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Note : en accord avec les représentants du SPF Economie, il a été convenu lors du kick-off meeting du
projet DRIVER du 25 Octobre 2021, que les délivrables du projet peuvent étre rédigés soit en francais
soit en anglais moyennant un résumé en francais. Le présent document est rédigé de la maniere
suivante : les deux premieres parties (généralités et méthodologies) de ce rapport sont en francais,
tandis que la deuxiéme partie (résultats) est conservée en anglais, langue dans laquelle ces résultats
ont été publiés.
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| Marchés du Carbone : généralités et approches développées dans le
contexte du projet DRIVER

1.1. Donner un prix du carbone : objectifs

L'objectif principal de donner un prix au CO2 est d’inciter a réduire les émissions de gaz a
effet de serre (GES), dont fait partie le CO2. En donnant une valeur économique aux
émissions de CO2, on espére inciter I'ensemble de des agents économiques a réduire leurs
émissions, car cela leur permettrait de minimiser les co(its associés a ces émissions. En
outre, donner un prix au CO2 permet de stimuler I'innovation technologique, en créant une
demande pour des alternatives bas carbone : génération d’électricité a partir de ressources
renouvelables, technologies favorisant I'accroissement de I'efficacité énergétique, solutions
de stockage de carbone.

A court terme, la tarification du CO2 peut également permettre de générer des revenus qui
ont vocation a étre réinvestis dans des technologies permettant de répondre a la
problématique énergie / climat: projets d'adaptation aux impacts du changement
climatique, de développement de technologies bas-carbone, soutien aux pays en
développement afin de favoriser des choix de développements (énergétiques, économiques,
écologiques) durables®.

1.2. Externalités

Une externalité se produit lorsque les avantages et/ou les inconvénients d'une activité ne
sont pas pris en compte par les parties impliquées dans cette activité, et sont plutot
supportés (en positif ou en négatif) par d'autres parties. Afin d’intégrer les externalités
négatives liées aux émissions de polluants, il existe différents instruments, notamment les
normes d’émission (command and control regulation) ou la fixation d’un prix lié a I'émission
de ce polluant (taxe ou systéme d’échange de quota).

Dans le cas des émissions de CO2, les externalités négatives se traduisent essentiellement
par le réchauffement climatique et ses conséquences: élévation des températures,
augmentation de la fréquence des événements météorologiques extrémes, diminution de la
biodiversité, élévation du niveau des océans... Ces colits environnementaux sont souvent
supportés par la société dans son ensemble plutot que par les émetteurs de GES.

En intégrant le colt des externalités environnementales dans le prix du carbone, on
encourage les entreprises et les individus a tenir compte des colts réels du changement
climatique dans leurs décisions économiques?.

1 https://www.europarl.europa.eu/thinktank/en/document/EPRS BRI(2022)698890
2 https://stats.oecd.org/glossary/detail.asp?ID=3215




1.3. Donner un prix au carbone : principales approches
Il y a deux manieres principales de donner un prix au CO2, la taxe carbone d’une part, et le
systeme d’échange de quotas d’autre part.

Taxe carbone : I'idée est d’'imposer une taxe sur chaque tonne de CO2 émise. Ainsi,
les émetteurs sont incités a réduire leurs émissions pour simplement éviter le
paiement de cette taxe. Le montant de la taxe devrait idéalement étre fixé en
fonction du niveau de dommage environnemental estimé causé par les émissions de
carbone. Ainsi, les émetteurs prendraient en compte les colts environnementaux
des conséquences de leurs émissions dans leurs calculs économiques.

Systeme de plafonnement et d'échange (« cap and trade ») : un plafond global
d'émissions de carbone est fixé. Des quotas d'émissions sont attribués aux
entreprises, officialisant ainsi leurs droits d'émettre une certaine quantité de
carbone. Les entreprises peuvent vendre ces quotas sur un marché, ou méme en
acheter d’autres, ce qui fait émerger une valeur économique pour les réductions
d'émissions. Concrétement, si une entreprise émet moins que ce que l'allocation lui
autorise, elle peut vendre les quotas excédentaires, tandis qu'une entreprise qui
émet plus que son allocation devra acheter des quotas supplémentaires. Ainsi, les
émetteurs ont une incitation économique a réduire leurs émissions.

Lannexe 1 du présent développe de facon plus détaillée (en anglais) différents aspects des
points abordées ci-dessus.

1.4. Approches développées dans le cadre du projet DRIVER

Dans le cadre du projet Driver, une approche innovante est explorée : celle-ci consiste a
explorer la possibilité de valoriser le carbone de maniere positive, c’est a dire dans un
contexte ou le CO2 devient une molécule d’intérét. Plus précisément, on explore ici I'idée de
combiner du CO2 avec de I'hydrogéne obtenu a partir d’énergie renouvelable (via
hydrolyse). Cette approche est développée en partie Il pour ce qui concerne les aspects
méthodologiques, et en partie lll pour ce qui concerne les aspects quantitatifs.

1.5. Principales disséminations scientifiques

Towards CO2 valorization in a multi remote renewable energy hub framework. Victor
Dachet, Amina Benzerga, Raphaél Fonteneau, Damien Ernst. Proceedings of ECOS
2023 — The 36™ International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, 25-30 June 2023, Las
Palmas de Gran Canaria, Spain.

Energy Markets: Carbon Price. Victor Dachet, Adrien Bolland, Thibaut Théate,
Antoine Dubois, Raphaél Fonteneau and Damien Ernst. Talk in the context of the
« Energy Market » class, ULiege, November 2023.

Remote Renewable Energy Hubs. Victor Dachet & Damien Ernst. Talk at Total Energies
Town Hall, May 2023.

E-Fuels Produced In Remote Renewable Energy Hubs: A Cross Vector Analysis. Antoine
Larbanois, Victor Dachet, Raphaél Fonteneau & Damien Ernst (2023). Working paper.



Il Valoriser le CO2 dans un schéma de hub énergétique a distance —
méthodologie.

Dans cette deuxiéme partie, nous proposons un cadre d'optimisation basé sur un schéma
dans lequel on valorise des ressources d’énergie renouvelable situées dans des hubs
énergétiques a distance — approche qu’on désigne par l'acronyme multi-RREH, de I'anglais
Remote Renewable Energy Hub.

Ce cadre permet une valorisation du CO2 en utilisant des technologies de capture du
carbone. Cette valorisation repose sur I'idée que le CO2 collecté dans I'atmosphére ou apres
combustion peut étre combiné avec de I'hydrogene pour produire du méthane synthétique.
L'hydrogene est obtenu par électrolyse de I'eau en utilisant des énergies renouvelables (ER).
Ces énergies renouvelables sont générées dans des RREH, qui sont des endroits ol les ER
sont abondantes et peu co(teuses (par exemple, I'énergie solaire photovoltaique dans le
désert du Sahara ou |'énergie éolienne au Groenland).

Ce schéma d’optimisation est évalué dans le cadre d’'une association entre la Belgique et 2
hubs énergétiques situés I'un dans le désert du Sahara, l'autre au niveau des cotes du
Groenland. Cette évaluation est en réalité une analyse technico-économique qui permet,
entre autres, de mettre en évidence I'intérét de capturer le CO2 par capture postcombustion
plutét qu’uniquement par capture directe de l'air pour la synthése de méthane dans les
RREH. Ce choix permet une réduction notable de 9,2 % du co(t total du systeme dans notre
scénario de référence. Par ailleurs, ce schéma permet de déterminer un seuil de prix du CO2
au-dessus duquel les technologies de capture du CO2 pourraient jouer un role pivot dans le
processus de décarbonation des industries. Par exemple, ce seuil de prix peut fournir des
informations pertinentes pour étalonner le systeme européen d'échange de quotas
d'émission (EU Emission Trading System) afin de favoriser I'émergence des multi-RREH.

Cluster 2

COASTAL

!
| & :
Cluster 1 1 iJ ! Cluster 3
_ Inuwo | - : _ _DESTINATION _ -
. N . i ’
] \ I F— \
| % I ¢ | . lE' !
I I . o, ), & 55" | : 1
| e 1
! ' ! X% Y w | ’
| | CH, | !
I | ¢ ‘ | : |
B e B e b Y — ’
I N @ ﬁ " : [
| | i ! = | ;
| J ! ! |
1 ; ! 1
| 1 I ¢ !
\ 1 ! @ [
[ N I | n
I " [ | ! 1 @ /‘ :
! % | | =
I 1 ! I : !
| ! : | |
ey L - ! | LT U 4
1
: t?fé J I
5 I
ey g
I
1
|
\

Figure 1 : le modele « Remote Energy Hub » originel
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Figure 3 : schéma de la structure multi-RREH

2.1. Introduction et approches connexes

Alors que le monde entier est engagé dans un processus de réduction des émissions de gaz a
effet de serre, la capture du CO2 apparait de plus en plus comme un élément crucial pour
limiter le réchauffement climatique. Une fois capturé, le CO2 peut étre soit stocké (CCS -
Carbon Capture and Storage), soit valorisé (CCU - Carbon Capture and Utilisation), par
exemple par la production de méthane synthétique. Dans cet article, nous nous concentrons



sur le CCU, ol le CO2 est considéré comme un ingrédient nécessaire dans le processus de
production de méthane synthétique, avec I'hydrogene vert, c'est-a-dire I'hydrogéne obtenu
par électrolyse a partir d'énergies renouvelables.

Dans l'approche présentée ici, fondée sur I'approche « Remote Renewable Energy Hub »
(RREH)3?, I'idée consiste a proposer une approche multicentres et multi-sources de CO2. Le
CO2 est potentiellement capturé a la fois par des technologies de capture du carbone post-
combustion (PCCC) et de capture directe de l'air (DAC). L'hydrogene est produit par
électrolyse a partir d'énergies renouvelables dans un RREH, qui est particulierement bien
adapté a la production d'énergie renouvelable bon marché et abondante (par exemple,
I'énergie solaire dans le désert du Sahara ou I'énergie éolienne au Groenland). Le concept
RREH repose également sur l'idée suivante : certains endroits présentent une forte
consommation d'énergie sans disposer de beaucoup de ressources d'énergie renouvelable
(par exemple, I'Europe). A l'inverse, certains endroits disposent d'une énergie renouvelable
abondante tout en n'ayant presque pas de demande d'énergie. Dans sa formulation
originale, le concept RREH suggere d'utiliser les technologies DAC pour alimenter la
demande de CO2 au RREH. Dans cet article, nous incluons les technologies PCCC comme
alternative aux technologies DAC : en plus ou en remplacement de la capture dans
I'atmosphéere, le CO2 émis dans les endroits a forte consommation d'énergie peut étre
transporté vers les RREH pour étre combiné avec de I'hydrogéne vert pour produire du
méthane synthétique neutre.

