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Over the previous decades, the region of
Western Macedonia in Greece has become
home to heavy industrial clusters. Carbon
capture, utilisation, and storage (CCUS) is
an essential technology for climate change
mitigation that could deliver significant
economic growth. As part of the EU-funded
STRATEGY CCUS project (2019-2022), two
scenarios were developed and economically
evaluated for the deployment of CCUS tech-
nologies in Western Macedonia. These sce-
narios were created using a novel software
tool to analyse the CCUS business model
in the Greek region. For this, two suitable
local onshore geological sites were utilised
for storing captured CO:a. Five industries
from different industrial sectors have been
chosen for CO: utilisation. Key Performance
Indicators (KPIs) were calculated to measure
this project’s long-term value and return on
investment (ROI) while also measuring its
short-term efficiency and profitability over
the deployment process lifetime.

1. Introduction

he latest Intergovernmental Panel
on Climate Change (IPCC) report
[1] provides further evidence that
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Au cours des décennies précédentes, la
région de Macédoine occidentale en
Gréce est devenue le foyer de péles indus-
triels importants. Le captage, l'utilisation
et le stockage du carbone (CCUS) est une
technologie essentielle pour l'atténuation
du changement climatique qui pourrait
générer une croissance économique sig-
nificative. Dans le cadre du projet STRATEGY
CCUS financé par I'UE (2019-2022), deux
scénarios ont été développés et évalués
économiquement pour le déploiement
des technologies CCUS en Macédoine occi-
dentale. Ces scénarios ont été créés a l'aide
d'un nouvel outil logiciel pour analyser le
modéle commercial CCUS dans la région
grecque. Pour cela, deux sites géologiques
terrestres locaux appropriés ont été utilisés
pour stocker le CO2 capturé. Cinqg indus-
tries de différents secteurs industriels ont
été choisies pour l'utilisation du CO2. Des
indicateurs de performance clés (KPI) ont
été calculés pour mesurer la valeur a long
terme et le retour sur investissement (ROI)
de ce projet tout en mesurant son efficacité
et sa rentabilité a court terme sur la durée
de vie du processus de déploiement.

climate change is widespread, rapid, and
intensifying with some trends now irre-
versible. Human-induced climate change is
globally causing many weather and climate
extremes. Persistent and sustained reduc-
tions in carbon dioxide (CO:z) emissions
including other greenhouse gases, could
reduce the greenhouse effect and improve
air quality, with the expectation that global
temperatures could stabilize over the next
decades. In 2019, the concentration of
atmospheric CO:z reached a 2 million-year
high. Furthermore, methane and nitrous
oxide concentrations peaked at levels
unseen in the last 800,000 years [1].

The 2015 Paris Agreement [2] aims to
avoid the most devastating effects of cli-
mate change and limit global temperature
increase to no more than 2°C above pre-
industrial levels. The 2021 IPCC report [1]
clarifies that the global surface tempera-

En las ultimas décadas, la region de Mac-
edonia Occidental en Grecia se ha con-
vertido en un centro de desarrollo de la
industria pesada. La captura, utilizacion
y almacenamiento de carbono (CCUS), es
una tecnologia esencial para la mitigacion
del cambio climdtico, que podria aportar
un crecimiento econémico importante.
Como parte del proyecto STRATEGY CCUS
(2019-2022), financiado por la UE, se desar-
rollaron y evaluaron econémicamente dos
escenarios para laimplementacion de tec-
nologias CCUS en Macedonia Occidental.
Estos escenarios fueron creados utilizando
una nueva herramienta computacional
para analizar el modelo econémico de CCUS
en dicha region de Grecia. Para esto, se eli-
gieron dos sitios geoldgicos propicios para
el almacenamiento de COs.. Se seleccion-
aron cinco industrias de diferentes sectores
productivos para la utilizacién del CO2. Se
calcularon indicadores claves de desem-
perio ( KPI's), para medir el valor y retorno
de largo plazo de la inversién (ROI), ademds
de la eficiencia y rentabilidad de corto plazo,
durante la duracién del proceso.

ture increased by 1.09°C over the decade
between 2011 and 2020 compared to the
period between 1850 and 1900. Addition-
ally, the past five years were recorded to be
the hottest since 1850.

Oil continues to hold the top position
as the primary source of energy, account-
ing for 33% of the global energy mix.
Moreover, fossil fuels represent 84% of the
world’s primary energy mix [3-4].

