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Me emupOhaln mavtdg SLXaOUATOS.

ArnayopedeTton 1 avTiypapr, anoUhxeuon xou Slovour| TG topoloog epyaciog, €& oAoxAHpou
1) TUWAUATOS QUTAG, Yia EUToEX6 oxomd. Emrtpéneton 1 avatinwor, anodrixeuon xal dloavour
YL OXOTO U] XEEOOOKOTUNO, EXTUOEUTIXAC 1) EQELVITIXAC PUONE, UTO TNV TpolnddeoT va
OVOUPERETOL 1) TNYT) TEOEAEUCTC o VoL Blatneeitan To mopdy urvupa. Epwthuata mou apopoiv

TN Xenomn TNS EPYUCLAS VLo XEPOOOKOTIXO OXOTO TEETEL VoL AmeV I iVOVTAL TEOS TOV CUYYRPEA.






Euyapiotieg

Oa el vo eLyapLOTHCL WLakTERN TOV EMBAETOVTA Xod Ny NTYH Lo %. PwTtdnen apyixd Yo
TNV guxapla YLoL GUVERYAGTN TOU oL TORElYE xou TNV xoodHyNoT TOL o€ OAN T1) OLdEXEL TNG
OLAWUATIXAG, xad®dS XL YLor T1) OLOUCHAAIO TOU OTA TEOTTUYLOXG UOU YPOVLAL.

LoVt ATay 1) oLVELSPOEE Tou LwThen Aruou, Tou omolou 1 UTOCTARLEN oL CUVEE-
yooto HToy XoUTAALTIXES OTNV BLEXTEQUUWAT) AUTAS TNG BLTAWUATIXAC.

Téhog, VéEAw var EUYORIGTHOW TNV OLXOYEVELX LOU XAl TOUS QPIAOUC OU oL UE OTHRLEAY OE

ONO QUTO TO BLACTNUO XL EXAVAY AUTY| TNV TORELA EQPLXTH.






HeptAngm

Yy avalftnot AMcewy 6To TedBAnua TS XAaTxnc ahhaync, TOAES xuPBepVAoeLS xou
opYOVIoUOL €YOLY EQUOUOTEL CUCTAUNTA EUTOPIAS PUTWY OTE VO TEPLOPICOLY TIC EXTOUTES
eVTWY oo Tov Blounyovixd topéa. Eva and autd ta cuothpate (EU ETS) mou egapudleto
ot WEAN e BEupwnaixic Evewong anoteiel to avtixeluevo autrc tng dimhwuatixis.

Mopouotdlovpe to EU ETS(European Emission Transaction System) wc éva dixtuo
CUVAAAXY OV %ol EEETACOVUE TAL YAURAUXTNELO TIXA oL AmoTEAOVY TNV x0plor dour| Tou. Aetyvou-
pe 6Tl 1 Tonoveoio enneedlel GNUAVTIXG TNV ETAOYT TWV CUUPETEXOVIOV AVUPORIXE UE TIG
GUYVAUAAXYES TOUG, xS 1) DoY) TOL BXTUOU LTOBEXVIEL OTL OL xOUfoL PeYdAwY Boduny cu-
VoAdooovTtor xuplee ue xoufouc younhotepwy Badumy, yeyovos mou emBeBatdvouy xal ot
exoveg Tou dtbou. Tlopd Tic ahdoryéc uetadh pdoewy, 1 Boacixy| Soun xon Tol YaeaxX TNELo TIXd
TOU Ypdpou TopauEvouy oTadepd entl TO TAEGTOV Xal BELYVOUV VoL €Y 0LV ETHCLA TEPLOBXOTNTA.
Yty avalATnom Tou Tuprival Tou SIXTU0U, GUVOVTAUE TOUS (Bloug TUTOUE ETOLELMY VoL EYOUY TNV
VPNAOTEPT HEVTELXOTNTOL XU OTWE ATOBEIXVUETAL, EXEVOUC TIOL €YOUV VTUAAAEEL GUVORLXE TO
HEYaAUTERO OY %0 adety. Kotd tn doxiur unodécewy yia 1o 8iXTUo, amodeixVOOUNE OTL THPOU-
otdler TOHXVOOoN xoTd TNV T8Eodo Tou Ypdvou xot PElwon TG (0LCLHCTIXAS) BLETEOL TOU.
To dixtuo eniong napouctdlel cuunepipopd oty omolo "ol Tholaotol Yivovtow Thouctotepol’
xadwe amodecvieton 6Tt axohouvlel scale-free xatovour| Barduwy.

'Eneita, ¥enoWonololue YVOOTEG UETEIXES Yia OLUYXPIOEIC BIXTUMVY %ol TUEEYOUUE Lol O-
%3] AMEWOVIOT] OUOLOTNTUSC TOL XAUE UOVTEAOU UE TO TRAYHATIXO BIXTUO avapopLxd Ue T
O0Oun. TN CUVEYELD, TEPLYPAPOUUE XTOL LOVTEAA TOU TUGTEVOUUE OTL UTOROVY VO AV~
edyouv TN Bour) Tou Bixthou xat Belyvouue OGO xOVTA To TEYVNTA dixTud TANGCLALoUY GTO
mparypotixd. o v exdoyr| ywelc xatevdivoelg axuwy, Tponomoolue to Yoviélo Barabasi
Albert ote vo d€yeton un oxépoleg TWES TO 0Tolo ATOBEXVIETOL 1) IO XOVTIVY] AVOTUROY WY T)
TOU TEAYHATIX0) OXTOOL 0TI To oTaepég QAoElc. MTNV eXBOYY| UE XATEVIUVOELS XUV,
o Community Guided Agreement Selyvel vo umopel var avamopdyeL LXAVOTIOUNTIXA OOV TIXS

yYvoplopato Tou BxTLoL.
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Avtahhayn POnov, Yvotiuata Avtodhayhc xan Eunoplag ITocootwoswy, EU ETS, A-

véhuon Auxtiwy, Xoyxeion Axtiny, Mtoyactind Movtéha Awtiwy






Abstract

Seeking solutions to climate change, many governments and organizations have im-
plemented emission trading systems to limit emissions from the industrial sector. One of
these systems(EU ETS enforced on and by the members of the EU is the subject of this
thesis.

We present the EU ETS(European Emission Transaction System) as a transaction
network and examine the structural characteristics that comprise the main structure of
the network. We show that location affects greatly the choice of actors to transact while the
structure of the network indicates that the larger degree nodes transact mostly with lower
degree nodes, something which network images corroborate. Despite the changes between
phases, the basic structure and characteristics of the graph remain largely constant and
appear to have an annual periodicity. In the search for the core of network, we find the
same types with highest centrality and as we prove, the ones with the largest volume of
traded allowances. When testing network hypotheses, we prove that the network exhibits
densification over time and shrinking of the (effective) diameter. The network is found to
exhibit rich-get-richer behavior as it is proven it follows scale-free degree distribution.

Afterwards, we make use of known measures for network comparison, in order to
provide an accurate depiction of the similarity each model exhibits to the real network in
terms of structure. Following that, we describe some models that we believe can recreate
the structure of the network and we show how closely the artificial networks resemble the
real one. For the undirected version, we modify the Barabasi-Albert to include non-integer
values which proves to be the closest recreation of real network during the more stable
phases. In the directed case, the Community Guided Agreement appears to reproduce the

important characteristics of the network more accurately.

Keywords

Emissions Trading, Cap-and-Trade Systems, EU ETS, Network Analysis, Network

Comparison, Stochastic Network Models
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Kegpdhawo 1

Extetopevn Ilepiindmn

1.1 X0otnuo Eprnoplag POnwy

Tov tekevtalo Wod ouwva, 1 XAoTxr) oAhoy ) anotehel éva onuovTixd TEdBAnUa Tou
paotiCel v avipwnotnta. H andvinon tne nayxdoulag xowdtntag fray 1 dnuovpyio tou
Intergovernmental Panelon Climate Change(IPCC) to 1988. H eZéM&n tou ity to United
NationsFramework Convention on Climate Change mou xabepwdnxe to 1992 xou oo onolo
ouupeTéyouv 154 €dvn. H d€oucuon twv unoyeypapoviwy edvaov elvon 1 pelworn e atpo-
CPAUPXTC CLYXEVTEWONS TV AERLMY TOU VEQUOXNTIOU UE OXOTO TN AMOTEOTH TNE ETXIVOLYNG
avlpwroyevolg emipporc oto xhatixd chotnua g I'ng. H Evpwnoixh Evwon, yia tny e-
VIoYLUOT TOV OTOYWY TWV GYETIXWY CUVOBWY, ONULOVEYNOE TO GUC TN EUTOPLIG OLXALWUATWY
exnoun’c (Emissions Trading System) , éva cap and trade system nou Bdlet v dpo oo
OUVOAO TWV EXTOUTWY OO TOUC CUUUETEYOVIEC GTO CUCTNUA. XTNV apyn xdde meEpLo60L
HUTAVEUEVOVTOL GOEIEC OTIC ETAUPIES AVOROYWE TIC EXTWMOUEVES EXTOUTES aEPiwY TOUC. 2TO
Tehog x«dde mepLddou, xdlde etanpla elvar UTOYEEWUEVY Vo TANEWOEL ABELEC AVIAOYES UE TOUG
euTouE Tou TaERyaye. Av Tapdiel Topamdve PUTOUS amd TG avTioTolyeg ddeleg, avaryxdleTal
vor avall NTHoEL Tapamdve GOELEC GTNY ayopd, SlopopeTixd Yo utoBindel oe LPNASG TEdo T
an6 v Euponoixf] ‘Evworn. Xtnyv neplntwor mou xota@épel Vo UEWCEL TOUS PUTOUS TNG E-
TOEXAS XAl TURAEEL AMYOTEQOUS pUTOUE amd OCES AOEIES TNG €Youy xataveundel, urnopel eite
va g amodnxedoel yio ypRor ot YETENELTA Ypovixh oTiyuh(He xdmotoug teploptopolc) elte va
TNC TOVAYOEL GTNY AYORd OBELDY.

Y10 obotnua, avaypdgovial tepintou 41 tOmOL GUVAAAXY®Y, UE TOUC TOTOUC QUTOUE Vol
Olapépouy we Tpog tonolecia, Asttoupyia, opdda, xAt. Kdde tinog cuvahioywy anotekeiton
am6 6L0 aELiUoE, UE TOV TRKTO VoL UTOOEVUEL TOV X0PLO TUTIO X0l TOV BEVTEQO TOV OEUTEREVOV.
Ané autolc toug TUTOUE, GTO YEYORDOTERO XOUUATL TNG BIMAWUTIXNC Vo ECTIUCOUNE GTOUC
10-0, 3-0, 3-21 mou agopolv xupiwe eunopés ouvahhayéc. H emhoyr auty) €yve xadie
Ol XUPBEEVNTIXES GUVOANXYES OTWE OLtVOUT| Xl GUANOYT| OBELDY OEV AmOTEAOLY ETULAOYY| TWV
OVTOTATWY TOU OLXTOOL XAl OEV TUEEYOLY GNUAVTLIXY| TANEOYORLA VLol T1) CUUTERLPOEE TOUG.

Y10 c0oTNUA, TUEATNEOVUE TEEIS XUTNYOPEC OVIOTATWY, EXEIVEC TOU €YOUV T1 VOULXT

UTIOYEEMTT] VoL TORAOWGCOUY GOELES PE BAoT TiC exmounéc pUmwY Toug, ovoudlovtal regulated |
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exelveg mou ebvar UTELVUVES Yol TO DLUUOLEUCUO XAl GUANOYT| AOEL)Y, AeYOUEveES governmental
X0l Ol UTOAOLTIEC TIOL BEV €Y0UV UTIOYREWOCELS 0TO GVUOTNUA Xt XUpiwe emtdugoly va Bydhouy

®EEOOUC WC QTOOLXOVOULXEC OVTOTNTEC 0TO GUCTNUA, TIC oTtolec Yo amoxahodue financial.
P U M n npa, M

1.2 3Xxonodcg tng Awmivpatixine Epyaciog

To EU ETS éyet avaruiel and moAES BLa@opeTIXEC OTTIXES, OUMS HE TNV cLVIT XN TNG
un Snuoacieuong cuvahhay®dy Uéypel 3 Ypodvia apYoTepa, LTdpyel coPopr EAAELYn BixTuoxrg
avdAuong tou cucthuatoc. Emlong eve umdpyet extevic BiBhloypoagio oty Tiun Twv abewwy,
™V enidpaom Tne oxovouxhc Ugeone oTic extounéc Tou Eupwnoixol topéa oylog [16] , Tic
xwvnthpteg duvduele e e [14] xon oA axdua papers oyeTixd Ue TNV Ty TV AdELDY,
utdpyouv Alya Tou TaEEYOLY HOVTEAX Yo TN dour) Tou OixtOou. H mo ohoxhnpowuévn puerétn
éywve ond Karpf et al Karpf [27] to 2018. Xe outh ) Stmhoyatix mopéyoupe pla Thfen
e€epElYNON TWV YUPAXTNELOTIXMY ONO TNV TAEUEd TOU BLXTVUOL TOU CUCTAUATOS Xdl OE OO
BBMoypapia xottdEaue OeV £YOUUE CUVAVTHCEL GAAN TéTowa PEAETT va yivetar oto EU ETS %o
Ayeg yehéteg €youv xahlel tooeg neployéc. H avdhuon pog mapéyet o yedodoroyio yior Tnv
AATAVONON) TWV BOUXOY YURUXTNRIGTIXDY HEYSAWY BIXTOMWY X OYECENY UETAL) BLOPORETINWY
TOTWY (OUPwV.

Yn yehétn pag, gTdvoupe o o Eexdiopn EOva TV TEOTWNOEWY Yiot xdde xoTnyo-
oot TV xOUPwV TOL BIXTVOL XoL AMOXTAUE YVWOON Tou dev €youue Oel oe Aemtouépela. Eva
O TOLYELOOEC XOUMATL TNE Bounc elvon 1 cuoyétion uetald Paduol xdde xouBou xou Ty Tdom
v ouvoelel pe dAloug xoufBoug ue Baon o Padud Toug. XN BBMoypapla TOV XOWVWL-
%WV BxtOwY, ouvntiletan ot xoufol ueydhwy Poducdy vo cuVBEovToL Ye avTiG ToLy oL UEYSAOUG
x6pPouc. Prdvoupe 6TO AMEOGOOXTNTO AMOTEAECUA, OTL Ol ueYAAOL xOufol oynuatilouv xol-
VOTNTES UE XOUPOUS UixpoTepwY Bardumy.

Arnodewviouye TNy enavaAnudtTnTo TwV patterns Twy Unvev Ue oTATIOTXES UETPNOELS
TOL GUVBEAUOLY UE TN a priori yvoon mou elyaue Yot 1o oot

M cuyvr meployy| Suxtuoxic avdiuong anotekel 1 xatavouy| Baduwy, oty omola To
EU ETS amodevietan 6tL axoroudel power-law xoatavour. IHopatnpdvroag tor eupduato twmv
Leskovec et al [?] oL onolol entyeipnooy vo LOVTIENOTOAOOLY BiXTUA YENOLLOTOLOVTAS UN)
ouuPoatinég PedodouC Yol TO YAVOUEVO “ThoUcLol YivovTal TAOUGLOTEROL’, AmOBEXVOOUUE OTL
1) OUGLACTIXT| OLIUETEOS TOU OIXTOOU UEWWDVETOL UE TO YPOVO Kol UTIEOYEL TORAUETEOS ¢ TETOL
OOTE 0 APLIUOS TWY axXU®Y Vo axohovlel power-law xotavour| ue Tov aptiud Twv xOUBwy Ue
T0 o ¢ exdetxnd. Aev €youue ToPATNENOEL TUEOUOLX BIEPELYNOT TETOUWY LTOVECEWY YLol TO
EU ETS .