Nous proposons une méthodologie pour évaluer la faisabilité technico-économique de
I'exportation de CO2 vers des RREH ou du méthane synthétique neutre en CO2 serait généré
a l'aide de H2 vert produit localement. Nous formalisons un probléme d'optimisation dans
lequel les sources de CO2 sont "mises en concurrence" afin de fournir du CO2 aux unités de
méthanation des RREH. Cette méthodologie est basée sur une modélisation linéaire du
systeme énergétique belge, incluant la demande de gaz et d'électricité, et les principaux
émetteurs de CO2. Nous nous appuyons sur des approches publiées précédemment pour
développer notre approche3, et, en particulier, nous utilisons le langage GBOML* pour
modéliser le systeme énergétique et |'optimiser.

Notre méthodologie est évaluée dans le contexte belge : nous considérons les émissions de
CO2 belges et la demande de gaz et d'électricité belge. Le CO2 peut étre capturé en Belgique
par capture du carbone post-combustion (PCCC) ou dans des RREH par capture directe de
I'air (DAC). Le méthane synthétique neutre en CO2 sera produit dans un centre d'énergie
distant d'ou il sera expédié pour servir la demande de gaz belge. Nous dérivons un co(t
d'émission de CO2 afin d'avoir un systeme a émission neutre. Nous déterminons également
une valeur de perte de charge (c'est-a-dire un prix associé a un manque de service
énergétique) afin de répondre a la demande d'énergie en tout temps. Plusieurs scénarios

3 Mathias Berger, David-Constantin Radu, Ghislain Detienne, Thierry Deschuyteneer, Aurore Richel, and
Damien Ernst. Remote renewable hubs for carbon-neutral synthetic fuel production. Frontiers in Energy
Research, 2021. doi: 10.3389/fenrg.2021.671279.

4 Bardhyl Miftari, Mathias Berger, Hatim Djelassi, and Damien Ernst. GBOML: Graph-Based Optimization
Modeling Language. Journal of Open Source Software, 7(72):4158, 2022. doi: 10.21105/joss.04158.
URL https://doi.org/10.21105/joss.04158.




sont étudiés avec différents prix des émissions de CO2, I'allocation ou non de I'énergie non
desservie et le forcing d'un RREH donné.

Ce travail est principalement lié aux sujets suivants qui pourraient jouer un réle important
dans la décarbonation profonde de nos sociétés :

(i) les approches de type « Global Grid »,

(ii) les technologies de power-to-X, les systémes énergétiques intégrés et les hubs
énergétiques,

(iii) les marchés de quotas de CO2.

Les approches de type Global Grid®>®"! exploitent I'idée de récolter I'énergie renouvelable 13
ou elle est abondante afin d’alimenter la demande d'électricité des zones fortement
consommatrices. Ces approches ont principalement été orientées vers des solutions utilisant
le vecteur « électricité » pour rapatrier I'énergie vers les zones de forte consommation. Elles
ont notamment suscité un intérét particulier avec le concept DESERTEC® qui se concentre sur
les ressources d'énergie solaire du Sahara pour répondre a la demande d'électricité
européenne. Plus récemment, les vents du nord de I'Europe et du Groenland ont également
été identifiés comme des ressources prometteuses a valoriser dans le contexte Global Grid®.
Les configurations ressources-demande combinant plusieurs types de ressources ainsi que
plusieurs fuseaux horaires au niveau de la demande présentent de meilleurs résultats®.

Les approches de type « systétmes multi-énergies »!1%11 exploitent I'idée que des possibilités
d’optimisation supplémentaires sont offertes lorsque les demandes et production d'énergie
sont optimisés conjointement au-dela des vecteurs énergétiques. Les technologies de
type power-to-X, en particulier les technologies power-to-CH4 utilisant [|'hydrolyse et
I'énergie renouvelable pour produire du H2'?, offrent une solution neutre en CO2 pour

5> Spyros Chatzivasileiadis, Damien Ernst, and Goran Andersson. The global grid. Renewable Energy, 57: 372—
383, 2013.

6J. Yu, K. Bakic, A. Kumar, A. lliceto, L. Beleke Tabu, J.L. Ruaud, J. Fan, B. Cova, H. Li, Damien Ernst, Raphael
Fonteneau, M. Theku, G. Sanchis, M. Chamollet, M. Le Du, Y. Zhang, S. Chatzivasileiadis, David-Constantin Radu,
Mathias Berger, M. Stabile, F. Heymann, M.A. Dupré La Tour, Miguel Manuel de Villena Millan, and M. Ranjbar.
Global electricity network - feasibility study. Technical report, October 2019.

URL https://e-cigre.org/publication/775-global-electricity-network-feasibility-study.

7 Zhenya Liu. Global energy interconnection. Academic Press, 2015.

8 Tobias Samus, Bastian Lang, and Holger Rohn. Assessing the natural resource use and the resource efficiency
potential of the DESERTEC concept. Solar Energy, 87:176-183, 2013.

% David Radu, Mathias Berger, Antoine Dubois, Raphael Fonteneau, Hrvoje Pandzic, Yury Dvorkin, Quentin
Louveaux, and Damien Ernst. Assessing the impact of offshore wind siting strategies on the design of the
european power system. Applied Energy, 305:117700, 2022.

10 Marie Munster, Daniel Moller Sneum, Rasmus Bramstoft, Fabian Buhler, Brian Elmegaard, Spyros Giannelos,
Goran Strbac, Mathias Berger, David-Constantin Radu, Damian Elsaesser, Alexandre Oudalov, and Antonio
lliceto. Sector coupling: Concepts, state-of-the-art and perspectives. Technical report, January 2020.

URL https://www.etip-snet.eu/sector-coupling-concepts-state-art-perspectives/.

11 Mark O’Malley, Benjamin Kroposki, Bryan Hannegan, Henrik Madsen, Mattias Andersson, William
D’haeseleer, Mark F McGranaghan, Chris Dent, Goran Strbac, Suresh Baskaran, et al. Energy systems
integration. defining and describing the value proposition. Technical report, National Renewable Energy
Lab.(NREL), Golden, CO (United States), 2016.

2 Manuel Gotz, Jonathan Lefebvre, Friedemann Mors, Amy McDaniel Koch, Frank Graf, Siegfried Bajohr,
Rainer Reimert, and Thomas Kolb. Renewable power-to-gas: A technological and economic review.




répondre a la demande de gaz, mais aussi un moyen de stocker de vastes quantités
d'énergie issues de sources renouvelables!®. Récemment, Berger et al. ont proposé un cadre
de modélisation'* pour évaluer la viabilité technico-économique de la production de
carburants synthétiques neutres en carbone a partir d'électricité renouvelable dans des
zones reculées ou les ressources renouvelables de haute qualité sont abondantes. Il convient
de mentionner que l'idée de centres énergétiques existait avant les travaux de Berger et al.
(1516171 'mais les travaux de Berger et al. ont introduit I'idée de produire I'énergie a distance
du point de vue de la demande. L'approche proposée ici s'inscrit dans cette lignée.

Etant donné que ce travail vise a donner une valeur au CO2, il est étroitement lié au systeme
d'échange de quotas d'émission de I'Union Européenne (EU ETS). Le systeme EU ETS, qui est
décrit sur le site web de la Commission Européenne® mais également par Howarth N. Brohé
et al*®, est un systéme « cap and trade ». Le systéeme fixe un plafond (cap) a la quantité
totale de certains gaz a effet de serre (GES) que peuvent émettre les installations incluses
dans le périmétre ETS. Dans le cadre de ce plafond, les installations recoivent des quotas
d'émission, qui peuvent étre échangés (trade) entre elles. Le nombre total de quotas
disponibles est limité afin de garantir leur valeur, et le plafond est progressivement réduit au
fil du temps afin de réduire les émissions totales. Si une installation ne parvient pas a couvrir
entiérement ses émissions, elle s'expose a de lourdes amendes. A l'inverse, si une
installation réduit ses émissions, elle peut soit conserver le surplus de quotas pour une
utilisation future, soit le vendre a une autre installation qui n'a pas réussi a couvrir ses
propres émissions. Ce mécanisme d'échange vise a réduire les émissions de GES, et a
encourager les investissements dans des solutions a faibles émissions de GES deés que ces
dernieres sont plus rentables.

2.2. Cceur de l'approche : valoriser le CO2 dans un schéma multi-hub énergétiques
Le concept de centre d'énergie renouvelable a distance (RREH) a été introduit pour la
premiére fois par Berger et al’°, ol les auteurs proposent un hub dans lequel du CH4 est

Renewable Energy, 85:1371-1390, 2016. ISSN 0960-1481. doi: https://doi.org/10.1016/j.renene.2015.
07.066. URL https://www.sciencedirect.com/science/article/pii/S0960148115301610.

13 Herib Blanco and Andr’e Faaij. A review at the role of storage in energy systems with a focus on power to
gas and long-term storage. Renewable and Sustainable Energy Reviews, 81:1049-1086, 2018. ISSN
1364-0321. doi: https://doi.org/10.1016/j.rser.2017.07.062. URL https://www.sciencedirect.com/
science/article/pii/S1364032117311310.

14 Mathias Berger, David-Constantin Radu, Ghislain Detienne, Thierry Deschuyteneer, Aurore Richel, and
Damien Ernst. Remote renewable hubs for carbon-neutral synthetic fuel production. Frontiers in Energy
Research, 2021. doi: 10.3389/fenrg.2021.671279.

15 Martin Geidl, Gaudenz Koeppel, Patrick Favre-Perrod, Bernd Klockl, Goran Andersson, and Klaus
Frohlich. Energy hubs for the future. IEEE power and energy magazine, 5(1):24-30, 2006.

