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Abstract: The region of Upper Silesia, located in southern Poland, is characterised by very high
emissions of carbon dioxide into the air—the annual emission exceeds 33 Mt CO, and the emission
‘per capita’ is 7.2 t/y in comparison to the EU average emission per capita 6.4 t/y and 8.4 t/y for
Poland in 2019. Although in the region there are over 100 carbon dioxide emitters covered by the
EU ETS, over 90% of emissions come from approximately 15 large hard coal power plants and from
the coke and metallurgical complex. The CCUS scenario for Upper Silesia, which encompasses
emitters, capture plants, transport routes, as well as utilisation and storage sites until 2050, was
developed. The baseline scenario assumes capture of carbon dioxide in seven installations, use in
two methanol plants and transport and injection into two deep saline aquifers (DSA). The share of
captured CO; from flue gas was assumed at the level of 0.25-0.9, depending mainly on the limited
capacity of storage. To recognise the views of society on development of the CCUS technologies
in Upper Silesia, thirteen interviews with different types of stakeholders (industry, research and
education, policy makers) were conducted. The respondents evaluated CCU much better than CCS.
The techno-economic assessment of CCUS carried out on a scenario basis showed that the economic
outcome of the scenario with CCUS is EUR 3807.19 million more favourable compared to the scenario
without CO, capture and storage.

Keywords: climate changes; carbon dioxide emissions; CCUS scenario; decarbonisation; Upper
Silesia region

1. Introduction
1.1. Carbon Dioxide in the Context of Climate Changes

Dynamic economic growth entails a rise in living standards in many countries; how-
ever, it also causes increasing carbon dioxide emissions and reductions in natural resources.
Many people that, since the 1970s, when the first major environmental regulations were
established, such policies have had damaging impacts on companies’ competitiveness
and global economic growth. The pollution haven hypothesis suggests that developed
countries impose tougher environmental policies than do developing countries, which
results in polluting industries shifting their operations from developed countries that are
working hard to reduce emissions to developing countries with less stringent environmen-
tal restrictions. That is particularly worrying in the case of global pollutants such as carbon
dioxide, because in addition to its negative impact on the country’s economy, the efforts
to reduce emissions could, according to the pollution haven hypothesis, be significantly
offset by increased emissions in other countries. However, many authors [1-4] claim that
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mitigation of GHG would boost efficiency, productivity, and innovation. Porter and van
der Linde [5] argue that more stringent climate policies can actually encourage investment
in developing new clean technologies and cost-cutting efficiency improvements, leading
to energy savings, and in turn can help companies achieve global technology leadership
and expand their market share and finally reduce or completely offset some of the climate
protection costs.

The IPCC Sixth Assessment Report [6], published in August 2021 clearly indicates that
unless there is an immediate, rapid, and large-scale reduction of greenhouse gas (GHG)
emissions, the achievement of the goals adopted in 2016 in the Paris Climate Agreement will
be impossible. According to the Report, human-induced GHG emissions are responsible for
around 1.1 °C of warming if we compare the two periods 1850-1900 (these years are taken
to represent the earliest period of sufficiently globally complete observations to estimate
global surface temperature, and is used as an approximation for pre-industrial conditions)
and 2011-2020.

All scenarios assume an inevitable 1.5 °C rise in the Earth’s temperature over the next
20 years. Assuming the current path of CO; emissions, by 2100, the temperature will rise
by at least 2.7 °C and could cross a critical threshold, causing rapid changes and climate
events that will threaten the existence of our civilisation [3,6,7].

Up to 80% of global carbon dioxide emissions are caused by human activities [3,8,9].
Despite global measures to contain the spread of COVID-19 and the associated tempo-
rary emission reductions, the concentration of CO; in the atmosphere has continued to
increase in recent years, and the expected decrease in the growth rate was not detectable.
It is estimated that each 1000 Gt of cumulative CO, emissions will cause an increase in
global surface temperature of about 0.45 °C, and this value is defined as the transient
climate response to cumulative CO, emissions (TCRE). This means that achieving at least
zero net anthropogenic CO, emissions is a prerequisite for limiting human-made global
warming [6].

1.2. Activities on a Global Scale

In recent years, measures have been taken to protect the climate on a global scale,
starting with the Kyoto Protocol in 1997, through the Doha Amendment in 2012, and finally
the Paris Climate Agreement in 2015, the main goal of which was to limit the increase in
global average temperature to well below 2 °C or even 1.5 °C through the implementation
of Nationally Determined Contributions (NDCs) and cutting GHG emissions by up to
90% within three decades [10]. In 2020, Low Emissions Development Strategies (LEDS)
were prepared, and in December 2019 the European Green Deal (EGD) was announced
in terms of supporting the EU’s transition to a climate neutral economy by reducing
carbon emissions by at least 50% by 2030 and achieving carbon neutrality by 2050 [11,12].
In July 2021, the European Commission adopted a package “Fit for 55”, a part of EGD
which modernises existing legislation in line with the European Union’s 2030 climate goals,
as well as introduces new policy measures that can help with the economic, social and
industrial change accompanying the climate transition, reducing net emissions by at least
55% (compared to 1990) by 2030 and achieving climate neutrality by 2050, and therefore
aims to strengthen the EU’s position as a global climate leader. It is also impossible not
to mention the United Nations Climate Change Conference in Glasgow (COP26) and the
Glasgow Climate Pact adopted there in November 2021.

The basis for achieving zero emissions by 2050 is primarily the implementation by deci-
sion makers of plans and a decisive acceleration of the departure from technologies emitting
large amounts of carbon dioxide. CO, removal is a key tool on the path to net zero emis-
sions, provided that emissions are simultaneously reduced quickly and efficiently [6,13].
CCUS (Carbon Capture Utilisation and Storage) is not the latest technology [14], but its
potential and the fact that it can be an important part of international climate improvement
policies have only been recognised relatively recently. The most significant global carbon
emitters are China, the United States, the EU, Russia, India, Japan, the UK and Australia [15].
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It is worth noting that China is responsible for 27% of global CO, emissions, and has been
the largest carbon emitter since 2008 [8,16], and although Europe is making an immense
effort to fight climate change, it still remains the world’s third-largest emitter of GHG.