On July, 14, 2021, the European Com-
mission adopted a series of legislative
proposals to achieve climate neutrality
in the EU by 2050. The proposals include
an intermediate target of at least 55% net
reduction in greenhouse gas emissions by
2030 [5]. This EU plan for a green tran-
sition, referred to as “fit for 557, consists
of proposals aimed to revise and update
EU legislation and is part of the European
Green Deal, which outlines the EU’s road-
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Figure 1: (A) Location of remote northern communities in Canada; (B) main geological regions; (C)

climate zones; and (D) map of the studied area centered on the Arctic. YT — Yukon Territory, NWT
— Northwest Territories, NU — Nunavut, NK - Nunavik, QC — Quebec and NL — Newfoundland and

Labrador (Nunatsiavut).

map for a sustainable economy.

As part of its efforts, the European
Union has implemented policymaking
through initiatives like the Green Deal,
REPowerEU and EU taxonomy. Greece,
as an EU member, has committed itself to
reducing CO2 emissions to a minimum by
phasing out its technologically outdated
lignite-based power plants in Megalopolis
and Western Macedonia.

The region of Western Macedonia is
located in the northwest of Greece, adja-
cent to the regions of Central Macedo-
nia (East), Thessaly (South), and Epirus
(West). It shares its northern borders with
the Republic of North Macedonia and
Albania. The region covers a total area of
9,451 km?, representing 7.2% of the coun-
try’s total area and a population of 283,689
inhabitants, which is 2.6% of the country’s
total population.

The majority of the population (56%)
lives in rural areas [6]. The capital of the
region is the city of Kozani, with a popula-
tion of 67,161. Other major towns include
Ptolemaida with 32,142 inhabitants,
Grevena with 21,440, Florina with 29,611
and Kastoria with 33,227 inhabitants [7].

The lignite industry preoccupied the
workforce of these cities, causing many
residents to renounce traditional activi-
ties such as farming, leading to rapid
economic growth and prosperity and as a
result, power plants had become the dom-
inant sector of employment [8].

Since the early 1950s, the lignite indus-
try has shaped the development course of
Western Macedonia. The intensive exploi-
tation of domestic lignite deposits contrib-
uted significantly to electrifying Greece
and consistently supporting the security
of the national energy supply. As a result,
the region hosts the highest installed

unit power of Greece, regarding thermal
power plant units. Out of 13,077.9 MW of
installed net power, the region has 3,945
MW based on lignite units and another
375 MW on hydroelectric power, cover-
ing 33% of the total capacity and 39.2%
of thermal unit power. However, accord-
ing to the new Greek National Energy and
Climate Plan, all operating lignite-based
power plants are scheduled to be retired
by 2023, meaning that Western Mace-
donia is currently in its decarbonisation
phase.

In the H2020 European Project STRAT-
EGY CCUS (https://www.strategyccus.
eu), two CCUS scenarios were formulated
up to 2050 to evaluate the techno-eco-
nomic feasibility of CCUS technologies
in Western Macedonia, Greece. The main
objective of this paper is to present these
CCUS scenarios, the methodology used
in their development, followed by a syn-
thesis of the KPI evaluation and the main
results. This techno-economic evaluation
will be useful to compare the total costs,
that Western Macedonia would incur by
investing in CCUS technologies, to the
costs incurred by the EU Emissions Trad-
ing System (ETS) in absence of CCUS
projects, during the same period.

In the next subsection of this paper,
an introduction to CCUS technologies
is provided, followed by a description of
the STRATEGY CCUS project. Section
2 includes a description of the software
used and the scenario generation pro-
cedure, along with the presentation of
medium-term and long-term scenarios
that were developed for Western Macedo-
nia. The third section, “Results”, contains
the techno-economic evaluation of both
scenarios, along with pie charts depict-
ing the benefits of CCUS adoption in the
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region. Finally, the concluding section
presents the findings of this study on the
implementation of CCUS technologies in
Western Macedonia.

1.1 Carbon Capture, Utilisation and
Storage technology

Currently there are only five large-scale
carbon capture and storage (CCS) demon-
stration projects in Europe: Sleipner and
Snehvit in Norway, ROAD in the Neth-
erlands, Iceland’s Carbfix project and,
Peterhead and White Rose in the United
Kingdom. All these projects are offshore,
storing COz2 in deep geological formations
[9].

