
Εθνικό Μετσόβιο Πολυτεχνείο
Σχολή Ηλεκτρολόγων Μηχανικών
και Μηχανικών Υπολογιστών
Τομέας Τεχνολογίας Πληροφορικής και
Υπολογιστών

Αποδοτική εξισορρόπηση αδειών εκπομπής αερίων
θερμοκηπίου στον μηχανισμό EU-ETS

ΔΙΠΛΩΜΑΤΙΚΗ ΕΡΓΑΣΙΑ

ΚΩΝΣΤΑΝΤΙΝΟΣ ΠΑΠΑΔΟΠΟΥΛΟΣ

Επιβλέπων : Δημήτριος Φωτάκης
Καθηγητής Ε.Μ.Π.

Αθήνα, Δεκέμβριος 2024





Εθνικό Μετσόβιο Πολυτεχνείο
Σχολή Ηλεκτρολόγων Μηχανικών
και Μηχανικών Υπολογιστών
Τομέας Τεχνολογίας Πληροφορικής και
Υπολογιστών

Αποδοτική εξισορρόπηση αδειών εκπομπής αερίων
θερμοκηπίου στον μηχανισμό EU-ETS

ΔΙΠΛΩΜΑΤΙΚΗ ΕΡΓΑΣΙΑ

ΚΩΝΣΤΑΝΤΙΝΟΣ ΠΑΠΑΔΟΠΟΥΛΟΣ

Επιβλέπων : Δημήτριος Φωτάκης
Καθηγητής Ε.Μ.Π.

Εγκρίθηκε από την τριμελή εξεταστική επιτροπή την 4η Δεκεμβρίου 2024.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Δημήτριος Φωτάκης
Καθηγητής Ε.Μ.Π.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Αριστείδης Παγουρτζής
Καθηγητής Ε.Μ.Π.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Αθανάσιος Βουλόδημος
Επίκουρος Καθηγητής Ε.Μ.Π.

Αθήνα, Δεκέμβριος 2024



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Κωνσταντίνος Παπαδόπουλος

Διπλωματούχος Ηλεκτρολόγος Μηχανικός και Μηχανικός Υπολογιστών Ε.Μ.Π.

Copyright © Κωνσταντίνος Παπαδόπουλος, 2024.
Με επιφύλαξη παντός δικαιώματος. All rights reserved.

Απαγορεύεται η αντιγραφή, αποθήκευση και διανομή της παρούσας εργασίας, εξ ολοκλήρου
ή τμήματος αυτής, για εμπορικό σκοπό. Επιτρέπεται η ανατύπωση, αποθήκευση και διανομή
για σκοπό μη κερδοσκοπικό, εκπαιδευτικής ή ερευνητικής φύσης, υπό την προϋπόθεση να
αναφέρεται η πηγή προέλευσης και να διατηρείται το παρόν μήνυμα. Ερωτήματα που αφο-
ρούν τη χρήση της εργασίας για κερδοσκοπικό σκοπό πρέπει να απευθύνονται προς τον συγ-
γραφέα.

Οι απόψεις και τα συμπεράσματα που περιέχονται σε αυτό το έγγραφο εκφράζουν τον συγ-
γραφέα και δεν πρέπει να ερμηνευθεί ότι αντιπροσωπεύουν τις επίσημες θέσεις του Εθνικού
Μετσόβιου Πολυτεχνείου.



Περίληψη

Η παρούσα διπλωματική εργασία εξετάζει την κατανομή δωρεάν δικαιωμάτων εκπομπών ρύ-
πων στο Ευρωπαϊκό Σύστημα Εμπορίας Δικαιωμάτων Εκπομπών Ρύπων (EU ETS), επιδιώκο-
ντας να συνδυάσει την περιβαλλοντική αποδοτικότητα με αρχές δικαιοσύνης. Αρχικά, πα-
ρουσιάζεται η εξέλιξη και οι προκλήσεις του EU ETS, όπως η διαρροή άνθρακα, καθώς και οι
διαφορετικές μέθοδοι κατανομής δικαιωμάτων που εφαρμόστηκαν ανά περίοδο του συστήμα-
τος. Στη συνέχεια, αναλύονται οι θεωρητικές βάσεις της δίκαιης διανομής πόρων, συμπερι-
λαμβανομένων των αρχών του HervéMoulin (Αποζημίωση, Ανταμοιβή, Εξωγενή Δικαιώματα,
Ικανότητα Χρήσης), που παρέχουν ένα πλαίσιο αξιολόγησης.

Η εργασία διερευνά αρχικά την οριζόντια ισότητα στις κατανομές μέσω στατιστικών με-
θόδων, χωρίς όμως επαρκή εξήγηση των διαφορών. Για να βελτιωθεί η ερμηνευτική ικανό-
τητα, εφαρμόζεται ανάλυση συσταδοποίησης (clustering), ομαδοποιώντας τις χώρες σε πιο
ομοιογενείς ομάδες. Παρά την πρόοδο, τα αποτελέσματα υποδεικνύουν την ανάγκη για μια
πιο δομημένη, βελτιστοποιημένη προσέγγιση.

Προτείνεται έτσι ένα γραμμικό μοντέλο βελτιστοποίησης που συνδυάζει οικολογικούς
και οικονομικούς στόχους με αρχές δικαιοσύνης. Το μοντέλο ενσωματώνει δεδομένα όπως
πληθυσμό, ΑΕΠ και ιστορικές κατανομές αδειών ρύπων, στοχεύοντας σε μια δίκαιη και βιώ-
σιμη λύση. Τέλος, συγκρίνονται τα αποτελέσματά του με έναν θεωρητικά βέλτιστο μηχανισμό
(Uniform Linear Mechanism, ULM). Αν και ο ULM αποδίδει βέλτιστα υπό ιδανικές συνθήκες,
το προτεινόμενο μοντέλο είναι πιο ευέλικτο και εφαρμόσιμο σε ρεαλιστικά περιβάλλοντα,
επιτυγχάνοντας μια ισορροπία μεταξύ δικαιοσύνης και αποδοτικότητας.

Η εργασία κλείνει με προτάσεις για μελλοντικές βελτιώσεις, επιδιώκοντας μια πιο ολο-
κληρωμένη, δίκαιη και αποτελεσματική πολιτική κατανομής δικαιωμάτων εκπομπών ρύπων
στην Ευρωπαϊκή Ένωση.

Λέξεις κλειδιά

Εκπομπές Αερίων του Θερμοκηπίου, Άδειες Εκπομπής, Κατανομή Δικαιωμάτων, Δίκαιη Κα-
τανομή, Βελτιστοποίηση, Οικονομία Περιβάλλοντος, Ρυθμιστικοί Μηχανισμοί, Μαθηματική
Μοντελοποίηση, EU ETS
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Abstract

The allocation of emission permits in cap-and-trade systems such as the European Union Emis-
sions Trading System (EU ETS) plays a critical role in the system’s fairness and efficiency. This
thesis investigates the fairness of the EU ETS’s free allocation mechanism, utilizing the princi-
ples of fair division and distributive justice, specifically focusing on Moulin’s framework. We
begin by providing a comprehensive background on cap-and-trade systems and the EU ETS,
highlighting the importance of equitable permit distribution.

Through data analysis and experiments, we explore the presence of horizontal equity in
current allocation practices between EU member states. Our findings indicate significant dis-
parities that suggest the need for a more nuanced allocation approach. To address this, we
employ cluster analysis to identify groups of countries with similar economic and energy pro-
files, aiming to achieve a relaxed version of horizontal equity within these clusters. Despite
this approach, unequal explanatory ability persists, indicating limitations in existing allocation
mechanisms.

In response, we propose a linear optimization model that incorporates the fitness princi-
ple of Moulin into its objective function, while allowing other fairness principles to be im-
plemented through constraints. This model offers a flexible and straightforward method for
achieving a balance between fairness and efficiency at both the country and sector levels. We
compare our model with the Uniform Linear Mechanism from the literature, using synthetic
data to assess performance. The results demonstrate that while our model may result in lower
consumer surplus, it ensures higher profits for the firms involved, indicating a potential trade-
off between efficiency and equity.

This research contributes to the ongoing discourse on fair allocation in emissions trading
systems, providing practical insights and methodologies for enhancing fairness in the EU ETS.
Future work includes further refinement of the model and exploration of its implications on a
broader scale.

Key words

Fair Distribution, EU ETS, Uniform Linear Mechanism, Linear Problem, Classic Principles of
Distributive Justice, Resource Allocation, Optimization, Cap and Trade, Environmental Eco-
nomics, Regulatory Mechanisms, Greenhouse Gas Emissions
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Κεφάλαιο 0

Εκτεταμένη Ελληνική Περίληψη

0.1 Εμποριο Ρύπων EU ETS

0.1.1 Εισαγωγή

Η κλιματική αλλαγή αποτελεί μια από τις πλέον επείγουσες και περίπλοκες προκλήσεις
για τη διεθνή κοινότητα. Η ταχεία αύξηση των εκπομπών αερίων του θερμοκηπίου λόγω βιο-
μηχανικών δραστηριοτήτων και κατανάλωσης ορυκτών καυσίμων έχει ήδη οδηγήσει σε ση-
μαντική άνοδο της θερμοκρασίας, επηρεάζοντας αρνητικά οικοσυστήματα, οικονομίες και τη
δημόσια υγεία [35]. Η διεθνής ανταπόκριση σε αυτό το πρόβλημα, όπως η Σύμβαση-Πλαίσιο
των Ηνωμένων Εθνών για την Κλιματική Αλλαγή (UNFCCC) [50], το Πρωτόκολλο του Κιότο
[48] και η Συμφωνία των Παρισίων [49], υπογραμμίζει τη σημασία της παγκόσμιας συνερ-
γασίας για τη μείωση των εκπομπών. Παράλληλα, εξειδικευμένα πρωτόκολλα και κλαδικές
πρωτοβουλίες, όπως το Πρωτόκολλο του Μόντρεαλ [47] και η πρωτοβουλία CORSIA, ενσω-
ματώνουν συμπληρωματικά μέτρα σε τομείς υψηλών εκπομπών.

Σε περιφερειακό επίπεδο, ένα από τα πιο χαρακτηριστικά παραδείγματα αποτελεί το Σύ-
στημα Εμπορίας Δικαιωμάτων Εκπομπών της Ευρωπαϊκής Ένωσης (EU ETS). Δημιουργημένο
το 2005, το EU ETS υιοθετεί τη μεθοδολογία «cap-and-trade», θέτοντας ένα συνολικό όριο στις
εκπομπές και επιτρέποντας στις επιχειρήσεις να ανταλλάσσουν δικαιώματα εντός αυτού του
ορίου. Έχοντας αναδειχθεί σε κεντρικό άξονα της ευρωπαϊκής πολιτικής για το κλίμα, το EU
ETS λειτουργεί ως παράδειγμα για άλλες περιοχές του πλανήτη που επιδιώκουν να μειώσουν
τις εκπομπές με οικονομικά αποδοτικό τρόπο.

Η παρούσα διατριβή θα επικεντρωθεί στα συστήματα «cap-and-trade» (όπως το EU ETS)
και θα εξετάσει τη διαδικασία δωρεάν κατανομής δικαιωμάτων εκπομπών. Η ανάλυση θα
επικεντρωθεί στη δικαιοσύνη της κατανομής αυτής, με στόχο την αναζήτηση δίκαιων και
αποτελεσματικών μεθόδων που εξισορροπούν την περιβαλλοντική ζημία με την οικονομική
βιωσιμότητα και την κοινωνική αποδοχή.

0.1.2 Συστήματα Cap-and-Trade

Οι πολιτικές «cap-and-trade» στηρίζονται στον καθορισμό ενός ανώτατου ορίου (cap)
στις εκπομπές και στη δυνατότητα εμπορίας δικαιωμάτων εκπομπών (trade) μεταξύ των συμ-
μετεχόντων. Σε αντίθεση με έναν φόρο άνθρακα, ο οποίος θέτει μια τιμή χωρίς να διασφαλίζει
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το επίπεδο μείωσης εκπομπών, ένα σύστημα cap-and-trade εγγυάται τη μέγιστη ποσότητα εκ-
πομπών, αφήνοντας την αγορά να διαμορφώσει την τιμή των δικαιωμάτων.

Σε ένα τυπικό σύστημα cap-and-trade, οι επιχειρήσεις λαμβάνουν ή αγοράζουν δικαιώ-
ματα εκπομπών. Όσες μειώνουν τις εκπομπές τους περισσότερο από όσο αντιστοιχεί στις
άδειες που τους έχουν κατανεμηθεί, μπορούν να πουλήσουν τα επιπλέον δικαιώματα. Όσο το
ανώτατο όριο μειώνεται σταδιακά, η τιμή των δικαιωμάτων αυξάνεται, δίνοντας ισχυρότερο
κίνητρο σε όλες τις επιχειρήσεις να μειώσουν τις εκπομπές τους με οικονομικά αποδοτικούς
τρόπους [22].

Με αυτόν τον τρόπο, τα συστήματα cap-and-trade προσφέρουν περιβαλλοντική βεβαιό-
τητα, οικονομική αποδοτικότητα και συμβατότητα με διεθνείς αγορές, μειώνοντας παράλ-
ληλα τον κίνδυνο δημοσιονομικών πιέσεων στα κράτη-μέλη.

0.1.3 Το Σύστημα Εμπορίας Δικαιωμάτων Εκπομπών της Ευρωπαϊκής
Ένωσης (EU ETS)

Το EU ETS, σε λειτουργία από το 2005, εφαρμόζει την προσέγγιση cap-and-trade για να
μειώσει σταδιακά τις εκπομπές αερίων θερμοκηπίου από τομείς υψηλών εκπομπών στην Ευ-
ρωπαϊκή Ένωση. Κάθε δικαίωμα αντιστοιχεί σε ένα τόνο ισοδυνάμου CO2 (tCO2e). Ο συνο-
λικός αριθμός δικαιωμάτων μειώνεται με σταθερό ρυθμό κάθε χρόνο, ενώ οι συμμετέχοντες
οφείλουν στο τέλος κάθε έτους να καλύψουν τις εκπομπές τους με τον ανάλογο αριθμό δι-
καιωμάτων.

Κατά τις διάφορες φάσεις λειτουργίας του συστήματος (Φάση 1: 2005–2007, Φάση 2: 2008–
2012, Φάση 3: 2013–2020, Φάση 4: 2021–2030), το EU ETS έχει προσαρμοστεί ώστε να ενισχύει
την περιβαλλοντική φιλοδοξία, να διευρύνει το πεδίο εφαρμογής του (π.χ. αερομεταφορές,
ναυτιλία) και να αναθεωρεί την αναλογία δωρεάν κατανομών και δημοπρατούμενων δικαιω-
μάτων. Στόχος είναι η επίτευξη υψηλότερων μειώσεων, η διασφάλιση της συμμόρφωσης και η
καταπολέμηση της διαρροής άνθρακα, ενώ παράλληλα παρέχονται κίνητρα για καινοτόμες
τεχνολογίες χαμηλών εκπομπών.

0.1.4 Κατανομή Δωρεάν Δικαιωμάτων Εκπομπών

Η διαδικασία κατανομής δωρεάν δικαιωμάτων εκπομπών στο EU ETS αποτελεί κρίσιμο
στοιχείο, καθώς επηρεάζει την ανταγωνιστικότητα των κλάδων, τη δικαιοσύνη της εφαρμο-
ζόμενης πολιτικής και την αποτελεσματικότητα στη μείωση εκπομπών. Η εξέλιξη της κατα-
νομής δωρεάν δικαιωμάτων αντικατοπτρίζει τη σταδιακή μετάβαση από μια αρχική φάση
«μάθησης» προς ένα πιο αυστηρό και αποδοτικό σύστημα:

Φάση 1 (2005–2007): Στην πιλοτική φάση, η συντριπτική πλειονότητα των δικαιωμάτων
διανεμήθηκε δωρεάν με βάση ιστορικά επίπεδα εκπομπών (grandfathering). Αυτή η τακτική,
αν και απλοϊκή, αποσκοπούσε στην ομαλή εισαγωγή του συστήματος. Εντούτοις, η έλλειψη
αξιόπιστων δεδομένων οδήγησε σε υπερβολική κατανομή δικαιωμάτων, με αποτέλεσμα στο
τέλος της περιόδου η τιμή να είναι μηδενική.
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Φάση 2 (2008–2012): Για να ευθυγραμμιστεί με τις δεσμεύσεις του Πρωτοκόλλου του Κιότο,
η ΕΕ μείωσε το συνολικό ανώτατο όριο και μείωσε ελαφρώς το ποσοστό δωρεάν κατανο-
μής. Ωστόσο, η ύφεση του 2008 δημιούργησε πλεόνασμα δικαιωμάτων, διατηρώντας χαμηλές
τις τιμές. Τελειώνοντας η δεύτερη φάση, τεχνιέντως κρατήθηκε χαμηλά η ρευστότητα των
δικαιωμάτων εκπομπής και πλέον η ανάγκη για αυστηρότερες μεθόδους κατανομής έγινε εμ-
φανής.

Φάση 3 (2013–2020): Σε αυτήν τη φάση πραγματοποιήθηκε μια ριζική αναθεώρηση:

• Η δημοπράτηση έγινε ο κύριος τρόπος κατανομής, περιορίζοντας δραστικά τις δωρεάν
κατανομές.

• Οι δωρεάν κατανομές επικεντρώθηκαν σε τομείς υψηλού κινδύνου διαρροής άνθρακα,
με στόχο να προστατευθεί η ανταγωνιστικότητα της ευρωπαϊκής βιομηχανίας.

• Εισήχθησαν σημεία αναφοράς (benchmarks) στη βάση των καλύτερων διαθέσιμων τε-
χνικών: οι εγκαταστάσεις που επιτυγχάνουν εκπομπές κάτω από το benchmark λαμ-
βάνουν ουσιαστικά επαρκείς δωρεάν κατανομές, ενώ οι λιγότερο αποδοτικές ωθούνται
να βελτιωθούν.

Φάση 4 (2021–2030): Η πιο πρόσφατη φάση στοχεύει στη μεγιστοποίηση της περιβαλλο-
ντικής φιλοδοξίας:

• Αυξήθηκε ο συντελεστής ετήσιας μείωσης του συνολικού ανώτατου ορίου, ώστε να
εναρμονίζεται με τους στόχους του 2030.

• Περίπου το 57% των δικαιωμάτων προορίζεται για δημοπράτηση, ενώ τα υπόλοιπα δια-
τίθενται δωρεάν σε τομείς με υψηλό κίνδυνο διαρροής άνθρακα, με σταδιακή μείωση
αυτών των δωρεάν κατανομών.

• Εφαρμόζονται αυστηρότερα benchmarks, στηριζόμενα σε πραγματικά δεδομένα απο-
δοτικότητας.

• Ειδικές διατάξεις, όπως το Άρθρο 10c, επιτρέπουν σε ορισμένα κράτη-μέλη χαμηλό-
τερου εισοδήματος να χρησιμοποιούν δωρεάν δικαιώματα για τον εκσυγχρονισμό του
ενεργειακού τους τομέα, μειώνοντας σταδιακά την εξάρτηση από ρυπογόνες πηγές.

Συνολικά, η πρακτική της δωρεάν κατανομής έχει εξελιχθεί από μια γενικευμένη προσέγ-
γιση αποζημίωσης προς μια πιο στοχευμένη στρατηγική, η οποία βασίζεται σε αντικειμενικά
κριτήρια αποδοτικότητας και κινδύνου διαρροής άνθρακα, ενισχύοντας έτσι τη μετατόπιση
προς καθαρότερες βιομηχανικές διεργασίες.

0.1.5 Το Πρόβλημα της Διαρροής Άνθρακα

Η διαρροή άνθρακα αποτελεί μια σημαντική πρόκληση για τις πολιτικές κλιματικής αλ-
λαγής. Όταν ορισμένοι κλάδοι αντιμετωπίζουν αυξημένο κόστος λόγω περιβαλλοντικών πο-
λιτικών (π.χ. λόγω αγοράς δικαιωμάτων εκπομπών), ενδέχεται να μεταφέρουν την παραγωγή
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τους σε χώρες με λιγότερο αυστηρές ρυθμίσεις, οδηγώντας σε αύξηση των παγκόσμιων εκ-
πομπών και ακύρωση των περιβαλλοντικών οφελών [16, 22].

Στο πλαίσιο του EU ETS, έχουν ληφθεί μέτρα για την αντιμετώπιση της διαρροής άν-
θρακα:

• Εφαρμογή Benchmarks: Τα δωρεάν δικαιώματα διανέμονται με σημείο αναφοράς την
καλύτερη διαθέσιμη τεχνολογία. Αυτό περιορίζει την υπερβολική επιβράβευση ρυπο-
γόνων πρακτικών, ενώ ταυτοχρόνως μειώνει το κόστος συμμόρφωσης για αποδοτικές
επιχειρήσεις.

• Μηχανισμοί Εκσυγχρονισμού: Μέσα όπως το Άρθρο 10c και ο Εκσυγχρονιστικός και
Καινοτομικός Μηχανισμός επιτρέπουν σε λιγότερο ανεπτυγμένα κράτη-μέλη να προ-
ωθήσουν επενδύσεις σε καθαρές τεχνολογίες, μειώνοντας τον κίνδυνο μαζικής φυγής
βιομηχανιών.

Παρά τις δυσκολίες στην πλήρη εξάλειψη του φαινομένου, τα μέτρα αυτά συμβάλλουν
στο να περιοριστούν οι στρεβλώσεις στην ανταγωνιστικότητα και να διατηρηθεί η περιβαλ-
λοντική αποτελεσματικότητα του συστήματος. Η συνεχής αναθεώρηση των κριτηρίων και η
προσαρμογή των κατανομών, με βάση επικαιροποιημένα δεδομένα, διασφαλίζουν ότι το EU
ETS παραμένει εργαλείο που συνδυάζει κλιματική φιλοδοξία με οικονομική βιωσιμότητα.

0.2 Μοιράζοντας Δίκαια

0.2.1 Εισαγωγή

Η δίκαιη διανομή (fair division) αφορά τη διάθεση ενός ή περισσότερων αγαθών σε δύο ή
περισσότερους παράγοντες (agents) κατά τρόπο που πληροί κριτήρια δικαιοσύνης. Πρόκει-
ται για ένα κεντρικό πρόβλημα στα οικονομικά, τα μαθηματικά και την επιστήμη των υπολο-
γιστών, και εντάσσεται σε ένα ευρύτερο ερευνητικό πεδίο που αφορά την κατανομή πόρων
μεταξύ πολλών εμπλεκομένων [11]. Στόχος είναι ο προσδιορισμός μιας κατανομής που να
θεωρείται δίκαιη από όλους τους συμμετέχοντες, παρά τις πιθανές διαφορές στις προτιμή-
σεις τους. Σε αυτό το κεφάλαιο, θα μελετήσουμε τις βασικές έννοιες της δίκαιης διανομής,
περιλαμβάνοντας τους ορισμούς, τους τύπους των αγαθών, τη μοντελοποίηση προτιμήσεων,
καθώς και τα κυριότερα κριτήρια δικαιοσύνης. Θα επιδιώξουμε να παρουσιάσουμε ένα δομη-
μένο πλαίσιο κατανόησης του τρόπου με τον οποίο οι πόροι μπορούν να διανεμηθούν δίκαια
μεταξύ παραγόντων με διαφορετικές προτιμήσεις.

0.2.2 Ορισμός

Η δίκαιη διανομή μπορεί να οριστεί ως εξής:

Δίκαιη διανομή είναι η πράξη διαίρεσης ή διάθεσης αγαθών μεταξύ παραγόντων που
τα επιθυμούν, χρησιμοποιώντας έναν αλγόριθμο που πληροί συγκεκριμένα κριτήρια
δικαιοσύνης.
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Για να αποκτήσει νόημα αυτός ο ορισμός, απαιτείται ο καθορισμός των εξής στοιχείων:

1. Ποιος διανέμει τα αγαθά;

2. Ποιοι είναι οι λήπτες; (οι παράγοντες)

3. Ποια αγαθά διανέμονται; (τύπος πόρων)

4. Πώς ορίζονται οι προτιμήσεις των παραγόντων; (αναπαράσταση προτιμήσεων)

5. Ποιο είναι το κριτήριο δικαιοσύνης; (fairness criterion)

0.2.3 Ποιος διενεργεί τη διανομή;

Η διανομή μπορεί να πραγματοποιηθεί από μια κεντρική αρχή ή μέσω συνεργατικών δια-
δικασιών όπου συμμετέχουν όλοι οι παράγοντες. Το ποιος έχει την ευθύνη της διαίρεσης επη-
ρεάζει την αντίληψη περί δικαιοσύνης. Σε ορισμένες περιπτώσεις, ένας ουδέτερος μεσολαβη-
τής (mediator) μπορεί να επιβλέπει τη διαδικασία, εξασφαλίζοντας την τήρηση των αρχών
δικαιοσύνης.

0.2.4 Ποιοι είναι οι Λήπτες;

Έστω ένα πεπερασμένο σύνολο παραγόντων (agents) N = {1, . . . , n}. Αυτοί οι παρά-
γοντες συμμετέχουν στο πρόβλημα της δίκαιης διανομής και πρέπει να αποφασίσουν πώς
θα κατανεμηθούν οι πόροι μεταξύ τους. Οι παράγοντες μπορεί να είναι άτομα, οργανισμοί ή
οποιεσδήποτε οντότητες που έχουν προτιμήσεις για τους διαθέσιμους πόρους.

0.2.5 Τι Διανέμεται; (Τύποι Αγαθών)

Τα αγαθά που διανέμονται μπορεί να είναι υλικά (π.χ. γη, τρόφιμα) ή άυλα (π.χ. δικαιώ-
ματα πνευματικής ιδιοκτησίας). Σύμφωνα με [11], τα αγαθά κατηγοριοποιούνται κυρίως στις
εξής κατηγορίες:

• Διαιρετά vs. Αδιαιρετά: Διαιρετά αγαθά μπορούν να μοιραστούν σε οποιαδήποτε
αναλογία, ενώ αδιαιρετά δεν επιτρέπουν επιμερισμό.

• Στατικά vs. Δυναμικά: Ορισμένα αγαθά διατηρούν σταθερή αξία, ενώ άλλα μπορεί
να αλλοιωθούν ή να λήξουν (π.χ. ευπαθή τρόφιμα).

• Ομοιογενή vs. Ετερογενή: Τα αγαθά μπορεί να είναι πανομοιότυπα ή να διαφέρουν
στα χαρακτηριστικά και την αξία τους για διαφορετικούς παράγοντες (π.χ. μια τούρτα
με διαφορετικές γεύσεις σε διάφορα μέρη).
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0.2.6 Αναπαράσταση Προτιμήσεων

Η κατανόηση των προτιμήσεων των παραγόντων είναι κρίσιμη. Οι προτιμήσεις μπορούν
να αναπαρασταθούν ως εξής:

• Απόλυτη Προτίμηση (Cardinal Preferences): Χρησιμοποιείται μια συνάρτηση χρησι-
μότητας u : X → R που αποδίδει αριθμητικές τιμές σε κάθε εναλλακτική.

• Προτεραιότητα Προτιμήσεων (Ordinal Preferences): Χρησιμοποιείται μια δυαδική
σχέση ≿ που κατατάσσει τις εναλλακτικές κατά σειρά προτίμησης.

• Δυαδική Προτίμηση (Binary Preferences): Διαχωρίζονται οι εναλλακτικές σε «απο-
δεκτές» και «μη αποδεκτές».

0.2.7 Κριτήρια Δικαιοσύνης

Τα κριτήρια δικαιοσύνης καθορίζουν πότε μια κατανομή θεωρείται δίκαιη. Τα πιο συνη-
θισμένα κριτήρια είναι:

• Άνευ Φθόνου (Envy-Freeness): Καμία οντότητα δεν πρέπει να προτιμά το μερίδιο άλ-
λου παράγοντα παραπάνω από το δικό της.

• Αναλογικότητα (Proportionality):Κάθε παράγοντας πρέπει να λαμβάνει τουλάχιστον
1
n της συνολικής αξίας σύμφωνα με τις δικές του προτιμήσεις.

• Ισοτιμία (Equitability):Όλοι οι παράγοντες πρέπει να απολαμβάνουν ίση χρησιμότητα
από τα μερίδιά τους.

• Αποδοτικότητα κατά Pareto (Pareto Efficiency): Δεν υπάρχει άλλη κατανομή που να
βελτιώνει τη θέση κάποιου παράγοντα χωρίς να χειροτερεύει τη θέση άλλου.

Η επιλογή του κατάλληλου κριτηρίου εξαρτάται από το πλαίσιο και τους στόχους της
κατανομής.

0.2.8 Οι τέσσερεις κλασικές αρχές Διανεμητικής Δικαιοσύνης: Οι Αρχές του
Moulin

Αρχικά, να σημειώσουμε πως οι αρχές που θα αναφερθούν δεν ανήκουν στον Moulin,
ούτε ποτέ διεκδίκησε εκείνος κάτι τέτοιο. Είναι όμως ο κοντινότερος επιστημονικά, ο οποίος
έχει αποδελτιώσει τόσο καθαρά τις αρχές αυτές. Έτσι, στην συνέχεια θα αναφερόμαστε στις
αρχές τουMoulin, για να μιλήσουμε στην πραγματικότητα για τις αρχές που απλώς αναφέρει
ο Moulin στο δεύτερο κεφάλαιο του βιβλίου του [31].

Ο Hervé Moulin, βασιζόμενος στη γνωστή ρήση του Αριστοτέλη «τα ίσα να αντιμετωπίζο-
νται εξίσου και τα άνισα ανισομερώς, ανάλογα με τις σχετικές ομοιότητες και διαφορές», ορίζει την
έννοια της Οριζόντιας Ισότητας (Horizontal Equity). Σε αυτό το πλαίσιο, ο Moulin διακρίνει
τέσσερις κεντρικές αρχές διανεμητικής δικαιοσύνης [31]:
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1. Αρχή Αποζημίωσης (Compensation): Οι ακούσιες διαφορές μεταξύ των παραγόντων
(π.χ. αναπηρίες, περιορισμοί) δικαιολογούν άνιση κατανομή πόρων για την εξομάλυνση
αυτών των μειονεκτημάτων.

2. Αρχή Ανταμοιβής (Reward): Οι εκούσιες διαφορές (π.χ. προσπάθεια, αποδοτικότητα,
ιστορική ευθύνη) πρέπει να ανταμείβονται ή να τιμωρούνται, οδηγώντας σε άνιση κα-
τανομή πόρων με κριτήριο την ευθύνη ή την προσφορά του παράγοντα.

3. Αρχή Εξωγενών Δικαιωμάτων (Exogenous Rights): Υπάρχουν δικαιώματα ανεξάρ-
τητα από τα χαρακτηριστικά των παραγόντων (π.χ. ίσο δικαίωμα σε βασικούς πόρους),
τα οποία πρέπει να γίνονται σεβαστά κατά την κατανομή.

4. Αρχή Καταλληλότητας (Fitness): Οι πόροι πρέπει να διανέμονται σε εκείνους που
μπορούν να τους αξιοποιήσουν καλύτερα, μεγιστοποιώντας τη συνολική ωφέλεια.

0.2.9 Παράδειγμα: Το Δίλημμα της Σωσίβιας Λέμβου

Φανταστείτε ένα πλοίο που βυθίζεται, με μια μόνη σωσίβια λέμβο που δεν μπορεί να χωρέ-
σει όλους τους επιβάτες. Πώς αποφασίζει κανείς ποιος θα επιβιβαστεί; Οι διαφορετικές αρχές
οδηγούν σε διαφορετικές επιλογές:

• Exogenous Rights: Τυχαία κατανομή (κληρωτίδα) για ίσες ευκαιρίες σε όλους.

• Compensation: Προτεραιότητα σε ευάλωτους επιβάτες (π.χ. παιδιά, ασθενείς).

• Reward: Αποκλεισμός όσων προκάλεσαν το ατύχημα (τιμωρία) ή προτίμηση σε όσους
συνεισέφεραν θετικά.

• Fitness: Προτίμηση σε εκείνους με χρήσιμες δεξιότητες (π.χ. ναυτικοί), ώστε να μεγι-
στοποιηθεί η πιθανότητα διάσωσης.

Το παράδειγμα αυτό καταδεικνύει τις εντάσεις μεταξύ των αρχών και τονίζει την ανάγκη
προσεκτικής ηθικής στάθμισης.

0.2.10 Εφαρμογή των Αρχών στη Λογική των Cap-and-Trade Συστημάτων

Στα συστήματα εμπορίας δικαιωμάτων εκπομπών (CAT), τα δικαιώματα εκπομπών απο-
τελούν έναν πόρο που πρέπει να κατανεμηθεί δίκαια. Η αρχή της δίκαιης διανομής προσαρ-
μόζεται εδώ: τα δικαιώματα εκπομπών είναι ομοιογενή και θεωρούνται περίπου διαιρετά. Η
αρχική κατανομή των δικαιωμάτων (π.χ. στην ΕΕ) επηρεάζει τη σταθερότητα, την αποτελε-
σματικότητα και την αντίληψη δικαιοσύνης του συστήματος [51].

Διάφορα κριτήρια έχουν προταθεί στη βιβλιογραφία, ευθυγραμμιζόμενα με τις αρχές του
Moulin:

• Exogenous Rights: Ισομερής κατά κεφαλήν κατανομή δικαιωμάτων.
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• Compensation: Περισσότερα δικαιώματα σε λιγότερο ανεπτυγμένες χώρες για εξισορ-
ρόπηση άνισων εκκινήσεων.

• Reward:Λιγότερα δικαιώματα σε χώρες με ιστορικά υψηλές εκπομπές, τιμωρώντας έτσι
την παρελθούσα ρύπανση.

• Fitness: Περισσότερα δικαιώματα σε τομείς ικανούς για φθηνή μείωση εκπομπών, μεγι-
στοποιώντας τη συνολική αποδοτικότητα.

Με αυτόν τον τρόπο, τα κριτήρια διανεμητικής δικαιοσύνης του Moulin παρέχουν ένα
θεωρητικό υπόβαθρο για τη διαμόρφωση δίκαιων και αποδοτικών συστημάτων κατανομής
πόρων, είτε πρόκειται για βασικά αγαθά είτε για δικαιώματα εκπομπών, σε πολύπλοκα ρυθ-
μιστικά περιβάλλοντα.

Κλείνοντας, είναι σημαντικό το να αναφέρουμε πως στα πλαίσια της διπλωματικής, αλλά
και γενικά στα μαθηματικά και τη θεωρία παιγνίων, χρησιμοποιείται ο όρος «δίκαιο» απο-
κομμένος από την έννοια της ηθικής, του καλού και του κακού. Κάθε ηθική απόφαση έχει
συμβεί πριν να αρχίσουμε εμείς την ανάλυση. Αυτή η διάκριση είναι πολύ σημαντική. Που-
θενά στη διάρκεια αυτής της διπλωματικής δεν ηθικολογούμε, ούτε ισχυριζόμαστε πως θα
μπορούσαμε να το κάνουμε.

0.3 Εξερεύνηση Οριζόντιας Ισότητας

0.3.1 Εισαγωγή

Η έννοια της οριζόντιας δικαιοσύνης, η οποία στηρίζει την αρχή ότι ”ίσα αντιμετωπί-
ζονται ίσα”, αποτελεί θεμέλιο για την αξιολόγηση της δικαιοσύνης στην κατανομή δωρεάν
δικαιωμάτων εκπομπών (free allowances) εντός του Συστήματος Εμπορίας Δικαιωμάτων Εκ-
πομπών της Ευρωπαϊκής Ένωσης (EU ETS). Η αναζήτηση της οριζόντιας δικαιοσύνης καθο-
δηγεί την ανάλυσή μας, επιδιώκοντας να διασφαλίσουμε ότι χώρες με παρόμοια χαρακτηρι-
στικά λαμβάνουν παρόμοιες κατανομές, αντανακλώντας έτσι μια δίκαιη και ισορροπημένη
προσέγγιση.

Για να εξερευνήσουμε αυτήν την υπόθεση, παρουσιάζουμε τρία πειράματα που στοχεύουν
στην αποκάλυψη συσχετίσεων μεταξύ των χαρακτηριστικών των χωρών και των κατανομών
των δωρεάν δικαιωμάτων εκπομπών τους. Κάθε πείραμα σχεδιάστηκε με σκοπό να απαντήσει
σε συγκεκριμένες ερωτήσεις σχετικά με την εφαρμογή της οριζόντιας δικαιοσύνης στο EU
ETS:

1. Πείραμα 1: Ομοιότητα Χαρακτηριστικών vs. Ομοιότητα Κατανομών Λόγος διεξα-
γωγής: Να εξετάσουμε εάν η ομοιότητα στα οικονομικά και ενεργειακά χαρακτηριστικά
των χωρών αντανακλάται στην ομοιότητα στις κατανομές των δωρεάν δικαιωμάτων
εκπομπών, υποστηρίζοντας έτσι την έννοια της οριζόντιας δικαιοσύνης.