1.3. Poland’s Situation and Policy with Regard to the European Zero-Emission Strategy by 2050

The high share of coal in the Polish energy balance contributes to large greenhouse
gas emissions. The CO; emissions in 2018 amounted to 337.71 million tonnes, mainly from
fuel combustion. Emission of another important greenhouse gas, methane, amounted to
48.75 million tonnes CO; eq in 2018, with 47% of emissions coming from the energy sector
(mainly fugitive emissions from fuels), 30% from agriculture and 23% from the waste sector.
It should be noted that a large share of methane emissions takes place in the Upper Silesia
area—about 455 kt of CH4 according to [17], which corresponds to 11.34 million tonnes
CO; eq, assuming GWPcpyy = 25. The main sources of CO, emissions are given in Figure 1.
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Figure 1. (a) CO, emissions excluding LULUCEF by sectors in 2018 [18], (b) CO, emissions by fuel
type [19] in Poland.

Although the total share of energy produced from coal in the Polish energy mix fell
from 87.63% to 79.56% from 2012 to 2018 [20], in 2018, Poland was still the sixth largest



Energies 2022, 15, 4495

4 0f 20

consumer of electricity in the EU and the second (after Germany) largest producer of
electricity from hard coal (80 TWh) and lignite (49 TWh).

Poland’s GHG reduction strategy is set out in three strategic documents: a. National
Energy and Climate Plan for the years 2021-2030 (NECP PL); b. Polish Energy Policy
until 2040 (PEP2040); and c. Polish Hydrogen Strategy. PEP2040 targets are consistent
with NECP PL and assume an evolutionary transformation of the electricity generation
sector in a lower-emissions direction, at a pace that ensures energy security and does not
threaten the competitiveness of the economy. The targets assume that by 2030 there will be
a 30% reduction in CO, emissions (compared to 1990), a 23% reduction in primary energy
consumption, the share of RES in gross final energy consumption will be 23%, and the
share of coal in electricity generation will not exceed 56%. It is also planned to implement
nuclear energy in 2033. The reduction of carbon dioxide emissions will be achieved mainly
through actions in the energy sector (Figure 2).
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Figure 2. Reduction of CO, emission by sectors (without LULUCF) to 2040 (source: [21]).

As potentially low- or zero-carbon use of coal would allow partial continued use of
coal-fired generating units, the implementation of new technologies such as coal gasification
and carbon sequestration (CCS) or carbon utilisation (CCU) is being considered, but will
depend on economic viability and carbon dioxide emission allowance prices. Hydrogen
production using CCS/CCU technology integrated with steam reforming of hydrocarbons,
coal and biomass gasification is included in the Polish Hydrogen Strategy, and in August
2021, the Minister of Climate and Environment appointed a team to develop CO, capture,
utilisation and storage technologies.

Asnatural gas was to be an important transition fuel in Poland’s energy transformation,
Poland’s energy policy will have to be revised in the face of Russia’s interruption of gas
supplies to Poland. The instability of the energy market is a factor that makes long-term
investment planning difficult, but in the current political situation, consideration of CCUS
technologies becomes even more expedient.

1.4. STRATEGY CCUS and Aims of the Paper

One of the projects supporting the development of CCUS which is a key solution
in the way of completely abandoning the use of coal is the three-year European project
STRATEGY CCUS (www.strategyccus.eu (accessed on 16 June 2022)). The project covers
eight selected regions located in seven countries from Southern and Eastern Europe (Spain,
France, Greece, Portugal, Croatia, Romania and Poland), which together account for 45% of
CO; emissions from industrial production and energy in Europe. The project includes the
development of local business plans and models, providing methodologies and sharing best
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practices, engaging with local and national stakeholders, and helping to build a common
pan-European CO, transport and storage infrastructure.

The main goal of this paper is to present strategic plans for the development of
CCUS technologies in one of the polish regions. The scope of this work includes mapping
the technical potential of CCUS clusters in the Upper Silesia which is Poland’s most
industrialised region, estimating the economic and environmental costs of CCUS projects,
stakeholder participation, social acceptance issues and planning CCUS scenarios along
with a full technical and economic assessment in long term perspective of implementation.

2. Upper Silesia Emitters and CO, Storage Possibilities
2.1. Description of Upper Silesia Region

The Silesian Voivodeship is a highly urbanised region located in the southern part
of Poland. It covers an area of 12 333 km? (3.9% of the country), and has a population
of 4.5 million (11.8% of Poland’s population). As much as 76.6% of the population lives
in towns and cities, and the GDP (gross domestic product) of the Silesian Voivodeship
is PLN 260,532 million (12.3% of Poland’s GDP), of which PLN 78,130 million is related
to industry, and PLN 62,437 million is related to trade. Despite high urbanisation, the
region is characterised by rich biodiversity and a high level of forest cover (32.1%). Upper
Silesia is part of the Silesian Voivodeship and is the most industrialised region in Poland,
with total annual CO, emissions exceeding 33 Mt. The region’s industry is diversified and
represented by almost all mining and processing industries, with a strong mining industry
(16 coal mines) and a strong energy sector (about 7 GW of capacity, representing 20% of the
total installed capacity in utility power plants). In 2017, the region consumed 27,564 GWh
of electricity, which was 16.9% of the energy consumed at the national level.

In the Silesian Voivodship, as many as 79,500 workers are employed in coal mines, out
of a total of 185,000 in the entire European Union. Upper Silesia has already undergone
industrial transformation in the years 1990-2000, when the greatest reduction in mining
employment took place. However, the social and economic problems following the restruc-
turing of the coal mining industry carried out since the 1990s are still being felt, and the
current plans to close mines continue to arouse strong social resistance.

