergas�a:
∀(P,EXTR) :

∑

L,iNet(L,RSRC)=−1

yL
P ≤ KpT (EXTR) (6.2)Shme�wsh 10. Gia to sÔnolo twn mh-exantl simwn pìrwn NPRI (anane¸sime phgè kaipurhnik  enèrgeia1) or�zoume ènan periorismì et sia anakt simh posìthta:

∀(NPRI, P, S) :
∑

L,iNet(L,NPRI)=−1

xL
P,S ≤ Q(NPRI, P )

dS
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aS(NPRI) (6.3)1H purhnik  enèrgeia ent�ssetai kataqrhstik� sthn kathgor�a twn mh-exantl simwn pìrwn giat� hex�ntlhsh twn koitasm�twn ouran�ou topojete�tai sto makroprìjesmo mèllon, se sqèsh me ton or�zon-ta tou montèlou. Oi periorismo� sqetik� me th qr sh purhnik  enèrgeia epikentr¸nontai se zht matapolitik¸n kai periballontik¸n proteraiot twn kai e�nai exwgene� gia to montèlo.59



60 Kef�laio 6. Enìthta prosfor� enèrgeiaSton periorismì autì lamb�netai up' ìyin h epoqikìthta (sÔmfwna me thn kat�tmhsh touètou se qronikè z¸ne) orismènwn anane¸simwn phg¸n (hliak  kai aiolik  enèrgeia). Hekmet�lleush twn mh-exantl simwn pìrwn aux�nei to kìsto tou sust mato mìno sthnper�ptwsh th biom�za kai twn organik¸n apobl twn BMW kai th purhnik  enèrgeia NUC.Sto sq ma 6.1 fa�netai sugkentrwtik� h dom  tou gr�fou mèqri to ep�pedo th st lhprwtogen¸n morf¸n enèrgeia PRIM, ìpw aut  eis�getai se èna energeiakì isozÔgio.Shme�wsh 11. Ta kìsth epèndush gia ti egkatast�sei exìruxh upolog�zontai èmmesame b�sh to energeiakì isozÔgio tou ètou b�sh w ex : An n o qrìno zw  th egkat�-stash, r to epitìkio epistrof  kefala�ou, K to egkatesthmèno kefalaiouqikì kìsto toèto anafor� se e, Q = P/α h upojetik  posìthta pou ja e�qe paraqje� sto èto anafor�an e�qan exantlhje� ta perij¸ria dunamikìthta tou exoplismoÔ, α o suntelest  qrhsi-mopo�hsh, V C kai FC to metablhtì kai stajerì kìsto leitourg�a ant�stoiqa, rern

ern−1 osuntelest  upologismoÔ th et sia seir� plhrwm¸n gia thn apoplhrwm  th epèndushkai p h tim  tou exorussìmenou energeiakoÔ agajoÔ, prokÔptei, upojètonta timolìghsh stomèso olikì kìsto:
p =

K rern

ern−1 + FC K + V C αQ

αQApì th sqèsh aut  upolog�zetai to K, pou sundèetai me to kìsto epèndush CC (se e
ktoe/y )me th sqèsh K = CCαQ.H �dia mèjodo akolouje�tai gia thn trofodìthsh tou montèlou me dedomèna kìstouepèndush kai qrhsimopo�hsh gia ta diulist ria kai ta d�ktua metafor� kai dianom hlektrismoÔ kai fusikoÔ aer�ou. Me thn paradoq  ìti h dianom  mèsw diktÔou timologe�taisto mèso olikì kìsto eis�getai shmantik  anakr�beia sto montèlo, ef�oson agnooÔntai oipar�metroi topolog�a twn diktÔwn, en¸ parabi�zetai h upìjesh ìti h oikonom�a leitourge� sepl rh antagwnismì, opìte ta energeiak� proðìnta timologoÔntai sto oriakì kìsto. Eidik�gia ti teqnolog�e exìruxh, upojètoume epiplèon ìti gia ìlh thn posìthta pou anafèretaiw diajèsimh (kìmboi RSRC) to ependutikì kìsto epèktash twn egkatast�sewn exìruxhe�nai stajerì (h pragmatik  kampÔlh prosfor� e�nai aÔxousa [sq ma 2.1.1℄).6.2 Eisagwgè - ExagwgèOi emporeÔsimoi energeiako� fore� IMPO,EXPO antistoiqoÔn e�te sto sÔnolo PRIM (prwto-gene� fore�) e�te sto INTE (deuterogene� fore�). Gia thn eÔresh th isorrop�a sthnenergeiak  agor� mia memonwmènh q¸ra jewroÔme tou ex  periorismoÔ:� Gia tou prwtogene� energeiakoÔ fore� (fusikì aèrio, argì petrèlaio, stere� kaÔ-sima), t�jetai èna an¸tato ìrio eisagwg¸n gia k�je per�odo P tou or�zonta:

∀( IMPO
︸ ︷︷ ︸t.w.:net(IMPO,FPRI)=1

, P ) : y(LIMPO, P ) ≤ Q(IMPO,P ) (6.4)
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Sq ma 6.1: Tm ma prwtogenoÔ paroq  enèrgeia sto sÔsthma
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Sq ma 6.2: Epibol  periorism¸n sti eisagwgè kai exagwgè tou sust mato (ep�lush giamemonwmènh q¸ra)� Gia ta proðìnta petrela�ou (deuterogene� energeiako� fore�), to an¸tato ìrio ei-sagwg¸n t�jetai w posostì th olik  z thsh pou dhmiourge�tai endogen¸ stomontèlo (se sunduasmì me ton prohgoÔmeno periorismì to montèlo exanagk�zetai napragmatopoie� ependÔsei sta di�list ria gia na exasfal�zetai aut�rkeia tou sust -mato):
∀( IMPO

︸ ︷︷ ︸t.w.:net(IMPO,INTE(OIL−PROD))

, P ) :

y(LIMPO, P ) ≤ U(IMPO,P ) y(Ldem
IMPO, P )

︸ ︷︷ ︸z thsh gia deuterogene�energeiakoÔ fore� (6.5)ìpou 0 < U(IMPO) < 1.� To sÔsthma prèpei ep�sh na ikanopoie� thn exwgen  z thsh gia exagwgè energeiak¸nforèwn:
∀(EXPO,P ) : y(LEXPO, P ) ≥ Q(EXPO,P ) (6.6)6.3 Diergas�e metasqhmatismoÔ energeiak¸n forèwn6.3.1 Metatrop  pro hlektrismì - jermìthtaOi kìmboi EHGX,EHGF th kathgor�a aut  diakr�nontai se kìmbou paragwg  apokleistik�hlektrismoÔ, apokleistik� jermìthta (boilers) kai sumparagwg 2.2H enìthta teqnologi¸n paragwg  hlektrismoÔ proèrqetai apì aplopo�hsh tou hlektrikoÔ upomontè-lou tou montèlou PRIMES, ìpw autì anaptÔssetai sto e3mlab.
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Sq ma 6.3: Efikt  perioq  leitourg�a twn teqnologi¸n sumparagwg 

Sq ma 6.4: Stigmiìtupo kìmbwn pollapl¸n exìdwn me desmeumènh analog�aGia ti teqnolog�e sumparagwg 3 isqÔoun periorismo� se ìti afor� thn perioq  efi-kt  leitourg�a (sq ma [6.3℄). H perioq  efikt  leitourg�a e�nai kurt . Gia na eisaqje�h kampÔlh periorismoÔ leitourg�a sto grammikì montèlo, jewre�tai ìti e�nai kat� tm ma-ta grammik . Upojètoume ìti ìloi oi kìmboi sumparagwg  qarakthr�zontai apì ton �diosuntelest  sunduasmènh apìdosh:
nCHP =

