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Abstract. Carbon capture, utilization, and storage (CCUS) are a combination of necessary and promising technologies
that can help reduce CO: emissions, which are not used on a large scale due to the high cost of solutions. This article
aims to review and analyze carbon capture and storage (CCS) projects in terms of their net zero contribution and cost
estimates. The study identified a wide range of cost estimation methods that can be applied to CCS projects and revealed
such issues as a lack of standardization, limited data, and cost data variability. Still, several common trends were found,
including the classification of CCS adopters into low-cost and high-cost industries, cost estimation by CCS step (cap-
ture, transportation, storage) and industry (power generation, other sectors), and calculation of relative indices to make
comparisons with other decarbonization options. The results of the study can serve as a foundation for developing
approaches to estimating the costs of CCS in Russia, which are necessary for planning government support measures
and involving businesses in the implementation of these initiatives.

Keywords: carbon dioxide; carbon sequestration; costs; carbon neutrality; CCS; CCUS; carbon capture costs; estima-
tion techniques; carbon storage costs; cost estimation

Received: 14.10.2022 Accepted: 13.12.2022 Online: 27.02.2023 Published: 27.02.2023

Introduction. Fossil fuels are a cornerstone of the global energy sector, and experts claim the
situation is unlikely to change greatly in the coming decades [1]'. The extraction and use of fossil
fuels are responsible for approximately three-quarters of all greenhouse gas emissions globally. The
remaining emissions come from agriculture, forestry, land use management, industrial processes, and
waste?. In order to increase resource efficiency, reduce the carbon intensity of the global economy,
and achieve the Paris Agreement goals, greenhouse gas emissions need to decrease by about 45 % by
2030 (compared to 2010) and then reach net zero>* by 2050.

The journey toward global carbon neutrality is challenging and unpredictable. The Intergovern-
mental Panel on Climate Change (IPCC) and the International Energy Agency (IEA) both consider
carbon capture, utilization, and storage (CCUS) as necessary measures for decarbonization®®.

T EIA: Annual Energy Outlook 2022. URL: https://www.eia.gov/outlooks/aeo/ (accessed 20.05.2022).

2 A Global Breakdown of Greenhouse Gas Emissions by Sector. URL: https://www.visualcapitalist.com/cp/a-global-breakdown-of-
greenhouse-gas-emissions-by-sector/ (accessed 10.11.2022).

3 UNFCCC: What is the Paris Agreement? URL: https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agree-
ment (accessed 20.05.2022).

4UNFCCC: Glasgow Climate Pact. URL: https://unfccc.int/documents/310475 (accessed 20.05.2022).

S IPCC: Climate Change 2022: Mitigation of Climate Change. URL: https://www.ipcc.ch/report/ar6/wg3/ (accessed 20.05.2022).

¢ TEA: Net-zero by 2050. URL: https:/iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/Net-
Zeroby2050-ARoadmapfortheGlobalEnergySector CORR.pdf (accessed 20.05.2022).
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The Global CCS Institute reports’ that in 2022, there were twenty-nine commercial CCUS projects
globally®, with their number growing. The oil and gas and electric power industries are the leaders in
CCUS adoption.

The Strategy for Socio-Economic Development of the Russian Federation with Low Greenhouse
Gas Emissions until 2050° includes CCUS technologies in its wide range of measures aimed
at reducing carbon emissions. Russia’s climate regulation is still in its infancy [2]'*%!! but businesses
such as Tatneft, Gazprom Neft, and Novatek'>!>!# are starting to show interest in CCUS projects.
That being said, there were no active CCUS projects in Russia in 202213

Cost estimation is crucial to the widespread adoption of CCUS projects. As some of
the sector’s technologies are yet to become economically viable, popular, and mature, so there
is a wide range of opinions regarding approaches to estimating the cost of the CC(U)S cycle.
The developed approaches are not unified, they are applied pointwise for specific purposes and
industries. In order to design better models for the implementation of CCUS projects, it is
necessary to review and analyze the existing approaches, methods, and cost estimates suitable
for CCUS cost planning. This will boost the adoption of government support measures and pro-
mote business interest.

The article aims to answer the following research questions: What is the expected contribution
of carbon sequestration technologies to achieving carbon neutrality? What are the general approaches
to estimating CCS project costs, including methods and techniques for various industries and steps in
the CCS process chain? What factors influence the costs of CCS projects?

Methods. This research presents an analysis of the approaches discussed in analytical mate-
rials and scientific articles on cost estimation in the global CCUS sector. The research sources include
data from organizations such as IPCC, IEA, the Global CCS Institute, the International Renewable
Energy Agency IRENA, the Kearney consulting firm, BP, etc. Around the world, CCUS technologies
are still in their early stages of development, which limits the supply of data (especially on feasibility
studies) from open sources.

The study is based on open-source data, a content analysis of materials from organizations
involved in carbon sequestration projects, and scientific articles. The main research methods
include systems, comparative, critical, and cause-and-effect analysis. To address specific
problems, methods such as consensus forecasting, systematization, typology, and decomposition
were used. Particular attention was paid to expert opinions on the issues discussed, with their
analysis and comparison.

7 Global CCS Institute: CO2RE Facilities Database. URL: https://CO2re.co/ (accessed 20.05.2022).

8 Global CCS Institute: Global status of CCS 2021. URL: https://www.globalccsinstitute.com/wp-content/up-
loads/2021/10/2021-Global-Status-of-CCS-Report_Global CCS Institute.pdf (accessed 18.05.2022).