2. Πείραμα 2: Median Χώρα ως Σημείο Αναφοράς
Λόγος διεξαγωγής: Να αξιολογήσουμε εάν η χρήση μιας ”μέσης” χώρας ως σημείου ανα-
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φοράς μπορεί να βελτιώσει την κατανόηση και την ερμηνεία των κατανομών, προσπα-
θώντας να ενισχύσουμε την οριζόντια δικαιοσύνη μέσω μιας κεντρικής αναφοράς.

3. Πείραμα 3: Βέλτιστοι Γραμμικοί Συνδυασμοί
Λόγος διεξαγωγής: Εμπνευσμένο από την αρχή του Αριστοτέλη ότι οι σχετικές ομοιότη-
τες πρέπει να λαμβάνονται υπόψη αναλογικά, αυτό το πείραμα επιδιώκει να εντοπίσει
τον καλύτερο συνδυασμό χαρακτηριστικών μέσω βελτιστοποίησης των βαρών τους.
Σκοπός είναι να ανακαλύψουμε ποια χαρακτηριστικά είναι πιο σημαντικά για την εξή-
γηση των κατανομών, αναζητώντας έτσι τα πιο ουσιώδη κριτήρια της οριζόντιας δι-
καιοσύνης.

Οι δείκτες (π.χ. Πληθυσμός, Κατά Κεφαλήν ΑΕΠ, Ενεργειακή Ένταση) περιγράφονται σε
προηγούμενους πίνακες (βλ. Table 4.1), ενώ η ευθυγράμμισή τους με τις αρχές του Moulin
παρουσιάζεται στη Table 3.2. Η ανάλυση πραγματοποιείται ανά φάση του EU ETS (Φάση I:
2005–2007, Φάση II: 2008–2012, Φάση III: 2013–2020), με βασικό δείκτη αξιολόγησης το R2

από γραμμικές παλινδρομήσεις.

0.3.2 Πείραμα 1: Ομοιότητα Χαρακτηριστικών vs. Ομοιότητα Κατανομών

Στόχος: Να διαπιστωθεί εάν χώρες με παρόμοια χαρακτηριστικά λαμβάνουν παρόμοιες δω-
ρεάν κατανομές, υποστηρίζοντας την έννοια της οριζόντιας δικαιοσύνης.

Για κάθε ζεύγος χωρών (i, j) υπολογίζονται οι αποστάσεις σε χαρακτηριστικά (Dxij ) και
σε κατανομές (DYij ).

Αποτελέσματα: Παρακάτω παρουσιάζονται τρία γραφήματα (από τις Φάσεις I, II και III)
που δείχνουν την τάση συσχέτισης. Η πλήρης ανάλυση βρίσκεται στη Figure 4.2 της αρχικής
εργασίας.

Σχήμα 0.1: Ενδεικτικά γραφήματα για το Πείραμα 1 σε διαφορετικές φάσεις. Οι οριζόντιοι
άξονες δείχνουν αποστάσεις χαρακτηριστικών, ενώ οι κατακόρυφοι αποστάσεις
στις κατανομές.

Στις Φάσεις I και II παρατηρείται ισχυρότερη συσχέτιση: χώρες με παρόμοια χαρακτηρι-
στικά λαμβάνουν παρόμοιες κατανομές, υποστηρίζοντας την αρχή της οριζόντιας δικαιοσύ-
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νης. Στη Φάση III η συσχέτιση μειώνεται, ενδεχομένως λόγω αλλαγών στους κανόνες κατα-
νομής (περισσότερη έμφαση σε δημοπρατήσεις).

0.3.3 Πείραμα 2: Median Χώρα ως Σημείο Αναφοράς

Στόχος: Να αξιολογηθεί αν η «μέση» χώρα ως σημείο αναφοράς βελτιώνει την ερμηνεία
των κατανομών, προάγοντας έτσι την οριζόντια δικαιοσύνη.

Μέθοδος: Ηmedian χώραπροσδιορίζεται βάσει της κατάταξης σε κάθε δείκτη (βλ. algorithm 3).
Για κάθε χώρα i μετράται η απόσταση χαρακτηριστικών από τη median χώρα και συγκρίνε-
ται με τη διαφορά κατανομής.

Αποτελέσματα: Η median χώρα δεν βελτιώνει σημαντικά την ερμηνεία. Το R2 παραμένει
χαμηλό (Table 4.4). Ορισμένες χώρες, όπως η Γερμανία, λειτουργούν καλύτερα ως σημείο ανα-
φοράς από μια τυπική median, υποδηλώνοντας ότι η «κεντρικότητα» δεν είναι πανάκεια για
την επίτευξη οριζόντιας δικαιοσύνης.

0.3.4 Πείραμα 3: Βέλτιστοι Γραμμικοί Συνδυασμοί

Στόχος: Να εντοπιστούν οι καλύτεροι συνδυασμοί χαρακτηριστικών μέσω βελτιστοποίη-
σης των βαρών τους, αναζητώντας έτσι τα πιο ουσιώδη κριτήρια της οριζόντιας δικαιοσύνης,
όπως περιγράφει ο Αριστοτέλης.

Μέθοδος: Χρησιμοποιείται ένας αλγόριθμος βελτιστοποίησης για να προσδιοριστεί ο κα-
λύτερος γραμμικός συνδυασμός χαρακτηριστικών (π.χ. GDP/cap, Population, Energy Intensity)
που εξηγεί τις κατανομές, επιδιώκοντας την υπερ-προσαρμογή για την ανακάλυψη των πιο
σχετικών παραγόντων.

Αποτελέσματα: Όπως φαίνεται στον πίνακα Table 4.6, ορισμένες χώρες (π.χ. Σουηδία, Γερ-
μανία) επιτυγχάνουν υψηλά R2 (>0.85), υποδηλώνοντας ότι η δομή των χαρακτηριστικών
τους είναι αρκετά «αντιπροσωπευτική». Αντίθετα, άλλες χώρες (π.χ. Πολωνία, Γαλλία) πα-
ραμένουν δύσκολα εξηγήσιμες ακόμη και με υπερ-προσαρμογή, υπογραμμίζοντας την πολυ-
πλοκότητα των πραγματικών κατανομών.

Συχνά, η Total Energy Supply λαμβάνει μεγάλο βάρος, υποδεικνύοντας τη σημασία της
ενεργειακής διάρθρωσης. Κάποιες χώρες απαιτούν ειδικά πρότυπα βαρών, όπως υψηλό βά-
ρος στη Μεταποίηση ή στη Γεωργία, αντανακλώντας έτσι τις διαφορετικές οικονομικές και
ενεργειακές τους δομές.

Παρατηρούμε πάντως πως οι δυνατότητες αυτού του μοντέλου, στο να εξηγεί την κατα-
νομή, είναι περιορισμένες. Για αυτό ίσως απαιτείται να δοκιμάσουμε κάτι πιο ειδικό.
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0.4 Συσταδοποίηση (Clustering) για τη Βελτίωση της Ερμηνείας
των Κατανομών

Σε αυτό το κεφάλαιο, εφαρμόζουμε ανάλυση συσταδοποίησης (clustering) για να ομαδο-
ποιήσουμε τα κράτη-μέλη της ΕΕ βάσει οικονομικών και ενεργειακών δεικτών, με στόχο τη
βελτίωση της ερμηνευτικής ικανότητας των κατανομών δωρεάν δικαιωμάτων εκπομπών στο
EU ETS. Εμπνευσμένοι από τις αρχές δικαιοσύνης του Moulin και τη βιβλιογραφία [55, 19],
επιδιώκουμε μια πιο στοχευμένη προσέγγιση που λαμβάνει υπόψη ομοειδείς ομάδες χωρών.

Επιλογή Δεικτών: Οι δείκτες (π.χ. Πληθυσμός, Κατά Κεφαλήν ΑΕΠ, Συνολική Ενεργειακή
Προσφορά, Ενεργειακή Ένταση) επιλέγονται ώστε να αντικατοπτρίζουν αρχές όπως η ικανό-
τητα πληρωμής, η ενεργειακή αποδοτικότητα, η βιομηχανική ένταση και τα εξωγενή δικαιώ-
ματα. Ο πλήρης κατάλογος εμφανίζεται στον πίνακα 5.1.

Χρονική Κάλυψη: Δεδομένα Φάσεων I, II, III (2005–2020). Οι αλλαγές στη μεθοδολογία
κατανομής (π.χ. από grandfathering σε benchmarking/δημοπρασίες) παρέχουν μια δυναμική
εικόνα της εξέλιξης της κατανομής.

Κανονικοποίηση και Συσταδοποίηση: Τα δεδομένα κανονικοποιούνται διαιρώντας κάθε
τιμή με τον μέσο όρο του δείκτη για όλες τις χώρες και κάθε έτος. Η συσταδοποίηση πραγμα-
τοποιείται με k-means, ενώ το NbClust στο R προτείνει συχνά 3 συστάδες (χρησιμοποιώντας
το 2018 ως σημείο αναφοράς).

Αποτέλεσμα Συστάδοποίησης: Με 3 συστάδες:

• Συστάδα 1: Μεγάλες ευρωπαϊκές οικονομίες (Γερμανία, Γαλλία, Ην. Βασίλειο, Ιταλία,
Πολωνία, Ισπανία).

• Συστάδα 2: Ανατολικοευρωπαϊκές χώρες, με υψηλότερη ενεργειακή ένταση (energy
intensity) (Βουλγαρία, Εσθονία, Ρουμανία κ.ά.).

• Συστάδα 3: Μικρότερες/μεσαίες οικονομίες με έμφαση στην ενεργειακή απόδοση (Αυ-
στρία, Βέλγιο, Σουηδία κ.ά.).

Η επιλογή 3 συστάδων επιτρέπει μια εύλογη ταξινόμηση: Συστάδα 1 = μεγάλες και ρυπο-
γόνες οικονομίες, Συστάδα 2 = ανατολικές χώρες με δυσκολίες, Συστάδα 3 = πιο αποδοτικέ-
ς/υπηρεσιοκεντρικές οικονομίες.

Ανάλυση Κατανομών Ανά Συστάδα: Οι δωρεάν κατανομές μειώνονται από τη Φάση I
στη Φάση III, αντανακλώντας τη στροφή προς αυστηρότερη πολιτική. Σε απόλυτα μεγέθη,
οι μεγαλύτερες οικονομίες έχουν περισσότερα δικαιώματα, αλλά ανά κάτοικο, η εικόνα ανα-
τρέπεται υπέρ των συστάδων 2 και 3 στις πρώτες φάσεις, υποδεικνύοντας κάποια μορφή
δικαιοσύνης.
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Σχήμα 0.2: Χάρτης Συστάδων (μικρότερη μορφή)

Παράδειγμα Δεδομένων (Phase III): Παρακάτω, παρουσιάζουμε τρία γραφήματα (μικρό-
τερη μορφή) σε μία γραμμή που δείχνουν τη συσχέτιση των δωρεάν κατανομών με τον Πλη-
θυσμό, το Κατά Κεφαλήν ΑΕΠ, και τη Συνολική Ενεργειακή Προσφορά, στη Φάση III.

Σχήμα 0.3: Ενδεικτικά γραφήματα Πληθυσμού, GDP/cap και Συνολικής Εν. Προσφοράς
(Phase III)

(a) Πληθυσμός (Phase III) (b) GDP/cap (Phase III) (c) Συνολική Εν. Προσφορά
(Phase III)

Από αυτά τα διαγράμματα φαίνεται ότι ο ρόλος του ΚατάΚεφαλήνΑΕΠως εξηγητής είναι
περιορισμένος, ενώ ο Πληθυσμός και η Συνολική Ενεργειακή Προσφορά έχουν ισχυρότερη
σχέση, ιδιαίτερα για ορισμένες συστάδες.

Παλινδρόμηση: Η γραμμική παλινδρόμηση επιβεβαιώνει τον κρίσιμο ρόλο των επαληθευ-
μένων εκπομπών (λόγω του ιστορικού grandfathering) και την αυξανόμενη σημασία ενεργεια-
κών δεικτών σε μεταγενέστερες φάσεις. Το Κατά Κεφαλήν ΑΕΠ παραμένει αδύναμος παρά-
γοντας. Οι διαφοροποιήσεις μεταξύ συστάδων αναδεικνύουν ότι μια ενιαία «συνταγή» εξή-
γησης δεν επαρκεί.
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Συμπεράσματα: Η συσταδοποίηση προσφέρει μια πιο λεπτομερή εικόνα: αντί να συγκρί-
νουμε όλες τις χώρες μεταξύ τους, ομαδοποιούμε τις όμοιες μεταξύ τους, κατανοώντας καλύ-
τερα πού και γιατί ισχύει ή δεν ισχύει η οριζόντια ισότητα. Ωστόσο, παρά τη βελτίωση, πα-
ραμένουν ανεξήγητα στοιχεία, προτείνοντας την ανάγκη για πιο προηγμένες μεθόδους (π.χ.
βελτιστοποίηση και πολυκριτηριακές προσεγγίσεις).

Η εργασία που προέκυψε από τα κεφάλαια 5 και 6 οδήγησε σε δημοσίευση στο Global
NEST International Conference on Environmental Science & Technology, υπογραμμίζοντας
ότι η συσταδοποίηση είναι ένα ενδιάμεσο βήμα προς μια πληρέστερη, δικαιότερη και αποδο-
τικότερη κατανομή.

0.5 Διαμόρφωση ενός Μοντέλου Κατανομής μέσω Γραμμικής
Βελτιστοποίησης

Σε αυτό το κεφάλαιο, περνάμε από την ανάλυση της δικαιοσύνης και αποδοτικότητας
των υπαρχουσών πρακτικών κατανομής σε μια πρόταση κατανομής δικαιωμάτων για το EU
ETS, ως πρόβλημα βελτιστοποίησης. Βασιζόμενοι στις προηγούμενες αναλύσεις (π.χ. συστα-
δοποίηση, παλινδρομήσεις), στοχεύουμε να ισορροπήσουμε τις αρχές δικαιοσύνης και οικο-
νομικής αποδοτικότητας στην κατανομή δωρεάν δικαιωμάτων εκπομπών. Το μοντέλο επιχει-
ρεί να «ομογενοποιήσει» τα κριτήρια κατανομής, εκφράζοντάς τα σε ενιαία βάση, ώστε να
επιδιώξει μια ισόρροπη κοινωνική ευημερία μεταξύ των κρατών-μελών.

Καθώς η μέχρι τώρα προσέγγιση επικεντρώθηκε κατά βάση στο επίπεδο των χωρών, το
προτεινόμενο μοντέλο προσπαθεί να συνδυάσει και την οπτική των κλάδων (sector-level).
Αναγνωρίζεται ότι η καθαρά «εθνική» θεώρηση δεν είναι αβάσιμη, αλλά απαιτείται η ενσω-
μάτωση και των διατομεακών παραμέτρων. Έτσι, το μοντέλο παρουσιάζει ένα ευέλικτο πλαί-
σιο: η οικονομική αποδοτικότητα αποτυπώνεται στη συνάρτηση στόχου, ενώ η δικαιοσύνη
εισάγεται μέσω περιορισμών. Με τροποποίηση των παραμέτρων και περιορισμών, μπορούμε
να προσομοιώσουμε διαφορετικές αρχές δικαιοσύνης και να αξιολογήσουμε τον αντίκτυπό
τους.

Στο τέλος του κεφαλαίου, παρουσιάζονται διάφορες διατυπώσεις του προβλήματος, υπο-
δεικνύοντας πώς εναλλακτικές αντιλήψεις περί δικαιοσύνης μπορούν να ενσωματωθούν στον
μηχανισμό κατανομής.

0.5.1 Μαθηματική Διατύπωση

Μεταβλητές και Παράμετροι:

• Χώρες i ∈ C : Σύνολο κρατών-μελών.

• Κλάδοι j ∈ S: Σύνολο τομέων υπό καθεστώς εμπορίας δικαιωμάτων.

• Έτη t: Χρονικές περίοδοι ανάλυσης.

• Ποσοστό δωρεάν κατανομής vi,j,t: Το ποσοστό των συνολικών δωρεάν δικαιωμάτων
που αποδίδεται στη χώρα i, κλάδο j για το έτος t.
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• Ακαθάριστο Εγχώριο ΠροϊόνGDPi,j,t: Το ΑΕΠ του κλάδου j στη χώρα i για το έτος
t.

• Επαληθευμένες Εκπομπές ei,j : Εκπομπές κλάδου j στη χώρα i, έτος t.

• Προτυποποίηση Δυναμικής Αγοραστικής Ικανότητας PPSi: Παράγοντας που με-
τατρέπει το ΑΕΠ μιας χώρας σε όρους αγοραστικής δύναμης.

• Συνολική Δωρεάν Κατανομή vi, vj : Συνολικό ποσοστό για χώρα i και κλάδο j αντι-
στοίχως.

• Πολλαπλασιαστέςαk:Παράμετροι για την ενσωμάτωσηαρχών δικαιοσύνης και ελέγ-
χου αποκλίσεων.

Συνάρτηση Στόχου

Ησυνάρτηση στόχου μεγιστοποιεί την οικονομική αποδοτικότητα, δηλαδή την ικανότητα
των χωρών/κλάδων να παράγουν ΑΕΠ ανά μονάδα εκπομπών, προσαρμοσμένη με το PPSi,
ώστε το γινόμενο να περιγράφει αγοραστική δύναμη:

maximize Z =
∑
i∈C

∑
j∈S

vi,j,t ·
GDPi,j,t−1

ei,j,t−1
· PPSi,t (0.1)

Αυτή η συνάρτηση ανταμείβει κατανομές σε χώρες και κλάδους που παράγουν περισσό-
τερη αγοραστική δύναμη ανά εκπεμπόμενη μονάδα, σύμφωνα με την αρχή αποδοτικότητας
(fitness) του Moulin.

Περιορισμοί

Συνολικός Περιορισμός Πλαφόν Η συνολική κατανομή δεν πρέπει να υπερβαίνει το ανώ-
τατο όριο εκπομπών (κανονικοποιημένο στο 1):

∑
i∈C

∑
j∈S

vi,j ≤ 1 (0.2)

Περιορισμοί Χώρας και Κλάδου Συνοψίζουν τις κατανομές ώστε να διασφαλίζεται λο-
γική συνέπεια:

vi =
∑
j∈S

vi,j ∀i ∈ C (0.3)

vj =
∑
i∈C

vi,j ∀j ∈ S (0.4)
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Ιστορικά Όρια Απόκλισης (Historical Deviation Bounds) Για να αποφευχθούν απότομες
αλλαγές από έτος σε έτος:

α1 · vi,t−1 ≤ vi,t ≤ α2 · vi,t−1 ∀i ∈ C (0.5)

α3 · vj,t−1 ≤ vj,t ≤ α4 · vj,t−1 ∀j ∈ S (0.6)

Αυτές οι συνθήκες αντανακλούν την αρχή της Αποζημίωσης (Compensation) του Moulin,
δίνοντας προσαρμοστικό χρόνο σε χώρες/κλάδους.

Δικαιοσύνη βάσει Πληθυσμού Για να αντικατοπτρίζεται η «εξωγενής ισότητα δικαιωμά-
των» (Exogenous Rights), μπορούμε να απαιτήσουμε οι κατανομές χώρας να είναι περίπου
ανάλογες με τον πληθυσμό της:

vi ≈
Populationi∑
i∈C Populationi

∀i ∈ C (0.7)

ΑναλογικότηταΟικονομικήςΔραστηριότητας Για να τιμηθεί η αρχή ανταμοιβής (Reward),
οι κλάδοι που συνεισφέρουν περισσότερο στο ΑΕΠ θα πρέπει να λαμβάνουν αναλογικά πε-
ρισσότερα δικαιώματα:

vi,j ≈
GDPi,j

GDPi
· vi ∀i ∈ C, ∀j ∈ S (0.8)

Τα παραπάνω μπορούν να εκφραστούν ως ίσότητες/ανισότητες με περιθώρια απόκλισης.

Παράδειγμα Εκτέλεσης Χρησιμοποιώντας δεδομένα 2017 για πρόβλεψη κατανομών 2018,
με ιστορικό περιορισμό απόκλισης στο 20%, παρατηρούμε αλλαγές σε συγκεκριμένες χώρες.
Στο Table 1.1 (μικρότερη μορφή), παρουσιάζεται δείγμα αποτελεσμάτων με πυρήνα τους ιστο-
ρικούς περιορισμούς. Στο πλήρες κείμενο παρατίθενται αναλυτικά οι τιμές και μεγαλύτερο
δείγμα.

Πίνακας 0.1: Δείγμα Προβλεπόμενων Κατανομών (μικρότερη έκδοση). Βλ. πλήρη πίνακα στο
κυρίως κείμενο.

Χώρα Αποδοτ. Πραγματ. 2018 (%) Προβλ.(%) Διαφ.(%)
Σουηδία 11.95 3.27 3.95 21.07
Γερμανία 6.30 20.95 19.77 -5.62
Ελλάδα 1.95 2.04 1.58 -22.47
Εσθονία 1.70 0.46 0.53 13.74

Παρατηρούμε ότι χώρες με υψηλή αποδοτικότητα (π.χ. Σουηδία) τείνουν να έχουν αύ-
ξηση στην κατανομή, ενώ λιγότερο αποδοτικές χώρες ή εκείνες που είχαν υψηλές κατανομές
μειώνονται. Αυτό ευθυγραμμίζεται με την επιδίωξη αποδοτικότητας της συνάρτησης στόχου.
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Περιορισμοί Δεδομένων και Απλουστεύσεις Κατά την προσπάθεια εφαρμογής του μο-
ντέλου σε λεπτομερές, επίπεδο τομέων της οικονομίας, συναντήσαμε δυσκολίες στον αντι-
στοιχισμό των κωδικών δραστηριότητας του EU ETS με τους κωδικούς NACE της Eurostat.
Λόγω αυτής της δυσαρμονίας, παρουσιάσαμε κάποιους ευρείς «υπερκλάδους», αλλά δεν τους
αξιοποιήσαμε για τα πειράματά μας.

0.5.2 Παραδείγματα Σεναρίων

Παρουσιάστηκαν εναλλακτικά σενάρια (π.χ. αυξημένη ευελιξία, περιορισμοί βάσει πλη-
θυσμού, αντίστροφη αναλογία ως προς το κατά κεφαλήνΑΕΠ) για να φανεί πώς διαφορετικές
παράμετροι δικαιοσύνης επηρεάζουν την κατανομή. Σε κάθε περίπτωση, το μοντέλο επιτρέ-
πει εναλλαγή των πολλαπλασιαστών και των ανισοτήτων, δίνοντας ένα ευέλικτο εργαλείο
πολιτικής.

Οι δοκιμές αυτές επιβεβαιώνουν ότι, ανάλογα με το πόσο περιοριστικοί ή ευέλικτοι είναι
οι περιορισμοί δικαιοσύνης, οι κατανομές μπορούν να μεταβάλλονται ριζικά, υποδεικνύοντας
το πώς διαφορετικά μείγματα αρχών (π.χ. έμφαση στον πληθυσμό, ιστορικές ευθύνες, αντι-
στροφή βάσει κατά κεφαλήν ΑΕΠ) οδηγούν σε διαφορετικά αποτελέσματα.

Στη συνέχεια, θα συγκρίνουμε το προτεινόμενο μοντέλο με άλλα μηχανιστικά ή θεωρητικά
βέλτιστα σχήματα, ώστε να αξιολογήσουμε την απόδοσή του και να διαπιστώσουμε κατά
πόσο επιτυγχάνει την επιθυμητή ισορροπία μεταξύ δικαιοσύνης και αποδοτικότητας.

0.6 Ο Ομοιόμορφος Γραμμικός Μηχανισμός (ULM) των Lin & Lu,
ως Θεωρητικό Σημείο Αναφοράς

Στο κεφάλαιο αυτό, εισάγουμε τον Ομοιόμορφο Γραμμικό Μηχανισμό (Uniform Linear
Mechanism, ULM), όπως περιγράφεται από τους [28], για την κατανομή δικαιωμάτων εκπο-
μπών. Ο ULM επιδιώκει να μεγιστοποιήσει την αποδοτικότητα και το κοινωνικό όφελος (το
προσαρμοσμένο πλεόνασμα του καταναλωτή), προσφέροντας ένα καθαρό, θεωρητικό υπό-
δειγμα. Η σημασία του έγκειται στο γεγονός ότι μας παρέχει ένα σημείο σύγκρισης, ένα «θε-
ωρητικό ιδανικό», έναντι του οποίου μπορούμε να αξιολογήσουμε το προτεινόμενο μοντέλο
βελτιστοποίησης του Κεφαλαίου 6.

Ιστορικό και Κίνητρο: Στο Κεφάλαιο 6, αναπτύξαμε ένα μοντέλο βελτιστοποίησης που
προσπαθεί να συνδυάσει αρχές δικαιοσύνης (Compensation, Reward, Exogenous Rights, Fitness)
με την οικονομική αποδοτικότητα. Ωστόσο, δεν είχαμε ένα θεωρητικό σημείο αναφοράς για
να αξιολογήσουμε πόσο μακριά ή κοντά βρισκόμαστε από το «βέλτιστο». Ο ULM λειτουρ-
γεί ως αυτό το σημείο αναφοράς: σε ένα ιδανικό περιβάλλον απόλυτης πληροφόρησης και
ορθολογικότητας, ο ULM μεγιστοποιεί το πλεόνασμα του καταναλωτή και ελαχιστοποιεί το
κοινωνικό κόστος της ρύπανσης.

Βασική Ιδέα του Μοντέλου ULM: Έστω N επιχειρήσεις σε μια αγορά ομοιογενούς προϊ-
όντος, που λειτουργούν υπό συνθήκες ανταγωνισμού Cournot. Η παραγωγή qi της κάθε επι-
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χείρησης i επιφέρει εκπομπές xi, όπου χωρίς μείωση (abatement), xi = qi. Οι επιχειρήσεις
μπορούν να μειώσουν τις εκπομπές τους με κόστος fi(qi − xi), μια κυρτή και μη φθίνουσα
συνάρτηση, αντανακλώντας αυξανόμενο οριακό κόστος μείωσης.

Η τιμή αγοράς p(Q) εξαρτάται από τη συνολική παραγωγήQ =
∑

i qi. Για μια γραμμική
συνάρτηση ζήτησης:

p(Q) = b− aQ, a, b > 0. (0.1)

Ο ρυθμιστής κατανέμει δωρεάν δικαιώματα ρύπανσης με έναν ομοιόμορφο, γραμμικό κα-
νόνα:

Φi(q) = αqi, (0.2)

δηλαδή η επιχείρηση i λαμβάνει δικαιώματα αναλογικά προς την παραγωγή της. Αν η επι-
χείρηση ρυπαίνει παραπάνω από τα δικαιώματα που κατέχει, αγοράζει επιπλέον δικαιώματα
στην αγορά στην τιμή τ . Αν ρυπαίνει λιγότερο, μπορεί να πουλήσει το πλεόνασμά της.

Το κέρδος της επιχείρησης i είναι:

Πi = p(Q) · qi − fi(qi − xi)− τ(xi − Φi(q)). (0.3)

Κάθε επιχείρηση επιλέγει qi και xi για να μεγιστοποιήσει το κέρδος της. Σε ισορροπία, η
αγορά εξισορροπεί όταν:

N∑
i=1

xi =
N∑
i=1

Φi(q), (0.4)

δηλαδή οι συνολικές εκπομπές ισούνται με τα συνολικά διαθέσιμα δικαιώματα.

Στόχος του Ρυθμιστή: Ο ρυθμιστής επιδιώκει να μεγιστοποιήσει το προσαρμοσμένο πλε-
όνασμα καταναλωτή:

ACS(Φ) = CS(Q)− S(K), (0.5)

όπου Q =
∑

i qi, K =
∑

i xi και S(K) είναι το αυστηρά αύξον κοινωνικό κόστος ρύπανσης.
Το CS(Q) είναι το πλεόνασμα του καταναλωτή για συνολική ποσότητα Q.

Οι [28] αποδεικνύουν ότι, με Φi(q) = αqi, η ισορροπία είναι μοναδική και μεγιστοποιεί
το πλεόνασμα καταναλωτή. Έτσι, ένας απλός, σταθερός πολλαπλασιαστής α για όλα τα qi
εξασφαλίζει κοινωνικά βέλτιστη κατανομή δικαιωμάτων. Αυτή η απλότητα αντανακλά την
αρχή ανταμοιβής (Reward principle): όσοι παράγουν περισσότερα και προσφέρουν μεγαλύ-
τερο κοινωνικό όφελος λαμβάνουν περισσότερα δικαιώματα.

Πρακτικοί Περιορισμοί και Σύγκριση με το Προτεινόμενο Μοντέλο: Στην πράξη, δεν
έχουμε τέλεια πληροφόρηση για τις καμπύλες ζήτησης, τις συναρτήσεις κόστους και τις ικα-
νότητες μείωσης εκπομπών των επιχειρήσεων. Γι’ αυτό, η εφαρμογή του ULM είναι αδύνατη.
Ωστόσο, το ULM παραμένει ένα θεωρητικό εργαλείο σύγκρισης. Στο Κεφάλαιο 6 προτείναμε
ένα μοντέλο που, χωρίς να απαιτεί τέλεια γνώση, προσπαθεί να πετύχει μια δίκαιη και απο-
δοτική κατανομή. Συγκρίνοντας τα αποτελέσματα του δικού μας μοντέλου (π.χ. μέσω συνθε-
τικών δεδομένων) με αυτά του ULM, μπορούμε να εκτιμήσουμε πόσο κοντά βρισκόμαστε στο
ιδανικό.
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Παράδειγμα – Συνθετικά Δεδομένα: Για να δοκιμάσουμε τον ULM, δημιουργούμε συνθε-
τικά δεδομένα (π.χ. πίνακες με λιγότερες στήλες εδώ, στο κυρίως κείμενο πλήρης πίνακας)
και εξετάζουμε διαφορετικά σενάρια, όπως αλλαγές στο ανώτατο όριο εκπομπών (cap) ή στην
αναλογία δωρεάν δικαιωμάτων σε συγκεκριμένους κλάδους. Οι προσομοιώσεις δείχνουν πώς
μεταβάλλονται η παραγωγή, οι εκπομπές, τα κέρδη, και η τιμή των δικαιωμάτων, καθώς αλ-
λάζει ο καταμερισμός δικαιωμάτων κατά ULM.

Σχήμα 0.4: Ενδεικτικό Γράφημα ULM (μικρότερη μορφή)

Το παραπάνω γράφημα αποτελεί δείγμα από ένα σενάριο όπου μεταβάλλεται η δωρεάν
κατανομή σε έναν κλάδο. Καθώς αυξάνεται το ποσοστό δωρεάν δικαιωμάτων, αλλάζουν η
παραγωγή και οι εκπομπές. Στο πλήρες κείμενο συζητούμε λεπτομερώς τα αποτελέσματα.

Θεωρητικό Ιδεώδες vs Πρακτική Πολιτική: Το ULM μάς δείχνει έναν «ουτοπικό» κόσμο,
όπου λίγες απλές αναλογίες αρκούν για το βέλτιστο κοινωνικό αποτέλεσμα. Αντίθετα, το
μοντέλο βελτιστοποίησης που αναπτύξαμε απαιτεί λιγότερα δεδομένα, αποδέχεται αβεβαιό-
τητες και προσπαθεί να επιτύχει μια δίκαιη κατανομή σε πραγματικά περιβάλλοντα μερικής
γνώσης. Συγκρίνοντας τις επιδόσεις του δικού μας μοντέλου με τα ιδανικά αποτελέσματα του
ULM, μπορούμε να δούμε πόσο εφικτό είναι να προσεγγίσουμε το θεωρητικό ιδεώδες και να
προτείνουμε βελτιώσεις ή προσαρμογές στις πραγματικές πολιτικές κατανομής δικαιωμάτων.

0.7 Σύγκριση του Ομοιόμορφου Γραμμικού Μηχανισμού (ULM)
με το Προτεινόμενο Μοντέλο Βελτιστοποίησης

Σε αυτό το κεφάλαιο, συγκρίνουμε δύο διαφορετικές προσεγγίσεις για την κατανομή δι-
καιωμάτων εκπομπών στο πλαίσιο του EUETS: τονΟμοιόμορφο ΓραμμικόΜηχανισμό (Uniform
Linear Mechanism, ULM) και το προτεινόμενο μοντέλο βελτιστοποίησης που αναπτύξαμε σε
προηγούμενα κεφάλαια. Ο ULM, όπως περιγράφεται από τους [28], θεωρείται θεωρητικά βέλ-
τιστος υπό συγκεκριμένες παραδοχές, ενώ το μοντέλο μας προσπαθεί να ενσωματώσει επι-
πλέον παραμέτρους, όπως δεδομένα από πολλαπλούς κλάδους και χώρες, για να επιτύχει μια
πιο δίκαιη και ρεαλιστική κατανομή.

Κοινά Δεδομένα και Παράμετροι: Για να συγκρίνουμε δίκαια τους δύο μηχανισμούς, χρη-
σιμοποιούμε κοινή βάση δεδομένων και ίδιες συνθήκες (ίδιο ανώτατο όριο εκπομπών, ίδιο πο-
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σοστό δωρεάν κατανομών). Περιλαμβάνουμε πέντε φανταστικές χώρες με διαφορετικό κατά
κεφαλήν ΑΕΠ και ποσοστό βιομηχανίας, έξι κλάδους με διαφορετικές συναρτήσεις ζήτησης,
και 30 επιχειρήσεις με διαφορετικές συναρτήσεις κόστους μείωσης εκπομπών (βλέπε Table 8.1,
Table 8.2 και πίνακα επιχειρήσεων σε συνοπτική μορφή).

Πίνακας 0.2: Χαρακτηριστικά Χωρών (Συνοπτική Μορφή)

Χώρα ΑΕΠ/κάτ. % Βιομηχανίας
Atlantis 400 30%
Omashu 350 25%
Hogsmeade 450 20%
The Court of Miracles 300 15%
Lilipoupoli 250 10%

(Για πλήρη πίνακα, βλ. κύριο κείμενο.)
Ανάλογα, οι κλάδοι έχουν διαφορετικές συναρτήσεις ζήτησης (π.χ. για τον χάλυβα: p(x) =

200−0.1x) και οι επιχειρήσεις έχουν κυβικές συναρτήσεις κόστους μείωσης εκπομπών, ώστε
να αποτυπώσουν το κυρτό κόστος της μείωσης ρύπων.

Κοινές Υποθέσεις: - Ολικό ανώτατο όριο εκπομπών: 80% των εκπομπών BAU. - 40% των
δικαιωμάτων διατίθενται δωρεάν. - Τα δεδομένα είναι συνθετικά και δεν αντικατοπτρίζουν
πραγματικές οικονομίες. Στόχος είναι η ποιοτική κατανόηση της δυναμικής.

Προσαρμογές στο ULM και στο Δικό μας Μοντέλο: Για να εφαρμόσουμε τον ULM σε ένα
πολυκλαδικό περιβάλλον, υποθέτουμε ότι ο ρυθμιστής μπορεί να ορίσει έναν πολλαπλασια-
στή αs ανά κλάδο, ώστε η κατανομή δικαιωμάτων να γίνεται αναλογικά προς την παραγωγή
στον κλάδο αυτό, τηρώντας το 40% του cap ως δωρεάν κατανομή.

Το προτεινόμενο μοντέλο μας, αν και έχει σχεδιαστεί για να εκμεταλλεύεται διαχρονικά
κίνητρα (π.χ. να ενθαρρύνει περισσότερη μείωση ρύπων σε βάθος χρόνου), εδώ περιορίζεται
σε ανάλυση σε ένα έτος. Αυτό μειώνει την αποδοτικότητα του στην επίτευξη μακροπρόθεσμων
βέλτιστων λύσεων, αλλά επιτρέπει μια άμεση σύγκριση με τον ULM.

