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Achieving global net-zero emissions requires widespread adoption of Carbon Capture Utilization and Storage
(CCUS) technologies. However, the current state-of-the-art using amines relies on fossil fuel-based thermal en-
ergy for solvent regeneration, offsetting some emission reductions. This study proposes and validates an econom-
ically viable decarbonization strategy for carbon capture units. The carbon capture unit is evaluated in isolation,
proposing different cases focused on varying levels of decarbonization. The methodology utilizes available pro-
cess waste heat while reducing dependence on external heat supply. A techno-economic evaluation against the
background of Germany, considering both the high electricity-fuel price ratio and fossil-heavy electrical supply
to be important deterrents. Using Aspen Plus™, an industrial pilot CC unit was simulated, and a conventional
High Temperature Heat Pump (HTHP) solution employing hydrocarbons was integrated, reducing external heat
demand by 27 % with minor process modifications. More complex integration systems can achieve total decar-
bonization of the heat supply, albeit at higher costs. The study also investigates the role of carbon credits as both
a cost and revenue source, along with sensitivity analyses on process costs and emissions. The present work intro-
duces a novel approach for economic decarbonization of solvent-based carbon capture units. Minor modifications
to the operating pressure in the regeneration column were found to increase heat demand and emissions, but
also permitted the use of novel HTHP technologies, resulting in even lower process costs and emissions at high
electrification levels. The results offer valuable insights for researchers, technology providers, and policymakers
seeking to reduce emissions from emission-intensive industries.

1. Introduction

In 2021, the atmospheric concentrations of major greenhouse gases
reached approximately 415 ppm for CO,, 1896 ppb (parts per billion)
for CH,4, and 335 ppb for N,O. Notably, the current CO, concentrations
are known to exceed, with a high degree of certainty, any levels occur-
ring over the past two million years (IPCC, 2023). These unprecedented
concentrations, especially of CO,, are the primary drivers of global cli-
mate change. As a result, the frequency and severity of extreme weather
events—such as floods, cyclones, wildfires, and storms—have increased
in inhabited regions (IPCC, 2023). Beyond these direct impacts on hu-
man societies, climate change also leads to significant biodiversity loss
and irreversible alterations to natural ecosystems.

To limit global warming potential below 2° C, the energy sector must
reduce net CO, emissions by 87-97 % by 2050 (IPCC, 2022). The plau-
sibility of retiring fossil-based energy system early seems genuine; how-
ever, the local business, individuals and countries might lose econom-
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ically from their stranded assets. While the feasibility of transitioning
to non-fossil energy sources is underpinned by positive intentions, Goh
and Gordon (2025) mention the probable push-back from social and
industrial players towards policy changes. The Agency (2023) consid-
ers retrofitting solutions for currently existent industrial facilities, such
as Carbon Capture, Utilization, and Storage (CCUS), crucial short-term
solutions particularly for industrial sectors with unabatable emissions.
These facilities serve as a reliable source of high-purity CO,, suitable
for various applications, including the synthesis of synthetic fuels (Prats-
Salvado et al., 2022).

Amine scrubbing is considered as a robust technology for CO,
removal owing to decades of use and experience in the gas purifi-
cation industry (Rochelle, 2009). As a benchmark co-sorbent, mo-
noethanolamine (MEA) is characterized by its high cyclic capacity, sig-
nificant absorption-stripping kinetic rates at low CO, concentrations,
and high water solubility (Kohl and Nielsen, 1997). MEA reacts read-
ily with aqueous CO, to form carbamate, with an absorption capacity
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Nomenclature

Acronyms

DLR German Aerospace Center
HP Heat pump

SI Supplimentary Information
COP Coefficient of performance
GCC Grand Composite Curve
CAPEX Capital expenditure

OPEX Operational expenditure
GHG Greenhouse gas

CCUS Carbon Capture and Utilization/Storage

HTHP High temperature HP

MVP Mechanical vapor recompression

LCOC Levelized Cost of Carbon Capture

LvVC Lean Vapor Compression

MER-HEN Maximum Energy Recovery - Heat Exchanger
Network

TCM Technology Center Mongstad

RLHX Rich-Lean Solvent Heat Exchanger

TAC Total Annualized Costs (of an industrial unit)