% Strategy for Socio-Economic Development of the Russian Federation with Low Greenhouse Gas Emissions until 2050. URL:
http://static.government.ru/media/files/ ADKkCzp3fWO32e2yAO0BhtlpyzW fHaiUa.pdf (accessed 01.10.2022).

10 Federal Law N 296-FZ dated 02.07.2021 “On Limiting Greenhouse Gas Emissions”. URL: http://www.consultant.ru/docu-
ment/cons doc LAW 388992/ (accessed 20.05.2022).

! Federal Law N 34-FZ “On Conducting an Experiment to Limit Greenhouse Gas Emissions in Certain Subjects of the Russian
Federation” dated 06.03.2022. URL: http://publication.pravo.gov.ru/Document/View/0001202203060003 (accessed 20.05.2022).

12 Target programs of the TATNEFT Group to reduce the carbon footprint. URL: https://2019.tatneft.ru/change-klimata-i-
ustojchivoe-energeticheskoe-budushee/celevye-programmy-gruppy-tatneft-po-snizheniyu-uglerodnogo-sleda/ (accessed 20.05.2022).

13 Gazprom Neft has revealed the details of Russia’s CO: capture project. URL: https://www.vedomosti.ru/business/arti-
cles/2021/12/17/901240-gazprom-neft-raskrila (accessed 20.05.2022).

4 NOVATEK: Environmental technologies. URL: https://www.novatek.ru/ru/development/environmental/technologies/
(accessed 20.05.2022).

15 Global CCS Institute: CO2RE Facilities Database. URL: https://co re.co/ (accessed 20.05.2022).
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Discussion. CCUS: the essence and contribution to achieving carbon neutrality. Carbon capture,
utilization, and storage are part of green technologies, but they are considered as supplements. Experts
call CCUS a proven and safe technology [3] for reducing CO, emissions and a critical component for
decarbonizing sectors where other decarbonization options are limited, such as the cement, steel, and
chemical industries'®.

The essence of the technology lies in capturing anthropogenic CO; emissions from large
energy or industrial sources where emissions cannot be prevented or reduced through
other means. The CCUS process chain involves capturing CO> from exhaust gases produced
by manufacturers (e.g., steel, chemical, or cement factories), coal-fired power plants, or oil and
gas processing facilities, followed by its compression, transportation, utilization (in some cases),
and permanent storage in geological formations. The most common use of CO> is in enhanced
oil recovery (CO2-EOR) projects, where it is stored in depleted oil and gas reservoirs.

Depending on the number of steps involved, projects in the CCUS sector are classified into
several groups:

 Carbon Capture and Storage (CCS) — a combination of technologies that involve the capture
and subsequent permanent disposal of CO» in deep geological formations;

* Carbon Capture and Utilization (CCU) — a combination of technologies that involve the capture
and subsequent use of captured CO; to produce economically valuable products;

 Carbon Capture, Utilization, and Storage (CCUS) — a combination of the first two groups,
which involves the capture, use, and disposal of CO».

The structure of the CCUS process chain depends on the source of emissions, the method of capture,
the mode of transportation, and the intended use of the captured COs.

Of the twenty-nine active CCUS projects worldwide, only eight do not use the captured carbon
dioxide for enhanced oil recovery. Most (fourteen) of the projects are implemented in the United States,
followed by China and Canada, each with four projects. Among the ongoing projects, CO» is captured at
fourteen natural gas processing facilities. The first large-scale Direct Air Capture (DAC) facility began
operating in Iceland in 2021, capturing CO: directly from the atmosphere [4]. In all other active projects,
anthropogenic CO; is captured from industrial sources.

This article focuses on CCS projects as they are the most widely used, which makes them easier to
analyze. The term “sequestration” means a set of CCS technologies.

Estimates of the total capacity of the currently active CCS projects worldwide range 40-50 Mt
COz per year!”!®. When the projects under development as of 2021 are taken into account, the esti-
mated capacity reaches 149.3 Mt COx per year'?, which is still not enough to achieve climate goals.
Although predictions for the future development of carbon capture capacities and their possible con-
tribution to achieving carbon neutrality in the long term vary, they all acknowledge the potential of
these technologies.

Based on the IPCC assessment of CO» capture requirements to keep temperature rise within the
climate targets*’, the Global CCS Institute concluded that global anthropogenic CO: sequestration

16 KEARNEY: Carbon Capture Utilization and Storage Towards Net-Zero 2021. URL: https://www.kearney.com/docu-
ments/17779499/17781864/CCUS-2021+FactBook.pdf (accessed 19.05.2022).

17 Global CCS Institute: Global status of CCS 2021 (accessed 18.05.2022).

18 KEARNEY: Carbon Capture Utilization and Storage Towards Net-Zero 2021 (accessed 19.05.2022).

19 Global CCS Institute: Global status of CCS 2021 (accessed 18.05.2022).

20 TPCC: Global Warming of 1.5 °C. Summary for Policymakers. URL: https://www.ipcc.ch/site/assets/uploads/sites/2/2022/
06/SPM_version_report LR.pdf (accessed 20.05.2022).
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7 should exceed 5 Gt/year by 2050 to
offset residual emissions that are diffi-
cult to reduce and to balance the global
carbon budget?!. To achieve this goal,
the scale of CO. sequestration will
need to demonstrate a more than
hundredfold growth over the next three
decades. Experts predict the construc-
tion of 70 to 100 CCS facilities per
0 I I I I T I year, 100,000 new construction jobs,

2020 2025 2030 2035 2040 2045 Year  ond 30,000-40,000 permanent jobs for
operators and maintenance personnel,
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w

CCS capacity volume, Gt COz/year

Fig.1. Consensus forecast for CCS capacities if zero emissions

are achieved by 2050 with the CCS industry rivalling the size
1-1EA; 2 —IRENA; 3 — BP; 4 — consensus forecast ofthe global gas sector in the LlpCODflil’lg
decades®?.