Qout
H + W out

E

Qinopìte ektì apì ton periorismì hlektrik  apìdosh isqÔei kai periorismì sunduasmènhapìdosh gia th mon�de autè.H di�krish metaxÔ kentrik¸n mon�dwn paragwg  pou sundèontai sto d�ktuo kai mo-n�dwn dianemhmènh paragwg  pou sundèontai se topik� d�ktua dianom  g�netai èmmesa,3Gia ti mellontikè teqnolog�e hlektroparagwg  kai paragwg  jermìthta (pou e�nai diajèsimemet� to èto b�sh), to hlektrikì upo-montèlo tou PRIMES sundu�zei ta diajèsima stoiqe�a paragwg hlektrismoÔ (compELC) me ta stoiqe�a paragwg  jermìthta (compSTM), dhmiourg¸nta to sÔnolo twnsumbat¸n sunduasm¸n [compELC,compSTM].
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REFINERY

HFO GDO OLF KRS NPH GSL LPG

CRO feedstock

process

X

oil_distillates

Yi

Sq ma 6.5: Aplopoihmènh par�stash di�listhr�oumèsw th m tra iNet orismoÔ tou gr�fou. Oi kentrikè mon�de paragwg  sundèontaiston sugkentrwtikì kìmbo ELG (ajroistikì kìmbo hlektrismoÔ diktÔou sthn èxodo twnmon�dwn paragwg ), apì ìpou to d�ktuo metafor� kai dianom  promhjeÔei ton telikì ka-tanalwt , en¸ oi epitìpie mon�de katanemhmènh paragwg  sundèontai apèuje�a stoukìmbou INELC,TEELC,REELC(6.4).6.3.2 Metatrop  pro �llou energeiakoÔ fore�Oi teqnolog�e metasqhmatismoÔ energeiak¸n forèwn plhn th hlektroparagwg  perilam-b�noun ti ex  kathgor�e:� Di�list ria: Oi mon�de di�listhr�wn parist�nontai w èna kìmbo me m�a e�sodo (toargì petrèlaio w pr¸th Ôlh) kai perissìtere apì m�a exìdou (ti kl�sei twn pa-ragìmenwn kaus�mwn, pou ed¸ omadopoioÔntai se 7 kathgor�e4). Gia kìmbou tètoioutÔpou (sq ma 6.5) isqÔei:
x = α

∑

i

yi lix ≤ yi ≤ uix� Teqnolog�e paragwg  udrogìnou: ApoteloÔn to sÔnolo H2TEK⊂TRNO. Diakr�nontaise dÔo kathgor�e, sÔmfwna me ton trìpo sÔndes  tou sto d�ktuo tou uposust -mato H2 (par�grafo 6.6): mon�de paragwg  meg�lh (CEN(H2TEK))   mikr kl�makas(DCN(H2TEK))� Teqnolog�e paragwg  �llwn forèwn: mejanìlh, aijanìlh, biokaÔsima, morfè H2To uposÔsthma prosfor� enèrgeia perilamb�nei tou energeiakoÔ fore� MTH, ETH,4Se seir� fj�nonto metablhtoÔ kìstou   isodÔnama fj�nousa jermokras�a apìstaxh ta proðìntapetrela�ou ìpw kathgoriopoioÔntai e�nai: LPG,GSL,NPH,KRS,OLF,GDO,HFO.



6.4 Metafor� kai dianom  energeiak¸n forèwn 65P�naka 6.1: Kathgoriopo�hsh kl�dwn tou diktÔoukathgor�a kl�dou L groupID apì pro megèjh kajor�zontai apì:100 diergas�a forèa -101 forèa diergas�a L111 forèa diergas�a F:iFLINK(L,F)

LBF, GBF ∈ INTE (mejanìlh, aijanìlh, ugr� kai aèria biokaÔsima ant�stoiqa). Apote-loÔn proðìnta tou energeiakoÔ kÔklou th biom�za (gia th mejanìlh up�rqei ep�shh dunatìthta na paraqje� me anasqhmatismì fusikoÔ aer�ou   �njraka). Sto montèlopou anaptÔssetai jewroÔme ti diaforetikè morfè tou H2 (sumpiesmèno aèrio, ugrì,aèrio se an�mixh me fusikì aèrio) diakritè energeiakè morfè. Oi diergas�e meta-trop  metaxÔ twn morf¸n H2 (sump�esh, ugropo�hsh) an koun ep�sh sto sÔnolo
TRNO.6.4 Metafor� kai dianom  energeiak¸n forèwnOi kl�doi tou diktÔou pou anaparist� to energeiakì sÔsthma an koun se trei kathgor�e(p�naka 6.1):1. Kl�doi pou kateujÔnontai apì kìmbou tÔpou A se kìmbou tÔpou B (p.q. kl�doapì kentrik  mon�da paragwg  hlektrismoÔ ston kìmbo tou hlektrismoÔ diktÔou). Oikl�doi auto� e�nai eikoniko�, opìte ta ant�stoiqa sundedemèna dedomèna (suntelest apwlei¸n kai metablhtì kìsto) e�nai mhdenik�.2. Kl�doi pou kateujÔnontai apì kìmbou tÔpou B se kìmbou tÔpou A kai den apote-loÔn tm mata diktÔou (p.q. kl�do trofodos�a biomhqanik  teqnolog�a qr sh apì�njraka). Oi ap¸leie kai to metablhtì kìsto apoteloÔn qarakthristik� megèjh tousugkekrimènou kl�dou.3. Kl�doi pou kateujÔnontai apì kìmbou tÔpou B se kìmbou tÔpou A kai apoteloÔntm mata diktÔou (p.q. kl�do trofodos�a oikiakoÔ katanalwt  me hlektrismì di-ktÔou). Oi ap¸leie kai to metablhtì kìsto kajor�zontai apì to d�ktuo F sto opo�oe�nai prosarthmèno o kl�do (par�metro iFLINK(L,F)).To d�ktuo metafor� kai dianom  hlektrismoÔ apeikon�zetai sto montèlo sÔmfwna me tosq ma 6.6. Ant�stoiqa (me upodia�resh se tm ma metafor� meg�lh kl�maka kai dianom mikr  kl�maka) èqei anaparastaje� to d�ktuo fusikoÔ aer�ou.
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Sq ma 6.6: Apeikìnish diktÔou hlektrismoÔ6.5 Apoj keush energeiak¸n forèwnH apoj keush d�nei th dunatìthta ston tomèa paragwg  tou sust mato na ikanopoie� thqronik� metablht  z thsh energeiak¸n forèwn pou dhmiourge�tai apì ton tomèa katan�lw-sh. Ta sust mata apoj keush enèrgeia apotamieÔoun enèrgeia sta qronik� kl�smataqamhl  z thsh gia k�je energeiakì forèa, kai ant�strofa egqÔoun ta diajèsima apojè-mata sto sÔsthma sta qronik� kl�smata auxhmènh z thsh.Eidik� ston tomèa hlektroparagwg , h pio diadedomènh mèjodo apoj keush hlektri-k  enèrgeia5e�nai h �ntlhsh ud�tinwn maz¸n qrhsimopoi¸nta hlektrik  enèrgeia ti ¸reqamhl  z thsh (lìgou q�rh apì pleon�zousa paragwg  twn mon�dwn b�sh), kai par�-gonta hlektrik  enèrgeia ti ¸re aiqm . O olikì kÔklo odhge� se ap¸leia enèrgeia(ex�swsh ??), all� h apaitoÔmenh egkatesthmènh isqÔ gia thn ikanopo�hsh th z thshmei¸netai.Gia th montelopo�hsh th apoj keush energeiak¸n forèwn sto sÔsthma qrhsimopoioÔ-me ti metablhtè (4.5.1) xIn(N,Sin(N)) kai xOut(N,Sout(N)). Oi exis¸sei pou perigr�-5 'Alle mèjodoi pou anafèrontai gia mikr  kl�maka apoj keush hlektrik  enèrgeia mèsw endi�meshmetatrop  se �lle morfè e�nai (??): o kÔklo sump�esh kai aposump�esh aèra kai oi strefìmenoi tro-qo� uyhl¸n taqut twn (flywheels) (endi�mesh metatrop  se dunamik  enèrgeia), kuyèle oxeidoanagwg   mpatar�e (endi�mesh metatrop  se qhmik  enèrgeia). H qrhsimopo�hsh hlektrik  enèrgeia gia paragwg udrogìnou mèsw hlektrìlush kat� th di�rkeia twn klasm�twn qamhl  z thsh mpore� ep�sh na jewrh-je� mèso apoj keush hlektrismoÔ. Sto sugkekrimèno montèlo wstìso jewre�tai tm ma th energeiak alus�da tou udrogìnou.
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Sq ma 6.7: Exom�lunsh twn aiqm¸n energeiak  z thsh sto sÔsthma mèsw twn susthm�-twn apoj keush enèrgeia. H hmer sia diakÔmansh pou apeikon�zetai sto gr�fhma anti-stoiqe� se mia tupik  kampÔlh hlektrikoÔ fort�ou. Gia energeiakoÔ fore� ìpw to fusikìaèrio, ìpou h hmer sia diakÔmansh exuphrete�tai apì thn posìthta pou rèei stou agwgoÔ,ta sust mata apoj keush e�nai sqediasmèna gia na ikanopoioÔn epoqikè diakum�nsei.foun thn apoj keush sto energeiakì sÔsthma e�nai6:
∑

