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Abstract

The need to mitigate climate change has increased interest in Waste-to-Energy (WtE)
plants, which reduce landfill use while generating power, but remain significant sources
of carbon dioxide emissions. Carbon Capture, Utilization, and Storage (CCUS) represents
a promising pathway to substantially reduce emissions from WtE facilities and, when
applied to WtE, it can enable net-zero or carbon-negative systems by capturing both non-
biogenic and biogenic CO2. This review systematically analyzes existing Waste-to-Energy
plants implementing carbon capture technologies. By collecting and critically assessing
the available technical and operational information, this work provides a comprehensive
synthesis that is currently lacking in the literature. Based on the reported data, only a limited
number of WtE plants with CCUS are operating worldwide. Among these, facilities with
the most detailed publicly available information are located in Saga City (Japan), Twence
(The Netherlands), Klemetsrud (Norway), Duiven (The Netherlands), and Copenhagen
(Denmark). This review highlights the current deployment status of WtE + CCUS systems
and identifies key insights to support future research and large-scale implementation.

Keywords: waste-to-energy; CCUS; CO2 capture; chemical absorption; pilot plant;
circular economy

1. Introduction
The increasing urgency to mitigate climate change has intensified global efforts to

reduce greenhouse gas emissions across all sectors of the energy system. Among these,
waste management and energy recovery play a dual role by addressing the growing volume
of Municipal Solid Waste (MSW) while contributing to power generation. Waste-to-Energy
(WtE), also referred to as Energy-from-Waste (EfW), plants are widely deployed to reduce
landfill dependence and recover energy from waste streams. However, despite their benefits
in waste volume reduction and energy production, WtE facilities remain significant point
sources of carbon dioxide emissions. Carbon Capture, Utilization, and Storage (CCUS) has
emerged as a key technological pathway to substantially reduce CO2 emissions from large
stationary sources. The integration of CCUS into WtE plants presents a unique opportunity
not only to mitigate non-biogenic CO2 emissions but also to achieve negative emissions
when biogenic carbon fractions in waste streams are captured and permanently stored or
utilized. As a result, CCUS-equipped WtE facilities are increasingly recognized as net-zero
and carbon-negative energy systems [1–3].

Waste-to-Energy plants take non-recyclable waste and convert it into useful energy,
usually electricity and sometimes heat. Waste is first delivered to the facility, where it
may be sorted to remove unsuitable materials. The waste is then processed to release its
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energy, most commonly by controlled combustion, although some plants use gasification
or biological processes. The heat or combustible gas produced is used to generate steam,
which drives a turbine connected to a generator. Throughout the process, exhaust gases
are treated with emission-control systems to reduce pollutants in accordance with national
regulations. Worldwide, more than 2430 WtE plants are currently in operation, and an
increase to over 2700 plants by 2027 has been estimated [4]. Europe is the largest and
most advanced market for WtE plants, mainly due to the European Union (EU) Circular
Economy Package [5] adopted in January 2018, which sets targets for 2030 concerning the
minimum amount of MSW to be recycled and limits (a maximum of 10%) the amount
of waste that can be landfilled [6]. Globally, WtE plants have processed approximately
69 million tons of MSW (or about 20% of EU waste), generating 30 TWh of electricity and
55 TWh of thermal energy [5], although it is reported that, in recent years, about 40% of EU
waste is still landfilled [7]. Figures 1 and 2 show the most recent available data collected by
the Confederation of European Waste-to-Energy Plants (CEWEP) for Europe and Italy. In
Italy, some feasibility studies are underway and the design of a first pilot project by A2A
S.p.A. is in progress to investigate the application of CCUS to WtE plants owned by the
same company [1,2,8].
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Figure 1. WtE plants in Europe [9].

 

Figure 2. WtE plants in Italy [10].
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A range of CO2 capture technologies is available, including chemical absorption, phys-
ical absorption, adsorption, membrane separation, and cryogenic processes [11]. Following
capture, CO2 is typically transported and permanently stored in geological formations.
However, a major barrier to large-scale deployment of CCS is the limited availability of
dedicated infrastructure for CO2 transport, such as pipeline networks, and for geological
storage. This constraint is particularly critical for urban WtE plants, which are often located
far from suitable storage sites, with high logistical complexity and associated costs. As an al-
ternative to geological storage, captured CO2 may be utilized in the production of synthetic
fuels, chemicals, or construction materials, contributing to circular economy strategies.