Βασικές Εξισώσεις Ισορροπίας: Και στα δύο μοντέλα ισχύουν παρόμοιες συνθήκες ισορ-
ροπίας:

∂Πi

∂abi
= 0⇒ −C ′

A(abi) + τ = 0 (0.1)

∂Πi

∂qi
= 0⇒ p′(qi)qi + p(qi)− τ + τΦ′

i(qi) = 0 (0.2)

και η συνθήκη ισορροπίας της αγοράς δικαιωμάτων:∑
i

xi =
∑
i

Φi(q).
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Ωστόσο, όταν η κατανομή δικαιωμάτων θεωρείται στατική (και όχι συνάρτηση του qi), ο
όρος τΦ′

i(qi) εκμηδενίζεται, στερώντας από το μοντέλο μας τα κίνητρα για αύξηση παραγω-
γής/μείωσης.

Αποτελέσματα: Παρόλο που το παραγόμενο οικονομικό προϊόν (output) είναι παρόμοιο και
στα δύο μοντέλα, παρατηρούμε ότι: - Ο ULM επιτυγχάνει υψηλότερο πλεόνασμα καταναλωτή
και μεγαλύτερη συνολική μείωση (abatement), αλλά τα κέρδη των επιχειρήσεων είναι χαμη-
λότερα. - Το δικό μας μοντέλο δίνει μεγαλύτερη έμφαση στα κέρδη και τείνει να κατανέμει
τα δωρεάν δικαιώματα πιο ισόρροπα μεταξύ χωρών και κλάδων. - Οι ελλείψεις στο χρονικό
σκέλος του μοντέλου μας μειώνουν την αποτελεσματικότητά του στην επίτευξη αποδοτικών
κινήτρων μείωσης εκπομπών.

Ερμηνεία: Ο ULM έχει πλεονέκτημα σε όρους θεωρητικής μεγιστοποίησης του πλεονάσμα-
τος καταναλωτή και της μείωσης ρύπων. Ωστόσο, στηρίζεται σε υποθέσεις πλήρους πληρο-
φόρησης και ομοιομορφίας, δύσκολες να εφαρμοστούν στην πράξη.

Το προτεινόμενο μοντέλο μας, αν και λιγότερο άρτιο θεωρητικά, είναι ευέλικτο, ενσωμα-
τώνει περισσότερες παραμέτρους δικαιοσύνης και μπορεί να εφαρμοστεί σε συνθήκες περιο-
ρισμένης πληροφόρησης. Παρέχει επίσης μεγαλύτερη έμφαση στα κέρδη των επιχειρήσεων,
αντανακλώντας μια πιο ρεαλιστική πολιτική επιλογή με trade-offs μεταξύ δικαιοσύνης, απο-
δοτικότητας και κερδοφορίας.

Συμπέρασμα: ΗσύγκρισηULMμε το προτεινόμενο μοντέλο βελτιστοποίησης καταδεικνύει
ότι η θεωρητική αρτιότητα του ULMδεν μεταφέρεται εύκολα σε πολυκλαδικά, πολυεθνικά πε-
ριβάλλοντα. Το μοντέλο μας, παρά τους περιορισμούς του (μονοχρονική ανάλυση, έλλειψη
κινήτρων μακροπρόθεσμης μείωσης), προσφέρει μια πιο ρεαλιστική, ευέλικτη προσέγγιση.
Η σύγκριση αυτή μας βοηθά να κατανοήσουμε καλύτερα τους συμβιβασμούς μεταξύ θεω-
ρητικής βέλτιστης λύσης και πρακτικής πολιτικής, τονίζοντας την ανάγκη για μελλοντικές
επεκτάσεις που θα συνδυάζουν το καλύτερο και από τους δύο κόσμους.

0.8 Συμπεράσματα και Μελλοντική Εργασία

Σε αυτό το τελευταίο κεφάλαιο συνοψίζονται τα ευρήματα και οι συμβολές της παρού-
σης διπλωματικής εργασίας. Αρχικά, εστιάσαμε στην οριζόντια ισότητα μεταξύ χωρών στο
πλαίσιο του EU ETS, διαπιστώνοντας ότι απλές στατιστικές προσεγγίσεις δεν αρκούν για να
εξηγήσουν τις διαφορές στην κατανομή δωρεάν δικαιωμάτων. Η συσταδοποίηση (clustering)
βελτίωσε την ερμηνευτική ικανότητα, αλλά ανέδειξε την ανάγκη για μια πιο συστηματική,
βελτιστοποιημένη προσέγγιση.

Για τον σκοπό αυτό, προτείναμε ένα γραμμικό μοντέλο βελτιστοποίησης, ενσωματώνο-
ντας ρητά αρχές δικαιοσύνης του Moulin μαζί με την επιδίωξη οικονομικής αποδοτικότητας.
Αυτό το μοντέλο επιτρέπει ευελιξία στην κατανομή, λαμβάνοντας υπόψη διαφορετικές ανά-
γκες και συνθήκες των χωρών.
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Η σύγκριση με τον Ομοιόμορφο Γραμμικό Μηχανισμό (ULM) έδειξε ότι, ενώ ο ULM με-
γιστοποιεί το πλεόνασμα καταναλωτή υπό ιδανικές συνθήκες, το προτεινόμενο μοντέλο μας
είναι πιο εφαρμόσιμο σε ρεαλιστικά περιβάλλοντα, διατηρώντας την κερδοφορία των επιχει-
ρήσεων και ενσωματώνοντας πολλαπλές αρχές δικαιοσύνης.

Για μελλοντική εργασία, προτείνονται:

• Ενσωμάτωση συναρτήσεων κόστους παραγωγής και νέων περιορισμών στο μοντέλο.

• Ανάλυση πολλαπλών περιόδων, προσθήκη μηχανισμών banking/borrowing.

• Χρήση πιο ρεαλιστικών δεδομένων και εκπτώσεων στο κόστος μείωσης.

Αυτές οι επεκτάσεις μπορούν να οδηγήσουν σε πιο δίκαιες και αποτελεσματικές πολιτικές
κατανομής δικαιωμάτων, συμβάλλοντας στην επίτευξη των κλιματικών στόχων της ΕΕ με
παράλληλη κοινωνική αποδοχή.
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Chapter 1

Introduction

1.1 Background

Climate change is one of the most urgent and complex challenges facing the global community,
primarily driven by the rapid increase in greenhouse gas (GHG) emissions from industrial activ-
ities and fossil fuel consumption [35]. To address this crisis, various international agreements
and mechanisms have been implemented, emphasizing the necessity of coordinated global ac-
tion. Among these initiatives, the European Union Emission Trading System (EU ETS) stands
out as a significant market-based approach to reducing emissions [22]. Established in 2005,
the EU ETS operates on a cap-and-trade principle, setting a maximum limit on emissions and
allowing companies to buy and sell emission allowances within this limit [21]. This system in-
centivizes firms to reduce emissions cost-effectively and has become a cornerstone of the EU’s
climate policy.

Fair distribution principles are crucial in allocating emission allowances within systems
like the EU ETS. Fair division is the problem of dividing resources among agents in a way
that satisfies specific fairness criteria [11]. In the context of emission trading, this involves
determining how to allocate limited emission permits to different countries or firms equitably.
Various fairness criteria, such as proportionality, envy-freeness, and equity, are considered to
ensure that the allocation is just and acceptable to all parties involved [31].

Integrating fair division theories into the allocation mechanisms of the EU ETS is essen-
tial to balance efficiency and equity in addressing climate change. By applying principles of
distributive justice, policymakers aim to design allocation methods that not only reduce global
emissions but also distribute the economic burden fairly among participants [24]. This thesis
explores the intersection of fair division principles and the EU ETS, focusing on developing fair
and transparent allocation methods based on Moulin’s framework and assessing their impact
on the effectiveness of emission trading systems.

1.2 Motivation

Climate change poses an unprecedented challenge to humanity, which requires immediate and
coordinated action to reduce greenhouse gas emissions worldwide. The European Union Emis-
sions Trading System (EU ETS) represents a cornerstone policy in the EU’s strategy to combat
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climate change by setting a cap on emissions and allowing for the trading of emission permits.
However, the allocation of these permits has significant implications for both fairness and ef-
ficiency. Existing allocation mechanisms have faced criticism for potential inequities between
member states and sectors, potentially affecting the effectiveness and long-term acceptance of
the EU ETS [21, 22].

In response to these challenges, the EU has continuously sought methods to improve the
functioning of the system. Actions such as forbidding the banking of allowances and intro-
ducing measures to restrict the liquidity of allowances serve as recent examples of attempts
to enhance the stability and fairness of the market. These policy adjustments indicate that the
EU recognizes the need to refine the system to achieve both environmental goals and equitable
outcomes.

Moreover, there is an increasing public demand for climate justice and the need for trans-
parent, accountable climate policies. Societal expectations for responsible and just environ-
mental governance are growing, especially in light of the alarming fact that the global average
temperature this year rose by 1.5 degrees Celsius above preindustrial levels. Fair allocation of
emission permits, guided by principles of distributive justice, can address these societal expec-
tations, fostering greater public trust and support for climate initiatives.

This thesis is motivated by the pressing need to improve the fairness of emission permit
allocation within the EU ETS. Using the principles of fair division, particularly the distribu-
tive justice framework of [24], we aim to develop allocation mechanisms that balance equity
and efficiency. Through rigorous analysis and modeling, this research seeks to contribute to
the design of a more equitable and effective emissions trading system, thus supporting global
efforts to mitigate climate change.

In addition, part of the motivation for this research stems from the need to address the per-
spectives highlighted in previous studies. Notably, Panagiotis Koromilas’s thesis demonstrated
the existence of leader-follower dynamics within the EU ETS, revealing underlying discrepan-
cies in how emission permits are managed and allocated. Although Koromilas’ work provided
valuable insights into the operational dynamics of the EU ETS, it also underscored the impor-
tance of examining the system through a lens that prioritizes fairness and distributive justice.
This thesis aims to complement and extend these findings by focusing on equitable allocation
mechanisms, thus offering a balanced approach that integrates both ecological imperatives and
principles of fairness.

In summary, this thesis is driven by the need to improve the fairness of emission permit
allocation within the EU ETS in light of evolving policy efforts, the increasing public demand
for climate justice, and the urgent need for comprehensive climate action, evidenced by signif-
icant temperature increases. By addressing these factors, the research aspires to support the
development of a more equitable and effective emissions trading system, contributing to the
global effort to mitigate climate change.
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1.3 Literature Review

Fair division began with Steinhaus (1948) [43]. Since then, it has attracted interest from var-
ious disciplines, including mathematics, economics, and computer science [7, 45, 32, 46, 33].
The literature on fair allocation can be divided into two main categories based on the type of
resources, whether they are divisible or indivisible. For the divisible and heterogeneous cate-
gory, known as cake cutting, there are multiple publications [37, 7, 45]. The allocation method
should be explainable to participants [38].

In environmental economics, fair division principles have been applied to carbon emis-
sions and the allocation of emission permits. Great effort has been made to construct theo-
retical models that describe the functions of emission trading systems [21, 22]. Although ac-
count banking and borrowing has been established, theoretical analyses remain scarce [40, 10].
Schennach [41] includes the uncertainty of the output market in the firms’ abatement decisions
over time. Zhang et al. [54] explore the effect of uncertainty in an intertemporal emission trad-
ing system.

Considering market power and strategic interactions, Hahn [23] introduced the idea of
market power in emission trading systems. Liski and Montero [29] study the effect of market
power on the equilibrium of a permitmarket. Chevallier [12] develops a differential Stackelberg
game with non-cooperative agents. Phaneuf and Requate [36] include multiple leaders in their
model.

Initial distribution of emission permits (EUAs) is important because it affects how many
allowances are available in the market. If the allocation is too generous, there might be no
scarcity, which would reduce the incentive for companies to cut emissions. Conversely, if the
allocation is too restrictive, it could make compliance too costly. Striking the right balance
ensures the system works efficiently while maintaining market stability [51]. Since its launch,
the European Union Emissions Trading System (EU ETS) has attracted global attention, with
numerous studies analyzing its allocation procedures [21, 1, 8]. These investigations have pro-
vided valuable insights into the distribution of emission permits within the system. Method-
ological advancements have further enriched our understanding of allocationmechanisms. For
instance, [2] introduced the synthetic control method, which has been applied to evaluate spe-
cific cases. [34] used this method to examine Poland’s free allocation of permits under Article
10c of the EU ETS, offering a detailed analysis of this policy approach. A key challenge in
this process is selecting an allocation principle and determining how to share responsibility
for CO2 emissions among member states. Over the years, studies have highlighted two pri-
mary criteria for allocation: (a) Fairness, emphasizing distributive justice and (b) Economic
efficiency, aiming to reduce abatement costs [55]. Examining the first phase of the EU ETS,
[13] argued that the allocation process was unfair and suggested a method to reallocate permits
equitably among member states. [24] introduced allocation rules based on population, histor-
ical emissions, and business-as-usual scenarios, advocating for equal-per-capita allocation to
benefit developing countries with large populations over wealthier nations with historically
high emissions. Böhringer and Helm [9] propose allocating the efficiency gains from the ini-
tial allocation rather than the allocation itself. Other studies have explored methods to balance
equity and efficiency. [30] proposed the Double-Weighted Constrained Equal Awards Rule,
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which considers both economic activity and renewable energy production. Using clustering
techniques, they analyzed how this approach affects allocation outcomes. Similarly, [39] stud-
ied China’s Emission Trading System, presenting a multi-criteria model to integrate equity and
efficiency in allocating carbon allowances. A valuable reference for understanding fair divi-
sion principles can be found in [55], a comprehensive review that cites most of the significant
works in this area.

Throughout the course of this thesis, numerous publications were instrumental in grasping
various concepts. Karpf et al. [25] study the EU ETS as a transaction network, showing that
a hierarchical structure has emerged. Yaverolu et al. [53] develop a framework for analyzing
and comparing networks. [28] present a game-theoretic problem which has an equilibrium
that resembles a fairness principle.

Schüller et al. [42] propose a non-cooperative differential game where countries influence
their neighbors. Abebe and Goldner [3] discuss the need for different mechanisms to serve
social interests in social groups with challenges. Abebe et al. [4] analyze the importance of
subsidies in alleviating income shocks.

1.4 Outline of the Thesis

1.4.1 Chapter 1: Introduction

This chapter introduces the context of climate change and the importance of the EU Emissions
Trading System (EU ETS). It describes the motivation behind the research and sets the stage
for the subsequent chapters.

1.4.2 Chapter 2: EU Emission Trading System

Chapter 2 provides an overview of the European Union emission trading system (EU ETS) as a
cornerstone policy instrument designed to achieve the ambitious climate targets of the EU.The
EU ETS sets a cap on greenhouse gas (GHG) emissions and employs a cap-and-trade mecha-
nism to ensure efficient emission reductions. One of its primary objectives is to achieve a 55%
reduction in GHG emissions by 2030 relative to 1990 levels. The system has evolved through
four phases, steadily lowering the cap and thus intensifying the incentive to reduce emissions.
In the first two phases, the free allocation of allowances largely followed a grandfathering ap-
proach. In Phases 3 and 4, a benchmarking approach was introduced to better reflect industry
performance and efficiency standards.

However, the EU ETS faces multiple challenges. One pressing issue is carbon leakage,
where firms relocate production outside the regulated area to avoid costs associated with emis-
sions. Tomitigate this, the system provides free allowances to companies at risk, aiming to keep
them within the regulatory sphere of the EU. To further stabilize the market and avoid abrupt
price fluctuations, the EU ETS allows a degree of allowance banking and borrowing. Over time,
the annual reduction in the cap has increased from the initial 1.74% to more stringent rates in
Phase 4 (ranging between 2.2% and 4.4%).
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By distributing a valuable resource (emission allowances) for free under certain conditions,
the EU ETS inevitably raises questions regarding fairness and equity. These concerns prompt a
deeper examination of how allocation mechanisms can be not only environmentally effective
but also just. The chapter closes by transitioning to the conceptual foundation of fairness,
which will be explored in the next chapter.

1.4.3 Chapter 3: Foundations of Fair and Efficient Division

Chapter 3 introduces the essential concepts of fair division and distributive justice, connect-
ing the historical, philosophical, and mathematical perspectives that underpin these ideas. The
notion of dividing resources fairly dates back millennia, evident in philosophical and religious
texts, and even in the biological imperatives of single-celled organisms. Yet, the formal math-
ematical study of fair division is relatively recent, emerging in the late 1940s with the work of
Steinhaus [43], Banach, and others.

This chapter surveys key concepts such as cake-cutting algorithms, envy-freeness, propor-
tionality, equitability, and welfare-based fairness measures (e.g., egalitarian and Nash welfare).
A critical distinction is drawn between different types of resources—divisible vs. indivisible,
homogeneous vs. heterogeneous—and how participants or ’players’ evaluate these resources.
In the context of emission allowances, we encounter a homogeneous, divisible resource that
must be allocated among multiple stakeholders with potentially diverse interests and objec-
tives.

The chapter also introduces the contributions of the economist Hervé Moulin, who re-
fined the theoretical underpinnings of distributive justice. His four classic principles, rooted
in ancient philosophical thought, including Aristotle’s assertion that ’equals should be treated
equally, and unequals unequally, in proportion to relevant similarities and differences’, offer
a structured way of thinking about fairness. Two key principles, Compensation and Reward,
concern how accountability for player differences should influence allocation. Additionally,
Exogenous Rights and Fitness principles capture the idea that certain rights exist by virtue of
mere existence, while others relate to the capability to use the allocated resource efficiently.

These theoretical insights form the foundation upon which subsequent chapters build. By
applying these fairness principles to the distribution of emission allowances under the EU ETS,
the thesis aims to propose allocation models that balance ecological imperatives with ethical
considerations, ensuring that environmental policies are not only effective, but also socially
acceptable and just.

1.4.4 Chapter 4: Exploring Horizontal Equity in the EU ETS Using Data Analysis

This chapter delves into the concept of horizontal equity, treating equals equally, in the context
of the EU ETS at the country level. It presents three experiments designed to uncover correla-
tions between countries’ characteristics and their allocations of free emissions allowances:

1. Linear Regression on Country Pairs: Using eight characteristics for each country, such
as GDP per capita, population, energy intensity, and economic structure, this experiment
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compares the Euclidean distance in the feature space with the distance in free allocations.
Initial plots suggest some correlation, yet certain countries show consistently lower or
higher allocations relative to their attribute similarity.

2. Median Country Anchor Experiment: In an attempt to improve explanatory power, a
median country is chosen as a reference point. Distances from this median are regressed
against allocation differences. Contrary to expectations, this approach reduces the ex-
planatory capacity, indicating that a single anchor country is insufficient.

3. Optimization of FeatureWeights: Inspired by Aristotle’s principle that relevant similar-
ities must be considered proportionally, this experiment uses an optimization algorithm
to identify the best combination of feature weights. While this approach improves ex-
planatory power, certain countries (e.g., Poland, France, and the Netherlands) remain
outliers. This persistent discrepancy suggests a more nuanced clustering or segmenta-
tion may be necessary.

These findingsmotivate a shift towards cluster-based approaches to improve the explana-
tory power of fair allocation frameworks.

1.4.5 Chapter 5: Cluster Analysis to Refine Horizontal Equity

The work in Chapters 5 and 6 has resulted in a publication: “Fair and efficient allocation of
EU emission allowances”, Global NEST International Conference on Environmental Science &
Technology. Chapter 5 employs clustering techniques to group countries into more homoge-
neous subsets, aiming to improve the explanatory power of various indicators:

1. ClusteringApproach: After testing several cluster validity benchmarks, the data for 2018
are divided into three clusters:

• Cluster 1: Major European economies.

• Cluster 2: Eastern European countries.

• Cluster 3: The remaining member states.

2. Indicator Analysis within Clusters: Four key indicators are examined—Population, GDP
per capita, Total Energy Supply, and a compositemeasure (Total Energy Supply× Energy
Intensity). Different clusters show varying degrees of explanatory power. Population
and energy-related indicators explain the allocations in Clusters 2 and 3 more effectively,
while GDP per capita remains a weak explanatory variable. Cluster 1, comprising large
EU economies, is notably harder to explain with any single indicator.

Despite the improved clarity provided by clustering, the results suggest that amore direct
and principled approach to allocation may be necessary - grounded in a formal optimiza-
tion framework that integrates fairness principles.
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1.4.6 Chapter 6: Formulating an Allocation Model via Linear Optimization

Chapter 6 introduces a linear optimization model designed to systematically incorporate multi-
ple fairness principles into the allocation of emissions allowances. Drawing on Moulin’s prin-
ciples of fitness, reward, compensation and exogenous rights, the model:

1. Decision Variables and Parameters: Defines allocations vi,j,t for each country i, sector
j, and year t. Inputs include GDP, Verified Emissions, Purchasing Power Standards, and
historical allocations.

2. Objective Function: Maximizes economic efficiency, measured as GDP per unit of emis-
sions adjusted by purchasing power, thus operationalizing the fitness principle.

3. Constraints: Implements fairness principles through a set of linear inequalities:

• Total Cap Constraint: Ensures allocations sum up to 1 (total available allowances).
• Country and Sector Constraints: Preserves logical consistency between aggregate

country and sector shares.
• Historical Deviation Bounds: Limits year-to-year allocation changes to honor the

compensation principle.
• Population-Based Fairness: Aligns allocations with population shares, reflecting Ex-

ogenous Rights.
• Economic Activity Proportionality: Grants sector allocations proportional to their

share of national GDP, reflecting the reward principle.

Using data from 2017, the model was executed for a preliminary test run incorporating the
core constraints along with only the historical deviation constraint from the additional param-
eters. A sample of the resulting allocations for selected countries is presented in Table 1.1.

Table 1.1: First Test Run Results Using Core Constraints and Historical Deviation Constraint

Country Efficiency Actual 2018 (%) Predicted (%) Difference (%)
Sweden 11.949 3.27 3.95 21.07
Germany 6.2988 20.95 19.77 -5.62
Greece 1.9529 2.04 1.58 -22.47
Estonia 1.6987 0.46 0.53 13.74

However, the model’s evaluation is limited by the absence of a benchmark or external stan-
dard for comparison. This limitation is addressed in the next chapter, where alternative allo-
cation mechanisms are explored to provide a more comprehensive assessment.

1.4.7 Chapter 7: Uniform Linear Mechanisms and Their Theoretical Foundations

In this chapter, we discuss the work of Lin and Lu [28], who introduced the concept of al-
locating emission permits using Uniform Linear Mechanisms (ULM). Their model, developed
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concurrently with our research, addresses a game-theoretic problem that closely aligns with
the objectives of our study: to design an allocation rule that is both fair and efficient from a
societal perspective.

Model Setup and Theoretical Results

Lin and Lu consider a setting with one regulator and multiple firms i ∈ {1, 2, . . . , N}. The
regulator chooses an allocation rule Φ = (Φ1,Φ2, . . . ,ΦN ) that determines how emission
permits are distributed freely to each firm. Each firm then chooses its production quantity qi
and emission level xi, with the constraint xi ≤ qi, effectively deciding how much to abate.
Formally, the players and strategies are as follows:

1. Regulator: Chooses an allocation rule Φi to distribute free permits to firms.

2. Firms: Each firm i chooses qi ≥ 0 and xi ∈ [0, qi] to maximize its profit.

The regulator’s objective is to maximize the Adjusted Consumer Surplus (ACS):

ACS(Φ) = CS(Q)− S(K), (1.1)

where:

• Q =
∑N

i=1 qi is the aggregate production.

• K =
∑N

i=1 xi is the total emissions.

• CS(Q) denotes consumer surplus when the total output is Q.

• S(K) is a strictly increasing pollution cost function.

Firms aim to maximize their profits given the chosen allocation rule Φi:

max
qi≥0, xi∈[0,qi]

p

 N∑
j=1

qj

 · qi − fi(qi − xi)− τ · (xi − Φi(q))

 , (1.2)

where:

• p(·) is the inverse demand function.

• fi(·) is the abatement cost function for firm i.

• τ is the permit price.
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Uniform Linear Mechanisms and Equilibrium Results

Lin and Lu show that when the regulator sets Φi(q) = αqi for some constant α, the resulting
equilibrium is unique and achieves the maximum consumer surplus. This allocation rule ef-
fectively distributes free permits proportionally to production, linking the allocation directly
to the firm’s contribution to production. This approach resonates with the reward principle
of fairness, as firms that produce more and thus contribute more to societal welfare receive a
larger share of the free permits.

Their theoretical result highlights a cornerstone concept: Simple, proportional allocations,
much like a uniform tax or subsidy, can yield socially optimal outcomes under certain idealized
conditions. This provides a benchmark for evaluating alternative mechanisms.

Practical Considerations and Comparisons

While the ULM framework is elegant and achieves ideal outcomes under perfect information
and rationality, it faces substantial practical hurdles. Implementing a ULM in real-world sce-
narios requires extensive data on demand curves, cost functions, and abatement capabilities
of each firm, information that is typically unavailable or prohibitively expensive to obtain.
However, ULMs serve as an invaluable theoretical benchmark.

In our research, we incorporate ULM-based allocations into synthetic data simulations.
This allows us to compare the performance of our proposed linear optimization model (from
Chapter 6) with the ULM model. We also test the impact of a regulator deviating from propor-
tional allocations, such as disproportionately favoring specific sectors or altering the emission
cap, and examine how these strategic manipulations affect consumer surplus, firm profits, and
abatement choices.

By doing so, we highlight the differences between a theoretically optimal but data-intensive
mechanism (ULM) and our proposed model, which is more data-feasible but may not always
achieve the same level of consumer surplus.

1.4.8 Chapter 8: Comparative Analysis Using Synthetic Data

In this chapter, we conduct a comprehensive comparison between the ULM approach and our
proposed linear optimization model introduced in Chapter 6, using synthetic data that sim-
ulate a miniature economy. By standardizing the environment, fixing the emission cap, free
allocation percentage, and demand structures, we can systematically evaluate the trade-offs
each model entails.

Simulation Setup and Assumptions

We consider a scenario with a common emission cap K = 0.8KBAU , which means that emis-
sions are reduced to 80% of the BAU levels. Of these allowances, 40% are allocated free to the
firms, and the remaining are auctioned or left to be traded. We assume that both models have
the same environmental footprint and can therefore be directly compared with respect to their
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impact on total emissions, production, and welfare.

Table 1.2: Synthetic Data Overview

Sectors and Demand Functions
Steel p(x) = 200− 0.1x –
Cement p(x) = 150− 0.05x –
Paper p(x) = 100− 0.02x –
Chemicals p(x) = 250− 0.15x –
Automotive p(x) = 300− 0.2x –
Textiles p(x) = 80− 0.01x –

Countries and Characteristics
Atlantis GDP/cap: 400 Industry: 30%
Omashu GDP/cap: 350 Industry: 25%
Hogsmeade GDP/cap: 450 Industry: 20%
The Court of Miracles GDP/cap: 300 Industry: 15%
Lilipoupoli GDP/cap: 250 Industry: 10%

Firms and Abatement Costs (Sample)
Steel Firm in Atlantis 2x+ 3x2 + x3

Steel Firm in Omashu 4x+ x2 + 3x3

Paper Firm in Hogsmeade x+ x2 + x3

Paper Firm in The Court of Miracles x+ 2x2 + x3

(Note: The full dataset is larger, incorporating more firms and additional sectors, and here,
we present a subset for illustrative purposes.)

We run simulations under both models:

1. ULM-Based Allocation (Lin and Lu): Firms receive permits proportionally to their out-
put, ensuring a unique equilibrium that maximizes consumer surplus.

2. Linear Optimization Model (Our Approach): Allocations are determined by solving the
linear program introduced in Chapter 6, balancing fairness principles with feasibility and
historical constraints.

Results and Comparative Insights

The simulations show that while the ULM approach achieves a higher consumer surplus, our
linear optimization model yields higher profits for firms and lower overall abatement efforts.
One potential explanation is that our model, which requires at least two years of data for stable
convergence, struggles to reach the theoretical optimum in a single-year simulation scenario.

From a fairness perspective, our model can incorporate additional principles (e.g., Exoge-
nous Rights based on population or compensation constraints to maintain stability over time),
which the pure ULM approach does not address directly. Although the ULM excels in terms
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of consumer surplus, its data requirements are prohibitive and it offers no built-in mechanism
for equity considerations that are not output-based.

1.4.9 Chapter 9: Future work

The final chapter discusses potential directions for future research, including further refine-
ment of the optimization model, exploration of alternative fairness principles, and application
of the model to real-world data.
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Chapter 2

Emission Trading - EU ETS

2.1 Introduction

Climate change remains one of the most urgent and complex challenges encountered by the
global community. The rapid rise in greenhouse gas (GHG) emissions, driven primarily by in-
dustrial activities and fossil fuel consumption, has led to a warming climate with severe conse-
quences for ecosystems, economies, and public health worldwide [35]. Recognizing the sever-
ity of this threat, governments, intergovernmental organizations, and a multitude of stake-
holders have rallied to implement agreements, frameworks, and mechanisms aimed at reduc-
ing GHG emissions on a global scale. Together, these initiatives underscore the necessity of
coordinated action to mitigate climate change.

Among the earliest and most impactful frameworks was the United Nations Framework
Convention on Climate Change (UNFCCC) [50], adopted in 1992, which set a foundation for
international cooperation on climate action. Since then, landmark agreements have built upon
this foundation, each with unique mechanisms and commitments. The Kyoto Protocol [48] of
1997 marked a pivotal step by establishing binding emission reduction targets for developed
nations and introducing flexible mechanisms, such as Emissions Trading and the Clean De-
velopment Mechanism (CDM) (article 12 of [48], to incentivize reductions. Later, the Paris
Agreement of 2015 [49] transformed climate governance by including both developed and de-
veloping nations under a common goal to limit global temperature increases to well below
2℃, with each country setting and updating voluntary Nationally Determined Contributions
(NDCs) to meet this target.

Furthermore, specialized protocols like the Montreal Protocol [47], and its Kigali Amend-
ment have played a significant role by phasing out hydrofluorocarbons (HFCs), which con-
tribute significantly to both ozone depletion and global warming. Sector-specific initiatives,
such as the Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA), un-
derscore the commitment of industry-specific organizations, such as the International Civil
Aviation Organization (ICAO), to reducing emissions in high-impact sectors.

In parallel with these global efforts, regional initiatives have demonstrated the efficacy of
targeted policies. One of the most notable examples is the European Union Emission Trading
System (EU ETS), established in 2005 as the world’s largest and most ambitious carbon market.
Designed as a cap-and-trade system, the EU ETS limits emissions from high-emitting sectors
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Figure 2.1: Diagram of CAT System from EU ETS Handbook [22]

across the EU and enables companies to trade allowances within this cap. This market-driven
approach has made the EU ETS a cornerstone of Europe’s climate policy and serves as a model
for other regions aiming to reduce emissions while maintaining economic stability.

This thesis will explore the cap and Trade Systems (like the EU ETS) and the allocation of
free allowances, which we will discuss shortly.

2.2 Cap And Trade Systems

A central approach in addressing emissions has been the establishment of Emissions Trading
Systems (ETS) or cap-and-trade systems, which differ fundamentally from carbon taxes. While
taxes set a fixed cost per unit of emissions, they do not directly ensure reductions in total
emissions, as firms may continue emitting if they accept the cost. Cap-and-trade systems, on
the other hand, establish a maximum (cap) on emissions and allow the market to determine the
price, thereby incentivizing companies to innovate and reduce emissions while aligning with
specific reduction targets.

Under cap-and-trade, a government or regulatory body issues a limited number of annual
permits, each allowing for a specific amount of carbon dioxide (CO2) emissions. The total
number of permits sets the cap, which is typically reduced over time to ensure a progressive
decrease in emissions. Companies that emit less than their allotted amount can sell (or ”trade”)
unused permits to others, creating an economic incentive to cut emissions and drive permit
prices upward as the cap tightens. This gradual increase in permit costs motivates firms to
invest in cleaner technologies, ensuring that emissions reduction targets are met efficiently
and at a minimal economic cost.

2.2.1 Benefits of CAT Systems

Although counter-intuitive (to my singleton brain), CAT Systems have some strong arguments
against other systems. [22]
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Environmental Certainty Unlike carbon taxes, which set a price on emissions but don’t
guarantee a specific reduction level, CAT systems cap the total emissions allowed. This cap
provides more certainty about achieving a targeted environmental outcome, making it easier
to align with climate goals and international agreements.

Cost-Effectiveness By allowing companies to trade emission allowances, CAT systems en-
able reductions to occur where they are most economically efficient. Firms that can reduce
emissions at lower costs can sell their excess allowances to those facing higher reduction costs,
minimizing the overall expense of achieving emission targets.

Compatibility with International Markets CAT systems can be linked across jurisdictions,
facilitating international cooperation and potentially leading to a more unified global approach
to emissions reduction. For example, the European Union’s Emissions Trading System (EU
ETS) has explored linking with other systems to enhance market efficiency and environmental
outcomes.

Minimising risk to Member State budgets The EU Emissions Trading System (EU ETS) en-
sures emissions reductions from installations responsible for approximately 50% of the EU’s
total emissions. This certainty diminishes the likelihood that Member States must acquire ad-
ditional international units to fulfill their obligations under the Kyoto Protocol.

2.3 European Union Emissions Trading System (EU ETS)

2.3.1 Operation

The European Union Emissions Trading Scheme (EU ETS) operates as a cap-and-trade system
to limit greenhouse gas (GHG) emissions from participating entities. It does this by issuing
allowances, each representing the right to emit one tonne of CO2 equivalent (tCOe). The total
number of allowances is capped and has been decreasing annually by 1.74% since 2013, aligning
with progressively ambitious emission reduction targets. Starting in 2021, the factor increased
to 2.2% per year.

Annually, certain sectors—particularly those vulnerable to carbon leakage—receive a por-
tion of these allowances for free, while the remaining allowances are sold mainly through
auctions. By the end of each year, participants must surrender an allowance for every tonne
of COe they have emitted. If they lack sufficient allowances, they must either reduce their
emissions or purchase additional allowances through auctions or from other participants.

The value of allowances stems from their limited supply and the demand from participants
for whom emission reductions are costlier. This market mechanism ensures that emissions
are reduced where it is most economically efficient, benefiting both businesses and the broader
economy. Compliance is strictly enforced with substantial fines—starting at €100 per tCOe and
adjusted for inflation since 2013—for entities that fail to surrender enough allowances, thereby
effectively maintaining the emissions cap.
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Since Phase 2 began in 2008, participants with surplus allowances at the end of a trading
phase can ”bank” them for future use, provided they are held in user accounts. For example,
unlimited banking from Phase 2 to Phase 3 was permitted, with unused Phase 2 allowances
automatically converted to Phase 3 allowances by June 2013 at no additional cost. These banked
allowances are incorporated into the Phase 3 cap.

Participants can also ”borrow” allowances from their future allocations within the same
trading period to meet current obligations. This is feasible because allowances are allocated in
February each year, while the surrender deadline for the previous year’s allowances is at the
end of April. However, borrowing across different trading periods—for instance, using Phase
3 allowances to meet Phase 2 obligations—is prohibited. [22]

2.3.2 Brief History and Goals

In this section, information from the European Commission [17] and [18] will be presented

Phase 1 (2005–2007) : Pilot Phase
The first phase served as a three-year pilot to test the system before it became a critical tool

for meeting Kyoto Protocol targets in Phase 2.

Key characteristics of Phase 1 included:

• Scope: Limited to carbon dioxide (CO2) emissions from power generators and energy-
intensive industries.

• Allowance Allocation: Almost all allowances were distributed to businesses for free.

• Compliance Penalty: A penalty of €40 per tonne of CO2 was imposed for non-compliance.

Achievements of Phase 1:

• Established a carbon pricing mechanism.

• Enabled free trade of emission allowances across EU member states.

• Developed infrastructure for monitoring, reporting, and verifying emissions.

Challenges : Due to the absence of reliable emissions data, caps were based on estimates,
leading to an oversupply of allowances. This surplus caused the price of allowances to plummet
to zero in 2007, as unused Phase 1 allowances could not be carried over to Phase 2.

Phase 2 (2008–2012) : Aligning with Kyoto Targets
Phase 2 alignedwith the first commitment period of the Kyoto Protocol, where EU countries

had specific emission reduction obligations.
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Key features included:

• Reduced Cap: The overall cap was approximately 6.5% lower than 2005 emission levels.

• Expanded Membership: Iceland, Liechtenstein, and Norway joined the EU ETS.

• Broader Scope: Inclusion of nitrous oxide emissions from nitric acid production in some
countries.

• Allowance Allocation: Free allocations slightly reduced to around 90%, with some al-
lowances auctioned.

• Compliance Penalty: Increased to €100 per tonne of CO2.