CCUS refers to the process of capturing
CO:2 and either storing it permanently or
utilizing it by converting it into valuable
products, such as fuels and chemicals.
There are three main categories of capture
technologies:

a. Post-combustion - In this method,
waste gas produced by industrial
combustion or power stations is
captured and the COz is separated.

b. Pre-combustion — This method
involves pre-treatment of fuels, sepa-
rating the carbon from the compo-
nents that are ultimately burnt. For
example, coal is first converted into
a mixture of CO2 and hydrogen by
gasification, then the CO: is captured
and only the hydrogen is burned.

c. Oxy-fuel combustion - This method
involves, burning fuel with pure
oxygen instead of regular air, result-
ing CO2 to make up a larger fraction
of the waste gas, making it easier to
separate and store or repurpose the
CO:2 [10].

The STRATEGY CCUS project aims to
facilitate the implementation of carbon
capture, utilisation, and storage (CCUYS)
in eight regions. These are identified as
promising because they possess strate-
gic elements, such as industrial clusters,
potential CO: storage sites, opportunities
for CO2 utilisation and options for hydro-
gen production and use. The project also
involves creating local development plans
and business models for each region. This
article expands on the previously pub-
lished work “Carbon Capture, Utilisation,
and Storage as a Defense Tool against Cli-
mate Change: Current Developments in
Western Macedonia (Greece)” [11].

During the STRATEGY CCUS proj-
ect, the potential for CO: storage in the
Mesohellenic Trough was re-evaluated
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Figure 2: The transportation map for (a) the medium-term scenario and (b) the long-term scenario for Western Macedonia.

using available data whilst deploying the
USDOE methodology. The Mesohellenic
Trough contains the Pentalofos and Epta-
chori Formations, along with their corre-
sponding daughter units. The Pentalofos
Formation has an estimated CO: storage
capacity of 1.02 Gt, whereas the Eptachori
Formation can store 0.13 Gt.

Currently, CO2 storage in Greece
remains categorised with a Tier 1 status,
as depicted in Figure 1. Therefore, a theo-
retical approach based on literature data
and calculations was used to estimate the
CO:a storage capacity within sedimentary
formations of the Mesohellenic Trough.

For estimating storage capacity, a four-
tiered pyramid is proposed based on the
North American CSLF approach [12]. The
capacity quantification is based on the
common P90-P50-P10 estimation (CO:2
Stored), which matures from generic for-
mation level estimates to more detailed
daughter prospects and candidate site
estimates. The recommendations allow
for outcomes to be transferred to an SRMS
analysis.

As CCUS projects are driven by reduc-
ing global carbon emissions, the technol-
ogies employed in these projects have a
critical role in achieving this goal.

2. Methods and Software (Tool)

During the STRATEGY CCUS project,
a specialized software was developed to
create local medium-term and long-term
CCUS scenarios in each of the seven par-
ticipating European countries and their
eight regions. This software was devel-

oped by a core team composed of the
STRATEGY CCUS project partners [13-
14] using Microsoft Excel. The software
is essentially an interconnected database
with many different mathematical func-
tions to describe the individual CCUS ele-
ments of Capture, Utilisation, and Storage.
The software generates custom scenarios
for different time horizons while perform-
ing extensive techno-economic analysis.
By using this software, various economic
Key Performance Indicators (KPIs) were
generated, comparing the cost of imple-
menting a CCUS project in the region
of interest with the cost of paying CO,
taxes in the same region if such a project
were not implemented. For each region,
two main scenarios were implemented:
a medium-term scenario from 2030 to
2040, and a long-term scenario extending
to 2050.

The data required for this software tool
were gathered during a previous project
and contain information about emitters,
storage sites and industries that can utilise
quantities of CO, in every participating
country. This data created a database that
was integrated into the tool, enabling the
defining of business case scenarios, CO,
hubs and clusters for each case. The basic
starting point for the scenarios includes
the publicly available data integrated into
the tool, allowing the deployment of these
scenarios.

One of the challenges facing CCUS
technologies is the transport of signifi-
cant volumes of CO, from point sources
to sites established for large-scale storage.
To address this issue, routing algorithms

were applied with the help of GIS soft-
ware to define feasible routes connecting
sources, utilisation locations, and stor-
age regions for captured CO,. The trans-
port routes and modes of transportation
were designed and chosen accordingly to
minimize the total cost. Solutions include,
pipeline transportation, while train, truck
or ship transportation were also available
through the tool, depending on the trans-
ported volume of CO, and its probability
of coming from dispersed sources. The
study also evaluated the cost of pipeline
transport, based on the quantity of CO,
supplied and the distance, compared to
CO, shipped by tanker vessels. The results
show that the pipeline option is cheaper,
but only for shorter distances. The costs
for this implementation are evaluated in
the CCUS scenarios below:

a. They are based on public data and
directly related to stakeholders
(Industry and Regional Committee).

b. They depend on the CO2 capture
profile, transport options and stor-
age capacity for Greece.

c. They involve financial assessment of
each scenario by submitting Key Per-
formance Indicators (KPIs).

d. They are harmonized with green-
house gas reduction targets for each
country.

e. They are expected to increase the
likelihood of CCUS deployment in
Greece, particularly Western Mac-
edonia.
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Figure 3: (a) Storage for the medium-term scenario in Western Macedonia; (b) The number of required wells in the medium-term scenario.