This review systematically analyzes existing Waste-to-Energy plants where carbon
capture, typically post-combustion capture based on chemical absorption for which several
solvents are employed and are still under development [12,13], is applied, offering a
comprehensive synthesis that is currently lacking in the literature.

Currently, based on the information reported in the literature, only a limited number
of Waste-to-Energy plants with Carbon Capture, Utilization and Storage (WtE + CCUS)
are operating worldwide. The WtE + CCUS plants for which more detailed information
is available (listed in Table 1) are located in Saga City (Japan), Twence (The Netherlands),
Klemetsrud (Norway), Duiven (The Netherlands), and Copenhagen (Denmark).

Furthermore, the construction of additional WtE + CCUS plants is planned in the
near future in Yokohama (Japan), Alkmaar (The Netherlands), Niederurnen (Switzerland),
Haverton Hill (UK), Amsterdam (The Netherlands), and Rozenburg (The Netherlands).

Sekisui Chemical Co., Ltd. (Osaka, Japan) and Hitachi Zosen Corporation (Osaka,
Japan) have begun studying the implementation of CO2 capture from WtE plants for
methanation or ethanol production from syngas [14]. A Norwegian study on the integration
of CO2 capture at the Returkraft WtE plant is also available in the literature [15].

Table 1. Existing WtE + CCUS plants.

Plant Company Place Absorber Stripper Solvent

Saga City WtE Toshiba Saga, Japan - -

Toshiba proprietary
solvent (sterically

hindered
secondary amine)

Twence WtE Procede Gas Treating
B.V.—Carbon Clean

Twence,
The Netherlands

Packing
height = 6 m;
Packing type:

FlexiPak 250 Y;
Diameter = 1.2 m

- APBS-CDR Max vs.
MEA 30% wt

Fortum Oslo
Klemestrud WtE Varme Energy Oslo,

Norway Height = 26 m Height = 17 m Shell CANSOLV:
DC-103

AVR Duiven WtE AVR Duiven,
The Netherlands - - MEA 30% wt

Amager Bakke WtE ARC Copenhagen,
Denmark - - MEA 30% wt

Plant Flue Gas CO2 Removal
Target

CO2 Removed
[kg/h] Purpose References

Saga City WtE - - 417 - [16,17]

Twence WtE xCO2 = 10 vol%
T = 40 ◦C 70% 250–500

SBC production
from CO2

Optimization of L/G
Emissions

[18,19]
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Table 1. Cont.

Plant Flue Gas CO2 Removal
Target

CO2 Removed
[kg/h] Purpose References

Fortum Oslo
Klemetsrud WtE

Flow rate = 870 kg/h
xCO2 = 11.3 vol%

T = 40 ◦C
90% 139 *

Capture efficiency (>90%)
CO2 purity

Steam consumption
Foaming test

Amine emissions to air
Solvent degradation

[20]

AVR Duiven WtE xCO2 = 10 vol%
T = 40 ◦C - 12,195 Key performance analysis [21]

Amager Bakke WtE
Flow rate = 1163 Nm3/h

xCO2 = 12.3 vol%
T = 60–70 ◦C

90% 253 * Solvent degradation [22]

* calculated values.

2. Methods
A structured literature search is conducted to identify studies reporting the application

of CCUS technologies to WtE plants. Peer-reviewed journal articles, conference proceedings,
technical reports, and publicly available project documentation are considered. The search
is performed using major scientific databases, including Scopus, Web of Science, and
ScienceDirect, complemented by targeted searches of reports and project websites for
operational facilities. The search strategy combines keywords related to WtE and CCUS,
including “waste-to-energy”, “municipal solid waste incineration”, “carbon capture”,
“CCUS”, “post-combustion capture”, and “CO2 capture”.

Studies are included if they meet the following criteria:

• the facility analyzed is a Waste-to-Energy plant;
• carbon capture is applied as part of the plant configuration;
• the study reports operational, design, or performance-related information for CCUS

systems at pilot, demonstration, or full scale.