• International Credits: Businesses could purchase international credits totaling about 1.4
billion tonnes of CO2-equivalent.

• Registry Systems: Transitioned to a Union registry and replaced the Community Inde-
pendent Transaction Log (CITL) with the European Union Transaction Log (EUTL).

• Aviation Sector Inclusion: Aviation was incorporated into the EU ETS starting January
2012, although application to flights to and from non-European countries was temporar-
ily suspended.

Despite adjusting caps based on verified emissions data, the 2008 economic crisis led to greater-
than-expected emission reductions. This resulted in a surplus of allowances, exerting down-
ward pressure on carbon prices throughout Phase 2.

Phase 3 (2013–2020) : System Overhaul
Significant reforms were introduced to enhance the effectiveness and efficiency of the EU

ETS:

• Single EU-wide Cap: Replaced national caps with a unified cap across all member states.

• Auctioning of Allowances: Auctioning became the default method for allocating al-
lowances, moving away from predominantly free allocations.

• Harmonized Allocation Rules: Standardized rules for the free allocation of allowances to
address carbon leakage risks.

• Expanded Coverage: More sectors and greenhouse gases were included.

• Innovation Support: Set aside 300 million allowances in the New Entrants Reserve (NER
300) to fund innovative renewable energy technologies and carbon capture and storage
projects.
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Market Evolution The EU ETS has been instrumental in developing a robust carbon mar-
ket:

• Trading Volumes: Increased from 321 million allowances in 2005 to over 7.9 billion in
2012.

• Global Influence: In 2010, EU allowances accounted for 84% of the global carbonmarket’s
value.

• Economic Impact: Despite challenges, the EU ETS remained a key driver in the interna-
tional carbon market, with the total value of allowances traded reaching €56 billion in
2012.

Phase 4 (2021–2030) : Enhancing Ambition
Phase 4 aims to further reduce emissions in line with the EU’s climate objectives:

• Allowance Allocation: Approximately 57% of total allowances are designated for auc-
tioning, amounting to about 7.855 billion allowances for the entire phase.

• Adjustments and Funds: Portions of auctionable allowances may be redirected to sup-
port free allocation buffers, the Innovation Fund, the Modernisation Fund, and the Social
Climate Fund.

• Actual Auction Volumes: Due to these adjustments, around 51.5% of the annual cap is
expected to be auctioned between 2021 and 2025.

• Market Stability Reserve (MSR): Continues to regulate the supply of allowances to sta-
bilize the market.

• Member State Derogations: Bulgaria, Hungary, and Romania opted to continue provid-
ing free allowances to their energy sectors, deducted from their auction volumes, under
Article 10c of the ETS Directive.

Aviation Sector in Phase 4
The aviation sector remains a distinct component:

• Allowance Allocation: 15% of aviation allowances are auctioned, with the cap deter-
mined using a bottom-up approach.

• Linear Reduction Factor: Applied to the aviation cap to align with overall emission re-
duction efforts.

• Phase-Out of Free Allocation: Free allocations to aircraft operators will be phased out by
2026, increasing the auctioned share to support sustainable aviation fuels.

• Between 2024 and 2030, 20 million aviation allowances are reserved to support the adop-
tion of alternative fuels.
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Maritime Transport Inclusion Starting in 2024, maritime transport is covered by the EU
ETS. This sector inclusion increased the cap by 78.4 million allowances, based on emissions
data from 2018 and 2019.

Cap and its Reduction Trajectory

• Between 2024 and 2027, the annual reduction factor for the emissions cap will increase
to 4.3%, and from 2028 onward, it will rise to 4.4%.

• A 2023 revision targets a 62% reduction in emissions by 2030, compared to 2005 levels.

• Scheduled reductions in allowances: 90 million allowances in 2024 and 27 million al-
lowances in 2026.

• The EU ETS cap for 2024 is specified as 1,386,051,745 allowances.

• New Entrant Reserve: A reserve of allowances from Phase 3 (2013–2020) is retained to
accommodate new entrants.

By systematically identifying vulnerable sectors and adjusting free allowance allocations,
the European Commission aims to prevent carbon leakage while encouraging industries to
reduce emissions.

2.4 Allocation of Permits

With this groundwork laid, we now arrive at the crux of the ETS introduction: the allocation
of emission permits. In the subsequent section, the distribution of permits will take center
stage, as the cap established earlier represents the limited resource agents are competing for.
This process mirrors the allocation of any scarce resource, underscoring both its value and the
complexities in its fair distribution. In our analysis, these agents may be individual firms or
entire countries, each with unique stakes in securing their share of this finite resource.

2.4.1 Auctioning

According to: [15] (Commission, Auctioning of allowances) Since 2013, auctioning has been the
primary method for distributing emission allowances in the EU ETS, upholding the ’polluter
pays’ principle by requiring emitters to purchase the right to emit pollutants. Member States
conduct these auctions under the EU ETS Directive and Auctioning Regulation, ensuring they
are open, transparent, harmonized, and non-discriminatory. These rules also apply to Iceland,
Liechtenstein, Norway, and the UK’s electricity generation in Northern Ireland.

For the 2021–2030 period, the European Commission has specified auction shares for gen-
eral and aviation allowances. Up to 57% of general allowances are auctioned, with the remain-
der allocated for free to mitigate carbon leakage risk and promote low-carbon technologies. Of
the auctioned allowances:
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• 90% are distributed among Member States based on their historical emissions.

• 10% are allocated to 16 specific Member States to promote solidarity.

From July 2023 to August 2026, a portion of allowances is redirected to the Recovery and
Resilience Facility to fund the REPowerEU Plan. In aviation, approximately 15% of allowances
have been auctioned, increasing gradually so that most are auctioned from 2026 onward.

2.4.2 Benchmark

As described in [22] EU ETS Handbook.

Definition : A benchmark is a reference value for greenhouse gas (GHG) emissions, measured
in tonnes of CO₂ (tCO₂) per unit of production activity. It is used to determine the level of free
emission allowances each installation within a sector receives under the EU Emissions Trading
System (EU ETS).

Purpose : A benchmark is not an emission limit or a reduction target. All installations within
a sector receive the same allocation of allowances per unit of activity. Installations with GHG
emissions lower than the benchmark may receive more free allowances than they need, poten-
tially allowing them to sell the surplus.

Basis : Benchmarks are set on an output basis whenever possible, considering all GHG emis-
sions from the entire production process for a specific product. In the EU ETS, product bench-
marks are based on the average GHG performance of the top 10% most efficient installations
producing that product in the EU.

To establish these benchmarks, industry sectors collected GHG emissions data from ETS
installations during 2007 and 2008, following Article 10a(2) of the EU ETSDirective. By plotting
the specific emissions (emissions per unit of output) of all installations in ascending order, a
”benchmarking curve” was created for each sector. The average efficiency of the top 10% best-
performing installations was then determined from this curve and set as the benchmark for
allocation rules. If insufficient data was available, the best available techniques were used as a
starting point to develop the benchmarks.

This algorithm provides a systematic method for establishing benchmarks in the EU ETS,
ensuring that free allocation of allowances is based on actual performance data and encourages
efficiency within sectors. It rewards installations that are more efficient than the benchmark
while incentivizing others to reduce their emissions.

2.4.3 Free Allocagtion & Carbon Leakage

Carbon leakage occurs when businesses relocate production to countries with less stringent
emission constraints due to increased costs from climate policies, rendering the climate policies
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Algorithm 1: AlgoRithm foR Establishing PRoduct BenchmaRKs in the EU ETS
Result: Benchmark value BM for each product
Input: Set of Installations I producing a specific product;
For each installation i ∈ I :

GHG emissions data E(i) over the period 2007–2008;
Production output data P (i) over the same period.

1 for each installation i in I do
2 Calculate specific emissions SE(i):
3

SE(i) =
E(i)

P (i)

4 end for
5 Sort installations I in ascending order of SE(i).
6 Determine the number of installations representing the top 10% most efficient:
7

n10% = ⌈0.10× |I|⌉

8 Select the set Itop of the n10% installations with the lowest SE(i).
9 Calculate the benchmark BM as the average specific emissions of Itop:

10

BM =
1

n10%

∑
i∈Itop

SE(i)

11 if Insufficient data is available for the product then
12 Use Best Available Techniques (BAT) to estimate BM.
13 end if
14 Output: Benchmark value BM for the product, to be used in allocation rules.

both useless and harmful to the economy at the regulator. This risk is particularly significant
in energy-intensive industries. [16]

European Commission’s Algorithm to Address Carbon Leakage

To combat carbon leakage, the European Commission implements a systematic approach under
the EU Emissions Trading System (EU ETS) [16] [22]

Financial Compensation for Indirect Emissions:

• Member States can offer compensation to electro-intensive sectors for higher electricity
costs due to the EU ETS.

• This is governed by EU state aid rules and is limited to 25% of auction revenues, unless
justified otherwise.
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• Transparency measures require regular publication of compensation amounts.

With the allocation A(i), we proceed to distribute free emission permits. The algorithm
provided above is simplified, as a full exploration of the ETS free allocation mechanism lies
outside the scope of this thesis. However, it is worth noting that Article 10c of the EU ETS
Directive enables certain lower-income Member States to allocate free permits specifically for
modernizing their energy sectors. This mechanism supports investment in energy diversifi-
cation, infrastructure upgrades, and clean technologies, contributing to fairer and more sus-
tainable emissions reductions. Further details can be found in Article 10c and the allocation
for Phase IV and how countries responded to their claim for free Allocation is described on
Table 2.1. [14]

2.5 Epilogue

This chapter has outlined the fundamental principles and frameworks of cap-and-trade sys-
tems, highlighting their importance in addressing global climate change. The next chapters
will investigate the fairness of free allocation in the EU Emissions Trading System, analyzing
its impact and effectiveness in ensuring equitable emissions reductions.
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Algorithm 2: Identifying and AddRessing CaRbon LeaKage undeR the EU ETS
Result: Allocation Plan of Free Emission Allowances to Sectors
Input: Set of Sectors S;
For each sector s ∈ S: Direct Costs Cd(s), Indirect Costs Ci(s), Gross Value
Added GVA(s), Trade Intensity TI(s), Historical Activity Level HAL(s),
Benchmark BM(s)

1 for each sector s in S do
2 Calculate cost impact CI(s):
3

CI(s) =
Cd(s) + Ci(s)

GVA(s)

4 if (CI(s) ≥ 5% and TI(s) ≥ 10%) or (CI(s) ≥ 30% or TI(s) ≥ 30%) then
5 Mark sector s as At Significant Risk of Carbon Leakage
6 end for
7 Compile the Carbon Leakage List L with all sectors marked At Significant Risk.
8 for each installation i in sector s do
9 Determine the applicable benchmark BM(i) based on the product produced.

algorithm 1;
10 Calculate the Historical Activity Level HAL(i) as the median production in a baseline

period (e.g., 2005–2008 or 2009–2010).
11 Calculate allocation A(i) using:
12

A(i) = BM(i)× HAL(i)× CLEF(s)× CF

where:
13 CLEF(s) is the Carbon Leakage Exposure Factor:
14 if s is At Significant Risk then
15 CLEF(s) = 100%
16 else
17 CLEF(s) decreases from 80% in 2013 to 30% in 2020.
18 end if
19 CF is the Correction Factor:
20 if i is a non-electricity generator then
21 CF = Cross-Sectoral Correction Factor (CSCF), ensuring total allocation stays

within limits.
22 else if i is an electricity generator then
23 CF = Linear Reduction Factor (LRF), in line with emission reduction targets.
24 end if
25 end for
26 for Phase 4 (2021–2030) do
27 Update the Carbon Leakage List using refined criteria based on trade and emissions

intensity.
28 for each sector s in S do
29 if s is Highly Exposed then
30 Continue allocating allowances at 100% of the benchmark.
31 else if s is Less Exposed then
32 Allocate allowances at 30% until 2026, then phase out by 2030.
33 end if
34 end for
35 end for
36 Output: Detailed allocation plan A(s) for all sectors to mitigate the risk of carbon leakage.
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Eligible
Member
States

Maximum Article
10c derogation
(40% of regular
allowances)

Amount to be
used under
Article 10c

Amount
transferred from
Article 10c to the
Modernisation

Fund

Amount to be
auctioned

Bulgaria 51,599,838 51,599,838 0 0
Czechia 111,462,281 0 111,462,281 0
Estonia 17,583,702 0 0 17,583,702
Croatia 11,957,703 0 5,978,852 5,978,851
Latvia 3,794,677 0 0 3,794,677
Lithuania 8,696,818 0 8,696,818 0
Hungary 34,610,750 20,748,000 0 13,862,750
Poland 273,211,665 0 0 273,211,665
Romania 91,673,704 5,600,000 86,073,704 0
Slovakia 33,228,414 0 33,228,414 0

Total 637,819,552 77,947,838 245,440,068 314,431,646

Table 2.1: Allocation of allowances under Article 10c for the modernization of the energy sec-
tor in eligible Member States in Phase IV.
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Chapter 3

Fair Distribution - Fair Division

3.1 Introduction

Fair division is the problem of dividing one or several goods among two ormore agents in away
that satisfies a suitable fairness criterion. It is a fundamental issue in economics, mathematics,
and computer science, and is part of the larger research area of multiagent resource allocation
[11]. The goal is to find an allocation that is considered fair by all participants, despite their
differing preferences.

Fair division studies the allocation of scarce resources among interested agents, intending
to find an allocation that is fair to all participants involved [5]. However, fairness is a complex
and multifaceted concept, making it challenging to define precisely. Different fairness criteria
may be appropriate in different contexts, and what is considered fair by one agent may be
viewed differently by another.

In this chapter, we will explore the fundamental concepts of fair division, including defi-
nitions, types of goods, preference representations, and fairness criteria. We aim to provide a
structured understanding of how resources can be allocated fairly among agents with varying
preferences.

3.2 Definition

To understand fair division comprehensively, we need to break down its components:

Fair division is the act of dividing or distributing something among agents who desire
it, using an algorithm that adheres to a specified fairness criterion.

We need to define the following elements to make this statement meaningful:

1. Who is dividing or distributing?

2. Who are the recipients?

3. What is being distributed?

4. How can we define the agents’ preferences?

69



5. What constitutes a fairness criterion?

3.2.1 Who is Dividing or Distributing?

The division can be performed by a central authority, such as a benevolent dictator, or through
a collaborative process involving all agents. The method of division influences the fairness
perception of the allocation. In some cases, an impartial mediator may oversee the process to
ensure adherence to fairness principles.

3.2.2 Who are the Recipients?

Let N = {1, . . . , n} be a finite set of agents (or players). These agents are participants in
the fair division problem and must find a way to divide or distribute resources among them-
selves. Agents can represent individuals, organizations, or any entities with preferences over
the resources.

3.2.3 What is Being Distributed? (Types of Goods)

The resources to be divided can take various forms, from tangible items like land and com-
modities to intangible assets like intellectual property or broadcast rights. According to [11],
the main types of resources (or goods, items, objects, commodities) are:

• Continuous vs. Discrete: A resource may be continuous (e.g., energy) or discrete (e.g.,
individual fruits). Continuous resources are typically divisible into any fraction, while
discrete resources are indivisible units.

• Divisible vs. Indivisible: Divisibility depends on the allocation mechanism. Divisible
goods can be shared among agents in any proportion, whereas indivisible goods cannot
be split without losing their value.

• Sharable vs. Non-Sharable: Sharable resources can be allocated to multiple agents si-
multaneously without diminishing in value (e.g., digital goods like software licenses).
Non-sharable resources cannot be used by more than one agent at the same time.

• Static vs. Dynamic: Static resources maintain the same properties during the allocation
process, while dynamic resources can lose value, spoil, or change properties over time
(e.g., perishable goods).

• Single-Unit vs. Multi-Unit: In multi-unit settings, identical resources (e.g., bottles of
champagne) are grouped together, whereas in single-unit settings, each resource is unique
and distinguishable. Multi-unit settings allow for more compact representations of allo-
cations and agent preferences.
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• Resources vs. Tasks: Task allocation is a form of resource allocation where tasks are
treated as resources with associated costs or negative utilities. Tasks may involve addi-
tional constraints such as dependencies or sequencing, adding complexity to the alloca-
tion problem.

To this list we must add another categorization.

• Homogenous vs. Heterogeneous: Resources may be identical and interchangeable (ho-
mogeneous) or differ in characteristics, desirability, or utility to the agents (heteroge-
neous). For example, a cake with varying toppings represents a heterogeneous resource,
as different parts may hold different values for different agents.

3.2.4 Preference Representation

Understanding agents’ preferences is crucial in fair division. A preference structure models an
agent’s preferences over alternatives X . The main types are:

• Cardinal Preferences: Represented by a utility function u : X → R, assigning a numer-
ical value to each alternative, indicating the level of satisfaction.

• Ordinal Preferences: Represented by a binary relation≿, where x ≿ y means the agent
prefers x at least as much as y. This defines strict preference (x ≻ y) and indifference
(x ∼ y).

• Binary Preferences: A partition of X into ”acceptable” and ”unacceptable” alternatives,
indicating whether an option meets the agent’s minimal requirements.

3.2.5 Fairness Criteria

Fairness criteria establish the standards by which allocations are deemed equitable among
agents. These criteria not only ensure that allocations meet certain ethical standards but also
interact with efficiency concepts like Pareto optimality and social welfare orderings. Common
fairness criteria include:

• Envy-Freeness: An allocation is envy-free if no agent prefers another agent’s allocation
over their own. Formally, for all agents i and j,

ui(Ai) ≥ ui(Aj), ∀j ∈ N ∧ j ̸= i

where Ai is the allocation to agent i. This criterion aligns with the notion of individual
rationality and complements Pareto efficiency by ensuring that no agent has a justified
complaint against another’s allocation, thereby promoting a sense of fairness and satis-
faction among all participants.
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• Proportionality: Proportionality requires that each agent receives at least 1
n of the total

value according to their own valuation. Formally,

ui(Ai) ≥
1

n
ui(T ), ∀i ∈ N

where T is the total set of resources and n is the number of agents. This criterion ensures
a basic level of fairness by guaranteeing that every agent receives a fair share relative
to the total available resources, preventing scenarios where some agents receive dispro-
portionately less.

• Equitability: An allocation is equitable if all agents derive equal utility from their re-
spective allocations. Formally, for all agents i and j,

ui(Ai) = uj(Aj), ∀i ∈ N

Equitability emphasizes fairness by striving for uniform satisfaction levels across all
agents. While it promotes equality, it may sometimes conflict with efficiency, as en-
suring equal utilities might prevent reaching Pareto optimal allocations.

• Maximin Share Guarantee: This criterion ensures that each agent receives a share that
is at least as good as the minimum value they could guarantee for themselves by parti-
tioning the goods into n shares and receiving the least valuable share. Formally, for each
agent i,

ui(Ai) ≥ MMSi, ∀i ∈ N

where MMSi is the maximin share for agent i. Themaximin share guarantee balances in-
dividual guarantees with overall fairness, ensuring that no agent is left with an allocation
worse than a certain threshold, thereby enhancing collective welfare without necessarily
compromising efficiency.

• Pareto Efficiency: An allocation is Pareto efficient if there is no other feasible allocation
that can make at least one agent better off without making any other agent worse off.
Formally, an allocation A is Pareto efficient if there does not exist another allocation A′

such that,
ui(A

′) ≥ ui(A) ∀i ∈ N,

with at least one strict inequality. Pareto efficiency ensures that resources are allocated
so that no further mutual gains are possible, complementing fairness by maximizing
overall welfare without disadvantaging any agent.

Selecting an appropriate fairness criterion depends on the specific context and objectives of
the allocation process.

In subsequent sections, we will explore additional fairness criteria and examine their in-
teractions with various social welfare orderings and collective utility functions, providing a
comprehensive framework for evaluating and designing fair allocations.
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3.3 Another Framework for Distributive Justice

Hervé Moulin, in his book [31], builds upon Aristotle’s maxim: “Equals should be treated
equally, and unequals unequally, in proportion to the relevant similarities and differences.” He
uses this principle to define Horizontal Equity, which emphasizes treating individuals with
similar relevant characteristics equally.

Moulin’s framework identifies four key principles of distributive justice that guide the fair
allocation of resources:

1. Compensation: Involuntary differences in individual characteristics, such as disabilities
or socio-economic disadvantages, justify unequal resource shares to level the playing
field. This principle holds that inequalities arising from factors beyond an individual’s
control should be addressed through redistribution to achieve equity.

2. Reward: Voluntary differences, such as effort, skill, or productivity, are rewarded, lead-
ing to unequal resource distribution. This principle asserts that fairness requires ac-
knowledging and rewarding the contributions or choices that individuals actively make,
encouraging productivity and recognizing individual responsibility. This principle also
incorporates the notion of punishment, as a negative reward for malicious or negative
actions.

3. Exogenous Rights: Resources are allocated based on rights or claims independent of in-
dividual characteristics. Certain rights are universal and unrelated to personal effort or
circumstances, such as the right to vote or freedom of speech. This principle ensures
that fundamental rights are protected and that allocations respect these inherent entitle-
ments.

4. Fitness: Resources are allocated to those who can make the best use of them, maximiz-
ing utility or outcomes. This principle focuses on efficiency as a core consideration in
determining fairness and promoting societal benefit by encouraging the efficient use of
resources.

3.3.1 Illustrative Example: The Lifeboat Dilemma

To demonstrate the application of Moulin’s distributive justice principles in real-world scenar-
ios, consider the following lifeboat dilemma:

[Lifeboat Dilemma] Imagine a situation where a ship is sinking and there is only one
lifeboat available that cannot accommodate all passengers. The decision-maker, acting as a
benevolent dictator, must determine who gets to board the lifeboat and who does not. This
scenario is a quintessential example of resource allocation under severe constraints. Sim-
ilar critical situations include medical triage during emergencies, allocating scarce organs
for transplantation, and setting immigration policies under limited capacity.
Different allocation strategies based on the principles described above would approach this
dilemma as follows:
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• Exogenous Rights: Applying strict equality, the lifeboat seats could be allocated ran-
domly through a lottery system. This ensures that every individual has the same
probability of being selected, regardless of their personal attributes or circumstances.
• Compensation: This approach might allow physically stronger individuals to attempt

to swim to safety, while those deemed weaker, such as women and children, remain
in the lifeboat. The aim is to balance survival chances by compensating for inherent
physical disparities.
• Reward: Here, the focus would be accountability. Individuals responsible for causing

the ship to sink, such as those whose actions led to the emergency, might be excluded
from boarding the lifeboat as a form of punishment, thereby rewarding those who are
not at fault.
• Fitness: Allocation based on fitness would prioritize individuals who can contribute

most effectively to the survival or future well-being of the group. This could mean
prioritizing crew members with essential navigation skills, or selecting women and
children due to their potential to contribute to future generations.

This lifeboat scenario highlights the inherent tensions between the four principles of dis-
tributive justice. While the Exogenous Rights principle emphasizes equal opportunity, the
Compensation principle seeks to address and rectify inherent inequalities. The Reward
principle introduces considerations of accountability and merit, and the Fitness principle
focuses on maximizing overall utility and future benefits. Balancing these principles re-
quires careful ethical consideration, as each principle may lead to different allocation out-
comes. In practice, a benevolent dictator must weigh these competing principles to arrive
at a decision that strives to be both fair and ethically justifiable.

3.4 Application of Principles in Cap and Trade Systems

3.4.1 Introduction

As we established in the previous chapter, CAT systems rely on the free allocation of permits
to combat carbon leakage [16]. The permits are another resource that needs to be distributed
among agents (Firms)who desire it by a Regulator using an algorithm that adheres to a specified
fairness criterion.

characterization of our problem

Permits can be characterized as follows:

• Continuous and Divisible. This is evidently inaccurate. A single permit grants the right
to emit one metric ton of CO2, which is the basic unit of our framework. However,
given the scale of the numbers involved in our analysis, one ton is effectively treated as
too small to matter, making the resource behave almost like a continuous variable.
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• Homogeneous. Our permits are identical to each other.

• Non-Sharable, Static. It cannot be allocated to multiple agents, nor does it change states.

• Multi-Unit. Permits are grouped together as ”permits” or ”free allocation” and regarded
as one thing.

The initial allocation of European Union allowances (EUA) plays a crucial role in the stabil-
ity and efficiency of the Emissions Trading System (ETS), as it determines the overall scarcity
in the market [51]. A significant challenge in the allocation of emission allowances is establish-
ing an allocation principle that appropriately shares responsibility for CO2 emissions between
different member states. Equity in the distribution process is vital because unfair allocation of
free allowances can negatively impact the economic development of countries.

Over the years, numerous studies have advocated for a variety of allocation criteria for
emissions allowances, which can be summarized into two main principles: (1) fairness in terms
of distributive justice and (2) economic efficiency in terms of minimizing abatement costs [55].
Focusing on the first phase of the EU ETS, [13] argues that the allocation was unfair and pro-
poses a method for the equitable reallocation of emission permits among member states. [24]
propose axioms based on population, historical emissions, and business as usual emissions to
establish equal-per-capita allowance allocation rules that favor developing countries with large
populations over developed countries with substantial historical emissions. In order to balance
economic activity and the production of renewable energy, [30] introduce a double-weighted
restricted equal awards rule to allocate emission allowances and investigate similarities in the
resulting allocation using an unsupervised clustering approach. Examining China’s Emission
Trading System, [39] proposes a multicriteria model that balances equity and efficiency in the
allocation of carbon allowances.

3.4.2 Alignment of Existing Allocation Principles with the four classic principles
of distributive justice

In the literature, many allocation principles have been proposed to guide the distribution of
emission allowances. These principles can be aligned with the four classic principles of dis-
tributive justice, as described by the economist Hervé Moulin: Compensation, Reward, Exoge-
nous Rights, and Fitness. In this section, we expand on existing allocation criteria and indica-
tors by incorporating the four classic principles in our framework. Throughout the following
sections, we shall refer to the ”four classic principles of distributive justice” as ”Moulin’s Prin-
ciples”. While this designation is not completely precise, as these principles existed long before
Moulin, who did not claim their invention, he is the most closely associated scholar to have
formulated them within our field.

In their review [55], they collect and present all the Allocation Criteria and Indicators used
in the literature to allocate permits; we extend the tables they present to include the fairness
principle they adhere to with respect to Moulin’s framework. Table 3.1 presents the main allo-
cation criteria, their interpretations, operational rules, and alignment with Moulin’s principles.
The first 3 columns are from table 1 of [55].
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Similarly, Table 3.2 lists the main indicators used for CO2 emission allocation, their associ-
ated allocation criteria, operational rules, and alignment with Moulin’s principles.

These tables illustrate how existing allocation principles and indicators align with Moulin’s
framework. The principle of Exogenous Rights corresponds to criteria that distribute permits
equally based on inherent rights, such as population. The principle Compensation aligns with
the criteria that adjust allocations based on economic well-being, with the aim of leveling the
playing field. The principle of Reward corresponds to criteria that allocate based on historical
responsibility or efficiency, rewarding or penalizing past actions.

3.4.3 Interpretation of Moulin’s Principles in Cap and Trade Systems

Moulin’s principles of distributive justice can be directly interpreted and applied within Cap
and Trade (CAT) systems to guide the allocation of emission allowances among participants.

Compensation: This principle suggests that entities with involuntary disadvantages, such
as lower economic capacity or higher abatement costs due to structural factors, should receive
more allowances to compensate for these factors beyond their control. In a CAT system, this
could translate to allocating more allowances to less developed countries or industries facing
higher costs due to technological limitations, thereby promoting equity and facilitating their
participation in emission reduction efforts.

Reward: Under the Reward principle, entities that have made voluntary efforts to reduce
emissions or have historically maintained low emission levels should be acknowledged and
potentially receive fewer allowances, reflecting their lower need for emission rights. In con-
trast, entities with high historical emissions may receive fewer allowances, incentivizing them
to reduce emissions. This aligns with the ”polluter pay” concept, promoting accountability and
encouraging proactive environmental practices.

Exogenous Rights: This principle emphasizes equal rights to resources, irrespective of in-
dividual characteristics. In a CAT system, this could manifest itself as allocating emission al-
lowances equally on a per capita basis, reflecting the notion that all individuals have an equal
right to the atmospheric absorptive capacity. This approach promotes fairness by ensuring
that each participant starts with the same allocation, regardless of their economic status or
historical emissions.

Fitness: The fitness principle focuses on allocating resources to those who can make the
best use of them, maximizing the overall utility or outcomes. In the context of a CAT system,
this could involve allocating more allowances to sectors or entities that can achieve greater
emission reductions at lower costs, thereby enhancing the system’s overall efficiency. This
approach promotes cost effectiveness and ensures that emission reductions are achieved where
they are most economical.

By interpreting Moulin’s principles within CAT systems, policymakers can design alloca-
tion mechanisms that balance equity and efficiency. For example, a hybrid allocation method
could combine per capita allocations (Exogenous Rights) with adjustments based on economic
capacity (Compensation) and historical emissions (Reward). Furthermore, incorporating effi-
ciency considerations (Fitness) can ensure that the system not only distributes allowances fairly
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but also achieves emission reductions in a cost-effective manner. In practice, implementing
these principles requires careful consideration of the specific context and potential trade-offs
between fairness and efficiency.
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Table 3.1: Main Allocation Criteria, as per table 1 of [55], Aligned with Moulin’s Framework

Criterion Interpretation Operational Rule Moulin’s Principle

Sovereignty /
Grandfathering

All nations (firms) have
equal rights to pollute
and to be protected from
pollution

Distribute permits in
proportion to historical
emissions or energy
consumption

Exogenous Rights
or Compensation

Egalitarianism All people have equal
rights to pollute and to be
protected from pollution

Distribute permits in pro-
portion to population

Exogenous Rights

Ability to Pay Mitigation costs vary di-
rectly with national eco-
nomic well-being

Distribute reductions in-
versely to GDP or per
capita GDP

Compensation

Economic Activity All nations should main-
tain their standard of liv-
ing

Distribute permits in pro-
portion to GDP

Reward or Fitness

Horizontal Equity All countries should face
equal welfare changes as
a share of GDP

Distribute permits to
equalize net welfare
change (net loss as a
proportion of GDP equal
for each nation)

Compensation

Vertical Equity Welfare gains vary in-
versely with economic
well-being, and welfare
losses vary directly with
GDP

Progressively distribute
permits inversely/di-
rectly correlated with per
capita GDP

Compensation

Polluter Pays /
Historical Respon-
sibility

Nations with more his-
torical emissions need to
take greater abatement
burdens

Distribute reductions in
proportion to cumulative
emissions

Reward (Punish-
ment)

Merit (Efficiency) Nations should be com-
pensated for prior emis-
sion reduction efforts

Distribute reductions in-
versely to emissions per
unit of GDP or produc-
tion intensity

Reward or Fitness
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Table 3.2: Main Indicators and Allocation Rules, as per table 2 [55], Aligned with Moulin’s
Principles

Indicator Allocation Criterion Allocation Rule Moulin’s Principle

Population Egalitarianism Equal per capita permits Exogenous Rights
Equal adult per capita permits Exogenous Rights
Equal per capita permits with dis-
counted historical responsibility

Exogenous Rights
and Reward

Equal past and future per capita per-
mits

Exogenous Rights

Equal per capita permits by Contrac-
tion and Convergence (C&C)

Exogenous Rights
and Fitness

Equal per capita permits by Common
but Differentiated Convergence (CDC)

Exogenous Rights
and Fitness

Emission Sovereignty / Grand-
fathering;

Proportional permits to historical
emissions (country/firm)

Compensation

Polluter Pays Proportional reductions to historical
emissions

Reward

Historical Responsi-
bility

Proportional reductions to cumulative
emissions

Reward

Energy Sovereignty / Grand-
fathering

Proportional permits to energy con-
sumption

Compensation or
Exogenous Rights

Proportional permits to energy pro-
duction

Reward

GDP Economic Activity Proportional permits to GDP Fitness
Ability to Pay Proportional reductions to GDP Compensation
Horizontal Equity Equal net abatement cost to GDP Compensation

Per
Capita
GDP

Ability to Pay Proportional reductions to per capita
GDP

Reward (punish-
ment) or Fitness

Vertical Equity Equal net abatement cost to per capita
GDP

Compensation

Emission
Intensity

Merit (Efficiency) Proportional reductions to emissions
per unit of GDP

Reward or Fitness

Proportional reductions to emissions
per unit of GDP under C&C

Reward or Fitness

Proportional permits to emissions per
unit of production outputs (Bench-
marking)

Reward or Fitness
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Chapter 4

Exploring Horizontal Equity and the data available on
the EU ETS

4.1 Introduction

Fairness in the allocation of free allowances under the European Union Emissions Trading
System (EU ETS) is critical to its effectiveness and acceptance among member countries. This
chapter presents three experiments that explore different dimensions of fairness using the same
dataset of economic and energy attributes of EU member countries.

1. Experiment 1: Investigates the relationship between the similarity of the profiles of the
countries and the similarity of their free allowance allocations by analyzing all pairwise
combinations of the countries.

2. Experiment 2: Examines whether using the median country as a reference point im-
proves the explanation of free allowance allocations.

3. Experiment 3: Explores the extent to which optimal linear combinations of features can
explain the allocations, identifying countries that cannot explain the rest even when
overfitting is allowed.

4.1.1 Data Collection

The dataset of the following experiments is common. The data set includes economic and
energy attributes for EU member countries from 2005 to 2020. The indicators used are listed
in Table 5.1, sourced from the World Bank and Eurostat. The data used are presented in this
table, but can also be found in the Appendix more descriptively.

In this plot, we also observe the data correlation (2010 data were used, yet the overall out-
look remains unchanged through the years).

4.1.2 Correlation Analysis

The following experiments investigate the relationship between 2 values. To do this, tools
are needed to measure the existence of a correlation between two values. In the upcoming
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Table 4.1: List of Indicators along with the Allocation Principles of [55] (Zhou & Wang 2016),
aligned with Mοulin’s principles as presented in Table 3.2

Indicators Principle Data Source Moulin’s Prin-
ciple

Population Fairness https://data.worldbank.org/
indicator/SP.POP.TOTL

Exogenous
Rights and pos-
sibly Reward

GDP per capita Fairness https://data.worldbank.org/
indicator/NY.GDP.PCAP.CD

Fitness and
Compensation

Inflation Fairness https://data.worldbank.org/
indicator/FP.CPI.TOTL.ZG

Compensation
or Fitness

Agriculture Fairness http://wdi.worldbank.org/
table/4.2#

Fitness or Com-
pensation

Industry Fairness http://wdi.worldbank.org/
table/4.2#

Reward or Fit-
ness or Com-
pensation

Manufacturing Fairness http://wdi.worldbank.org/
table/4.2#

Reward or Fit-
ness or Com-
pensation

Total Energy Sup-
ply

Fairness https://ec.europa.eu/
eurostat/databrowser/view/
nrg_bal_s/

Reward or Fit-
ness

Energy Intensity Economic
Efficiency

https://ec.europa.eu/
eurostat/databrowser/view/
NRG_IND_EI

Reward or Fit-
ness

Verified Emissions Fairness https://www.eea.europa.eu/
data-and-maps/dashboards/
emissions-trading-viewer-1

Compensation

experiments, wewill primarily present theR2 value as the key indicator of linearity. Additional
metrics, including the Pearson correlation coefficient, p-values from regression analysis, and
error metrics such as mean squared error (MSE) that further support or challenge the linearity
assumption, will be provided in the Appendix for comprehensive reference.

4.2 Experiment 1: Analyzing Pairwise Similarities between
Countries

Objective To determine whether countries with similar economic and energy attributes re-
ceive comparable levels of free allowances by analyzing all possible pairwise combinations of
countries, and to assess whether this relationship varies across different phases of the EU ETS.
This experiment aligns with the ”Horizontal Equity” discussed in section 3.3
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Figure 4.1: Correlation Matrix of the Data for 2010

Hypothesis There is a positive correlation between the Euclidean distances of countries’ at-
tribute profiles and the differences in their free allowance allocations across all pairs of coun-
tries. Specifically, countries with similar attributes should have similar allocations. We expect
that the strength and nature of this correlation may differ depending on the phase of the EU
ETS being examined, due to changes in allocation methodologies and regulatory adjustments
over time.

4.2.1 Methodology

Data Segmentation by ETS Phases The EU ETS has been implemented in distinct phases,
each characterized by different allocation rules and market conditions:

• Phase I (2005-2007)

• Phase II (2008-2012)

• Phase III (2013-2020)

For this experiment, we divide the data set according to these phases and perform the anal-
ysis separately for each phase to investigate potential differences in the relationship between
countries’ attribute similarities and allocation differences.

