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ABSTRACT: Achieving net zero carbon emissions by 2050 is a significant challenge for
Indonesia across all sectors. This article presents a review of the current status of carbon dioxide
capture, utilization, and storage (CCUS) technologies, covering both commercial-scale
applications and ongoing research and development efforts. Performance metrics of these
technologies are also included to provide valuable insights for technology selection. However,
the challenges and barriers faced by Indonesia in reducing carbon emissions extend beyond
technological aspects. Issues related to policy, socio-cultural dynamics, legal frameworks, and
human resources also play a critical role. To ensure successful implementation, comprehensive
regulations and policies are required at both national and provincial levels, along with extensive
public engagement and collaboration among stakeholders.
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1. Introduction

Achieving net-zero carbon emissions is a significant
challenge for Indonesia. According to projections based on
the Stated Policies Scenario (STEPS), there will be only
minimal reductions in the supply of fossil fuels—such as
natural gas, oil, and coal—and in CO; emissions between
2030 and 2050. To reach the ambitious Net Zero Emissions
by 2050 (NZE) target, a wide range of efforts have been
initiated by researchers, institutions, corporations, and
organizations. These efforts primarily focus on the
advancement of carbon capture and storage (CCS) and
carbon capture, utilization, and storage (CCUS)
technologies. The NZE scenario anticipates that total CO;
capture will reach 1.2 gigatons (Gt) by 2030, increasing
substantially to 6.2 Gt by 2050 (Zhao, 2025). However,
Government of Indonesia insist to achieve net zero emission
by the year 2060.

Based on our review, the status and research and
development (R&D) of CCS/CCUS technologies are
discussed. These technologies can generally be categorized
into four or five main methods: adsorption, absorption,
membrane separation, chemical capture, and possibly
cryogenic distillation (Gupta et al., 2024; Li, 2023; Pal et al.,
2023; Maet al., 2022). Among these, adsorption, absorption,
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and membrane technologies have reached the highest
technological readiness level (TRL 9), indicating that they
are currently at the commercial stage. The development of
CCS/CCUS technologies has been driven by at least seven
key factors: scientific innovation, technological innovation,
policy innovation, emission reduction goals, equipment
manufacturing, technology transfer, and employment
opportunities (Mahidin et al., 2023; Ma et al., 2022).

Despite the progress made in CCS/CCUS technologies,
significant challenges remain in scaling up these solutions to
meet Indonesia’s NZE targets effectively. The minimal
reduction in fossil fuel supply and CO, emissions projected
under current policies suggests that existing efforts may be
insufficient. Therefore, it is crucial to identify and address
the barriers hindering the widespread adoption and
optimization of CCS/CCUS technologies. Understanding
how to accelerate innovation, enhance policy frameworks,
and improve technology transfer will be essential to
overcoming these challenges and achieving Indonesia’s net-
zero ambitions by 2050

This review aims to provide a comprehensive review
of the current status, advancements, and challenges in
CCS/CCUS technologies, with a particular focus on their
role in supporting Indonesia’s net-zero emissions goals. By
synthesizing recent research and developments, this review
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seeks to identify key opportunities and barriers, thereby
offering valuable insights to guide future research, policy-
making, and industrial implementation in the pursuit of
sustainable carbon management.

2. Current Status Technologies

2.1. Commercial Scale

Carbon capture is one of the most widely recognized
methods for managing carbon dioxide emissions,
encompassing a range of technologies aimed at achieving
climate goals through various approaches. It is particularly
known for its effectiveness in capturing CO- from stationary
sources and permanently storing it to prevent atmospheric
release. For specific combustion applications, there are three
main capture systems that can be installed to capture CO»
emissions (pre-, post-, and oxygen-fuel) (Hanson et al.,
2025; McLaughlin et al., 2023; Shaw and Mukherjee, 2022;
Osman et al., 2021; Leung et al., 2014). It is important to
highlight that, as of 2021, there were 135 commercial
CCS/CCUS facilities globally, with a combined CO; capture
capacity of 149.3 million metric tons per year (Mtpa). Most
of these facilities are in the United States, accounting for 70
projects. Among the 135 facilities, 27 are currently
operational, 4 are under construction, 58 are in advanced
stages of development, 44 are in the early stages of
development, and 2 are suspended. The number of facilities
currently in place is still very small compared to the target
set in the Paris Agreement, which is >2000 facilities by
2050. (Dziejarski et al., 2023; Hong et al., 2022; Shen et al.,
2022).
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Figure 1. Type of existing CO> capture systems

Another widely used technique, often considered the
fourth major method, involves capturing CO: from industrial
process streams. In addition to these four main approaches,
there is another emerging technique known as Direct Air
Capture (DAC), which captures CO: directly from the
atmosphere (Dziejarski et al., 2023; Castro-Pardo et al.,
2022). DAC is specifically designed for atmospheric CO:
removal and is not applicable to point-source emissions.