S:Sin(S)

xIn(S) = r
∑

S:Sin(S)

xIn(S) r > 1,∀P (6.7)
∑

S:Sin(S)

xIn(S,P ) ≤ Cvolume(P ) (6.8)
∑

S:Sin(S)

xIn(S,P ) ≤ Cthroughput(P )
delta(S)
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(6.9)

∑

S:Sout(S)

xOut(S,P ) ≤ Cthroughput(P )
delta(S)

8760
(6.10)Oi exis¸sei autè isqÔoun gia ton kìmbo pou antistoiqe� ston hlektrismì diktÔou (ELG)(ìpou ta kl�smata Sin,Sout e�nai prokajorismèna), kai gia èna uposÔnolo STOR⊂INTE∪FPRI,ìpou h epilog  twn qronik¸n klasm�twn apotam�eush - ektam�eush e�nai apìfash tou mon-tèlou. Gia tou energeiakoÔ kìmbou me dunatìthta apoj keush mpore� na g�nei epèndushgia epèktash th dunamikìtht� tou [se ìrou qwrhtikìthta th egkat�stash apoj keu-sh Cvolume   se ìrou ro  pro kai apì thn egkat�stash apoj keush Cthroughput℄. Oiant�stoiqoi ìroi ependutikoÔ kìstou gia epèktash th dunamikìthta kaj¸ kai ta kìsthleitourg�a pou antistoiqoÔn sti upodomè apoj keush sumperilamb�nontai sthn antikei-6 'Eqei g�nei h paradoq  ìti oi dunato� kÔkloi apoj keush sto energeiakì sÔsthma èqoun mègisthper�odo to èna èto. Wstìso, gia energeiakoÔ fore� ìpw o �njraka   to petrèlaio, ta sust mataapoj keush kai h dhmiourg�a apojem�twn mpore� na èqoun per�odo apotam�eushs-ektam�eush megalÔterhapì èna èto.
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STORAGE

facilityinjection extraction

rate < 1

xIn(sIn) xOut(sOut)
constraint_1: throughput
constraint_2: capacitySq ma 6.8: Isorrop�a metaxÔ apotamieuìmenwn kai ektamieuìmenwn posot twn energeiak¸nforèwn.

Sq ma 6.9: Ex�swsh isorrop�a stou kìmbou energeiak¸n forèwn me dunatìthta apoj -keush.menik  sun�rthsh (oi kìmboi STOR apojhkeÔsimwn energeiak¸n forèwn an koun sto sÔnolo
A [ex�swsh 4.16℄), ìpw kai to metablhtì kìsto apoj keush an� mon�da apotamieuìmenhenèrgeia.Gia tou kìmbou STOR h ex�wsh isorrop�a tropopoie�tai (sq ma 6.6):

∀(N ∈ STOR(N), S) :
∑

L:iNet(L,N)=+1

x(L,S) + xOut(N,S)
︸ ︷︷ ︸

Sout(S)

=

∑

L:iNet(L,N)=−1

x(L,S) + xIn(N,S)
︸ ︷︷ ︸

Sin(S)

(6.11)Shme�wsh 12. Gia energeiakoÔ fore� ìpw ta ugr� (petrelaioeid ) kai stere� kaÔsimah periodikìthta twn kÔklwn apoj keush e�nai prokajorismènh. Gia th montelopo�hsh thapoj keush tou udrogìnou se di�fore morfè (sumpiesmèno aèrio, metallikì udr�dio, ugrì)oi kr�simoi par�gonte pou prosdior�zoun thn epilog  apojhkeutikoÔ mèsou e�nai:� Di�rkeia qronikoÔ diast mato apoj keush ∆τ : Den mpore� na prosdioriste� stomontèlo me b�sh thn kat�tmhsh tou ètou anafor� se qronik� kl�smata.



6.6 Sugkentrwtik�: Alus�da teqnologi¸n udrogìnou ìpw apeikon�zetai sto montèlo 69� Posìthta pro apoj keush Q: Me b�sh thn paradoq  suneq¸n posot twn sto mon-tèlo, aut  h par�metro den mpore� na lhfje� up' ìyin.� Topolog�a tou sust mato paragwg  kai z thsh udrogìnou ∆r.Oi melète gia ta oikonomik� dedomèna susthm�twn apoj keush kai metafor� udrogìnou([14℄) jewroÔn di�fore peript¸sei sunduasm¸n (∆τ ,Q,∆r) (pou prosdior�zontai exwgen¸se pio leptomereiak  kl�maka an�lush apì tou skopoÔ tou sugkekrimènou montèlou) giana ex�goun, se sunduasmì me to kìsto paragwg , thn telik  tim  tou H2 ston katana-lwt . Gia th montelopo�hsh th apoj keush tou udrogìnou qwr� gn¸sh twn paramètrwn(∆τ ,Q,∆r), èqoume jewr sei èna isodÔnamo proseggistikì metablhtì kìsto an� mon�daapojhkeuìmenou proðìnto.6.6 Sugkentrwtik�: Alus�da teqnologi¸n udrogìnouìpw apeikon�zetai sto montèloTo sq ma 6.6 apeikon�zei to uposÔsthma H2. Oi di�fore morfè tou H2 (asump�estoaèrio, sumpiesmèno aèrio, ugrì, stereì [se mikr    meg�lh kl�maka℄) jewroÔntai diakrito�energeiako� fore�. Diakr�nontai se apojhkeÔsimou kai mh apojhkeÔsimou (gia par�deigma,to H2 sthn èxodo th mon�da paragwg  HDGgb   HDGgo) den mpore� na apojhkeuje�, en¸an dièljei apì to metasqhmatismì sump�esh apotele� plèon thn apojhkeÔsimh morf  HDGcb  HDGco.
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Sq ma 6.10: Energeiakì uposÔsthma H2 ìpw apeikon�sthke sto montèlo me èmfash stoudunatoÔ sunduasmoÔ metafor� kai apoj keush