DataNormalization Normalize all attributes to ensure comparability between different scales.
This is achieved by dividing each attribute by its maximum value within each phase to account
for temporal changes in the data.
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Calculate Pairwise Distances

• Attribute Distance (Dxij ): For every pair of countries i and j, calculate the Euclidean
distance between their attribute vectors x⃗i and x⃗j .

Dxij =

√√√√ n∑
k=1

(xik − xjk)2

• Allocation Difference (DYij ): Calculate the absolute difference between their free al-
lowance allocation Yi and Yj .

DYij = |Yi − Yj |

Correlation Analysis

• Scatter Plot: Plot Dxij against DYij ∀ country pairs.

• Statistical Analysis: Compute r2 value of the linear regression to assess the strength of
the relationship.

4.2.2 Results and Analysis

Table 4.2: Analytic data for the linear regression of experiment section 4.2

year pear-
son

cor.n

spear
man
cor.

ken-
dall
tau

linear
p

value

linear
r2

mse rmse mae quad p
value

quad
coeff

2005 0.84 0.71 0.53 0 0.71 0.02 0.13 0.11 0 0.22
2006 0.84 0.69 0.52 0 0.70 0.02 0.13 0.11 0 0.23
2007 0.79 0.65 0.48 0 0.62 0.02 0.15 0.12 0 0.25

2008 0.80 0.69 0.51 0 0.64 0.02 0.15 0.12 0 0.19
2009 0.76 0.62 0.46 0 0.58 0.03 0.16 0.13 0 0.22
2010 0.74 0.59 0.43 0 0.55 0.03 0.16 0.13 0 0.22
2011 0.79 0.64 0.47 0 0.62 0.02 0.15 0.13 0 0.25
2012 0.79 0.64 0.46 0 0.63 0.02 0.15 0.13 0 0.27

2013 0.77 0.60 0.44 0 0.59 0.02 0.15 0.12 0 0.30
2014 0.77 0.59 0.44 0 0.59 0.02 0.15 0.12 0 0.30
2015 0.80 0.62 0.47 0 0.64 0.02 0.14 0.11 0 0.28
2016 0.77 0.59 0.44 0 0.60 0.02 0.15 0.11 0 0.27
2017 0.79 0.60 0.44 0 0.62 0.02 0.14 0.11 0 0.30
2018 0.81 0.63 0.47 0 0.65 0.02 0.14 0.11 0 0.28
2019 0.81 0.63 0.47 0 0.65 0.02 0.14 0.11 0 0.28
2020 0.77 0.57 0.42 0 0.59 0.02 0.15 0.12 0 0.32
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Figure 4.2: Experiment 1 Distances from all the countries to all the others

(a) Phase I: 2006 (b) Phase I: 2006

(c) Phase II: 2010 (d) Phase II: 2010

(e) Phase III: 2018 (f) Phase III: 2018
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The findings of Experiment 1 provide compelling information on the relationship between
similarities of economic and energy attributes and free allowance allocations between EUmem-
ber countries. The results confirm our initial hypothesis, but also reveal intriguing patterns
and variations across different phases of the EU ETS, especially as the allocation methodology
evolved.

Key Observations

1. Positive Correlation between Similarity and Allocation: The analysis shows a notable
correlation between countries’ profile similarities (measured by Euclidean distance) and
the similarity in their free allowance allocations. This finding supports our hypothesis
that countries with comparable economic and energy profiles tend to receive similar
levels of allowances, aligning with fairness in allocation.

2. Impact of ETS Phase on Correlation: As expected, the strength of this correlation de-
creases slightly in Phase III (2013-2020), reflecting changes in allocation methods, includ-
ing the gradual phase-out of grandfathering. The decline is mostly apparent through the
values of the Pearson correlation coefficient, the Spearman correlation coefficient, r2,
and the prize of the quadratic coefficient, which can be found in Table 4.2. This decline
suggests that adjustments in the regulatory framework influenced the predictability of
allocation based on attribute similarity.

3. Country-Specific Variations: Analysis of individual countries reveals parallel trends
with differing y-intercepts, suggesting that country-specific factors influence baseline
allocations, even among countries with similar profiles. Some of the most influential
countries are displayed in different colors.

4. Quadratic Fit and Country-Based Lines: A quadratic model appears to capture the data
patterns better than a simple linear approximation. However, closer inspection reveals
that this improvement may be due to distinct clusters of country-specific lines rather
than a single, overarching quadratic relationship. This insightmotivates the design of our
next experiment and perhaps the next chapter. The next experiment investigateswhether
using a single ”median” country as a reference point could refine our understanding of
allocation consistency across the dataset.

4.3 Experiment 2: Using the Median Country as a Reference Point

Objecive Investigate whether using the median country as a reference improves the expla-
nation of free allowance allocations, thereby assessing the fairness of allocations relative to
a central benchmark. This experiment still aligns mainly with the broad idea of ”Horizontal
Equity” discussed in section 3.3
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Hypothesis The Euclidean distance of each country’s attribute profile from the median coun-
try’s profile is positively correlated with the difference in their free allowance allocations from
that of the median country.

4.3.1 Methodology

Algorithm 3: Find median CountRy
Result: The median Country
Input: The Attributes X⃗

1 Initialize rank accumulation vector R with R(c) = 0 for each country c.
2 for each attribute Ai in X⃗ do
3 Sort countries c by Ai, assigning ranks r(c, Ai) from 1 to |C|.
4 end for
5 for each country c do
6 Update cumulative rank: R(c)← R(c) + r(c, Ai)
7 end for
8 Sort countries by R(c) in ascending order. Define the median country cmedian as:

cmedian = sorted(R)

[
|C|
2

]
9 Output cmedian to find its −−−→Xmid.

Determine the median country Use algorithm 3 to identify the median country based on
cumulative attribute rankings.

Calculating the Distances from the median Country

• Attribute Distance (DXi ): Calculate the Euclidean distance between each country’s at-
tribute vector −→xi and the median country’s attribute vector −−−−→xmedian.

Dxi =

√√√√ n∑
k=1

xik − xmedian,k

• Allocation Difference (DYi ): Calculate the absolute difference between the free alloca-
tion of each country Yi and that of the median country Ymedian.

DYi = |Yi − Ymedian|

4.3.2 Results and Analysis
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Table 4.4: Analytic data for the linear regression of experiment section 4.3

Mid
coun-
try

year pear-
son

cor.n

spear
man
cor.

ken-
dall
tau

linear
p

value

linear
r2

mse rmse mae quad p
value

quad
coeff

Sweden 2005 0.76 0.42 0.28 0 0.58 0.02 0.15 0.12 0.00 0.39
Estonia 2006 0.87 0.61 0.45 0 0.76 0.01 0.11 0.09 0.01 0.24
Estonia 2007 0.81 0.52 0.36 0 0.66 0.02 0.13 0.10 0.01 0.30

Lithuania 2008 0.85 0.67 0.50 0 0.72 0.01 0.12 0.09 0.05 0.20
Sweden 2009 0.73 0.50 0.36 0 0.53 0.02 0.15 0.11 0.04 0.30
Bulgaria 2010 0.71 0.53 0.35 0 0.51 0.02 0.14 0.10 0.03 0.31
Austria 2011 0.78 0.61 0.45 0 0.61 0.02 0.13 0.11 0.00 0.35
Sweden 2012 0.75 0.45 0.34 0 0.56 0.02 0.14 0.11 0.00 0.46

Estonia 2013 0.71 0.46 0.34 0 0.51 0.03 0.16 0.12 0.01 0.42
Bulgaria 2014 0.76 0.52 0.39 0 0.58 0.02 0.14 0.11 0.01 0.33
Ireland 2015 0.79 0.31 0.23 0 0.62 0.02 0.13 0.11 0.00 0.76
Hungary 2016 0.76 0.47 0.36 0 0.57 0.02 0.14 0.10 0.02 0.29
Austria 2017 0.69 0.37 0.30 0 0.48 0.02 0.13 0.09 0.00 0.43
United
King-
dom

2018 0.76 0.67 0.49 0 0.57 0.01 0.09 0.06 0.33 -0.23

Austria 2019 0.75 0.43 0.33 0 0.56 0.01 0.11 0.08 0.00 0.39
Bulgaria 2020 0.75 0.47 0.36 0 0.56 0.02 0.14 0.11 0.01 0.34

Key Observations

1. Limited Explanatory Power of theMedian Country: Themedian country does not serve
as an effective benchmark for explaining free allowance allocations across other coun-
tries, indicating that central tendencies alone may not capture the nuances in allocations.

2. Potential Explanatory Role of Specific Countries: Certain countries, such as Germany,
show inherent differences that make them potentially better reference points for explain-
ing allocations in other countries. This suggests that specific national profiles might be
more representative than a simple median.

3. Phase-Independence of Results: The weak correlation observed in this experiment ap-
pears to be largely unaffected by the phase of the EU ETS, suggesting that these poor
results are consistent over different regulatory periods.

4.4 Experiment 3: Optimal Feature Weights

Objective Determine the optimal linear combination of attributes for each country, permit-
ting potential overfitting, to evaluate if certain countries remain unexplained by others’ allo-
cations, independent of the chosen model. This experiment fundamentally scrutinizes what
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Figure 4.3: Experiment 2 Distances from from the median country

(a) Phase I: 2006 (b) Phase II: 2010

(c) Phase III: 2018 (d) Phase III: 2018 NOT THE MEDIAN

”relevant” means in Aristotle’s principle of ”Horizontal Equity,” addressed in section 3.3. It is
imperative to follow Aristotle’s guideline of ”… in proportion to the relevant similarities and
differences.” In order to preserve these key differences, we use a general optimization algorithm
to identify the best feature combination.

Hypothesis Even with an optimized selection of attributes, certain countries cannot ade-
quately explain the free allocations of others, highlighting the disparities in the allocation
mechanism.
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4.4.1 Methodology

Feature Selection and Model Building:

• For each country i, build a linear regression model to predict free allocations Y of other
countries using their attributes Y and the country’s own attributes x⃗i. The following
attributes were included:

1. Total energy supply
2. GDP per capita
3. Population
4. Inflation
5. Agriculture
6. Industry
7. Manufacturing
8. Energy Intensity

In this experiment, we avoided using verified emissions as this would be too correlated
on its own.

• Allow the model to find the optimal weights for each attribute, using algorithm R’s built
in optim package that utilizes ”L-BFGS-B” (a general purpose optimizer).

Evaluation of Model Performance: Record all the values of R2 using a different country
every time.

4.4.2 Results and Analysis

Table 4.6: R2 values for all the countries throughout the years of the ETS section 4.4

Country 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Austria 0.82 0.81 0.80 0.84 0.83 0.83 0.82 0.82 0.89 NA 0.89 0.90 0.89 0.87 0.85 0.87
Belgium 0.77 0.75 0.73 0.77 0.75 0.77 0.75 0.75 0.81 0.80 0.79 0.81 0.78 0.75 0.74 0.75
Bulgaria 0.83 0.82 NA 0.83 0.81 0.83 0.80 0.80 0.92 NA 0.92 0.93 0.92 0.91 0.91 0.92
Denmark 0.82 0.82 0.80 0.85 0.84 0.84 0.83 0.83 0.92 0.92 0.92 0.93 0.92 0.92 0.91 0.92
Estonia 0.84 0.83 0.81 0.86 0.85 0.86 0.84 NA 0.93 0.93 NA 0.93 0.93 0.92 0.92 0.93

Finland 0.80 0.79 0.77 0.82 0.81 0.82 0.81 0.81 0.89 0.89 0.90 0.91 NA 0.89 0.89 0.90
France 0.31 0.35 0.23 NA 0.09 0.20 0.18 NA 0.73 0.71 0.56 0.58 0.55 0.53 0.52 0.50
Germany 0.83 0.82 0.80 0.86 0.85 0.85 0.84 0.84 0.93 0.93 0.93 0.94 0.94 0.93 0.92 0.93
Greece 0.74 0.72 0.67 0.71 0.71 0.70 0.68 0.72 0.92 0.92 0.91 0.92 0.92 0.90 NA 0.91
Hungary 0.82 0.81 0.80 0.84 0.82 0.83 0.82 0.82 0.91 NA 0.91 0.92 0.91 0.90 0.90 0.91
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(continued)

Country 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Ireland 0.84 0.82 0.81 NA 0.85 0.85 0.84 0.83 0.92 0.92 0.92 0.93 0.92 NA 0.90 0.91
Italy 0.72 NA 0.64 0.86 0.85 0.85 0.83 0.77 0.87 0.84 0.85 0.86 0.85 0.81 0.81 0.84
Latvia 0.84 0.83 0.82 0.87 0.86 0.86 0.85 0.85 0.93 0.93 0.93 0.94 0.93 0.92 0.92 0.93
Lithuania 0.84 0.83 0.82 0.86 0.86 0.86 0.85 0.84 0.93 0.93 0.93 0.93 0.93 NA 0.92 0.93
Luxembourg 0.84 0.83 0.82 0.87 0.86 0.86 0.85 0.85 0.93 0.93 0.93 0.94 0.93 0.92 0.92 0.93

Netherlands 0.69 0.68 0.64 0.67 0.60 0.62 0.57 0.59 0.69 0.68 0.62 0.65 0.60 0.55 0.53 0.59
Poland 0.72 0.72 0.69 0.68 NA 0.62 0.64 0.68 0.79 0.79 0.78 0.81 0.80 0.78 0.78 0.80
Portugal NA 0.80 0.79 0.83 0.82 0.83 0.81 0.82 0.92 0.92 0.91 0.92 0.92 NA 0.91 0.92
Slovenia 0.84 0.83 0.82 0.87 0.86 0.86 0.85 0.84 0.93 0.93 0.93 0.93 0.93 NA 0.92 0.93
Spain 0.67 0.68 0.57 0.72 0.66 0.66 0.62 0.66 0.83 0.84 0.82 0.84 0.83 0.80 0.79 0.82

Sweden 0.82 0.81 0.80 0.84 0.83 0.83 0.81 0.81 0.86 0.87 0.87 0.88 0.87 0.86 0.86 0.88
United
Kingdom

0.64 0.66 0.63 0.82 0.83 0.83 0.86 0.90 0.75 0.79 0.71 0.76 0.67 0.64 0.58 0.65

Table 4.8: The weights for all the countries throughout the years of the ETS section 4.4

Country Period Energy
Supply

GDPpc Popu-
lation

Inflation Agricul-
ture

Industry Manufac-
turing

Energy
Inten-

sity

Max
Std

Austria Period 1 7.51 0.00 100.00 0.02 0.70 1.71 1.18 0.84 12.01
Period 2 50.53 0.17 78.39 0.00 0.21 2.27 0.28 0.00 43.53
Period 3 100.00 1.12 0.00 0.15 0.00 1.91 0.00 0.37 2.02

Belgium Period 1 30.30 6.51 99.99 0.61 1.31 6.29 0.00 1.59 27.68
Period 2 78.00 5.17 56.29 0.54 0.00 0.00 2.11 2.15 51.91
Period 3 99.99 9.20 0.00 0.37 0.28 0.00 1.07 0.83 1.31

Bulgaria Period 1 4.22 0.00 99.98 3.87 0.15 0.50 0.53 0.29 8.43
Period 2 54.38 0.01 82.49 0.54 0.00 2.28 2.83 0.04 48.80
Period 3 100.00 0.00 3.98 0.00 0.00 0.00 0.00 0.00 3.63

Denmark Period 1 8.56 0.42 99.91 0.76 0.96 5.42 0.63 0.67 13.04
Period 2 61.90 0.00 67.08 0.18 0.21 4.55 0.00 0.31 45.30
Period 3 100.00 0.00 3.32 0.00 0.00 0.00 0.00 0.00 2.93

Estonia Period 1 6.22 0.00 100.00 0.51 0.37 1.55 5.63 0.00 9.92
Period 2 57.65 0.00 61.58 0.03 0.00 1.39 0.02 0.00 48.90
Period 3 100.00 0.00 5.09 0.00 0.00 0.00 0.00 0.00 4.02

Finland Period 1 31.42 6.35 99.98 0.41 2.04 0.00 0.74 1.34 35.50
Period 2 82.92 0.45 53.95 0.13 0.00 2.17 0.24 0.00 50.78
Period 3 100.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.16

France Period 1 0.00 9.43 8.84 10.34 3.07 0.00 99.94 13.15 19.52
Period 2 0.00 4.29 42.90 11.46 0.00 0.00 99.00 15.03 23.34
Period 3 0.00 6.09 80.11 7.68 22.89 54.66 55.70 0.00 50.64
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(continued)

Country Period Energy
Supply

GDPpc Popu-
lation

Inflation Agricul-
ture

Industry Manufac-
turing

Energy
Inten-

sity

Max
Std

Germany Period 1 4.28 0.00 85.35 1.45 16.15 67.19 58.46 7.30 43.12
Period 2 53.63 0.00 73.23 0.00 13.90 0.00 77.29 12.62 41.06
Period 3 84.75 0.00 3.11 8.31 9.57 16.67 75.05 11.87 40.82

Greece Period 1 5.36 4.26 99.99 6.08 8.63 12.72 3.97 0.94 17.42
Period 2 59.33 2.63 68.22 0.47 0.00 0.00 2.26 2.88 52.30
Period 3 100.00 0.00 3.64 0.00 0.09 0.00 0.00 0.00 2.12

Hungary Period 1 8.17 0.00 99.99 0.01 1.57 2.58 1.60 0.44 14.68
Period 2 60.50 0.00 82.76 0.37 0.01 3.79 0.00 0.00 35.12
Period 3 100.00 0.00 7.53 0.01 0.23 0.00 0.00 0.00 2.53

Ireland Period 1 7.67 0.00 99.99 0.00 0.08 0.59 1.79 1.01 11.33
Period 2 62.09 0.20 67.49 0.08 0.35 4.49 0.00 0.48 44.79
Period 3 100.00 0.00 1.37 0.00 0.00 0.04 0.12 0.09 1.87

Italy Period 1 99.87 0.00 15.25 0.00 2.47 0.00 0.01 0.00 17.86
Period 2 99.96 0.05 17.30 3.15 1.89 0.73 2.73 0.00 11.61
Period 3 99.98 0.35 2.06 1.08 4.04 0.91 0.00 0.24 3.69

Latvia Period 1 4.30 0.00 100.00 0.58 0.00 0.00 0.18 1.00 7.92
Period 2 59.54 0.00 69.29 0.00 0.00 0.00 0.00 0.04 43.22
Period 3 100.00 0.00 4.87 0.00 0.00 0.00 0.00 0.00 4.00

Lithuania Period 1 6.44 0.00 100.00 0.94 0.00 0.00 1.20 0.32 9.52
Period 2 60.19 0.00 68.12 0.00 0.03 0.00 0.00 0.00 43.86
Period 3 100.00 0.00 3.60 0.00 0.07 0.00 0.03 0.01 3.31

LuxembourgPeriod 1 6.72 0.00 100.00 0.43 0.00 0.39 0.18 0.71 11.14
Period 2 59.65 0.00 69.55 0.00 0.00 0.02 0.00 0.05 44.08
Period 3 100.00 0.00 5.64 0.00 0.00 0.00 0.00 0.00 4.13

NetherlandsPeriod 1 44.27 14.34 99.77 1.09 2.26 0.99 15.57 1.65 33.97
Period 2 98.51 9.55 41.52 2.43 0.00 0.00 8.15 16.93 45.54
Period 3 100.00 12.09 0.00 3.77 4.25 0.00 0.84 29.53 9.96

Poland Period 1 0.00 0.12 99.87 8.05 18.01 0.00 3.21 0.00 17.34
Period 2 23.00 0.00 99.99 6.55 2.53 0.00 3.12 0.00 32.88
Period 3 96.36 0.00 34.96 2.69 2.77 0.00 0.00 4.44 39.15

Portugal Period 1 18.11 0.00 99.99 0.00 2.49 2.01 0.45 0.17 11.91
Period 2 73.47 0.00 67.41 0.00 0.30 6.47 0.00 0.00 44.94
Period 3 100.00 0.00 1.70 0.00 0.00 0.00 0.00 0.00 2.34

Slovenia Period 1 8.49 0.00 100.00 0.00 0.03 0.00 0.19 1.01 13.46
Period 2 59.30 0.00 69.99 0.00 0.00 0.00 0.00 0.08 43.79
Period 3 100.00 0.00 7.29 0.00 0.00 0.00 0.00 0.00 4.31

Spain Period 1 100.00 0.45 40.90 7.94 18.04 0.00 38.87 0.11 31.84
Period 2 100.00 1.49 62.89 2.20 0.00 0.00 34.49 0.00 22.45
Period 3 100.00 0.00 29.18 3.71 0.00 14.26 0.00 0.00 7.11
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(continued)

Country Period Energy
Supply

GDPpc Popu-
lation

Inflation Agricul-
ture

Industry Manufac-
turing

Energy
Inten-

sity

Max
Std

Sweden Period 1 0.00 0.00 99.91 0.00 0.90 2.50 2.26 0.83 3.26
Period 2 40.52 1.04 63.11 0.10 0.59 3.28 0.35 0.00 54.31
Period 3 100.00 0.42 0.96 0.02 0.00 0.02 0.00 0.00 1.47

United
King-
dom

Period 1 91.27 0.00 10.68 16.05 0.00 0.00 42.88 0.09 43.90

Period 2 99.98 0.00 11.57 0.00 0.00 0.00 15.02 0.46 21.23
Period 3 100.00 0.00 0.00 0.38 0.00 2.66 15.15 0.00 8.92

The results of Experiment 3 offer profound insight into the complexities of modeling free
allowance allocations among EUmember countries. By seeking the optimal linear combination
of eight key economic and energy attributes for each country, our objective was to determine
to what extent individual countries can explain the allocation patterns of others, even when
overfitting is permitted.

Variability in Predictive Accuracy: Table Table 4.6 presents the highest values R2 achieved
for each country in different years using any linear combination of selected attributes. The
results reveal significant variability in predictive accuracy among countries:

• High Predictive Power: Countries such as Austria, Denmark, Sweden and Germany
consistently achieved high R2 values, often exceeding 0.85 in all EU ETS phases. This
suggests that these countries’ economic and energy profiles are sufficiently representa-
tive to model the allocations of other member states effectively.

• Low Predictive Power: In contrast, countries such as Poland and France exhibited lower
R2 values, indicating a weaker ability to explain others’ allocations. Poland’s R2 val-
ues, for example, hovered around 0.72 in Phase I and only marginally improved in later
phases, highlighting inherent differences in its profile that the linear models do not cap-
ture.

Diversity in Optimal Attribute Weights: Table Table 4.8 illustrates the optimal weights as-
signed to each attribute that yielded the bestR2 values for each country during the three phases
of the EU ETS. Key observations include:

• Attribute Dominance: Many countries heavily weighted the attribute of total energy
supply. For example, Italy, Spain, and Germany assigned nearly 100% weight to this
attribute in certain periods, underscoring its importance in their allocation models.

• Varied Attribute Importance: Other countries displayed a more diversified weighting.
France, for instance, placed substantial weight on attributes likeManufacturing andAgri-
culture, reflecting the unique aspects of its economic structure.
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• Shifts Across Phases: The optimal weights for some countries changed significantly in
different phases of the ETS, indicating adjustments in their economic profiles or in the
allocation mechanism itself. Nonetheless, the majority of them remained fairly consis-
tent.

Systematic Patterns and Anomalies:

1. Consistent Underperformance: Despite searching for the best linear combination, some
countries, such as Poland and France, struggled to achieve consistently high values ofR2.
This suggests that the selected attributes may not fully capture the factors influencing
their allocation patterns or that unique unmodeled factors influence their allocations.

2. Robust Predictors: Countries such as Sweden and Germany maintained high predictive
power, indicating that their economic and energy profiles are more aligned with the
overall allocation mechanisms of the EU ETS.

4.4.3 Discussion

The findings of Experiment 3, combined with insights from Experiments 1 and 2, reveal the
complexities and nuances in attempting to model the fairness of EU ETS free allowance allo-
cations. The observed variability in the prediction accuracy between member states highlights
the limitations of linear models when applied to the unique economic and energy profiles of
each country. Given these findings, cluster analysis can provide a more effective approach to
account for diversity between member states, grouping countries with similar economic and
energy profiles to better understand the underlying patterns in allocation outcomes.

The limitations identified may be analyzed on a case-by-case basis. For instance, Poland’s
unique dependence on coal, together with its use of Article 10c of the ETS [14], or the variety
of economic activities in France, might account for their allocation patterns. However, these
outliers suggest that such countries might belong to clusters distinct from other EU members.
Rather than enforcing a uniform model, employing cluster analysis would enable the identifi-
cation of country groups with similar structural traits, thus facilitating amore precise approach
to modeling their allocation patterns.

4.5 Conclusion

The analysis across the three experiments underscores the need for a more nuanced approach
to modeling free allowance allocations within the EU ETS. In particular, significant differences
in predictive accuracy suggest that a cluster analysis could uncover groups of countries with
similar economic and energy profiles, offering insights beyond those provided by linearmodels.
This approach would allow for a better understanding of shared allocation patterns and reduce
the risk of oversimplification inherent in standardized linear models.
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Chapter 5

Assessing the Limitations of Relaxed Horizontal Equity
in EU ETS Allocation

5.1 Introduction

In this chapter, our objective is to deepen our understanding of the allocation of free allowances
under the European Union Emissions Trading System (EU ETS) by employing a clustering anal-
ysis of EU Member States based on selected economic and energy indicators. The allocation of
emission allowances is a critical component of the EU ETS, which impacts the fairness and effi-
ciency of the system. By examining how different countries are grouped according to relevant
attributes, we can gain insight into the underlying principles that govern the allocation process
and assess whether the allocation aligns with notions of equity and economic efficiency [19]
(Dimos et al., 2023).

Following the literature on allowance allocation, we select multiple complementary criteria
as characteristics that describe EUMember States in terms of size, economic health, and energy
intensity. Our aim is to observe whether equity and efficiency are achieved in the EU ETS
allocation procedure. Using a clustering approach, we first categorize the Member States based
on the selected features and then compare each cluster regarding free allocation. Previous
literature has used cluster analysis primarily to group EU countries based on greenhouse gas
(GHG) emissions [26, 44] or allowance transfer patterns in the EU ETS [6].

5.2 Data Collection and Indicator Selection

Following the indicator selection methodology described by [55] (Zhou and Wang, 2016), we
select a set of economic and energy indicators that represent the principles of fairness and
economic efficiency in the context of the allocation of emission allowances. Indicators are
chosen to capture various aspects of each country’s profile, including population size, economic
health, energy consumption, and intensity.

The selected indicators, along with their associated allocation principles and data sources,
are presented in Table 3.2.

We consider data from 2005 to 2020, covering the first three phases of the EU ETS:

• Phase I (2005-2007): The pilot phase primarily uses grandfathering allocation methods.
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Table 5.1: List of Indicators along with the Allocation Principles of [55] (Zhou & Wang 2016),
aligned with Mοulin’s principles as presented in Table 3.2

Indicators Principle Data Source Moulin’s Prin-
ciple

Population Fairness https://data.worldbank.org/
indicator/SP.POP.TOTL

Exogenous
Rights and pos-
sibly Reward

GDP per capita Fairness https://data.worldbank.org/
indicator/NY.GDP.PCAP.CD

Fitness and
Compensation

Inflation Fairness https://data.worldbank.org/
indicator/FP.CPI.TOTL.ZG

Compensation
or Fitness

Agriculture Fairness http://wdi.worldbank.org/
table/4.2#

Fitness or Com-
pensation

Industry Fairness http://wdi.worldbank.org/
table/4.2#

Reward or Fit-
ness or Com-
pensation

Manufacturing Fairness http://wdi.worldbank.org/
table/4.2#

Reward or Fit-
ness or Com-
pensation

Total Energy Sup-
ply

Fairness https://ec.europa.eu/
eurostat/databrowser/view/
nrg_bal_s/

Reward or Fit-
ness

Energy Intensity Economic
Efficiency

https://ec.europa.eu/
eurostat/databrowser/view/
NRG_IND_EI

Reward or Fit-
ness

Verified Emissions Fairness https://www.eea.europa.eu/
data-and-maps/dashboards/
emissions-trading-viewer-1

Reward

• Phase II (2008-2012): The first commitment period under the Kyoto Protocol, with con-
tinued use of grandfathering.

• Phase III (2013-2020): A shift towards benchmarking and auctioning, with more central-
ized allocation rules.

The selection of these indicators aims to capture the principles of fairness, such as the
ability to pay and vertical equity, and economic efficiency, which relate to the effective use of
resources in reducing emissions.

96

https://data.worldbank.org/indicator/SP.POP.TOTL
https://data.worldbank.org/indicator/SP.POP.TOTL
https://data.worldbank.org/indicator/NY.GDP.PCAP.CD
https://data.worldbank.org/indicator/NY.GDP.PCAP.CD
https://data.worldbank.org/indicator/FP.CPI.TOTL.ZG
https://data.worldbank.org/indicator/FP.CPI.TOTL.ZG
http://wdi.worldbank.org/table/4.2#
http://wdi.worldbank.org/table/4.2#
http://wdi.worldbank.org/table/4.2#
http://wdi.worldbank.org/table/4.2#
http://wdi.worldbank.org/table/4.2#
http://wdi.worldbank.org/table/4.2#
https://ec.europa.eu/eurostat/databrowser/view/nrg_bal_s/
https://ec.europa.eu/eurostat/databrowser/view/nrg_bal_s/
https://ec.europa.eu/eurostat/databrowser/view/nrg_bal_s/
https://ec.europa.eu/eurostat/databrowser/view/NRG_IND_EI
https://ec.europa.eu/eurostat/databrowser/view/NRG_IND_EI
https://ec.europa.eu/eurostat/databrowser/view/NRG_IND_EI
https://www.eea.europa.eu/data-and-maps/dashboards/emissions-trading-viewer-1
https://www.eea.europa.eu/data-and-maps/dashboards/emissions-trading-viewer-1
https://www.eea.europa.eu/data-and-maps/dashboards/emissions-trading-viewer-1


5.3 Methodology

5.3.1 Data Normalization

Before performing the cluster analysis, it is essential to normalize the data to ensure that each
indicator contributes equally to the clustering process. In this chapter, we focus on normal-
izing each indicator by dividing the value for each country by the corresponding average
across all countries for each year. This approach provides a straightforward and balanced
comparison across countries, ensuring that each indicator’s influence on clustering is consis-
tent.

However, other normalization methods could be employed, each offering unique advan-
tages:

• Division by Maximum: Dividing each value by the maximum of the data set ensures
that all values lie between zero and one, emphasizing the relative size of each country’s
indicator.

• Linear Normalization or ”Max-Min” Method: Using the (x− xmin)/(xmax − xmin) for-
mula allows for a balanced scaling between minimum and maximum values, helping to
mitigate the impact of outliers.

• Normalization Similar to Principal Component Analysis (PCA): PCA normalizes data
by initially eliminating the DC offset, effectively centering the data around a mean of 0,
and subsequently scaling the data to fit within the range of [-1,1].

Each alternative method provides a different perspective and could influence how clus-
ters are perceived and interpreted. However, for the purposes of this chapter, average-based
normalization remains the primary method used in the analysis.

5.3.2 Clustering Method

We employ the k-means clustering algorithm to categorize the EU Member States based on the
selected indicators. Clustering of K-means is a partitioning method that aims to divide a set of
observations into k clusters in which each observation belongs to the cluster with the nearest
mean, serving as a cluster prototype.

5.3.3 Determination of Optimal Number of Clusters

Determining the optimal number of clusters, k, is a crucial step in the clustering process. We
utilized the NbClust package in R to identify the best number of clusters. The NbClust function
provides 30 indices for determining the number of clusters and proposes the best clustering
scheme based on the majority rule.

Given the relatively small number of countries (25 EU Member States considered), we re-
strict the possible number of clusters to between 3 and 7 to ensuremeaningful and interpretable
groupings.
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For each year, those indicators are summarized in a table like this:

*******************************************************************
* Among all indices:
* 9 proposed 3 as the best number of clusters
* 2 proposed 4 as the best number of clusters
* 8 proposed 5 as the best number of clusters
* 5 proposed 7 as the best number of clusters

***** Conclusion *****

* According to the majority rule, the best number of clusters is 3

Table 5.2 presents the results from every year with the votes on every number of clusters. The
algorithm used normalized data - using the mean of each attribute - and the range in which
the indices could search was 3 to 7.

It is clear that the clustering is not unique, but we need to standardize one clustering to
perform our analysis. We chose the clustering that results from the 2018 data using the mean
for normalization. Here we can observe its difference from other clusterings produced on data
from other years. In the first plot, we let each year produce the best clustering, even with a
different number of clusters. In the second, we forced it to equal the 3 clusters of 2018.

5.3.4 Results of Clustering

The NbClust analysis suggests that the optimal number of clusters is 3. The resulting clusters
of EU Member States are illustrated in Figure 5.2

Temporal Consistency of Clustering

To assess the stability of these clusters over time, we compared the clustering results of 2018
with those from other years. Leaving each year to determine its optimal number of clusters
(Figure 5.2a), we observed variations in cluster composition and number. However, when we
fixed the number of clusters to three for all years (Figure 5.2 b), the clusters remained relatively
consistent over time. This consistency suggests that the clustering based on the 2018 data
provides a reasonable representation of the grouping of Member States throughout the EU
ETS phases.

Cluster Composition

• Cluster 1: France, Germany, Italy, Poland, Spain, United Kingdom

• Cluster 2: Bulgaria, Estonia, Hungary, Latvia, Lithuania, Romania

• Cluster 3: Austria, Belgium, Cyprus, Denmark, Finland, Greece, Ireland, Luxembourg,
Malta, Netherlands, Portugal, Slovenia, Sweden
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Figure 5.1: Comparisons of clusters of 2018 vs other years

(a) Each year could yield different number of clusters

(b) All years forced to have 3 clusters
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Year Clusters =
3

Clusters =
4

Clusters =
5

Clusters =
6

Clusters =
7

Majority
Cluster

Phase I (2005-2007)
2005 9 2 8 0 5 3
2006 6 7 7 2 1 4
2007 10 2 10 2 0 3
Summary Phase I shows a preference for clusters of 3 and 5, with the ma-

jority clustering at 3 in most years.
Phase II (2008-2012)

2008 5 3 13 0 2 5
2009 8 9 1 3 3 4
2010 6 1 6 2 9 7
2011 8 2 3 6 4 3
2012 6 3 2 10 3 6
Summary Phase II exhibits more variation, with clusters of 4, 5, 6, and 7 all

being favored in different years, although cluster 3 remains the
most voted.

Phase III (2013-2020)
2013 10 6 1 3 4 3
2014 10 4 5 1 4 3
2015 6 2 4 7 5 6
2016 10 6 2 2 3 3
2017 13 3 6 0 2 3
2018 10 4 3 0 7 3
2019 10 4 3 0 7 3
2020 4 4 6 4 6 5
Summary Phase III heavily favors cluster 3, with occasional years leaning

towards clusters 5 or 6, but the majority rule for most years re-
mains at 3.

Table 5.2: Yearly cluster analysis with majority votes for optimal clusters in each phase.

Cluster 1 comprises some of the largest economies and most populous countries in the
EU. These countries have significant industrial sectors, higher total energy consumption, and
higher verified emissions. Their economies are diverse, with substantial contributions from
industry and manufacturing, which are sectors that are energy intensive.

Cluster 2 includes several eastern European countries with smaller economies and lower
GDP per capita. These countries often have higher energy intensity due to less efficient energy
use and reliance on older technologies. Their industrial sectors may be significant relative to
their economies, but in absolute terms, they are smaller than those in Cluster 1.

Cluster 3 consists of a mix of smaller and medium-sized economies, many of which have
higher GDP per capita and more advanced energy efficiency measures. These countries often
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Figure 5.2: Map of Clustering

have significant service sectors and have made substantial investments in renewable energy
and energy efficiency technologies.

Analysis of Clusters in Terms of Free Allowance Allocation

The Figure 5.3 show the allocation of free emission permits. The following observation can be
made:

1. Average Free Allocation Between Countries and Phases. This plot shows the average free
allocation for each country in three phases. Phase 1 (2005-2007), Phase 2 (2008-2012) and
Phase 3 (2013-2020), grouped by clusters.
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2. Average Free Allocation Between Countries and Phases (Log Scale). This plot uses a log-
arithmic scale to visualize average free allocation across countries and phases, allowing
better data comparison with a wide range of values.

3. Average Free Allocation per Capita Between Countries and Phases. This plot displays the
average free allocation per capita for each country across the three phases, facilitating
comparison of allocations on a per-person basis.