According to the IEA’s Net Zero scenario aimed at reaching the 1.5 °C target, CCS technologies
are not expected to proliferate in the next five years, after which their capacities are projected to grow
sharply, reaching 1.6 Gt by 2030 and 7.6 Gt by 2050}, BP company, seeing the growing interest in
decarbonization worldwide and assuming that the goals set will be achieved, in its Net Zero scenario
predicts growth in the total CCS capacity to 6 Gt of CO» per year by 205074,

The IRENA agency predicts that the amount of CO; captured will reach 3.4 Gt per year by 2050.
It notes that to meet the 1.5 °C target, the scale of CO, capture needs to grow from 1 to 2 Gt per year
by 2030 [5]. The relatively low value of the forecast data is due to the assumption that low-cost
renewable energy sources (RES) for many sectors will challenge the CO, sequestration scenario in
combination with the continued use of fossil fuels.

While the growth of global CCS capacities is non-linear and there are no standardized forecasts,
possible scenarios for growth in CO» capture, utilization, and storage capacities over the next 30 years
can be presented in the form of a graph based on data available from open sources (Fig.1)*~°.

We base our consensus forecast on the idea that growth in total CCS capacities is necessary to
achieve the goals of the Paris Agreement.

The gap between the current CCS capacity (40-50 Mt CO; per year) and the capacity required to
achieve these goals (5.8 Gt CO» per year as per the consensus forecast) is substantial, with a difference
of two orders of magnitude. With projected carbon capture rates per year and current annual emissions
0f 36.3 Gt (2021)%, it can be estimated that CCS may account for about 16 % of all decarbonization
measures. This is consistent with the IEA forecast, which states that CCS might make up approxi-
mately 18 % of total decarbonization efforts?®. All this will require an increase in support measures

21 Global CCS Institute: Global status of CCS 2021 (accessed 18.05.2022).

22 Ibid.

B IEA: Net-zero by 2050 (accessed 20.05.2022).

24 BP: Energy Outlook 2022 edition. URL: https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-
economics/energy-outlook/bp-energy-outlook-2022.pdf (accessed 20.05.2022).

2 TEA: Net-zero by 2050 (accessed 20.05.2022).

26 BP: Energy Outlook 2022 edition (accessed 20.05.2022).

2 IEA: Global Energy Review: CO2 Emissions in 2021. URL: https://www.iea.org/reports/global-energy-review-co2-emissions-
in-2021-2 (accessed 03.07.2022).

2 TEA: Net-zero by 2050 (accessed 20.05.2022).
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to enhance the speed and scale of adopting CCS initiatives [6]. The pace of growth in the CCS sector
will determine how much investment will be made in such initiatives.

CCS initiatives: general approaches to estimating the costs of their implementation. The cost
estimates for CO» sequestration technologies presented in open sources vary due to the use of
different methods and techniques, including expert evaluations, modeling outputs, engineering
studies, and the adaptation of previous data [7]. These variations are explained by the fact that
cost estimation methods and approaches have evolved along with the evolution of sequestration
theory and practice. This makes it crucial to examine and compare the cost parameters of CCS
technologies presented in different sources by considering the cost estimation methods used and
understanding the main difference between these methods. Table 1 provides an overview of the
major approaches used for evaluating CCS technologies in global practice.

Table 1
CCS Cost Estimation Approaches [8, 97%°

Approach Essence

Finding the total cost of sequestration per | This approach can serve as a standard for various industries and process chains,
ton of CO2 enabling comparisons with other decarbonization options, such as using renewable
energy sources and energy conservation

Cost estimation:

by process steps A standard approach that can be applied to all industries. It estimates costs for each
step in the process chain (carbon capture, transportation, and storage) separately to sum
them up in different combinations depending on the conditions

by industry This approach focuses on costs for each specific industry and is usually applied when
analyzing capture costs for a specific industrial facility
by BASE and OPTI scenarios This approach analyzes base costs (for high-cost capacities) and optimized costs

(for improved and low-cost capacities). It can track cost reductions caused by progress
in solutions and predict the subsequent improvement in the economic parameters
of sequestration

Splitting CCS adopters into the electric | This approach divides industries into two groups: the electric power industry and other
power industry and other industrial sectors | industrial sectors. Different methods are used to estimate costs in each group

The cost of sequestration per ton of CO» is the key metric used to evaluate the effectiveness of
CCS solutions. It allows for making comparisons between different CCS technology options and with
other decarbonization options, including renewable energy sources®’. CCS technologies have a high
cost per ton of CO,, with process costs reaching 199 and 194 dol./t CO> in industries such as steel
and cement production®!, which is an obstacle to their widespread adoption. In the past eight years,
fourteen large-scale CCS projects have been canceled, and it happened due to economic reasons in
eleven of the cases®’. To accurately evaluate CCS costs per ton of COy, it is crucial to determine
whether the captured or avoided CO; will be used in the calculations. The difference between these
two parameters is presented in [8] and reflected in Fig.2.