ETS Emissions Trading System

HX Heat Exchanger

SRD Specific Reboiler Duty

AARD Absolute Average Relative Difference

EUA European Union Allowances (to be used in the ETS
system)

ENRTL-RK Electrolytic Non-Random Two Liquid model with
Redlich-Kwong equation
ELECNRTL Electrolytic Non-Random Two Liquid model

LMTD Logarithmic Mean Temperature Difference
Units

ppm parts per million (mg/kg)

ppb parts per million (ug/kg)

Latin symbols

E Cost function exponent

p price

H Enthalpy

Q Heat or enthalpy

0 Heat flow rate

t Tonne (=1000 kg)

T Temperature

U Overall heat transfer coefficient

W Work (energy)

c Cost

r Ratio

f Cost function factor

m Degression exponent

m Mass flow rate

s Operational cost savings

Greek symbols

A Change or difference between two values of a
physical quantity

n Efficiency

a, p,7.¢ Function coefficients

Subscripts

el Electricity

fuel Fuel

lift Lift

sink Heat sink side of the heat pump

source Heat source side of the heat pump

coverage Heat coverage by heat pump

sys System integration and peripherals

PI Planning and installation

om Operating and maintenance

eq Referring to a specific equipment

wf Referring to a working fluid

cap Referring to captured CO,

comp,i Referring to the compressor i

sup Degree of superheating

sat Saturated (vapor)

CD Referring to the condenser in a heat pump

EV Referring to an evaporator in a heat pump

rec recovered

of 0.5 mole of CO, per mole of MEA (Sema et al., 2012). However,
the chemical absorption process generates high reaction heat (approx.
1.9 MJ/Kkgco,), requiring a significant heat supply for solvent regenera-
tion, traditionally carried out using steam stripping (Bravo et al., 2021).

Heat integration analyses in the context of emissions mitigation and
carbon capture systems is well-established strategy. Kishimoto et al.
(2012) present an alternative pathway in which coal-firing is replaced
by coke gasification followed by a CO-shift reaction that yields H, for
steam-turbine power generation. Using the Linnhoff et al. (1994) pinch-
analysis framework, the authors performed a full-scale heat-integration
of the combined gasification-CC unit and reported a ~ 40 % reduction
in the overall energy demand.

Higgins and Liu (2015) quantify the energetic penalty of several
liquid-gas absorption technologies applied to power generation, and
showed that modest equipment modifications can increase heat recov-
ery potential. Ali et al. (2018) propose plant wide steam networks that
harvest waste heat from hot flue gases and redirect it to the capture
subsystem, thereby lowering the net emissions of high intensity indus-
tries. These studies focused on improving the exergetic balance of CC
units.

High temperature heat pumps focus on the upgrading of waste pro-
cess heat to useful temperature levels. Currently, there are several op-
tions available at different levels of technological maturity. An interest-

ing open-access source of commercial technologies and applications is
provided by the IEA HPT (Heat Pumping Technologies, Centre (2023)).
Pinch analysis remains the cornerstone for locating the thermal pinch
point, marking the boundary between heating and cooling regions, and
for the optimal placement of heat pumps. Several works (Townsend and
Linnhoff, 1983; Zhang et al., 2015; Linnhoff and Hindmarsh, 1983) high-
light the difficulty of integrating vapor compression heat pumps because
of temperature lift constraints, a limitation that is increasingly mitigated
by modern high temperature heat pump (HTHP) technologies. Alab-
dulkarem et al. (2015) emphasize the need to co-optimize heat pump
selection and working fluid choice.