Key Observations:

1. Declining Allocation Over Phases: There is a clear declining trend in the allocation of
free allowances across all clusters from Phase I to Phase III. This reflects the EU ETS’s
design, which progressively reduces the total number of allowances to encourage emis-
sions reductions.

2. Differences in Absolute Allocation: Cluster 1 countries receive the highest absolute
amounts of free allowances, consistent with their larger economies and higher emissions.
Cluster 2 receives the lowest absolute allocations, while cluster 3 sits between the other
two clusters.

3. Per Capita Allocation Differences: When considering free allocation per capita (Fig-
ure 5.3c), Cluster 2 and 3 countries receive significantly higher allocations compared to
Cluster 1, particularly in Phases I and II.

4. Shift Towards Uniformity: Over time, the per capita allocations among the clusters con-
verge, indicating a shift towards a more uniform allocation approach in Phase III.

5.4 Regression Analysis

To further investigate the relationship between the selected indicators and the allocation of
free allowances, we performed a regression analysis. The goal is to assess which indicators are
significant predictors of the allocation and how this relationship varies between the different
phases of the EU ETS.

5.4.1 Regression Model Specification

Due to multicollinearity among some indicators, we select a subset of variables to include in
the regression model.

• Population

• GDP per capita

• Composite Indicator: Total Energy Supply multiplied by Energy Intensity
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• Total Energy Supply

The composite indicator measures total energy use, corrected for efficiency, making it a
valuable variable for analysis. Essentially, it represents the metric energy2

gdp , which serves as a
stringent efficiency marker.

5.4.2 Regression Results

We perform the regression analysis separately for each phase of the EU ETS to account for
changes in allocation rules and market conditions.

Table 5.3 summarizes the regression results of the different attributes of different clusters
through the phases.

Table 5.3: R2 Values Across Phases and Clusters

Attribute Phase Cluster 1 R2 Cluster 2 R2 Cluster 3 R2

Last Year’s Verified emissions Phase I All clusters 0.9842 —
Phase II All clusters 0.9793 —
Phase III All clusters 0.9111 —

Last Year’s Verified emissions Phase I 0.9510 0.7115 0.9798
Phase II 0.9573 0.9315 0.9697
Phase III 0.8224 0.8245 0.7859

Population Phase I 0.4515 0.08624 0.8275
Phase II 0.4247 0.8879 0.8353
Phase III 0.2807 0.7941 0.8011

GDP per Capita Phase I 0.005165 0.127 0.006142
Phase II 0.06907 0.4672 0.01339
Phase III 0.07561 0.4774 6.58× 10−7

Total Energy Supply Phase I 0.3634 0.1156 0.7121
Phase II 0.3593 0.8039 0.7248
Phase III 0.4334 0.6891 0.9706

Total Energy Supply × Energy Intensity Phase I 0.3639 0.01803 0.6036
Phase II 0.2556 0.6993 0.6321
Phase III 0.4269 0.5703 0.9140

5.4.3 Key Observations

The regression analysis yields several important insights regarding the predictors of free al-
lowance allocations across different phases and clusters:

1. Verified Emissions
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• Shows consistently highR2 values ranging from 0.78 to 0.98 in all phases and clus-
ters.
• Indicates that verified emissions are a strong and reliable predictor of free allowance

allocations.

2. Population

• Shows variable values R2, from as low as 0.08 to as high as 0.89.
• Significant predictor in Cluster 2 and Cluster 3, particularly during Phase II.

3. GDP per Capita

• Generally low R2 values below 0.5 in all phases and clusters.
• Suggests that GDP per capita is not a significant determinant of free allowance

allocations.

4. Total Energy Supply

• Displays moderate to high R2 values, increasing in later phases.
• Strong predictor in Cluster 3 during Phase III with an R2 of 0.9706.

5. Composite Indicator (Total Energy Supply × Energy Intensity)

• Shows a wide range of values of R2 from 0.02 to 0.91.
• Particularly strong predictor in Cluster 3 during Phase III (R2 = 0.9140).

6. Overall Trends

• Increasing relevance of energy-related indicators in the later phases of the EU ETS.
• The decreasing influence of GDP per capita over time, highlighting a shift towards

energy efficiency and emissions-focused allocation criteria.

5.4.4 Implications of the Results

• Grandfathering and Energy: The near perfect R2 values for verified emissions can be
attributed to the grandfathering which, even though is declining, it was prevalent on
Phase I and Phase II

• Fairness Considerations: The varying impact of population metrics suggests that fair-
ness principles, such as per capita allocations, are significant, especially in certain clus-
ters and phases.

• Limited Role of Economic Wealth: The minimal influence of GDP per capita indicates
that economic prosperity per individual is not a primary factor in the allocation process,
potentially avoiding biases toward wealthier nations.
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5.5 Conclusion

This chapter has provided an in-depth analysis of the allocation of free emission allowances
under the EU ETS by employing clustering and regression techniques. The clustering of EU
Member States based on economic and energy indicators revealed three distinct groups, each
with unique characteristics that influence their allocation of free allowances.

Our findings highlight the following.

• The Allocation Mechanism is Multifaceted: The allocation of free allowances is not
solely based on emissions levels but also incorporates considerations of economic size,
energy intensity, and fairness principles.

• Verified Emissions are a Key Determinant: Across all clusters and phases, verified emis-
sions are a strong predictor of free allocations.

• Fairness Considerations are Evident: Higher per capita allocations to less affluent and
more energy-intensive countries suggest that the allocation mechanism accounts for dif-
fering capacities and challenges among Member States.

• Policy Evolution Reflects Shifting Priorities: The decreasing trend in free allocations
and the increasing significance of energy efficiency indicators indicate a shift towards
stricter emissions control and a greater emphasis on sustainable energy practices.

In general, the allocation of free allowances under the EU ETS appears to be guided by a
nuanced approach that balances efficiency and equity.
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(a) Average Free Allocation Across Countries and Phases.

(b) Average Free Allocation Across Countries and Phases (Log Scale).

(c) Average Free Allocation per Capita Across Countries and Phases.

Figure 5.3: Comparison of Free Allocations Across Countries and Phases.
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(a) Plot 1: Free Allocation vs Population for Phase
I

(b) Plot 2: Free Allocation vs Population for Phase
II

(c) Plot 3: Free Allocation vs Population for Phase
III

(d) Plot 4: Free Allocation vs GDP per capita for
Phase I

(e) Plot 5: Free Allocation vs GDP per capita for
Phase II (f) Free Allocation vs GDP per capita for Phase III

Figure 5.4: Free Allocation vs Population and GDP per capita
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(a) Plot 1: Free Allocation vs Total Energy Supply
for Phase I

(b) Plot 2: Free Allocation vs Total Energy Supply
for Phase II

(c) Plot 3: Free Allocation vs Total Energy Supply
for Phase III

(d) Plot 4: Free Allocation vs Total Energy Supply
times Energy Intensity for Phase I

(e) Plot 5: Free Allocation vs Total Energy Supply
times Energy Intensity for Phase II

(f) Free Allocation vs Total Energy Supply times
Energy Intensity for Phase III

Figure 5.5: Free Allocation vs Total Energy Supply or Total Energy Supply times Energy In-
tensity
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Chapter 6

Allowance Allocation as an Optimization Problem

6.1 Introduction

In this chapter, we transition from analyzing the fairness and efficiency of current allocation
practices to proposing an optimized allocation model for the European Union Emissions Trad-
ing System (EU ETS). Based on the findings from previous chapters, particularly the clustering
and regression analyses, our aim is to balance the principles of fairness and economic efficiency
in the allocation of free emission allowances.

The primary contribution of the optimization model is to standardize the allocation criteria
by expressing all factors on an equal basis, effectively attempting to balance social welfare
across Member States. The model seeks to integrate both country-centric and sector-based
approaches, recognizing that viewing the allocation of free permits solely as a country-centric
problem is not entirely unjustifiable. By combining these approaches within an optimization
framework, we can capture the nuances of both perspectives.

In this model, economic efficiency is encapsulated in the objective function, while fairness
is represented through the constraints. Our goal is to provide a versatile tool for analyzing
different allocation principles using a straightforward allocation mechanism. By adjusting the
constraints and parameters, the model can simulate various principles of fairness and assess
their impact on the allocation outcomes.

At the end of this chapter, we will present different formulations of the problem to illustrate
how alternative fairness considerations can be incorporated into the allocation mechanism.

6.2 Mathematical Formulation

6.2.1 Variables and Parameters

To formalize the optimization problem, we define the following variables and parameters:

1. Countries i ∈ C : The set of EU Member States participating in the EU ETS.

2. Sectors j ∈ S: The set of sectors subject to emission allowances.

3. Years t: The time periods considered.
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4. Percentage of Free Allocation vi,j,t: The percentage of total free allocation assigned to
country i, sector j, in year t. The year t will be omitted when the context allows, and
t− 1 will be used to refer to the previous year.

5. Gross Domestic Product GDPi,j,t: The GDP produced by sector j in country i, in year
t.

6. Verified Emissions ei,j : The verified emissions of sector j in country i, in year t.

7. Purchasing Power Standards Multiplier PPSi: A factor similar to purchasing power
parity (PPP), used to convert euros into purchasing power in country i, in year t.

8. Aggregate Free Allocation vi: The total percentage of free allocation given to the coun-
try i.

9. Aggregate Free Allocation vj : The total percentage of free allocation given to sector j.

10. Multipliers αk: Parameters used to encapsulate the principles of fairness and efficiency,
controlling the allowable deviations in allocations.

6.2.2 Objective Function

The optimization model aims to maximize the overall economic efficiency of the allocation,
measured by the ability of countries and sectors to transform allowances into economic value
adjusted for purchasing power. The objective function is defined as:

maximize Z =
∑
i∈C

∑
j∈S

vi,j,t ·
GDPi,j,t−1

ei,j,t−1
· PPSi,t (6.1)

This function rewards allocations to sectors and countries that can generate more GDP per
unit of emissions, adjusted for purchasing power, thereby promoting economic efficiency, in
accordance with Moulin’s fitness principle 4.

6.2.3 Constraints

Optimization is subject to several constraints that incorporate fairness principles and practical
considerations.

Total Cap Constraint

The total allocation must not exceed the EU’s emission cap, which is normalized to 1 in terms
of percentages. ∑

i∈C

∑
j∈S

vi,j = 1 (6.1)
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Country and Sector Allocation Constraints

The total allocation for each country is the sum of allocations across all sectors and similarly
for each sector:

vi =
∑
j∈S

vi,j ∀i ∈ C (6.2)

vj =
∑
i∈C

vi,j ∀j ∈ S (6.3)

Historical Deviation Bounds

To maintain stability and prevent abrupt changes in allocations, we impose bounds on the
allowable deviation from the previous year’s allocations, aligning with Moulin’s Principle of
Compensation 1.

For countries:

α1 · vi,t−1 ≤ vi,t ≤ α2 · vi,t−1 ∀i ∈ C (6.4)

For sectors:

α3 · vj,t−1 ≤ vj,t ≤ α4 · vj,t−1 ∀j ∈ S (6.5)

Population-Based Fairness

To incorporate fairness based on population, we constrain the country allocations to be pro-
portional to their share of the total EU population, aligning to Moulin’s Principle of Exogenous
Rights 3:

vi ≈
Populationi∑
i∈C Populationi

∀i ∈ C (6.6)

This can be formulated as an equality or an inequality with acceptable deviation bounds.

Economic Activity Proportionality

To ensure that sectoral allocations within each country reflect the sector’s contribution to the
country’s economy, aligning with Moulin’s Principle of Reward 2, we include:

vi,j ≈
GDPi,j

GDPi
· vi ∀i ∈ C, ∀j ∈ S (6.7)

Again, this can be formulated with acceptable deviations.
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Definition of Multipliers

The multipliers αk are parameters that control the allowable deviations and can be adjusted to
simulate different fairness principles.

Example definitions:

α1 = min
(
0.8,

GDP

GDPi

)
(6.8)

α2 = max
(
1.2,

GDP

GDPi

)
(6.9)

where GDP is the average GDP in all countries. These definitions allow countries with
lower GDP to have smaller allowable decreases and more significant allowable increases in
allocations.

6.2.4 Explanation of the Constraints

The constraints serve to balance fairness and efficiency.

• Total Cap Constraint ensures that the total allocation does not exceed the cap set by the
EU ETS.

• Country and Sector Allocation Constraints to maintain consistency in the aggregation
of allocations between countries and sectors.

• Historical Deviation Bounds prevent sudden changes in allocations that could disrupt
economies or industries, allowing gradual transitions. This aligns with the compensation
principle of Moulin 1. The notion here is that the agents are not responsible for their
different emissions in the past and thus are compensated in their journey to convergence.

• Population-Based Fairness aligns allocations with the principle of equal per capita en-
titlements, supporting vertical equity. Thus, it is fundamentally the ”Equal right to Pol-
lute”, which sits under the ”Exogenous Rights” of the Moulin’s Principles 3.

• Economic Activity Proportionality ensures that sectors that contribute more to the
economy receive allocations that are proportional to their economic significance. Here,
this sum of utility is captured in the fitness principle or in the reward principle of Moulin
4, 2.

• Multipliers αk allow flexibility in the model to incorporate different fairness principles,
such as the ability to pay or historical responsibility.
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6.3 Solution and Methodology

6.3.1 Algorithm Selection

The optimization model is a linear programming problem (LP), as both the objective function
and the constraints are linear in the decision variables vi,j . Linear programming is suitable for
efficiently solving such problems, even with a large number of variables and constraints.

In cases where non-linear constraints or integer variables are introduced, the problem may
become a Mixed Integer Programming (MIP) or a convex optimization problem, requiring ap-
propriate solution methods.

6.3.2 Data Inputs

The data required for the model include:

• GDP Data (GDPi,j): Sourced from national statistics and Eurostat, representing the
economic output of each sector in each country.

• Verified Emissions (ei,j): Obtained from the European Environment Agency (EEA), re-
flecting the actual emissions reported by sectors.

• Population Data: From the World Bank or Eurostat, used in the population-based fair-
ness constraint.

• Purchasing Power Standards (PPSi): Provided by Eurostat, used to adjust GDP for
purchasing power differences between countries.

• Historical Allocations (vi,t−1, vj,t−1): Past allocation data required for the historical
deviation constraints.

These data inputs are consistent with those used in previous analyses, ensuring continuity
and comparability.

6.3.3 Data Limitations and Model Simplification

In our effort to implement the optimization model with detailed sectoral data, we encountered
significant challenges due to inconsistencies between the coding systems used by different data
sources. The EU ETS database utilizes specific activity codes for sectors, whereas Eurostat and
other statistical agencies use the NACE (Nomenclature statistique des activités économiques
dans la Communauté européenne) codes. Although these two classification schemes overlap,
aligning them precisely proved difficult.

NACE Definition The Statistical Classification of Economic Activities in the European Com-
munity, commonly referred to as NACE (for the French term nomenclature statistique des ac-
tivités économiques dans la Communauté européenne), is the industry standard classification
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system used in the European Union. The current version is revision 2 and was established by
Regulation (EC) No. 1893/2006. It is the European implementation of the UN classification
ISIC, revision 4.

Sector Classification Mapping Despite efforts to reconcile the sector classifications, we were
only able to compile five broad supersectors by grouping codes from both the EU ETS and
NACE systems. The following table illustrates the mapping between the ETS activity codes,
their descriptions, and the corresponding NACE codes and definitions.

Table 6.1: Mapping between EU ETS Activity Codes and NACE Codes

ETS Code EU ETS Activity Type NACE Code NACE Definition Supersector
22 Production of coke C19.10 Manufacture of coke and

refined petroleum prod-
ucts

C19

3 Coke ovens C19.10 Manufacture of coke and
refined petroleum prod-
ucts

C19

2 Mineral oil refineries C19.20 Manufacture of refined
petroleum products

C19

21 Refining of mineral oil C19.10 Manufacture of coke and
refined petroleum prod-
ucts

C19

— Manufacture of Coke and Refined Petroleum Products —
23 Metal ore roasting or sin-

tering
C24.41 Precious metals produc-

tion
C24

24 Production of pig iron or
steel

C24.10 Manufacture of basic iron
and steel and of ferro-
alloys

C24

25 Production or processing
of ferrous metals

C24.10 Manufacture of basic iron
and steel and of ferro-
alloys

C24

26 Production of primary
aluminium

C24.42 Aluminium production C24

27 Production of secondary
aluminium

C24.42 Aluminium production C24

28 Production or processing
of non-ferrous metals

C24.4 Manufacture of basic
precious and other
non-ferrous metals

C24

— Production of Basic Metals —
29 Production of cement

clinker
C23.51 Manufacture of cement C23

Continued on next page

114



ETS Code EU ETS Activity Type NACE Code NACE Definition Supersector
30 Production of lime or cal-

cination of dolomite
C23.52 Manufacture of lime and

plaster
C23

31 Manufacture of glass C23.1 Manufacture of glass and
glass products

C23

32 Manufacture of ceramics C23.3 C23.4 Manufacture of clay
building materials
Manufacture of other
porcelain and ceramic
products

C23

33 Manufacture of mineral
wool

C23.99 Manufacture of other
non-metallic mineral
products n.e.c.

C23

34 Production or processing
of gypsum or plaster-
board

C23.52 Manufacture of lime and
plaster

C23

— Manufacture of Other Non-Metallic Mineral Products —
35 Production of pulp C17.11 Manufacture of pulp C17
36 Production of paper or

cardboard
C17.12 Manufacture of paper and

paperboard
C17

— Manufacture of Paper and Paper Products —
37 Production of carbon

black
C20.14 Manufacture of other or-

ganic basic chemicals
C20

38 Production of nitric acid C20.15 Manufacture of fertilizers
and nitrogen compounds

C20

— Manufacture of Chemicals and Chemical Products —

Limitations Although this mapping provides a general correspondence between the ETS ac-
tivity types and the NACE codes, it is not precise enough for the detailed sectoral analysis
required in our optimization model. The aggregation into broad supersectors limits the gran-
ularity of the data, making it unsuitable for accurately capturing the sector-specific dynamics
within each country.

Due to these data limitations, we concluded that the available sectoral data are not sufficient
to implement the optimization model at the desired level of detail.

Model Simplification

To proceed with our analysis despite the lack of detailed sectoral data, we simplify the model by
focusing solely on country-level information, removing the sector dimension. This adjustment
allows us to continue exploring the optimization framework using the available data while
acknowledging the limitations imposed by the data constraints.
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6.3.4 Reformulated Optimization Model

By eliminating the sectoral index j, the optimization model is reformulated as follows.

Variables and Parameters

• Countries i ∈ C : The set of EU Member States.

• Years t: The time periods considered.

• Percentage of Free Allocation vi,t: The percentage of total free allocation assigned to
country i in year t.

• Gross Domestic Product GDPi: The total GDP of country i.

• Verified Emissions ei: The total verified emissions of the country i.

• Purchasing Power Standards Multiplier PPSi: The PPS adjustment factor for country
i.

• Multipliers αk: Parameters controlling deviation tolerances.

Objective Function

maximize Z =
∑
i∈C

vi ·
GDPi

ei
· PPSi (6.1)

Constraints

1. Total Cap Constraint: ∑
i∈C

vi = 1 (6.2)

2. Historical Deviation Bounds: Compensation Principle 1

α1 · vi,t−1 ≤ vi,t ≤ α2 · vi,t−1 ∀i ∈ C (6.3)

3. Population-Based Fairness: Exogenous Rights Principle 3

vi ≈
Populationi∑
i∈C Populationi

∀i ∈ C (6.4)

This simplified model retains the essential structure of the optimization problem while op-
erating at the country level. It allows us to analyze the allocation of free allowances among
countries based on their economic efficiency and fairness considerations, despite the limita-
tions in sectoral data.
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6.4 Example Runs

To illustrate the application of the model, we present example runs under different scenarios.

6.4.1 Scenario 1: Base case

In the base case, we set the multipliers αk to allow moderate deviations and use the data for
2017 to calculate the 2018 allocation and compare them.

α1 = 0.8

α2 = 1.2

We solve the LP problem using the data input and observe the allocation results:

Forecasted Allocation Observations

• Unreasonable Increase: Romania (47.56%) and Estonia (13.74%) show high allocation
growth, but this is partially attributed to the reduction they actually had in 2018.

• Moderate Growth: Countries such as Sweden (21. 07%), Ireland (15. 87%), and France
(19. 76%) maintain steady increases, reflecting effective resource utilization.

• Notable Decreases: Germany (-5. 62%), Spain (-21. 97%) and Belgium (-21. 03%) experi-
ence allocation reductions, suggesting areas for efficiency improvements.

• Efficiency Correlation: Higher efficiency scores generally align with positive allocation
changes, supporting the notion of effective resource distribution.

• Stable Allocations: Luxembourg, Slovenia, and Cyprus maintain low but stable alloca-
tion percentages, ensuring consistent support for smaller allocations.

6.4.2 Scenario 2: Increased Flexibility &

In this scenario, we allow for greater deviations to explore how allocations change, in addition,
we include a constraint about the Population:

α1 = 0.5

α2 = 2

α3 = 0.5

α4 = 2
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Table 6.2: Forecasted Allocation of 2018, case 1

Country Calculated
Efficiency

This Year
Allocation

Next Year
Allocation

LP Allo-
cated

Deviation

Sweden 11.9490 3.29 % 3.27 % 3.95 % 21.07 %
Ireland 11.0789 1.39 % 1.44 % 1.67 % 15.87 %
France 10.8103 9.71 % 9.73 % 11.66 % 19.76 %
Latvia 10.2065 0.26 % 0.25 % 0.31 % 24.02 %
Luxembourg 9.9518 0.18 % 0.18 % 0.21 % 16.99 %
Denmark 9.9225 1.16 % 1.13 % 1.39 % 22.96 %
Lithuania 9.1099 0.77 % 0.77 % 0.93 % 20.39 %
Austria 9.0483 2.73 % 2.79 % 3.28 % 17.56 %
United Kingdom 8.8856 7.60 % 7.70 % 9.12 % 18.49 %
Romania 8.6489 3.67 % 2.99 % 4.41 % 47.56 %
Italy 7.9020 9.54 % 9.81 % 11.45 % 16.63 %
Slovenia 7.5470 0.25 % 0.25 % 0.29 % 18.37 %
Hungary 7.4713 1.44 % 1.48 % 1.72 % 16.32 %
Germany 6.2988 20.71 % 20.95 % 19.77 % -5.62 %
Spain 6.0700 8.29 % 8.50 % 6.63 % -21.97 %
Finland 5.7170 2.48 % 2.44 % 1.98 % -18.93 %
Belgium 5.6981 4.53 % 4.59 % 3.62 % -21.03 %
Portugal 4.8252 1.53 % 1.57 % 1.22 % -22.40 %
Netherlands 4.1503 6.10 % 6.31 % 4.88 % -22.61 %
Poland 3.7234 9.64 % 9.37 % 7.71 % -17.68 %
Cyprus 2.5220 0.32 % 0.31 % 0.25 % -17.85 %
Bulgaria 2.4126 1.79 % 1.68 % 1.43 % -14.64 %
Greece 1.9529 1.98 % 2.04 % 1.58 % -22.47 %
Estonia 1.6987 0.66 % 0.46 % 0.53 % 13.74 %

1. Country allocation deviation constraint: This constraint ensures that the allocation of
each country vi,t for the current period does not deviate significantly from the allocation
of last year vi,t−1, with limits set by α1 and α2:

α1 · vi,t−1 ≤ vi,t ≤ α2 · vi,t−1 ∀i ∈ C

This implies that the allocation for each country in the current period should fall within
a range determined by a fraction of the previous allocation, where α1 = 0.5 and α2 = 2.
This keeps the allocation changes within the range of 50% to 200% of the previous year’s
allocation.

2. Population-Based Fairness Constraint This constraint ensures that each country’s allo-
cation vi,t is within a range based on its share of the total population of the EU. Let pi
represent the share of population of country i as a fraction of the total EU population:
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α3 · pi ≤ vi,t ≤ α4 · pi ∀i ∈ C

where: pi = Populationi∑
i∈C Populationi

, α3 = 0.5 and α4 = 2.

This restriction ensures that the allocation of each country is proportional to its popu-
lation, restricted within 50% to 200% of its share of the total population. This helps to
fairly balance allocations between countries based on demographic size.

These constraints aim to stabilize allocations by preventing abrupt changes year-to-year, pre-
serving consistency while allowing for measured adjustments based on economic and effi-
ciency goals.

Results

Forecasted Allocation Observations

• Major Increases: Romania (145.94%), France (99.60%), Latvia (106.70%), and Denmark
(104.94%) exhibit the highest allocation growth.

• Significant Decreases: Germany (-50.57%), Belgium (-50.64%), Netherlands (-51.63%),
and Spain (-44.24%) face substantial allocation reductions, indicating potential areas for
efficiency improvements.

• Efficiency Alignment: Higher calculated efficiency scores are generally correlated with
positive allocation changes, as seen in Sweden (11.94) and Ireland (11.0789), reinforcing
effective resource utilization.

• Stable Allocations: Smaller nations like Luxembourg (9.95) and Cyprus (2.52) maintain
low but stable allocation percentages, ensuring consistent support without major fluctu-
ations.

6.4.3 Scenario 3: Inverse GDP per capita

Proposed Fairness Constraint: Development-Based Equity

Notion behind fairness criterion : To promote fairness, allocate emission permits inversely
proportional to GDP per capita. This ensures that countries with lower economic development
receive a fair share of permits, acknowledging their development needs and limited resources
to invest in low-emission technologies. This idea aligns with the compensation principle of
Moulin 1.

Let ˜GDP i be the normalized GDP per capita for the country i, calculated as:

˜GDP i =
GDPi,per capita∑

k∈C GDPk,per capita
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Country Calculated
Efficiency

This Year
Allocation

Next Year
Allocation

LP Allo-
cated

Deviation

Sweden 11.9490 3.29 % 3.27 % 4.09 % 25.31 %
Ireland 11.0789 1.39 % 1.44 % 1.96 % 35.61 %
France 10.8103 9.71 % 9.73 % 19.43 % 99.60 %
Latvia 10.2065 0.26 % 0.25 % 0.52 % 106.70 %
Luxembourg 9.9518 0.18 % 0.18 % 0.24 % 33.32 %
Denmark 9.9225 1.16 % 1.13 % 2.31 % 104.94 %
Lithuania 9.1099 0.77 % 0.77 % 1.15 % 49.27 %
Austria 9.0483 2.73 % 2.79 % 3.58 % 28.34 %
United Kingdom 8.8856 7.60 % 7.70 % 15.20 % 97.48 %
Romania 8.6489 3.67 % 2.99 % 7.35 % 145.94 %
Italy 7.9020 9.54 % 9.81 % 12.99 % 32.30 %
Slovenia 7.5470 0.25 % 0.25 % 0.21 % -15.49 %
Hungary 7.4713 1.44 % 1.48 % 1.00 % -32.86 %
Germany 6.2988 20.71 % 20.95 % 10.36 % -50.57 %
Spain 6.0700 8.29 % 8.50 % 4.74 % -44.24 %
Finland 5.7170 2.48 % 2.44 % 1.24 % -49.33 %
Belgium 5.6981 4.53 % 4.59 % 2.26 % -50.64 %
Portugal 4.8252 1.53 % 1.57 % 1.05 % -33.45 %
Netherlands 4.1503 6.10 % 6.31 % 3.05 % -51.63 %
Poland 3.7234 9.64 % 9.37 % 4.82 % -48.55 %
Cyprus 2.5220 0.32 % 0.31 % 0.16 % -48.66 %
Bulgaria 2.4126 1.79 % 1.68 % 0.89 % -46.65 %
Greece 1.9529 1.98 % 2.04 % 1.09 % -46.38 %
Estonia 1.6987 0.66 % 0.46 % 0.33 % -28.91 %

Table 6.3: Forecasted Allocation of 2018, case 2

We define an inverse economic capacity index Di:

Di =
1
˜GDP i

To ensure fairness, we allocate permits proportional toDi, within bounds set by coefficients
β1 and β2:

β1 ·
Di∑

k∈C Dk
≤ vi ≤ β2 ·

Di∑
k∈C Dk

∀i ∈ C

Where: β1 = 0.5 β2 = 2

This constraint ensures that countries with lower GDP per capita receive a larger share of
emission permits relative to their economic size, promoting equitable development opportuni-
ties.
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This allocation is rather simplified, as, for it to work, it would have to be adjusted to align
with the historical deviation bound constraint section 6.2.3. To avoid it, we have to relax its
multipliers a lot, to get a semi/unreasonable result.

α1 = 0.25

α2 = 15

β1 = 0.5

β2 = 2

Forecasted Allocation Observations with Development-Based Fairness

Country Calculated
Efficiency

This Year Al-
location

Next Year
Allocation

LP Allocated Deviation

Sweden 11.95 3.29 % 3.27 % 6.26 % 91.69 %
Ireland 11.08 1.39 % 1.44 % 4.17 % 189.33 %
France 10.81 9.71 % 9.73 % 7.34 % -24.56 %
Latvia 10.21 0.26 % 0.25 % 3.90 % 1450.26 %
Luxembourg 9.95 0.18 % 0.18 % 2.66 % 1362.43 %
Denmark 9.92 1.16 % 1.13 % 5.87 % 420.61 %
Lithuania 9.11 0.77 % 0.77 % 9.67 % 1153.91 %
Austria 9.05 2.73 % 2.79 % 6.01 % 115.61 %
United King-
dom

8.89 7.60 % 7.70 % 7.14 % -7.26 %

Romania 8.65 3.67 % 2.99 % 11.04 % 269.49 %
Italy 7.90 9.54 % 9.81 % 2.38 % -75.70 %
Slovenia 7.55 0.25 % 0.25 % 2.22 % 792.62 %
Hungary 7.47 1.44 % 1.48 % 2.77 % 86.59 %
Germany 6.30 20.71 % 20.95 % 5.18 % -75.28 %
Spain 6.07 8.29 % 8.50 % 2.07 % -75.61 %
Finland 5.72 2.48 % 2.44 % 1.72 % -29.58 %
Belgium 5.70 4.53 % 4.59 % 1.62 % -64.73 %
Portugal 4.83 1.53 % 1.57 % 2.48 % 57.51 %
Netherlands 4.15 6.10 % 6.31 % 1.53 % -75.82 %
Poland 3.72 9.64 % 9.37 % 2.77 % -70.46 %
Cyprus 2.52 0.32 % 0.31 % 2.12 % 590.99 %
Bulgaria 2.41 1.79 % 1.68 % 3.82 % 127.89 %
Greece 1.95 1.98 % 2.04 % 2.85 % 39.69 %
Estonia 1.70 0.66 % 0.46 % 2.42 % 422.55 %

Table 6.4: Forecasted Allocation with Development-Based Fairness Constraint
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• Significant Allocation Increases: Countries such as Latvia (1450.26%), Luxembourg
(1362.43%), Romania (269.49%), and Cyprus (590.99%) experience substantial increases
in allocations. These increases likely reflect their larger population shares, ensuring that
allocations are proportionate to their demographic sizes.

• ModerateAllocationGrowth: Sweden (91.69%), Ireland (189.33%), andDenmark (420.61%)
show significant but moderate increases, aligning with their population proportions in
combination with their great efficiency.

• NotableAllocationDecreases: Countries such as Slovenia (-15.49%), Hungary (-32.86%),
Germany (-75.28%), Spain (-75.61%), Netherlands (-75.82%), Poland (-70.46%), Cyprus (-
48.66%), Bulgaria (-46.65%), Greece (-46.38%), and Estonia (-28.91%) face significant al-
location reductions. These decreases may indicate adjustments to better align with their
population shares or to address over-allocation in previous years.

• Fairness in Allocation Distribution: The allocation changes demonstrate a balanced ap-
proach to fairness by ensuring that countries with larger populations receive allocations
proportional to their demographic weight. This approach prevents disproportionate al-
locations that could unfairly disadvantage smaller or larger nations.

• Consistency with Population-Based Fairness: The general allocation adjustments re-
flect the fairness constraints implemented, ensuring that allocations are equitable and
directly related to each country’s population. This promotes an equitable distribution of
resources across the EU member states.

6.5 Conclusion

In this chapter, we have developed an optimization model that integrates both efficiency and
fairness principles into the allocation of emission allowances under the EU ETS. By formulating
the allocation as a linear programming problem, we can systematically explore how different
constraints and parameters influence the distribution of allowances.

By balancing social welfare through standardized efficiency metrics and incorporating fair-
ness constraints, the model offers a comprehensive approach to designing allocation strategies
that align with the EU’s environmental and economic objectives.
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Chapter 7

Uniform Linear Mechanism for Allocation

7.1 Introduction to the Uniform Linear Mechanism Model

This chapter addresses a critical issue with the optimization model from Chapter⁇: the lack of
a comparative baseline. To resolve this, we incorporate the Uniform Linear Mechanism (ULM)
for permit allocation, as presented in the paper “Allocating Emission Permits Efficiently via
Uniform Linear Mechanisms” by [28]. This model offers a structured approach to emission
permit allocation that maximizes efficiency within the EU ETS framework, thus providing a
point of comparison.

7.2 Definition and Structure of the Uniform Linear Mechanism

In this section, we present the mathematical formulation of the Uniform Linear Mechanism,
following the model described by [28].

7.2.1 Model Description

In this model, we have N firms operating in a single-period homogeneous product market
under Cournot competition, where each firm’s production generates emissions. Firms must
comply with an emissions trading system (ETS) by acquiring enough permits to cover their
emissions. The model aims to determine an efficient allocation of permits that maximizes the
consumer surplus and minimizes the social cost of pollution.

Production and Emission Decision

Each firm i produces a quantity qi and emits a corresponding level of pollution xi. Without
any abatement, all units produced generate pollution in a fixed proportion, normalized to one-
to-one. Hence, producing qi units without abatement would result in xi = qi.

Let:

• qi: the production level of firm i,

• xi: the emission level of firm i,
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• fi(·): the abatement cost function for the firm i.

Revenue and Production Cost

The total revenueRi for each firm i depends on the aggregate market productionQ =
∑N

j=1 qj
and is given by:

Ri(qi, Q) = p(Q) · qi, (7.1)

where p(Q) is the inverse demand function, assumed to be decreasing and concave. For in-
stance, with a linear demand function, we have:

p(Q) = b− aQ, (7.2)

where a, b > 0.

Abatement Cost Function

Each firm has an abatement cost function fi(qi − xi), which represents the cost of reducing
emissions from qi to xi. The abatement cost function is assumed to be strictly convex and
nondecreasing, i.e., fi(·) ≥ 0 and f ′

i(·) ≥ 0, implying that abatement becomes more costly
as emissions reductions increase. In their work, [20] suggests a quadratic marginal abatement
cost function, and [12] uses a quadratic MAC in his work. Following their work, we consider
third-order abatement cost functions to reflect a quadratic marginal abatement cost:

fi(qi − xi) = ci1(qi − xi) + ci2(qi − xi)
2 + ci3(qi − xi)

3, (7.3)

where ci1, ci2, ci3 > 0 are firm-specific abatement cost coefficients.

Permit Allocation Mechanism

The regulator assigns permits to each firm i based on its production qi. Let Φi(q) denote the
number of permits allocated to the firm i as a function of the production output vector q⃗ =
(q1, . . . , qN ).

In our case, we have multiple sectors and each sector s has its own allocation factor αs.
The mechanism is modified to be:

Φi(q) = αs(i) · qi, (7.4)

where s(i) denotes the sector to which firm i belongs.
In some experiments, the free allocation might become a separate function Φi(q) = ϕi(qi),

allowing more flexibility in the allocation mechanism.
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Permit Trading Cost

If a firm emits more than the permits it holds, it needs to purchase additional permits in the
market. Conversely, if it emits less, it can sell excess permits. The trading cost or revenue for
firm i is:

τ · (xi − Φi(q)), (7.5)

where τ is the market-clearing permit price.