6 Mohammad Mohammadi, Younes Noorollahi, Behnam Mohammadi-lvatloo, and Hossein Yousefi. Energy
hub: From a model to a concept—a review. Renewable and Sustainable Energy Reviews, 80:1512-1527,
2017.

17 Hadi Sadeghi, Masoud Rashidinejad, Moein Moeini-Aghtaie, and Amir Abdollahi. The energy hub: An
extensive survey on the state-of-the-art. Applied Thermal Engineering, 161:114071, 2019.

18 https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets_en

% Howarth N. Brohé A., Eyre N. Carbon Markets. Routledge, 2009.

doi: https://doi.org/10.4324/9781849770699.

20 Mathias Berger, David-Constantin Radu, Ghislain Detienne, Thierry Deschuyteneer, Aurore Richel, and




synthétisé a partir d'hydrogene et de CO2 capturé dans l'air (DAC). Ce concept a émergé
dans le contexte des approches Global Grid® et des systémes multi-énergies. Ces approches
visent a optimiser la production et l'utilisation des énergies renouvelables (ER) en (i)
recherchant des gisements d’énergie(s) renouvelable(s) abondants et bon marché, (ii) en
tirant parti de la complémentarité quotidienne et saisonniéere des énergies renouvelables, et
(iii) en utilisant des technologies de type power-to-gas pour mieux gérer les fluctuations de
production des énergies renouvelables et répondre a la demande de carburants
synthétiques, ces derniers se substituant aux molécules actuellement dérivées des énergies
fossiles.

Dans l'article original®®, I'unité de méthanation est alimentée en CO2 par une unité DAC, et
la demande d'énergie est satisfaite par un unique RREH situé en Algérie. Cependant, dans
I'approche présentée ici, nous proposons d'étudier la faisabilité de valoriser le CO2 capturé
par des techniques de capture post-combustion (PCCC) au niveau du Centre de Demande
d'énergie (EDC). Par ailleurs, nous nous écartons de l'article original en introduisant une
approche multi-RREH, dans laquelle I'EDC sert de « fournisseur de CO2 » a un ensemble de
RREH multiples, notés RREH1 , ... , RREHh. Chaque hub RREH; (1 < i < h) a ses propres
caractéristiques, telles que le type d'énergie renouvelable, le potentiel, la distance a I'EDC et
les moyens de transport du CO2 depuis I'EDC, ce qui en pratique peut affecter sa
compétitivité propre.

Afin d'illustrer les concepts discutés ci-dessus, nous avons élaboré un modeéle de systéme
multi-RREH a partir des hypotheses suivantes :

(i) Le centre de demande d'énergie (EDC) considéré est la Belgique, incluant ses
demandes en gaz et en électricité, ainsi que ses émissions de CO2,
(ii) Deux RREH potentiels : le premier situé dans le désert du Sahara avec acces aux

ressources solaires et éoliennes, et le second situé au Groenland, bénéficiant des
champs éoliens de haute qualité de la région. Un schéma détaillé de ce systéme
est représenté a la Figure 5 : le modéle multi-RREH. Similairement a 'approchefrreur!
Signet non défini. ' hoys gvons utilisé le langage GBOML?!, un langage récemment
développé et adapté a l'optimisation des systemes énergétiques pour modéliser
le systeme.

Nous notons que le code du modele GBOML incluant 2 hubs énergétiques ainsi que EDC est
disponible en ligne?? et peut étre facilement étendu pour ajouter des RREH et des EDC
supplémentaires.

Damien Ernst. Remote renewable hubs for carbon-neutral synthetic fuel production. Frontiers in Energy
Research, 2021. doi: 10.3389/fenrg.2021.671279.

21 Bardhyl Miftari, Mathias Berger, Hatim Djelassi, and Damien Ernst. GBOML: Graph-Based Optimization
Modeling Language. Journal of Open Source Software, 7(72):4158, 2022. doi: 10.21105/joss.04158.
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2.3. Eléments de modélisation

Cette section donne un apercgu du travail de formalisation du modele d'optimisation qui
sous-tend le modeéle de systeme multi-énergies proposé dans ce travail. Le langage
GBOML?3, un langage récemment développé et dédié a la modélisation et |'optimisation des
systemes multi-énergies en utilisant la notion de graphes, est utilisé pour construire ce
modele. Le probleme d'optimisation est assimilé a un probléme d’optimisation sur des
graphes, ou le systéme multi-énergies est considéré comme un ensemble de nceuds N qui
contribuent a I'objectif (linéaire) et aux contraintes locales, et les arétes E sont utilisées pour
modéliser les contraintes qui lient les nceuds entre eux, par exemple entre les RREH et I'EDC
dans le cas de notre probléeme.

Node
Node

Parameters
Variables
Constraints

Objectives No d e NOde

>

@ Hyperedges

Parameters
Constraints

Node

Figure 6 : La modélisation hiérarchique des hypergraphes sur laquelle repose le langage GBMOL

Le formalisme employé dans ce travail suit celui introduit Berger et al?*. L'ensemble du
systéeme est défini par des ensembles de nceuds N et d'arétes E. L'horizon d'optimisation est
noté T, avec des pas de tempsindexéspart €T, ou T={1, ..., T}.

Un nceud n € N est défini par des variables internes X" et externes Z", ou les variables
internes décrivent les caractéristiques spécifiques de I'unité, telles que la puissance
nominale installée. Des contraintes d'égalité hi(X", Z", t) = 0 avec i € | et des contraintes

23 Bardhyl Miftari, Mathias Berger, Hatim Djelassi, and Damien Ernst. GBOML: Graph-Based Optimization
Modeling Language. Journal of Open Source Software, 7(72):4158, 2022. doi: 10.21105/joss.04158.

URL https://doi.org/10.21105/j0ss.04158.
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d'inégalité gj (X", Z", t) < 0 avec j € J sont utilisées pour chaque pas de temps t € T afin de
modéliser les contraintes opérationnelles.

Chaque nceud n dispose d’une fonction de colt associée :

F(X",Z") = SN[, (X", 2", t)

dont le but est de décrire les dépenses d'investissement (CAPEX) et les dépenses

opérationnelle (OPEX).

Enfin, des contraintes d'égalité et d'inégalité sur les arétes peuvent étre définies comme
He(Z®) = 0 et G®(Z®) < 0 avec e € E afin de modéliser les lois de conservation et les plafonds
relatives aux différentes grandeurs qui interviennent dans le probleme.

Finalement, le modele s’écrit :

N
min Y F(X",Z")
n=1
st. (X", Z",t)=0,Yne N,Vte T,Viel
(X", 2" t)<0,Vne N, Vte T ,VjeJ
Heé(Z°) =0,Ve € &
G®(Z°) < 0,Ve € €.

Les principales hypothéses sous-jacentes a notre modele sont les suivantes :

Planification et exploitation centralisées : une seule entité est responsable de toutes
les décisions d'investissement et d'exploitation,

Prévisions et connaissances parfaites du futur : il est supposé que les séries
temporelles de demande, ainsi que les séries temporelles liées a la météorologie,
sont connues a l'avance pour |I'ensemble de I'horizon d'optimisation, c'est-a-dire pour
vte{l, .., T},

Permanence des décisions d'investissement : les décisions d'investissement
aboutissent au dimensionnement des capacités d'installation au début de I'horizon
temporel. Les capacités restent fixes pendant toute la période d'optimisation, c'est-a-
dire pour Vt € {1, ..., T},

Modélisation linéaire : toutes les technologies et leurs interactions sont modélisées
a l'aide de relations linéaires,

Agrégation spatiale : Les demandes et la production d'énergie a chaque nceud sont
représentées par des points uniques. La topologie des réseaux énergétiques
nécessaires pour répondre a ces demandes et productions n’est localement pas
modélisée. Cela peut étre percu comme une généralisation de I'hypothése de la
plaque de cuivre utilisée dans le cadre des power systems.

Dans notre probléme, toutes les fonctions de colt et les contraintes sont des
transformations affines des entrées. Plus de détails sur les contraintes de chaque



technologie sont disponibles dans les articles ici référencés [2>21. Enfin, la fonction
« objectif » locale correspondant au CAPEX est modélisée avec un colt moyen pondéré
uniforme du capital (WACC) de 7% pour chaque technologie. Ainsi, le CAPEX est calculé a
I'aide de la formule suivante :

W
(1— (1 +w)-Ln)

(" = CAPEX,, x

Ou L, indique la durée de vie de la technologie n et w le WACC. Par conséquent, "
représente le coit annualisé de l'investissement dans la technologie n.

Un plafond sur les émissions nettes de CO2 (c'est-a-dire les rejets moins le CO2 capturé de
I'atmosphére) est ajouté au modele. Ce dernier est défini comme suit :

Z(Z qgo«?,l‘ o Z qgoz,t) < Kco2V

teT acA ceC

ou A et C représentent les ensembles de technologies qui rejettent du CO2 dans
I'atmosphére et celles qui captent du CO2 directement de I'atmosphére, respectivement.
kCO2 représente le plafond de CO2 en kilotonnes par an, et v représente le nombre
d'années couvertes par I'horizon d'optimisation. La variable duale associée a I'équation ci-
dessus permet de dériver un colt du CO2 en C/t. Une explication détaillée des variables
duales en tant que co(ts marginaux en programmation linéaire peut étre trouvée dans
I'ouvrage de Bertsimas & Tsitsiklis au chapitre 4?7,

[l Valoriser le CO2 dans un schéma de hub énergétique a distance —

premiers résultats.

Cette troisieme partie est dédiée a la présentation de résultats chiffrés. La méthodologies
multi-RREH est déployée dans un cas concret faisant intervenir la Belgique (comme EDC), et
2 hubs énergétiques, I'un situé au Groenland, I'autre dans le désert du Sahara.

25 Mathias Berger, David Radu, Raphael Fonteneau, Thierry Deschuyteneer, Ghislain Detienne, and Damien
Ernst. The role of power-to-gas and carbon capture technologies in cross-sector decarbonization strategies.
Electric Power Systems Research, 180:106039, 2020. ISSN 0378-7796.

doi: https://doi.org/10.1016/j.epsr.2019.106039 .