Eve) moAlég ueréteg oe xdmoto onueio xatoAryouv otn poviehomolnomn Outvou, €you-
UE TR TNEHOEL AlYEC TEQIG TACELS OTIOU TO BIXTUO TIOU BNULOUPYELTAL YPTOULOTIOLWVTAS XETOLL
O TOYAC TIXY| SLadxaciol, CUYXEIVETOL XATOLO BLXTUUXO UETEO CUYXELONG. € QUTY| T1) OLTAWUATL-
xN, yenowonoiovtog Ty Anoxiion Hopteaitewv mou anotelel yerowo spyohelo yio ohyxplon

dopwv oTtolyelwy Yetald SixTlmY, BelyVouuE CUYXELTIXG ATOTEAECUATA VIOl LOVTENX, TTOU O-
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TOTEAOUV AOYLX6 emaxdloudo tng avdiuong mou €yetl mponyniel. To anoteréoyota delyvouv
OTL OTNY TEPIMTWOT YWele xatehYuvoTn oaxuoY, To BIXTUO UTOREL Vo TPOCEYYLIOTEL XoADTERQ,
otc o otadepéc pdoelc, and to Barabasi Albert yovtélo [5] 6tav To TpomONOCOUUE Yid
VO GUUTIEQLAGPBEL U1 OXEQUUES TWES OTNV TORAUETEO M, EVG TNV XATELYLVOUEVY TEPITTWON,
1 xoateutuvouevn exdoyr) Tou Community Guided Agreement mopdyel Tor xahltepa amote-
Aéopoto Anoxhone Ioptpaitwv oe obyxpion pe to |Forest Fire[37] xou 1o povtélo tou Price
[47].

1.3 Avdivorn Awtdou

1.3.1 Opogihia Badpwy

O 6pog assortativity avapépeton oe opgoldtnTa, avopopxd e xdnolo attribute , twv xop-
Bwv. Edc Yo aoyorndolue e to assortativity mixing otoug Boduoie, dnhadt| moe ot xouBot
opotou-Barduol mapovatdlouvy TNy tdon vo cuvdetolv uetalld Toug. XN BiBAloypapla uTde-
YOUV BLPORETXE OVTEAX Yl TO assortativity xou eueic Vo aoyolniolue ye to cuvieheo Ty
ouoyétione Padudy tou Pearson petalld (euydv cuvBedeuévwy xOUPwY, OTWS TEQLYPAPEL O
Newman[42] .

OplCouye tov mivaxa e 6Tou 1 TOGOTNTA €55 VAL TO TOGOGTO TKV AXUGY TOU BIXTIOU TOU
ouvoéouv éva x6ufo Tonou ¢ ue éva tumou j. Ilpémel var ixavomolel TOUC TaPUX AT KAVOVES

o) poloUTOY.

dujeis =12 e =ai ) eij = bi

_ e —y0bi _ Tre—|l €|
1= aibi 1— | e* ||

6mou e eivan o Tivaxag Tou onolou otouyela etvor Ta e;; [42]

O nopandve nivoxag 8 Aopfdvel utogn Tov aprdud Twv uehoy ot xdde xatnyoplo. o var

AVTIHETOTICOVUE TO TEOBANUO TaPEYOLUE TOV Tiivoxa assorativity :

AM =e—- S

#Hitypeixtype;
#edges?

O mivoxag S anotedel Tic Tuyaleg ouvdéoelg Tou Yo cUVEBavaY PE ToV aELiud TwV xOUPwv

omou S ebvan évag TeTpaywVixdg Tivaxog amoteholuevog and otolyela Si; =

oe xde xotnyopia. ‘Etol o assorativity mivaxog avtimpoownelel v npotiunocyn mou xde

xatnyopio delyvel xou ta otolyela malpvouy Twée oto (—1,1).

E&etdlovtog 1o 8ixtuo w¢ mpoc to assorativity yior OAeC TIC GUVOANAYES X XPOTWVTAC

Toug TUToug cuvakhayayv 10-0,3-0,3-21 raipvoupe ta axdrouda anoteréouata
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Yyfua 1.1: Degree assortativity

1.3.2 TlIepLodixodtnTa

To xOplo pépog tou unyavicpol EU ETS éyxerton otny xatovour| xow GUAAOYT adeLDY Yo
%G OVTOTNTA TOU CUCTAUATOS UE TNV TOGOTNTA VoL E0QTATOL ANO TIC EXTIOUTES IOV TGy OUY
uéyel To téhog Tou Amplhiou xde ypovo. H €xdoon adeiwv oe regulated ovtotnteg yiveton
oTic 28 Pefpovapiou clugpwva ye o ETS handbook . H ctadepdtnta autdv Twv garvouévewy
UTOBEXVUEL EMAVORPYLOTNTA X0l GTOUG UTOAOITIOUG UNVES UE BUVATOTNTO HoVTEAOTOINONE OF

etrota Bdon.

Ytoug mivoxeg mou axoloudoly avarypdpeToL, ol GUVIANXYES Tou €youv Tomo 10-53 xou
10-36 anoteholv Ty Thetodmeio Twv cuvaAloywy xatavounc ot regulated ovtdtnTeg pe Bdon
¢ GhG exmounée, eve exelveg ye tomo 10-2 agopolv tny mapddoon adewwy 6To TEAOSC Tou
Ampihn.

‘Onwe gatvetan, ue eaipeom TNV TuyoudTNTAL TOL TEGTOL €Toug Aettovpyiog Tou ETS xau to
2008 mou anoteAel avewpohior o€ OO0 YoEUXTNELOTIXG TOL BIXTVOU UEAETHOUUE, ETBEBAULOVETOL
n 0MAwon oto handbook av xou mapatnEolUe eAACTIXOTNTA GTNY EXDOCT| UE TEPLOPLOUEVO
oprdud xaL OTOUG YELTOVIXOUC unveg.  XTov emduevo mivaxa evitomileton TOAD peyollTEEN

ouotouoppla oTIc Tapaddoelg Twv allowances pe 1o Moptn va 0€yeton €va T0G00TO.
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Eyua 1.2: Ogogurio Bardudv

1.3.3 Kevipuxotnta

H yvoon mou €youpe andxtnomn yuw Tig wiotponieg tou ETS mopéyel edva mou dieu-
XOAOVEL TNV TAUTOTOIMON TWV CMUAVTIXOY YORUXTNEIC TIXOY Tou dxthou. Ot xuBepvntinéc
ovTtoTnTeS elvan LTEDYUVES Yia TNV XaTovouy| xal oLAAOYY adeldy, ol regulated unoypeolvTon
VoL UTOBAAOUY GOELEC GTO TEAOG TNG TEPLODOU, £x0VTag TNV ehcLlepiar VoL GUVAAAIGGOVTOL OTKS
emYuUOLY GTO EVOLUETO XAl OL OXOVOUXES OVTOTNTES EE ATOXAELOUOU AMOTEAOVY BLOPORETIXY
xatnyoplo xou emdupoLY TNV amdxTNoT XEESGOUC EVIOE TOU GUG THUTOC. XTOUC TEPLOGOTEPOUC
UAVES Ol XUPBEPVNTIXES OVTOTNTES BEV AAANAETIOPOVY UE TIG UTOAOLTES GTO GUG TNUA, EVE GTOUS
urveg amd Aexéufen we Anplin eEunneetoly YeydAo ot XEVTEXO PONO.

o tov unohoyloud onuaciog evog xOUou GTo YEAPO AVUPEQOUUE TNV EVOLIUEST) XEVTEL-

x6tnToL 6T opileton and tov Brandes [8]:

o(s,tv
W)= 2 OE(.;,L))
steV

we o(s,t) o aprdudc twv cuvtoudtepwy (S,t) povoratmy xou o(s,t|v) o aprdude twv
OUVTOUOTEPWV (S,t) LOVOTATIOY TOU TeEVOLY amd xdmoto xoufo v Slpopetixd twv s,t. Av
s =t, tote o(s,t) , xou av v € {s,t} t61€ 0(s,tjv) = 0. H petpur| epunvedeton we o Padudc
otov omolo 0 x0ufog €yel EAeyy0 ETML TWV GUVOECEWY Tou UYE dhhoug xo6ufouc, Pactopévo
oTtny unodeor OTL 1 onuacion TwV CUVBECEWY elvol (oo XUTAVEUNUEVT) GE ONOL TOL GUVTOUOTEQ
povordtia yior xde Levyoc.

Y10 EMOUEVO YRAPNUAL, OTOPOVOVOUUE TO dve 25% Twv xevipotitwy tou étoug 2014,
Teploptopévo oTic cuvolhayég 10-0,3-0,3-21. T'at Tn wixpdTepn XEVIPIXOTNTO Cpip, TOU ETUAEY-
HEVOU TUAUOTOC: O * Cryiy, = 1 — 0 = ﬁ [o xdie xevTedTNTA ¢ TOU BLC TALATOS QUTOY
d=cx6

Aoyapriumvtog malpvoupe to oxdhovdo Yedpnuo oTO OTolo T YEMUATA GTO UTOUVNUL

UTOOEWYLOLY TNV ot Yopia Tou XOUPo .
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Yyfua 1.3: Kevrpidtnta wg npog xatnyopia 2014

Palveton medg 6TaV BV CUUTERLAAUBEVOUUE TUPABOTELS XOU XATAVOUES AOELDY, Ol OLXOVOUL-
1S PUOEWS xOPBOoL o xATOL0 XUBEEVNTXOL, TOL TEQLAAUPBAVOUY Ta LOPVUUITA TAELC TNRLICUWY,
elvon 0 Tuprvag Tou dtLou xadKg ol regulated xatéyouv VEoeElC TO XOVTE GTNY TERLPEPELAL.

Y10 xepdhano 2 ewonydyoue v opoloyia uéyedog’ Baocilopevol 6To GUVORXG apLiud
aBELWY TOU cLVAARAY UMY Yl xdde ovtdTnTa. LNy avalfTnom emniéov TANEoQopias Yl

v Tomo¥éTnon evidg Tou BixTOoU Vo UEAETHOOUUE TO OO YRAPNUA (S TEOG TO PEYEVOC.

size
W averagelane
mal

W colossal
iy

centrality

0 200 400 600 800 1000 1200

Eyfua 1.4: Kevtpidtnta wg npog uéyedog 2014

1.3.4 Nopog Advaung

Y& ToAMEG EMOTNUOVIXES TIERLOYES, EVOC CLYVOC IoYLRLOUOS Tou elgavileTon elvon Teg To

oixtua axohoudoly power-law xatavouéc. Autéd onualvel TwE To TOGOGTH TWV XOUPWY Pk UE
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Badud k axorouvlel xatavoun k™ ye a > 1. Kdnoleg exdoy€c €youv o loyUEES analThOELS,
omwe 2 < a < 3 1 anddelln tne e&éhelc ue preferential attachment unyoviouo.

Ou pédodor yioo v e€étaon Unopéne power-law xotavourc mandaivouy xon awdvovton
oe axp{feto. Xtn pehétn toug to 2019 ot Broido et al. [9] xotaoxeudlovy tect 010 OTOO
xatnyoplomololy o 6 opoug, Ue Bdor T xpiThela Tou TANEOLY e auTEG va eivon, non scale-
free , umep-adUvVopa, TOAD adlvoua, adlvVoUA, LWoYLEd, TOAD toyued. Me autég Tic xaTnyoplieg
egetdouy 1457 dixtua, pe 456 non scale-free , 431 umep-adUvaya, 268 moA) adlvaye, 177

adUvoa, 89 oyued, 36 mohd oyued.

OplCovtag tov vouo 80voung, o apldudg twv axuoy mou éyel xdde xoufog, 1 Poduodg
x6uPov, yapoxtnelletar and v cuvdptnon xatavourc P(k), n orola diver mdavotnta évog
Tuyaio emAeyuEvog xouBoc va €yel oxplBng x oxuéc. H yevir popen tou vopog divaung etvan

P(k) o< k77, Aoyaprdudvtac naipvoupe

P(k) = ak™ = log P(k) =loga — vlogk

Aedopévov twv P(k) xou k and 1o 8ixtuo, uéow yeopuuxAc Tahvdpounong UE TopoéTpous
log(a) xot v T otodepd xou xhlon avtiotoya. To anoteréoporta yio p-value, R? %ot opdhua
Beloxovtow 6to mapdptnua. EAéyyouue to dixTuo yia xdde urva yior OAeC TIC SUVOAAAYES Xou

Yo Tic petwuéves(3-0, 3-21, 10-0) xon tor anoTe éopoTo QoivovToL GToL ETOUEVH O HULATOL.

frequency

15 20 2530 40 S0 60 75 100 125150 i 15 20 25 0 40 50 60 75 100 135

10 3 10
total degree total degree

i 3

(o) AexépPeroc 2011 (B") Anpihoc 2012

Eyfua 1.5: Koatavour; Baduoy
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xponent
xponent

estimate of slopele

ALL vansacions — ONLY'1097, 30,321 ALL ransactions — ONLY'1097, 30, 321 AL wansacions — ONLY'100, 30, 321

(o) Exdetnd éow-Badpold (B) Exdetnd é€o-Bardpol  (v) Exdeuxd cuvolixod Badpold

Eyfuo 1.6: Exdetind ypopuinic toAvdpounong

estimate of constant a

estimate of constant

— AlLuansactions — ONLY'100, 30,321

(o) Eradepd éow-Boduod (B) Eradepd é€w-Baduol (v") Lrodepd cuvolxot Baduod

Yyhuo 1.7: Mrodepd yoouuixic ToAvopounong

1.3.5 Meiwon Awapétpou

‘Oco ta dixtua HEYAAWMYOLY PE TO YpeoVo, 1) dloncintixy avalitnon teivel otnv elpeon
TeOmOL AOENoNe OloauéTeou eite auTd Yivetar e hoyoprduxd pulud elte Ue uTOAOYUELIUIXO
elte pe xdmoto oxdpa apyotepo pudud. Ou Leskovec et al[37] oty eZétaon autrc tne Oio-
{onong, anédelav Ot ota BixTua 0TN SNUOGIELUGT| TOUC OTNY TEAYUATIXOTNTA €Y0UV Peiwon
e SLoUETEOL.

X1 ouvéyElo aUTAE TNE UTOUESTC OVIPEROUIE XATOLOUG ovaryxoloug optogols. Avo xou-
Bol 070 BixTuo elvar GUVBESEUEVOL oy LTLdEYEL LoVOTdTL HeTaly Toug. o xdde puowd aprdud
d, g(d) T0 1060616 TV GUVBEBEUEVLVY LEUYDY XOUB®V TV OTOIKY TO GUVTOUOTERO LOVOTATL
Eyel uixog to okl d. O ypagog G €yel BLGUETEO d oV TO UEYIOTO UAXOS TOU GUVTOUOTEPOU
HOVOTOTION Ywelg oaxUéS yiar OAa Tor cuvdedeuéva (ebyn xouPwy eivon d.

Ovociaoctixf Awdpeteog o xdle guod apiud d, éotw g(d) To Toc0oTd CUVDE-
OepévwY (EUYWVY XOUBLY TV OTolwY TO PEYIOTO UAXOC TOU GUVTOUOTEQOU UOVOTATION Y-
olc axpéc i dhor o cuVOEdEUEVLL Lelyn xouBwy eivon d. 'Eotw D axépotog yio Tov onolo
g(D —1) < 0.9 xau g(D) > 0.9. Téte o ypdpoc G Exel oaxépona ovotac Ty dduetpo D.
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Anhadh, 1 oxépona oLCLCTIXY BIdUETEOS elvan 0 UxpdTEROS aErlude Brudtwy D otov onolo
ToUNGy Lo ToV 90% OAWV TV GUVBEdEUEVLY LeuY®Y Uropel Vo @TacTel.
Enextelvovtog Ty mopoamdve cuvaetnon Yo Vo CUUTERLAAUPBAVEL TRoYUOTIXES TIWES TOU
x v g(z) ye ypouuxh mopepBoly petoll twv oy g(d) xa g(d +1) (d < z < d+ 1)
Talpvoupe:
9(x) = g(d) + (g(d + 1) — g(d)) (& — d)

Evolhoxtinoe opopdc: ‘Eotw D n i émou g(D) = 0.9 tdte Mue 6u ypdgoc G €xet
ovolao TIXT| OLUETEO. O 0pLoPOE AUTOS BLUPEREL EAAPEWS ATO TEOTYOUHEVOUS OPLGUOUS GTOUS
omolouc frav 1 eNdytotn axépona Ty d €tol Hote TouRdytoTov 90% Twv cUVIESEUEVWLY xOu-
Bwv €youv andotaon o ToAL d. Auth 1 mopodhay | ECOUAADVEL TOV 0pLOUS ETUTEETOVTOS UN)
OXEQOUES TUEC.

H ypron tng ovclaotixic Slauétpou Tpogpyeton amd T dUVAUTN TS O CUYXQLON UE TN
diduetpo(n péyotn andotaot uetalld GAwv Twv cUVOEdEUEVKDY LeLYHOY xOuPrv) xadde 1 di-
QUETEOC UTOXELTAL O EXPUALC TIXGL (POUVOUEVA OTIWE TOAL UEYAAES AALGIBEC XOUPWY.