As the commissioning of CCS facilities increases the total amount of CO; emissions at the site,
the amount of CO, avoided is always lower than that of CO, captured. The cost per ton of CO» is
inversely proportional. This makes methods that take into account emissions avoided more accurate.

2 ZEP: The Costs of CO2 Capture, Transport and Storage 2011. URL: https://zeroemissionsplatform.eu/wp-content/up-
loads/Overall-CO2-Costs-Report.pdf (accessed 21.05.2022).

30 KEARNEY: Carbon Capture Utilization and Storage towards Net-Zero 2021 (accessed 19.05.2022).

31 Trlam L. Global Costs of Carbon Capture and Storage 2017 Update. Global CCS Institute. 2017, 16 p.

322 KEARNEY: Carbon Capture Utilization and Storage towards Net-Zero 2021 (accessed 19.05.2022).
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" However, CO» captured is also often used
O . :
O _ | in cost calculations. The cost per ton of
-~ |
é ‘ 3 5> CO2 captured becomes particularly rele-
= ‘ COzavoided 3 vant when considering capture costs only,
COs captured as' it makes it posm'ble 'to compare the cost
% 3 : with the market price in the event of CO;
© sales and assess the project economic
= feasibility [9].
Amount of CO2 produced, kg/unit of production There are three methods common
for all industries that are used to estimate
Fig.2. The difference between the mass of COz captured the costs per ton of emissions avoided [10] .
and CO; avoided [8]

These methods are based on the concept
of Levelized Energy Cost (LEC; also
Levelized Cost of Energy — LCOE), which is the break-even production price [11]:

1 — emitted; 2 — captured

EP L G E
i P s i i (1)
(1+7r) (I+r) (d+7r)y (A+r)

2

where E; is the amount of electricity generated and sold, MW; P is the electricity price (LCOE),
conditional units; I; is the annual investment in CCS (the amount of investment for the lifecycle of
the project divided by the number of years), conditional units; C; is annual operating CCS costs,
conditional units; F; is fuel costs (as the largest item of operating costs), conditional units; i is the
number of years of project operation; r is the discount rate.

Formula (1) can be transformed to derive the formula for LCOE, which is defined as the average
estimated cost of electricity generation throughout the entire life cycle of a power plant. This indicator
was initially used to determine the cost of preventing CO, emissions in the energy sector [8] but later
adapted for industry (Levelized Cost of Key Material - LCOKM):

I,+C, +F
>
T B ®

"A+r)

LCOE =

The first method for estimating the cost per ton emissions avoided is exhaustive and is directly
related to the levelized cost of electricity. The essence of the method is to compare the cost of pro-
duction at a facility with CCS and the same facility without CCS and find the cost of sequestration
per ton of CO»:

(LCOKM),s —(LCOKM),,,

Stco, = >
2 L tonsqq, ] [ tonsqq, ] 3)
Upr ref Upr CCs

where LCOKM 5, LCOKM,; are normalized unit costs with CCS and without CCS; tons, /u,,

tons ., /u are CO2 emissions per unit of production without CCS and with CCS, t.

Prces

130

This is an open access article under the CC BY 4.0 license



DOI: 10.31897/PMI.2023.10 Journal of Mining Institute. 2023. Vol. 259. P. 125-140 @%= =
© Dmitry O. Skobelev, Alina A. Cherepovitsyna, Tatiana V. Guseva, 2023 %

Even though this method is quite accurate, its significant drawback is the need to collect a sub-
stantial amount of technical and economic data on the object under consideration [10]. If the imple-
mentation of a CCS project does not affect the primary production, two methods can be used. The
second method factors in the discounted cash flows of the CCS project. The sequestration cost per
ton of CO; can be found as follows

NPV

tonseo, (i) 4)
Zi (A+7)

Steo, =

where NPV is the net present value of the CCS project, conditional units; tonscq, is emissions
avoided per year, t.

A third cost estimation method can be used to simplify the calculations. The application of this
method requires the assumption that the annual operating costs and the amount of CO, emissions
avoided remain constant throughout the life of the project [10]:

I.+C,

Stc02 = t—
NS,

6))

The calculation methods listed above can also be used to estimate costs by industry or process
step. The division of the CCS chain into steps is crucial in evaluating the cost of a set of technologies.
The total CCS costs consist of the following components [3]: capturing CO» at the source of emis-
sions, its isolation and purification (for future use), dehydration and compression or liquefaction de-
pending on the transportation method, transportation via pipeline, ship or other means of transport,
injection of CO> underground, and subsequent storage monitoring. Capture typically accounts for
about 75 % of the total process chain costs, while transportation and storage account for about 25 %%.
The cost of capture is also a key factor in estimating the cost of CCS across technology adopters, with
industries such as natural gas processing, ethanol production, and ammonia production being rela-
tively cheaper®3>36,

The literature on the topic also describes an approach in which both base and optimized costs are
evaluated. Base costs (BASE) are a conservative estimate that represents the cost of the first CCS
facility/unit constructed immediately after the demonstration phase. Optimized costs (OPTI) are
the costs of improved facilities/units that include technological advancements and final solutions.
Usually, OPTI costs are lower than BASE costs. Both estimates take into account the improvement
and development of technologies after a successful demonstration, but they represent insufficiently
mature technologies that will only be available in the long term®’.