While DAC offers the advantage of location flexibility and
the potential for negative emissions, it faces significant
challenges related to high energy consumption, material
requirements, and cost barriers, which currently limit its
scalability (Hoseinpoori et al., 2023). Figure 1 presents the
five main techniques for CO: separation and capture. When
DAC is integrated with storage or utilization, the systems are
referred to as DACS (Direct Air Carbon Capture and
Storage) or DACU (Direct Air Carbon Capture and
Utilization), respectively.

Here, performance of several commercial active
CCS/CCUS plants specially in pre-, post- and oxy-fuel
combustion is discussed. The performance of the plant is
defined as the amount of CO, captured and stored (Table 1)
(Dziejarski et al., 2023; Leung et al., 2014)

2.2. Research & Development Works

When the focus shifts to research and development (R&D),
the situation appears quite different. Table 2 shows the
achievement of some work on the CCS/CCUS developments
(Dziejarski et al., 2023). It is evident that the most superior
method/technique is absorption, even though CO; recovery
little lower than membrane (80-90 vs 80-99).

Absorption-based technology has been claimed as the
most advanced technology (Vaz et al., 2022). Another record
that supports its superiority is the TRL, reach up 7. The
optimal performance for the adsorption method can be
achieved through combined processes, such as pressure-
temperature swing adsorption and vacuum-temperature
swing adsorption, which offer recovery and purity rates
exceeding 90%. The combination can improve the capturing
selectivity and capacity. Adsorption-based technologies can
capture CO> in large plants and are mostly applied in natural
gas and ethanol processes (Vaz et al., 2022; Ben Mansour et
al., 2016). In addition, the surprising fact is that no R&D
activity was found in oxy-fuel combustion.

R&D efforts in carbon capture (CC) technologies span
a wide range of maturity levels, from early-stage concepts at
TRL 1 to pilot-scale demonstrations at TRL 6, covering both
separation and storage processes (Mahidin et al., 2023).
Dziejarski et al. (2023) described the TRL scale of the CC
technologies based on the segments, methods and
applications, respectively. For the segments section, the
TRL distributed from 2 (formulation) to 9 (commercial). It
has been clearly presented that the capture technology sits
on the top level (about 54%), followed by the storage of
27%, the transport and storage/utilization of 10.8%,
respectively. The utilization technology alone occupied the
last position (only 2.7%).

If the review is carried out per stage, then in research
activities (TRL 1 to 3), capture technology occupies the top
position (45%), the second position is storage technology
(33%) and the last is storage/utilization technology (22%).
Next for development work (TRL 4 to 6), capture technology
is still ranked at the top (67%), storage technology is ranked
second (25%), and last is utilization (8%). Finally, for
deployment activities (TRL 7 to 9), capture technology is not
displaced in the top position with a contribution of 50%, then
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transportation technology appears in second place with a
share of 25%, storage and storage/utilization now fill the last
position together (12.5% each) (Dziejarski et al., 2023).

ISSN: 1410-394X
e-ISSN: 2460-8203

Dziejarski et al., 2023; Hong et al., 2022; Xie et al., 2022;
Pires da Mata Costa et al., 2021; Neeraj and Yadav, 2020).
Direct CO: utilization involves using CO: without altering
its chemical structure, typically in applications like
greenhouses or carbonated drinks, and is relatively low-cost

Table 1. Performance of selected global CCS/CCUS projects

Type of Project name and Plant size Amount of CO, Unit
configuration country capture/stored
Pre-combustion Great Lakes Energy 250 MW 350 Metric tons
Research Park - USA per day
Post-combustion Boundary Dam 115 MW 2,740 Metric tons
Integrated CCS Project per day
- Canada
Enecogen Cryogenic 850 MW 24.66 Metric tons
CO;, Capture — per day
Netherlands
Veolia Environment 23 MW 548 Metric tons
CCS Project - France per day
Oxy-fuel OXYCFB300 323 MW 100,000 Metric tons
combustion Compostilla Project - per day
Spain
South Korea CCS2 - 300 MW 3,288 Metric tons
South Korea per day

When the discussion was considered from viewpoint of
method, chemical absorption stands at first rank almost in all
TRL levels (42% in total), second and third ranks were
occupied by adsorption (28.4%) and membrane technique
(12.5%), respectively. These three methods have attained
TRL 9 (entering the commercial market). Another method
that has reached the commercial stage (TRL 9) is physical
absorption, in which stay at the fourth rank. Physical
adsorption is commonly employed in industrial processes,
particularly ~ within ammonia production facilities.
Meanwhile, chemical looping combustion (CLC), calcium
looping (CalL) and cryogenic methods sit together at the
lowest ones (Meylani et al., 2025; Dziejarski et al., 2023;
Nyamiati et al., 2023; Rahmabh et al., 2022; Ramezani et al.,
2022; Mores et al., 2012).