E¢etalovtoc to bixTuo 0TV TANEN TOU YOoE®Y), ToL ONUELN TOU QUVOVTAL OTO TUEAUXATE
YedpnUo Elvor GE BLUOTARAT 5 NUEEWY, UE TN YEoUUY| Vo amoTehel T yeouur TaAlvopounong
ehaylotwy TETPAYOVWY. Me To UThe UTOBEWVUOLUE TNV ETAOYY| TwV cuvaAAaywy 3-0,3-21,10-
0 xou avapépoupe 6Tt oL xAloelg Twv xaumiiwy etvor -0.0017 yia to mAeec xan -0.002 yio TiC

TEQLOPLOUEVES GUVOAAAYEC.

nnnnnn

effective diameter

Eyfuo 1.8: Ouotaotiny Awduetpog

H avdhuon oto cOvoho tng Simhwuatixng Yiveton xupit¢ 6T0 TANCIO CTATIXWDY UNVIAlWY
OtOmv. T autd T0 Aoyo e€etdlouue av oxohovleiton 1 (Blow CUUTEPLPOREA OE UiXEOTE-
PEC YPOVIXEC TEPLOBOUE YEOVOU UE onuavTxd Atydtepoug xouBouc. E&etdooue xdie prva
v etV 2005-2015(0 Tavoudploc tou 2005 Bev elye CUVOAAAYES) XPATOVTUC TIC EUTOPIXES
ouvodhayéc(3-0,3-21,10-0) yio Ty e€€MEn tne ovolaoTixhc Sapétpou. Teéyovtog yeauuxn

TAVOROUNON OTIC TWES UTWY TWOV UNVOV QTAVOLUE oTa axdhovda arotehéopota. e 61 and
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auToUg TOUg UAVES TopaTnEE(Ton aLEAVOUEVT OUCLIG TIXT| SLEUETEOS Xal OTOUC uTdholToug 70
€youpe Uelwam, YEYOVOS afloonuelwTo 8e60uévou TOco UixpdTepo mAdioto e€etdlouue. Autd
Yewpolyue 6Tt ouufatvel xodog oL vEol xoufol €youy TNV Tdon Vo cuVOEovToL oE NdT) BNUOPLAEiC

xopPoug, elte xuPepvnuixolg eite oxovouxole.

1.4 Merpa X0Oyxpiong AwxtOwy

1.4.1 Amndxiior IHoptpaitwy

Ta tov oplopd e Andxhong Hoptpoitwy, yeetdletou va oplotel apyxd o B-nivaxac [4].
H anéotaon yetagd 600 x0uPwv u, v clvar o uxpdTepog aptiuog oxumy HETHED XOUBwY Xou
urmopel vo Bpedel yéow Breadth First Search(BFS) . Ocwpdvtac x6ufo v;, éva [—xélupog
elvon T0 olvoho x6uPwv Vi C V xoufwv o andotaor | and tov v;. Erou

By i, = o apududc twv xouBwv mou €youv axpBng k uéin ot avtiotoyo [ —xehien Toug

Ané Tov mopandve oploud UTopoVUE Vo GUUTERAVOUUE OTL:

By, = NP(k)

6mou N o apiude twv xouPov xar Pi(k) 10 1000016 twv x6uPuv ot Badud tne téing L.

Ot ypoupéc tou B pnopolv va epunveudolyv we xatavopés miavotnTog:

1
P(k[l) = NBl,k:

7 7 Z 4 4 4 Z 4 7
elvon 1 mdovoTnTa Evag xoufog mou Yo emAéyel Tuyalo Yo Eyel k xouBouc oe andoTaom

. M dueon obyxpiomn avd Ypouu| TeoXOTTEL:

KL(PED|Q(k|)) ZP k|1)) ZP k|l)lo };
omouv K L(p|lg) n Kullback-Liebler (KL) andxhorn petold 300 xotavopdv p,q, pe @
oplolUévo Yia o delTepo TopTpalto duota ue P(k|l) 6nwe opiotnxe mopandvw. Ov cuyypopeic
ONAOVOUY OTL UTOPEREL amd dmoLoL petvexThuata 6Twe, un optopévo yioo K L(P(k[1)||Q(k|1))
O€ XAMOIEC TEPLTTWOELS Xa 1) EAAELPT) CUUUETELAS XU ETOUEVKC OEV AMOTEAEL UETEO AMOOTAOTC.
Ye mpoondieia va Sroptcouy ta TeofArdota tagéyouy TNy KL andxhion onwe oplleton

TOEOXATE.

maz(d,d) N
KL(PRDIQUD) = 3 E}mmm@gﬁg
=0 k=0

‘Etol n Anéxior IMoptpaitwy eivo
1 1
D;s(G,G') = S KL(PIIM) + S KLQ||M)

ue M = (P + Q) wo uxth xatavopr wov P,Q opouévo omd P(k, 1) = gBl;l’“Q (oJ{0%s

c

AVOUPERUNAE TIUPATAVC.
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H Andxion Hopteaitwv 0 < Dyg < 1 nopéyet plo Tiur) mou nocotixonotel T dlopopd
TV 50U0 BIXTOWY Omd TIC XUTAVOUES TWV AMOCTACEWY TOUC, UE xpotepn D yg yio mo dpola

dixtua xou yeyohitepn D ss yio Ayotepo dpota dixtua.)

1.5 Movtéra Kataoxsurc Awxtdwy

1.5.1 Community Guided Agreement

H mpocéyyion mpoxintel and tnyv cuveldntonoinor 6t oL power laws eugavilovtal oe cuv-
BUOCUO UE AUTO-OUOLESC BOUES, ONAADY| AVTIXEIUEVA TOU AMOTEAOUVTAL OO UIXEOTERA AV TlY popoL
Tou evatou touc. O Leskovec et al [37]8elyvouv 61t éva anhd oopponnuévo dévipo oto-
Yepric Blaxhddwong b eivon apxetd Yo vo 0dnynfoel oe power law mixvwong. Ou xoéufol V
Tou Ypdpou Va ebvor Tt UM Tou dévtpou(n = |V| avd n = bH). Opilouue h(v,w) wc TV
anéotoon Yetald 2 @UAALY v xou w, dnAady| To UiPog Tou xovol Toug TEoyovou(To Uog Tou
UXEOTEPOU UTOBEVTEOU TIOL TEPLEYEL X0l TOUS 2 XOUBouc).

Kotaoxevdlouue tuyaio pe toug x6uPouc V opllovtag tnyv mioavdtnto vo mpoxdel axur
HETAED TV v, w ¢ ouvdptnon f e tocdtntac h(v, w). Autd Yo avagépeton ke 1 cLVEETNON
duoxohlog xou ylvetan eupovég OTL Yo TEETEL VoL UELOVETAL UE TO h, oahhd uTdpyouY TOANES
Hop@éc Tou Yo UToEOVCE Lol TETOLY GUVARTNOY VoL TTHPEL.

H popg?| tne f mou anogdoicay 6Tt BoVAEUEL XahOTEPX TROERYETAL AT TIC UTOVEGELS QUTO-

4 Z 7. Z h Z 4 e
opototTNTog. Oa meénel va etvon scale-free , emouéveg To f{h(_)l) Yo mpémetl va ebvan ave&dptnTo

Tou emnédou Tou BévTpou dpa xou otadepd. Autd cuvendyetar oplopd tou tunou f(h) =

f(0)c™. T héyouc anhdtnrac Hétouue £(0) = 1. ‘Etor éyoupe cuvdptnon ducxohioc:

f(h)y=c"

omou ¢ > 1 6mou ¢ avagépetal we oTadepd BUoKOAOG.

1.5.2 Forest Fire

[o v anotinwon yopaxtnelotixey ta onolo to CGA Bev undpeoe, dnuodpynoay to
povtélo Forest Fire .Ou xoufol xatagpidvouy oetplaxd xow oynuatilouvy é€w-axués Ye x4molo
UTOGUYOAO TV UTdEYOVTWY xOuPwy. T vo oynuatiosr oxuéc, o xawvolpylog xoufoc v
oLUVOEETAL UE XOUPO W OTO UTHPYOV YEAPNUO Xat EEXVE VoL “xafel axUéS amd To w TEog To
€€, dnuovpydvToag axur Ye xdde xouvolpyto xéufo mou avaxolimtel. O alyodpriupog elvou
¢ e&hc:

Sexwvde e 600 TopoéTEoUS, P TaVOTNTA TROOBEUTIXAC Xabong, 1 TavoTnTo avTioTpo-
pne xadong.

e 0 v emAéyel TpEoPn w tuyaio xou oynouTilel axun Ue Tov w

o TapdYOUUE T omd BV xotavouh ue péoo (1 —p)~t. O v emhéyer  ouée Tou
w, emAEyovTag €ow-oxuéc pe mdovotnta r @opéc Aydtepo and €€wm-oxuéc. Eotw

W1, W2, ..., Wy TA GAAOL IO TWV ETUAEYUEVOY AXUDY
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e 0 v oynuatilel EEw-uxuéc PE Wi, Wa, ..., Wy ot €QopUOlel To (ii) ovadpouxd oToug

W1, W2, ..., Wy ATOPELYOVTOS eNavaAAPES xOUBwY

Yyhuo 1.9: H dwadixacio tou Forest Fire
Aplotepd: xouvolpylog xouPBog v ewcépyetal oTo dixtuo, eméyel xoufo w. Méon: O v
EVOWUATMVETOL GUVOEOUEVOS OVOBPOMIXE UE TOUC YELTOVEC TOU W, TOUC YEITOVES TwV
Yertdvov, x.ox. Aeid: O v av dnuoupyfoet ueydhn gotid, cuvdéetar ue LeYSAo oprdud

TWV UTOEYOVIWY XOULOVY

1.5.3 Preferential Attachment

IToANG xowvewvixd dixtua yapaxtneilovtor and dvioeg xatavoués axuomy. Ot Topatneolue-
VEC AOUUUETEES XATAVOUES €Y 0LV OE TOMAEC TepLTTwoElC anodovel oe preferential attachment
, Wlar Téom TV xOUPwV OF EVol ETEXTEWVOUEVO OIXTUO Vol GYNUATICOUV VEEC axUEC PE TROTIUO
oe x6ufoug pe uPnAo apiud axumy. Onwg €xel datunwiel TOAMES Qopéc TEONYOLUEVKLC
ot Bihoypapia, ol unyoviopol preferential attachment Snuiopyolv xatavouéc mtou npocey-
y{louv power-law . ‘Onwe €yel anodely Vel oe TEONYOLUEVO XEQIANLO, TO BiXTUO pag axolouiel
power-law xotovour| Badumy, tedyua tou pag odnyel otny e€epelvnon LOVTEAWY TOU avoma-

edryouv T dour| Tou BLxTOOoL.

Movtélo Tou Price

To 1965, o guowodg xa lotopixde tng emothune Derek de Solla Price mepiépypare mdo-
YOS TO TEWTO TopddeLypo auTtol Tou armoxoheltar scale-free 8ixtuo[47]. Meletwvrog dixtua
OVAPOPWY OE ETUCTNUOVIXG Papers , Tapathenoe 0Tt ol éow-Poduol xon E€w-Boduol axolou-
YoOv power-law xatavouéc. O Price ovoupace autéd to gouvouevo cumulative advantage , e
auTO v YiveTon EupUTERA YVWo TO w¢ preferential attachment dtov peiethAdnxe apyodtepa and
Touc Barabasi, Albert . To yovtého mou npdtewve o Price elvan to e€ric:

OewpolUE XATEVIUVOUEVO YRAPO UE M XOPUYPES XL P TO TOCOCTO TWV XOULKY e E0w-

Bodud k tétoo dote Y pr = 1. Néec xopugéc @ptdvouv cuveyme oto dixtuo xat ot xde
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x0uPo mou @Tdvel avatiieton évag aptdudg yio Tov €€w-Potud o dnulovpyia TS xOPUEES.
O €€w-Padudc mowxiiel yetol xouPwv xou o uécog e€w-fadude etvor m etvon otadepdc. O
uéoog éow-Badudg eivon eniong m xadg Zk kpr = m.

H mdavotnra évac veoapuydne xoufog, m.y. €va VEo paper xdvel avapopd GE UTHEY OV
CUVOEETAL OE UTHPYOUCES XOPPUES, elvon avdhoyTn Ue Tov €o0w-Padud k Tahlde xOpUPAC V;.
Kodag xdrde xouPog Eexvder pe 0 €ow-Pordud, G €xet Slopxide undevixr mdoavotnta va omo-
xThoel xouvolpyleg oxuéc. o va mapaxappdel To tedBAnua n miavotnto Yo mpénel vor etvon
avoroyix| oto k + kg. Mo obufacr, n omolo urnopel vo dixonohoyniel Yewpdvtog tnv apyixh
onuooieuot evog paper Tov eautéd tou, V€tovtag ko = 1. 'Etor n miavotnta plo véa oxur| va

ouvdelel oe Evay and Toug UTdpEyovTeS xOUPBoug ue Badud k v

(k + D)px (k + 1)px

Sulk+Dpe  m+1

‘Onwce detyver o Newman [43]:

p[k] ~ k_(2+1/m)

Tiot peydha n, 1 xoovopr Badudv éxel oupd power-law pe exdetind o = 2+ . Autd
ouvidwe napdyet exdetixd oto (2,3). H napandve eZiowon dnwe goiveton dev eEoptdton and

70 ko xou €toL 1) mapdueTeog ko = 1 pmopel vo duconohoyniel ex Twv UCTERWY.

Barabasi-Albert

H Souvleld tou Price mopéueive 6 oyeTixy| apAVELL GTNVE ETUOTNUOVIXT] XOWVOTNTO XA TO
cumulative advantage dev eyxahidplinxe cov évvola uéypet mtou ow Barabasi xoau Albert [5]
Tou €8woay xouvolpYlo 6voua, preferential attachment . H Siapopd yetald twv 600 ovtéhwy
elvow 1 EMheudn xatebduvong oto povtéro twv Barabasi, Albert ondte dev undpyet didxpion
petoll €ow xan €€w-Lodumyv. Autd épyeton pe To pelovéxTnUo g EMhewdne xatediduvong
OXUWY, AAAG TURAUXGUTTOVUE TO TEOBANUA TNG UEYIXNAS AvVapPORSS.

H mdovotnto pla xouvoldpyto oxur| va cuvdelel ye xoufo Poduol k 1o 10000vauo tng

eZlowong tou Price etvou

kpr__ kpr
>k kDK 2m

‘Onoe avagépetar and tov Barabasi oo BSAio tou to 2013 [6] undpyet évog aptiude ovahu-
TIXWVY EPYUREIWY YLt TOV UTOAOYLOUO TNE xaTorvour|c Barduy Tou povtélou. XenoyomoumvTag
continuum theory npoAéneton:

p(k) ~ 2m'/ Pk
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1.5.4 Amnoteiéopata Xuyxploswy

Undirected povtéla

b, i

Lyfuo 1.10: Xoyxeion Undirected povtéiov

Directed povtéia

3
3
g

Yyfuo 1.11: Xdyxpeion Directed povtéwy
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1.6 Xvunepdopota

Yuvodilovtag, Belaue 6Tl eve) 0To TEPIOTOTERA dixTua UTdEYEL opoguiia Baduwy, oto
ETS ow x6pfot pyeydrnv Badumy telvouy va cuvalhdocovtal e xOUBous uxedtepny Baduoy.
‘Otay eZetdoaye T CLUUTERLPORE TWV OVTOTHTWY PE Bdon To yvwpeloyato Toug, TeEoxdNTouV
patterns ota onola mopoustdletan Tdon Vo cuVahAdoGovToL PE xOUBouS TNE (BLog YWEoC Xo
TIC TEQIOOOTERES POPES UE BLapopETIXAC XaTNYoplag xOufoug.

Ta dixtuo Tapoucldlouy oyLEd CToLyEl ETHCIIG TERPLOOIXOTNTUC ot TEOPBAeYUOTNTAC
OGOV aopd. TN BOUN X TNV TOCOTNTA CUVUAAXYWY, ToEd TG aAAaYEC OTIC @doels. Axo-
houddvtag Ty tdon g Bifhoypapioc, egetdoaue av To dixtuo axoloulel power-law otnv
xatavout| PBoducdv xan oYedov ywplc e€alpeon unaxolel TNy tpoavagepdeica xoTovoun, oy xon
HE o exVeTind.

M onuovtixs cuveldntonoinon dtav peAetdue dixtua elvar 1 €€EMEN Toug GTO YpEdVO.
YN pehétn NG meoodou Tou BixTUOU OTo YEOvo amodelyUnxe OTL aLEdveTal G TUXVOTNTA
%o xon 6Tl pedveToa o (ouotaoTny) SLEUETEO.