Developments in CCS technology initially focused on energy facilities, but in the last decade,
they have been expanding to carbon-intensive industries, including the raw materials sector [12].
The division of industries into power generation and other sectors is based on differences in costing

3 KEARNEY: Carbon Capture Utilization and Storage Towards Net-Zero 2021 (accessed 19.05.2022).

3% National Petroleum Council: Meeting the Dual Challenge, A Roadmap to at-scale deployment of carbon capture use and
storage. Chapter Two — CCUS Supply Chains And Economics. URL: https://dualchallenge.npc.org/files/CCUS-Chap 2-030521.pdf
(accessed 27.05.2022).

3 TEA: CCUS in Clean Energy Transitions. Part of Energy Technology Perspectives. URL: https://iea.blob.core.windows.net/as-
sets/181b48b4-3231-454d-961b-0bb1889d96a9/CCUS in_clean energy transitions.pdf (accessed 27.05.2022).

3 Moch .M., Xue W., Holdren J.P. Carbon Capture, Utilization, and Storage: Technologies and Costs in the U.S. Context.
URL: https://www.belfercenter.org/publication/carbon-capture-utilization-and-storage-technologies-and-costs-us-context (accessed
27.05.2022).

37 ZEP: The Costs of CO2 Capture, Transport and Storage 2011 (accessed 21.05.2022).
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methods. As the primary product of the electric power industry is electricity, which can be used
to operate CO» capture facilities, such indicators can be used as the levelized cost of electricity, con-
sidered and based on the increase in the cost of production per unit of electricity produced, as well
as taking into account energy losses or reduction in efficiency when comparing the performance
of a plant not using CCS to that of the same plant using CCS and others [7].

The partial pressure of CO; in waste gases from the power industry is significantly lower
than in many industrial sources [3]. This is the reason for high capture costs and, subsequently,
the high total sequestration costs at power plants. It is important to note that as of the beginning
of 2022, only one power plant — the Boundary Dam in Canada — was running a commercial
CO2 capture project.

CCS costs at different process chain steps (capture, transportation, and storage): ranges and
approaches to estimation. The CCS process chain can vary depending on the source of emissions,
carbon capture method, and options for CO, transportation and disposal. When evaluating complex
CCS solutions, it is necessary to consider different possible combinations. The basic approach to cost
estimation involves dividing the process chain into steps (capture, transportation, and storage), after
which CCS costs are calculated for each individual step.

Capturing carbon dioxide is usually the most expensive step in the entire CCS process chain,
which is one of the reasons why progress in CCS technology has been slow [3]. There are three main
CO; capture methods [13]:

* Post-combustion capture is the most mature, popular (outside the oil and gas sector), and cost-
effective technology [ 14]. It involves removing CO» from flue gases produced by the combustion of fossil
fuels or other carbon-containing materials, such as biomass, and is mainly used in thermal power plants
[15, 16]. A notable example is the Boundary Dam project in Canada, which is the world’s first coak-fired
power plant to successfully use CCS technology*®.

* Pre-combustion capture is more energy-efficient than post-combustion, but it requires higher
initial capital costs for the integrated gasification combined cycle [13]. It is used to capture CO> in
electricity production and in industries such as chemicals and steel mills. Examples include the Great
Plains plant in the United States, where emissions come from synthetic natural gas production, and
Cofteyville, where emissions come from a fertilizer plant [17, 18].

* Oxy-fuel combustion is a process in which combustion occurs in an oxygen-enriched environ-
ment, resulting in the formation of exhaust gases that consist mainly of CO; (~ 89 % by volume) and
water vapor [16]. This approach is less mature than the other two, but it is actively used in new
projects under development [19].

Carbon capture costs are usually calculated as the sum of the capital and operating costs of
the plant in U.S. dollars per ton of CO; captured or avoided. They are called levelized capture costs
and usually serve as a basis for comparing CO, capture facilities ranging in their capacities and
applications.

Table 2 presents the cost of capturing one ton of CO; as reported by different sources (the Inter-
national Energy Agency — IEA, the U.S. National Petroleum Council — NPC), and Harvard University
Belfer Center) at 2019 prices.

3% SaskPower: Boundary Dam Carbon Capture Project. URL: https://www.saskpower.com/Our-Power-Future/Infrastructure-
Projects/Carbon-Capture-and-Storage/Boundary-Dam-Carbon-Capture-Project (accessed 27.05.2022).
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Table 2

Carbon capture costs for various emission sources in the U.S. at 2019 prices * 44!

Souros Imerational Brergy Ageney | Naional Pettleur Belfer Centr

Coal-fired power plants 50-100 83-268 19-128
Gas-fired power plants n/a 93-290 48-146
Cement production 60-120 64-95 18-199
Steel production 40-100 75-113 8-129
Hydrogen production 50-80 61-88 63-132
Ethanol production n/a 24-34 25-35
Ammonia production 25-35 21-30 21-31
Natural gas processing 15-25 23-35 n/a

Table 2 shows that the cost of capturing a ton of CO; varies greatly across industries. This
variation is due to a range of factors, including differences in emission sources, facility capacities,
electricity costs, equipment, and others. Although the sources demonstrate differences in the
values reported, low-cost and high-cost industries can be distinguished, with the former having a
narrower range of cost estimates (for example, 21-35 dol. in ammonia production compared to
18-199 dol. in the cement industry).