URL https://www.sciencedirect.com/science/article/pii/S037877961930358X .

26 Mathias Berger, David-Constantin Radu, Ghislain Detienne, Thierry Deschuyteneer, Aurore Richel, and
Damien Ernst. Remote renewable hubs for carbon-neutral synthetic fuel production. Frontiers in Energy
Research, 2021. doi: 10.3389/fenrg.2021.671279.

27 Dimitris Bertsimas and John N. Tsitsiklis. Introduction to Linear Optimization. Athena Scientific, 1997. ISBN
978-1886529199.
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Figure 7 : un modele double RREH

3.1. Data
The data cover 2 years: 2015 and 2016. It is used to characterize energy demand as well as
load factors for renewable energy sources.

3.1.1. Renewable generation profiles

In order to determine the generation profiles of variable energy sources in Belgium we use
the data from the transmission system operator (TSO) of Belgium?8. The profiles for the
RREH located in Algeria are extracted with the same methodology as in Berger et al*. For
the RREH situated in Greenland, the profiles of renewable energy are extracted thanks to
the MAR model®® and given a power curve for an offshore wind turbine MHI VestasOffshore
V164-9.5MW.

28 Elia. Power generation, 2022. URL https://www.elia.be/en/grid-data/power-generation .

29 Mathias Berger, David-Constantin Radu, Ghislain Detienne, Thierry Deschuyteneer, Aurore Richel, and
Damien Ernst. Remote renewable hubs for carbon-neutral synthetic fuel production. Frontiers in Energy
Research, 2021. doi: 10.3389/fenrg.2021.671279.
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3.1.2. Energy consumption

The energy consumption data is collected for two energy vectors: gas3! and electricity3? with
the same methodology as Berger et al?3. In Figure 8 : Daily aggregated profiles of electricity and
natural gas demand covering the years 2015 and 2016, the data corresponding to the two years
2015 and 2016 is represented, where the signal is daily aggregated. In some cases, gas usage
is shifted towards electricity needs, as described in Berger et q/33 section 42.21 Thjg shift is due
to the use of heat pumps, which can help decarbonize heating in Europe. For both energy
vectors, industrial and heating demands are taken into account.

The peak power demand is equal to 60.13 GWh/h for both gas and electricity. The energy
demand for electricity ranges from 6.42 to 20.29 GWh/h, while that for gas ranges from 5.51
to 39.84 GWh/h. The total energy demand is on average 106.45 TWh/year and 132.65
TWh/year for electricity and gas, respectively.

Reconstructions of the 1900—-2015 Greenland ice sheet surface mass balance using the regional climate MAR
model. The Cryosphere, 11(2):1015-1033, 2017. doi: 10.5194/tc-11-1015-2017.

URL https://tc.copernicus.org/articles/11/1015/2017/.

31 Fluxys. Flow data — ex-post domestic exit point information, 2022.

URL https://gasdata.fluxys.com/fr/transmission-ztp-trading-services/flow-data/ .

32 Elja. Load and load forecasts — total load, 2022. URL https://www.elia.be/en/grid-data/load-and-load-
forecasts.

33 Mathias Berger, David Radu, Raphael Fonteneau, Thierry Deschuyteneer, Ghislain Detienne, and Damien
Ernst. The role of power-to-gas and carbon capture technologies in cross-sector decarbonisation strategies.
Electric Power Systems Research, 180:106039, 2020. ISSN 0378-7796.

doi: https://doi.org/10.1016/j.epsr.2019.106039 .
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Figure 8 : Daily aggregated profiles of electricity and natural gas demand covering the years 2015 and 2016

3.2. Model Configuration

Our model consists of 3 main components (see Fig. 1) Figure 5 : le modéle multi-RREH : the
energy demand center located in Belgium and 2 Remote Renewable Energy Hubs (RREHS)
situated in Algeria and Greenland. The RREH in Algeria is modeled as described in Berger et
al** with the same techno-economic parameters. The distinction is made with the inclusion
of the CO2 connection between Belgium and Algeria. The RREH in Greenland is similarly
modeled, with the exception of the removal of the photovoltaic potential and the
modification of the high-voltage direct current (HVDC) line to a length of 100 km rather than
1000 km.

The transportation of CO2 is achieved through the use of boats, which have a CAPEX of
5MC/kt, a lifespan of 40 years, and an average daily energy consumption of 0.0150
GWh/day. CO2 transport data was obtained from the Danish Energy Agency®. The loading
and traveling time for these boats are assumed identical to those for liquefied methane
carriers3®, i.e. 24 and 116 hours, respectively. In order to fill the tank of CO2 carriers with

34 Mathias Berger, David-Constantin Radu, Ghislain Detienne, Thierry Deschuyteneer, Aurore Richel, and
Damien Ernst. Remote renewable hubs for carbon-neutral synthetic fuel production. Frontiers in Energy
Research, 2021. doi: 10.3389/fenrg.2021.671279

35 Danish Energy Agency. Technology data for carbon capture, transport and storage, 2023.

URL : https://ens.dk/en/our-services/projections-and-models/technology-data/technology-data-carbon-
capture-transport-and.




fuel (liquefied methane), these tanks are loaded when unloading the CO2 at the RREH.
Indeed, at the RREH, synthetic CH4 is available without having undergone any additional
transport-related losses. Except for the storage facilities, liquefaction of CO2 has been
excluded from the model. Sideways analyses have confirmed that this assumption has a
negligible impact on the optimal objective.

Belgium is modeled with an electricity and gas demand as depicted in Figure 8 : Daily
aggregated profiles of electricity and natural gas demand covering the years 2015 and 2016, with
various means of production, including wind power, solar power, and a combined cycle gas
turbine. The solar potential is limited to 40GW. The wind potential is equal to 8.4 GW and 8
GW for onshore and offshore capacities, respectively. The technoeconomic parameters of
each technology deployed in Belgium follow those in Berger et al 3°.

We have also added a CO2 source that is equivalent to 40Mt CO2/year, which corresponds
to the energy sectors and industrial processes greenhouse gases in Belgium in 2019 [37, Table
411 (pp- 165 166)] \We assume that we can install post-carbon capture technologies (PCCC) in
these sectors.

In terms of carbon capture technologies, the model has access to direct air capture installed
at the RREHSs, as well as a PCCC in Belgium on the 40Mt of CO2 per year and a PCCC
installation on the CCGT.

As stated in Berger et al.3%, the cost of PCCC is 3150MC/kt/h of CAPEX. The variable
operating and maintenance costs (VOM and FOM) have been neglected in this analysis.
However, a demand of 0.4125GWhel/ktCO2 of electricity is required. The expected lifetime
is assumed to be 20 years. Similarly, according to Berger et al.?® [3], the cost of DAC is equal
to 4801.4 MC/kt/h of CAPEX. Similar to PCCC, VOM and FOM are ignored. The operational
requirements for DAC are 0.1091GWhel/ktCO2 of electricity, 0.0438ktH2/ktCO2 of di-
hydrogen, and 5.0ktH20/ktCO2 of water. The expected lifetime is assumed to be 30 years.

36 Mathias Berger, David Radu, Raphael Fonteneau, Thierry Deschuyteneer, Ghislain Detienne, and Damien
Ernst. The role of power-to-gas and carbon capture technologies in cross-sector decarbonisation strategies.
Electric Power Systems Research, 180:106039, 2020. ISSN 0378-7796.

doi: https://doi.org/10.1016/j.epsr.2019.106039.

URL https://www.sciencedirect.com/science/article/pii/S037877961930358X .

37 European Commission and Directorate-General for Energy. EU energy in figures : statistical pocketbook
2021. Publications Office of the European Union, 2021. doi: doi/10.2833/511498.

38 Mathias Berger, David Radu, Raphael Fonteneau, Thierry Deschuyteneer, Ghislain Detienne, and Damien
Ernst. The role of power-to-gas and carbon capture technologies in cross-sector decarbonisation strategies.
Electric Power Systems Research, 180:106039, 2020. ISSN 0378-7796.

doi: https://doi.org/10.1016/j.epsr.2019.106039.

URL https://www.sciencedirect.com/science/article/pii/S037877961930358X.
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3.3. Results
In this section, we explore several scenarios. We describe the variables that are used to
differentiate the scenarios

1.
2.

Cost or Cap on CO2: either a cap is set of O t/year or a price at 80€/t or 0€/t
Cost of energy not served (ENS): either energy not served is not allowed or a penalty
of 3000€/MWh is imposed for each unit of unproduced energy.

3. Forcing or not the use of a given RREH.
Table 1 : Scenarios' parameters
Scenario Capon CO2 | Cost of CO2 ENS Cost of ENS Objective
(kt) (M€/kt) (k€/MWh) (M€)
1. 0.0 0.0 No - 83742.61
2. 0.0 0.0 Yes 3.0 80778.02
3. No 0.08 Yes 3.0 78872.94
4. No 0.0 Yes 3.0 76323.94
5. 0.0 0.0 No - 111209.95

The results are generated with 5 scenarios:

1.

Scenario 1: This scenario seeks to avoid energy scarcity, whatever the cost.
Therefore, no ENS is allowed. In addition, a hard constraint is set on CO2 emissions: a
cap on CO2 is set.

Scenario 2: This scenario follows the same assumptions as scenario 1 except that it
leverages the constraint on energy not served. The cost associated to electricity not
served is equal to 3000€/MWh, which is a standard value in the electricity context?°.
Scenario 3: This scenario leverages the constraint on CO2 emissions, and does not
force the avoidance of energy not served but is penalized by 3000€/MWh not served.
A penalty is associated with any CO2 emission in the atmosphere in the form of a fee
equal to 80€/t - a value that reflects the current price of CO2 in the EU-ETS trading
system*!,

Scenario 4: This scenario follows the same assumptions as scenario 3, with the
difference that the cost of CO2 is equal to 0€/MWh. The aim is to showcase the
system’s configuration in the absence of any considerations for CO2 emissions.
Scenario 5: This scenario follows the same assumptions as scenario 1, with the
difference that the only available RREH is in Greenland.