Modeling-only studies without reference to an actual facility are excluded. For each
selected WtE + CCUS facility, data were extracted on plant characteristics (capacity, carbon
capture technology, solvent type, capture rate), system integration, operational status, and
reported performance indicators (e.g., CO2 capture efficiency, solvent degradation). When
available, information on CO2 utilization or storage pathways is also collected.

Given the emerging nature of CCUS deployment in the WtE sector, the review focuses
on all known WtE plants worldwide where CCUS systems are operational or planned
to be operational. This resulted in a limited number of cases, which constrains the use
of quantitative synthesis methods. Nevertheless, the systematic analysis of all available
real-world installations provides valuable insights into an emerging technology domain
and establishes a benchmark for future deployments and research.

3. Waste-to-Energy Plants with CCUS
3.1. Saga City (Japan)

Built by Toshiba and commissioned in 2016, the Carbon Capture and Utilization (CCU)
unit (Figures 3 and 4) at the Saga City plant in Japan captures up to 10 t of CO2 per day
from the flue gases emitted by the facility. The captured CO2 is conveyed to a glass-covered
algae cultivation system [16] located a few hundred meters away (Figure 5). CO2 capture is
based on chemical absorption [17] using a Toshiba proprietary solvent (“special alkaline
amine solution”, a sterically hindered secondary amine [16]), also used at the Mikawa
thermal power plant approximately 35 km from Saga City. Using proprietary technology,
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the CO2 removed from the exhaust gases is then used for cultivating algae employed in the
production of body lotions and anti-aging creams exported worldwide.

 

Figure 3. Scheme of the Saga City plant (Japan).

 

Figure 4. The Saga City plant (Japan) [16].

In April 2021, the Japanese government announced its intention to reduce greenhouse
gas emissions by 46% by 2030 [23]. In response, Saga City in Saga Prefecture has planned
several environmental measures, including the “Saga City Regional Circulation Symbiotic
Area Concept”, intended to enhance ongoing initiatives by leveraging the local features
and resources of Saga City to create an independent and decentralized community. This
initiative enabled Saga City to obtain environmental certification [23].

3.2. Twence (The Netherlands)

Twence has operated in Hengelo since 1986 and produces 688 GWh of thermal energy
and 370 GWh of electricity per year—enough to provide heating for 62,500 households
and electricity for 135,800 households per year. Energy is generated primarily from non-
recyclable residual waste and non-recyclable industrial waste totaling over 600,000 t [24].
Each year, Twence emits approximately 250,000 t of CO2 from non-biogenic sources [25].
In 2014, Twence introduced in Hengelo the world’s first plant to capture CO2 from WtE
flue gases and convert it into sodium bicarbonate used for treating emissions from its incin-
erator. The system is fully integrated into the plant and produces about 8000 t of sodium
bicarbonate per year, corresponding to a CO2 emissions reduction of up to 3000 t/year.
The Twence facility uses a standard absorption–desorption process and typically operates
with 30 wt% aqueous MonoEthanolAmine (MEA) solution. The absorber packing height
is approximately 6 m, its diameter 1.2 m and the packing type is Flexipak 250X. When
operated with fresh MEA, the system captures approximately 70% of the CO2 [18].
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Figure 5. Layout of the Saga City plant (Japan).

In 2020, Twence took the next step by building a small-scale CO2 liquefaction plant
for use in greenhouse horticulture. In the first quarter of 2022, construction began on a
large-scale facility capable of capturing 100,000 t of CO2 per year, to be used not only for bi-
carbonate production and horticulture but also in other sectors (food industry, construction
material mineralization, chemical industry, or biofuels). The 100,000 t/year CO2 plant is
based on Aker Carbon Capture’s modular “Just Catch” system [26] and is expected to be
operational in the last quarter of 2023. The liquefied CO2 is stored and sold for greenhouse
horticulture and dry ice production. Twence is also studying potential uses of CO2 in
higher-value applications such as construction materials, cement substitutes, and basic
chemicals (Figure 6).

3.3. Klemetsrud (Norway)

The Norwegian government has launched the large-scale “Longship” Carbon Capture
and Storage (CCS) project, which will fully finance transport, storage, and one complete
CO2 capture project [20].