Profit Function

The profit Πi of firm i is defined as:

Πi = p(Q) · qi − fi(qi − xi)− τ · (xi − Φi(qi)). (7.6)

Firm’s Optimization Problem

Each firm chooses qi and xi to maximize its profit:

max
qi≥0, xi∈[0,qi]

p

 N∑
j=1

qj

 · qi − fi(qi − xi)− τ · (xi − Φi(q))

 . (7.7)

Market Equilibrium Conditions

In equilibrium:

1. Each firm maximizes its profit by choosing the optimal qi and xi.

2. The permit market clears:
N∑
i=1

xi =

N∑
i=1

Φi(q). (7.8)

Regulator’s Objective

The regulator’s objective is to maximize the adjusted consumer surplus (consumer surplus
minus the pollution cost):

ACS(Φ) = CS(Q)− S(K), (7.9)

where:

• Q =
∑N

i=1 qi is the aggregate production,

• K =
∑N

i=1 xi is the total emissions,

• S(K) is a strictly increasing function representing the social cost of pollution.
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7.3 Mock Data Generation

To implement and test the Uniform Linear Mechanism model, we need to generate mock data
that simulate the behavior of firms in the market. We consider multiple sectors, each with its
own demand function and allocation factor.

7.3.1 Assumptions for Data Generation

We make the following assumptions for generating the mock data:

• There are multiple sectors, each with a specific inverse demand function ps(Qs).

• Each sector has its own allocation factor αs.

• Firms have third-power abatement cost functions to reflect quadraticmarginal abatement
costs.

• Firms are associated with countries, which introduces geographical considerations.

7.3.2 Data Generation Procedure

We utilize object-oriented programming concepts to represent the entities in our model. The
classes used are:

• Firm: Represents an individual firm with attributes such as name, sector, country, pro-
duction cost function, abatement cost function, actual output, emission, and profit.

• Sector: Represents a sector with attributes such as name, price-demand function, and
free emission multiplier.

• Regulator: Represents the regulator with attributes such as the permit price and the
emission cap.

7.4 Implementation of the Uniform Linear Mechanism Model with
Optimization

7.4.1 Optimization Framework

The optimization problem involves maximizing firms’ profits while satisfying market-clearing
conditions. The key steps are the following.

1. Define Variables:
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• For each firm i, define the following decision variables:

qi : Output produced by firm i,

abi : Abatement level by firm i,

xi = qi − abi : Emissions produced by firm i.

2. Formulate Profit Functions:

• The profit function for each firm i is given by:

Πi = p(Q) · qi − CA(abi)− τ · (xi − Φi(qi)), (7.1)

where:
– p(Q) is the price of output as a function of total market output Q =

∑n
i=1 qi.

– CA(abi) represents the abatement cost for firm i.
– τ is the permit price for emissions.
– Φi(qi) denotes the baseline emissions function for firm i.

3. Derive First-Order Conditions:

• To maximize profits, derive the first-order conditions by taking partial derivatives
of Πi with respect to qi and abi:

∂Πi

∂abi
= −C ′

A(abi) + τ = 0 ∀i, (7.2)

∂Πi

∂qi
= p′(qi)qi + p(qi)− τ + τΦ′

i(qi) = 0 ∀i. (7.3)

4. Set Up Optimization Problem:

• Formulate the optimization problem using a suitable solver (e.g., Gurobi). Incorpo-
rate the first-order conditions derived in the previous step as constraints:

−C ′
A(abi) + τ ≤ 0 ∀i, (7.4)

p′(qi)qi + p(qi)− τ + τΦ′
i(qi) ≤ 0 ∀i. (7.5)

5. Market-Clearing Condition:

• Ensure that the total emissions across all firms meet the emission cap Cap:
n∑

i=1

qi −
n∑

i=1

abi = Cap. (7.6)

6. Solve the Problem:

• Utilize an optimization solver (e.g., Gurobi) to determine the equilibrium outputs
qi and abatement levels abi that maximize the firms’ profits while satisfying all
constraints.

We implement the Uniform Linear Mechanism model using the Gurobi optimizer, solving
the optimization problem by setting the first-order conditions to zero.
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7.4.2 Algorithm Implementation

The implementation is encapsulated in a method of the Regulator class. The algorithm is as
follows: algorithm 4

7.5 Implementation of the Uniform Linear Mechanism Model with
Modified Best Response

We also implement a modified best-response algorithm, combining elements of best response
dynamics and gradient descent.

7.5.1 Algorithm Overview

The algorithm iteratively adjusts the permit price and firms’ outputs to meet the emission cap:

Algorithm 5: Find Optimal Permit Price
1 while Permit price interval not within tolerance do
2 Set permit price τ to midpoint of interval;
3 Call optimize_them_all to update firms’ outputs;
4 Compute total emissions;
5 if Total emissions > Emission Cap then
6 Adjust lower bound of permit price;
7 else
8 Adjust upper bound of permit price;
9 end if

10 end while

7.5.2 Firms’ Output Optimization

The optimize_them_all method updates firms’ outputs using a mix of best response and
gradient descent:
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Algorithm 6: Optimize Firms’ Outputs
1 while Not Converged do
2 foreach sector do
3 foreach firm in sector do
4 Calculate optimal output and emission;
5 Update firm’s output and emission with step size a;
6 end foreach
7 end foreach
8 Check convergence based on maximum differences;
9 if Diverging then

10 Adjust step size or restart;
11 end if
12 end while

7.5.3 Equilibrium Testing

To validate the results, we use the equilibrium_tester method, which checks the first and
second-order conditions for profit maximization:

1. Ensure that the first-order derivatives are close enough to 0.

2. Ensure that the second order derivatives are negative (indicating a maximum)

3. Ensure that the Hessian determinant is positive.

7.6 Example Runs

We perform simulations to demonstrate the model.

7.6.1 Scenario 1: 2 Sectors with only one receiving free allocation

In this scenario, we will explore the dynamics of a small economy where the regulator grows
increasingly biased, handing out free allocation permits to only one sector while forcing the
other to purchase theirs. Needless to ’write’, these results should be taken as purely qualitative
insights rather than actual quantities. All plots present the mean of the first and second sectors
(normalized to 1 company). The x-axis is always the percentage of free allocation sector 1
receives as a percentage of its output, which means that at 100%, there might also be permits
to sell.

129



Data Overview

Table 7.1: Regulator Information for ULM scenario 1

Regulator Name Emission Cap Permit Price

Regulator 80% of BAU emissions to be determined by equilibrium

Table 7.2: Sector Information for ULM scenario 1

Sector Name Price Demand Function Free Emission Multiplier

Cement p(x) = 100− 0.1x from 0 to 1
Steel p(x) = 150− 0.1x 0

Table 7.3: Firm Information for ULM scenario 1

Firm Name Sector Firm ID Abatement Cost Function

Firm1 Cement 1 10x+ 2x2 + 0.1x3

Firm2 Cement 2 11x+ 3x2 + 0.2x3

Firm3 Cement 3 5x+ 4x2 + 5x3

Firm4 Steel 1 7x+ 5x2 + 3x3

Firm5 Steel 2 1x+ 6x2 + 2x3

Firm6 Steel 3 2x+ 7x2 + 3x3

Results and Observations

Qualitative Observations

1. Abatement Costs

• Sector 1’s (Cement) abatement cost increases significantly as the percentage of free
allocation rises, suggesting that the surplus permits might allow higher emissions
or increased production flexibility.
• Sector 2 (Steel), which does not receive free permits, has a slower increase in abate-

ment, possibly limited by the need to purchase permits, reducing available funds
for abatement.

2. Money Spent on Permits

• Sector 1’s permit spending decreases as free allocations increase, eventually reach-
ing zero at 100% allocation.

130



(a) Output and Emissions (b) Abatement

(c) Profits (d) The number of permits present

(e) Money spent on permits (f) Permit price

Figure 7.1: ULM simulation Scenario 1, x-axis represents the percentage of free allocation of
sector 1
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• Sector 2 must continuously purchase permits, with expenditure rising as Sector 1’s
allocation increases, suggesting that the permit price equilibrium may shift due to
the allocation imbalance.

3. Output and Emissions

• Sector 1 production increases with more free permits, probably due to reduced per-
mit costs allowing greater production. Emissions for Sector 1 increase proportion-
ally, possibly due to a cap or marginal emission costs.
• Sector 2’s output and emissions decrease with increasing allocation to Sector 1,

indicating a potential competitive disadvantage from the need to buy permits.

4. Permit Allocation

• Sector 1’s permits bought decrease as free allocation rises, while free and total per-
mits increase, giving more operational flexibility.
• Sector 2 has stable permit purchases but no free permits, leading to competitive

asymmetry that could distort market dynamics.

5. Permit Price

• The permit price increases with the free allocation of Sector 1, possibly due to the
increased demand pressure on Sector 2 for permits, indicating a market price sen-
sitivity to permit distribution.

6. Profit Analysis

• Sector 1 profit increases with free allocations due to cost savings on permits, which
can be reinvested in production and abatement.
• Sector 2’s profit decreases as Sector 1’s allocation increases, probably due to in-

creased permit costs and limited flexibility, reflecting a market disadvantage.

Summary This scenario suggests that biased allocation of free permits favors Sector 1, en-
hancing its production and reducing permit costs. Sector 2 faces higher costs and reduced
profits, likely due to competitive disadvantage. Rising permit prices further intensify this im-
balance, hinting at a need for regulatory adjustments to stabilize competition.

7.6.2 Scenario 2: Repetition of Scenario 1 at different Emission Caps

In this scenario, we repeat Scenario 1 at different caps. Specifically, we analyze the results on
profits and other variables at different caps (70%, 80%, and 90% of BAU emissions).

The setup includes:

• Emission Caps: 70%, 80%, and 90% of BAU emissions

• Total Firms: 9, across 3 sectors
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• Sectors:

– Sector 1: Receives gradually increasing free permits, up to its production level (q).
– Sector 2: Receives no free permits.
– Sector 3: A much larger sector in terms of sales.

Data Overview

Table 7.4: Regulator Information for ULM scenario 2

Regulator Name Emission Cap Permit Price

Regulator22 Variable (70%, 80%, 90% of BAU emissions) Determined by equilibrium

Table 7.5: Sector Information for ULM scenario 2

Sector Name Price Demand Function Free Emission Multiplier

Cement p(x) = 100− 0.1x Varies from 0 to production (q)
Steel p(x) = 150− 0.1x 0
Paper p(x) = 200− 0.02x1.5 0

Table 7.6: Firm Information for ULM scenario 2

Firm Name Sector Firm ID Abatement Cost Function

Firm1 Cement 1 10x+ 2x2 + 2x3

Firm2 Cement 2 11x+ 3x2 + 2x3

Firm3 Cement 3 5x+ 4x2 + 5x3

Firm4 Steel 4 7x+ 5x2 + 3x3

Firm5 Steel 5 1x+ 6x2 + 2x3

Firm6 Steel 6 2x+ 7x2 + 3x3

Firm7 Paper 7 3x+ 8x2 + 4x3

Firm8 Paper 8 4x+ 9x2 + 10x3

Firm9 Paper 9 5x+ 10x2 + 11x3

Results and Key Observations

Key Observations on Emission Caps (70%, 80%, and 90% of BAU)

1. Abatement and Costs

• The 70% cap requires the most abatement and leads to higher regulatory costs, as
firms must invest more to comply with the strict emission limits.
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(a) Output product (b) Emissions

(c) Abatement (d) Total profits

(e) Consumer Surplus (f) Permit price

Figure 7.2: ULM simulation Scenario 2, x-axis represents the free allocation of sector 1

134



• As the cap increases to 80% and 90%, abatement requirements and regulatory costs
decrease, providing firms with greater operational flexibility.

2. Consumer and Market Impact

• Consumer surplus and output increase with higher caps, as firms face fewer pro-
duction constraints and can meet more market demand. The cap 90% yields the
highest consumer surplus. It is important to mention here that here we do not
account for the damage from the emissions.

3. Permit Prices and Profits

• Permit prices are highest under the 70% cap due to the higher demand for scarce
allowances, and decrease with higher caps.

• Profits improve as the cap increases, and the 90% cap maximizes profitability by
reducing regulatory costs and enabling higher production.

Summary The cap 70% imposes strict emission limits, resulting in high regulatory costs, a
lower consumer surplus, and limited profits. Looser caps (80% and 90%) allow firms to oper-
ate with reduced regulatory burdens, leading to greater output, higher consumer surplus, and
maximized profits under the cap 90%.

7.6.3 Scenario 3: Varying Emission Cap

In this scenario, we investigate the effects of varying the emission cap from 0% to 100% of
Business as Usual (BAU) emissions on profits and other metrics in different sectors within
an economy. This experiment aims to understand how progressively relaxed emission caps
influence firm behavior.

The setup includes:

• Emission Cap: Ranges from 0% to 100% of BAU emissions

• Total Firms: 9, distributed across 3 sectors

• Sectors:

– Sector 1: Cement

– Sector 2: Steel

– Sector 3: Paper, which is significantly larger in terms of sales compared to the other
sectors
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Data Overview

Table 7.7: Regulator Information for ULM scenario 3

Regulator Name Emission Cap Permit Price

Regulator26 Variable (0% to 100% of BAU emissions) Determined by equilibrium

Table 7.8: Sector Information for ULM scenario 3

Sector Name Price Demand Function Free Emission Multiplier

Cement p(x) = 100− 0.1x 0
Steel p(x) = 150− 0.1x 0
Paper p(x) = 200− 0.02x1.5 0

Table 7.9: Firm Information for ULM scenario 3

Firm Name Sector Firm ID Abatement Cost Function

Firm1 Cement 1 2x+ 2x2 + 2x3

Firm2 Cement 2 3x+ 3x2 + 2x3

Firm3 Cement 3 1x+ 3x2 + 2x3

Firm4 Steel 1 7x+ 5x2 + 3x3

Firm5 Steel 2 1x+ 6x2 + 2x3

Firm6 Steel 3 2x+ 7x2 + 3x3

Firm7 Paper 1 3x+ 8x2 + 4x3

Firm8 Paper 2 4x+ 9x2 + 10x3

Firm9 Paper 3 5x+ 10x2 + 11x3

Results and Observations

Key Observations on Emission Caps from 0% to 100% of BAU Emissions

1. Abatement and Costs

• At lower cap levels (closer to 0% of BAU), firms incur high abatement costs, as they
must significantly reduce emissions to comply.
• As the cap increases towards 100%, both abatement efforts and costs decline, as

firms are allowed to emit closer to their BAU levels.

2. Emissions, Permit Price, and Regulatory Costs

• Emissions increase steadily with increasing cap, reaching near-BAU levels as the
cap approaches 100%.
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(a) Output product (b) Emissions

(c) Abatement (d) Total profits

(e) Revenue purely from sales (f) Permit price

Figure 7.3: ULM simulation Scenario 3, x-axis represents the Emission Cap as a Percentage of
BAU Emissions.
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• Permit prices are highest at low cap levels, reflecting scarcity, but decrease as the
cap loosens, reducing firms’ regulatory expenses.

3. Sales Revenue and Profitability

• Sales revenue peaks at an intermediate cap level, where firms produce at prices
closer to monopoly levels, maximizing revenue per unit.
• However, total profits continue to increase with the cap, as lower regulatory costs

and reduced permit spending outweigh any gains from monopoly pricing, leading
to maximum profitability at a cap 100%.

Summary This scenario demonstrates that stricter caps drive up regulatory costs and abate-
ment, constraining profits despite higher sales revenue per unit. As the cap loosens, firms ben-
efit from reduced costs and greater flexibility, with maximum profitability achieved at 100% of
BAU emissions, balancing economic output and regulatory expenses.

7.7 Conclusion

This chapter examined the Uniform LinearMechanism for emission permit allocation, detailing
its structure and implementation. The next chapter will compare this mechanism with the
previously proposed allocation system.
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Algorithm 4: Optimization Concave Formulation with Abatement Constraints
1 Initialize the Gurobi model for optimization;
2 Define symbolic and Gurobi variables for each firm’s output qi, emissions xi, and

abatement abi;
3 foreach firm i do
4 Define symbolic variables qi, xi, and abi in SymPy for firm i;
5 Create Gurobi variables qqi (output) and abi (abatement) with lower bounds;
6 Map SymPy variables to Gurobi variables for consistent use in the model;
7 Add constraints qi ≥ abi and abi ≥ 0 to the Gurobi model;
8 end foreach
9 Define the permit price variable τ as both symbolic and Gurobi variables, with a lower

bound;
10 Initialize the objective function as zero;
11 foreach firm i do
12 Calculate the revenue for firm i based on sector demand and total output;
13 Calculate the abatement cost function for firm i;
14 Compute the trading cost based on permit price τ and the firm’s abatement;
15 Set firm i’s profit as the sum of its revenue, abatement cost, and trading cost;
16 Derive the first-order conditions with respect to qi (output) and abi (abatement);
17 Add these conditions as constraints to the Gurobi model, ensuring non-negativity for

optimality;
18 Update the objective function by subtracting the first-order conditions for each firm;
19 end foreach
20 Add the market-clearing constraint:∑

i

(qi − abi) = Emission Cap

Set the objective function to minimize the negative sum of the first-order conditions,
promoting equilibrium;

21 Solve the optimization problem using Gurobi;
22 if solution is optimal then
23 Output the results for each firm’s output, emissions, and permit price;
24 end if
25 if print output is requested then
26 Print each firm’s final output and emissions, and the optimal permit price;
27 end if
28 return the optimized model m;
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Chapter 8

Comparison of Allocation Models

8.1 Problem Definition

In this chapter, we compare two models for allocating emission permits within the European
Union Emissions Trading System (EU ETS): the Uniform Linear Mechanism (ULM) and our
proposed optimization model. The ULM, as discussed in the literature, is proven to be optimal
under certain assumptions, while our model seeks to incorporate additional sector-specific and
country-specific measures to enhance the allocation process.

The primary objective is to assess how each model performs in granting permits when
dealing with multiple sectors and countries, all within the same regulatory framework. Both
models aim to distribute emission allowances efficiently and fairly, but they differ in their
methodologies and underlying assumptions. By comparing these models, we aim to identify
the strengths and limitations of each approach and provide insight into their practical applica-
bility in the EU ETS.

8.2 Common Data and Parameters

To facilitate a comprehensive comparison between the Uniform Linear Mechanism (ULM) and
our proposed optimization model, it is essential to establish a common dataset and set of pa-
rameters. This ensures that both models operate under identical conditions, allowing for an
accurate assessment of their respective performances. In the following, we outline the key
components of the dataset, including the regulator, countries, sectors, and firms involved in
the European Union Emissions Trading System (EU ETS).

8.2.1 Limitations

t is essential to emphasize that we do not assert the realism of the mock data used in this study.
We aim to simulate an economy to understand its dynamics. This is not a quantitative analysis.
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8.2.2 Regulator

The EU ETS is governed by a single regulator responsible for overseeing the allocation of emis-
sion permits, monitoring compliance, and ensuring the overall effectiveness of the system. In
our models, we represent the regulator as follows:

• Regulator Name: ETS

8.2.3 Countries

The allocation models consider five countries, each characterized by their GDP per capita and
the percentage of their economy dedicated to industry. These attributes influence the allocation
of emission permits, reflecting the economic capacity and industrial intensity of each country.

Table 8.1: Country Attributes

Country GDP per Capita Industry Percentage (%)
Atlantis 400 30
Omashu 350 25
Hogsmeade 450 20
The Court of Miracles 300 15
Lilipoupoli 250 10

The five countries considered in this analysis range from highly industrialized to less in-
dustrialized economies. Their GDP per capita and industrial percentage are as follows:

• Atlantis: The most industrialized country with a GDP per capita of 400 and 30% of its
economy dedicated to industry.

• Omashu: A moderately industrialized country with a GDP per capita of 350 and a 25%
industrial economy.

• Hogsmeade: The wealthiest country with the highest GDP per capita of 450 and an 20%
industrial economy.

• The_Court_of_Miracles: A less industrialized country with a GDP per capita of 300 and
15% industrial economy.

• Lilipoupoli: The least industrialized country with a GDP per capita of 250 and 10% in-
dustrial economy.

8.2.4 Sectors

The models encompass six sectors, each with a distinct price-demand function that determines
the relationship between the price of the product and the quantity demanded. These func-
tions are crucial for simulating market dynamics and the economic impacts of emission permit
allocations.
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Table 8.2: Sector Information

Sector Name Price-Demand Function Free Emission Multiplier
Steel p(x) = 200− 0.1x Varies per model
Cement p(x) = 150− 0.05x Varies per model
Paper p(x) = 100− 0.02x Varies per model
Chemicals p(x) = 250− 0.15x Varies per model
Automotive p(x) = 300− 0.2x Varies per model
Textiles p(x) = 80− 0.01x Varies per model

8.2.5 Firms

A total of thirty firms operate across the six sectors and five countries. Each firm is character-
ized by its name, sector, country of operation, and abatement cost function. The abatement cost
function represents the cost incurred by a firm to reduce emissions and is modeled as a cubic
function to capture the quadratic marginal abatement costs, as proposed [20], and implemented
by [27], [12].

Table 8.3: Firm Information

Firm Name Sector Country Abatement Cost Function
Sector 1: Steel

S1_F1 Steel Atlantis 2x+ 3x2 + x3

S1_F2 Steel Atlantis 3x+ 2x2 + 2x3

S1_F3 Steel Omashu 4x+ x2 + 3x3

S1_F4 Steel Hogsmeade 2x+ 2x2 + 2x3

S1_F5 Steel The_Court_of_Miracles 3x+ 3x2 + x3

Sector 2: Cement
S2_F1 Cement Atlantis x+ 2x2 + 3x3

S2_F2 Cement Atlantis 2x+ x2 + 2x3

S2_F3 Cement Omashu 3x+ x2 + x3

S2_F4 Cement Hogsmeade x+ 3x2 + x3

S2_F5 Cement The_Court_of_Miracles 2x+ 2x2 + x3

Sector 3: Paper
S3_F1 Paper Hogsmeade x+ x2 + x3

S3_F2 Paper The_Court_of_Miracles x+ 2x2 + x3

S3_F3 Paper Lilipoupoli x+ x2 + 2x3

S3_F4 Paper Omashu 2x+ x2 + x3

S3_F5 Paper Atlantis x+ 2x2 + 2x3

Sector 4: Chemicals
S4_F1 Chemicals Atlantis 3x+ 4x2 + x3

S4_F2 Chemicals Atlantis 4x+ 3x2 + 2x3

S4_F3 Chemicals Omashu 2x+ 5x2 + x3
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Firm Name Sector Country Abatement Cost Function
S4_F4 Chemicals Hogsmeade 3x+ 3x2 + 3x3

S4_F5 Chemicals The_Court_of_Miracles 2x+ 2x2 + 4x3

Sector 5: Automotive
S5_F1 Automotive Atlantis 5x+ 4x2 + x3

S5_F2 Automotive Omashu 4x+ 5x2 + 2x3

S5_F3 Automotive Hogsmeade 3x+ 3x2 + 2x3

S5_F4 Automotive The_Court_of_Miracles 2x+ 4x2 + 3x3

S5_F5 Automotive Lilipoupoli x+ 3x2 + 4x3

Sector 6: Textiles
S6_F1 Textiles Lilipoupoli x+ x2 + x3

S6_F2 Textiles The_Court_of_Miracles x+ 2x2 + x3

S6_F3 Textiles Hogsmeade x+ x2 + 2x3

S6_F4 Textiles Omashu 2x+ x2 + x3

S6_F5 Textiles Atlantis x+ 2x2 + 2x3

8.2.6 Common Parameters

Both allocation models operate under the following shared parameters:

1. Emission Cap: The total emission cap is set at 80% of business-as-usual (BAU) emissions.

2. Free Allocation Percentage: 40% of the emission cap is allocated as free permits to firms.

3. Permit Allocation Mechanism: Both models distribute permits based on production lev-
els and sector-specific factors, ensuring that allocations reflect industrial activity and
economic capacity.

4. Common Environmental Damage function: The most important benefit of the common
emission cap is the same damage introduced to the environment. This enables us to com-
pare freely the models, using other metrics like consumer surplus, as the environmental
damage cancels out.

8.3 New Assumptions for the Uniform Linear Mechanism Model

Although the ULM provides a structured approach to permit allocation, the original formu-
lation does not address the complexities introduced by multiple sectors. specifically, in the
section 5 of [28] suggests using a non-uniform linear allocation, distributing more permits to
firms with higher marginal production cost. On our model the production cost is hidden inside
the demand function of the sector (as we assumed fixed and uniform marginal production cost
inside each sector). To adapt the ULM to our multi-sector context, we introduce the following
new assumptions:
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1. Sector-Specific Allocation Factors: Since the original ULM does not specify how to al-
locate the free emission multiplier across multiple sectors, we assume that each sector
can have its own allocation multiplier αs.

2. Optimization of Multipliers: We formulate an optimization problem to determine the
optimal combination of sector-specific multipliers αs that maximizes consumer surplus
while ensuring that the total free allocation remains at 40% of the emission cap.

3. Objective Function: Optimization aims to maximize consumer surplus.

4. Constraints:

• The sum of free allocations across all sectors must equal 40% of the emission cap.
• as ∈ [0, 1)

These assumptions enable us to extend the ULM to a multi-sector setting and make it suit-
able for comparison with our proposed model.

8.4 New Assumptions and Limitations for the Proposed
Optimization Model

Our proposed model incorporates a temporal component to incentivize firms to increase pro-
duction and invest in abatement technologies over time. However, for this comparison, we
focus on a single-period analysis. This limits our proposed model, since we cannot take ad-
vantage of the efficiency incentives it offers. Having this in mind, we can still compare the
allocation and the models, even though the proposed one is slightly handicapped. The new
assumptions and limitations are as follows:

1. Single-Period Analysis: We consider only one time period, acknowledging that without
the temporal component, firms may have limited incentives for long-term abatement or
production increases.

2. Baseline Allocation Establishment:

• We use the ULM with zero free allocation to determine the baseline efficiency of
firms based solely on their abatement capabilities.
• This provides a reference point for assessing how the allocation of free permits

affects firm behavior in our model.

3. Economic Indicators Computation:

• In our data creation, we assumed that we know the percentage in which indus-
try sales influence GDP. Given that, GDP can be split into Industry, Services, and
Agriculture.
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• We calculate the GDP and population of each country using sales data from com-
panies, the percentage of industrialization, and GDP per capita.
• These indicators are used to incorporate country-specific economic factors into the

allocation mechanism.
• The proper way to calculate GDP is that GDP (Y) is the sum of consumption (C),

investment (I), government expenditures (G) and net exports (X − M). [52]

Y = C + I +G+ (X−M)

In our example, we assume that GDP is equal or at least proportional to C. With
this assumption, we can substitute GDP for sales from firms.

4. Objective function simplification:

• As stated above, we substitute GDPi,j (the GDP produced by sector j in country i
with. salesi,j .
• PPS correction makes no sense for our data, since it is generated data, we could

assume that the PPS is ”hidden” in the GDP or the industrialization of each country.

maximize Z =
∑
i∈C

∑
j∈S

vi,j ·
GDPi,j

Emissioni,j
· PPSi (8.1)

turns into:
maximize Z =

∑
i∈C

∑
j∈S

vi,j ·
Salesi,j

Emissioni,j
(8.2)

5. Scenario Analysis:

• We run the optimization model under three different scenarios to explore how var-
ious allocation principles impact the distribution of permits.
• Each scenario adjusts certain parameters or constraints to reflect different consid-

erations of fairness or efficiency.

8.4.1 Limitations

The absence of a dynamic, multiperiod analysis limits the ability to capture long-term incen-
tives and investments in abatement technologies. Data limitations may affect the precision of
economic indicators and the resulting allocation outcomes.

The equilibrium for both models is calculated in the same way.

• Set the first-order conditions equal to 0:

−C ′
A(abi) + τ = 0 ∀i, (8.1)

p′(qi)qi + p(qi)− τ + τΦ′
i(qi) = 0 ∀i. (8.2)
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• Market clearing condition: Ensure that total emissions in all firms meet the emission cap
Cap:

n∑
i=1

qi −
n∑

i=1

abi = Cap. (8.3)

The issue arises with the term
τΦ′

i(qi)

, as in our comparison, free allocation is treated as a fixed value rather than a function of qi.
Consequently, the equilibrium solution becomes independent of the free allocation. This repre-
sents a significant limitation of themodel, stemming from the absence of a temporal component
(e.g., incorporating multiple periods). This constraint severely impacts the model’s efficiency,
as it eliminates any incentive for firms to increase abatement efforts or production levels.

These assumptions allow us to adapt our model for a fair comparison with the ULM while
acknowledging the inherent limitations of a single-period analysis.

8.5 Experimental Design

To compare the two models effectively, we design a series of experiments that apply both
allocation mechanisms under identical conditions. The experiments are structured as follows:

8.5.1 Optimization Model Scenarios

To evaluate the performance of our proposed optimization model, we consider three distinct
scenarios. Core Constraints, Historical Deviation Bounds, and Inverse GDP per Capita Ad-
justment. Each scenario introduces specific constraints to balance efficiency and fairness in
allocating emission permits.

1. Scenario 1: Core Constraints

In the core scenario, the model optimizes the allocation of emission permits based solely
on the efficiency of firms and sectors without additional fairness considerations. The
core is in accordance with the Fitness Principle of Moulin 4.

maximize Z =
∑
i∈C

∑
j∈S

vi,j ·
Salesi,j

Emissioni,j
(8.1)

∑
i∈C

∑
j∈S

vi,j = 1 (8.2)
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vi =
∑
j∈S

vi,j ∀i ∈ C (8.3)

vj =
∑
i∈C

vi,j ∀j ∈ S (8.4)

Here, vi,j represents the proportion of free permits allocated to country i and sector j,
Salesi,j denotes the sales of firms in country i and sector j, and Emissioni,j is the total
emissions from country i and sector j.

2. Scenario 2: Historical Deviation Bounds

This scenario builds upon the core constraints by introducing bounds based on historical
emission data to ensure a fair distribution relative to each country-sector pair’s emission
share. This scenario introduces a constraint that aligns with the Compensation Principle
outlined by Moulin 1.

• Coefficient Definition:
a1 = 0.5, a2 = 1.5

• Sum of Emissions:

Sum_of_Emissions =
∑
k∈C

∑
l∈S

Emissionk,l

• Emissions per (Country, Sector):

Emissioni,j =
∑

firm∈(i,j)

Emissionfirm

• Constraints:

a1 ×
Emissioni,j

Sum_of_Emissions ≤ vi,j ≤ a2 ×
Emissioni,j

Sum_of_Emissions ∀i ∈ C, ∀j ∈ S

(8.5)

These constraints ensure that the allocation vi,j for each country-sector pair remains
within 50% to 150% of its historical emission share, promoting a balanced distribution of
permits.

3. Scenario 3: Inverse GDP per Capita Adjustment

The final scenario incorporates economic capacity by adjusting allocations based on the
inverse GDP per capita of each country-sector pair, introducing a small deviation to
further enhance fairness. This adheres to the ”Exogenous Rights” Principle as outlined
by Moulin 3. .
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• Coefficient Definition:

a3 = 0.25, a4 = 4

• Inverse GDP per Capita Calculation:

Inverse_GDPi,j =
Populationi∑

Salesi,j

Sum_of_Inverse_GDP =
∑
i∈C

∑
j∈S

Inverse_GDPi,j

• Proportion Calculation:

Proportioni,j =
Inverse_GDPi,j

Sum_of_Inverse_GDP

• Constraints:

a3 × Proportioni,j ≤ vi,j ≤ a4 × Proportioni,j ∀i ∈ C, ∀j ∈ S (8.6)

These constraints ensure that the allocation vi,j is proportional to the inverse GDP per
capita of each country-sector pair, within a relaxed bound of 25% to 400% of the calcu-
lated proportion. This adjustment accounts for the economic capacity of each country,
promoting equitable support for less affluent nations.

8.5.2 Uniform Linear Mechanism Optimization

1. Optimization of Sector Multipliers

• Implement an optimization problem to find the optimal set of sector-specific free
emission multipliers αs.

• The objective is to maximize consumer surplus while keeping the total free alloca-
tion at 40% of the emission cap.

2. Comparative Runs

• Run the ULM with the optimized multipliers and compare the results with those of
the proposed model in each scenario.
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8.6 Results

8.6.1 Free Permits allocation

Table 8.4: Free Permits Allocation by Sector and Experiment

Execution ULM Base Run Case 1 Case 2
sector name

Automotive 912.62 0.00 691.95 691.95
Cement 2058.39 0.00 1276.81 1115.99
Chemicals 1231.22 0.00 756.85 756.85
Paper 154.38 0.00 1064.02 1224.85
Steel 1291.77 5644.44 886.46 886.46
Textiles 0.00 0.00 968.34 968.34
Total 5648.37 5644.44 5644.44 5644.44

This Table 8.4 illustrates that the Base Run of the Linear Problem is ineffective, as it allocates
all permits to a single sector in one country, resulting in disproportionately high profit gains
for that sector. This scenario serves only as a baseline. In the following sections, we examine
the results of the remaining three cases.

(a) Per Country (b) Per Sector

Figure 8.1: Free Allocation
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Table 8.5: Free Permits Allocation by Country and Experiment

Execution ULM Case 1 Case 2
Country name

Atlantis 2045.95 1630.30 1469.48
Hogsmeade 1129.67 1305.85 1305.85
Lilipoupoli 213.40 462.08 462.08
Omashu 1129.67 1200.23 1305.69
The Court of Miracles 1129.67 1045.98 1101.34

Total 5648.37 5644.44 5644.44

8.6.2 Profits

Table 8.6: Sum of Profits by Country and Experiment

Execution ULM Case 1 Case 2
Country name

Atlantis 94972.42 119532.95 116030.03
Hogsmeade 61266.54 84828.76 84828.76
Lilipoupoli 27536.56 38794.96 38794.96
Omashu 61271.82 82529.70 84826.75
The Court of Miracles 61266.45 79167.22 80373.09

Total 306313.79 404853.59 404853.59

Table 8.7: Sum of Profits by Sector and Experiment

Execution ULM Case 1 Case 2
Sector name

Automotive 59791.26 68890.95 68890.95
Cement 59262.95 73586.37 70083.45
Chemicals 56694.04 64782.43 64782.43
Paper 38611.60 65789.53 69292.46
Steel 52687.59 63510.38 63510.38
Textiles 39266.36 68293.93 68293.93

Total 306313.79 404853.59 404853.59
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8.6.3 Abatement

(a) Per Country (b) Per Sector

Figure 8.4: Abatement

Table 8.8: Sum of Abatement by Country and Experiment

Execution ULM Case 1 Case 2
Country name

Atlantis 189.17 136.43 136.43
Hogsmeade 128.02 93.00 93.00
Lilipoupoli 60.93 44.46 44.46
Omashu 144.85 105.39 105.39
The Court of Miracles 135.53 97.98 97.98

Total 658.49 477.25 477.25
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Table 8.9: Sum of Abatement by Sector and Experiment

Execution ULM Case 1 Case 2
Sector name

Automotive 90.81 64.95 64.95
Cement 118.06 85.99 85.99
Chemicals 96.49 69.15 69.15
Paper 121.67 88.72 88.72
Steel 109.79 79.73 79.73
Textiles 121.67 88.72 88.72

Total 658.49 477.25 477.25

8.6.4 Output

(a) Per Country (b) Per Sector

Figure 8.6: Output

Table 8.10: Sum of Actual Output by Country and Experiment

Execution ULM Case 1 Case 2
Country name

Atlantis 3918.61 3810.01 3810.01
Hogsmeade 2833.49 2832.00 2832.00
Lilipoupoli 1748.38 1854.00 1854.00
Omashu 2833.49 2832.00 2832.00
The Court of Miracles 2833.49 2832.00 2832.00

Total 14167.47 14160.02 14160.02
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Table 8.11: Sum of Actual Output by Sector and Experiment

Execution ULM Case 1 Case 2
Sector name

Automotive 1221.60 1159.25 1159.25
Cement 2431.13 2136.99 2136.99
Chemicals 1373.39 1267.88 1267.88
Paper 3099.61 3259.14 3259.14
Steel 1621.05 1485.16 1485.16
Textiles 4420.70 4851.60 4851.60

Total 14167.47 14160.02 14160.02

8.6.5 Consumer Surplus

Experiment Output Output Output CS CS CS
Sector Name ULM Case 1 Case 2 ULM Case 1 Case 2

Automotive 1,221.60 1,159.25 1,159.25 149,229.77 134,385.33 134,385.33
Cement 2,431.13 2,136.99 2,136.99 147,759.76 114,167.88 114,167.88
Chemicals 1,373.39 1,267.88 1,267.88 141,464.88 120,564.87 120,564.87
Paper 3,099.61 3,259.14 3,259.14 96,075.96 106,219.62 106,219.62
Steel 1,621.05 1,485.16 1,485.16 131,389.41 110,285.07 110,285.07
Textiles 4,420.70 4,851.60 4,851.60 97,712.85 117,690.29 117,690.29

Total 14,167.47 14,160.02 14,160.02 763,632.63 703,313.05 703,313.05

8.7 Key Observations

• Total Economic Output

– The total economic output remains virtually unchanged across all experiments; this
aligns with our expectations as the cap is the same, and the higher abatement on
ULM is not enough to justify a big change.:
∗ ULM: 14,167.47
∗ Case 1 & Case 2: 14,160.02

• Consumer Surplus (CS)

– ULM achieves a higher total consumer surplus compared to Case 1 and Case 2:
∗ ULM: 763,632.63
∗ Case 1 & Case 2: 703,313.05

• Abatement Levels
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– ULM results in greater total abatement. ULM incentivizes abatement, and it’s clear:
∗ ULM: 658.49
∗ Case 1 & Case 2: 477.25

• Profits

– Total profits are significantly lower under ULM:
∗ ULM: 306,313.79
∗ Case 1 & Case 2: 404,853.59

• Free Permits Allocation

– The total number of free permits allocated is consistent across all experiments:
∗ ULM: 5,648.37
∗ Case 1 & Case 2: 5,644.44

– The distribution of free permits varies significantly:
∗ ULM: Atlantis receives a disproportionately large share (2,045.95 permits).
∗ Case 1 & Case 2: Permits are more evenly distributed among countries.