These scenarios summarized in Table 1 : Scenarios' parameters vary in their degree of
constraint. Scenario 1 is the most restrictive, with a cap on CO2 emissions and no allowance
for energy not served. Scenario 2 allows for energy not served, while scenarios 3 and 4

40 Thomas Schroder and Wilhelm Kuckshinrichs. Value of lost load: An efficient economic indicator for power
supply security? A literature review. Frontiers in Energy Research, 3, 2015. ISSN 2296-598X. doi: 10.
3389/fenrg.2015.00055. URL https://www.frontiersin.org/articles/10.3389/fenrg.2015.00055

41 Trading Economics. EU carbon permits, 2023. URL https://tradingeconomics.com/commodity/carbon.




remove the cap and replace it with CO2 prices of 80€ and O€ per ton, respectively. Finally,
scenario 5 requires the use of the RREH in Greenland, with parameters identical to those of
scenario 1.

3.4. Analyses and discussion
In this section, we introduce and discuss the results in detail. We choose to present a cross-
scenario analysis in the light of key indicators and statistics extracted from the model.

3.4.1. Total cost

The results indicate that the costs associated with enabling the hub in Algeria are
substantially lower than those in Greenland, as depicted in Figure 9 : (a) : Breakdown of costs
per scenario and per cluster (Belgium (BE), Algeria (DZ), and Greenland (GL)). (b) : Breakdown of
costs per scenario per asset function. Flexibility covers storage capacities, CO2 Infra covers CO2
capture, storage, and transport (a) where nothing is built in the Greenland hub from scenarios
1 to 4, despite it being available for use. This disparity in costs can be attributed to the over-
dimensioning of flexibility assets, particularly the storage capacities, as illustrated in Figure 9 :
(a) : Breakdown of costs per scenario and per cluster (Belgium (BE), Algeria (DZ), and Greenland
(GL)). (b) : Breakdown of costs per scenario per asset function. Flexibility covers storage capacities,
CO2 Infra covers CO2 capture, storage, and transport(b). This is mainly explained to electricity
generated solely through wind available in Greenland, whereas both solar and wind
electricity are obtainable in Algeria. This implies that the flexibility assets have to take the
lead in maintaining a minimum of electricity delivery required in the electrolysis power
plant.

Furthermore, a reduction in total costs is observed in the first four scenarios with respect to
the objective. This is explained with the order on the scenarios based on their degree of
constraint with scenario 1 being the most constrained and scenario 4 being the least.

|
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Figure 9 : (a) : Breakdown of costs per scenario and per cluster (Belgium (BE), Algeria (DZ), and Greenland (GL)). (b) :
Breakdown of costs per scenario per asset function. Flexibility covers storage capacities, CO2 Infra covers CO2 capture,
storage, and transport



3.4.2. Power installation capacities

All power capacities installations are displayed in Table 2 : Total Power installation in GW per
scenario.. The potential in Belgium of solar energy is never reached while for both wind
offshore and onshore the potential is reached in all scenarios.

From scenario 1 to scenario 2, the only difference being the allowance of ENS, there is an
increase in the installation of controllable energy production assets. Indeed, there is a shift
in capacity from CCGT to solar energy in Belgium between the first scenario and the second.

Comparing scenario 1 and 5, solar energy in Belgium is more expensive than importing CH4
from the RREH in Algeria. Importing from Greenland is more expensive and leads to an
increase in power capacity installation in Belgium for solar, but it does not reach the
maximum potential.

Another interesting comparison can be made with the work of Berger et al*?, where the
capacity installation in the hub for the reference scenario is 4.3GW of solar and 4.4GW of
wind. In our case, the reference scenario 1 displays 100.51GW and 103.62GW, respectively.
The power installation capacity is multiplied by approximately 23 while providing, on
average, 282TWh/year of gas (HHV) to serve the gas demand and part of the electricity
demand in Belgium, which is 28.2 times the gas production in the original paper.

Table 2 : Total Power installation in GW per scenario.

Scenario Wind Wind Solar BE | CCGTBE | Wind GL | Wind DZ | Solar DZ
onshore | offshore
BE BE
1 8.40 8.0 10.56 22.69 0.00 103.62 100.51
2 8.40 8.0 15.35 17.95 0.00 98.43 95.47
3 8.40 8.0 14.95 17.83 0.00 93.32 90.32
4 8.40 8.0 14.72 17.82 0.00 93.28 90.28
5 8.40 8.0 17.48 19.58 129.43 0.00 0.00

3.4.3. CO2 installations (transport, capture)

In Table 3 : Capacity, in kt/h, of CO2 capture technology and transport by hub and per scenario, the
capacities of the CO2 capture units and the installations of transport capacity per scenario
are displayed. Each time PCCC is activated, we recall that capturing CO2 is the only means to
create gas in our system, and thus a minimum installation is required to support the
demand. On the other hand, the DAC is only activated when a CO2 cap is set. PCCC has an
efficiency of CO2 capture set to 90%, which means that a direct air capture technology asset
is necessary to recover the remaining 10% of emissions in the atmosphere. This leads to a
direct consequence, which is that when the DAC is available, the capacity of transport
decreases because CO2 is locally available in the hub. However, the cost of CO2 capture by
PCCC added to transport of CO2 is cheaper than the cost of DAC in the RREH. The only way

42 Mathias Berger, David-Constantin Radu, Ghislain Detienne, Thierry Deschuyteneer, Aurore Richel, and
Damien Ernst. Remote renewable hubs for carbon-neutral synthetic fuel production. Frontiers in Energy
Research, 2021. doi: 10.3389/fenrg.2021.671279.



to put PCCC out of business would be to have a distance between the hub and the energy
demand center so long that the transport cost would increase too much.

Due to the higher concentration of CO2 in manufacturing smoke compared to the air, PCCC
will likely always be cheaper than DAC, even with significant improvements in the DAC
process. As a result, the operational costs associated with the energy required for PCCC will
be lower than those of DAC.

Table 3 : Capacity, in kt/h, of CO2 capture technology and transport by hub and per scenario

Scenario | PCCC | PCCCCCGT | DACDz DACGL Carrier DZ | Carrier GL
1 411 2.62 1.30 0.00 8.030 0.000
2 4.11 2.07 1.47 0.00 7.142 0.000
3 411 1.80 0.00 0.00 9.694 0.000
4 3.76 2.06 0.00 0.00 0.701 0.000
5 4.11 2.40 0.00 1.35 0.000 7.564

3.4.4. Cost of CO2 derived and Cap of CO2.

From the first, second, and fifth scenarios, we are able to derive a shadow price thanks to
the CO2 cap constraint. These correspond to approximately 162.77€/tCO2 for the first and
second scenarios and 235.65€/tCO2 for the fifth scenario. This shows that given the system
considered, i.e., Belgium and RREHSs, putting a price of CO2 equal to 162.77€ would avoid
these emissions in the atmosphere and activate the export of CO2 to Norway for storage
purposes. In scenario 3, where a price of 80€/tCO2 is set, there is a net balance in the
atmosphere of approximately 15Mt/year. In scenario 4, where no price is fixed, there is a net
balance in the atmosphere which is equivalent to 16Mt/year.

We would like to emphasize that the CO2 cap in our model only considers the emissions
from the industrial and energy sectors, which are fully modeled. It does not account for a
part of the emissions resulting from the gas demand served. Of this demand, 32% is
attributed to industrial needs, which are included in the statistics of the 40 Mt of CO2
emitted per year (see section 3.2. Model Configuration), while the remaining 68% is due to
heating and is not covered by our cap. This heating gas demand translates to approximately
12.3 Mt of CO2 emitted per year.

3.4.5. Cost of CH4 derived

To estimate the cost of CH4 production, we first subtract from the optimal objective function
the cost of the means of electricity production in Belgium (PV, on/off shore wind, CCGT), the
cost of unserved energy (when applicable), and the cost related to export of CO2 for
sequestration. All of these costs are substracted because they do not refer directly to the
cost of producing synthetic methane. Then, we divide the obtained cost by the total energy
content (HHV) in CH4 produced at the output of the regasification power plant in Belgium.

These methane costs, listed in Table 4 : Estimation of methane price by retrieving the costs of
power installations in Belgium, costs of unserved, are compared to the price of 147.9€/MWh of



methane (HHV) obtained by Berger et al**. Our scenarios achieve a lower cost for gas
production (except for Greenland). This demonstrates that PCCC, which uses smoke with a
high concentration of CO2 combined with transport, is more cost-effective than having only
access to a DAC unit, as previously mentioned.

In our system, no fossil gas is available for import to Belgium; only synthetic gas produced
from CO2 capture is used. If fossil gas were still available for import, our model would seek
to minimize costs and import as much cheap gas as possible while staying within our carbon
budget.

Table 4 : Estimation of methane price by retrieving the costs of power installations in Belgium, costs of unserved

Scenario 1 2 3 4 5
[€/MWh] 136 137.19 133.89 129.27 192.00

3.4.6. ENS cost discussion

The cost of unserved energy is a fixed parameter in scenarios 2, 3, and 4, but not in
scenarios 1 and 5. Instead, a hard constraint is imposed to ensure that electricity demand is
always met, resulting in a shadow price associated with the constraint. The maximum
shadow price values for scenarios 1 and 5 are 913,640€/MWh and 1,075,913€/MWh,
respectively. This is attributed to the peak in electricity and gas demand observed on
January 18th at 18:00 (as shown in Figure 10 : Evening of January 18th leading to the maximum
shadow price associated with the hard constraint), where renewable energy load factors were
low. Thus, all energy demand had to be supplied by the Combined Cycle Gas Turbine (CCGT)
and gas resources.