2.1. Description of the scenario
generation procedure

The scenario creation tool identifies
the linkages between emissions, transport
modes, CO, reuse, and storage sites, to
create local perspectives. It then checks
the correlation between the different cap-
tured Co, flows, their transportation or
utilisation. It also checks the potential for
storage at the local level, form short-term
to long-term.

For each selected regional scenario, a
financial estimate has been made concern-
ing the cost for each scenario and for each
tonne of CO, avoided. Calculations were
then made of Key Performance Indicators
(KPIs) such as CAPEX / OPEX, additional
energy costs, CO, avoidance and ETS sav-
ings. Moreover, the tool considered trans-
port corridors on multiple time scales and
then developed the most cost-effective
transportation network.

The tool imported data on reservoir
characteristics, as well as data on indus-
tries to be exploited for CO, reuse and the
Ptolemaida V emitter unit. Data on inter-
connection points, such as spatial data,
pipeline characteristics, gas temperature,
and pressure were also imported by the
tool.

2.2. The short/medium-term scenario for
Western Macedonia

Adhering to the new Greek National
Energy and Climate Plan, all currently
operating lignite-based power plants will
be retired by 2028. The only operational
lignite power plant that will remain is the
new Ptolemaida V power plant, located
in North-Western Greece. The estimated
CO, emissions available for CO, capture
from the Ptolemaida V power plant are 4.5

Mt/y for a period of 30 years. The plant is
designated as a CCS-ready facility.

The Ptolemaida V power plant will
contribute to multiple levels. It will renew
installed plants, owned by the Public
Power Corporation, producing electric-
ity at competitive costs by reducing lignite
consumption and lowering CO, costs. It
will significantly improve the environ-
mental footprint and lower the cost of
electricity generation. Overall, it will bring
significant benefits to the Greek economy
and reduce unemployment.

Four key advantages of this new power
plant are the reductions of a) lignite con-
sumption by 40%, b) greenhouse gas
emissions by 40%, c) pollutant emissions
by 60%, and d) particle emissions by 90%.

Due to the rapid decarbonisation phase
in the last years, only one emitter, Ptol-
emaida V, was considered for the Greek
medium-term scenario. The power plant
is located approximately 8km southeast of
the town (Figure 2) and the captured CO,
will be transported via pipeline.

The selected Pentalofos Storage Unit
for the medium-term scenario is located
approximately 67 km west of Ptolemaida
V. The first captured CO, utilisation site
is located in Florina, a nearby city 68 km
north of Ptolemaida V. The transportation
of CO, to Florina will be done by train,
using the existing railway network in this
area. The second utilisation site is in Thes-
saloniki, the second-largest city in Greece,
located 166 km from Ptolemaida V. Fur-
thermore, the third utilisation site, chosen
in this scenario, is located in Stylida, 260
km south of the Greek emitter. All trans-
portation routes and their characteristics
were generated using GIS software, with
terrain factors and elevation profiles ade-
quately considered for the pipelines. For
the industries that require train transpor-

tation, the existing railroad network was
utilised. Basic user input data for the tool
includes the longitude and latitude of each
location, the maximum CO, flow rate
(Mt/year) and the starting/ending year of
operation.

2.3. Basic design parameters and key
KPIs

The basic design parameters of the three
pipelines in this scenario all have the same
values. However, there are differences in
distance, elevation profiles and terrain
factors considered for each route. The
transportation of CO, by train, chosen for
the first utilisation site (Florina), allows
for the minimisation of the total transpor-
tation costs in this scenario. The wagon
capacity of the train was calculated to be
240 tn. Therefore, a locomotive with three
wagons is required, making a maximum
of 679 trips per year to satisfy the needs
of the first utilisation site. The total time
required per trip, including loading and
unloading of the captured CO, was calcu-
lated and found to be 1.12 hours per trip.