Kef�laio 7Exètash enallaktik¸n senar�wnTo montèlo makroqrìniou sqediasmoÔ mpore� na qrhsimopoihje� gia thn pragmatopo�hshan�lush kìstou - ofèlou energeiak¸n politik¸n pou sqet�zontai me politikè me�wshtwn ekpomp¸n aer�wn tou jermokhp�ou.Gia k�je sen�rio pou exet�zetai (sÔnolo SCN sÔmfwna me to sumbolismì tou montèlou)pragmatopoie�tai mia seir� epilÔsewn me epilogè OPT(SCN).Shme�wsh 13. Oi sunolikè ekmpompè aer�wn E tou sust mato upolog�zontai apì tosuntelest  emf(L,E) me ped�o orismoÔ to sÔnolo twn kl�dwn L tou sust mato kai tikathgor�e E twn aèriwn ekpomp¸n1. Se k�je kl�do pou kateujÔnetai apì energeiak  morf (kìmbo tÔpou B) pro diergas�a (kìmbo tÔpou A) mh-mhdenik  tim  tou suntelest  anti-stoiqe� sthn posìthta aer�wn pou ekpèpontai kat� th diergas�a pou apeikon�zetai ston kìmbo�fixh. Eidik� gia to energeiakì uposÔsthma th biom�za, se kl�dou pou kateujÔnontaipro thn prwtob�jmia metatrop  th biom�za (p.q. pro paragwg  mejanìlh) apod�detaiarnhtikì suntelest  (an kai oi pragmatikè ekmpompè e�nai mhdenikè), ìtan o paragìme-no forèa (p.q. mejanìlh) dhmiourge� ekpompè kat� thn peraitèrw metatrop  tou (sq ma7.3).7.1 Sen�rio anafor� - baselineTo sen�rio anafor� SCN0 e�nai h pr¸th arijmhtik  ep�lush upologismoÔ th isorrop�atou sust mato pou pragmatopoie�tai. QrhsimeÔei w b�sh sÔgkrish gia ta apotelèsmatatwn epilÔsewn sÔmwna me ta sen�ria SCNi, i = 1 · · · n. De lamb�nontai up' ìyin prìsjetoiperiorismo�. Gia th diamìrfwsh tou senar�ou anafor� èqoun g�nei aplousteutikè para-doqè (p.q. sqetik� me ta diajèsima apojèmata orukt¸n pìrwn, ti timè twn eisagìmenwnpr¸twn ul¸n   tou periorismoÔ sti eisagwgè kai exagwgè energeiak¸n forèwn). Ep�-sh jewroÔme dedomènh th diajesimìthta twn teqnologi¸n metatrop  kai qrhsimopo�hshenèrgeia, kaj¸ kai thn anamenìmenh teqnologik  prìodo.1To montèlo exet�zei mìno ti ekpompè CO2. 71
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Sq ma 7.1: DiereÔnhsh senar�wn se èna energeiakì montèlo

Sq ma 7.2: Upologismì ekpomp¸n aer�wn me b�sh ti energeiakè roè kat� m ko twnkl�dwn.

Sq ma 7.3: Eidik  per�ptwsh arnhtikoÔ suntelest  ekpomp¸n sto energeiakì uposÔsthmath biom�za.



7.2 Sen�rio ajroistikoÔ periorismoÔ ekpomp¸n gia th sunolik  di�rkeia tou or�zonta 737.2 Sen�rio ajroistikoÔ periorismoÔ ekpomp¸n gia thsunolik  di�rkeia tou or�zontaTo sen�rio olikoÔ periorismoÔ jètei to an¸tato ìrio ekpomp¸n gia to sunolikì eÔro touor�zonta sqediasmoÔ w ep� toi ekatì posostì twn upojetik¸n ekpomp¸n an autè parème-nan stajerè sta ep�peda tou ètou b�sh. Oi ekpompè upolog�zontai sto olikì energeiakìsÔsthma k�je q¸ra (qwr� katanom  th apaitoÔmenh me�wsh an� tomèa [hlektroparagw-g , biomhqan�a, metaforè℄ ìpw problèpetai apì tou mhqanismoÔ tou prwtokìllou touKiìto). Exet�zontai trei epilogè tou senar�ou, me t�sh klim�kwsh pro thn kateÔjunshth biwsimìthta (sustainability) tou energeiakoÔ sust mato.H ex�swsh periorismoÔ lamb�nei th morf :
∀(CY,E) :

∑

P

∑

L

x(L,P )emf(L,E) ≤ uLim
∑

P

∑

L

x(L,P 0) emf(L,E) (7.1)ìpou 0 < uLim < 1. 'Otan uLim −→ 0, tìte h duadik  metablht  tou periorismoÔ 7.1te�nei sto ∞ (sq ma 7.4).H duadik  tim  tou periorismoÔ 7.1 antistoiqe� sto epiplèon kìsto tou sust matogia monadia�a ep� toi ekatì el�ttwsh twn epitrepìmenwn ekpomp¸n (alli¸, antistoiqe� stokìsto apofug  th teleuta�a ep� toi ekatì mon�da ekpomp¸n). H grafik  par�stash touoriakoÔ kìstou apofug  ekpomp¸n se sun�rthsh twn ekpomp¸n to sÔsthma empod�zetaina pragmatopoi sei, èqei th morf :