Y1n ouvéyela eEETACOUE XATOL LUTOPTPLOL LOVTEAA YIaL TNV AVATOEAYwYT| Tou dixTOou To
omoio cuyxpivoue xat a€loloyioope TV anddoor Toug Ue Bdon to pétpo olyxplone Amoxiion
[optpoitwy. Xtny mepintwon towv undirected exdoyr, To yoviého Barabasi Albert o omolo
TEOTOTIOLACAUE Yiat TNV Tepintwon Yog. To cuyxptvoue ye o Community Guided Agreement
xat To undirected Forest Fire , ye to BA vo avanogdyet 0 dour) Tou 8xthou xahdTepa 0TS
To oToepEg QAoElC. LNV xaTeLIUVOUEVY TEpinTwaoT, To woviého Tou Price cuyxpiveton ue
t0 Forest Fire xau ye 1o xoatevduvouevo CGA pe to teleutaio va emituyydvel mohd xahTepeg
Téc Andxone Hoptpaltwmv

Eve 1 Sovkeid pag dev etvon 1) mptn mou e€etdlel To EU ETS, nopéyouue tnyv mo ohoxin-
POUEVT EXOVAL Yol ToL B TLOXKE YopoxTNEto Td Tou. Tlapd 0 cpaipdTnTo TG SITAWUATIXAC,
oev amoTeAel TAYjPN AVIAUGT] OAWY TV YVWEICUATOY TOU OIXTOOU Xl ETUOEYETAUL ETEXTAOT),
HE TO XOUMATL TNG UOVTIEAOTOMONG Va Efval avoLXTd GTNY EQUPUOYT TEUTERL UoVTEAWY. O
TeoTmOC enedepyaciog Tou BXTUOU ATMOTEAOUTAY ANO CTUTIXEC ELXOVEC 0VeL OPLOUEVOL YPOVL-
%4 SwoThpaTo. Mo evolapépouca TEOGEYYIOT EVOL 1) TEOCEYYLON X0 LOVTIEAOTONCT HECW
Yeovixhic e€€AEng Tou Bixtlou, UE TPOTOUC TaPOUOloUg e excivoug Tou avapépel o Leifert
[?] mou e&etdler to TERGM(Temporal Exponential Random Graphs), SAOM(Stochastic
ActorOriented Model) . Me tn yvdon xou xatovénon mou €yel TapouctacTel o auTh ThY
epyooia, éva enduevo Bripa Yo uropoloe va eivar 1) egapuoyt) uedddwy Bewplog Haryvienv yio

TPOGEYYLON TNG CUUTERLPORAS TV OVIOTATKY TOU BIXTOOU.
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Chapter 2

Introduction

2.1 Background

For the last half century the world has been in search of solutions for the problem of
climate change, either managing or ameliorating its effects on the planet. Having widely
recognized that the main cause of it are Greenhouse Gases (GHG) many of the efforts
focus on limiting emissions levels. The world’s response to the problem has been the
creation of the Intergovernmental Panel on Climate Change (IPCC) in 1988 which was
endorsed by the United Nations. The evolution of the aforementioned intergovernmental
body has been the United Nations Framework Convention on Climate Change which was
established in 1992 and was joined by 154 nations. Its signatories’ commitment to reduce
the atmospheric concentration of greenhouse gases were driven by the goal to prevent
dangerous anthropogenic interference with Earth’s climate system. The famous ”20-20-
207, is a legislative package of energy and climate targets set by the European Union to
ensure that European Countries will able to reduce GHG emissions at least 20% below
1990 levels, to increase energy consumption from renewable sources by 20% and to improve
energy efficiency by 20% until 2020.

The EU, in an effort to curb the emission problem, chose a ”cap and trade” system as
the best means of meeting the GHG emissions reduction target at the least overall cost
to participants and the economy as a whole. Cap-and-trade was first theorized in studies
between 1967-1970 [10] [11] as an approach to air pollution abatement.

The European Emissions Trading System caps the total volume of GHG emissions of
all participants in the system. The ETS legislation creates allowances which are essentially
rights to emit GHG emissions equivalent to the global warming potential of 1 tonne of
CO4 equivalent(tC'Oze). For every period set by the European Union, the participants
are legally obligated to surrender allowances respective to their emissions.

The choice of this type of system was founded on the benefits that the structure
exhibits. The certainty about the maximum quantity of GHG emissions for the period
of time over which the system is set is reassuring the creators of the system that the

international objectives and environmental goals will be achieved. The flexibility that
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trading brings means that all firms face the same carbon price and it ensures that emissions
are cut where it costs least to do so. These types of systems provide the added benefit
of generating an income for the regulator if GHG emissions allowances are auctioned and
that can be invested in climate-change-oriented investments for the EU or for the member
states. Finally the EU ETS provides certainty to emissions reduction from installations
responsible for around 50% of EU emissions. This reduces the risk that Member States will
need to purchase additional international units to meet their international commitments
under the Kyoto Protocol [50].

2.2 Motivation

From the early 20th century scientists and engineers have been systematically trying
to understand and break down networks for several types; social, financial, computer,
biological, etc. The understanding we gain is crucial to making any breakthrough and
is essential for progress in the field. In this thesis we attempt to provide a well-rounded
framework that can be applied to a wide range of networks and is a solid base upon which
interpretation of network structure can be founded.

Apart from the importance of the results we will demonstrate, this thesis is setting
the groundwork for further expansion in future projects and serves as an effort in gaining
knowledge of the behavior of the EU ETS network as far as its structure is concerned, but
more importantly about the way the entities that participate in it behave the way they
do. The utility this provides is multifaceted but the principal benefit we aspire to gain,
is the ability, given a certain degree of stability, to forecast as accurately as possible the
structure of the ensuing months and years.

Applying this type of analysis will also serve as a precursor to expanding this work
to incorporate a game theoretic component in which with the now more clearly defined

concepts and understanding, the approach might be ripe.

2.3 Previous Work

The work of this thesis is following a long line of work on the subject of network
analysis. The consensus suggests that Leontief’s 1936 economic input-output analysis
[36] and Shannon’s 1948 information theory [48] as the origins of many network analysis
techniques. Hafner-Burton et al. [23] have a seminal paper in the field that provides a
holistic review of methods to apply to network analysis when examining approaches to
international relations networks such as transnational advocacy networks(TANs) as well
as terrorists and criminals organized in “dark” networks. In the field of biology Kay et
al. [28] provide an early background on steady-state ecological systems using flow network
representation to describe the function of the ecosystem.

As will be referred to again later, Newman’s [42] paper on mixing patterns in net-

works has provided useful tools such as mixing matrices and discussion on assortativity in
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networks which appear frequently in this thesis as well. Jackson [25] in his very thorough
2003 survey, takes a look at the literature on network formation, providing definitions of
network games and discusses some of what is known about the (in)compatibility of overall
societal welfare with individual incentives to form and sever links. Similarly and more
recently de Paula [15] gives a selective literature review on econometric models of network
formation and presents a discussion on dyadic and non-dyadic models, also providing a
great background on the formation process. In a paper of the same name Chandrasekhar
[12] looks first at the economic processes operating on network such as social learning and
labor market search and second at how and why economic networks form. Studying these
objectives he focuses on the econometric issues that arise when an empirical researcher

seeks to model formation and the ways the researcher can tackle those issues.

In their 2019 paper, Goldner et al. [22] study the design of carbon license auctions
within the EU ETS. They use facts regarding uniform price auctions to understand what
is happening in these markets and probabilistic analysis to handle the uncertainty of valu-
ation realizations. They,then, apply a Price of Anarchy analysis to give strategic guarantees
and provide concrete recommendation, with provable approximation guarantees, for how
to set the parameters of the mechanism used in practice. Using a similar approach, Garcia-
Algarra et al. [21] examine its topological and statistical properties and with those results
they provide generative models that closely mimic the properties of annual empirical data.
In their 2011 paper, Akerman et al. [1] when examining the global arms trade network fol-
low a very similar route to ours, by studying the network structure and trying to identify

node importance, interactions, degree distribution and network modeling.

The EU ETS has been one of the largest carbon markets in operation. Its importance
has led to extensive analysis in the literature. Performing a network based analysis of the
European Emission Market, Karpf et al [26] note that the network exhibits a strong core-
periphery structure also reflected in the network formation process. This thesis follows
a similar trajectory, by examining what we deem as key characteristics and using the
evidence gained to provide modeling of the network. However as will be clear by the
following chapters we provide further insight and more complete creation and comparison.
In a more thorough study on the EU ETS was released in 2018 Karpf et al. [27] examine
various facets of the system. In particular they conduct a data-driven approach to the
network in which they consider a static network up until the year 2011. The paper focuses
on identifying and analyzing the characteristics of the network along with their influences
on its structure, using an ERGM fitting to emphasize the importance of each attribute.
They further propose a dynamic model to capture the changes over time. In the static
network, the paper lacks in examination of models and in the direct comparison with the
real network. It also suffers from data gathered until 2011 consisting of the first and part
of the second period of the EU ETS which with hindsight from the 3rd period, the period
they examine appears wildly inconsistent and contains periods whose allocation is based
on outdated estimates of the need for allowances. In a similar vein, Borghesi et al. [7]

analyzing the system from a country-level perspective instead of firm-level perspective,
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arrived at the finding that Person Holding Accounts- which approximate the intermediaries
in the network- play a prominent role in the network using a variety of centrality measures
like PageRank, in/out strength, average neighborhood in/out strength, degree centrality
and others.

Our focus is mainly on the network’s attributes and properties and give models that
closely resemble the structure of the real network. However the EU ETS has been studied
from other perspectives such as the auction prices and allowance prices estimates and
equations. Dimos et al. in their 2020 paper [18] study the the effects of allowance banking
and the financial sector in the EU ETS where they find that it is a considerable though
not dominant price determinant. Extending their work on the EU ETS [17] provide a
definition of a subset of nodes, named All Time Almost Dominating Set (ATADOM), the
nodes of which emerge as the core transactors. Using a Vector AutoRegressive model they
attempt to forecast the EUA price.

Another way to view the EU ETS is as a temporal network, that is a network evolving
over time. This approach is not as common, however a framework has been laid out by
Leifeld et al. [34] who compare the Temporal Exponential Random Graph Model with the
Stochastic Actor Model that are similar in their mathematical core. In the same field,
Holme [24] recognizes the shortage of tools and the relative youth of the field and provides
a review of the methods to analyze and model temporal networks and processes taking

place on them.

2.4 Contribution

The EU ETS has been, as will be expressed in length in the next chapter, analyzed
many times from various perspectives. However, with the clause of not releasing trans-
actions until three years to the date after they occur, there is a serious lack of network
analysis studies on this system. Also, while there is an extensive literature on the price of
allowances, the impact of the economic recession on the FEuropean power sector emissions
[16], the driving forces of price [14] and many more price related papers, there are very
few that provide models for the network structure . The most complete such study was
performed by Karpf [27] in 2018. In this thesis we provide a thorough exploration of the
characteristics of the network perspective of the system and as far as the literature is
concerned we haven’t encountered any such study being done on the EU ETS and few
studies have covered as many areas. Our analysis outlines a methodology for understand-
ing structural characteristics of large networks and relationships between different types
of node classifications.

As far as the specific aspects of the EU ETS, we come to a clear picture on the prefer-
ences of each category of network nodes obtaining knowledge not previously expressed as
detailed. An essential part of the structure is the correlation between the degree of each
node and its proclivity to connect with other nodes based on their degrees. We reach a

surprising conclusion not usually found in network analysis particularly in financial and
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social networks, as large degree nodes have the tendency to connect to other large degree
nodes. On the contrary, our results depicted also in the images the images from monthly
graphs indicate that the larger nodes form a community with nodes of smaller degrees.
We manage to statistically prove the repetitiveness of patterns in months with statistical
measurements which fall in line with the information we had about the system beforehand.

As is customary with network analysis studies and surveys we prove that the EU
ETS follows a power-law degree distribution which helps the modelling of the network
in later chapter. Following in the footsteps of Leskovec[37] who tried to model scale-free
networks using not so straightforward rich-get-richer method of modelling networks, we
prove that the effective diameter of the network decreases over time as well that there
exists a parameter « such that the number of edges follows a power law to the number
of nodes with « as exponent, proving the densification law as stated by Leskovec. We
haven’t observed the examination of any such hypotheses in other studies concerning the
EU ETS.

While many papers and surveys arrive at a point of fitting a model to the network,
we have seen few occasions where the network is created using the stochastic process and
then compared using some comparative measure as most settle on the fitting. In this
thesis, using Portrait Divergence[3] which is a very useful tool for comparing structural
differences between networks, we show comparative results for models, which are the
natural conclusion of the previous analysis, both for the directed and the undirected case
of graphs. The results show that in the undirected case, the network can be modelled best,
in the most stable phases, by the Barabasi-Albert model[5] when we alter it to include
non integer values for the model parameter m while in the directed both models we test,
the directed version of the Community Guided Agreement seems to outperform the Forest
Fire[37] and Price’s models[47].

2.5 QOutline

The following chapters and main part of the thesis are structured as follows. In the
second chapter there will be an overview of the EU ETS, consisting of a thorough de-
scription of its main parts, its history including a relative literature that either has been
in the direction of this thesis, or relative to the system and contributes in some way. In
chapter 4 we analyze essential concepts of the transaction network and the system in gen-
eral, focusing on the results we deemed most significant. Paving the way for chapter 6, in
chapter 5 there will be comparison algorithms through which will come the evaluation of
the models. Finally in chapter 6, we have surveyed the literature and have chosen suitable
models to approach the networks and exhibit the results that arise when comparing the
said models with the reality of the EU ETS.
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Chapter 3

EU ETS

3.1 Introduction to the ETS system

In the last half century, climate change has been a major issue plaguing humanity.
The world’s response to the problem has been the creation of Intergovernmental Panel
on Climate Change(IPCC) in 1988 which has been endorsed by the United Nations. The
evolution of previously mentioned intergovernmental body has been the United Nations
Framework Convention on Climate Change which was established in 1992 and was joined
by 154 nations. Its signatories’ commitment to reduce the atmospheric concentration of
greenhouse gases were driven by the goal to prevent dangerous anthropogenic interference
with Earth’s climate system. The European Emissions Trading System is a ’cap and trade’
system, in that it caps the total volume of GHG emissions of all participants in the system.
The ETS legislation creates allowances which are essentially rights to emit GHG emissions

equivalent to the global warming potential of 1 tonne of CO2(tCOqe). [51]

The choice of this type of system was founded on the benefits that the structure
exhibits. The certainty about the maximum quantity of GHG emissions for the period
of time over which the system is set is reassuring the creators of the system that the
international objectives and environmental goals will be achieved. The flexibility that
trading brings means that all firms face the same carbon price and ensures that emissions
are cut where it costs least to do so. These types of systems provide the added benefit
of generating an income for the regulator, if GHG emissions allowances are auctioned and
that can be invested in climate-change-oriented investments for the EU or for the member
states. Finally the EU made it so the ETS provide certainty to emissions reduction
from installations responsible for around 50% of EU emissions. This reduces the risk
that Member States will need to purchase additional international units to meet their

international commitments under the Kyoto Protocol.
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3.2 Other Cap and Trade Systems

3.2.1 Regional Greenhouse Gas Initiative

The Regional Greenhouse Gas Initiative(RGGI) is a consortium of northeastern US
states Connecticut, Delaware, Maine, Maryland, Massachusetts, New Hampshire, New
Jersey, New York, Rhode Island, Vermont and Virginia so far, that limit carbon dioxide
emissions from electricity generation through a regional emissions trading program. It
came into effect in mid-2008 and since then total emissions from the region’s power sector
have dropped substantially. Being almost as old as the EU ETS, there is extensive liter-
ature on it as Murray et al. [41] in their 2015 econometric study developed a model to
simulate base emissions and provide concrete policy implications. Looking at different as-
pects of the system Yan [53] estimated the impact to the regulated and the non-regulated
neighboring states while Kim et al. [29] examined the effects of the system on emissions

and on fuel-to-gas switching.

3.2.2 California and Quebec

California and Quebec are part of cap-and-trade systems that are linked via the guide-
lines of the Western Climate Initiative(WCI), a voluntary subnational governmental orga-
nization initiated in 2007. With the same goal of emission control, their goals are different
with California pledging to reduce its emissions by 2020 to 1990 levels, while Quebec com-
mitting to reducing emission 20% below 1990 levels. The California cap-and-trade system
covers around 75% of the statewide greenhouse gas emissions and the California Air Re-
sources Board (CARB) has set a new standard of pursuing a legal mandate to reduce

statewide greenhouse gas emissions at least 40% below 1990 levels by 2030.