43 Mathias Berger, David-Constantin Radu, Ghislain Detienne, Thierry Deschuyteneer, Aurore Richel, and
Damien Ernst. Remote renewable hubs for carbon-neutral synthetic fuel production. Frontiers in Energy
Research, 2021. doi: 10.3389/fenrg.2021.671279.
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Figure 10 : Evening of January 18th leading to the maximum shadow price associated with the hard constraint

IV. Conclusions partielles, recherches en cours et futures

Lapproche de valorisation « positive » du CO2 présentée dans les partie Il (méthodologie) et
[l (résultats quantitatifs) permet de calculer des valeurs seuils pour le CO2 a partir desquels
le schéma {RREH, PCCC} devient économigquement pertinent. Ces valeurs seuils dépendent
des hypothéses de colts des différentes technologies qui interviennent dans la
modélisation. Nous avons entamé des discussions avec I'UCLouvain afin de quantifier
I'impact des incertitudes sur les parametres technologiques sur le « shadow price » du CO2
en sortie du modele RREH. Ces recherches sont toujours en cours. Aussi, 'approche décrite
ici se concentre sur la production de méthane synthétique, mais d’autres possibilités de
valorisation du CO2 existent, notamment au travers de la production de méthanol. Un article
scientifique est actuellement en cours d’écriture sur le sujet.

La suite de ce rapport présente 3 annexes : un exposé au sujet du prix du carbone, un article
scientifique présenté a la conférence ECOS 2023, et enfin un exposé sur les RREH présenté
chez Total Energie.

Annexes 1 : Energy Markets: Carbon Price

Annexe 2 : Towards CO2 valorization in a multi remote renewable
energy hub framework

Annexe 3 : Remote Renewable Energy Hubs
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Abstract:

In this paper, we propose a multi-RREH (Remote Renewable Energy Hub) based optimization framework. This
framework allows a valorization of CO2 using carbon capture technologies. This valorization is grounded on the
idea that CO2 gathered from the atmosphere or post combustion can be combined with hydrogen to produce
synthetic methane. The hydrogen is obtained from water electrolysis using renewable energy (RE). Such
renewable energy is generated in RREHSs, which are locations where RE is cheap and abundant (e.g., solar
PV in the Sahara Desert, or wind in Greenland). We instantiate our framework on a case study focusing on
Belgium and 2 RREHSs, and we conduct a techno-economic analysis. This analysis highlights, among others,
the interest of capturing CO2 via Post Combustion Carbon Capture (PCCC) rather than only through Direct Air
Capture (DAC) for methane synthesis in RREH. By doing so, a notable reduction of 9.2% is observed in the
total cost of the system under our reference scenario. In addition, we use our framework to derive a carbon
price threshold above which carbon capture technologies may start playing a pivotal role in the decarbonation
process of our industries. For example, this price threshold may give relevant information for calibrating the EU
Emission Trading System so as to trigger the emergence of the multi-RREH.

Keywords:
CO2 Valorization, Energy Hub, Multi-Energy Systems, Optimization of Energy Systems, Sector Coupling.

1. Introduction

While the whole world is engaged in a process to decrease greenhouse gas emissions, capturing CO2 appears
more and more as a crucial element to limit global warming. Once it is captured, CO2 may be either stored
(CCS - Carbon Capture and Storage), either valorized (CCU - Carbon Capture and Utilisation), for instance
through synthetic methane generation. In this article, we focus on CCU, where CO2 is seen as a required in-
gredient in the process of generating synthetic methane, together with green hydrogen, i.e. hydrogen obtained
from renewable energy-based electrolysis.

In this paper, we build on top of the Remote Renewable Energy Hub (RREH) approach [3] to propose a multi-
hub, multi CO2 sources approach. CO2 is captured using both Post-Combustion Carbon Capture (PCCC) and
Direct Air Capture (DAC) technologies. Hydrogen is produced from electrolysis using renewable energy in a
RREH which is particularly well-suited for producing cheap and abundant renewable energy (e.g., solar energy
in the Sahara desert, or wind energy in Greenland). The RREH concept also relies on the following idea: some
locations show large amount of energy consumption while not having lots of renewable energy resources (e.g.,
Europe). On the opposite, some places have abundant renewable energy while having almost no energy
demand. In its original formulation, the RREH concept suggests to use DAC technologies to feed the CO2
demand at the RREH. In this paper, we include PCCC technologies as an alternative to DAC technologies: in
addition or replacement to being captured in the atmosphere, CO2 emitted in energy intensive locations may
be transported to the RREHSs to be combined with green hydrogen for producing neutral synthetic methane.

We propose a methodology for assessing the technico-economic feasibility of exporting CO2 into RREH where
synthetic CO2-neutral methane would be generated using locally produced green H2. We formalise an op-
timisation problem where CO2 sources are in “competition” to provide CO2 to the methanation units in the
RREHSs. This methodology is based on a linear program modelling of Belgium energy system, including gas
and electricity demand, and main CO2 emitters. We rely on previously published approaches to develop our
approach Berger et al. [3], and, in particular, we use the GBOML language Miftari et al. [17] to model the
energy system and to optimize it.



Our methodology is evaluated in the Belgian context: we consider Belgian CO2 emissions and Belgian gas
and electricity demand. CO2 may be captured using Post Combustion Carbon Capture (PCCC) in Belgium or
DAC in RREH locations. CO2 neutral synthetic methane will be produced in a remote energy hub from where
it would be shipped back to serve the Belgian gas demand. We derive a CO2 emission cost in order to have a
neutral emission system. We also determine a value of lost load (i.e. a price associated with a lack of energy
service) in order to serve the energy demand at all times. Several scenarios are studied with different prices
of CO2 emissions, allocation or not of unserved energy and forcing of a given RREH.

2. Related Work

This work is mainly related with the following topics that may play an important role in the deep decarbonation
of our societies: (i) global grid approaches, (ii) power-to-X technologies, multi-energy systems and and energy
hub approaches, and (iii) CO2 quotas markets.

Global Grid (GG) approaches [7], [25], sometimes referred to as Global Energy Interconnection approaches
[16], are related with the idea of harvesting renewable energy from abundant and potentially remote renewable
energy fields to feed the electricity demand in high demand centres. These approaches have mainly been
oriented towards solutions using the electricity vector to repatriate energy from energy hubs, and have received
a growing interest starting from the DESERTEC concept [23] that focuses on Sahara solar energy resources
from the Sahara desert to serve the European electricity demand. More recently, wind from Northern Europe
and Greenland has also been identified as a promising resource to be valued within the GG context [21].
Resource and demand configurations combining several types of resources as well as demand time zones
show better results [25].

Multi-energy systems approaches [19]20] exploit the benefits of integrating energy demand and generation,
as well as infrastructure. Power-to-X technologies, in particular power-to-CH4 technologies using hydrolysis
and renewable energy for producing H2 [15], offer a CO2 neutral solution to serve gas demand, but also a
way to store vast quantities of energy issues from renewable sources [5]. Recently, Berger et al. have pro-
posed a modeling framework |3] for assessing the techno-economics viability of carbon-neutral synthetic fuel
production from renewable electricity in remote areas where high-quality renewable resources are abundant.
Let us mention that the idea of energy hubs was preexisting the work of Berger et al. [14]/18]|22], however
the contribution of Berger et al. is the introduction of remote energy production, far from the demand. Our
contribution is in line with the latter.

As this work aims to enhance the value of CO2, it is closely linked to the European Union Emissions_Trading
System (EU ETS). The EU ETS system, which is described on the European Commission’s websiteand in
[6], is a 'cap and trade’ program. The system sets a cap on the total amount of certain greenhouse gases
(GHG) that can be emitted by the facilities covered by the ETS. Within the cap, facilities are given emissions
allowances, which can be traded with one another. The total number of allowances available is limited to
ensure that they have value, and the cap is gradually reduced over time to lower total emissions. If a facility
fails to cover its emissions fully, it faces substantial fines. Conversely, if a facility reduces its emissions, it can
either retain the surplus allowance for future use or sell it to another facility that has not succeeded in covering
its own emissions. This trading mechanism aims to reduce GHG emissions as soon as it becomes the most
cost-effective solution and encourage investments in low GHG emissions solutions.

3. CO2 Valorisation in a Multi-Remote Renewable Energy Hubs Approach

The Remote Renewable Energy Hub concept was first introduced in [3] where the authors proposed a hub
for synthesizing CH4 based on hydrogen and CO2 captured from the air thanks to a methanation unit. This
concept has emerged within the context of global grid [7] and multi-energy systems approaches. These ap-
proaches aim at optimising the generation and utilisation of renewable energy (RE) by both (i) looking for
abundant and cheap RE fields, (i) taking advantage of daily/seasonal complementary of RE, as well as (iii)
using power-to-gas technologies for better addressing RE generation fluctuations and meet e-fuels demand to
act as a substitute for molecules derived nowadays from fossil fuels.

In the original article [3], the methanation unit was supplied with CO2 by a Direct Air Capture unit, and the
energy demand was fulfilled by a single RREH located in Algeria. However, in this paper, we propose to in-
vestigate the feasibility of valorizing CO2 captured through Post Combustion Capture techniques at the energy
demand center (EDC). Additionally, we deviate from the original paper by introducing a multi-RREH approach,
wherein the EDC serves as a CO2 provider to a set of multiple RREHSs, denoted as RREH,, ..., RREH,. Each
hub RREH;(1 < i < h) has its unique characteristics, such as renewable energy type, potential, distance from
the EDC, and means of CO2 transport from the EDC, which can affect its competitiveness.

In order to illustrate the concepts discussed above, we have developed a model for a multi-RREH system

Thttps://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets_en



based on the following assumptions: (i) the EDC is Belgium, encompassing its gas and electricity demands as
well as its CO2 emissions, (ii) there are two RREHs: one situated in the Sahara desert with access to solar and
wind resources, and another in Greenland benefiting from the high-quality wind fields in the region. A detailed
schematic of the resulting system is shown in[Fig. 1] Similar to [3], we employed the GBOML language [17], a
recently developed language tailored for energy system optimization (refer to[section 4.]for more information),
to model the system.

We note that the GBOML model code with two RREHs and one EDC system is available onling?|and can be
easily extended to add additional RREHs and EDCs.

4. Modelling

This section provides insight into the optimization framework that underlies the multi-energy system model
proposed in this work. The GBOML language introduced in [17], a recently developed language dedicated to
modeling graph-based optimization of multi-energy systems, is utilized to build this model. The optimization
problem can be viewed as optimization on graphs, where a multi-energy system is considered as a set of
nodes N that contribute to the (linear) objective and local constraints, and hyperedges £ are used to model the
constraints between nodes, such as those between RREHs and the EDC in our context.