In 2015, the Fortum Oslo Varme (FOV) WtE plant in Klemetsrud (Oslo, Norway) was
selected as a candidate for government funding to build and operate a CO2 capture unit
capable of more than 400,000 t-CO2/year [27,28]. The Norwegian government agreed to
support the project (later renamed Hafslund Oslo Celsio) on the condition that additional
funding be secured, such as from the EU. FOV applied for EU Innovation Fund financing
in the second call in March 2022, after not being selected in 2021 [29].

In 2018, it was decided to build a 1:350 scale pilot plant (Figure 7) capturing about
1100 t-CO2/year to validate the Shell Cansolv technology using the DC-103 solvent to
remove CO2 from Klemetsrud’s flue gases [30]. The process scheme of the plant is depicted
in Figure 8. The height of the absorber column is 26 m, and that of the stripper column is
17 m. The pilot plant campaigns demonstrated that the system can reliably maintain the
targeted high capture efficiency of 90–95%. Results from 2019 experimental tests have been
published [20]. In August 2022, the pilot plant was also used to test the CO2 Solutions™
technology commercialized by Saipem SpA [31].

The captured CO2 will be sequestered in a geological reservoir 2600 m below the
Norwegian seabed as part of the “Northern Lights” project [32]. Operations are expected
to begin in 2024.
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Figure 6. Scheme of the Twence WtE + CCU plant (The Netherlands).

 
Figure 7. The Klemetsrud WtE + CCS pilot plant (Norway).

3.4. Duiven (The Netherlands)

The Duiven facility produces approximately 400,000 t-CO2/year (non-biogenic and
biogenic) across three lines while processing a total of 360,635 t of waste per year [33]. In
May 2018, AVR decided to invest in a CO2 capture plant at Duiven for treating WtE flue
gases. The captured amount is about 100,000 t-CO2/year [34], using commercial MEA. The
separated CO2 is compressed to 16 bar and cooled to −20 ◦C to be delivered in liquid form
for greenhouse horticulture (flowers, vegetables, and plants), with seasonal adjustments,
via truck transport [35]. AVR has also entered into an agreement with Air Liquide for CO2

purchase, and other utilization applications are being evaluated (Figure 9).
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Figure 8. Process scheme of the Klemetsrud WtE + CCS pilot plant (Norway) [20].

3.5. Copenhagen (Denmark)

The recently built Amager Bakke incineration plant in Copenhagen (2017) is a state-
of-the-art facility with one of the highest energy-recovery efficiencies in Europe and is
the largest of its kind in the Nordic region. Amager Bakke is designed to treat much of
Denmark’s waste with a capacity of about 600,000 t/year [36,37]. Carbon in the waste
is nearly completely oxidized to CO2, with emissions between 0.7 and 1.7 t-CO2 per ton
of MSW [38].

The Amager Resource Center (ARC) in Copenhagen is potentially Denmark’s first
CCS project. A pilot project funded by the “Energiteknologiske Udviklings-og Demonstrations”
program is currently in operation [37]. It was indicated in early 2022 that the demonstration
unit—previously installed at a wastewater treatment facility [38]—would be capable of
capturing 12 t-CO2/day using MEA chemical absorption and has recently been scheduled
for further expansion [39]. The goal is a large-scale facility capturing 500,000 t-CO2/year
and operational by 2025 [36], contributing significantly to Copenhagen’s ambition of
becoming the world’s first carbon-neutral capital. The captured CO2 is expected to be
sequestered or converted into green fuels (Power-to-X) [40].

3.6. Planned Plants
3.6.1. Yokohama (Japan)

Mitsubishi Heavy Industries Engineering, Ltd. (Tokyo, Japan) (MHIENG) and Mit-
subishi Heavy Industries Environmental & Chemical Engineering Co., Ltd. (Kanagawa,
Japan) (MHIEC), together with the City of Yokohama and Tokyo Gas Co., Ltd. (Tokyo,
Japan), are preparing to start demonstration tests for capturing and efficiently utilizing CO2

emissions from a local WtE plant to support the creation of a carbon-neutral society [41].
The demonstration project will integrate MHIEC’s and Yokohama’s operational ex-

pertise in WtE plants with MHIENG’s high-performance CO2 capture technology and
Tokyo Gas’s experience in methanation. The aim is to capture and effectively recycle CO2

primarily derived from household waste incineration. The planned unit is a compact
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CO2 capture system with a capacity of 0.3 t/day (2400 t-CO2/year) applicable to various
industrial facilities. The high-purity CO2 captured from flue gases will be transported to
Tokyo Gas’s Yokohama Techno Station in Tsurumi-ku, where it will be used for methanation
testing (the process synthesizing methane from CO2 and hydrogen) and research on its
direct utilization.