3.2.3 Tokyo Cap and Trade

Since announcing its Tokyo Climate Change Strategy in June 2007, Tokyo Metropoli-
tan Government (TMG) has been examining ways to bolster the fight against global
warming. Nishidia et al. [44] study the outcomes of the Tokyo system, evaluating whether
the goals set at the beginning of system are being met. The paper assesses the effectiveness
of TCTP based on extensive data obtained from 1300 facilities covered by the programme
and surveys among facility owners from the first compliance phase. They find that the
date indicate that TCTP has been working effectively to reduce energy consumption in
participating facilities to meet the ambitious emission reduction goals, to introduce new
technologies, and to raise awareness and drive behavioural changes for energy demand

reduction.
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3.2.4 New Zealand Emissions Trading Scheme

The NZ ETS was first legislated in the Climate Change Response (Emissions Trading)
Amendment Act 2008 in September 2008. This system broke some new ground in ETS
design as noted by Leining et al.(2020) [35] who examined three keys areas of innovation,
broad sectoral coverage with some upstream points of obligation, the absence of a hard
limit on system emissions, and a two-part cost containment mechanism. Being a recent
paper they had the luxury of 10 years of data, they show that despite its problems such
substantial technical and political challenges, it can serve as a source of insights that can

inform the future development of emissions trading globally.

3.3 Brief History

In March 2000 the European Commission presented a green paper on ” Greenhouse gas
emissions trading with the European Union” providing some first ideas on the designs of
the EU ETS. That served as the basis for numerous stakeholder discussions that helped
shape the EU ETS in the first phases. That led to the adoption of the EU ETS Directive
in 2003 and the introduction of the EU ETS in 2005.

The first phase of the EU ETS spanned from 2005 to 2007 and was used to test price
formation in the carbon market and to establish the necessary infrastructure for monitor-
ing, reporting and verification of emissions. As there was no emission data available the
cap that was set in the first period was largely based on estimates. The primary purpose
of the first phase was to serve as a pilot to ensure that the system would function effec-
tively ahead of 2008, to ensure that it would allow the EU Member States to meet their
commitments under the Kyoto Protocol. The Directive 2004/101/EC of the European
Parliament and the Council of 27 October 2004[13] allowed businesses to use certain emis-
sion reduction units generated under the Kyoto Protocol mechanisms Clean Development
Mechanism(CDM) and Joint Implementation(JI) to meet the obligations under the EU
ETS. During the first phase businesses were only allowed to use units generated under the
CDM for EU ETS compliance.

The second phase of the system ran from 2008 to 2012, the same period as the first
commitment period under the Kyoto Protocol. From the start of the second phase busi-
nesses were given the ability to use emission reduction units generated under JI to fulfil
their obligations under the EU ETS which made the EU ETS the largest source of demand
for CDM and JI emission reduction units. Towards the end of phase 2 the scope of the
EU ETS was expanded by including aviation from 2012.

The first two phases shaped the formatting of the third phase of the EU ETS. The third
phase runs from 2013 to 2020 which coincides with the Kyoto Protocol second commitment
period, as agreed in Doha in December 2012. The EU ETS does not have an end date
and continues beyond phase 3. From 2021 we have entered into the fourth phase of the
EU ETS which is set to last up to 2030.
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3.4 Environmental Goals

In 2008 the EU set a series of climate and energy targets to be met by 2020 in its
pathway towards a low-carbon competitive economy, known as the ”20-20-20” targets.

These are:
e A reduction in EU greenhouse gas emissions of at least 20% below 1990 levels
e 20% of EU energy consumption to come from renewable resources

e A 20% reduction in primary energy use compared with projected levels, to be

achieved by improving energy efficiency.

The EU ETS will play a key role in promoting decarbonisation in sectors such as the
power sector. The EU ETS has a default emission reduction of 1.74% per year that
applies beyond 2020, with a review set to take place before 2025. The overall GHG
emission reduction target of 40% outlined in the proposed 2030 framework implies an
overall reduction of EU ETS emissions by 43% relative to 2005, equivalent to a linear
emission reduction in of 2.2% per year beyond 2020. The cap would need to be met
through domestic emissions reductions within the EU. This will allow the EU ETS to

continue its significant contribution in moving to a low carbon economy by 2050.

3.5 The EU ETS Mechanism

The EU ETS is a ’cap and trade’ system that works by capping the GHG emissions
for all participants in the system. The legislation of the EU ETS creates allowances, each
one essentially translating to the right to emit GHG emissions equivalent to the global
warming potential of 1 tonne of C'Os equivalent(tCOqe). It is evident that the level of the
overall cap determines the number of allowances available in the system. For the first two
phases of the system the cap remained but starting from the third phase and is decreasing
annually from 2013 reducing the number of allowances available to businesses covered by
the EU ETS by 1.74% per year.

Each year, a proportion of the allowances are handed out to some participants for free,
while the rest are sold mostly through auctions. When the years ends the participants of
the system must return a proportional amount of allowances to that of tonnes of COsze they
emit during that year. When a participant doesn’t meet the requirements for allowances it
must either buy allowances from the market or acquire them through the auction houses.
Otherwise it is imperative to reduce its emissions.

The value of the allowances is set by their demand because there is a limited or capped
supply and are wanted most by those participants for whom the cost of making reductions
is higher than other participants. As such, it allows the effort to be redistributed between

participants so that emissions reductions take place in areas where it costs less.
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In order to ensure compliance there are penalties and an enforcement structure. If
companies fail to comply with their allowance surrender obligations there are significant
fines set at €100/tC02 and rising with EU inflation from 2013. In addition, firms face an
obligation to surrender the allowances owed. Thus, the cap (i.e. the environmental target)
is maintained effectively.

In the following sections we provide some foundations for the analysis and understand-
ing of the EU ETS mechanism as described in the ETS handbook [52].

3.6 Allocation of Allowances

A fundamental component of the mechanism is the allocation of allowances, which is
done either by free allocation, or by via auctioning of allowances. 5% of allowances are
set aside for new entrants to the system, which according to the EU ETS handbook are
new installations receiving a new permit after 30 June 2011 or existing installations, with
significant capacity extensions after 30 June 2011 (the significant extension must be a

physical change and adjustments in allocation according to new entrant rules).

3.6.1 The evolution of allocation

In the first two phases (2005-2007 and 2008-2012) most allowances were allocated for
free to the participants. The amount of allowances each installation received was calculated
via the NAP (National Allocation Plans). That means that each member state would
prepare and publish a document called NAP which consisted of the proposed number of
allowances to be allocated for its installations over the duration of trading period. Then
these would be processed by the Commission, who would approve or amend the total
number of allowances to be allocated, based on criteria set in the annex of the 2003 EU
ETS Directive.

For the third phase (2013-2020) some changes were implemented to the existing format.
Here member states are still required to acquire an ”allocation plan”, known as National
Implementation Measures (NIM) document which contains all of the detailed information
about the allocations planned for each installation in the country. The member states are
responsible for collecting data and the final allocation and the commission is responsible for

approving or rejecting the NIMs or parts thereof, requiring amendments where necessary.

3.7 Auctioning

Another component of the ETS is auctioning which is a transparent allocation method
that allows market participants to acquire allowances concerned at the market price. Dur-
ing the first two periods the member states were in charge of auctioning emission al-
lowances. In the first(2005-2007), the member states were allowed to auction up to 5%

of the emission allowances and during the second(2008-2012) up to 10%. Member States
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only exercised this right marginally and in phase 2 only 4% of allowances were actually
auctioned.

From the third trading period (2013-2020) onwards is governed by the Auctioning
Regulation[18] which specifies the timing, administration and other aspects of how auction-
ing should take place to ensure an open, transparent, harmonised and non-discriminatory
process. Auctioning can take place on a common auction platform appointed pursuant
to a procurement procedure conducted by those Member States. The joint procurement
approach is taken by the European Commission and 25 participating Member States.
Germany, Poland and the UK chose to opt-out from the joint procurement procedure and
have their own auction platform. The maximum duration for each appointment of auction
platform is 5 years.

The European Energy Exchange AG (EEX) is the transitional common auction plat-
form for 25 Member States, and is also, separately, the opt-out common auction platform
for Germany. The other auction platform is ICE Futures Europe (ICE), which is the
opt-out auction platform for the UK. Poland has so far not listed an opt-out auction
platform, so it temporarily uses the transitional common auction platform EEX. Norway,
Liechtenstein and Iceland also use the transitional common auction platform.

Each bidder may apply for admission to bid at the auction platforms from anywhere in
the EU and the EEA-EFTA. The auction platform must check each application to ensure
bidders are eligible to participate under the rules laid down by the Auctioning Regulation
and to prevent the auctions being used for criminal activity.

To ensure fair and orderly auctioning, there are two levels of supervision:
e Scrutinising and monitoring by the auction platform itself;

e Supervision by the competent national authority for financial markets of the Member

State where an auction platform is located.

In addition, for horizontal supervision of all auctions on all auction platforms, an
auction monitor will be appointed through a joint procurement procedure involving all

the Member States and the Commission.

3.8 Data Specifications

In this section it is imperative to go into some depth on the types of transactions
that take place in the network. As seen in Table 2.1 there are 41 types of transactions
with the types varying by location, function, group, etc. Every type of transaction is
comprised of two numbers, first of which is the main with the second connotating the
secondary. With main type ”10” we observe the transaction that are performed with the
European Union or European Commission and their subsidiaries as part of the EU ETS
process. Such transactions include, the allocation of allowances over various periods, which
as can be seen in the table below can have different secondary type for different phases,

the surrenders which the EU receives, auctions performed by the EU auction houses,
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etc. With main type ”2” we get the transactions that involve the transformation of a
unit to create ERU(Emission Reduction Units) which under Joint Implementation(JI) are
reduction in the rate of GHG emissions. Type ”3” covers any external transaction between
two registries, a broad umbrella under which most transactions are classified. Types
747 75” and ”6” refer to the internal transfers of units within the subsidiaries of a registry
corresponding to cancellation, retirement and replacements of units. The second type
refers to a subcategory or specficiation of the main type, with the most notable being ”2”
for allowance surrender, ”36”,”377,751”,752” 753", the issue and allocation of allowances,
70" for no supplementary type. In the next table we lay out the types of transactions
ordered by the volume of the network they contain with additional information such as

the percentage of all transactions they represent.
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Table 3.1: Number of transactions and total volumes for each transaction type.

type volume % volume | transactions % trans. | name of the 2nd part of the type

10-0 | 52,717,720,379  36.539 % 411,006 46.768 % | 0-No Supp

10-2 | 21,157,732,356  14.664 % 130,371  14.835 % | 2-Allowance surrender

3-0 17,782,880,273  12.325 % 155,180 17.658 % | 0-No Supp

1-0 16,543,694,755  11.466 % 30 0.003 % | 0-No Supp

10-53 | 16,254,700,214  11.266 % 82,367  9.372 % | 53-Allowance allocation

1-51 3,902,966,882 2.705 % 93 0.011 % | 51-Allowance issue (2005-2007)

10-52 3,901,221,237 2.704 % 17 0.002 % | 52-Allowance issue (2008-2012 onwards)
10-36 3,409,722,337 2.363 % 36,982  4.208 % | 36-Allocation of general allowances
10-37 2,345,413,000 1.626 % 781  0.089 % | 37-Auction delivery

10-34 1,749,540,826 1.213 % 8,325  0.947 % | 34-General allowances - Banking

3-21 989,019,687 0.685 % 15,366 ~ 1.748 % | 21-External transfer (2005-2007)
10-90 578,037,810 0.401 % 269  0.031 % | 90-Deletion of allowances

5-0 573,766,311 0.398 % 12 0.001 % | 0-No Supp

3-2 491,053,113 0.340 % 6,967  0.793 % | 2-Allowance surrender

10-71 410,166,902 0.284 % 9,823  1.118 % | 71-Exchange

10-72 406,742,478 0.282 % 9,765 1.111 % | 72-Exchanged

1-31 300,000,000 0.208 % 2 0.000 % | 31-Issuance of general allowances
10-35 293,375,433 0.203 % 2,109  0.240 % | 35-Allocation of aviation allowances
10-41 199,077,383 0.138 % 18 0.002 % | 41-Cancellation and replacement

4-0 81,626,128 0.057 % 4,204 0.478 % | 0-No Supp

10-1 68,485,722 0.047 % 3,272 0.372 % | 1-Allowance cancellation (2005-2007)
1-22 36,964,946 0.026 % 2 0.000 % | 22-External transfer between art63a registries
10-92 19,493,569 0.014 % 130  0.015 % | 92-Reversal of Allowance Surrender

2-0 14,052,192 0.010 % 90  0.010 % | 0-No Supp

10-4 10,956,682 0.008 % 352  0.040 % | 4-Surrender Kyoto Units from AOHA
10-86 9,409,597 0.007 % 651  0.074 % | 86-Reverse of Excess Allocation
10-82 8,503,102 0.006 % 77 0.009 % | 82-Reversal of surrender

3-75 6,963,838 0.005 % 25 0.003 % | 75-AAU set aside

10-33 5,303,040 0.004 % 355  0.040 % | 33-Aviation allowances - Banking

4-2 2,715,659 0.002 % 21 0.002 % | 2-Allowance surrender

10-93 1,316,081 0.001 % 51 0.006 % | 93-Correction

3-82 1,139,829 0.001 % 5 0.001 % | 82-Reversal of surrender
10-171 1,065,324 0.001 % 3 0.000 % | 171-Reversal of Exchange

10-24 1,011,231 0.001 % 4 0.000 % | 24-Tssuance - Internal transfer Art 63a
1-24 1,011,231 0.001 % 4 0.000 % | 24-Tssuance - Internal transfer Art 63a
10-190 877,233 0.001 % 4 0.000 % | 190-Reversal of deletion
10-136 751,724 0.001 % 46 0.005 % | 136-Allocation of general allowances
10-26 508,510 0.000 % 20 0.002 % | 26-Conversion of art63a allowances
4-26 508,510 0.000 % 20 0.002 % | 26-Conversion of art63a allowances
4-91 1,415 0.000 % 2 0.000 % | 91-Cancellation against deletion
10-135 18 0.000 % 2 0.000 % | 135-Allocation of aviation allowances

3.9 Category Classification

The entities in the system are account holders each of which may contain a number of
subsidiaries of various types. The classification we make here is based on the prevailing

nature of each account holder.
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Regulated entities

Regulated entities are actors with obligation to surrender allowances for their GHG
emissions annually. An account holder is regarded as a regulated entity (or simply “regu-
lated”) if it holds an Operator Holding Account or an Aircraft Operator Account (i.e., if
it operates a stationary installation or an aircraft).

Governmental entities

Governmental entities are the European Commission and other European Union ac-
counts along with the ministries and administration bureaus of the countries participating
in the ETS. The main role of governmental entities is to supply the system with allowances
(free or sold at auction) and to receive the surrendered allowances. An account holder will
be classified as a governmental entity(or simply ”governmental”) if it cannot be classified
as regulated and it holds an administrative account. Moreover, the owners of the EEX
and ICE auction platforms are also classified as governmental entities, as their main role
is to supply the system with allowances through auctions.

Financial entities

Purely financial entities participate in the ETS to serve their own interests, and mostly
store allowances or trade them with regulated or other financial participants. An account
holder is classified as a purely financial entity (or simply “financial”) if it cannot be
classified as regulated or governmental and holds an account type associated with allowance
trading. Note that regulated entities may also hold accounts associated with allowance

trading.

3.10 Size Classification

The entities that take part in the EU ETS process, vary in the type of category, the
sector the belong to as well as in their activity in the system. The so called regulated actors
differ wildly in emissions by unit of product. Some possess a huge number of installations
while others contain only a few or just one. Their resulting emissions are bound to differ
as much as their installations, with the larger account holder having to surrender large
amounts of allowances. This variation in the entities translates to a variation in the
transacting volumes, trade activity and free allocation of allowances. It then becomes
useful to provide some categorization for the transacting size of the agents. We observe
that there are few agents that are heavy emitters. The majority exhibit a quite negligible
behavior, but the most active agents may be susceptible to exhibit marketpower. As
such we consider ”size” of an agent in terms of average of annual volume of transacted
allowances. From that we split the list of agents to five different levels of size which are:
tiny, small, average(or averageJane), big and colossal.

Classification: Let ¢ be the volume of allowances, i the agent and t the year. We note
as ¢;; the annual quantity for agent i at year t. We note E[X]| the mean value of X(or
the expectation, if X is random variable). We note g; ;|7 q as the number of allowances of

agent 1 while t varies. As a first step towards classification, we compute for every agent,
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the natural logarithm of the average annual number of allowances as
Elgi ¢|4]

Partitioning that quantity to five equal intervals, we arrive to the aforementioned levels

of size. For example an agent’s size is tiny, if the quantity is within the first interval.