The formalism employed in this work follows that introduced in [3]. The entire system is defined by sets of
nodes A and hyperedges £. The optimization horizon is denoted by T, with time-steps indexed by t € T,
where T ={1,..., T}

A node n € NV is defined by internal X" and external Z" variables, where internal variables describe the specific
characteristics of the unit, such as the nominal power capacity installed in the asset. Equality constraints
hi(X",Z", t) = 0 with i € 7 and inequality constraints g;(X", Z",t) < 0 with j € 7, are employed for each t € T
to model operational constraints.

Each node n has an associated cost function F"(X",Z") = Z; f1(X", Z", t) that typically represents the
capital expenditure and operational expenditure, i.e., CAPEX and OPEX, respectively.

Finally, equality and inequality constraints on hyperedges can be defined as H?(Z°) = 0 and G¢(Z¢) < 0 with
e € £ to model the laws of conservation and caps on given commodities.

One can read this type of problem as:

N
min > F(X",Z")
n=1
st. h(X",Z",t)=0,Vvne N,VteT,VieT (1)
gi(X",Z"t)<0,Yne N,\Vte T,Vje J
Hé(Z°) =0,vec &
Ge(Z°) < 0,Ve € £.

The main assumptions underlying our model are the following:

+ Centralised planning and operation: In this framework, a single entity is responsible for making all invest-
ment and operation decisions.

* Perfect forecast and knowledge: It is assumed that the demand curves, as well as weather time series,
are available and known in advance for the entire optimisation horizon, i.e., vVt € {1, ..., T}.

» Permanence of investment decisions: Investment decisions result in the sizing of installation capacities
at the beginning of the time horizon. Capacities remain fixed throughout the entire optimisation period,
ie,vte {1,...,T}.

» Linear modelling of technologies: All technologies and their interactions are modelled using linear equa-
tions within this framework.

» Spatial aggregation: The energy demands and generation at each node are represented by single points.
The topology of the embedded network required to serve this demand locally is not modelled in this
approach. This can be viewed as an extension of the copper plate modelling approach used in electrical
power systems.

In our problem, all cost functions and constraints are affine transformation of the inputs. More details on the
constraints of each technology can be found in [2], [3]. Additionnaly, the local objective function corresponding

“https://gitlab.uliege.be/smart_grids/public/gboml/-/tree/master/examples
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Figure 1: A schematic illustration of the remote energy hub. CO2 being captured, it may be used to synthesize
fuel either locally either in a remote energy hub where renewable energy may be cheaper and more abundant.
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to the CAPEX is modelled with a uniform weighted average cost of capital (WACC) of 7% for each technology.
Thus, the CAPEX is computed using the following formula:

w

"= CAPEX, x ——————
‘ 0 (Tew) Ly

(@)

with L, the lifetime of technology n and w the WACC. Hence, (" represents the annualised cost of investing in
technology n.

Moreover, a cap on the net CO2 emissions (i.e. release in minus captured from the atmosphere) is added to
the model. This latter is defined as

Z(Z qgoz,t - Z qgoz,t) < Keo2V (3)

teT acA ceC

with A and C representing the sets of technologies that release CO2 into the atmosphere and those that
capture CO2 directly from the atmosphere, respectively, k2 represents the CO2 cap in kilotons per year,
and v represents the number of years covered by the optimization horizon. The shadow price, or marginal
cost, which is the dual variable associated with[ (3)]allows for the derivation of a CO2 cost in €/t. A detailed
explanation of dual variables as marginal costs in linear programming can be found in [4| Chapter 4].

5. Case Study: Belgium

This case study is focused on Belgium with two remote renewable energy hubs: one located in Algeria and an-
other one located in Greenland. We will analyse the techno-economic feasibilty of the system while responding
to an energy demand composed only of electricity and gas in Belgium.

5.1. Data

The data cover 2 years: 2015 and 2016. It is used to characterize energy demand as well as load factors for
renewable energy sources.

Renewable generation profiles

In order to determine the generation profiles of variable energy sources in Belgium we use the data from the
transmission system operator (TSO) of Belgium [11]. The profiles for the RREH located in Algeria are extracted
with the same methodology as in [3]. For the RREH situated in Greenland, the profiles of renewable energy
are extracted thanks to the MAR model [12] and given a power curve for an offsore wind turbine MHI Vestas
Offshore V164-9.5MW.

Energy consumption

The energy consumption data is collected for two energy vectors: gas ([13]) and electricity ([10]) with the same
methodology as in [2]. In the data corresponding to the two years is represented, where the signal is
daily aggregated. In some cases, gas usage is shifted towards electricity needs, as described in |2, section
4.2.2]. This shift is due to the use of heat pumps, which can help decarbonize heating in Europe. For both
energy vectors, industrial and heating demands are taken into account.

The peak power demand is equal to 60.13 GWh/h for both gas and electricity. The energy demand for electricity
ranges from 6.42 to 20.29 GWh/h, while that for gas ranges from 5.51 to 39.84 GWh/h. The total energy
demand is on average 106.45 TWh/year and 132.65 TWh/year for electricity and gas, respectively.

5.2. Model Configuration

Our model consists of three main components (see : the energy demand center located in Belgium
and two Remote Renewable Energy Hubs (RREHS) situated in Algeria and Greenland. The RREH in Algeria
is modeled as described in [3] with the same techno-economic parameters. The distinction is made with the
inclusion of the CO2 connection between Belgium and Algeria. The RREH in Greenland is similarly modeled,
with the exception of the removal of the photovoltaic potential and the modification of the high-voltage direct
current (HVDC) line to a length of 100 km rather than 1000 km.

The transportation of CO2 is achieved through the use of boats, which have a CAPEX of 5M€/kt, a lifespan of
40 years, and an average daily energy consumption of 0.0150 GWh/day. CO2 transport data was obtained from
[1]. The loading and traveling time for these boats are assumed identical to those for liquefied methane carriers
[3], i.e. 24 and 116 hours, respectively. In order to fill the tank of CO2 carriers with fuel (liquefied methane),
these tanks are loaded when unloading the CO2 at the RREH. Indeed, at the RREH, synthetic CH4 is available
without having undergone any additional transport-related losses. Except for the storage facilities, liquefaction
of CO2 has been excluded from the model. Sideways analyses have confirmed that this assumption has a
negligible impact on the optimal objective.
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Figure 2: Daily aggregated profiles of electricity and natural gas demand covering the years 2015 and 2016
spanned by the optimisation.

Belgium is modeled with an electricity and gas demand as depicted in with various means of production,
including wind power, solar power, and a combined cycle gas turbine. The solar potential is limited to 40GW.
The wind potential is equal to 8.4 GW and 8 GW for onshore and offshore capacities, respectively. The techno-
economic parameters of each technology deployed in Belgium follow those in [2].

We have also added a CO2 source that is equivalent to 40Mt CO2/year, which corresponds to the energy
sectors and industrial processes greenhouse gases in Belgium in 2019 [8, Table 4.1.1 (pp. 165- 166)]. We
assume that we can install post-carbon capture technologies (PCCC) in these sectors.

In terms of carbon capture technologies, the model has access to direct air capture installed at the RREHS, as
well as a PCCC in Belgium on the 40Mt of CO2 per year and a PCCC installation on the CCGT.

As stated in [2], the cost of PCCC is 3150M€/kt/h of CAPEX. The variable operating and maintenance costs
(VOM and FOM) have been neglected in this analysis. However, a demand of 0.4125GWh,, / ktcop of electricity
is required. The expected lifetime is assumed to be 20 years.

Similarly, according to [3], the cost of DAC is equal to 4801.4 M€/kt/h of CAPEX. Similar to PCCC, VOM and
FOM are ignored. The operational requirements for DAC are 0.1091 GWhy, / kicoo of electricity, 0.0438kiw. / ktcoz
of di-hydrogen, and 5.0kfy20/ ktcoo Of water. The expected lifetime is assumed to be 30 years.

5.3. Results
In this section, we explore several scenari. We describe the variables that are used to differentiate the scenari
1. Cost or Cap on CO2: either a cap is set of 0 t/year or a price at 80€/t or 0€/t

2. Cost of energy not served (ENS): either energy not served is not allowed or a penalty of 3000€/MWh is
imposed for each unit of unproduced energy.

3. Forcing or not the use of a given RREH.



Scenario | Cap on CO2 | Costof CO2 | ENS | Cost ENS | Objective
(kt) (M€/kt) (k€/MWh) (M€)
1 0.0 0.0 No - 83742.61
2 0.0 0.0 Yes 3.0 80778.02
3 No 0.08 Yes 3.0 78872.94
4 No 0.0 Yes 3.0 76323.94
5 0.0 0.0 No - 111209.95

Table 1: Scenari parameters.

The results are generated with 5 scenari:

Scenario 1: This scenario seeks to avoid energy scarcity, whatever the cost. Therefore, no ENS is allowed. In
addition, a hard constraint is set on CO2 emissions: a cap on CO2 is set.

Scenario 2: This scenario follows the same assumptions as scenario 1 except that it leverages the constraint
on energy not served. The cost associated to electricity not served is equal to 3000€/MWh, which is a standard
value in the electricity context [24].

Scenario 3: This scenario leverages the constraint on CO2 emissions, and does not force the avoidance of
energy not served but is penalized by 3000€/MWh not served. A penalty is associated with any CO2 emission
in the atmosphere in the form of a fee equal to 80€/t - a value that reflects the current price of CO2 in the
EU-ETS trading system [9].

Scenario 4: This scenario follows the same assumptions as scenario 3, with the difference that the cost of CO2
is equal to 0€/MWh. The aim is to showcase the system’s configuration in the absence of any considerations
for CO2 emissions.

Scenario 5: This scenario follows the same assumptions as scenario 1, with the difference that the only
available RREH is in Greenland.

These scenari summarized invary in their degree of constraint. Scenario 1 is the most restrictive, with
a cap on CO2 emissions and no allowance for energy not served. Scenario 2 allows for energy not served,
while scenarios 3 and 4 remove the cap and replace it with CO2 prices of 80€ and 0€ per ton, respectively.
Finally, scenario 5 requires the use of the RREH in Greenland, with parameters identical to those of scenario
1.
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Figure 3: (a): Breakdown of costs per scenario and per cluster (Belgium (BE), Algeria (DZ), and Greenland
(GL)). (b): Breakdown of costs per scenario per asset function. Flexibility covers storage capacities, CO2 Infra
covers CO2 capture, storage, and transport, Power covers means of electricity production, Conversion covers
all assets that convert one commodity into another and Transport HVDC lines and CH4 carriers.