 

Figure 9. Scheme of the Duiven WtE + CCU system (The Netherlands).

3.6.2. Alkmaar (The Netherlands)

The Alkmaar plant, operating since 1996, supplies 418,000 MWh/year of electricity
and 12,222 MWh/year of thermal energy, with estimated CO2 emissions of 673,882 t/year
(fossil and biogenic). Moving toward decarbonization, the company HVC is launching
two initiatives to capture CO2 from WtE flue gases: “Ambience, Ambition” (project 1)
and “Amazing” (project 2). The selected CCS technology is amine-based absorption, and
the captured CO2 will be liquefied, transported by truck, and delivered to greenhouse
horticulture companies [42]. Project 1 involves building a pilot plant integrated with
the “Ambience” capture unit (Alkmaar biomass energy carbon capture use, featuring a 12 m
absorption column) and the “Ambition” liquefaction unit (Alkmaar Bio-CO2 liquefaction for
greenhouse use). The CO2 capture plant was built in November 2018 at the BEC Alkmaar
waste incineration site. Operations were expected to begin in 2019, with an expected capture
rate of approx. 0.5 t/h and about 4000 t-CO2/year. The plant was expected to operate for
12 years, with most CO2 production occurring in summer. No further information could be
retrieved about the plant. Another initiative for Alkmaar is the “Amazing” project (Alkmaar
feasibility study for large-scale, high-purity CO2 capture and liquefaction), consisting of a
large-scale CO2 capture and liquefaction plant. The feasibility study was expected to be
completed in 2019. The “Amazing” project envisions capturing 15 t/h of CO2 (about 60%
of the CO2 from line AEC 4 or BEC), producing 75,000 t/year of liquid CO2, preferably
in summer.
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3.6.3. Niederurnen (Switzerland)

KVA Linth [43] is a WtE plant in Switzerland with a waste-incineration capacity
of about 115,000 t/year and emissions of approximately 120,000 t-CO2, half of which
biogenic [44]. KVA Linth is studying the potential for CO2 capture from stack gases using
amine-based technology.

3.6.4. Haverton Hill (UK)

In the UK, SUEZ and BP signed a memorandum of understanding in 2020 to explore
the feasibility of the nation’s first carbon capture and storage project applied to energy-
from-waste [45,46]. The “Net Zero Teesside Carbon Capture, Utilization and Storage” project
aims to capture up to 10 million tons of CO2 emissions—the equivalent of the annual energy
consumption of more than 3 million UK households (Figure 10).

 

Figure 10. Scheme of the Teesside Valley WtE + CCU system.

The commercial-scale demonstration plant, based on a modular system, will operate
at Haverton Hill in Teesside. The Teesside Energy from Waste plant at Haverton Hill
is an MSW incinerator and WtE power station providing 29.2 MW of electricity to the
national grid while burning 390,000 t/year of household and commercial waste. The plant
under engineering design is intended to capture 162,000 t-CO2/year using an amine-based
solvent for underground storage [47]. The goal is to remove 90% of the CO2 emitted by
the incineration plant (Figure 11). Efforts are underway to evaluate several CCUS hubs
involving large, clustered CO2-emitting facilities sharing transport and storage solutions
to improve CO2 supply continuity and achieve significant economies of scale. A report
by Eunomia Research & Consulting Ltd. (Bristol, UK) [48] identified 15 WtE plants near
five major UK CCUS hub projects. These clusters are expected to represent the first phase
of WtE + CCUS implementation in the UK. Another 14 WtE facilities near major port hubs
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could support a second phase. A third phase would likely include all remaining WtE plants
where CCUS is considered feasible.

 

Figure 11. CO2 capture plant under engineering design at Haverton Hill.

3.6.5. Amsterdam (The Netherlands)

The Amsterdam plant has a total electrical output of 125 MW and produces 70,278 MWh/year
of thermal energy, emitting roughly 1.2 Mt-CO2/year (fossil and biogenic).