Figure 3424344

shows direct air capture costs (according to the IEA) and the ranges of costs
at different industrial facilities with the division of CCS adopters into low-cost and high-cost
industries.

Carbon capture costs can account for up to three-fourths of the total CCS project costs, particu-
larly in industries such as electricity, cement, and steel, which are considered to be high-cost. One of
the factors complicating capture in these industries is the low concentration of CO; in the off-gas
stream. On the contrary, in industries where the off-gas stream contains a high concentration of CO»,
such as natural gas processing, ethanol production, and ammonia production, the costs of carbon
capture and the entire CCS process chain are much lower [3]*.

In the production of hydrogen through coal reforming and gasification, the costs will be low if
CO:z 1s captured from a concentrated stream, and the degree of carbon capture will be around 60 % of
total emissions [20]. It can be increased to 90 % with additional capture from a low-concentration
stream, but this increases the costs*. Hence, the hydrogen production industry can either be a high-
cost or low-cost CCS adopter.

COz transportation is a crucial component of the CCS process chain, linking CO; capture sources
to storage locations. In the current state of the art, pipelines and ships are the two main modes
of transportation, with road freight vehicles and rail transport used much less frequently [21].

CO; transportation through any of these methods is a mature technology [3] that has been tested

3 National Petroleum Council: Meeting the Dual Challenge, A Roadmap to at-scale deployment of carbon capture use and
storage. Chapter Two — CCUS Supply Chains And Economics (accessed 27.05.2022).

40 TEA: CCUS in Clean Energy Transitions. Part of Energy Technology Perspectives (accessed 27.05.2022).

4 Moch J.M., Xue W., Holdren J.P. Carbon Capture, Utilization, and Storage: Technologies and Costs in the U.S. Context
(accessed 27.05.2022).

42 National Petroleum Council: Meeting the Dual Challenge, A Roadmap to at-scale deployment of carbon capture use and
storage. Chapter Two — CCUS Supply Chains And Economics (accessed 27.05.2022).

3 IEA: CCUS in Clean Energy Transitions. Part of Energy Technology Perspectives (accessed 27.05.2022).

4 Moch J.M., Xue W., Holdren J.P. Carbon Capture, Utilization, and Storage: Technologies and Costs in the U.S. Context
(accessed 27.05.2022).

4 KEARNEY: Carbon Capture Utilization and Storage Towards Net-Zero 2021 (accessed 19.05.2022).

4 TEA: CCUS in Clean Energy Transitions. Part of Energy Technology Perspectives (accessed 27.05.2022).
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method. Transportation costs pri-

marily depend on the location of the facility and the existing transport infrastructure. For instance,
the cost of transporting two million tons of CO» per year through pipelines is estimated to range
4-31 dol./t, while maritime transportation is estimated to cost 21-27 dol./t, depending on the
distance®®.

According to a theoretical study by the Zero Emissions Platform*’, transportation costs depend
on the CO; mass and the transportation distance. If large amounts of CO; need to be transported over
short to medium distances, pipelines are the preferred method, and the cost per ton increases in pro-
portion to the distance. On the other hand, maritime transport requires the preliminary liquefaction of
gas, which significantly increases costs and is economically more viable for medium volumes over
long distances [22]. The study>° also found that economies of scale are prominent when transporting
gas by pipeline.

Geological storage of carbon dioxide is the final step in the CCS process chain. The technology
and other solutions for CO; injection, storage, and monitoring have long been around and are well-
known. CO; storage requires compression, and in order to maintain high pressure, the storage reser-
voir should be situated at a depth of at least 800 m [23]. COx is usually stored in geological formations
comparable to natural water, oil, or gas reservoirs, and the technologies used are similar to those
applied in enhanced oil recovery [3].

There are three well-established CO» storage methods [3]°!: the injection of CO; into oil reser-
voirs for enhanced oil recovery and subsequent storage (CO».-EOR), storage in saline formations, and
storage in depleted oil and gas reservoirs [3].

CO» is injected into the reservoir through a well, where it remains trapped. The process is ac-
companied by constant monitoring before, during, and after the injection and well shut-in. The first

#TTEA: CCUS in Clean Energy Transitions. Part of Energy Technology Perspectives (accessed 27.05.2022).
48 Ibid.

4 ZEP: The Costs of CO2 Capture, Transport and Storage 2011 (accessed 21.05.2022).

0 Ibid.

S KEARNEY: Carbon Capture Utilization and Storage Towards Net-Zero 2021 (accessed 19.05.2022).
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technology (CO,-EOR) together with storage represents a beneficial use of gas for enhanced oil re-
covery. The other two options are passive storage methods. The majority of CCS projects worldwide
are implemented using the CO,-EOR technology. Each of these storage options can be used either
onshore or offshore. Most commercial projects currently utilize deep onshore saline formations as
storage facilities, while depleted oil and gas reservoirs are mainly used for pilot and demonstration
projects due to their lower costs [3].