Recent investigations have therefore explored HTHPs as auxiliaries
for amine based post combustion CC. Both upstream and downstream
waste heat sources were explored as relevant sources for partial sup-
plementation of the CC heat demand (Hasan et al., 2012; Cremona
et al., 2025; Alabdulkarem et al., 2015), as well as CC-specific waste
heat, namely the condenser of the regeneration unit (Wilk et al., 2024).
Jensen et al. (2024) examined the electrification of an amine based unit
for biogas upgrading, combining HTHPs with manipulation of stripper
pressure. Isogai and Nakagaki (2024) addressed the high electrical de-
mand of HTHPs by introducing a buffer tank that stores CO, rich amine
and operates a fully electrified stripper only when grid electricity is
economical.
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Comprehensive techno economic assessments confirm the viabil-
ity of these concepts. A cement plant case study by Cremona et al.
(2025) compared three HTHP configurations - integrated reverse rank-
ine, lean vapor compression, and mechanical vapor recompression lever-
aging heat from the cement process, the CC unit, and the intercooler of
the downstream CO, compressor. Across all scenarios, the inclusion of
HTHPs reduced the net heat demand and improved the overall cost ef-
fectiveness of the capture system, underscoring the strategic value of
advanced heat integration in low carbon energy infrastructures.

However, the possibility of economic decarbonization by detailed
analysis of partial to full electrification of a carbon capture unit, us-
ing only the waste heat generated within the CC system, has not been
explored in the literature so far. Including the decarbonization of large-
scale CC projects is paramount to maximize the decarbonization of the
entire process chain, which in this case is achieved by electrifying the
heat demand of the process. While heat integration offers economic ad-
vantages, current proposals rely, at least partially, on upstream or down-
stream processes or fossil-fuel-based energy, reducing overall efficiency
and increasing CO, emissions. Thus, an analysis of the CC process as
a standalone unit is proposed, which can be either retrofitted into ex-
istent industrial units, or considered from the project phase. Further,
the CC units are normally supplied as proprietary technologies by the
companies. For example, BASF and Linde Engineering worked together
to test an advanced solvent OASE Blue for CC with improved process
design on a large pilot plant facility (O’Brien et al., 2021). Similarly,
Carbon Clean Solutions™ have demonstrated better performance char-
acteristics of their proprietary solvent CDRmax™ when compared with
MEA (Patkar and Bumb, 2017; Bumb et al., 2017). The aforementioned
proprietary technologies are just a few mentioned ones out of the pool of
availability to choose from. A comprehensive collection of technologies,
not limited to solvent-based CC, is compiled by the Global CCS Institute
(Barlow and Shahi, 2024).

Utility requirement is an important decision parameter before pro-
ceeding with a unit retrofit, thus it is expected that technology providers
disclose this data. This heat demand puts pressure on the existent fa-
cilities, and may also lead to lower process outputs (due to rerouting
of available process heat) or higher fuel consumption, and thus more
emissions. These factors prompt the need for decarbonized variants of
currently commercialized carbon capture units.

Both researchers and technology providers alike are called to con-
sider the development of deployable CC units that minimize the need of
external heat supply. To maximize the decarbonization potential of the
process, care should be given, when possible, to provide electricity with
a low-carbon footprint, such as on-site renewable solutions. This paper
aims to evaluate an innovative HTHP configuration for standalone CC
units using aqueous MEA solutions, ensuring energy efficiency and min-
imal additional utility requirements for the existing facility.

1.1. Objectives and novelty

Amine-based carbon capture is a relatively mature technology, but
its widespread deployment is hampered by high energy requirements
and associated costs. In many retrofit projects the capture unit is sup-
plied with space, power, water and steam from the host plant and is
treated as a black-box because of proprietary agreements. Consequently,
most existing studies evaluate heat-pump integration only when exter-
nal utilities are available.

The present work investigates the integration of a conceptual
reverse-Rankine-cycle-based high-temperature heat pump (HTHP) into
a stand-alone carbon capture (CC) plant. Two novel process configura-
tions are benchmarked against the current state-of-the-art using MEA
solutions. The specific objectives are:

¢ Thermodynamic feasibility: Establish whether a reverse-Rankine
HTHP can be integrated into large-scale CC units without external
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heat sources based on experimental results from a industrial-scale
pilot plant using a CO,-lean flue gas;

¢ Energetic and economic performance: Quantity the associated
cost implications of the HTHP-integrated configurations relative to
conventional designs;

¢ Design-oriented framing: Provide a complete analysis of costs and
emissions associated with the electrification of carbon capture pro-
cesses, taking into consideration increased levels of decarbonization
as well as minor process operation modifications.