• Sector-Specific Insights

– Under ULM, sectors such as Automotive, Cement, Chemicals, and Steel exhibit
higher output compared to Case 1 and Case 2.

– In contrast, the Paper and Textile sectors show increased output in Case 1 and Case
2 relative to ULM.

– Abatement is more effective in key sectors (Automotive and Cement) under ULM.

• Country-Specific Abatement and Permits

– All countries achieve higher levels of abatement under ULM compared to Cases 1
and 2.

– Smaller countries like Lilipoupoli receive fewer free permits under the ULM, po-
tentially impacting their economic performance.

• Efficiency of Abatement

– ULMdemonstrates greater abatement efficiency per permit, achieving higher abate-
ment levels with a comparable number of permits.

• Economic Efficiency vs. Profit Maximization

– ULM prioritizes higher consumer surplus and greater abatement, enhancing envi-
ronmental and consumer welfare, but resulting in lower profits.

– Case 1 and Case 2 focus more on profitability, potentially at the expense of reduced
abatement and consumer benefits.
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In summary, ULM appears to outperform in terms of efficiency, economic output, and
abatement. However, much of this advantage can be directly attributed to the absence of tem-
poral components in the system. On the other hand, the Linear Problem tends to distribute
permits more uniformly, following fairness constraints.

8.8 Conclusion

In this chapter, we have conducted a comparative analysis of the Uniform Linear Mechanism
and our proposed optimization model for allocating emission permits within the EU ETS. By
applying both models to the same dataset and under identical conditions, we aim to highlight
the strengths and limitations of each approach. The experiments and scenarios are designed
to explore how different allocation principles impact economic efficiency, fairness, and overall
welfare.
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Figure 8.2: Profits per Country.

Figure 8.3: Profits per Sector.
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Figure 8.5: Output of all Firms
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(a) Paper (b) Steel (c) Cement

(d) Textiles (e) Chemicals (f) Automotive

Figure 8.7: Consumer Surplus across Various Sectors.
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Chapter 9

Future Work

9.1 Conclusion and closing statement

In this journey, we delved into the European Union Emissions Trading System (EU ETS), scruti-
nizing it through the lens of fair division and, specifically, HervéMoulin’s principles of fairness.
Our initial focus was on assessing horizontal equity—ensuring that similar entities are treated
equally. However, our analyses revealed that straightforward approaches were insufficient to
capture the complexities of equitable allocations across diverse member states.

Determined to address these shortcomings, we employed cluster analysis to group coun-
tries with similar characteristics, enhancing our understanding of allocation disparities. This
led us to develop a versatile linear optimization tool designed to integrate multiple fairness
principles, balancing economic efficiency with ethical considerations. Our model provided a
flexible framework for allocating emission allowances more justly, accommodating the varied
needs and circumstances of different countries.

Further enriching our research, we discovered a contemporary study from the same year as
our paper [19], which we incorporated to simulate the economy and conduct comparative anal-
yses. This allowed us to benchmark our model against the Uniform Linear Mechanisms (ULM)
proposed by Lin and Lu [28], highlighting the strengths of our approach in maintaining firm
profitability while embedding fairness constraints, despite ULMs achieving higher consumer
surplus.

As this work comes to a close, it reflects the ongoing effort to create a more equitable
EU ETS, where environmental responsibility aligns with social justice. The research lays the
groundwork for future refinements, including applying the model to real-world data and ex-
ploring dynamic allocationmechanisms that can adapt to changing economic and environmen-
tal conditions. This foundation supports continued progress toward the EU’s climate objectives
and the pursuit of a fair transition for all member states.

9.2 Future Work

Several avenues remain open for further exploration to improve the models and methodologies
developed. Future work could focus on the following areas:
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• Incorporating Production Cost Functions: Integrate production cost functions into both
the Uniform Linear Mechanism (ULM) and the linear programming (LP) models to more
accurately reflect firms’ economic behaviors and decision-making processes.

• Exploring Additional Constraints in the LPModel: Test and document a variety of new
constraints within the LP framework, including those inspired by existing literature, to
further balance fairness and efficiency in permit allocation.

• Temporal Analysis with Multiple Periods: Extend the models to include multiple time
periods, allowing analysis of dynamic allocation strategies and their effects over time,
which could enhance incentive structures for emission reductions.

• Enabling Banking and Borrowing of Permits: Incorporate mechanisms for banking and
borrowing emission permits into the models to simulate more realistic market conditions
and assess their impact on firms’ strategies and overall system efficiency.

• AnalyzingDiscountedAbatement Costs: Explore the use of discounted abatement costs,
both globally and relative to firms’ previous abatement efforts, to understand how dis-
counting affects allocation decisions and long-term investment in emission reduction
technologies.

• Incorporating More Realistic Data: Using empirical data to calibrate and validate the
models, enhancing their applicability to real-world scenarios and improving the robust-
ness of policy recommendations.

The proposed areas for future research offer substantial opportunities to advance the un-
derstanding and implementation of fair and efficient emission permit allocation mechanisms
within the EU ETS and similar systems. By addressing these topics, future studies can build on
the foundation laid in this thesis, contributing to more equitable and effective climate policies
that support global efforts to mitigate climate change.
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Table of Symbols

Table 9.1: Table of Symbols

Symbol Description Units

qi Quantity produced by firm i units
xi Emissions by firm i kg
τ Permit price $/kg
CA Abatement cost function $
Ei Total emissions for firm i kg
Ai Allocation of free permits for firm i permits
P Market price of the product $
p(qi) Price demand function for quantity qi $/unit
Πi Profit for firm i $
BM Benchmark emissions level per unit of output kg/unit
R Reduction factor applied to cap -
σ Cap on total emissions kg
D Demand level units
η Emission intensity (emissions per unit of output) kg/unit
α Correction factor (varies across sectors) -
C Set of EU Member States (Countries) -
S Set of Sectors -
t Time Periods -

vi,j,t
Percentage of Free Allocation assigned to country i,
sector j, in year t Percentage

GDPi,j
Gross Domestic Product produced by sector j in
country i

Currency (e.g.,
Euros)

ei,j Verified emissions of sector j in country i
Tons of CO₂
equivalent

PPSi Purchasing Power Standards Multiplier for country i Dimensionless
vi Aggregate free allocation for country i Percentage
vj Aggregate free allocation for sector j Percentage

αk
Multipliers controlling allowable deviations in
allocations Dimensionless
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Symbol Description Units

Z
Objective function representing overall economic
efficiency Dimensionless

N Set of agents (e.g., firms) -
ui Utility function for agent i Utility units
MMSi Maximin Share for agent i Utility units
Yi Free allowance allocation for country i Percentage

Dxij

Euclidean distance between countries i and j’s
attribute vectors Number

DYij

Absolute difference in allocations between countries i
and j

Number

Dxi

Euclidean distance between country i and the median
country Number

DYi

Absolute difference between country i’s allocation
and the median country’s allocation Number

˜GDP i Normalized GDP per capita for country i Dimensionless
Di Inverse economic capacity index for country i Dimensionless

Φi(q)
Number of permits allocated to firm i as a function of
production Permits

Q Aggregate production Units

K Total emissions Tons of CO₂
equivalent

S(K) Social cost of pollution $
abi Abatement level by firm i kg

Table 9.2: Table of Abbreviations

Abbreviation Full Meaning

PPS Purchasing Power Standard
CAT Cap and Trade system
EU ETS European Union Emissions Trading System
GDP Gross Domestic Product
CO2 Carbon Dioxide
GHG Greenhouse Gases
UN United Nations
EU European Union
UNFCCC United Nations Framework Convention on Climate Change
HFCs Hydrofluorocarbons
CORSIA Carbon Offsetting and Reduction Scheme for International

Aviation
ICAO International Civil Aviation Organization

164



Abbreviation Full Meaning

NACE Statistical Classification of Economic Activities in the European
Community

NDC Nationally Determined Contributions
MSR Market Stability Reserve
REPowerEU European Union’s energy resilience plan (REPowerEU)
CSCF Cross-Sectoral Correction Factor
LRF Linear Reduction Factor
NER 300 New Entrants Reserve (fund for renewable energy and carbon

capture projects)
CDM Clean Development Mechanism
SO2 Sulfur Dioxide
NOx Nitrogen Oxides
ETS Emissions Trading System
BAT Best Available Techniques
CITL Community Independent Transaction Log
EUTL European Union Transaction Log
CLEF Carbon Leakage Exposure Factor
CF Correction Factor
ULM Uniform Linear Mechanism
LP Linear Programming
EF1 Envy-Freeness up to One Good
C&C Contraction and Convergence
CDC Common but Differentiated Convergence
EEX European Energy Exchange
CS Consumer Surplus
MSE Mean Squared Error
NbClust NbClust: R package for determining the optimal number of

clusters
L-BFGS-B Limited-memory Broyden-Fletcher-Goldfarb-Shanno with

Bounds
BAU Business as Usual
Gurobi Gurobi Optimizer
SymPy Symbolic Python library
ACS Adjusted Consumer Surplus
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Chapter 10

Appendix

10.1 Data selection

Energy Intensity measures the amount of energy used per unit of GDP, indicating a country’s
efficiency in energy use relative to economic output. Lower energy intensity reflects greater
energy efficiency, suggesting a reduced need for free allowances. This attribute helps ensure
that allowance distribution aligns with the goal of incentivizing efficient energy usage and
reducing overall emissions across the EU.

• Principle: Economic Efficiency

• File: nrg_ind_ei_linear.csv

• Source: https://ec.europa.eu/eurostat/databrowser/view/NRG_IND_EI__custom_
5726612/default/table?lang=en

• Field in question on nrg_bal is ”EI_GDP_PPS”

• Country: All countries

• Year: 1996 - 2021

• Unit: KGOE_TEUR_PPS

Verified Emissions directly quantify a country’s annual emissions and represent its environ-
mental impact. Including verified emissions allows for an accurate reflection of each country’s
contribution to total emissions, thus supporting a fair allocation of allowances. By aligning the
allowances with verified emissions, the EU ETS ensures that countries receive allocations pro-
portional to their emissions levels, thereby supporting a fair distribution that respects actual
emissions data.

• Principle: Fairness

• File: Historical emissions_data.csv

• Source: https://www.eea.europa.eu/data-and-maps/dashboards/emissions-trading-viewer-1
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• Country: All countries

• Year: 1990 - 2021

• Unit: K tons of Co2 equivalent

min 25-quantile median 75-quantile max Std
Austria 27.36 29.61 30.51 30.87 32.08 1.27
Belgium 45.03 45.17 45.99 46.29 55.46 3.16
Bulgaria 31.28 33.24 34.57 35.95 40.00 2.63
Cyprus 4.19 4.58 4.61 4.92 5.58 0.41

Denmark 15.50 17.05 19.46 23.71 26.55 4.05
Estonia 10.38 13.50 13.89 14.76 16.00 1.55
Finland 26.18 27.81 30.68 34.72 41.30 4.74
France 101.40 104.86 110.90 114.46 124.13 7.10

Germany 428.29 448.66 462.35 469.31 489.86 18.24
Greece 47.34 50.74 58.84 61.09 69.85 7.10

Hungary 20.08 21.23 22.40 22.61 27.24 1.91
Ireland 15.77 18.88 23.63 27.08 28.53 4.72

Italy 148.37 157.09 166.78 187.42 220.68 21.98
Latvia 2.43 2.59 2.74 2.96 3.24 0.26

Lithuania 5.61 5.92 6.23 6.65 7.56 0.59
Luxembourg 1.73 1.83 2.06 2.17 3.62 0.52

Malta 0.84 1.09 1.89 1.92 2.28 0.51
Netherlands 79.97 82.27 89.14 92.79 96.47 6.31

Poland 191.17 198.28 199.73 203.07 206.35 4.12
Portugal 24.17 25.64 26.99 28.75 31.42 2.23
Romania 40.53 42.21 43.07 48.72 63.82 6.83
Slovenia 6.18 6.60 7.45 8.03 8.86 0.91

Spain 121.48 128.26 132.69 140.52 163.46 11.31
Sweden 17.49 21.05 22.51 22.63 22.86 1.71

United Kingdom 141.76 172.90 220.88 236.57 265.06 42.22

Table 10.1: Verified emissions in G tons of CO2 equivalent

Historical Emissions

• File: Historical emissions_data.csv

• Source: https://www.eea.europa.eu/data-and-maps/dashboards/emissions-trading-viewer-1

• Country: All countries

• Year: 1990 - 2021

• Unit: K tons of Co2 equivalent
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GPD per capita reflects a country’s economic wealth and ability to fund emissions reductions
independently. Including this metric in the analysis acknowledges that wealthier countries
have more financial capacity to invest in green technologies, potentially reducing their need
for free allowances. Incorporating GDP per capita aligns with a fairness-based approach, as
it considers vertical equity—ensuring that countries with lower economic resources are not
disproportionately burdened in the transition to greener economies.

• Principle: Fairness

• File: GDP_per_capita_1960_2021.csv

• Source: https://data.worldbank.org/indicator/NY.GDP.PCAP.CD

• Data: GDP per capita (current US$)

• Country: All countries

• Year: 1960 - 2021

• Unit: US$

Inflation affects purchasing power and the overall cost of living, influencing a country’s eco-
nomic stability and its ability to absorb additional costs associatedwith emissions trading. High
inflation rates may signal economic vulnerabilities, making it harder for countries to manage
fluctuations in emissions trading markets. By including inflation as an attribute, the analysis
respects the fairness principle by accounting for economic conditions that might otherwise
disadvantage certain countries.

• Principle: Fairness

• File: Inflation_1960_2021.csv

• Source: https://data.worldbank.org/indicator/FP.CPI.TOTL.ZG

• Data: Inflation, consumer prices (annual

• Country: All countries

• Year: 1960 - 2021

• Unit:
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min 25-quantile median 75-quantile max Std
Austria 44.20 47.17 48.56 51.46 51.92 2.75
Belgium 41.01 44.19 44.76 47.48 48.30 2.43
Bulgaria 6.85 7.17 7.57 7.88 9.45 0.74
Cyprus 23.41 26.89 28.91 31.57 35.40 3.57

Denmark 53.25 57.83 58.51 61.67 64.32 3.39
Estonia 14.66 17.40 18.20 19.66 23.06 2.45
Finland 42.80 46.46 47.71 50.16 53.77 3.25
France 36.65 39.73 41.59 42.84 45.52 2.75

Germany 41.10 41.89 44.65 46.50 48.02 2.61
Greece 17.92 19.17 21.79 26.10 32.13 4.84

Hungary 12.72 13.09 13.72 14.46 16.43 1.21
Ireland 48.66 51.83 55.60 62.44 79.11 9.57

Italy 30.24 33.51 35.56 36.63 40.94 3.17
Latvia 11.42 13.56 14.33 15.72 17.87 1.87

Lithuania 11.82 14.32 14.94 16.14 19.19 2.11
Luxembourg 105.46 109.81 112.58 119.51 123.68 6.14

Malta 21.08 22.37 24.77 26.19 31.57 3.23
Netherlands 45.19 49.37 52.20 52.97 57.88 3.66

Poland 11.53 12.60 13.70 13.94 15.47 1.08
Portugal 19.25 21.03 22.10 23.18 24.95 1.68
Romania 8.21 8.76 9.55 10.24 12.40 1.23
Slovenia 20.89 23.07 23.53 24.96 27.60 1.92

Spain 25.74 28.25 29.50 31.11 35.51 2.74
Sweden 46.95 52.42 54.59 59.03 61.13 4.45

United Kingdom 38.95 41.18 42.69 44.56 47.79 2.92

Table 10.2: GDP per capita in thousands USD

Population is a fundamental indicator of a country’s size and resource needs. Larger popu-
lations imply greater demand for energy and, subsequently, higher emissions, suggesting that
allocation should consider the number of inhabitants to ensure an equitable distribution of al-
lowances. Population-based allocation also aligns with fairness principles, as it supports the
idea that countries with more people should have proportionate access to resources under a
shared system.

• Principle: Fairness

• File: API_SP.POP.TOTL_DS2_en_csv_v2_4701113.csv

• Source: https://data.worldbank.org/indicator/SP.POP.TOTL

• Country: All countries

• Year: 1960 - 2021
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Inflation min 25-quantile median 75-quantile max Std
Austria 0.87 1.71 1.85 2.01 2.30 0.45
Belgium 0.53 1.30 1.81 1.90 1.96 0.47
Bulgaria 0.07 1.23 3.32 4.52 8.10 2.45
Cyprus -1.33 -0.66 1.00 1.65 4.73 1.74

Denmark 0.25 0.58 0.89 1.78 4.13 1.27
Estonia -0.39 2.00 3.59 4.05 6.80 2.02
Finland 0.09 1.22 1.77 2.59 3.04 1.02
France 0.07 0.55 0.95 1.10 2.37 0.58

Germany 0.65 1.20 1.50 1.87 1.97 0.46
Greece -2.05 -0.44 -0.18 0.62 4.34 1.85

Hungary 1.32 2.66 2.89 4.11 4.85 1.15
Ireland -4.62 -0.28 0.71 1.22 7.70 3.10

Italy 0.44 0.92 1.13 1.58 2.40 0.54
Latvia -9.67 0.49 1.92 3.77 11.65 5.17

Lithuania -3.30 1.06 2.53 3.88 9.71 3.30
Luxembourg -1.11 1.94 2.28 3.36 6.61 1.99

Malta 1.12 2.06 2.22 2.75 4.22 0.82
Netherlands 0.19 0.35 0.94 1.36 2.44 0.79

Poland 0.30 0.75 1.65 2.82 3.89 1.34
Portugal -0.39 0.67 1.51 1.78 2.25 0.90
Romania 1.80 3.33 3.77 4.38 16.02 3.88
Slovenia -1.03 0.68 1.04 1.86 4.47 1.49

Spain -0.22 0.06 0.32 0.90 2.25 0.76
Sweden 0.93 1.04 1.74 2.25 3.24 0.75

United Kingdom 0.51 1.60 1.82 2.03 3.23 0.65

Table 10.3: Inflation between 2008-2018

• Unit: Persons

Total Energy Supply represents a country’s energy consumption needs, which correlates
with its emissions output. Countries with higher energy supply requirements typically have
higher emissions, necessitating a proportional allocation to meet their demand. This attribute
respects the fairness principle, as it aligns the allowances with the actual energy demand of
each country, thereby supporting a distribution that reflects each country’s energy usage and
emissions potential.

• Principle: Fairness

• File: nrg_bal_s__custom_4143365_linear.csv

• Source: Eurostat
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Population min 25-quantile median 75-quantile max Std
Austria 8.32 8.38 8.48 8.69 8.84 0.19
Belgium 10.71 10.97 11.16 11.30 11.43 0.24
Bulgaria 7.03 7.15 7.27 7.37 7.49 0.15
Cyprus 1.08 1.12 1.14 1.17 1.19 0.03

Denmark 5.49 5.56 5.61 5.71 5.79 0.10
Estonia 1.31 1.32 1.32 1.33 1.34 0.01
Finland 5.31 5.38 5.44 5.49 5.52 0.07
France 64.37 65.19 66.00 66.64 67.10 0.93

Germany 80.27 80.81 81.78 82.23 82.91 0.91
Greece 10.73 10.80 10.97 11.09 11.12 0.15

Hungary 9.78 9.83 9.89 9.99 10.04 0.09
Ireland 4.49 4.57 4.62 4.73 4.87 0.12

Italy 58.83 59.33 60.23 60.58 60.79 0.73
Latvia 1.93 1.97 2.01 2.08 2.18 0.08

Lithuania 2.80 2.89 2.96 3.06 3.20 0.13
Luxembourg 0.49 0.51 0.54 0.58 0.61 0.04

Malta 0.41 0.42 0.43 0.45 0.48 0.03
Netherlands 16.45 16.65 16.80 16.99 17.23 0.25

Poland 37.97 37.98 38.04 38.06 38.15 0.06
Portugal 10.28 10.34 10.46 10.56 10.57 0.12
Romania 19.47 19.76 19.98 20.20 20.54 0.33
Slovenia 2.02 2.05 2.06 2.06 2.07 0.01

Spain 45.95 46.46 46.58 46.68 46.80 0.24
Sweden 9.22 9.41 9.60 9.86 10.18 0.31

United Kingdom 61.81 63.01 64.13 65.36 66.46 1.55

Table 10.4: Population in millions 2008-2018

• Data tree : All data -> Environment and energy -> Energy -> Energy statistics -> quan-
tities Energy statistics -> quantities, annual data -> Energy balances

• Data name on Eurostat: Simplified energy balances

• Data: Energy balance

• Country: All countries

• Year: 1990 - 2020

• Unit: Thousand tonnes of oil equivalent

• nrg_bal codes:

• Primary production -> PPRD
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• Imports -> IMP

• Exports -> EXP

• Gross Available Energy -> GAE

• Total energy supply -> NRGSUP

• Available for final consumption -> AFC

min 25-quantile median 75-quantile max Std
Austria 32011.29 33031.17 33177.75 33562.30 34166.28 660.54
Belgium 52238.38 53015.79 55039.87 55272.03 59313.06 2255.37
Bulgaria 16923.38 17726.43 18234.79 18722.35 19823.90 813.92
Cyprus 1955.96 2121.56 2262.44 2440.09 2616.93 221.87

Denmark 16374.16 16838.22 17383.65 18304.45 19558.31 1128.72
Estonia 4399.62 5378.58 5648.48 5846.32 5978.41 496.84
Finland 32022.99 33165.71 33582.86 34469.06 36251.74 1195.84
France 248383.41 250072.60 256292.91 259845.13 266394.54 6206.33

Germany 305036.83 310746.75 313107.91 318940.66 335474.27 9403.81
Greece 22748.62 23240.71 23407.97 27231.17 30404.91 2854.85

Hungary 23652.51 24816.51 25609.63 26395.50 26900.70 1096.99
Ireland 12776.63 13293.33 13625.33 14225.86 15022.14 727.58

Italy 146769.88 152859.01 156093.49 168758.58 181736.20 10969.89
Latvia 4259.46 4307.46 4407.65 4465.42 4640.00 129.86

Lithuania 6946.51 7067.95 7290.53 7647.47 9553.50 819.46
Luxembourg 3682.05 3785.50 3948.40 4127.44 4212.94 195.48

Malta 594.33 687.68 780.25 834.21 881.48 97.20
Netherlands 71379.09 73882.75 75619.51 77123.41 82743.78 3132.34

Poland 93773.11 96236.75 97971.41 101131.11 108970.23 4555.35
Portugal 21439.29 22060.46 22651.14 23433.93 24716.20 1092.37
Romania 31378.66 31668.07 33454.78 34845.41 39485.27 2432.37
Slovenia 6473.51 6722.90 6875.85 7127.16 7982.69 419.35

Spain 114522.76 119335.11 125486.61 126434.02 138166.04 6411.76
Sweden 44092.81 48432.69 49103.98 49874.22 50118.89 1857.82

United Kingdom 174024.39 177000.66 186386.17 191789.70 208268.88 11384.30

Table 10.5: Total energy supply between 2008-2018

Sectoral GDP Composition (Agriculture, Industry, Manufacturing). The economic struc-
ture of a country, represented by the composition of its sectoral GDP, directly impacts its emis-
sions profile. Countries with a higher reliance on industry or manufacturing tend to have
greater emissions intensity, which should be considered in allocation. Analyzing sectoral GDP
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composition supports a fair allocation by recognizing that countries with emissions-intensive
economies face distinct challenges compared to those with service-based economies. This at-
tribute thus enhances vertical equity and ensures allowances are distributed in line with each
country’s economic activity type.

• Principle: Fairness

min 25-quantile median 75-quantile max Std
Austria 4.32 4.79 5.14 5.46 6.05 0.55
Belgium 2.99 3.22 3.39 3.62 3.88 0.27
Bulgaria 2.04 2.20 2.39 2.56 3.20 0.33
Cyprus 0.37 0.44 0.49 0.52 0.59 0.07

Denmark 2.68 3.02 3.87 4.49 5.41 0.91
Estonia 0.49 0.63 0.65 0.80 0.85 0.13
Finland 5.29 5.82 6.03 6.41 6.59 0.43
France 35.54 39.60 42.43 44.42 47.28 3.91

Germany 22.99 25.78 29.91 32.78 35.20 4.54
Greece 6.79 7.71 8.33 8.85 9.99 0.90

Hungary 4.01 4.87 5.31 5.51 5.67 0.60
Ireland 1.32 2.28 2.61 3.06 3.96 0.71

Italy 36.20 38.32 40.70 43.21 45.94 3.17
Latvia 0.85 0.96 0.97 1.07 1.24 0.11

Lithuania 0.95 1.38 1.55 1.66 1.71 0.24
Luxembourg 0.13 0.14 0.15 0.17 0.20 0.02

Malta 0.09 0.10 0.11 0.11 0.13 0.01
Netherlands 13.20 13.89 15.07 15.49 15.71 0.92

Poland 11.25 13.13 14.22 15.96 16.76 1.91
Portugal 4.16 4.38 4.64 4.77 5.17 0.32
Romania 7.87 8.47 9.88 10.88 13.51 1.74
Slovenia 0.89 0.91 0.92 1.01 1.22 0.10

Spain 31.90 34.18 34.84 36.07 39.19 2.23
Sweden 6.27 7.53 8.11 8.47 9.59 0.87

United Kingdom 14.74 16.11 17.05 18.33 22.84 2.28

Table 10.6: Agriculture as a percentage of GDP
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min 25-quantile median 75-quantile max Std
Austria 96.16 102.24 106.03 111.06 116.48 6.50
Belgium 90.94 98.13 100.59 104.53 111.72 6.42
Bulgaria 12.04 13.16 13.62 14.01 14.87 0.87
Cyprus 2.03 2.45 2.95 3.63 4.98 0.90

Denmark 60.50 64.40 68.89 69.76 79.84 5.40
Estonia 4.61 5.63 5.97 6.42 7.36 0.81
Finland 54.66 61.38 63.49 65.70 84.47 7.78
France 431.14 459.74 479.72 506.08 551.30 36.97

Germany 843.80 934.68 1000.01 1014.25 1085.27 69.42
Greece 27.44 28.64 35.83 42.48 55.73 9.66

Hungary 32.23 32.95 33.99 36.13 40.79 2.98
Ireland 51.79 57.18 62.99 110.85 141.75 32.57

Italy 383.06 431.67 449.66 474.26 568.48 50.60
Latvia 4.90 5.37 5.81 6.01 7.81 0.78

Lithuania 9.38 11.12 12.22 13.05 13.97 1.52
Luxembourg 5.99 6.42 6.93 7.48 7.80 0.62

Malta 1.36 1.48 1.54 1.59 1.84 0.14
Netherlands 138.29 155.19 166.89 173.29 204.75 19.28

Poland 129.76 146.41 150.02 156.35 169.32 10.65
Portugal 38.81 41.82 43.54 47.46 53.70 4.42
Romania 54.81 61.02 63.42 67.76 78.81 7.80
Slovenia 12.08 12.77 13.77 13.95 16.62 1.31

Spain 240.11 268.98 278.66 328.16 429.02 57.54
Sweden 97.80 114.87 122.21 126.94 135.67 10.52

United Kingdom 448.57 473.78 494.10 522.75 583.44 40.55

Table 10.7: Industry as a percentage of GDP
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min 25-quantile median 75-quantile max Std
Austria 63.75 66.61 70.28 72.47 76.57 4.24
Belgium 58.69 62.46 64.21 66.70 72.39 4.02
Bulgaria -470.74 -453.31 -432.37 -420.07 -399.33 22.79
Cyprus 0.85 0.95 1.12 1.33 1.52 0.23

Denmark 35.21 37.47 40.47 41.64 46.70 3.45
Estonia 2.41 3.20 3.35 3.56 4.13 0.47
Finland 34.44 38.11 39.73 42.29 59.40 6.76
France 254.30 268.11 278.31 292.38 325.40 20.87

Germany 603.23 697.07 743.97 755.59 796.43 56.32
Greece 15.64 16.78 18.19 22.95 30.27 4.63

Hungary 22.45 24.56 25.39 27.39 29.71 2.23
Ireland 43.26 47.00 49.10 100.06 126.39 31.76

Italy 264.39 290.81 301.69 308.97 372.63 28.24
Latvia 2.57 2.85 3.20 3.32 3.63 0.32

Lithuania 5.65 7.20 8.00 8.15 8.91 0.96
Luxembourg 2.53 2.88 3.14 3.41 3.93 0.42

Malta 0.83 0.96 1.00 1.06 1.23 0.11
Netherlands 82.70 89.39 91.54 95.12 109.07 7.43

Poland 71.81 82.05 85.70 88.28 98.64 7.14
Portugal 24.20 25.62 27.24 27.71 31.35 2.12
Romania 35.95 37.70 39.72 44.53 49.91 4.70
Slovenia 8.43 8.69 9.28 9.90 11.00 0.87

Spain 135.09 148.07 155.06 166.17 207.17 19.84
Sweden 60.02 69.65 72.99 77.49 83.80 6.77

United Kingdom 218.33 242.14 251.42 268.16 286.56 20.19

Table 10.8: Manufacturing as a percentage of GDP

180


	Περίληψη
	Abstract
	Ευχαριστίες
	Περιεχόμενα
	Κατάλογος σχημάτων
	Κατάλογος πινάκων
	Εκτεταμένη Ελληνική Περίληψη
	Εμποριο Ρύπων EU ETS
	Εισαγωγή
	Συστήματα Cap-and-Trade
	Το Σύστημα Εμπορίας Δικαιωμάτων Εκπομπών της Ευρωπαϊκής Ένωσης (EU ETS)
	Κατανομή Δωρεάν Δικαιωμάτων Εκπομπών
	Το Πρόβλημα της Διαρροής Άνθρακα

	Μοιράζοντας Δίκαια
	Εισαγωγή
	Ορισμός
	Ποιος διενεργεί τη διανομή;
	Ποιοι είναι οι Λήπτες;
	Τι Διανέμεται; (Τύποι Αγαθών)
	Αναπαράσταση Προτιμήσεων
	Κριτήρια Δικαιοσύνης
	Οι τέσσερεις κλασικές αρχές Διανεμητικής Δικαιοσύνης: Οι Αρχές του Moulin
	Παράδειγμα: Το Δίλημμα της Σωσίβιας Λέμβου
	Εφαρμογή των Αρχών στη Λογική των Cap-and-Trade Συστημάτων

	Εξερεύνηση Οριζόντιας Ισότητας
	Εισαγωγή
	Πείραμα 1: Ομοιότητα Χαρακτηριστικών vs. Ομοιότητα Κατανομών
	Πείραμα 2: Median Χώρα ως Σημείο Αναφοράς
	Πείραμα 3: Βέλτιστοι Γραμμικοί Συνδυασμοί

	Συσταδοποίηση (Clustering) για τη Βελτίωση της Ερμηνείας των Κατανομών
	Διαμόρφωση ενός Μοντέλου Κατανομής μέσω Γραμμικής Βελτιστοποίησης
	Μαθηματική Διατύπωση
	Παραδείγματα Σεναρίων

	Ο Ομοιόμορφος Γραμμικός Μηχανισμός (ULM) των Lin & Lu, ως Θεωρητικό Σημείο Αναφοράς
	Σύγκριση του Ομοιόμορφου Γραμμικού Μηχανισμού (ULM) με το Προτεινόμενο Μοντέλο Βελτιστοποίησης
	Συμπεράσματα και Μελλοντική Εργασία

	Introduction
	Background
	Motivation
	Literature Review
	Outline of the Thesis
	Chapter 1: Introduction
	Chapter 2: EU Emission Trading System
	Chapter 3: Foundations of Fair and Efficient Division
	Chapter 4: Exploring Horizontal Equity in the EU ETS Using Data Analysis
	Chapter 5: Cluster Analysis to Refine Horizontal Equity
	Chapter 6: Formulating an Allocation Model via Linear Optimization
	Chapter 7: Uniform Linear Mechanisms and Their Theoretical Foundations
	Chapter 8: Comparative Analysis Using Synthetic Data
	Chapter 9: Future work


	Emission Trading - EU ETS
	Introduction
	Cap And Trade Systems
	Benefits of CAT Systems

	European Union Emissions Trading System (EU ETS)
	Operation
	Brief History and Goals

	Allocation of Permits
	Auctioning
	Benchmark
	Free Allocagtion & Carbon Leakage

	Epilogue

	Fair Distribution - Fair Division
	Introduction
	Definition
	Who is Dividing or Distributing?
	Who are the Recipients?
	What is Being Distributed? (Types of Goods)
	Preference Representation
	Fairness Criteria

	Another Framework for Distributive Justice
	Illustrative Example: The Lifeboat Dilemma

	Application of Principles in Cap and Trade Systems
	Introduction
	Alignment of Existing Allocation Principles with the four classic principles of distributive justice
	Interpretation of Moulin's Principles in Cap and Trade Systems


	Exploring Horizontal Equity and the data available on the EU ETS
	Introduction
	Data Collection
	Correlation Analysis

	Experiment 1: Analyzing Pairwise Similarities between Countries
	Methodology
	Results and Analysis

	Experiment 2: Using the Median Country as a Reference Point
	Methodology
	Results and Analysis

	Experiment 3: Optimal Feature Weights
	Methodology
	Results and Analysis
	Discussion

	Conclusion

	Assessing the Limitations of Relaxed Horizontal Equity in EU ETS Allocation
	Introduction
	Data Collection and Indicator Selection
	Methodology
	Data Normalization
	Clustering Method
	Determination of Optimal Number of Clusters
	Results of Clustering

	Regression Analysis
	Regression Model Specification
	Regression Results
	Key Observations
	Implications of the Results

	Conclusion

	Allowance Allocation as an Optimization Problem
	Introduction
	Mathematical Formulation
	Variables and Parameters
	Objective Function
	Constraints
	Explanation of the Constraints

	Solution and Methodology
	Algorithm Selection
	Data Inputs
	Data Limitations and Model Simplification
	Reformulated Optimization Model

	Example Runs
	Scenario 1: Base case
	Scenario 2: Increased Flexibility & 
	Scenario 3: Inverse GDP per capita

	Conclusion

	Uniform Linear Mechanism for Allocation
	Introduction to the Uniform Linear Mechanism Model
	Definition and Structure of the Uniform Linear Mechanism
	Model Description

	Mock Data Generation
	Assumptions for Data Generation
	Data Generation Procedure

	Implementation of the Uniform Linear Mechanism Model with Optimization
	Optimization Framework
	Algorithm Implementation

	Implementation of the Uniform Linear Mechanism Model with Modified Best Response
	Algorithm Overview
	Firms' Output Optimization
	Equilibrium Testing

	Example Runs
	Scenario 1: 2 Sectors with only one receiving free allocation
	Scenario 2: Repetition of Scenario 1 at different Emission Caps
	Scenario 3: Varying Emission Cap

	Conclusion

	Comparison of Allocation Models
	Problem Definition
	Common Data and Parameters
	Limitations
	Regulator
	Countries
	Sectors
	Firms
	Common Parameters

	New Assumptions for the Uniform Linear Mechanism Model
	New Assumptions and Limitations for the Proposed Optimization Model
	Limitations

	Experimental Design
	Optimization Model Scenarios
	Uniform Linear Mechanism Optimization

	Results
	Free Permits allocation
	Profits
	Abatement
	Output
	Consumer Surplus

	Key Observations
	Conclusion

	Future Work
	Conclusion and closing statement
	Future Work

	Bibliography
	Appendix
	Data selection