Sq ma 7.4: KampÔlh oriakoÔ kìstou apofug  ekpomp¸n





Kef�laio 8ApotelèsmataSto kef�laio autì parousi�zontai epilegmèna apotelèsmata th arijmhtik  ep�lush toumontèlou makroqrìniou sqediasmoÔ gia th German�a1. Ta apotelèsmata tou senar�ou anafo-r� BASELINE (ìpou oi periorismo� periballontik  politik  e�nai anenergo�) sugkr�nontaime m�a seir� epilÔsewn SCENARIO1a-c gia to sen�rio ajroistik¸n periorism¸n ekpomp¸n(me klimakoÔmeno suntelest  me�wsh ekpomp¸n uLim).Oi p�nake 8.1 kai 8.2 de�qnoun ta apotelèsmata th arijmhtik  ep�lush tou montè-lou gia to sen�rio anafor� kai to sen�rio olikoÔ periorismoÔ twn ekpomp¸n kat� 40%(uLim=0.6) sth di�rkeia tou qronikoÔ or�zonta anafor�. Apì th sÔgkrish parathroÔmeìti sthn per�ptwsh efarmog  tou periorismoÔ twn aèriwn ekpomp¸n af' enì pragmato-poioÔntai ependÔsei se teqnolog�e me megalÔterh apìdosh (opìte h z thsh telik  enèr-geia mei¸netai kai isodÔnama aux�netai h olik  apìdosh tou sust mato) (sq ma 8.3) kaiaf' etèrou metab�lletai h katanom  se morfè telik  enèrgeia (parathre�tai aÔxhsh thsummetoq  tou fusikoÔ aer�ou kai twn anane¸simwn phg¸n enèrgeia). Sto sq ma 8.4apeikon�zetai h katanom  telik  enèrgeia sti di�fore morfè an� ekdoq  tou senar�ouanafor�. ParathroÔme endeiktik� ìti ìso aux�nei to posostì el�ttwsh twn ekpomp¸ntìso megalÔtero e�nai to posostì summetoq  tou H2 kai twn loip¸n enallaktik¸n kaus�-mwn, kai ant�stoiqa tìso nwr�tera mhden�zetai to posostì twn -rupogìnwn- stere¸n kau-s�mwn. Ant�stoiqe metabolè parathroÔntai sto uposÔsthma prosfor� enèrgeia, ìpouparathre�tai (1) stadiak  die�sdush sti teqnolog�e metatrop  energeiak¸n forèwn (p.q.hlektroparagwg ) teqnologi¸n me uyhlìtero bajmì apìdosh   sumbatik¸n teqnologi¸nme dunatìthta katakr�thsh twn aèriwn rÔpwn kai (2) par�llhla stadiak  upokat�stashtwn rupogìnwn prwtogen¸n forèwn apì mh-rupogìnou.Sto gr�fhma 8.5 parathroÔme thn klimakoÔmenh me to qrìno an� ekdoq  tou senar�oume�wsh twn ekpomp¸n, ìpw prokÔptei apì thn isorrop�a tou sust mato, en¸ to gr�fhma8.6 apeikon�zei thn kampÔlh oriakoÔ kìstou me�wsh twn ekpomp¸n CO2. To oriakì kìstoan� tCO2 pou taut�zetai me th duadik  tim  th ant�stoiqh ex�swsh periorismoÔ ekpomp¸nfa�netai ston p�naka 8.1.1Ta apotelèsmata tou montèlou PRIMES (me or�zonta w to 2030) e�nai prosb�sima sto [?℄.75
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CO2 kat�: oriak  tim  apofug  ek-pomp¸n (e/(tCO2))30% 840% 1055% 23P�naka 8.1: Oriakì kìsto apofug  ekpomp¸n CO28.1 UposÔsthma H2Sto sen�rio anafor� to H2 emfan�zetai apokleistik� w kaÔsimo ston tomèa twn metafor¸nto 2025, me posostì < 1% th telik  katan�lwsh pou aux�netai w to 1.5% to 2050. To

H2 proèrqetai apì kentrik  paragwg  mèsw anasqhmatismoÔ fusikoÔ aer�ou.H epibol  tou periorismoÔ ekpomp¸n CO2 aux�nei shmantik� th summetoq  tou H2 sthnk�luyh twn energeiak¸n anagk¸n kai metatop�zei qronik� thn eisagwg  tou sto sÔsthma.Sto gr�fhma 8.7 fa�netai h sunolik  paragwg  H2 ston or�zonta tou montèlou kai sto8.8 to posostì summetoq  tou H2 sth zhtoÔmenh telik  enèrgeia an� tomèa (qwr� nasumperilamb�netai h èmmesh -mesw paragwg  hlektrismoÔ- katan�lwsh, h opoia wstìsoparamènei se ìlh th di�rkeia tou or�zonta se polÔ qamhl� ep�peda, lìgw tou uyhloÔ kì-stou twn efarmog¸n kuyel¸n kaus�mou gia thn hlektroparagwg ). To H2 proèrqetaisqedìn apokleistik� apì kentrik  paragwg  kai ft�nei sthn telik  katan�lwsh mèsw di-ktÔou (e�te w kajarì H2 e�te se an�mixh me fusikì aèrio mèsw tou diktÔou fusikoÔ aer�ou).ParathroÔme (sq ma 8.8) ìti to H2 apì th qronik  stigm  th emf�nis  tou ston tomèametafor¸n parousi�zei stajer� �nodo (katal gonta na katèqei shmantikì mer�dio th oli-k  z thsh), en¸ stou upìloipou tome� z thsh (biomhqanikì, oikiakì kai tritogen ) hsummetoq  tou H2 sthn k�luyh th ant�stoiqh zhtoÔmenh telik  enèrgeia parousi�zeiapìtomh �nodo kai sth sunèqeia bajmia�a pt¸sh, kaj¸ to montèlo epilègei na epitÔqei thzhtoÔmenh me�wsh twn ekpomp¸n apokleistik� mèsw tou tomèa twn metafor¸n.



8.1 UposÔsthma H2 77
Γερμανία:Γερμανία:Γερμανία:Γερμανία: Σενάριο ΑναφοράςΣενάριο ΑναφοράςΣενάριο ΑναφοράςΣενάριο Αναφοράς

[Mtoe] 2000200020002000 2005200520052005 2010201020102010 2015201520152015 2020202020202020 2025202520252025 2030203020302030 2035203520352035 2040204020402040 2045204520452045 2050205020502050
πρωτογενής εγχώρια παραγωγήπρωτογενής εγχώρια παραγωγήπρωτογενής εγχώρια παραγωγήπρωτογενής εγχώρια παραγωγή 122.5122.5122.5122.5 149.1149.1149.1149.1 132.3132.3132.3132.3 104.6104.6104.6104.6 42.742.742.742.7 19.619.619.619.6 25.125.125.125.1 29.129.129.129.1 34.334.334.334.3 33.533.533.533.5 36.236.236.236.2
στερεά καύσιμα 60.0 66.3 60.3 45.8 22.0 5.3 9.3 10.4 11.9 10.8 9.2
πετρέλαιο 0.0 4.9 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
φυσικό αέριο 15.8 25.9 23.3 20.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
πυρηνική ενέργεια 43.8 44.0 37.9 28.0 8.7 0.0 0.0 0.0 0.0 0.0 0.0
ανανεώσιμες μορφές ενέργειας 2.9 8.0 9.7 10.4 12.0 14.3 15.8 18.8 22.4 22.7 26.9

υδροηλεκτρική 2.0 2.1 2.2 2.2 2.3 2.4 2.4 2.5 2.5 2.6 2.6
βιομάζα / καύσιμα απορρίμματα 0.0 4.6 5.6 5.2 5.5 6.2 5.4 5.1 6.1 4.8 7.0

αιολική 0.8 1.0 1.3 1.7 2.1 2.7 3.5 4.4 5.7 7.2 9.2
ηλιακή, λοιπές ανανεώσιμες 0.1 0.2 0.6 1.3 2.0 3.0 4.5 6.8 8.1 8.1 8.1

εισαγωγές - εξαγωγέςεισαγωγές - εξαγωγέςεισαγωγές - εξαγωγέςεισαγωγές - εξαγωγές 203.2203.2203.2203.2 167.4167.4167.4167.4 193.5193.5193.5193.5 229.7229.7229.7229.7 285.2285.2285.2285.2 314.7314.7314.7314.7 327.1327.1327.1327.1 338.1338.1338.1338.1 351.2351.2351.2351.2 366.1366.1366.1366.1 364.6364.6364.6364.6
στερεά καύσιμα 20.0 27.0 35.9 46.7 59.8 64.8 57.5 56.0 53.4 55.9 53.2
πετρέλαιο 118.6 72.4 81.7 91.1 98.0 104.8 117.1 125.1 134.9 144.3 144.2

αργό πετρέλαιο 110.0 90.6 99.5 108.6 115.1 121.6 133.5 141.3 151.2 159.7 157.8
προϊόντα πετελαίου 8.6 -18.2 -17.8 -17.5 -17.1 -16.8 -16.4 -16.1 -16.3 -15.5 -13.6