Developing modular CC units for different types of emissions would
greatly benefit from not depending on available process heat or utility
supply on the overarching industrial unit, permitting higher versatility
in applicability, while lowering the efforts for pre-project basic engineer-
ing. Prior investigations of heat-pump integration in CC units typically
rely on upstream or downstream processes to supply the heat demand.
Analyses focused on the electrification of a standalone CC unit are not
absent in the literature, which frequently make use of CO,-rich flue-gas.
Therein lies the novelty of this work, making use of a CO,-lean flue gas,
reflecting the typical emissions of fossil-fuel fired combined heat and
power (CHP) units. By highlighting the utility requirements and provid-
ing a very conservative estimate for annual costs, the work underscores
the techno-economic feasibility of decarbonised variants of commercial
CC units and informs technology owners and academic experts alike
about realistic integration pathways.

The integration of a reverse-Rankine HTHP into a stand-alone
carbon-capture unit promises significant reductions in both energy con-
sumption and operating cost, while preserving the flexibility required
for retrofit applications. The subsequent sections of this paper will de-
tail the thermodynamic modelling, the novel plant configurations, and
the results of the techno-economic and sensitivity analyses that substan-
tiate these claims.

While the ultimate aim is full electrification of CC units, partial-
electrification may be attractive to both prospective clients and technol-
ogy owners. The concepts presented here can be incorporated into future
CC deployments, offering a pathway to reduce the energy penalty that
currently limits the attractiveness of amine-based capture technologies.

2. Methodology

This section introduces the fundamentals of the conventional MEA-
based carbon capture process, as well as the possible integration of heat
pumps. It elaborates on the simulation example central to the paper
and elucidates the foundational concept for integrating reverse-Rankine-
based HTHP.

As stated in the introduction, one of the main objectives of this
manuscript is to provide a novel self-integrated concept for a carbon
capture unit. The workflow, presented in Fig. 1, starts with the choice
of industrial process targeted for carbon capture, followed by the selec-
tion and modelling of the CC process deemed the best for the flue gas
characteristics determined in the previous step. The simulation results
obtained are validated against reported data from an industrial facility
(or literature). The validated simulation model undergoes process in-
tegration analysis based on the guidelines proposed by Linnhoff et al.
(1994), limiting itself to heat recovery analysis using basic pinch anal-
ysis and Maximum Energy Recovery - Heat Exchanger Network (MER-
HEN) design. The waste heat analysis (T-Q curves) focuses on individual
cooling demand points within the CC unit to identify high-quality waste
heat. The results from this method can be translated into the integration
of a HTHP system, harnessing available high-quality waste heat to en-
hance the coefficient of performance (COP). The fundamental process
is adapted with diverse heat pump integration concepts. The modified
processes are ultimately assessed via a comprehensive technoeconomic
analysis and compared with available literature results.
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Choosing Industrial Process
12
Process Simulation of CC Unit

2

Validation of Simulation Results

12

Process Integration Analysis
¥

Waste Heat (T-Q) Analysis
¥

High-Temperature Heat Pump (HTHP) Integration

¥

Economic analysis of modified configurations

Fig. 1. Workflow for the design of a decarbonization concept applied to a CC
unit.

2.1. Carbon capture by chemisorption

The Technology Center Mongstad (TCM) is a test center for devel-
oping CO, capture technologies and a leading competence center for
carbon capture that is located in Mongstad, Norway. It is a joint ven-
ture between the Norwegian government and several international oil-
and-gas players, with the main goal to evaluate and enhance CO, cap-
ture technologies in a real industrial setting, ultimately supporting their
large-scale implementation. This is done by enabling the technology de-
velopers to validate their carbon capture solutions in their facility before
full-scale implementation. The facility is designed to process emissions
from multiple sources, thus allowing to mimic vast range of different
industrial gas composition. Apart from providing testing facility and
consultation on carbon capture projects, TCM is active in knowledge
sharing through vast number of publication and conferences. The dis-
seminated data provides valuable insight into the operation and process
design of a carbon capture unit of high technological readiness (Park,
2025; Mongstad, 2020, 2024).

2.1.1. Process description, plant design and operational parameters

The model discussed in this paper is based on extensive operational
data from TCM’s 2015 campaign, which treated flue gases from a natural
gas-fired power plant and used MEA solvent for carbon capture (CC).
This model exemplifies a typical implementation for a chemisorption-
based CC plant, following the standard practices outlined by Faramarzi
et al. (2017) and can be visualized by Fig. 2. Dimensioning of equipment
and stream initialization was carried out based on reported data.