As COz injection and storage monitoring technologies are widely used in the oil and gas industry,
they can be adapted for CCS purposes. Estimates of CO, storage costs in this industry are approxi-
mate. They are characterized by a fairly large variation. According to the International Energy
Agency (IEA), CO; storage costs in this industry range 5-55 dol./t. For over 60 % of onshore facilities,
they do not exceed 10 dol./t. Offshore, they are less than 40 dol./t in half of the cases®’. Meanwhile,
the National Petroleum Council estimates the cost of onshore CO» storage in the United States to
range 1-18 dol./t, depending on the region and the scale of injection®>. The main factor influencing
CO»> storage costs is the nature of the specific storage facility. It can be concluded that the cost of
storage in the early stages of CCS scale-up in each region will be lower, as the cheapest available
storage solutions will be used first, while more expensive options will be pursued when more storage
capacity is needed.

Some projects reveal their data on the total costs per ton of CO; transportation and storage.
For example, the Northern Lights project, which is the world’s first CO; transportation and storage
infrastructure where CO; storage is provided as a service, estimates storage costs to range
30-45 dol./t CO; [3]*. The project implementation plan involves transporting CO> by ships from
various ports for disposal in the North Sea.

According to data available in open sources, Russia has enormous potential for CO, storage
facilities. Given the vital role of the oil and gas industry in the Russian economy and the decline in
exploration conditions, experts predict the emergence and growth of CO2-EOR technologies in the
country in the near future. The IEA and several other organizations estimate® that Russia’s storage
capacity can become several times greater than in other countries. The total potential for CO, storage
in sedimentary basins, including oil and gas reservoirs and aquifers, is estimated to be 1,213 Gt
according to sources such as the IEA and the Massachusetts Institute of Technology™®. The State
Balance of Mineral Reserves of the Russian Federation estimates that oil and gas reservoirs suitable
for CO» storage have a capacity of 305 Gt. According to the United Nations Economic Commission
for Europe (UNECE)), the potential for CO; storage in Russia’s oil reservoirs is 56 Gt. These estimates
lead to the conclusion that the availability of adequate carbon dioxide storage capacities in Russia
will facilitate the development of such initiatives.

A system of factors determining CCS costs. Each step in the CCS value chain has a set of factors
that influence costs. There are also a number of opportunities for cost reduction (Fig.4).

According to expert estimates, carbon capture costs are inversely proportional to the partial pressure
of CO: in the gas flow as long as other conditions remain equal [24]. This is due to the fact that the partial
pressure determines the parameters of process equipment (such as its size and characteristics), the energy

S2TEA: CCUS in Clean Energy Transitions. Part of Energy Technology Perspectives (accessed 27.05.2022).

53 National Petroleum Council: Meeting the Dual Challenge, A Roadmap to at-scale deployment of carbon capture use and
storage. Chapter Two — CCUS Supply Chains And Economics (accessed 27.05.2022).

* Northern Lights: Accelerating decarburization. URL: https://norlights.com/ (accessed 27.05.2022).

35 CCUS: monetization of CO2 emissions. URL: https://vygon.consulting/upload/iblock/967/jzgys72b7ome167widdbao9fns-
qsfj13/vygon_consulting CCUS.pdf (accessed 10.11.2022).
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(including the use chains depending on the distance

costs (the higher the partial pressure, the lower the energy costs), and the available capture technologies,
which all contribute to the total cost of capturing and extracting CO» from the source gas.

Capital expenditures of carbon capture facilities often change non-linearly with growth in scale.
The proportion is usually exponential [25]:

ity of plant 4"
Cost of plant 4 = Cost of plant B Capac%ty of pant , (6)
Capacity of plant B
where Costofplant A, B are capital costs in projects A and B, conditional units;

Capacity of plant A, B are carbon capture capacities in projects 4 and B, conditional units; » ranges
from 0.6 (one facility) to 0.8 (several facilities).

For a CO> capture facility, doubling the capacity is expected to increase capital costs by
about 50 % [3]. This means that the capital costs per unit of emissions captured or avoided
should decrease by about 25 %. Based on this relationship, we can conclude that the effect
will be more pronounced with a significant increase in power. Experts recommend that the
capacity of capture installations should be greater than 0.4-0.45 Mt/year in order to minimize
capture costs [3].

Special attention is given to modularization as a potential cost-reducing factor in CO» capture
facilities. This involves creating standardized units using mass production technologies and in-
corporating breakthrough innovations, such as improved sorbents, membranes, or innovative car-
bon capture technologies like Direct Air Capture (DAC). The cost of capture also depends on the
cost of electricity and other resources in the area. Given that energy costs play a significant role
in the cost of capturing and compressing CO», utilizing low-cost power sources, such as waste
heat, can reduce capture costs by approximately 10-20 dol./t CO., according to the CCS Global
Institute [3].
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COz capture in high-cost industries has become cheaper over the past decade, and the costs are
expected to decrease by 50 % by 2025 compared to 2010 [3]. This is due to the well-known effects
of learning and accumulation of experience that accompany the development of any industrial tech-
nology [26, 27]. For example, in 2014, carbon capture costs for the Boundary Dam project reached
approximately 105 dol./t COz (in 2020 prices)®’, while already in 2017, they stood at 70 dol./t CO; at
the U.S.’s Petra Nova plant, which is also a coal-fired facility [28]. Like most projects around the
world, Petra Nova uses CO, for enhanced oil recovery, but its operation was frozen in 2020 due to a
sharp drop in oil prices [29].