φυσικό αέριο 68.0 71.4 79.1 95.1 130.4 147.8 155.2 159.5 165.3 168.2 169.3
ηλεκτρισμός -3.4 -3.4 -3.3 -3.1 -2.9 -2.8 -2.7 -2.5 -2.4 -2.3 -2.2
ολική εγχώρια κατανάλωσηολική εγχώρια κατανάλωσηολική εγχώρια κατανάλωσηολική εγχώρια κατανάλωση 325.7325.7325.7325.7 316.4316.4316.4316.4 325.7325.7325.7325.7 334.4334.4334.4334.4 327.9327.9327.9327.9 334.3334.3334.3334.3 352.2352.2352.2352.2 367.3367.3367.3367.3 385.5385.5385.5385.5 399.6399.6399.6399.6 400.7400.7400.7400.7
στερεά καύσιμα 80.0 93.3 96.2 92.5 81.8 70.2 66.8 66.4 65.3 66.7 62.4
πετρέλαιο 118.6 77.3 82.8 91.1 98.0 104.8 117.1 125.1 134.9 144.3 144.2
φυσικό αέριο 83.8 97.2 102.4 115.5 130.4 147.8 155.2 159.5 165.3 168.2 169.3
πυρηνική ενέργεια 43.8 44.0 37.9 28.0 8.7 0.0 0.0 0.0 0.0 0.0 0.0
ηλεκτρισμός -3.4 -3.4 -3.3 -3.1 -2.9 -2.8 -2.7 -2.5 -2.4 -2.3 -2.2
ανανεώσιμες μορφές ενέργειας 2.9 8.0 9.7 10.4 12.0 14.3 15.8 18.8 22.4 22.7 26.9

ως % ποσοστό της ολικής εγχώριας κατανάλωσηςως % ποσοστό της ολικής εγχώριας κατανάλωσηςως % ποσοστό της ολικής εγχώριας κατανάλωσηςως % ποσοστό της ολικής εγχώριας κατανάλωσης
στερεά καύσιμα 24.6 29.5 29.5 27.6 24.9 21.0 19.0 18.1 16.9 16.7 15.6
πετρέλαιο 36.4 24.4 25.4 27.2 29.9 31.3 33.2 34.1 35.0 36.1 36.0
φυσικό αέριο 25.7 30.7 31.4 34.6 39.8 44.2 44.1 43.4 42.9 42.1 42.3
πυρηνική ενέργεια 13.4 13.9 11.6 8.4 2.7 0.0 0.0 0.0 0.0 0.0 0.0
ηλεκτρισμός -1.0 -1.1 -1.0 -0.9 -0.9 -0.8 -0.8 -0.7 -0.6 -0.6 -0.5
ανανεώσιμες μορφές ενέργειας 0.9 2.5 3.0 3.1 3.7 4.3 4.5 5.1 5.8 5.7 6.7

% ποσοστό εισαγωγών στην ολική εγχώρια κατανάλωση% ποσοστό εισαγωγών στην ολική εγχώρια κατανάλωση% ποσοστό εισαγωγών στην ολική εγχώρια κατανάλωση% ποσοστό εισαγωγών στην ολική εγχώρια κατανάλωση 0.620.620.620.62 0.530.530.530.53 0.590.590.590.59 0.690.690.690.69 0.870.870.870.87 0.940.940.940.94 0.930.930.930.93 0.920.920.920.92 0.910.910.910.91 0.920.920.920.92 0.910.910.910.91
παραγωγή ηλεκτρισμού [TWhe]παραγωγή ηλεκτρισμού [TWhe]παραγωγή ηλεκτρισμού [TWhe]παραγωγή ηλεκτρισμού [TWhe] 449.2449.2449.2449.2 465.9465.9465.9465.9 463.2463.2463.2463.2 485.0485.0485.0485.0 506.9506.9506.9506.9 542.7542.7542.7542.7 580.9580.9580.9580.9 609.6609.6609.6609.6 644.2644.2644.2644.2 668.8668.8668.8668.8 668.6668.6668.6668.6
από μονάδες θερμικής παραγωγής 247.0 259.0 275.4 330.8 421.5 483.6 512.6 529.8 552.1 556.6 536.4

από μονάδες μη-θερμικών ανανεώσιμων πηγών ενέργειας 32.6 36.4 40.7 45.7 51.6 59.0 68.3 79.8 92.0 112.3 132.2
από μονάδες πυρηνικής ενέργειας 169.6 170.6 147.1 108.5 33.8 0.0 0.0 0.0 0.0 0.0 0.0

καύσιμα στην ηλεκτροπαραγωγή από θερμικές μονάδεςκαύσιμα στην ηλεκτροπαραγωγή από θερμικές μονάδεςκαύσιμα στην ηλεκτροπαραγωγή από θερμικές μονάδεςκαύσιμα στην ηλεκτροπαραγωγή από θερμικές μονάδες 64.364.364.364.3 68.968.968.968.9 71.171.171.171.1 73.673.673.673.6 76.976.976.976.9 77.277.277.277.2 77.177.177.177.1 78.278.278.278.2 82.082.082.082.0 79.879.879.879.8 80.180.180.180.1
στερεά καύσιμα 41.6 50.0 51.7 40.2 28.4 12.0 1.9 0.0 0.0 0.0 0.1
πετρέλαιο (προϊόντα) 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
φυσικό αέριο 15.9 16.2 16.9 30.6 47.5 65.1 75.0 78.0 81.7 79.5 79.8
βιομάζα / καύσιμα απορρίμματα 2.7 2.7 2.5 2.8 0.9 0.0 0.0 0.0 0.0 0.0 0.0
άλλα καύσιμα 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.3 0.3 0.2

είσοδος σε άλλους ενεργειακούς μετασχηματισμούςείσοδος σε άλλους ενεργειακούς μετασχηματισμούςείσοδος σε άλλους ενεργειακούς μετασχηματισμούςείσοδος σε άλλους ενεργειακούς μετασχηματισμούς 110.2110.2110.2110.2 100.3100.3100.3100.3 106.4106.4106.4106.4 113.8113.8113.8113.8 124.7124.7124.7124.7 135.3135.3135.3135.3 147.2147.2147.2147.2 156.3156.3156.3156.3 166.9166.9166.9166.9 177.1177.1177.1177.1 175.7175.7175.7175.7
διϋλιστήρια 110.0 95.5 100.6 108.6 115.1 121.6 133.5 141.3 151.2 159.7 157.8
παραγωγή θερμότητας χαμηλής ενθαλπίας 0.0 0.1 0.1 0.5 0.2 2.3 9.8 10.7 12.1 10.8 9.2
άλλες διεργασίες (παραγωγή υδρογόνου - βιοκαυσίμων - 
μεθανόλης - αιθανόλης) 0.2 4.8 5.9 5.2 9.6 13.7 13.6 15.1 15.7 17.4 17.9
τελική κατανάλωση ανά τομέατελική κατανάλωση ανά τομέατελική κατανάλωση ανά τομέατελική κατανάλωση ανά τομέα 246.7246.7246.7246.7 260.8260.8260.8260.8 273.3273.3273.3273.3 292.0292.0292.0292.0 300.7300.7300.7300.7 314.7314.7314.7314.7 331.5331.5331.5331.5 345.3345.3345.3345.3 360.8360.8360.8360.8 378.3378.3378.3378.3 377.0377.0377.0377.0

βιομηχανία 82.9 85.5 88.5 92.9 94.7 98.3 100.2 102.4 104.1 107.4 106.4
οικιακός τομέας 63.9 65.9 64.2 66.2 66.0 68.7 70.8 73.1 75.6 78.4 78.0

τριτογενής τομέας 33.8 36.0 36.7 38.8 38.9 39.6 41.9 43.6 45.7 47.9 48.0
μεταφορές 66.1 73.4 83.9 94.0 101.1 108.1 118.5 126.2 135.4 144.7 144.7