Upper Silesia concentrates large industrial emitters, such as coal-fired power plants
and heating plants, steelworks (blast furnace, rolling mill, sinter plant) and coking plants.
The voivodeship faces the problem of air pollution not only due to emissions associated
with the developed industrial sector, but also due to low stack emissions (e.g., SOz, NOx,
particulate matter). Electricity and heat are produced mainly from hard coal and natural
gas, but it is worth emphasising that the share of renewable energy sources is currently
growing rapidly, e.g., electricity production from small-scale RES installations in Poland
increased from 176.6 GWh in 2016 to 532.1 GWh in 2021 [22].

2.2. Methodology of Scenario Development
The development of the scenario within the project consisted of four steps:

1.  Identification of individual elements in the region: emitters, utilisation plants, storage
sites and transport connections; emitters were identified mainly on the basis of EU-ETS
data for 2018.

2. Characterisation of elements [23] involving the collection of key data and maps on
the following components: characteristics and location of emitters; reported CO,
emissions with year and data source; decarbonisation alternatives; CO, concentration;
gas composition and characteristics such as temperature, pressure, flow rate and
variability; number of emission points; heat availability; fuels used with composition
and consumption; products and co-products; utilities, including electricity, water, etc.;
transport network-rail connections; available pipeline network; ports; and storage
sites, including area, depth, thickness, perforation, porosity, permeability, temperature,
pressure, seal and capacity.
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3. Scenario development—possible future development of the CCUS chain modelled
as a network from now until 2050. The main elements of the scenario were emitters,
hubs, clusters, transport modes, storage sites, utilisation plants [24].

4.  Techno-economic assessment of the possible role of CCUS in the region in achieving
the “net zero” target by 2050; calculation of Key Performance Indicators (KPIs) us-
ing the methodology and Microsoft Excel tool developed in the STRATEGY CCUS
project [25].

2.3. Identification and Characteristics of the Main CO, Emitters and the Storage Potential in
Upper Silesia

Although in Upper Silesia there are over 100 carbon dioxide emitters covered by the
EU ETS identified in Step 1 and emitting 33 Mt yearly, over 90% of emissions come from
the 15 large power facilities presented in Table 1, and owned by the companies Tauron,
CEZ and PGE GiEK, as well as from the coke and metallurgical complexes (ArcelorMittal,
JSW Koks, TAMEH). The most important CO, emitters in Upper Silesia and their annual
emissions reported in the years 2017 and 2018, characterised in Step 2, as well as the
unit New Jaworzno launched in 2021, are presented in Table 1. Existing emitters that are
considered in the proposed CCUS scenario are highlighted in bold. Two additional emitters
expected to be built in the future were also taken into account in the scenario: CCGT New
Rybnik (800 MW) and IGCC Laziska (250 MW).

Table 1. Largest CO, emitters located in Upper Silesia with their annual emissions.

Emitter ID/ o CO,/GHG Emission Share of Total Upper
Industry Sector Facility (Mt CO,ely) Data Source Silesia Emission in
2 2018 (%)
01/Power PGE GiEK S.A Power Plant 6.48 co. website 20
Rybnik
Tauron Wytwarzanie S.A. Power
02/Power Plant Jaworzno III, power plant II 0.91 CSR report 3
Tauron Wytwarzanie S.A. Power
03/Power Plant branch Jaworzno III 6.04 CSR report 18
ArcelorMittal Poland S.A.
Ironworks Arcellor Mittal in
04 /Iron & steel Dabrowa Gérnicza (blast furnace, 4.64 CSR report 14
steelworks, sinter plant, lime plant,
rolling mill)
05/Power Tauron Wytwarzanie S.A. Power a7 co. website N
Plant New Jaworzno
Tauron Wytwarzanie S.A. Power
06/Power Plant branch Laziska 3.88 CSR report 12
Tauron Wytwarzanie S.A. Power
07/Power Plant branch Lagisza in Bedzin 1.87 CSR report 6
08/Power CEZ Chorzéw S.A. 1.35 EU ETS 4
Tauron Cieplo Sp. z 0.0. Zaktad
09/Power Wytwarzania Tychy, Combined 0.20 co. website 1
heat and power plant Tychy
Tauron Cieplo Sp. z o.o0.
10/Power Combined heat and power plant 0.27 co. website 1
Katowice
TAMEH Polska Sp. z o. o.
11/Power Zaklad Wytwarzania Nowa in 3.34 EU ETS 10

Dabrowa Gornicza
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Table 1. Cont.

Emitter ID/ . CO,/GHG Emission Sh‘are'of To’fal 'Up[.)er
Facility Data Source Silesia Emission in
Industry Sector (Mt CO,ely) o
2018 (%)
12/Power Combined he.at and power plant 061 EU ETS 5
Bedzin Sp. z o.0.
13/Coke plant ., JSW Koks 5.A. Coke Plant 0.43 EU ETS 1
Przyjazii” in Dabrowa Goérnicza
JSW Koks S.A. Power Plant of
14/Power Coke Plant ‘Przyjazii’ in 0.23 EU ETS 1
Dabrowa Gornicza
JSW Koks S.A. Combined heat
15/Power and power plant of Coke Plant 0.13 EU ETS <1

Y

‘Przyjazii’ in Dabrowa Gornicza

* The new unit of 910 MW launched in 2021.

The possibility of CO, sequestration in geological formations in the region of Upper
Silesia in Poland have been investigated by several authors [26-31]. Based on these studies,
four possible CO; storage sites have been identified, with a total estimated capacity of

111.5 Mt (Table 2).

Table 2. General geological properties of selected CO; storage sites.