The location of the project facilities and the available infrastructure will influence CO; trans-
portation costs. Pipelines, offshore platforms, on-shore facilities, and wells available on site can
facilitate the reuse of capacities, thus significantly reducing both the transportation and storage
capital costs. Pipeline transportation costs exhibit economies of scale; for a distance of 1 km, the
cost per ton of CO» transported decreases significantly with an annual transportation volume of
up to 0.5 Mt per year. However, as the annual volume increases, the cost reduction becomes less
pronounced [3]. Hence, the costs are very high for small volumes of transported gas but rapidly
decrease as the volume grows and then level off once the amount of transported CO> reaches
millions of tons.

It is more economical to transport CO» in its liquid state. Compression costs consist of equipment
capital costs and energy costs for operating the compressor [3]. Transporting CO> as gas by ship
produces very small economies of scale, and so do the operating costs for compression. An additional
reduction in transportation costs can be achieved by creating a transport infrastructure with the inte-
gration of different modes of transport, the division of costs within clusters, and a more pronounced
manifestation of economies of scale [30].

Large CO, emitters are usually able to transport CO> in such volumes that it is cost-effective, to
the extent possible. When clusters develop, they serve as the core assets at the node, allowing smaller
CO> emitters to use the pipelines to transport CO, economically [31].

COas storage costs are largely determined by the type of reservoir and the presence of existing
infrastructure. The Zero Emissions Platform study®® found that CO, storage in poorly explored off-
shore saline formations without infrastructure is expensive. In contrast, storing CO; in a well-under-
stood onshore site, such as depleted oil and gas reservoirs with reusable infrastructure, is the most
cost-effective option.

It is expected that the scaling up of CCS technologies will make the assessment of potential CO»
storage facilities more routine and, as a result, cheaper. Experts predict a possible reduction of up to
20 % due to the developments in seismic exploration and well drilling techniques taking into account
the aspects of CO> storage [32]. Digitalization and automation will play a crucial role in reducing
costs not only at the storage stage but also throughout the entire CCS process chain.

Conclusions. Studies on the topic show that a wide range of cost estimation approaches can
be used in the CCS sector, which are difficult to standardize at this stage. There is a high degree
of estimation uncertainty and a significant variation in estimates across industries and data sources.

57 International CCS Knowledge Centre: The Shand CCS Feasibility Study Public Report 2018. URL: https://
ccsknowledge.com/pub/documents/publications/. Shand%20CCS%20Feasibility%20Study%20Public%20Report NOV2018.pdf
(accessed 28.05.2022).

38 ZEP: The Costs of CO2 Capture, Transport and Storage 2011 (accessed 21.05.2022).
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This can be explained by the limited number of ongoing projects, the utilization of different cost
estimation methodologies (with some relying on theoretical studies and others on actual data), and
the difficulties in applying the analogy method since each case is unique. Nevertheless, the general
guidelines and conclusions presented in the study can provide a foundation for planning CCS activi-
ties in Russia.

It is anticipated that, following global trends, such Russian industries as oil, gas, and energy will
be the first to adopt CCS technologies. The dominance of fossil fuels in the global energy mix that is
expected to continue over the next 10-15 years. This circumstance makes the adoption of CO» se-
questration options, particularly CO,-EOR technologies, more relevant in Russia [33]. The results of
this study suggest that the future of both Russian and global CCS sectors looks promising.

When planning CCS projects, it is crucial to consider factors that significantly impact their costs.
For example, small-scale processes should be avoided as they will be very expensive. Also, it is im-
portant to pre-plan and model an efficient process chain. A comprehensive understanding of CCS
costing aspects in different industries is crucial for informed decision-making, shaping public policy,
and designing support measures. As all operating capacities around the world have been developed
with the help of regulatory measures or incentives, such as enhanced oil recovery revenues or tax
incentives, it can be said that government support is imperative for CCS projects. While CO,-EOR
projects may have access to cheap existing transport infrastructure or storage, thereby getting an ad-
vantage, they are not cost-effective on their own. The initial stages of the project life cycle and high-
cost industries such as electricity, cement, and steel production are where government support
measures are especially critical.

In the context of Russia, it is expected that there will be a growing interest in the full range of
CCS solutions. In line with this, the Accounts Chamber of the Russian Federation has already begun
gathering and analyzing data on the most popular tools for reducing greenhouse gas emissions,
including CCS technologies. This proves that the present study is highly relevant.

The development of an efficient system for CO, transportation is crucial for the widespread
adoption of CCS technologies in Russia. Effective planning and strategic investment in large-scale
CO» transport infrastructure are imperative for reducing costs, as well as obtaining accurate data on
potential storage reservoirs. In Russia, the exploration of potential CO» storage sites is still in its early
stages, which presents challenges in both the planning and cost estimation of the CCS process chain.

A promising approach for scaling up the CCS market is the formation of clusters consisting of
groups of CO; emitters from various industries that share infrastructure. In this context, Ural, Central,
and Northwestern Federal Districts, along with Western Siberia, present promising opportunities for
the development of CCS clusters.

Experts consider experience accumulation and personnel training as critical factors for the suc-
cessful implementation of future CCS projects at a lower cost, as their effects can already be seen in
global practice. In addition to experience accumulation, developing related industries, such as new
technologies and equipment production, is also necessary to significantly reduce costs. Public per-
ception and the effectiveness of CCS initiatives, as well as their popularization, are other important
considerations [34-36].

We plan to continue our research by analyzing the technical and economic aspects of implementing
CCS projects in different industries, developing conceptual models, and conducting feasibility studies
of CCS pilot projects in Russia.
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