Like all liquid-vapor separation processes, CC features extensive use
of contact columns, described in detail in Table S1 in the SI. The di-
rect contact cooler (DCC) is responsible for quenching and lowering the
temperature of incoming hot flue gases using water. The quenching also
reduces the moisture content of gas and improves the efficiency of the
absorption process downstream (Hume et al., 2021).

The absorber employed in the pilot setup features three packing sec-
tions and feed positions, which parameters can be customized to maxi-
mize testing flexibility (Table S1). In the absorber column, the flue gas
comes in contact with the lean solvent and CO, is chemically bound to
the solvent. The exothermic reaction causes a temperature bulge in the
absorber and most of the reaction enthalpy (Qups, co,) is carried over
by the treated flue gas (now CO,-lean) which is ultimately lost to the
environment in the water wash section (Kim et al., 2014).

Two water-wash sections (WW I and WW II, Table S1) are installed
above the absorber packing, within the same column. The goal of these
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units is to quench the sweet gas, lowering its temperature and removing
remaining traces of solvent and its degradation products to comply with
regulations on gas emissions. The allowable maximum emission limit
from TCM plant in perspective of amines was set to 6 ppm, and that of
ammonia to 100 ppm, (Faramarzi et al., 2017).

The rich solvent (containing chemically bound CO,) is pumped to
the top of the regeneration column (also known as gas stripper), passing
through the Rich-Lean Solvent Heat Exchanger (RLHX), which performs
heat recovery by preheating the pumped rich solvent using the hot lean
solvent exiting the regenerator while simultaneously cooling the lean
solvent.

The regeneration column is another packed column (Table S1) where
the rich solvent is stripped from its absorbed CO, using steam. The strip-
ping steam is generated in the reboiler which partially evaporates the
amine solution itself (100-140° C), typically using hot utilities at atmo-
spheric or slightly super-atmospheric pressures (low-pressure process
steam). The heat demand of the unit (Qepoiier) is best described by
Eq. (1), where Qqepsivie refers to the heat required to raise the temper-
ature of the incoming rich solution between RLHX output and reboiler
temperatures; and Qy,p, 1,0 refers to the heat of evaporation necessary
to generate the portion of stripping steam in the reboiler that does not
condense as it rises through the stripper column and eventually con-
denses in the overhead condenser (Oexmann and Kather, 2010).

Qreboiler = Qsensible + Qvap, H,0 + Qabs, CO, (1)

The stripper considered in this model operates at a pressure of
around 1.9 bar, and the reboiler supplies the required energy using
condensing 3 bar, steam. The hot lean solvent is pumped again through
the RLHX, usually still requiring the supplementation of cold utilities to
reach the desired absorber temperatures. The stripped gas (having large
proportion of CO,) leaves the top of the stripper packing and enters the
water wash section (WW III, Table S1), which operates similarly to WW I
and WW II, removing solvent and amine degradation products (Morken
et al., 2017), as well as contributing visibly to the recovery of CO,. Un-
like the water wash sections after the absorber where the emissions are
to be tuned to the environmental standard, the water wash section af-
ter the stripper contributes to an extent to maintain the CO, product
quality. The washed gases after the stripper are partially condensed us-
ing cold utilities to remove water and amine, which are refluxed to the
column (Johnsen et al., 2019). The overhead production is the target
conditioned CO, gas.

With a carbon capture unit being an end-of-pipe solution, the exist-
ing utility system is often unable to fulfill the additional energy demand
of the retrofit. Process steam using in the TCM pilot is sourced from
an upstream refinery. The estimation of cooling water temperature was
done based on the report prepared by Golmen et al. (2013), which car-
ried out various sea parameter measurement for two years (2011-2013).
Based on the annual undersea temperature (at a depth of 100 m) off the
coast of Mongstad, it was assumed in this study that the cooling water
intake is at 10° C and discharge is at 15°C.