Storage Site ID Unit Area (km2), Seal Lithol- Estimated
No. Stora ET N /Un,i t Strat. Formation/Lithology Depth/Thickness ogy/Thickness Capacity
e yp (m) (m) (Mt CO,)
SU#01 Debowiec Beds/Miocene fll:clif)onrzsviii
. . macroclastic molasse composed cay . 46.2
Cieszyn-Skoczow- . e 371, intercalations of "
1% . of four lithofacies: olistostromes, (40-60)
Czechowice, boulders, conglomerates 750-1300/150 sandstones /50— [27-29]
DSA /USCB and sandstones 950 (mainly
300-850)
SU#02 . . mudstones, clays 50 (43.9-62.8) **
2 Czestochowa N‘;rrl‘grjsrfgﬂatrf&/ ;I;f’ oA oo ofsléo /g0 andclaystonesand  STRATEGY CCUS
region, DSA/JCD & marls/350-620 not published]
Orzesze Beds, Ruda Beds, Saddle
Beds/Orzesze Beds, Ruda Beds:
Typical cyclic coal-bearing rocks
in which off-channel fine-grained
s mestenpelons g,
Studzienice- y . 1350 m (depth of mudstones, 6.96
. . numerous, thin and variable. The .
Miedzyrzecze site, total coal potential reaches 5_7% coal seam 405 in claystones/>100 [30,31]
UCB/USCB p °  well Pw-9)/27.3

of the profile. Saddle Beds:
Sandstones and congllomerates
predominate over siltstones and
claystones. Thick coal seams
make up to 9% of the profile.
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Table 2. Cont.

Storage Site ID Unit Area (km?), Seal Lithol- Estimated
No. Storage Type /Un’i ¢ Strat. Formation/Lithology Depth/Thickness ogy/Thickness Capacity
(m) (m) Mt CO3)
Orzesze Beds, Ruda Beds, Saddle
Beds/Orzesze Beds, Ruda Beds:
Typical cyclic coal-bearing rocks
in which off-channel fine-grained
SU#04 sediments (80%) prevail over 68,
Pawtowice- sandstoneg. Coal seams are 1400 m (depth of mudstones, 8.34
4 L numerous, thin and variable. The
Mizeréw site, total coal potential reaches 5-7% coal seam 405: claystones/>100 [30,31]
UCB/USCB 1333-1516 m)/26

of the profile. Saddle Beds:
Sandstones and congllomerates
predominate over siltstones and
claystones. Thick coal seams
make up to 9% of the profile.

* The area with “1a’ label on Figure 3 is defined as the maximum range of Miocene deposits in the area of Debowiec
layers—parameters of that extended area are currently being investigated to identify the possibilities of increasing
a storage potential of SU#01 site; ** calculated static, effective CO, storage capacity range.
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Figure 3. Locations of the largest CO, emitters and storage sites in Upper Silesia (based on: https:
/ /www.strategyccus.eu/sites /default/files/Upper_Silesia/index.html#9/50.3795/19.6655 (accessed
on 16 June 2022)).

In terms of the storage capacity of sites, it is only sufficient for the needs of a single
medium-sized emitter in Upper Silesia, e.g., a CHP plant. It should be noted that at present,
preliminary studies are being carried out on the use of various transport technologies for
additional CO; storage sites, e.g., saline aquifers located in other parts of Poland [26] or
on the concept of constructing a pipeline over 300 km long to transport CO, from a power
plant to a depleted natural gas reservoir.
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Both the locations of the largest emitters of CO, and the approximate locations of the
storage sites are shown in Figure 3.

The most adequate conditions are present in deep saline aquifers in the Miocene
deposits of the Debowiec Beds, which is located to the west of Bielsko-Biala between
Cieszyn and Czechowice-Dziedzice (SU#01) [27-29]. The results obtained in the initial
numerical simulations for Debowiec layers made it possible to analyse the changes in
parameter characteristics for the geological process of CO, storage in this region, i.e.,
pressures at the bottom of injection wells, maximum pressure in the rock mass, pressure
gradient with depth, and excess pressure in the roof layers of the structure caused by
CO; injection in relation to the primary pressure in the rock mass. The optimal variant of
the simulation regarding safe CO, storage in the rock mass, i.e., excluding the possibility
of unsealing overburden rocks and uncontrolled leakage of injected carbon dioxide, is
a variant with a total amount of injected CO; of approximately 8.54 million Mg during
25 years of injection using one horizontal well [28]. Within the framework of conducted
numerical simulations, several scenarios of CO; injection processes were performed using
numerical models of real deposit structures. Model tests and numerical simulations were
carried out using the Petrel Reservoir Engineering software [32] and the ECLIPSE reservoir
simulator [33]. The scope of the research included the determination of the initial conditions
in the rock mass within the analysed aquifer. The injection parameters and the location of
the injection wells have been determined. A series of simulations of the injection process
were carried out to obtain the information about the injection efficiency and the properties
of CO; stream, the vertical profiles of CO, concentration as a function of time, the CO,
flow in the rock mass (including information about phase behaviour), the tightness of the
overburden deposit, storage capacity and pressure drops in the saline aquifer. The next step
of the work was to assess the sensitivity of the model on some initial parameters including
the temperature and the degree of hydrodynamic openness of the structure. As a part of
the risk assessment of the modelled process, the critical parameters influencing potential
leakage of CO;, including the maximum pressure in the reservoir and the maximum
injection rate were identified [28].

Storage capacity has also been identified in DSAs in marine deposits of the Jurassic
Czestochowa District (SU#02). Estimated storage capacity for the two UCB areas located
in the Pawlowice-Mizeréw (SU#04) and Studzienice-Miedzyrzecze (SU#03) is relatively
small; however, it can be exploited by the local industry along with methane extraction
(ECBM) [30,31].

Considering the low storage capacity of the UCB areas (SU#03, SU#04), only storage of
carbon dioxide in DSA was included in the scenario (SU#01, SU#02). For the SU#01 saline
aquifer (Skoczéw area), it will be necessary to further confirm the injection parameters
with borehole tests. It has been assumed that such studies will take about 3 years, and
CO;, injection will be possible from 2025. Additional model studies will be required for
the SU#02 saline aquifer near Czestochowa; thus, CO; injection can be considered there
starting from 2027. The characteristics of DSAs assumed for the baseline CCUS scenario
are presented in Table 3.