) small big 1
tiny & >_ averageJane j&——— > colossal

750 - e

1
i
i
i
i
i
i
500- !
1

250-

number of agents (account holders)

10° 10° 10* 10° 10°
average annual verified emissions

Figure 3.1: Histogram of the average annual emissions, e;.
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Chapter 4

Network Analysis

4.1 Preliminaries

In the process of understanding the ETS mechanism we consider the network as graph
G(V, E) with V the set of vertices which represent the entities in the system and E the
set of edges which represent the transactions between these entities. As explained in the
previous chapter there are 3 phases in the range of our dataset, with it reaching the end
of 2015 in the midst of the third phase. When we consider the whole graph, there are
more than 13000 vertices which causes some problems when processing the network and
doesn’t produce meaningful results when processed as whole. As we will prove in a later
section(4.5), the network exhibits strong periodicity as the processes that define it have a
regular occurrence within each year. That inevitably leads to the partition the network
to monthly snapshots.

We provided a breakdown of the transaction types based on trade volume and number
of transactions in the previous chapter. In most of our analysis and especially in later
chapters where we will be interested in constructing models for the network, we will focus
on certain types of transaction as they provide the most interesting elements in the system.
As seen from the breakdown of transaction types, the lion’s share of transactions are of
the types, 10-0, 10-2, 3-0, 10-53, 10-36. The main focus of our work is the study of the
behavior and structure of the network to those transactions which are allowed a degree of
freedom and choice. Considering that 10-2 refer to allowance surrender, 10-53 and 10-36
to allowance allocation they are not choices but obligations and exhibit less interest to the
understanding of the entities in the system. As such, we determine, as does Karpf [27] the
most essential types to be 10-0, 3-0 and 3-21 the last one being a major type in the first
period.

4.2 Degree Assortativity

The concept of assortativity is concerned with the similarity, in terms of some attribute,

of connected nodes. Here we are interested in assortative mixing by degree, i.e. how
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similar the degrees of connected nodes are. A network shows assortative mixing, if high-
degree nodes tend to have many connections with other high-degree nodes. There exist
many measures for assortativity in literature. We choose to use the Pearson correlation
coefficient of degree between pairs of linked nodes, as described by Newman [42].

We define the matrix e where the quantity e;; is the fraction of edges in a network

that connect a vertex of type i to one of type j. It satisfies the sum rules

dugei =12 e = ai )€ =bi

where a; and b; are the fraction of each type of end of an edge that is attached to
vertices of type i.

We use the Pearson correlation coefficient as defined by Newman [42]:

_ i — Y aibi _ Tre—| €|

r =
L= a:b; 1— |l e? |

where e is the matrix whose elements are e;; and || denoting the 1-norm, that is the
sum of the elements of a matrix.

Even though the mixing matrix represents an important metric for the network per-
formance it suffers from the lack of normalization for the number of members of each
category.

To ameliorate the situation we provide an assorativity matrix:

AM =e— S

. . o . type;x#type;
where S is a square matrix consisting of elements S;; = %

The S matrix is the array of random connections that would occur with the number of
members of each category. Therefore the assortativity matrix represents the favorability
each category shows to another taking values in (-1,1).

Hence r can take values between -1 and 1 with positive values r indicating a correlation
between nodes of similar and 1 corresponding to perfectly assortative(every node connects
to a node of the same type of attribute) while -1 to completely disassortative(no same
type nodes are connected with an edge).

From what we have observed in social and economic networks as well as citation net-
works and as analyzed by Piraveenan [46] degree assortativity mainly ranges from -0.2 to
0.4. In the 2017 work Fisher et al.(2017) [20] examined 88 networks of various types in-
cluding social, transport, biological, mechanical and reported their sizes and their degree
assortativity. For the 45 reported socials(with network size larger than 100) the mean
degree assortativity is approximately 0.095 with 29 of them having positive assortativity
leaving 16 with negative with values ranging from -0.33 to 0.55.

When we examine the values of degree assortativity for the EU ETS network all trans-
actions included, and keeping only transactions types 3-0,3-21,10-0 we get the results as

shown in the degree assortativity figure(4.1).
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(a) All transactions (b) Transactions 10-0,3-0,3-21

Figure 4.1: Degree assortativity

The Pearson correlation coefficient calculated for each month of the years 2005-2015,

showing clearly negative values meaning dissassortativity in terms of degree.

It becomes clear that throughout years and months the Pearson degree correlation has
negative values making the network clearly dissassortative. This comes in contrast with
results we have found in the literature of social networks [45]. The results we obtain are
very much in line with what our experience with the network has been and the snapshots
that are provided in the appendix(8). When considering all transactions especially on
the months where the major network functions occur, the largest degree nodes are the
governmental which either receive surrendered allowances from regulated entities most of

whom register single digit transactions, or allocate allowances to those regulated entities.

4.3 Category Assortativity

Continuing the methodology and thought process of the previous section we look at
the relationship between different types of categories. For the starting months of every
year a reasonable expectation is an increased traffic between regulated and governmental

entities part of the allocation and surrender of allowances as it becomes obvious in the

following figures.
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Considering all transactions we show two key months, February and April.

Homophily Matrix for Categories for February 2015 truncated transactions Homophily Matrix for Categories for April 2015 truncated fransactions
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Considering commercial transactions(3-0,3-21,10-0) we show two key months, February
and April.

4.4 Locality

In the effort of trying to understand the reasons EU ETS entities make the choices they
make, we study the relationship between their geographic location and the transactions
they make. A reasonable assumption to make is that proximity plays some role in the
other entities they make transactions and create edges in the network. In the first two
phases(2005-2007 and 2008-2012) of the EU ETS the member states were responsible for
allocating the allowances. While they didn’t seize to exist as entities and keep handling
transactions of other kinds, in the third (2013-2020) the European Commission inherited
the responsibility of allocating and surrendering the allowances. Since our categorization,

as far as the country registry is concerned, includes 'EU’ as a country it is expected to
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produce a significant change in results in the assortativity coefficient for countries.

In figure 4.4, the change from second to third phase becomes visible when looking at
the whole of transactions. However when isolating the desired types, we see the positive
assortativity coefficient remain pretty much constant throughout the years and phases.
What is clear and will be a recurring theme in this thesis, is the peculiar behavior of
October 2008, which is distinctly dissimilar to that of other years. This of course is one
of the many effects of the financial crisis of that year, which in October saw most of the
world’s stock exchanges experience the worst declines in their history with drops of around
10% in their indices. It becomes apparent that when we isolate the transactions that form
the ”commercial” part of the network, it exhibits a more uniform assortativity coefficient.
That is to expected as we have removed the most essential component of the mechanism,
which is the allocation and surrender of allowances, which in the case of the first years of

the system was handled by the member states driving up the assortativity coefficient.
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Figure 4.4: Assortativity Coefficient for Countries

4.5 Periodicity

The essence of the EU ETS mechanism is the surrender of the allowances for each
company with the quantity depending on the emissions they show up until the moment
they are forced to pay which is the 30th of April every year. The issuing of the allowances
to the regulated entities is done at 28 of February every year. The fact that these dates
remain constant for the duration of the EU ETS so far, implies that there may be a
periodicity in of phenomena happening in these months and the absence of specific EU
regulated occasions may imply periodicity in the rest of the year.

In the following figures we show the percentage of transactions of each month that
belong to the category mentioned in the caption. By looking at the types of transactions

as stated in the figure, those assigned with the tags 10-53 and 10-36 constitute the majority
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of the transactions in which allowances are allocated to the regulated entities depending
on the amount of GHG emissions they had in the past, while those assigned 10-2 are meant
for surrender at the end of April.

In the next figure it appears we observe a randomness in the first year of the sys-
tem and in 2008 which is an anomaly in many regards, but afterwards it becomes clear
that the allocation of allowances takes place predominantly in February and the months
surrounding it.

In the figure after that it is evident that April is the main month for surrendering
allowances which is consistent with the deadline state above while March retains some

traffic on these types of transactions most likely due to early surrenders.
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Figure 4.5: Pattern of Periodicity

Moreover, in the figures included in the appendix that pertain to the comparison
of networks using different methods, it appears that the months of February, March,
April and December seem to exhibit unique characteristics while the intermediate months
assume a similar form, not having an important role to fulfill in the scheme of the European

Transaction System.

4.6 Centrality

The intimate knowledge of the peculiarities of the ETS comes with some insights that
facilitate the identification of key characteristics in the network. As we’ve stated previously
the governmental entities are responsible for the dealing and collecting of allowances, the
regulated are legally obligated to submit allowances at the end of a period, leaving them
the freedom to transact as they please in the meantime and the financial entities fall to
neither of the above, and merely seek to make a profit in the system. Considering the
nature of the aforementioned types of entities and given the results on the section of the

periodicity, for most months the governmental entities do not interact with the entities in
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the system, while in key months, such as December through April they serve a large and
probably central role. In this section we will provide a clear picture of the place each type
of entity has in the graph.

To calculate the importance of a node in the graph and its placement we invoke the

betweenness centrality formula as state by Brandes [8]:

= ¥
s,teV

Denoting by o(s,t) the number of shortest (s, ¢) paths(sometimes called geodesics) and
let o(s,t|v) be the number of shortest (s,t) paths passing through some vertex v other
than s,t. If s =¢, let o(s,t) , and if v € {s,t}, let o(s,t|v) = 0. The measure is therefore
usually interpreted as the degree to which a vertex has control over pair-wise connections
between other vertices, based on the assumption that the importance of connections is

equally divided among all shortest paths for each pair.
In the next figure, we isolate the upper 25% of centralities of 2014, confined to the

transactions 10-0, 3-0, 3-21. For the lowest centrality c,,;, of the selected part: 6 * ¢ =
1
Cmin

For every centrality ¢ of this part: ¢ = ¢x. We graph the quantities log(c’) = log(c-0).

1—60=

We emphasize that we focus on the qualitative properties of the figure not the numeric

result.

centrality

Figure 4.6: Centrality for the 2014 year(truncated) based on category

When not including the surrenders and allocations it becomes evident that the financial
nodes and the few governmental ones, which are the auction houses, become the core of
the network while the regulated are relegated to the lesser centrality status or even the
periphery.

In chapter 2 we introduced a categorization ”size” based on the total number of trans-

actions each entity performs. In furthering the knowledge we’ve obtained for the categories
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of the network regarding their centrality we are going to attempt the same for the size.

centrality

Figure 4.7: Centrality for the 2014 year(truncated) based on size

4.7 Power Law

Across many scientific domains a common claim we see is that many or all real-world
networks are scale free. In general a network is characterized as scale free if the fraction
of nodes p; with degree k follows a power-law distribution k=% where o > 1. Some
versions have stronger requirements e.g. requiring 2 < « < 3 or that nodes evolve by
the preferential attachment mechanism. The universality of scale-free networks, however,
remains controversial. Many studies find support for their ubiquity while others challenge
it on statistical or theoretical grounds.

In their 2020 paper Artico et al. [2] devise a statistical testing procedure to test among
a sample of 4482 empirical networks the percentage of degree distributions that behave like
the tail of a Price model, a two parameter power-law distribution. Their response is to the
claim that power-law distribution are rare and the what they find is approximately 64%
of the networks as power-law and most of them as scale free. That means the power-law
networks not only are not rare but are prevalent.

The methods for testing the existence of power law distribution and scale free networks
are ever growing and increasing in precision and concreteness. In their 2019 study Broido
et al. [9] devise a test in which they make categorization in 6 terms, based on criteria they
meet, not scale free, super-weak, weakest, weak, strong, or strongest.Based on these tests
they report that out of 1457 networks, 456 are not scale free, 431 are classified as super-
weak, 268 as weakest, 177 as weak, 89 as strong and 36 as strongest. More recently, Artico
et al. [2] construct a more robust with the stringent null hypothesis that the network is
drawn from an extended de Solla Price network model. In their results they test 4482

real networks and report that for approximately 64% of them they have sufficient power,
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as power-law most of those are scale free. Considering their stringent hypothesis, using
larger power-law class as null the results would be even more one-sided. Even though the
tests are many and they range from simple to thorough, we start with a linear regression
fitting to gauge the network.

Not all nodes in a network have the same number of edges. The spread in the number
of edges a node has, or node degree, is characterized by a distribution function P(k), which
gives the probability that a randomly selected node has exactly k edges. The general form

of power law is P(k) o< k7.

P(k) = ak™ = log P(k) = loga — vlogk
Having P(k) and k data from the network, we run linear regression with parameters
loga and 7 serving as intercept and slope respectively. The results for p-value, R? and
standard error are to be found in the appendix. We test the network per month, while
including all transactions and while having truncated them to include only 10-0, 3-21, 3-0

with the results showing in the following figures.

frequency
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Figure 4.8: Degree Distributions
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Figure 4.9: Exponent in linear regression
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Figure 4.10: Constant in linear regression

It is important to note that as part of this thesis we tested the fit of the power-law
in the degree distribution of the monthly networks, but we did not perform comparative
analysis trying to determine the absolute best fit, whether it be exponential, lognormal,etc.
We consider it beyond the scope of this inquiry as it does not provide any further benefit

to the modeling of the networks.

4.8 Densification

All large real-world networks evolve over time by the addition and deletion of nodes
and edges. Many models along with shrinking of the effective diameter, exhibit a steady
densification over time with the average degree increasing as the number of edges grows
superlinearly with the number of vertices. Morevoer, the densification tends to follow a
power law pattern. Leskovec et al. [37] find that as the graphs evolve over time, they

follow a version of the relation

e(t) ox n(t)*

where e(t) and n(t) denote the edges and nodes respectively at moment t, with a the
exponent generally taking values between 1 and 2. In that note we examine whether
the exponent in the EU ETS network is within those bounds and the implications of the

results.
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Figure 4.11: Densification for years(2005-2016)

Applying linear regression to the log-edges and log-nodes we get exponent o = 1.26347925

which is in line with most networks performance 1 < o < 2

4.9 Shrinking Diameters

As networks grow over time, intuition tends to indicate a steady rate of growth for
the diameter of the graph. As nodes arrive, edges are created and the expansion of the
network ensues. Motivated to test that conventional wisdom Leskovec et al.in their 2007
paper [37] they explored the temporal evolution of diameters expecting to arrive at the
point to distinguish between logarithmic and sub-logarithmic growth. Thus it came to
some surprise when the diameters in the networks they tested were actually decreasing
over time.

To continue with the examination of this hypothesis we have to define some necessary
concepts to preempt our observations. Two nodes in a network are connected if there is an
undirected path between them. For each natural number d, let g(d) denote the fraction of
connected node pairs whose shortest connecting path has length at most d. Graph G has
diameter d if the maximum length of undirected shortest path over all connected pairs of
nodes is d. Directionality will not be taken into account when studying the diameters or
effective diameters as will be described.

Effective Diameter For each natural number d, let g(d) denote the fraction of con-
nected node pairs whose undirected shortest connecting path in a graph G has length at
most d. And let D be an integer for which g(D—1) < 0.9 and g(D) > 0.9. Then the graph
G has the integer effective diameter D. In other words, the integer effective diameter is
the smallest number of hops D at which at least 90% of all connected pairs of nodes can

be reached.
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They also extend that function to include real values of x for g(x). By linearly inter-
polating the function value between g(d) and g(d+ 1) (d <z < d+ 1) we get:

g(x) = g(d) + (9(d + 1) — g(d))(z — d)

An alternative definition: Let D be a value where g(D) = 0.9. Then graph G has
the effective diameter D. This definition varies slightly from an alternate definition of the
effective diameter used in earlier work: the minimum integer value d such that at least
90% of the connected node pairs are at distance at most d. This variation smooths this
definition by allowing it to take noninteger values.

The use of effective diameter comes from its robustness compared to the diame-
ter(defined as the maximum distance over all connected node pairs) since the diameter
is prone to effects of degenerate structures in the graph e.g very long chains. In their
2007 paper Leskovec et al. [37] state that their experiments show that the diameter and
effective diameter exhibit a qualitatively similar behavior, although they don’t state that
this be the case universally.

As effective diameter is a superior metric in the following figure we exhibit the effective
diameters of the network taken at intervals of 5 days, showing a clear descending pattern
which is highlighted by plotting the ordinary least squares regression line.