τελική κατανάλωση ανά καύσιμοτελική κατανάλωση ανά καύσιμοτελική κατανάλωση ανά καύσιμοτελική κατανάλωση ανά καύσιμο
στερεά καύσιμα 38.4 43.2 44.5 51.9 53.1 55.4 54.9 54.2 50.8 53.1 50.3

προϊόντα πετελαίου 86.4 75.2 80.5 88.7 95.5 102.1 114.2 122.0 131.6 140.7 140.7
φυσικό αέριο 72.6 85.3 89.4 88.8 86.8 86.7 84.2 85.2 87.3 92.2 93.0
ηλεκτρισμός 34.1 35.3 35.4 37.4 39.3 42.5 46.1 48.7 52.0 54.5 54.7

ατμός 13.9 15.8 15.9 17.7 16.2 15.9 20.5 21.6 23.1 21.9 19.6
υδρογόνο, βιοκαύσιμα, αιθανόλη, μεθανόλη 1.3 6.0 7.5 7.5 9.8 12.0 11.7 13.5 16.0 15.9 18.6

εεεεκκκκπππποοοομμμμππππέέέέςςςςCCCCOOOO����[[[[MMMMtttt]]]] 797.6 833.3 871.4 909.0 919.5 932.3 972.1 1003.4 1040.9 1079.9 1065.0
δδδδεεεείίίίκκκκττττηηηηςςςς    εεεεκκκκπππποοοομμμμππππώώώώνννν    CCCCOOOO����    ωωωωςςςς    ππππρρρροοοοςςςς    ττττοοοο    έέέέττττοοοοςςςς    ββββάάάάσσσσηηηηςςςς 111100000000....0000 111100004444....5555 111100009999....2222 111111114444....0000 111111115555....3333 111111116666....9999 111122221111....9999 111122225555....8888 111133330000....5555 111133335555....4444 111133333333....5555Sq ma 8.1: P�naka basik¸n energeiak¸n ro¸n kai deikt¸n gia to sen�rio anafor�
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Γερμανία:Γερμανία:Γερμανία:Γερμανία: Σενάριο Μείωσης κατά 40% των εκπομπών COΣενάριο Μείωσης κατά 40% των εκπομπών COΣενάριο Μείωσης κατά 40% των εκπομπών COΣενάριο Μείωσης κατά 40% των εκπομπών CO����
στη διάρκεια του ορίζονταστη διάρκεια του ορίζονταστη διάρκεια του ορίζονταστη διάρκεια του ορίζοντα

[Mtoe] 2000200020002000 2005200520052005 2010201020102010 2015201520152015 2020202020202020 2025202520252025 2030203020302030 2035203520352035 2040204020402040 2045204520452045 2050205020502050
πρωτογενής εγχώρια παραγωγήπρωτογενής εγχώρια παραγωγήπρωτογενής εγχώρια παραγωγήπρωτογενής εγχώρια παραγωγή 122.5122.5122.5122.5 149.1149.1149.1149.1 108.8108.8108.8108.8 85.585.585.585.5 43.243.243.243.2 28.828.828.828.8 32.532.532.532.5 66.466.466.466.4 129.0129.0129.0129.0 172.3172.3172.3172.3 231.2231.2231.2231.2
στερεά καύσιμα 60.0 66.3 36.5 24.9 19.7 10.5 0.0 0.0 0.0 0.0 0.0
πετρέλαιο 0.0 4.9 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
φυσικό αέριο 15.8 25.9 23.3 20.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
πυρηνική ενέργεια 43.8 44.0 37.9 28.0 8.7 0.0 0.0 0.0 0.0 0.0 0.0
ανανεώσιμες μορφές ενέργειας 2.9 8.0 9.7 12.0 14.8 18.3 32.5 66.4 129.0 172.3 231.2

υδροηλεκτρική 2.0 2.1 2.2 2.2 2.3 2.4 2.4 2.5 2.5 2.6 2.6
βιομάζα / καύσιμα απορρίμματα 0.0 4.6 5.6 6.8 8.3 10.1 12.3 15.0 18.2 22.2 27.0

αιολική 0.8 1.0 1.3 1.7 2.1 2.7 3.5 4.4 5.7 7.2 9.2
ηλιακή, λοιπές ανανεώσιμες 0.1 0.2 0.6 1.3 2.0 3.0 14.2 44.5 102.6 140.3 192.4

εισαγωγές - εξαγωγέςεισαγωγές - εξαγωγέςεισαγωγές - εξαγωγέςεισαγωγές - εξαγωγές 203.1203.1203.1203.1 167.2167.2167.2167.2 204.6204.6204.6204.6 229.3229.3229.3229.3 262.0262.0262.0262.0 287.5287.5287.5287.5 308.4308.4308.4308.4 281.4281.4281.4281.4 215.7215.7215.7215.7 181.7181.7181.7181.7 113.6113.6113.6113.6
στερεά καύσιμα 20.0 27.0 35.9 21.4 6.4 -10.4 0.0 0.0 0.0 0.0 0.0
πετρέλαιο 118.5 72.4 81.4 90.6 94.4 99.8 108.2 113.0 103.5 93.2 77.3

αργό πετρέλαιο 110.0 90.6 99.2 108.1 111.5 116.6 122.4 129.2 119.3 108.1 92.5
προϊόντα πετελαίου 8.5 -18.2 -17.8 -17.5 -17.1 -16.8 -14.2 -16.1 -15.8 -14.9 -15.2

φυσικό αέριο 68.0 71.2 90.6 120.4 164.1 200.9 202.8 170.8 114.6 90.8 38.4
ηλεκτρισμός -3.4 -3.4 -3.3 -3.1 -2.9 -2.7 -2.6 -2.4 -2.3 -2.3 -2.1
ολική εγχώρια κατανάλωσηολική εγχώρια κατανάλωσηολική εγχώρια κατανάλωσηολική εγχώρια κατανάλωση 325.6325.6325.6325.6 316.2316.2316.2316.2 313.4313.4313.4313.4 314.8314.8314.8314.8 305.1305.1305.1305.1 316.3316.3316.3316.3 340.9340.9340.9340.9 347.8347.8347.8347.8 344.8344.8344.8344.8 354.0354.0354.0354.0 344.8344.8344.8344.8
στερεά καύσιμα 80.0 93.3 72.4 46.3 26.1 0.0 0.0 0.0 0.0 0.0 0.0
πετρέλαιο 118.5 77.3 82.8 90.6 94.4 99.8 108.2 113.0 103.5 93.2 77.3
φυσικό αέριο 83.8 97.0 113.8 140.9 164.1 200.9 202.8 170.8 114.6 90.8 38.4
πυρηνική ενέργεια 43.8 44.0 37.9 28.0 8.7 0.0 0.0 0.0 0.0 0.0 0.0
ηλεκτρισμός -3.4 -3.4 -3.3 -3.1 -2.9 -2.7 -2.6 -2.4 -2.3 -2.3 -2.1
ανανεώσιμες μορφές ενέργειας 2.9 8.0 9.7 12.0 14.8 18.3 32.5 66.4 129.0 172.3 231.2