Table 3. Characteristics of DSAs considered in the baseline scenario.

Unit ID SU#01 SU#02
Storage unit Upper Silesian Coal Basin (USCB) Jurassic Czestochowa District (JCD)
Location Onshore Onshore
Capacity estimated (Mt) 46.2 50.0
Initial year 2027 2027
Final year 2050 2047
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3. The Scenario of CCUS in Upper Silesia
3.1. Clusters of Emitters, Transport, and Sequestration in Geological Structures

The high carbon dioxide emissions in Upper Silesia are mainly linked to the production
of electricity and heat in large, centrally managed power units built in the 1970s and
1980s, which are now obsolete. The energy system is currently undergoing constant
transformation—the new coal power plant ‘New Jaworzno’ (910 MW) was commissioned
in 2020, and two old 450 MW energy blocks in the power plant ‘Rybnik” were shut down
in 2021. Moreover, further changes are planned, for example, the launch of a new CCGT
unit with a capacity of 800 MW in Rybnik city from 2027. Ongoing transformation of the
power sector was taken into account during construction of the CCUS scenario in Upper
Silesia; however, it should be highlighted that the future actions in the power industry
related to planned power plant shutdowns or construction are uncertain. Nonetheless,
given the high investment in CCUS technology, it is justified to implement it in new power
plants that have an expected lifetime that would allow them to recoup their investment. In
accordance with EU law, new installations are designed to be CCUS-ready, which has the
added advantage of reducing deployment costs. Therefore, new or future power plants
E#03, E#04 and E#07 are included in the scenario. Due to the interest of the coking plant
owner in the possibility of CO; capture and methanol production, two additional small
emitters E#05 and E#06 are included in the scenario. A smaller emitter, i.e., the heat plant
E#01 is included in the scenario to assess the possibility of rail transport and the proximity
of chemical plant. The location of power plant E#02 allows the creation of a hub and
benefit from common infrastructure. Moreover, this power plant produces electricity for
the steel mill, and reducing CO, emissions from it would affect the carbon footprint of
the steel produced, increasing the competitiveness of Polish steel. In summary, during the
construction of the scenario, the following criteria were taken into account: emitter age,
available storage capacity, short distance from the emitter, the possibility of sharing the
infrastructure, including the possibility of CO, utilisation.

The baseline scenario established in Step 3 assumes the capture of carbon dioxide
at seven installations (from more than one hundred identified in the region during the
Step 1), usage of captured CO, in two methanol plants, and transport and injection of CO,
into two deep saline aquifers (DSAs). Two hubs, where the pipelines could be connected,
would facilitate transport of CO,. The first hub, connecting the pipelines from Rybnik
E#04 and Laziska E#07, could be located near the city of Zory, from where CO, would be
transported further south to the DSA SU#01. The second hub would connect the pipelines
from Jaworzno E#03 and Dabrowa Gornicza E#02 to transport CO; north to the DSA SU#02.
In addition, the methanol plant U#02 is planned to be connected to the second hub by a
pipeline to enable the transfer of CO2 to the storage site in the event of a breakdown or
interruption in the operation of the methanol plant located in JSW in Dabrowa Goérnicza
city (emitters E#05, E#06 and methanol plant U#02). Figure 4 shows the location of emitters
and pipelines adopted in the baseline scenario (until 2050).

According to the baseline scenario assumptions (Table 4), CO, capture from emitters
in Upper Silesia could start in 2025-2027. The share of captured CO; from flue gases is
assumed to be between 25% and 90%, and depends mainly on limited storage capacity.
Better identification of storage sites will be necessary at the initial stage of investment. As
the area is poorly serviced by boreholes, increasing the potential storage capacity will only
be possible after promising reservoir parameters are obtained in additional boreholes. In
the case of the Czestochowa DSA, model tests will additionally have to be carried out.
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Figure 4. Location of the emitters, transport routes, storage sites and utilisation facilities assumed in

the baseline scenario (source: STRATEGY CCUS).

Table 4. The long-term baseline scenario assumptions (up to 2050).

Emitter CO, Share of co Captured
D Emitter Captured to Captured Period Trans zort CO, Destiny
2050 (M#) CO, P (Mtly)
Combined heat Methanol—
E#01 and power plant 477 90% 2025-2050 rail 0.18 chemical
Tychy plant U#01
Zaklad Stora
E#02 Wytwarzania 17.53 25% 2027-2047 pipeline 0.84 orage
SU#02
Nowa
E#03 New Jaworzno 24.68 25% 2027-2047 pipeline 118 Storage
SU#02
E#04 New Rybnik 24.00 50% 2027-2050 pipeline 1.00 Storage
SU#01
Power Plant of
E#05 Coke Plant 5.50 90% 2025-2050
‘Przyjazri’ Methanol—
ipeli
Combined heat pipetne 0.32 J SVS ;(’] 12ant
and power plant o
E#06 of Coke Plant 2.95 90% 2025-2050
‘Przyjazi’
E#07 IGCC taziska 15.75 75% 2030-2050 pipeline 0.75 S;%fogle
TOTAL 95.18
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Due to the large quantities of captured CO,, the primary means of transport should be
by pipeline, which is why the scenarios assume the construction of new pipelines. For one
capture installation, the assumption of a relatively small amount of CO; rail transport from
Tychy heat plant to the Chemical Plant in Oswiecim city was considered. The last transport
option considered was river transport from the Port of Gliwice (class III) along the Gliwice
Canal, then along the Oder river to the Port of Swinoujécie (Baltic Sea), where an LNG
terminal is currently operating, and from where CO; could be transported to an offshore
storage site. However, due to the lack of a potential offshore storage site and the risk of
transport interruptions due to low water levels, it was finally decided not to consider the
river transport option.