Basic design parameters for the pipe-
lines and train transportation include
Upstream  pressure/temperature; Inlet
pressure/transport temperature; Maxi-
mum/minimum pressure allowed; Pipe-
line length; Elevation difference; Start
year/construction years; Discount rate;
Desired outlet pressure; Wagon capacity;
Number of wagons. Additionally, some of
the key KPIs include Total undiscounted
costs; Total CO, transported; CO, trans-
port costs per tonne undiscounted/dis-
counted; travel/total time per trip.
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2.4. Short description of utilisation units
and results

In the medium-term scenario, three
utilisation units were selected. Two of
which belong to the fuel category, while
the other is in the pure CO, category. Each
industry unit has Ptolemaida V (Emitter
1) as a CO, source, and their ramp-up
percentage is based on their prospects for
carbon dioxide use.

Utilisation Site No.1 (U#01):

The U#01 utilises pure CO, in various
industrial sectors such as oil and gas, aero-
nautics, automotive, beverage, chemicals,
waste and water management, metal, hos-
pital care, laboratories, and research cen-
tres. In the medium-term scenario, U#01
is projected to consume 276,120 tonnes
of CO, annually with a ramp-up rate of
45% in the first six years. Ptolemaida V,
the main scenario emitter, will provide the
required amount of CO, for this utilisa-
tion unit.

Utilisation Site No.2 (U#02):

The U#02 aims to reduce emissions
from its processes with 50% by 2030, to
address climate change and contribute
to the energy transition. Its activities will
include innovative technologies such as
recycled CO, utilisation, renewable energy
sources, hydrogen and new raw materials.
Its main facilities are located in the city
of Thessaloniki in Northern Greece. In
the medium-term scenario, U#02 will use
543,750 tonnes of CO, annually, with a
ramp-up rate of 28% in the first four years.
Ptolemaida V, the main scenario emitter,
will provide the required amount of CO,
for this utilisation unit.

Utilisation Site No.3 (U#03):

The U#03 is a Greek industrial company
with integrated operations in the agribusi-
ness, bioenergy and food sectors. Its facili-
ties are located in Stylida, Central Greece,
which is approximately 255 km away from
Western Macedonia. In the medium-term
scenario, U#03 will use 309,214 tonnes of
CO, annually, with a ramp-up rate of 31%
in the year 2038. Ptolemaida V, the main
scenario emitter, will provide the required
amount of CO, for this utilisation unit.

Utilisation results and product KPIs
were generated for the currently investi-
gated medium-term scenario. From 2030
to 2040, 1.46 Mt CO, will be used in the
pure CO, category and 6.45 Mt in e-fuels.
The maximum amount of CO, will be uti-
lised in the medium-term scenario from

2036 to 2040 due to a ramp-up in the utili-
sation process.

2.5. Storage

Greece offers opportunities for CO,
storage, such as deep saline aquifers in
the Greek Mesohellenic basin, as well as
depleted hydrocarbon fields in the Ter-
tiary sedimentary basins of Prinos [11].
The Mesohellenic basin and its Grevena
sub-basin region offer CO, storage options
for the Western Macedonian industrial
cluster. The Grevena sub-basin, is approx-
imately 50 km away and characterized by
deep saline aquifers.

The Pentalofos Formation (Upper
Oligocene-Lower Miocene epoch) which
is part of the Mesohellenic basin has
been selected as the storage site for the
medium-term scenario. The Pentalofos
Formation consists of conglomerates, fol-
lowed by turbiditic sandstones and shales,
with an average thickness of 2500 m and a
maximum thickness of 4000 m. The for-
mation is divided into two daughter units,
Tsarnos and Kallon, which have a simi-
lar lithologic composition, comprising
of conglomerates, turbiditic sandstones
(occasionally coarse-grained), shales, and
a porosity ranging from 7% to 25% [15].
During this project, the potential for CO,
storage in the Mesohellenic Trough was
re-evaluated deploying the USDOE meth-
odology based on available historical data.
The estimated CO, storage capacity of the
Pentalofos Formation is 1.02 Gt.

In Figure 3a, the storage scenario for
the Pentalofos Formation and the closed
storage unit is presented. CO, injection
will be at the maximum level for the first

three years (2030-2033), and following
these years, the amount of injected CO,
will gradually be reduced. Additionally,
in Figure 3b, the number of wells essential
for the implementation of the medium-

term scenario is shown.

Table 1 presents the key KPIs for the
Pentalofos storage unit (GR.SU.001) in
the medium-term scenario (2030-2040).
Specifically, the total amount of net CO,
that will be stored is 5.98 Megatonnes,
while the total amount emitted is only
0.03 Megatonnes. The total undiscounted
costs will be 25.5 million euros, while the
undiscounted CO, cost per tonne will be
up to 4.3 euros.