Showing in the following figure is the effective diameter evolution over time, for both
the whole network and the truncated(3-0, 3-21, 10-0). It is evident that both follow a
downward slope of —0.0017 and —0.002 for whole and truncated respectively.

type

effective diameter

2006 2008 2010 2012 2014 2016

Figure 4.12: Effective Diameter of time

Our analysis in the whole of the thesis will be largely focused on monthly static net-
works. As such we are interested to see if we derive the same behavior in a shorter
period of time with significantly fewer nodes. We have tested every month for the years

2005-2015(January of 2005 had no transactions) for the truncated transactions we have
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described for the evolution of the effective diameter over the days. When running linear
regression on the values for those months we come to the following results. In 61 of those
months we see a rising effective diameter and in the other 70 we see it shrinking, which
is remarkable considering the much smaller scale we operate on. This is probably be-
cause of the fact they have the tendency to attach to already popular nodes, either being

governmental or financial.
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Chapter 5

Comparison Measures

A difficult question when studying networks is identifying similar ones through
comparison. When provided with real-world networks we have to be able to de-
termine whether a stochastic network model can accurately. We reviewed several
measures to find a suitable one for the purposes of this thesis. We first looked at
DeltaCon by Koutra et al [30], a scalable metric based on node affinity, which works
very well in Known Node Correspondence networks(networks of the same node set)

but needs modification to be of use to us in the context of this thesis.

In the area of Unknown Node Correspondence(UNC) there are several alignment-
based methods like the GRAAL family [32] with its variations(L-[38], MI-[33], C-
[39], H-[40]) which create a mapping between the nodes of two graphs (alignment
procedure) trying to maximize an objective function that captures the quality of
matching. A different approach is considering graphlets. They are small, connected,
non-isomorphic subgraphs of large networks. They encode important information
about the structure of the network and provide a valuable tool for comparison.
The work done by Yaveroglou [54] covers a broad range of metrics and ways to use
graphlets to depict and compare networks such as Graphlets Correlation Distance
(GCD), Graphlet Degree Distribution Agreement (GDDA) and Relative Graphlets
Frequency Distance (RGFD).

While many of these options are reliable metrics, we decided to use Portrait
Divergence as described by Bagrow in his 2019 work [3]. Our choice, which will
become clearer with the description of the process, was based on the ability to
distinguish between different types of structure, being a UNC metric, the inclusion
of direction and/or weights if decided and the fact that there was reliable code by
the author. In this chapter we will define the notion of the portrait and how it will
be used to compare networks.
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5.1 Portrait Divergence

In order to define the Portrait Divergence metric we need to introduce the concept
of the B-matrix [4]. The distance between two nodes w,v is the smallest number
of edges between the nodes which can be found with Breadth First Search(BFS).
Considering a node v;, an l-shell is the set V; C V of nodes at distance 1 from v;. So
it is stated:

B, = number of nodes that have exactly k members in their respective l-shells

From the definition above it can be surmised that:

By = NP(k)

where N is the number of nodes and F,(k) the percentage of nodes at degree of
order 1

Apart from providing an impression of the form of the network the portrait will
be used to compare networks G and G’. Taking inspiration from the syllogism behind
the Kolmogorov-Smirnov test, they define the following statistic for corresponding
rows B; and By:

K; = maxy|Crx — C’l'k|

where C is the matrix of cumulative distribution of B:

Cip = (Z Biy)/ Z By

k' <k k!

The statistic defines a two-sample hypothesis test for whether or not the cor-
responding rows of the portraits are drawn from the same underlying, unspecified
distribution. In the case that the two graphs have different diameters, the portrait
of the smaller diameter graph is expanded to the same size as the larger by defining
empty shells [ < d as By = Ndg .

Finally we define the scalar distance A(G,G’):

/ / Zl a K
AG,G"Y=A(B,B) = =—
( ) ( ) Zl a

a; = Z Bl,k: + Z Bl,,k

k>0 k>0

where

is a weight chosen to increase the impact of the lower, more heavily occupied shells

This doesn’t comprise the Network Portrait Divergence metric as Bagrow et al.
define it in their 2019 work [3]. In that work the describe an information theoretic
measure, with a number of desirable properties compared to the ad hoc one above.

The rows of B may be interpreted as probability distributions:
1

P(k[l) = ~ B
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is the (empirical) probability that a randomly chosen node will have k nodes at

distance [. An immediate comparison per row arises:

(k|l
KL(P(K[D]|Q]])) ZP kD)) ZP k|D)lo k:l;

where K L(p||q) is the Kullback-Liebler (KL) divergence between two distri-
butions p and ¢, with Q defined as P(k|l) as defined above but for the second
portrait. They admit that it suffers from some drawbacks such as, undefined

KL(P(k|l)||Q(K|l)) in some cases and lack of symmetry therefore not a distance.
In their effort to fix them they provide the KL-divergence as stated below.

maz(d,d) N

KL(PED|QEID) = ZPW)ZOQ—P(??

i (k1)
Thus the Network Portrait Divergence is

Dys(G, ') = SKL(PIIM) + S KL(QIIM)

with M = 1(P + Q)being the mixture distribution of P and Q. Here P and Q
are defined from P(k,l) = ; LY as stated in their paper.

The Network Portrait Dlvergence 0 < Djg < 1 provides a single value to quantify
the dissimilarity of the two networks by means of their distance distributions, with

smaller D ;g for more similar networks and larger D ;g for less similar networks

5.1.1 Weighted

The original work defining network portraits (Bagrow et al. 2008) did not
consider weighted networks, where a scalar quantity w;; is associated with each
(1,7) € E. An important consideration is that path lengths for weighted networks
are generally computed by summing edge weights along a path, leading to path
lengths [ € R (typically) instead of path lengths [ € Z. To address this, we define
in more detail the construction of the weighted portrait divergence.

To generalize the portrait of weighted networks requires using an algorithm for
finding shortest paths accounting for edge weights(Djikstra will be used) and defining
an appropriate aggregation strategy to group shortest paths by length to form the
rows of B.

To aggregate shortest paths by length is to introduce a binning strategy for the
continuous path lengths. Let dy = 0 < d; < -+ < dpy1 = Liae define a set of
b intervals, where L, is the length of the longest shortest path. The weighted
portrait B can be defined such that B;; = the number of nodes with k nodes at
distances d; < | < d;11. So, the i-th row of the weighted portrait accounts for all
shortest paths with lengths falling inside the i-th bin [d;, d;41).
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5.1.2 Notes on Portrait Divergence

At this point, it is imperative to note that, as noted by the authors in their 2019
work [3] on the Portrait Divergence metric, there has yet to be conducted serious
benchmarking for their metric apart from some results they present for a couple
simple synthetic networks and some real world examples. As such, to provide an
accurate assessment of the performance of the network building algorithms that will
be presented in following chapters we have to compare it against the reference data
we have collected on the comparison of each network snapshot to the others.

The usage of this metric, apart from its interesting and useful network portrayal,
is motivated heavily by its embankment on the UNC(Uknown Node Correspondence)
category, meaning that it states that the networks for comparison need not have the
same node set V. As we have chosen to look at the network in monthly snapshots,
the node set changes drastically from month to month leaving us no option to use
any Known Node Correspondence methods.

An important feature which Tantardini et al [49] remarked in their conclusion of
their 2019 comparison of various methods of network comparison, is the structural
comparison it manages to achieve, namely to provide information about how much,
and in what sense, the structures of graphs differ. They also highlight that contrary
to other measures they tested, it performs better in the undirected case rather than
the directed.

At this point we have to provide a reference for our later results since there
are not that many real network benchmarks. Considering that 2014 and 2015 have
been some of the most stable years and moving forward with the knowledge that
this phase will through 2020, we will exhibit a comparison of all the months of
2014.We first show some results for basic graphs for 10,20 and 50 nodes and we can
see clearly that when two graphs are not of the same type their Portrait Divergence
is very high.
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Chapter 6

Generative Models

As demonstrated in the chapter 3, when examining the effective diameters of the
network we find that it decreases over time when accounting for the static network of
all the years and shows a decreasing pattern in many(almost half) of the monthly static
networks. Confirming this counterintuitive hypothesis leads us further into the work of
Leskovec et al. [37] who tried to create models to replicate the behavior in the networks
they studied. In their search for models that recreate real-life networks that follow power
law in terms of degree distribution or exhibit power law like characteristics they created

some models that we applied to approach the EU ETS model.

6.1 Community Guided Agreement

This approach is motivated by the realization that power laws appear in combination
with self-similar structures. Intuitively, a self-similar object consists of miniature replicas
of itself. The first model they created and the first we will try is the Community Guided
Agreement. We represent the recursive structure of communities-within-communities as
a tree I' of height H. Leskovec et al. show that even a simple perfectly balanced tree of
constant fanout b is enough to lead to a densification power law. The nodes V of the
graph will be the leaves of the tree(n = |V| and n = b?). Let h(v,w) define the standard
tree distance of two leaf nodes v and w, that is, h(v,w) is the height of their least common
ancestor(the height of the smallest subtree containing both v and w).

We construct a random graph on a set of nodes V by specifying the probability that
v and w form an edge as a function f of h(w,v). That will be referred to as the difficulty
function. It becomes evident that this should decrease with h, but there are many forms
such a decrease could take.

The form of f they decide works best comes from the self-similarity arguments they
made. It should be scale-free, so f{}&)l) should be level independent and thus constant.
That implies that the definition should be f(h) = f(0)c™". If for simplicity f(0) is set to
1, then:

f(h)y=c"
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where ¢ > 1 and c is referred to as the difficulty constant. Intuitively, cross-communities

links become harder to form as ¢ increases.

6.2 Forest Fire Model

In order to capture other characteristics which the CGA couldn’t, they created the
Forest Fire Model. In particular, they wanted to capture both the shrinking effective di-
ameters that they observed as well as the fact that real networks tend to have heavy-tailed
out-degree distributions (though generally not as skewed as their in-degree distributions).

Nodes arrive one at a time and form outlinks to some subset of the earlier nodes.
To form outlinks, a new node v attaches to a node w in the existing graph, and then
begins burning links outward from w, linking with a certain probability to any new node
it discovers. Formalizing the process:

We begin with two parameters, a forward burning probability p and a backward prob-
ability ratio r whose roles will be described in the following. When we consider a node
v joining at time ¢ > 1, and let G; be the graph constructed thus far. The node v forms

outlinks to nodes in G; according to the following process.

e v chooses an ambassador node w uniformly at random and forms a link to w

e generate two numbers, x and y, that are geometrically distributed with means ﬁ
and % - respectively. Node v selects x out-links and y in-links of w incident to

nodes that were not yet visited. Let wi, wo, -, wz + y denote the other ends of these
selected links. If there are not enough in-links or out-links available , v selects as

many as it can.

e out-links are formed between v and each of w1, wa, -, w;1y. As the process continues,

nodes cannot be visited a second time, preventing the construction of cycling.

Many properties arise from this model and as they have been established through
simulation from Leskovec et al. we present some intuition the mechanism of the model

provides.

e Heavy tailed in-degree The model follows a rich get richer pattern as highly

linked nodes can be easily reached by a newcomer regardless of ambassador.

e Heavy tailed out-degree Due to the recursive nature of link formation there is
a reasonable chance for a new node to burn many edges and thus produce a large

out-degree.

¢ Densification power law A newcomer will have a lot of links near the commu-
nity of his/her ambassador, a few links beyond this, and significantly fewer farther
away. Intuitively, this is analogous to the Community Guided Attachment, although

without an explicit set of communities.
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Figure 6.1: The Forest Fire burning process.

Left: a new node v joins the network and selects a seed node w. Middle: v then attaches
itself by recursively linking to w’s neighbors, w’s neighbor-neighbors, and so on,
according to the “forest fire” burning mechanism described in the text. Right: a new
node v’ joins the network, selects seed w’ , and recursively adds links using the same
“forest fire” burning mechanism. Notice that if v causes a large “fire” it links to a large

number of existing nodes.

e Shrinking Diameter Through the mechanism described in the model it isn’t evi-
dent how a shrinking diameter phenomenon can be accomplished. Graph densifica-
tion is helpful in reducing the diameter, but it is important to note that densification

is certainly not enough on its own to imply shrinking diameter.

6.3 Preferential Attachment

Many social networks are characterized by a highly uneven distribution of links. The
observed skewed distributions have in many cases been attributed to preferential attach-
ment, a tendency among nodes in a growing network to form new links preferentially to
nodes with high numbers of links. As it has been stated many times previously in the liter-
ature, preferential attachment mechanisms generate distributions which are approximately
power law over transient periods[31] [19]. As shown in the network analysis chapter, our
network follows a power-law degree distribution making it more than reasonable to explore

if such models replicate the network’s structure.

6.3.1 Price’s Model

In 1965 physicist-turned-historian-of-science Derek de Solla Price described what prob-
ably is the first example of what we now know as a scale-free network[47]. While studying
networks on citations in scientific papers, he observed that in-degrees and out-degrees fol-

low power-law distributions. Like many after him, his work is based on ideas of Herbert
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Simon who showed that power laws arise when there exists a ”rich get richer” pattern, that
is the amount you get increases with the amount you have. Price named this cumulative
advantage and, as will later be analyzed, it has become known as preferential attachment
as coined by Barabasi and Albert. The model:

We consider a directed graph of n vertices and let pg be the fraction of vertices with in-
degree k, such that ), p = 1. New vertices arrive continuously in the network and every
vertex that arrives is assigned a fixed number of out-degree at the creation of the vertex.
The out-degree may vary between nodes but the mean degree denoted m is constant over
time. As m is a mean it can take non-integer values. The mean in-degree is also m as
> i kpr =m.

The probability that a newly appearing vertex,e.g. a new paper cites an existing one,
connects to previous vertices is simply proportional to the in-degree k of the old vertex. As
each vertex starts out with zero in-degree and hence would forever have zero probability
of gaining new edges. To circumvent the problem the probability should be proportional
to k+ kg. A convention, which can be justified by saying that one can consider the initial
publication of a paper to be its first citation, is to set k0 = 1. So the probability that a

new edge attaches to any of the existing vertices with degree k is:

(k + Dpy (k + Dpr

> ok(E+1)pg  om+1

As proven in Newman’s 2003 paper [43]:
p[k] ~ k_(2+1/m)

In other words, in the limit of large n, the degree distribution has a power-law tail with
exponent o = 2 + % This will typically give exponents in the interval between 2 and 3,
which is in line with the values seen in the network he examines. The equation above does

not depend on kg and therefore the offset parameter ky = 1 can be justified a posteriori.

6.3.2 Barabasi-Albert

Price’s work remained largely unknown to the scientific community and cumulative
advantage did not achieve currency until its discovery by Barabdsi and Albert [5] who
gave it a new name, preferential attachment. The difference between the two models is that
in the model of Barabasi-Albert edges are undirected so there is no distinction between
in and out-degree. This comes with pros and cons, the positive being that by ignoring
the directed nature of the network, the model of Barabasi and Albert gets around Price’s
problem of how a paper gets its first citation or a Web site gets its first link. On the other
hand we are losing a crucial feature of networks, direction. Looking at it pragmatically,
the model of Barabdsi and Albert is as a model that sacrifices some of the realism of

Price’s model in favor of simplicity.
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The probability that a new edge attaches to a vertex of degree k—the equivalent of
the price equation is
kpp, _ kpi
S kpr  2m

As noted by Barabasi himself in his 2013 book [6] there is a number of analytical tools

to calculate the degree distribution of Barabasi-Albert model. Using continuum theory he
predicts:

p(k) ~ 2m'/ Pk
1
2
vy = % + 1 = 3. So the degree distribution equation becomes:

That 3 is called dynamical exponent and 8 = 5 and from the continuum theory comes

p(k) =~ 2m%k=3

6.4 Comparison Of Performance

Using the portrait divergence metric it is necessary to create subcategories for compar-
ison as directed and undirected network have different a comparative measure in portrait

divergence.

6.4.1 Undirected models

In this section structure becomes the foremost characteristic in the recognition of
similarity between the model and the real network. The Barabasi-Albert model has been
the start of every sentence involving networks for the past 20 years, owing its success to
its simplicity and intuitiveness in the approach of the scale-free property. As stated in the

previous section the distribution equation is:
p(k) =~ 2m?k =3

Through our degree distribution it becomes apparent that we are far from the exponent
in the equation above, which is also immutable. The only other modifiable quantity is the
constant, which is dependent on m. However considering the results in previous chapter,
fitting that parameter to our results would result in an m quantity which produces a far
sparser network than ours.

We can still test whether the model can produce a servicable result by fixing the m
constant to produce a very similar density. In order to achieve that we have to make some
modification to the original BA model. It is impossible to achieve such a result with an
integer m. As was the method with the Price model, we allow non integer values and in
each turn we will draw m from a normal distribution with m as its mean. Achieving the
closest density to the original network we perform our test with m set to % = k where

E(G) the number of edges and V(G) the number of vertices and k the mean degree.
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Figure 6.2: Comparison of Undirected Methods

Performance-wise it seems the BA model can capture most accurately the structure of
the monthly networks with the Forest Fire also having satisfactory performance despite
volatility. The Portrait Divergence results are PDgy = 0.541, PDpp = 0.515 with
p=0.335,7 = 0.271 and PDcga = 0.656(c = 1.4).