3.2. Possible Utilisation of Carbon Dioxide

Construction of two methanol production plants in Upper Silesia was considered in
scenarios as a possibility for CO, utilisation. For the first one (U#01), transport of CO,
by train-tanker was assumed from the combined heat and power plant Tychy (E#01) to a
chemical plant producing chemical raw materials, including rubber and polystyrene, and
located approximately 30 km away. The second methanol plant (U#02) was included in the
scenario as a result of consultations with stakeholders in the STRATEGY CCUS project. For
the purposes of the scenario, CO, capture from power plants and CHP plants producing
electricity and heat for coking plants was assumed (E#05, E#06). The transport of CO,
was not considered, as the production of methanol would take place in the vicinity of the
capture installation. The characteristics of the utilisation units considered in the long-term
baseline scenario are presented in Table 5.

Table 5. Utilisation units in the long-term baseline scenario.

U#01 U#02
Type Methanol Methanol
Company Chemical Plant JSW
Longitude 19.26527 19.340949
Latitude 50.13509 50.344878
Yearly use (tCO,/y) 183,421 325,088
Initial year 2025 2025
Source of CO, E#01 E#05; E#06
Final year 2050 2050

CAPEX and OPEX of the methanol production plant from CO, were determined
on the basis of literature data [34]. The production of methanol (MeOH) using H; and
captured CO; as feedstocks was analysed. The MeOH production plant evaluated produces
440 ktMeOH per year and its configuration is a result of implementation in CHEMCAD
(v. 6.13). For the production volume of 350 ktMeOH/y, the following cost indicators were
adopted [34]:

- Total investment (CAPEX): 175 MEuro;
- FIX OPEX: 640 MEuro/tMeOH.

VARIABLE OPEX, including electricity costs, was calculated in the tool developed in
the STRATEGY CCUS at the level of 4.59 M EUR/y.

4. Social Acceptance of the Proposed Scenario

Part of the research into public acceptance involved the Regional Stakeholder Com-
mittee in the STRATEGY CCUS project in order to recognise the views of stakeholders
and society on the development of CCUS technologies in Upper Silesia. The next stage
was to identify appropriate actors for social discussion on CCU and CCS issues, and to
conduct semi-structured interviews with thirteen selected representatives of different sec-
tors (politics and policies, research and education, industry—demand side and supply
systems, support organisations, NGOs, experts). In total, over one hundred such interviews
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were conducted in seven participating countries [35]. Respondents were rather positive
about the development of CCUS technologies in Upper Silesia as one of many options for
reducing CO; emissions, with the vast majority of interviewees having some concerns and
a sceptical or negative attitude to CCS, evaluating CCU technologies much more positively.
The interviewees emphasised the role of CCUS in slowing down the decline of the coal
industry in the region and providing new employment opportunities in CCUS-related
industries. On the other hand, they indicated many challenges and barriers to CCUS imple-
mentation, like high economical costs (initial costs related to infrastructure investments,
higher energy costs due to reduction of power plant energy efficiency), insufficient market
potential of CCU-based products, uncertainties about the environmental effects of CCS,
limited CO, geological sites storage possibilities, social opposition, lack of financial support,
and legal regulations.

Regarding the scenario proposed for Upper Silesia, stakeholders’ opinions varied
widely; however, the vast majority of stakeholders considered the presented scenario to
be likely to happen, desirable, and positive, with the proviso that CCUS is only one way
of reducing the amount of CO; in the environment. Experts emphasised that the scenario
should additionally take into account the strong development of renewable energy sources,
the closure of individual power plants and heat and power plants, environmental impact
assessment, research on the carbon footprint of the investment and development of the
hydrogen economy. Some of the stakeholders drew attention to the environmental issues, as
well as the most cost-effective solutions for CO, capture in coking plants, where there have
been no such implementations in Poland so far. It is worth mentioning that stakeholders
emphasised that the 10-year perspective is too short for the development of CCUS, while
the distant perspective cannot be afforded [35].

5. Economic Evaluation of the Proposed Solutions

The economic evaluation of proposed solutions was carried out with the calculation
assumptions resulting from the current forecasts and legal regulations for the territory
of Poland [36]. The common economic data and regional sites specific data used in the
analyses are presented in Table 6.

Table 6. Common economic data and regional sites specific data.

Common Economic Data Unit Value
Reference year year 2021
Discount rate % 5
Inflation, cost increase factor % 2.5
Annual OPEX/CAPEX cost reduction factor due to o _50
learning & scale ’
Business tax level (income from revenue creation) Y% 19.0
Regional CO, emission for electricity production in 2021 gCOze/kWh 671
CO, EUA/ETS emission prices in years
2025 70.10
2030 99.85
2035 137.35
2040 €/tC0O, 174.85
2045 212.35
2050 249.85
Regional electricity prices in years:
2025 101.00
2030 102.25
2035 103.50
2040 €/MWh 104.75
2045 106.00

2050 107.25
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Detailed calculation assumptions are presented in the reports on the implementation
of the STRATEGY CCUS project [37,38]. In addition, the detailed cash flows that represent
the computations of the reported results are provided in Table A1.

Economic evaluation covers the scenario containing the following installations and
CCS infrastructure, described in the previous chapters of this article:

- CO; capture installations located at seven power plants;
- Infrastructure for the transport of captured CO, (railways, pipelines);
- Two installations for underground CO; storage.

Total discounted CAPEX was estimated at EUR 1289.8 M, including capture (EUR
990.7 M), transport (EUR 61.0 M) and storage (EUR 238.2 M). The total discounted OPEX for
the analysed period amount to EUR 1054.3 M, including capture (EUR 586.9 M), transport
(EUR 43.3 M) and storage (EUR 424.1 M). Therefore, the total discounted CAPEX and OPEX
amount to EUR 2344.2 M (Figure 5).

61.0 M€ 43.3 M€

424.1 M€ m CAPEX - capture

= OPEX - capture

W CAPEX - storage
OPEX - storage

m CAPEX - transport
OPEX - transport

Figure 5. Graphical representation of CAPEX and OPEX of the analysed CCUS scenario.