3. Results

3.1. Assessment for the medium-term
scenario

The Western Macedonian CCUS KPIs
of the medium-term scenario are pre-
sented in Table 2. This table includes the
analysis of the CCS system, CO, volumes,
and ETS allowances. In the medium-term
scenario, 20 Mt of CO, are captured and
transported, 14 Mt are utilised and 6 Mt
are stored, resulting in the avoidance of
6 Mt of CO, emissions. The following
graphs provide information about the
CCUS chain regional benefits and costs
for the medium-term scenario of Western
Macedonia. It is clear that transportation
accounts for the largest share of the total
CCUS chain costs, while storage is the
smallest (Figure 4a). Additionally, CO,
sales and ETS savings generate regional
revenues and significantly reduce the total
costs (Figure 4b).

The application of CCUS technologies
avoided about 5.9 Mt of CO, emissions in
Western Macedonia, while the total CO,
emitted by carbon capture is 2.3 Mt. The
financial results of the medium-term sce-
nario are presented in the figures below.
Figure 5a shows the undiscounted CAPEX
for Western Macedonia, which is 46.7 mil-
lion euros in the capture stage, 78.1 mil-
lion euros in the transport stage, and 21.2

(Elosed H Unit
598 | Megatonnes
003 . Megatonnes -
594 | Megatonnes
43 ¢honnes
15 €tonnes
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Table 2: Region KPIs of the medium-term scenario.

Analysis of the CCS system Analysis of CO, volumes (Mt) Analysis of ETS allowances

Total CCS value chain EU ETS parameters
CCS value chain (€/tonne CO,
avoided) -25 ; Total CO, Captured 20.4 : Price of allowances in 2025 (€/tonne CO,) 70
: : : CO, utilised ' 14.4 | Price of allowances in 2045 (€/tonne co,) : 0
CO, for mineralisation (perm.
Total CAPEX per block -12 i avoided) 0.0
Cost of Capture (€/tonne CO,
avoided) -4 : Stored 6.0
Cost of Transport (€/tonne CO,
avoided) -7  Total emitted with CCS 2.3 i Whole regional expense without CCUS
Cost of Storage (€/tonne CO,
avoided) -2 i Total avoided emission 5.9 i ETS costs without CCUS (M€) 1802.8
BIO CO, captured, neg. Emissions 0.0 :
: OPEX per block : -13 | Total (O, fed into transport network © 204 | Whole region expense with CCUS
Cost of Capture (€/tonne CO,
avoided) -5 i CCUS national objectives 200.0 | ETS costs with CCUS, remaining emissions (M€) 1423.4
Cost of Transport (€/tonne COZ
avoided) -8 : Share in national objectives 3.0% : Cost of CCUS (M€) 150.6
Cost of Storage (€/tonne CO,
avoided) 0 TOTAL costs with CCUS (M€) 1573.9
Transport cost (€/tonne CO, ®S_TRATEGY CCUS
transported) 4.3 Avieble solution fora sustainzvle future Cost difference, with minus without CCUS (M€) -229.0
Utilisation (income from CO,
sales) (M€) 1226.4 Average yearly energy need, TWh/year 0.71
EUA/ETS credit savings in the
region (M€) 379.4 Peak energy need, TWh/year 1.29
: : Breakeven CO, price (€/tonne CO,) 31
First year of profit £ 2030
| Cost of Capture (€/tonCO2
avoided W
) z 500
2 0
m Cost of Transport (€/tonC0O2 §
avoided) = =
6 1,000
[
1500 -379
M Cost of Storage (€/tonCO2
avoided) 2000
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Figure 4: (a) Share of CCS total cost; (b) Total regional costs until 2040.

162 million euros. The fraction of CAPEX

million euros in the storage stage. Utilisa-
tion has an undiscounted CAPEX of zero.

Regarding the undiscounted OPEX for
the medium-term scenario, the utilisation
procedure generates 2.71 billion euros
in revenues from CO, sales (Figure 5b).
Moreover, the total undiscounted OPEX is

(in euros) per tonne of avoided CO, is
higher in the transport stage, whereas the
utilisation stage has a value of zero (Figure
6a). The regional revenues from the CO,
utilisation stage are unambiguous (Figure
6b). The highest fraction of OPEX (in

euros) per tonne of avoided CO, appears
in the utilisation procedure, which is due
to generated revenues. On the other hand,
the capture procedure incurs a higher cost
per avoided tonne of CO,.