Furthermore, if we look at the economic sector, the use
of CCS/CCSU technology is dominant in the cement and
iron & steel industries (26% each), followed by application
in the power generation sector (18.5%), then in the methanol
and ammonia production sectors (11.11% each). The high-
value chemical production sector accounts for the smallest
share of CC technology deployment, at just 7.4%. Moreover,
evidence suggests that only absorption methods have truly
entered the commercial stage. The adsorption method itself
was only able to reach TRL 8, one step behind (Dziejarski et
al., 2023).

Some efforts on utilization of CO: are established
separately. Among the applications of CO: are its use as a
solvent in supercritical fluid extraction, a solvent for
enhanced oil recovery (EOR), a cooling fluid, a component
in food packaging, a propellant in food and beverage
products (e.g., carbonated drinks), a raw material in
chemical production, and an energy carrier. In general,
utilization of CO; can be classified in two ways: direct use
(without conversion) and with conversion to other products
(She et al., 2025; Prajapati et al., 2024; Truong et al., 2024;

and low energy. In contrast, indirect utilization converts CO-
into fuels or chemicals through energy-intensive processes,
often requiring advanced technologies and higher
investment.

Final step in the CCS/CCUS process is CO, storage.
For this propose, the captured CO> is compressed to
pressures exceeding 74 bar, creating conditions that convert
the CO; into a supercritical or liquid state, prior to its
permanent storage. Some storage options are CO»-EOR
application, CO»-EGR application, CO,-ECBM application,
injection into depleted oil and gas fields, saline formations,
basalt and ultramafic rocks, and deep ocean (Oqgbi et al.,
2025; Dziejarski et al., 2023; Marbun et al., 2023;
McLaughlin et al., 2023; Hong et al., 2022; Shiyi et al.,
2022; Mahdaviara et al. 2021; Orr Jr., 2018).

Table 2. R&D of selected global CCS/CCUS projects

Type of Type of CO, CO; TRL
configuration method/ recovery purity
technique (% vol.) (%)
Pre- Adsorption 90 96 6
combustion Membrane 80-99 95-99.5 3-4
Post- Absorption 80-90 95-99.9 3-7
combustion Adsorption 90 90-99 3-6
Membrane >60-90 59-99 4-7

In this scope, Indonesia is actively advancing
commercial CO: storage projects to support its net-zero
emissions goals, with notable initiatives including BP’s
Tangguh CCS project in Papua Barat, which aims to inject
over 30 million tonnes of CO: in its initial phase and has an
ultimate storage potential of around 1.8 Gt (International &
Indonesia CCS Forum, 2025). Pertamina is also exploring
CCS opportunities in depleted oil and gas reservoirs and
saline aquifers, with Indonesia’s total estimated geological
storage capacity reaching up to 680.57 Gt in saline aquifers
and 10.14 Gt in depleted reservoirs (BP Berau Ltd., 2024).
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Additionally, a Joint Development and Study Agreement
between Chevron and PT Pupuk Indonesia is targeting
industrial decarbonization, while Indonesia positions itself
as aregional CCS/CCUS hub for Southeast Asia, leveraging
its infrastructure and strategic location to support cross-
border CO: transport and storage.

On the other hand, research activities in Indonesia for
CCS/CCUS technology development is still very limited,
with some of it conducted or supported by Pertamina. Only
a few publications can be collected that report on the
activities of several researchers developing adsorbents or
absorbent for CO; capture (Sussatrio et al., 2024; Tibalia et
al., 2021; Yamliha et al., 2013; Apriyanti, 2012).

3. Challenges and Barriers for Indonesia

To encourage and mandate global participation in addressing
climate change, the United Nations established the United
Nations Framework Convention on Climate Change
(UNFCCC). This convention seeks to support negotiations
aimed at identifying the most effective approaches to
promote development while concurrently addressing climate
change and reducing its adverse effects. The two aspects that
are the focus are (a) mitigation and (b) adaptation as the main
instruments in mitigating the impacts of climate change. One
notable form of international commitment is the Paris
Agreement, an international accord on climate change aimed
at limiting the global average temperature increase to below
2°C above pre-industrial levels.

The Government of the Republic of Indonesia ratified
the UNFCCC through Law No. 16 of 2016, which pertains
to the ratification of the Paris Agreement under the United
Nations Framework Convention on Climate Change (Law of
the Republic of Indonesia No.16 of 2016). The ratification
of the UNFCCC has the legal consequence that the
Government of the Republic of Indonesia is obliged to play
an active role in overcoming climate change and global heat.
To address this, the Government has implemented various
regulations, including the issuance of Minister of Energy and
Mineral Resources Regulation No. 16 of 2022, which
outlines the procedures for implementing the economic
value of carbon in the electricity generation sector (Minister
of Energy and Mineral Resources Regulation No.16 of
2022). The efforts made by the Indonesian Government are
aimed at reducing carbon emissions.