The operator AEB intends to capture CO2 and sell it for greenhouse applications
in the Westland region [49]. Alternatively, after capture, the CO2 may be transported at
20 bar [21] via an existing OCAP pipeline. The operator, together with OCAP, is also
negotiating the construction of a centralized liquefaction facility to process CO2 from Shell
and Alco as well. This alternative option is still under study but would benefit non-pipeline-
connected suppliers. The planned capture technology consists of a post-combustion MEA
solvent-washing unit. The estimated amount of CO2 to be captured from the main plant is
450,000 t/year [49]. Technical and economic feasibility studies are ongoing.

3.6.6. Rozenburg (The Netherlands)

Following the Duiven project, AVR plans to build a much larger CO2 capture plant in
Rozenburg in the coming years [50], and a Front End Engineering Design (FEED) study is
underway. In this case, the captured CO2 would be transported to end users via pipeline.

4. Conclusions
This review demonstrates that CO2 capture in waste-to-energy plants has progressed

beyond a purely conceptual stage and is emerging as a strategically important option within
net-zero and negative-emission pathways. While the sector remains at an early deployment
phase, the analysis highlights that there is global interest in applying the capture process to
incineration plants, with many projects currently under development.

From a technological perspective, post-combustion capture using solvent-based ab-
sorption systems currently represents the most mature and promising option for application
in existing WtE plants.

This technology benefits from extensive experience in power and industrial sectors
and offers a relatively high degree of adaptability. However, the CO2 capture in incineration
plants is inherently more complex than in gas-fired power plants due to the heterogeneity
of waste feedstocks, that leads to significant variability in flue gas composition, including
higher concentrations of impurities such as acid gases, particulates, heavy metals, and
trace organic compounds. These contaminants can accelerate solvent degradation, increase
corrosion rates, and raise operational and maintenance costs for capture systems, particu-
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larly amine-based solvents. As a result, robust and reliable flue gas pre-treatment systems
are essential to ensure the long-term stability and performance of carbon capture systems.
While modern WtE plants are already equipped with advanced flue gas cleaning units, the
requirements for CCUS may necessitate additional or upgraded treatment stages, further
increasing capital and operational expenditures.

Carbon capture systems based on chemical absorption are energy-intensive, primarily
due to the thermal demand for solvent regeneration and the electrical demand for CO2 com-
pression. In WtE plants, the extraction of steam for capture purposes can reduce electricity
generation or district heating output, directly affecting the plant’s net efficiency. Neverthe-
less, the dual nature of WtE emissions, comprising both fossil-derived and biogenic CO2,
positions this sector as a critical contributor to negative emissions when biogenic CO2 is
permanently stored. This strategic advantage significantly enhances the long-term value
proposition of CO2 capture in WtE facilities, particularly under evolving carbon pricing
mechanisms, incentives for negative emissions, and inclusion of waste-derived emissions
in climate policy frameworks.

In this context, the significance of this review extends across multiple stakeholder
groups. For plant operators and technology developers, it provides a consolidated assess-
ment of the most suitable capture technologies, key operational challenges, and integration
constraints specific to WtE facilities. For researchers, the review identifies priority areas
for further investigation, including solvent optimization, advanced gas cleaning, energy
integration, and system reliability under WtE-specific flue gas conditions. For policy-
makers and regulators, the findings underline the need for coherent carbon accounting
methodologies that distinguish between fossil and biogenic CO2, as well as targeted policy
instruments that can bridge the economic gap during early deployment.

Overall, this review highlights that CO2 capture in WtE plants is not merely an
incremental add-on technology but a strategically relevant component of integrated waste
management and climate mitigation systems. Its successful deployment will depend on
coordinated advances in technology development, economic incentives, and policy design,
enabling the sector to contribute meaningfully to net-zero and, ultimately, net-negative
emission targets through the capture and permanent storage of non-biogenic and biogenic
CO2 from wastes.
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ARC Amager Resource Center
CCS Carbon Capture and Storage
CCUS Carbon Capture, Storage and Utilization
CCU Carbon Capture and Utilization
CEWEP Confederation of European Waste-to-Energy Plants
EfW Energy-from-Waste
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FEED Front End Engineering Design
FOV Fortum Oslo Varme
MEA MonoEthanolAmine
MSW Municipal Solid Waste
WtE Waste-to-Energy
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