The process description tells us that while there is a single spot re-
quiring heat demand (reboiler), there are several points throughout the
system where cooling is needed (lean amine cooler, WW I, II, and III,
DCC cycle cooler, and regeneration condenser). These are clear poten-
tial points for heat integration, with the main issue being the stark mis-
matching between temperature levels for these streams.

2.2. Aspen Plus™ modelling of the TCM unit

This section discusses the steady-state simulation in Aspen Plus™V14
for the CC unit described in Section 2.1.1. The thermodynamic prop-
erty method used in the entirety of this analysis is the electrolytic
non-random two liquid with Redlick-Kwong gas (ENRTL-RK) method,
a common solution found in the literature (Smahi et al., 2023; Sanku
and Svensson, 2019). The section on simulation validation Section 4.1
covers different model comparison in detail later. Acid-base chemistry
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Fig. 2. State of the art: MEA based carbon capture system- The indicated process parameters are based on MEA testing results from the technology centre Mongstad’s
CHP-flue gas CO, capture test campaign Faramarzi et al. (2017). The specified values in figure as * are assumed for simulation purposes.

Table 1

Flue gas characteristics defined in the
simulation (Adapted from Faramarzi
et al. (2017)).

Flow rate m3/h 59,430
Temperature °C 50

N, Std.Vol%  77.86
0, Std.Vol% 14.6
CO, Std.Vol%  3.84
H,0 Std.Vol%  3.70

and reactions were taken from the example simulation provided by As-
pen Technology (2014). Detailed descriptions of unit blocks, species,
utilities, and reactions are available in chapter S2 of the Supplementary
Information (SI), while important process parameters for simulation ini-
tialization can be found in chapter S1.

2.2.1. Process flow and unit operations

Feed Stream (Flue gas): The flue gas is taken from the stack of the
power plant, with the characteristics presented in Table 1. While the
literature mentions exhaust flue gas temperatures for large-scale CHP
systems between 149 and 185°C (Hume et al., 2021; U. S. Environ-
mental Protection Agency and Heat, 2015), it was decided to assume a
lower temperature to allow the simulation findings to be applicable to
wider varieties of flue gases. The methodology described earlier (Fig. 1)
could flag such upstream high-temperature flue gases as high-quality
waste heat. To avoid assumptions about industrial heat recovery, lower
flue gas temperatures are used, keeping the analysis at the carbon
capture unit level and providing a conservative scenario.

Direct Contact Cooler: It is assumed that the flue gas is taken from
the bottom of the stack at atmospheric pressure, and is pressurized
by a blower to overcome pressure losses in the upcoming columns.
Actual pressure losses calculations were not considered for this stage,

and a value of 1 kPa was assumed. The direct contact column (DCC)
is modeled as an Equilibrium-based RadFrac unit block, where flue
gases enter from the bottom stage and quenching water enters from
the top stage. The mass flow is estimated using a design specification
to ensure a final temperature of 29.8° C. Relevant parameters for the
water washing cycles can be found on Table S3 in the SI.

Absorber: The Absorber column is modelled as a Rate-based RadFrac
unit block, maintained at atmospheric pressure without any assumed
pressure drop. In the context of this manuscript, a single feed at the
highest feed position was assumed, and the packing was assumed to be
a single unit 24 m tall (Table S1). The unit block also contains the water
washing stages (WW I + WW II) associated with the absorber, where
reaction is not assumed to take place; relevant parameters for the water
washing cycles can be found on Table S3 in the SI. The corresponding
hydraulic plots produced by the software indicated correct dimension-
ing, by presenting an estimated flooding of less than 80 % throughout
the entire column. CO, lean flue gas exits the top of the absorber col-
umn at atmospheric pressure and rich amine solvent (CO,-loaded) exits
via the bottom stage.

The CO, capture rate can be estimated using Eq. (2), where Fcoz_i refers
to the molar flow of CO, in a given gas stream i. It is also one of the
methods summarized in Table S14 of SI.