To support the policies that have been issued, R&D
activities in the development of CCS/CCUS technologies
must be carried out immediately (Di Vaio et al., 2025). To
overcome these challenges and obstacles, a polycentric
approach is required, integrating various scales of
intervention (e.g., local, national, international), tools (e.g.,
public investment, partnerships, subsidies), and stakeholders
(e.g., public authorities, businesses, citizens). For Indonesia,
the challenges and barriers in carbon emission reduction
efforts include issues of (1) policy, socio-cultural and legal,
(2) human resources, and (3) technology. Public-private
partnerships (PPPs) are increasingly being advocated as a
solution to address challenges such as limited budget

resources, access to technology, and issues related to
flexibility in tackling environmental and climate concerns
(Casady et al., 2024; McLaughlin et al., 2023).

Additional valuable insights into the challenges in this
area stem from modeling the interactions between carbon
emissions, urbanization, population growth, energy
consumption, and economic development, specifically
conducted for the Asia region. Both for urbanization and
population growth vs. CO; emissions Indonesia sit at rank
4th after Pakistan, India and Bangladesh. Fortunately, for
energy use, Indonesia moved to a very good position,
ranking 5th from five studied countries (Rehman and
Rehman, 2022). Another promising opportunity in the
CCUS development is to integrate it with hydrogen
production (Lu et al., 2025).

To include social, cultural and legal issues in efforts to
reduce carbon emissions, the Government has recently
issued various policies including the enactment of
Presidential Regulation no. 14 of 2024 concerning the
Implementation of Carbon Capture and Storage Activities.
This policy has drawn criticism and concern from various
segments of society, who fear it could hinder Indonesia’s
energy transition. The main issue lies in the absence of a
clear roadmap for phasing out fossil fuels and
decommissioning coal-fired power plants (PLTU).
Furthermore, the implementation of CCS/CCUS initiatives
raises concerns that oil and gas industry players may exploit
these technologies to project an environmentally responsible
image, potentially engaging in greenwashing rather than
committing to genuine sustainability efforts.

To overcome and reduce carbon emissions, regulations
and policies are needed both at the national and regional
(provincial) levels (Song et al., 2025; Bang et al., 2024; Lu
et al., 2022; Zhang et al., 2022). Apart from that, massive
CCS/CCSU socialization efforts are needed from various
stakeholders, especially the government and companies. So
far, only a few provinces have paid serious attention to the
issue of carbon emissions and one of them is Aceh Province
which is currently discussing regional regulations related to
the CCS/CCUS.

From a technological standpoint, the challenge lies in
developing large-scale, low-energy consumption, and cost-
effective units for use in low-concentration emission sources
(such as coal- and gas-fired power plants, steel mills, cement
and chemical industries, and waste incineration), while
ensuring continuous safety and risk monitoring (Sovacool et
al., 2024; Ma et al., 2022; Fauziawan, 2021).

It is important to highlight that the CCS/CCUS science
and technology infrastructure established in advanced
regions plays a crucial role in addressing fundamental
scientific challenges related to CCS/CCUS, lowering the
costs of CCS/CCUS technologies throughout the entire
process, ensuring the safety of long-term storage, advancing
R&D of cutting-edge technologies, and supporting further
commercialization, promotion, demonstration, and talent
development. Sharing CCS/CCUS research findings and
expertise from advanced regions enables the acceleration of
cost and risk reduction, as well as the broader commercial
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implementation of CCS/CCUS in other areas. However, the
complexity of geographical, political, and socio-cultural
factors poses challenges in directly replicating many
technologies and achieving the desired outcomes (Ma et al.,
2022).

However, despite Indonesia's vast human and natural
resource potential, CCS development in Indonesia faces
various obstacles, such as high initial costs, regulatory
uncertainty, and limited public awareness. Clear policies,
financial incentives, and technological innovation are
needed to overcome these obstacles (International &
Indonesia CCS Forum, 2025).

4. Conclusion

In conclusion, Indonesia's path to achieving net-zero carbon
emissions by 2060 necessitates a multifaceted approach that
encompasses technological innovation, robust policy
frameworks, and active stakeholder engagement. The
successful implementation of carbon capture and storage
(CCS) and carbon capture, utilization, and storage (CCUS)
technologies is critical, yet it must be complemented by
addressing socio-cultural dynamics and legal challenges. By
fostering public-private partnerships and aligning efforts
with international climate commitments, Indonesia can
navigate the complexities of its energy transition while
maximizing the potential benefits of CCS/CCUS
technologies in mitigating climate change.
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