ως % ποσοστό της ολικής εγχώριας κατανάλωσηςως % ποσοστό της ολικής εγχώριας κατανάλωσηςως % ποσοστό της ολικής εγχώριας κατανάλωσηςως % ποσοστό της ολικής εγχώριας κατανάλωσης
στερεά καύσιμα 24.6 29.5 23.1 14.7 8.6 0.0 0.0 0.0 0.0 0.0 0.0
πετρέλαιο 36.4 24.5 26.4 28.8 30.9 31.6 31.7 32.5 30.0 26.3 22.4
φυσικό αέριο 25.7 30.7 36.3 44.8 53.8 63.5 59.5 49.1 33.2 25.6 11.1
πυρηνική ενέργεια 13.4 13.9 12.1 8.9 2.9 0.0 0.0 0.0 0.0 0.0 0.0
ηλεκτρισμός -1.0 -1.1 -1.0 -1.0 -1.0 -0.9 -0.8 -0.7 -0.7 -0.6 -0.6
ανανεώσιμες μορφές ενέργειας 0.9 2.5 3.1 3.8 4.9 5.8 9.5 19.1 37.4 48.7 67.0

% ποσοστό εισαγωγών στην ολική εγχώρια κατανάλωση% ποσοστό εισαγωγών στην ολική εγχώρια κατανάλωση% ποσοστό εισαγωγών στην ολική εγχώρια κατανάλωση% ποσοστό εισαγωγών στην ολική εγχώρια κατανάλωση 0.620.620.620.62 0.530.530.530.53 0.650.650.650.65 0.730.730.730.73 0.860.860.860.86 0.910.910.910.91 0.900.900.900.90 0.810.810.810.81 0.630.630.630.63 0.510.510.510.51 0.330.330.330.33
παραγωγή ηλεκτρισμού [TWhe]παραγωγή ηλεκτρισμού [TWhe]παραγωγή ηλεκτρισμού [TWhe]παραγωγή ηλεκτρισμού [TWhe] 449.4449.4449.4449.4 464.8464.8464.8464.8 459.9459.9459.9459.9 518.4518.4518.4518.4 699.0699.0699.0699.0 861.0861.0861.0861.0 1009.21009.21009.21009.2 1132.41132.41132.41132.4 1357.21357.21357.21357.2 1664.31664.31664.31664.3 2192.42192.42192.42192.4
από μονάδες θερμικής παραγωγής 247.3 257.9 272.2 364.2 613.7 802.0 832.8 632.4 210.7 88.6 1.9

από μονάδες μη-θερμικών ανανεώσιμων πηγών ενέργειας 32.6 36.4 40.7 45.7 51.6 59.0 176.3 499.9 1146.6 1575.7 2190.5
από μονάδες πυρηνικής ενέργειας 169.6 170.6 147.1 108.5 33.8 0.0 0.0 0.0 0.0 0.0 0.0

καύσιμα στην ηλεκτροπαραγωγή από θερμικές μονάδεςκαύσιμα στην ηλεκτροπαραγωγή από θερμικές μονάδεςκαύσιμα στην ηλεκτροπαραγωγή από θερμικές μονάδεςκαύσιμα στην ηλεκτροπαραγωγή από θερμικές μονάδες 65.465.465.465.4 68.268.268.268.2 64.064.064.064.0 67.867.867.867.8 100.9100.9100.9100.9 129.8129.8129.8129.8 132.8132.8132.8132.8 104.4104.4104.4104.4 49.449.449.449.4 32.132.132.132.1 21.421.421.421.4
στερεά καύσιμα 42.1 49.5 24.6 8.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0
πετρέλαιο (προϊόντα) 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
φυσικό αέριο 16.4 16.2 36.6 58.4 100.1 129.7 132.7 104.3 49.3 32.1 21.4
βιομάζα / καύσιμα απορρίμματα 2.7 2.5 2.8 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
άλλα καύσιμα 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

είσοδος σε άλλους ενεργειακούς μετασχηματισμούςείσοδος σε άλλους ενεργειακούς μετασχηματισμούςείσοδος σε άλλους ενεργειακούς μετασχηματισμούςείσοδος σε άλλους ενεργειακούς μετασχηματισμούς 110.2110.2110.2110.2 100.4100.4100.4100.4 106.5106.5106.5106.5 113.9113.9113.9113.9 120.7120.7120.7120.7 129.4129.4129.4129.4 180.8180.8180.8180.8 189.8189.8189.8189.8 184.4184.4184.4184.4 191.3191.3191.3191.3 179.9179.9179.9179.9
διϋλιστήρια 110.0 95.5 100.6 108.1 111.5 116.6 122.4 129.2 119.3 108.1 92.5
παραγωγή θερμότητας χαμηλής ενθαλπίας 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
άλλες διεργασίες (παραγωγή υδρογόνου - βιοκαυσίμων - 
μεθανόλης - αιθανόλης) 0.2 4.8 5.9 5.8 9.2 12.8 58.4 60.7 65.1 83.2 87.3
τελική κατανάλωση ανά τομέατελική κατανάλωση ανά τομέατελική κατανάλωση ανά τομέατελική κατανάλωση ανά τομέα 246.6246.6246.6246.6 260.8260.8260.8260.8 274.0274.0274.0274.0 284.5284.5284.5284.5 278.5278.5278.5278.5 286.8286.8286.8286.8 298.7298.7298.7298.7 308.5308.5308.5308.5 316.0316.0316.0316.0 326.4326.4326.4326.4 319.9319.9319.9319.9

βιομηχανία 82.9 85.5 89.1 90.0 85.5 87.3 89.7 90.6 93.4 96.6 96.1
οικιακός τομέας 63.8 66.0 64.5 64.6 60.5 59.9 57.4 58.6 56.6 56.8 55.0

τριτογενής τομέας 33.8 35.9 36.4 35.9 31.6 31.9 33.3 33.6 35.0 36.8 36.4
μεταφορές 66.1 73.4 83.9 94.0 100.8 107.8 118.1 125.7 130.9 136.1 132.4

τελική κατανάλωση ανά καύσιμοτελική κατανάλωση ανά καύσιμοτελική κατανάλωση ανά καύσιμοτελική κατανάλωση ανά καύσιμο
στερεά καύσιμα 37.9 43.7 47.8 38.3 25.3 0.0 0.0 0.0 0.0 0.0 0.0

προϊόντα πετελαίου 86.1 75.2 80.6 88.3 91.9 97.3 105.5 110.2 100.9 90.8 75.3
φυσικό αέριο 72.0 85.0 81.4 86.4 67.4 72.5 28.2 24.2 23.4 23.8 20.3
ηλεκτρισμός 34.1 35.3 35.1 40.2 54.7 68.0 80.0 90.3 108.6 115.6 123.8

ατμός 15.1 15.4 21.8 20.8 24.8 31.0 30.6 25.9 19.6 16.9 16.1
υδρογόνο, βιοκαύσιμα, αιθανόλη, μεθανόλη 1.3 6.2 7.3 10.6 14.3 18.1 54.4 57.9 63.4 79.2 84.4

εεεεκκκκπππποοοομμμμππππέέέέςςςςCCCCOOOO����[[[[MMMMtttt]]]] 796.9 832.9 758.8 677.9 566.2 495.8 434.3 431.8 387.7 351.2 278.5
δδδδεεεείίίίκκκκττττηηηηςςςς    εεεεκκκκπππποοοομμμμππππώώώώνννν    CCCCOOOO����    ωωωωςςςς    ππππρρρροοοοςςςς    ττττοοοο    έέέέττττοοοοςςςς    ββββάάάάσσσσηηηηςςςς 111100000000....0000 111100004444....5555 99995555....2222 88885555....1111 77771111....0000 66662222....2222 55554444....5555 55554444....2222 44448888....6666 44444444....1111 33334444....9999Sq ma 8.2: P�naka basik¸n energeiak¸n ro¸n kai deikt¸n gia to sen�rio periorismoÔ CO2kat� 40%
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