Per 1 tonne of CO; avoided (undiscounted value equal to 92.315 Mt CO,), the total
discounted CAPEX and OPEX are 25.39 EUR/tonne CO, calculated (Figure 6), including:

- Capture: 17.09 €/t COy,
- Transport: 1.13 €/t CO,,
- Storage: 7.17 €/t CO,.

0.66 €/tCO, 0.47 €/tCO,
2%

18%

4.59 €/tCO, B CAPEX - capture

1 OPEX - capture

m CAPEX - storage
OPEX - storage

W CAPEX - transport

OPEX - transport

Figure 6. Graphical representation of CAPEX and OPEX in reference to 1 tonne of CO, avoided.
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The CAPEX of the CO; capture installations are the main component of the total
cost of the scenario. They constitute as much as 42.3% of the sum of discounted capital
expenditures and operating costs. The operating costs of CO, capture installations are also
significant: they account for approximately 55.8% of the discounted capital expenditures
and operating costs.

In the scenario with CCUS, the discounted ETS costs of emit non-captured CO, were
calculated at EUR 16,033.28 M. The total cost of the CCUS scenario is thus EUR 18,377.46 M.
On the other hand, the discounted ETS costs in the scenario without CCUS were estimated
at EUR 22,184.65 M. This means that the scenario without CCUS is more expensive than
the scenario with CCUS. Net present value (NPV) calculated for the analysed scenario with
CCUS is equal to EUR 3807.19 M. Detailed calculation of NPV is presented in Appendix A.
The positive economic result of the CCUS scenario was decisively influenced by projected
very high price increases on allowances for CO, emission (249.85 EUR/tCO, in 2050 against
46.30 EUR/tCO; in 2021) and long service life of the CO; capture installations.

The obtained NPV calculation results were subjected to a sensitivity analysis to deter-
mine the impact of changes in selected input variables on the level of NPV of the analysed
scenario. In the first step, the expected value of this indicator, which is the most realistic
under the given conditions of investment uncertainty, is calculated. Then, changes in the
values of successively selected variables are made and the strength and direction of the
impact of these variables on the level of efficiency is examined. Each of the input variables
may be changed by a certain number of percentage points above or below the expected
value while maintaining other conditions unchanged. In addition, a new value of the
economic efficiency indicator is calculated for each of changed values, compared to the
baseline scenario. The scope of the analysis is limited to the variable that has the greatest
impact on the result, i.e., the NPV. In this case, the price of CO, emission allowances is the
so-called critical variable [39].

Changes in the price of CO, emission allowances were analysed in terms of deviation
ranges: £10%, £30%, and £50%. Additionally, allowance prices were determined at which
the value of NPV was equal to 0. Table 7 presents the results of the sensitivity analysis,
which show how the identified critical variables affect the NPV values obtained.

Table 7. The results of sensitivity analysis of NPV calculation for the scenario with CCUS.

L. CO; EU ETS Emission Prices, €/ton NPV,
Deviations 2025 Year 2050 Year M€
—61.89% 26.71 95.21 0.00
—50% 35.05 124.93 731.50
—30% 49.07 174.90 1961.78
—10% 63.09 224.87 3192.05
0% 70.10 249.85 3807.19
+10% 76.05 274.84 4422.32
+30% 82.00 324.81 5652.59
+50% 87.95 374.78 6882.87

The results of the sensitivity analysis show that even with a significant reduction (by
about 61.89%) in the price of CO, emission allowances compared to the assumed forecast,
the scenario with CCUS remains economically efficient.

6. Conclusions

Upper Silesia is a region that contains a lot of CO, emitters, while at the same time
being characterised by a low storage potential. It seems that the CO; capture rate should
be such as to fill up the storage sites. CCUS is seen as one of the many options for reducing
CO; emissions, with the vast majority of local communities having some concerns and a
sceptical or negative approach to CCS technology, while perceiving CCU technologies much
more positively. Ongoing work on legislative changes concerning CO, storage in Poland
on definitions, concessions and environmental decisions, as well as changes in energy law,
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give hope for the possibility of developing CCUS technology in Poland. Undoubtedly, the
development of CCUS technology in the region, but also on a larger scale, requires support
from EU politics and policy and government, as well as regional or national authorities.
It seems that clean coal technologies, including carbon capture, utilisation and storage
(CCUS), can support and enable such evolutionary transformation while meeting European
climate goals.

The main component of the total cost of the CCUS scenario are the capital expenditures
associated with the CO, capture installations, which amount to over 42% of the sum of
discounted capital expenditures and operating costs. The costs associated with maintaining
these installations (OPEX) are also significant, amounting to almost 56% of the discounted
CAPEX and OPEX. The EUR 3807.19 million more favourable economic outcome of the
scenario with CCUS compared to the scenario without CO, capture and storage is related
to the projected high increase in CO, emission allowance prices (EUR 249.85/tonne of CO,
in 2050 versus EUR 46.30/tonne of CO, in 2021) and the assumed long lifetime of CO,
capture facilities (until 2050). The results of the sensitivity analysis show that even with a
significant reduction in the prices of CO, emission allowances in relation to the adopted
forecast, the scenario with CCUS is economically efficient.

The presented scenario of the CCUS strategy in Upper Silesia is the first attempt to
find a partial solution to the excessive CO, emissions in the region by showing possible
projects related to the sequestration and use of carbon dioxide.
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Abbreviations

CAPEX capital expenditures

CCGT Combined Cycle Gas Turbine

CCUs Carbon Capture, Utilisation and Storage
CHP plant Combined Heat and Power Plant