5.4. Analyses and Discussion

In this section, we introduce and discuss the results in detail. We choose to present a cross-scenario analysis
in the light of key indicators and statistics extracted from the model.

Total cost.

The results indicate that the costs associated with enabling the hub in Algeria are substantially lower than
those in Greenland, as depicted in[Fig. 3|(a) where nothing is built in the Greenland hub from scenarios 1 to 4,
despite it being available for use. This disparity in costs can be attributed to the over-dimensioning of flexibility
assets, particularly the storage capacities, as illustrated in (b). This is mainly explained to electricity
generated solely through wind available in Greenland, whereas both solar and wind electricity are obtainable
in Algeria. This implies that the flexibility assets have to take the lead in maintaining a minimum of electricity
delivery required in the electrolysis power plant.

Furthermore, a reduction in total costs is observed in the first four scenarios with respect to the objective. This
is explained with the order on the scenari based on their degree of constraint with scenario 1 being the most
constrained and scenario 4 being the least.

Power installation capacities.
All power capacities installations are displayed in|Table 2

The potential in Belgium of solar energy is never reached while for both wind offshore and onshore the potential
is reached in all scenari.

From scenario 1 to scenario 2, the only difference being the allowance of ENS, there is an increase in the
installation of controllable energy production assets. Indeed, there is a shift in capacity from CCGT to solar
energy in Belgium between the first scenario and the second.

Comparing scenario 1 and 5, solar energy in Belgium is more expensive than importing CH4 from the RREH
in Algeria. Importing from Greenland is more expensive and leads to an increase in power capacity installation
in Belgium for solar, but it does not reach the maximum potential.

Another interesting comparison can be made with the work of [3], where the capacity installation in the hub for
the reference scenario is 4.3GW of solar and 4.4GW of wind. In our case, the reference scenario 1 displays
100.51GW and 103.62GW, respectively. The power installation capacity is multiplied by approximately 23 while
providing, on average, 282TWh/year of gas (HHV) to serve the gas demand and part of the electricity demand
in Belgium, which is 28.2 times the gas production in the original paper.

Scenario | Wind onshore | Wind offshore | Solar | CCGT | Wind Wind Solar
BE BE BE BE GL DZ DZ

1 8.40 8.00 10.56 | 22.69 0.00 103.62 | 100.51

2 8.40 8.00 15.35 | 17.95 0.00 98.43 | 95.47

3 8.40 8.00 1495 | 17.83 0.00 93.32 | 90.32

4 8.40 8.00 14.72 | 17.82 0.00 93.28 90.28

5 8.40 8.00 17.48 | 19.58 | 129.43 | 0.00 0.00

Table 2: Total Power installation in GW per scenario.

CO2 installations (transport, capture).

In the capacities of the CO2 capture units and the installations of transport capacity per scenario are
displayed. Each time PCCC is activated, we recall that capturing CO2 is the only means to create gas in our
system, and thus a minimum installation is required to support the demand. On the other hand, the DAC is only
activated when a CO2 cap is set. PCCC has an efficiency of CO2 capture set to 90%, which means that a direct
air capture technology asset is necessary to recover the remaining 10% of emissions in the atmosphere. This
leads to a direct consequence, which is that when the DAC is available, the capacity of transport decreases
because CO2 is locally available in the hub. However, the cost of CO2 capture by PCCC added to transport
of CO2 is cheaper than the cost of DAC in the RREH. The only way to put PCCC out of business would be to
have a distance between the hub and the energy demand center so long that the transport cost would increase
too much.

Due to the higher concentration of CO2 in manufacturing smoke compared to the air, PCCC will likely always
be cheaper than DAC, even with significant improvements in the DAC process. As a result, the operational
costs associated with the energy required for PCCC will be lower than those of DAC.

Cost of CO2 derived and Cap of CO2.

From the first, second, and fifth scenarios, we are able to derive a shadow price thanks to the CO2 cap con-
straint. These correspond to approximately 162.77€/tCO2 for the first and second scenarios and 235.65€/tCO2



Scenario | PCCC | PCCC CCGT | DAC DZ | DAC GL | Carrier DZ | Carrier GL
1 4.11 2.62 1.30 0.00 8.030 0.000
2 4.11 2.07 1.47 0.00 7.142 0.000
3 4.11 1.80 0.00 0.00 9.694 0.000
4 3.76 2.06 0.00 0.00 9.701 0.000
5 4.11 2.40 0.00 1.35 0.000 7.564

Table 3: Capacity, in kt/h, of CO2 capture technology and transport by hub and per scenario.

for the fifth scenario. This shows that given the system considered, i.e., Belgium and RREHSs, putting a price
of CO2 equal to 162.77€ would avoid these emissions in the atmosphere and activate the export of CO2 to
Norway for storage purposes. In scenario 3, where a price of 80€/tCO2 is set, there is a net balance in the
atmosphere of approximately 15Mt/year. In scenario 4, where no price is fixed, there is a net balance in the
atmosphere which is equivalent to 16Mt/year.

We would like to emphasize that the CO2 cap in our model only considers the emissions from the industrial
and energy sectors, which are fully modeled. It does not account for a part of the emissions resulting from the
gas demand served. Of this demand, 32% is attributed to industrial needs, which are included in the statistics
of the 40 Mt of CO2 emitted per year (see [subsection 5.2.), while the remaining 68% is due to heating and is
not covered by our cap. This heating gas demand translates to approximately 12.3 Mt of CO2 emitted per year.

Cost of CH4 derived

To estimate the cost of CH4 production, we first subtract from the optimal objective function the cost of the
means of electricity production in Belgium (PV, on/off shore wind, CCGT), the cost of unserved energy (when
applicable), and the cost related to export of CO2 for sequestration. All of these costs are substracted because
they do not refer directly to the cost of producing synthetic methane. Then, we divide the obtained cost by the
total energy content (HHV) in CH4 produced at the output of the regasification power plant in Belgium.

These methane costs, listed in are compared to the price of 147.9€/MWh of methane (HHV) obtained
by [3]. Our scenarios achieve a lower cost for gas production (except for Greenland). This demonstrates that
PCCC, which uses smoke with a high concentration of CO2 combined with transport, is more cost-effective
than having only access to a DAC unit, as previously mentioned.

In our system, no fossil gas is available for import to Belgium; only synthetic gas produced from CO2 capture
is used. If fossil gas were still available for import, our model would seek to minimize costs and import as much
cheap gas as possible while staying within our carbon budget.

Scenario 1 2 3 4 5
[€/MWh] | 136.00 | 137.19 | 133.89 | 129.27 | 192.00

Table 4: Estimation of methane price by retrieving the costs of power installations in Belgium, costs of unserved
energy, and costs of exporting CO2 for storage purposes.
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Figure 4: Evening of January 18th leading to the maximum shadow price associated with the hard constraint
on energy not served in scenarios 1 and 5.



ENS cost discussion

The cost of unserved energy is a fixed parameter in scenarios 2, 3, and 4, but not in scenarios 1 and 5. Instead,
a hard constraint is imposed to ensure that electricity demand is always met, resulting in a shadow price
associated with the constraint. The maximum shadow price values for scenarios 1 and 5 are 913,640€/MWh
and 1,075,913€/MWh, respectively. This is attributed to the peak in electricity and gas demand observed on
January 18th at 18:00 (as shown in Figure[4), where renewable energy load factors were low. Thus, all energy
demand had to be supplied by the Combined Cycle Gas Turbine (CCGT) and gas resources.

6. Conclusion

In this work, we present our framework of multi remote energy hubs with capture of CO2 enabled in an energy
demand center and its valorization by synthesizing methane in remote renewable energy hubs. We demon-
strate the feasibility of serving the energy demand at the horizon 2050 of an entire country with only renewable
energy and gas power plant fueled by synthetic methane while decarbonizing the energy and industry sectors
on a case study implying Belgium as energy demand center and two RREHs: Greenland and Algeria. Our
reference scenario exhibits a gas price of 136.0€/MWh instead of 149.7€/MWh in [3] where only direct air
capture was available in the RREH in order to feed CO2 into the methanation process. This shows the poten-
tial of Post Combustion Carbon Capture installations in the context of remote renewable energy hubs supply
chains. We also derive a cost of CO2 of 163€ per ton in order to avoid any emission in the industrial and
energy sector in Belgium. Finally, our model effectively captures the "competition” between different RREHs
and is able to select exactly in which investments should be prioritized. In our simulations, the investments
were made only for the RREH located in Algeria. In this respect, it would be interesting to study further how
the different devices structuring the RREH in Greenland should be modified to become competitive with the
RREH located in Algeria. This could be done for example by modifying the wind turbines selected for the
Greenland hub so that they can operate with higher nominal wind speeds and higher cut-off speeds in order to
better exploit the strong winds in this area.
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Appendix A Glossary

BE Belgium

CAPEX Capital Expenditure

CCGT  Combined Cycle Gas Turbine
DAC Direct Air Capture

DZ Algeria

EDC Energy Demand Center

ENS Energy Not Served

ETS Emission Trading System
GBOML Graph Based Optimzation Modeling Language
GL Greenland

HHV Higher Heating Value

OPEX  Operational Expenditure

PCCC  Post Combustion Carbon Capture

PV Photovoltaic

RE Renewable Energy

RREH  Remote Renewable Energy Hub
RES Renewable Energy Sources
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Nomenclature

Sets and indices
£, e set of hyperedges and hyperedge index
G hypergraph with node set A/ and hyperedge set £
7Z",i set of external variables at node n, and variable index
N, n set of nodes and node index

T,t setof time periods and time index
Parameters

v € N number of years spanned by optimisation horizon
ki € R, maximum flow capacity of commodity i

¢" € R, annualised CAPEX of node n (flow component)
Variables

gii € R, flow variable i of node n at time t
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