Figure 7 displays both the project costs
and income per year when implement-
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Figure 7: Regional costs and incomes for Western Macedonia in the medium-term scenario.

ing a medium-term scenario in Western
Macedonia. Between 2027 and 2030,
most costs will be incurred by the trans-
port stage, followed by the storage stage.
From 2030, the first year of the medium-
term scenario, Western Macedonia will
start earning incomes from EUA/ETS

savings and CO, sales. Thus, the regional
revenues will be significantly higher than
the costs during the medium-term sce-
nario. This indicates that the developed
medium-term scenario is advantageous
and profitable for Western Macedonia,
both economically and environmentally.

3.2. Assessment for the long-term
scenario

The primary difference between the
medium-term and long-term scenarios is
the duration of the latter, which is extends
up to 2050. Furthermore, the long-term
scenario includes five utilisation units,
with the addition of one cement plant next
to the Ptolemaida V unit, and another
industrial company with integrated oper-
ations in fertilizers and the agribusiness.
The long-term scenario also features an
extra storage unit which is chosen as a
second storage site, located in Eptachori
village and also part of the Mesohellenic
basin.

The KPIs for the long-term scenario
of CCUS in Western Macedonia are pre-
sented in Table 3. This table includes the
analysis of the CCS system, CO, volumes
and ETS allowances. 39Mt of CO, are cap-
tured, 39Mt are transported, 32 Mt are uti-
lised and 7 Mt are stored in the long-term
scenario. The avoided emissions amount
to approximately 17 Mt of CO,.

The following graphs provide important
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Table 3: KPIs for the long-term scenario in Western Macedonia.

Analysis of the CCS system Analysis of ETS allowances

Analysis of CO, volumes (Mt)

Total CCS value chain EUETS parameters
CCS value chain (€/t CO,
avoided) -36 | Total CO, Captured 38.9 Price of allowances in 2025 (€/tonne CO,) 70
‘ ‘ CO, utilised 31.7 Price of allowances in 2045 (€/tonne CO,) 212
CO, for mineralisation (perm.
Total CAPEX per block -17  avoided) 10.0
Cost of Capture (€/tonne
CO, avoided) -11 : Stored 7.2
Cost of Transport (€/
tonne CO, avoided) -4 : Total emitted with CCS 4.3 i Total regional expense without CCUS:
Cost of Storage (€/tonne
CO, avoided) -2 ; Total avoided emission 17.2 ; ETS costs without CCUS (M€) 2,672.7
: : BIO CO, captured, neg. Emissions 0.0 :
Total CO, fed into transport
OPEX per block -19 i network 39 | Total regional expense with CCUS
Cost of Capture (€/tonne
CO, avoided) -13 i CCUS national objectives 200 : ETS costs with CCUS, remaining emissions (M€) 1,619.0
Cost of Transport (€/
tonne CO, avoided) -6 i Share in national objectives 8.6 % : Cost of CCUS (M€) 613.8
Cost of Storage (€/tonne
CO, avoided) 0 TOTAL costs with CCUS (M€) 2,232.8
Cost of Transport (€/
tonne CO, transported) -4.3 @e Cost difference, incl. minus excl. CCUS (M€) -440.0
: : STRATEGY CCUS : :
H Aviable solution for a sustainable future
Utilisation (income
from CO, sales) (M€) 2841.7 Average yearly energy need, TWh/year 0.91
EUA/ETS credit savings
in the region (M€) 1053.8 Peak energy need, TWh/year 1.29
: : Breakeven CO, price (€/tonne CO,) 39
First year of profit : 2030
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Figure 8: (a) Distribution of total cost among CCS stages; (b) Total regional costs until 2050.

information on the regional long-term
scenario of Western Macedonia and are
essential to evaluate. They specifically con-
tain relevant details about regional ben-
efits and costs of the CCUS chain. Clearly,
costs of capture represent the largest share
of the total costs in the CCUS chain, while

costs of storage represent the smallest
share (Figure 8a). Additionally, CO, sales
and ETS savings generate regional rev-
enues, which significantly reduce the total
costs (Figure 8b). Therefore, the imple-
mentation of a long-term scenario will
enable Western Macedonia to generate

revenues of up to nearly 3.8 billion euros
from CO, sales and ETS savings.

Emission benefits resulting from the appli-
cation of CCUS technologies in Western
Macedonia are presented in Figure 9a,
showing an avoidance of approximately
17 Mt of CO, emissions. In contrast, only
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0.04 Mt is emitted by carbon capture. The
results show evidence for the significant
environmental benefits of CCUS technol-
ogies. Furthermore, Figure 11b provides
detailed information on CO, flows.