CSR Corporate Social Responsibility

DSA Deep saline aquifer

E emitter

ECBM enhanced coal bed methane

EGD European Green Deal

EU ETS European Union Emissions Trading System
GDP gross domestic product

GHG greenhouse gas

GWP Global Warming Potential

H hub

JCD Jurassic Czestochowa District

KPI Key Performance Indicators

LEDS Low Emissions Development Strategies

LNG liquefied natural gas
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LULUCF Land use, land-use change and forestry
MeOH methane
NDCs Nationally Determined Contributions
NECP PL National Energy and Climate Plan for the years 2021-2030
NPV net present value
OPEX operating expenditures
PEP2040 Polish Energy Policy until 2040
PGI-NRI Polish Geological Institute—National Research Institute
RES Renewable energy sources
SU storage site
TCRE transient climate response to cumulative CO, emissions
U utilisation unit
UCB Uneconomic coal bed
USCB Upper Silesian Coal Basin
y year
Appendix A
Table A1. Cash flows and detailed calculation of NPV.
Value
Item Unit
2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
CO2EU s;rifeemlssm €/tonne 4630 5225 5820 6415 7010 7605 8200 8795 9390  99.85
Total Reported CO, Mt/y 11.60 11.60 11.60 11.60 11.60 11.60 11.60 11.60 11.60 11.60
Total avoided emission Mt/y 0.00 0.00 0.00 0.00 0.06 0.06 3.59 3.59 3.59 4.19
CAPEX undiscounted
Capture ME€/y 0.00 6.96 7.07 45.20 68.22 69.23 70.26 71.30 72.36 73.43
Transport ME€/y 0.00 0.07 0.08 3.29 3.65 3.74 4.00 4.10 4.20 4.31
Storage ME€/y 0.00 0.00 0.00 6.46 6.62 14.60 14.96 15.33 18.52 17.55
OPEX undiscounted
Capture M€/y 0.00 0.00 0.00 0.00 4.47 453 46.22 46.91 47.60 51.12
Transport ME€/y 0.00 0.00 0.00 0.00 0.84 0.87 3.07 3.15 3.23 3.44
Storage M€/y 0.00 0.00 0.00 0.00 0.00 0.00 30.77 31.54 32.33 35.77
NPV calculation
Discount factor 5% 1.000 09524 09070 0.8638 0.8227 0.7835 0.7462 0.7107 0.6768 0.6446
ETS costs without CCUS — per 53731 57748 61261 64309 66927 69150 71010 72536 737.55 74694
discounted
ETS costs with CCUS (M€) 53731 57748 61261 643.09 666.07 68820 49040 50094 509.36 477.40
discounted
Cost of CCUS discounted (M€) 0.00 6.70 6.48 47.47 68.94 72.84 126.32 12247 120.64 119.65
Cash flow discounted (M€) 0.00 —6.70 —6.48 —4747 —65.74 —69.53 93.38 10195 107.55 149.90
NPV M€ 3807.19
Value
Item Unit
2031 2032 2033 2034 2035 2036 2037 2038 2039 2040
CO2EU Efeemlssm €/tonne 107.35 114.85 12235 129.85 137.35 14485 15235 159.85 16735 174.85
Total Reported CO, Mt/y 11.60 11.60 11.60 11.60 11.60 11.60 11.60 11.60 11.60 11.60
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Table Al. Cont.

Value
ftem Unit 01 2032 2033 2034 2035 2036 2037 2038 2039 2040
Total avoided emission ~ Mt/y 419 419 419 419 419 419 419 419 419 419
CAPEX undiscounted
Capture Mé€/y 7453 7563 7676 7790 79.05 8023 8142 8263 8385 85.10
Transport Mé€/y 441 452 464 475 487 499 512 525 538 551
Storage Mé€/y 1946 1843 2044 1937 1985 2035 2086 2138 2191 2246
OPEX undiscounted
Capture Mé€/y 5188 5265 5343 5423 5503 5585 56.68 5752 5837  59.24
Transport Mé€/y 352 361 371 380 390 400 410 420 431 442
Storage Mé€/y 3538 3758 3718 3949 39.06 4004 4105 4207 4313 4421
NPV calculation
Discount factor 5% 06139 05847 05568 05303 05051 04810 04581 04363 04155 0.3957
ETS costs without CCUS  \rey poag1 77908 79063 799.14 805.05 80858 809.95 809.35 80698 802.99
discounted
ETS costs with CCUS (M€) 48881 49806 50532 510.75 51453 51678 517.66 517.28 51576 513.21
discounted
Costof CCUS discounted ~ (M€) 11614 11251 10922 10581 101.91 9883 9584 9295 90.15  87.43
Cash flow discounted (M€)  159.85 16870 17609 18257 188.61 19297 19645 199.12 201.07 202.35
Value
ftem Uit 0a1 2002 2003 2044 2045 2046 2047 2048 2049 2050
CO2EU }]f;ricseemissm €/tonne 182.35 189.85 197.35 204.85 21235 219.85 22735 234.85 24235 249.85
Total Reported CO, Mt/y 1160 1160 1160 1160 1160 1160 1160 1160 11.60  11.60
Total avoided emission ~ Mt/y 419 419 419 419 419 419 419 202 202 202
CAPEX undiscounted
Capture Mé€/y 8636 8765 8895 9027 9161 9297 8428 8554 31.84  0.00
Transport Mé€/y 565 579 594 608 624 639 655 292 299 307
Storage Mé€/y 2302 2553 2419 2479 2541 2605 2451 1928 1378 1412
OPEX undiscounted
Capture Mé€/y 6012 6101 6192 6284 6377 6472 6568 3673 3728  37.83
Transport Mé€/y 453 465 477 48 501 514 527 302 309 317
Storage Mé€/y 4532 4645 4934 4881 5003 5129 5257 3184 3264 3345
NPV calculation
Discount factor 5% 03769 03589 03418 03256 03101 02953 02812 02678 02551 0.2429
ETS costs without CCUS — per 9756 79080 78202 77397 76410 75342 74202 730.00 71744 70442
discounted
ETS costs with CCUS (M€) 50973 50543 500.37 49466 488.35 48152 47423 603.16 59278 582.03
discounted
Cost of CCUS discounted ~ (M€)  84.80 8294 8037 7738 7506 7281 67.18 4803 31.02 2227
Cash flow discounted (M€)  203.02 20245 202.17 201.93 200.69 199.09 200.61 7881 93.63 100.13
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