6.4.2 Directed models

Acquiring an additional dimension to the modeling of the network, directionality ne-
cessitates different models and the expectation is different results, in that it will be more

difficult to simulate the pattern of direction of actual edges.

As desrcibed above for the Barabasi Albert model, the m input of the Price model will
be m > 2 and as we have shown we don’t have that type of exponent, so we will operate

accordingly again here by setting it to % =k.
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Figure 6.3: Comparison of Directed Methods

In terms of performance, when randomly applying directions to the CGA model it
comes closer to the monthly networks than its competitors with PDpcga = 0.521,
PDpyice = 0.634 and PDpp = 0.653 with p = 0.245,7 = 0.403.

As it becomes apparent in the results for the directed models, the performance when
considering direction becomes significantly worse as the stochastic process is somewhat
delicate to the addition of directionality dimension. As with the undirected results, it seems
that the periodicity we described in Chapter 4 remains ever present as the peaks remain
in the most ”complex” months, December and April. However unlike the undirected the
low complexity and smaller scale of the network in the first period and the start of the
second seem to be ripe for modeling with both of the models used.

It is clear that the Forest Fire model performs noticeably worse in the directed case,
which can be attributed to the fact the direction of edges in a real network tends to flow
mostly outwards as smaller nodes receive allowances from bigger financial or governmental
nodes. In reality there is also large reciprocity, which the Forest Fire can’t replicate. A
particularly interesting observation is the shape and closeness of the two curves, which
in some months arrive at almost the same value of Portrait Divergence, showing that the
performance of the Forest Fire model empirically follow the power law standard that 30
years prior Price set in his.When testing if similar graphs are recreated by both process
we arive at Portrait Divergence values over 0.85 which means both models capture the

structure of the network in different ways.
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Chapter 7

Conclusion

7.1 Concluding Remarks

To summarize, in this work we provided a thorough analysis of some key network
statistics that provide a clear understanding of the structure of the EU ETS network that
has not been achieved in the literature. In the second part of the thesis we tested some
models in order to approach the static monthly network both directed and undirected,
using network comparison measures which we haven’t seen done in the literature.

Specifically, we showed that, while in most real world networks there exists a uniformity
as to degree assortativity, in EU ETS network nodes of similar degrees tend to not share
an edge, confirming the impression we got when studying the structure of the network
visually. When examining the behavior of actors considering their categorization, clear
patterns emerge as to which transactions they tend to make and as to be expected they
show a much increased tendency to transact with other actors of their own country.

The network exhibits strong elements of annual periodicity and predictability as far
as the structure and traffic are concerned, despite the change in phases. As it has become
commonplace in network analysis, we examined if the network follows a power-law degree
distribution and with almost no exception in months it obeys scale-invariance, although
with relatively small exponent.

An important realization when studying networks is their evolution over time, which
when we examined the network’s progress it became evident that it increases in density,
which is in line with the literature. We also looked at how its effective diameter evolved
over time, and counterintuitively it decreased.

Following the network analysis, we introduce Portrait Divergence, a known compara-
tive measure for networks, preempting the creation of artificial networks with stochastic
models. In the undirected case we examined one of the most common ones, the Barabasi-
Albert model which we modified to provide a better fit for our case. We compared it to
the Community Guided Agreement and the undirected version of the Forest Fire model,
though all satisfactory approaches, the BA model recreates the network structure most

accurately in the more stable phases. In the directed case, the Price model is put to the
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test when compared to Forest Fire model and the directed Community Guided Agree-
ment with the latter outshining the others, approaching the structure of the network more

closely.

7.2 Future work

While our work is not the first to examine the EU ETS, it has provided so far the most
complete picture of key network characteristics. This thesis though thorough, is by no
means a comprehensive and complete study of every aspect of the network, and has room
for expansion. While our testing of significant models in network theory is a start in the
way of modeling and predicting network structure, there exist many models which might
possibly provide a better fit to the static monthly networks. Another interesting area for
further research is a model based on the temporal evolution of the network, that being the
evolutionary modelling of its behavior. Although without abundant literature, temporal
evolution of networks has been studied such as the work by Leifert et al [34] in which they
examine TERGM (Temporal Exponential Random Graphs) and SAOM(Stochastic Actor-
Oriented Model).With the EU ETS observed and analyzed as was done here, a more
challenging step will be the modeling the behavior of the actors and use a game-theoretic

perspective to approach it.
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Chapter 8
Appendix

In the following network snapshots, the regulated nodes are depicted in blue, the

financial nodes are depicted in red and the governmental nodes are in yellow.

(a) January 2014 (b) February 2014 (¢) March 2014

Figure 8.1: 1st quarter of 2014

(a) April 2014 (b) May 2014 (¢) June 2014

Figure 8.2: 2nd quarter of 2014
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Figure 8.3: 3rd quarter of 2014

(b) November 2014

Figure 8.4: 4th quarter of 2014

(c) September 2014
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Figure 8.5: p-values for Linear Regression

78

oaz0”

ovz0i6”



g8 8 B 8 B 8 8 § § % § 8 8 8 % %3 8 8 § 8§ &8 g 8 & 8 § 8 3

i o4 04 3 3 4 3 3 3§ @ 4 i 4 : 3 3 34 3 3§ 4 i i o3 3 03 3§ 4
i ontn o

Pp— p—— [ —— A v — oy 100,30, 32¢

(a) In degree (b) Out degree (c) Total degree

Figure 8.6: R squared values of Linear Regression

std error of the residuals

5 & &8 % 3 =& i g 5 PR g &
g 8 8 8 8 & § 8 & 8 &8 § 8§ % § 8 § § 8 g 8
3 3 k] k3 3 3 k3 3 3 3 3 2 3 2 3 3 3 3 3 3
month
Al saracions — o100, 30, 321 A s — owr 100,50, 321

(a) In degree (b) Out degree (c) Total degree

Figure 8.7: Standard Errors of Linear Regression

79

420167

o42016°






Bibliography

1]

A. Akerman and A. L. Seim. The global arms trade network 1950-2007. Journal of
Comparative Economics, 42(3):535-551, 2014.

1. Artico, I. Smolyarenko, V. Vinciotti, and E. Wit. How rare are power-law networks
really? Proceedings of the Royal Society A, 476(2241):20190742, 2020.

J. P. Bagrow and E. M. Bollt. An information-theoretic, all-scales approach to com-
paring networks. Applied Network Science, 4(1):1-15, 2019.

J. P. Bagrow, E. M. Bollt, J. D. Skufca, and D. Ben-Avraham. Portraits of complex
networks. EPL (Europhysics Letters), 81(6):68004, 2008.

A.-L. Barabéasi and R. Albert. Emergence of scaling in random networks. science,
286(5439):509-512, 1999.

A.-L. Barabdasi. Network science. Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 371(1987):20120375, Mar. 2013.

S. Borghesi and A. Flori. Eu ets facets in the net: how account types influence the

structure of the system. 2016.

U. Brandes. On variants of shortest-path betweenness centrality and their generic
computation. Social Networks, 30(2):136-145, 2008.

A. D. Broido and A. Clauset. Scale-free networks are rare. Nature communications,

10(1):1-10, 2019.

E. Burton and W. Sanjour. An economic analysis of the control of sulphur oxides
air pollution. DHEW Program Analysis Report. Ernst and Ernst. Washington, DC,
(69), 1967.

E. Burton and W. Sanjour. Applications of cost-effectiveness analysis to air pollution
control. DHEW Contract No. CPA, pages 2269, 1970.

A. Chandrasekhar. Econometrics of network formation. The Ozford Handbook of the
Economics of Networks, pages 303-357, 2016.

81



[13]

[14]

[15]

[20]

Council of European Union. Directive 2004/101/ec of the european parliament and
the council, 2004.

A. Creti, P.-A. Jouvet, and V. Mignon. Carbon price drivers: Phase i versus phase ii
equilibrium? Energy Economics, 34(1):327-334, 2012.

A. De Paula. Econometric models of network formation. Annual Review of Economics,

12:775-799, 2020.

B. Declercq, E. Delarue, and W. D’haeseleer. Impact of the economic recession on

the european power sector’s co2 emissions. Energy Policy, 39(3):1677-1686, 2011.

S. Dimos, E. Evangelatou, D. Fotakis, A. Mantis, and A. Mathioudaki. Forecasting

eu allowance price using transactions of central entities.

S. Dimos, E. Evangelatou, D. Fotakis, A. Mantis, and A. Mathioudaki. On the
impacts of allowance banking and the financial sector on the eu emissions trading

system. Euro-Mediterranean Journal for Environmental Integration, 5(2):1-25, 2020.

M. Falkenberg, J.-H. Lee, S.-i. Amano, K.-i. Ogawa, K. Yano, Y. Miyake, T. S. Evans,
and K. Christensen. Identifying time dependence in network growth. Physical Review
Research, 2(2):023352, 2020.

D. N. Fisher, M. J. Silk, and D. W. Franks. The perceived assortativity of social
networks: methodological problems and solutions. Trends in Social Network Analysis,
pages 1-19, 2017.

J. Garcia-Algarra, M. L. Mouronte-Lépez, and J. Galeano. A stochastic generative
model of the world trade network. Scientific reports, 9(1):1-10, 2019.

K. Goldner, N. Immorlica, and B. Lucier. Reducing inefficiency in carbon auctions

with imperfect competition. arXiv preprint arXiv:1912.06428, 2019.

E. M. Hafner-Burton, M. Kahler, and A. H. Montgomery. Network analysis for

international relations. International organization, 63(3):559-592, 2009.

P. Holme. Modern temporal network theory: a colloquium. The Furopean Physical

Journal B, 88(9):1-30, 2015.

M. O. Jackson. A survey of models of network formation: Stability and efficiency.
2003.

A. Karpf, A. Mandel, and S. Battiston. A network-based analysis of the european
emission market. In Proceedings of ECCS 2014, pages 283-295. Springer, 2016.

A. Karpf, A. Mandel, and S. Battiston. Price and network dynamics in the european
carbon market. Journal of Economic Behavior & Organization, 153:103—122, 2018.

82



28]

[29]

[30]

[34]

J. J. Kay, L. A. Graham, and R. E. Ulanowicz. A detailed guide to network analysis.
In Network analysis in marine ecology, pages 15—61. Springer, 1989.

M.-K. Kim and T. Kim. Estimating impact of regional greenhouse gas initiative on
coal to gas switching using synthetic control methods. Energy Economics, 59:328-335,
2016.

D. Koutra, J. T. Vogelstein, and C. Faloutsos. Deltacon: A principled massive-graph
similarity function. In Proceedings of the 2018 SIAM International Conference on
Data Mining, pages 162-170. STAM, 2013.

P. Krapivsky and D. Krioukov. Scale-free networks as preasymptotic regimes of
superlinear preferential attachment. Physical Review E, 78(2):026114, 2008.

O. Kuchaiev, T. Milenkovi¢, V. MemiSevi¢, W. Hayes, and N. Przulj. Topological
network alignment uncovers biological function and phylogeny. Journal of the Royal
Society Interface, 7(50):1341-1354, 2010.

O. Kuchaiev and N. Przulj. Integrative network alignment reveals large regions of
global network similarity in yeast and human. Bioinformatics, 27(10):1390-1396,
2011.

P. Leifeld and S. J. Cranmer. A theoretical and empirical comparison of the temporal
exponential random graph model and the stochastic actor-oriented model. Network
Science, 7(1):20-51, 2019.

C. Leining, S. Kerr, and B. Bruce-Brand. The new zealand emissions trading scheme:
Critical review and future outlook for three design innovations. Climate Policy,
20(2):246-264, 2020.

W. W. Leontief. Quantitative input and output relations in the economic systems of
the united states. The Review of Economics and Statistics, 18(3):105-125, 1936.

J. Leskovec, J. Kleinberg, and C. Faloutsos. Graph evolution: Densification and
shrinking diameters. ACM transactions on Knowledge Discovery from Data (TKDD),
1(1):2-es, 2007.

N. Malod-Dognin and N. Przulj. L-graal: Lagrangian graphlet-based network aligner.
Bioinformatics, 31(13):2182-2189, 2015.

V. MemiSevi¢ and N. Przulj. C-graal: C ommon-neighbors-based global gra ph al
ignment of biological networks. Integrative Biology, 4(7):734-743, 2012.

T. Milenkovi¢, W. L. Ng, W. Hayes, and N. Przulj. Optimal network alignment with
graphlet degree vectors. Cancer informatics, 9:CIN-S4744, 2010.

83



[41]

[42]

[43]

[44]

B. C. Murray and P. T. Maniloff. Why have greenhouse emissions in rggi states
declined? an econometric attribution to economic, energy market, and policy factors.
Energy Economics, 51:581-589, 2015.

M. E. Newman. Mixing patterns in networks. Physical review E, 67(2):026126, 2003.

M. E. Newman. The structure and function of complex networks. SIAM review,
45(2):167-256, 2003.

Y. Nishida, Y. Hua, and N. Okamoto. Alternative building emission-reduction mea-
sure: outcomes from the tokyo cap-and-trade program. Building Research € Infor-
mation, 44(5-6):644-659, 2016.

R. Noldus and P. Van Mieghem. Assortativity in complex networks. Journal of
Complex Networks, 3(4):507-542, 2015.

M. R. Piraveenan. Topological analysis of complex networks using assortativity. Uni-

versity of Sydney, 2010.

D. d. S. Price. A general theory of bibliometric and other cumulative advantage
processes. Journal of the American society for Information science, 27(5):292-306,
1976.

C. E. Shannon. A mathematical theory of communication. ACM SIGMOBILE mobile

computing and communications review, 5(1):3-55, 2001.

M. Tantardini, F. Ieva, L. Tajoli, and C. Piccardi. Comparing methods for comparing
networks. Scientific reports, 9(1):1-19, 2019.

UNFCCC. Kyoto Protocol to the United Nations Framework. 1997.
E. Union. EU Emissions Trading System (EU ETS).
E. Union. EU ETS Handbook. 2015.

J. Yan. The impact of climate policy on fossil fuel consumption: Evidence from the

regional greenhouse gas initiative (rggi). Energy Economics, 100:105333, 2021.

O. N. Yaveroglu, N. Malod-Dognin, D. Davis, Z. Levnajic, V. Janjic, R. Karapandza,
A. Stojmirovic, and N. Przulj. Revealing the hidden language of complex networks.
Scientific reports, 4(1):1-9, 2014.

84



85



	Ευχαριστίες
	Περίληψη
	Abstract
	Περιεχόμενα
	greekgreekΚατάλογος Σχημάτων
	Κατάλογος Πινάκων
	Εκτεταμένη Περίληψη
	Σύστημα Εμπορίας Ρύπων
	Σκοπός της Διπλωματικής Εργασίας
	Ανάλυση Δικτύου
	Ομοφιλία Βαθμών
	Περιοδικότητα
	Κεντρικότητα
	Νόμος Δύναμης
	Μείωση Διαμέτρου

	Μέτρα Σύγκρισης Δικτύων
	Απόκλιση Πορτραίτων

	Μοντέλα Κατασκευής Δικτύων
	Community Guided Agreement
	Forest Fire
	greekenglishPreferential Attachment 
	Αποτελέσματα Συγκρίσεων

	Συμπεράσματα

	Introduction
	Background
	Motivation
	Previous Work
	Contribution
	Outline

	EU ETS
	Introduction to the ETS system
	Other Cap and Trade Systems
	Regional Greenhouse Gas Initiative
	California and Quebec
	Tokyo Cap and Trade
	New Zealand Emissions Trading Scheme

	Brief History
	Environmental Goals
	The EU ETS Mechanism
	Allocation of Allowances
	The evolution of allocation

	Auctioning
	Data Specifications
	Category Classification
	Size Classification

	Network Analysis
	Preliminaries
	Degree Assortativity
	Category Assortativity
	Locality
	Periodicity
	Centrality
	Power Law
	Densification
	Shrinking Diameters

	Comparison Measures
	Portrait Divergence
	Weighted
	Notes on Portrait Divergence


	Generative Models
	Community Guided Agreement
	Forest Fire Model
	Preferential Attachment
	Price's Model
	Barabási-Albert

	Comparison Of Performance
	Undirected models
	Directed models


	Conclusion
	Concluding Remarks
	Future work

	Appendix
	Bibliography