The financial results of the long-term sce-
nario are presented in the following fig-
ures. Figure 10a shows the undiscounted
CAPEX for Western Macedonia’s long-
term scenario. The undiscounted CAPEX

is 492 million euros in the capture stage,
108 million euros in the storage stage,
179 million euros in the transport stage
and the utilisation has an undiscounted
CAPEX of zero.

Regarding the undiscounted OPEX for the
long-term scenario, Figure 10b shows that
the utilisation procedure generates 8.6 bil-
lion euros in revenues from CO, sales. The
total undiscounted OPEX is 873 million

euros (586 M€ costs from capture, 265
ME costs from transport, and 23 M€ costs
from storage). The fraction of CAPEX (in
euros) per tonne of avoided CO, is larger
in the transport and capture stages, while
for utilisation it appears to be zero (Figure
11a). The regional revenues from the CO,
utilisation stage are significant (Figure
11b) and the fraction of OPEX (in euros)
per tonne of avoided CO, is the highest in
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Figure 12: Regional costs and incomes for Western Macedonia in the long-term scenario.

the utilisation stage due to these revenues.
In the Greek long-term scenario, the cap-
ture and transport stages are the most
expensive per avoided tonne of CO,.
Figure 12 presents the project costs and
incomes for Western Macedonia per
year when implementing the long-term
scenario. From 2027 to 2030, the region
will incur the most expenses in the trans-
port stage, followed by the storage stage.
However, from 2030, the first year of the
long-term scenario, Western Macedonia
will earn from EUA/ETS savings and CO,
sales. Thus, the regional revenues will be
much higher than the costs during the
long-term scenario. This indicates that the
developed long-term scenario is highly
advantageous and profitable for Western
Macedonia, both economically and envi-
ronmentally.

4. Discussion - Conclusions

In the period from 2011 to 2019, the costs
related to lignite activity in the lignite
units of Western Macedonia decreased
by about 10% per year [16]. The goal of
a complete national lignite phase-out by
2028 is included in the National Plan for
Energy and Climate. The commitment
to phase-out lignite in power generation
will lead to a radical transformation of
the energy sector and achieve a climate-
neutral economy. CCUS is an essential
technology for climate change mitigation
and can also deliver economic growth and
employment. Industries such as cement,
iron and steel, chemicals, natural gas, and
electricity generation can benefit from the
ability of CCUS to deep-cut industrial CO,

emissions. The CCUS sector is growing at
an unprecedented rate and this growth is
accelerating. The economic performance
of CCUS is becoming increasingly impor-
tant for achieving reliant net-zero tech-
nologies. CCUS projects can stimulate
the development of CCUS technologies to
reach the EU’s long-term climate targets at
the lowest possible cost.

The development of CCUS technologies in
Western Macedonia can provide a signifi-
cant boost to the Greek region. The region
has experienced major economic decline
due the decarbonisation phase, result-
ing in business shutdowns and job losses.
However, for both the medium-term and
long-term scenarios, several benefits are
brought to the region, both in economic
and environmental terms. The deployment
of CCUS technologies can create jobs in
various sectors such as power, cement,
steel, refinery, oil & gas, shipping, and the
pipeline industry. For example, construct-
ing CO, capture facilities, CO, transport
pipelines, and geological storage sites can
generate employment in construction,
engineering, and manufacturing. Western
Macedonia offers a high storage capacity,
which is crucial for the development of
CCUS technologies. In addition, the Ptol-
emaida V lignite unit, the only emitter for
both scenarios, is CCUS ready, providing
a significant advantage for CCUS projects.
Although construction costs will be high
in the first years of both scenarios, the
regional revenues are expected to exceed
the costs. In addition, the environmental
benefits of the application of CCUS tech-
nologies in the region are clear, as a signif-
icant amount of carbon dioxide emissions

Topic - Hydrogen 8-

would be avoided.

In addition, as part of the STRATEGY
CCUS project, transnational scenarios
were also developed beyond these two
local scenarios. One scenario involved
France, Spain, and Greece. In this transna-
tional scenario, France and Spain partici-
pated with their carbon dioxide emitters
and heavy industries for carbon capture,
while storage took place in Greece due
to its large geological reservoirs. Prior to
storage, the CO, was transported by ship
to the port of Thessaloniki and utilised
the pipeline network of the medium and
long-term scenarios. The benefits of such
a process go beyond the national borders
and lead to a collective approach towards
the climate change problem. Countries
with geological storage capacity can pro-
vide the storage aspect, while countries
with large industries can cover the capture
part. This interconnection between coun-
tries allows for a holistic solution to the
problem and facilitates the effective adop-
tion of CCUS technologies.
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