(FCOZ,fluc - FCOZ,xweetgax)

(2)

rlCOZ FCOZ,flue

Regeneration: This column is also modelled as a rate-based RadFrac
unit block, maintained at 1.91 bar, without any assumed pressure
drop. Plant data from the 2015 TCM Campaign using MEA and power
plant flue gases were used to parameterize the simulation (Faramarzi
et al., 2017; Montafiés et al., 2017). A reboiler duty (Q,,,) of 3417 kW
from Montanés et al. (2017) was adopted, as it slightly exceeds the
3323-3390 kW range in Faramarzi et al. (2017), providing a conser-
vative allowance for operational variability and design.
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The hot rich amine solvent, from the RLHX (see Section 2.1.1), is fed to
the top of the reactor area together with the reflux from the overhead
condenser. The reboiler is modelled as a kettle to facilitate convergence,
although Montanés et al. (2017) mentions that the reboiler employed in
the real plant is actually a thermosiphon. The diameter of the columns
in this stage is defined as 0.92 m, although the actual reported value is
1.25m (Table S1), to achieve satisfactory results for the hydraulic plots
by limiting flooding in each stage to less than 80 %, i.e., within normal
allowed operational limits. The regenerated lean-amine solution exits
through the bottom stage (reboiler) of the regeneration column and is
heat integratedwith the RLHX, as described in Section 2.1.1.

The acid gas water washing on top of the regenerator (WW III) is contrar-
ily to what is observed for the absorber column, modelled as a separate
unit block with no pressure losses, in opposition to the strategy adopted
when modeling the absorber. It operates similarly to the aforementioned
water washing cycles, relevant parameters for the water washing cycles
can be found on Table S3 in SI.

The specific reboiler duty(SRD) is an important performance parameter
of a CC unit. It can be typically estimated using Eq. (3), where riicg, rec
refers to the mass flow of CO, leaving the condenser of the regeneration
column.

Qreb

mC 0, .rec

SRD = 3
CO, conditioning: The gases exiting the WW III are primarily compris-
ing of water and CO,. These are cooled down using an overhead partial
condenser employing cooling water, with the temperature defined to
ensure a moisture value within target values in the final CO, product.
Separation occurs in an adiabatic flash tank and the bottom reflux is
recycled to the regenerator column.

MEA Make-up: After integration in the RLHX, the lean amine requires
further cooling to achieve the temperature requirements for the
absorber (35°C). The makeup unit block estimates automatically the
necessary amount of MEA and water that needs to be supplied to the
system to maintain standard 30 wt.% of MEA while compensating for
losses due to evaporation. Losses due to chemical degradation have not
been considered within the context of the model.

2.3. Economic analysis

2.3.1. Capital cost

The base equipment cost is calculated considering the component
size, construction material, design pressure and temperature, base pur-
chase cost and its reference year. Base costs (Cy,) are obtained from
available literature (Smith, 2005; Peters et al., 2003) and equipment
costs (C4) have been calculated according to Eq. (4), where the refer-
ence capacity (CAPy,), capacity factor of each component (F) and addi-
tional correction factors (Table S17 in the SI) related to the construction
material (f)), design temperature (f) and pressure (fp) are included
(Smith, 2005). These factors are listed in Table S17 in SI.

C F
Cd=Cb<CA—Pb> Smfrfe @

The installed equipment costs (CAPEX,,) are obtained by applying
installation factors to the base equipment cost (Table S17 in the SI), as
well as bringing the costs up to the cost year using Chemical Engineering
Plant Cost Indexes (CEPCI, Maxwell (2025)). Thus, the CAPEX of an
equipment can be estimated using Eq. (5), where f;, is the installation
factor, estimated using Eq. (6) (Al et al., 2018).

CEPClygay) o
CEPCly ins

Sins = fer + fict fer + fut fos + /B
+ fsp + fpec + fcont + fws (6)

CAPEX¢q 2024 = Cq X < 5)
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2.3.2. Yearly operation and maintenance costs

Operation and maintenance (O&M) costs or operation expenses
(OPEX) consider both fixed and variable costs (Eq. (7)), and are typi-
cally reported in reference to 1 operating year. Fixed costs do not vary in
the short term and do not depend on the units of materials consumed or
produced, and include maintenance and labor costs. Maintenance costs
are defined as 4 % CAPEX and labor costs are calculated according to
the average yearly salary of one engineer and 3 operators.

OPEX = Z Fixedopgx + Z Variableqpgy (@]

Variable operating costs include the input materials required to oper-
ate the unit, such as utilities and fresh feedstock (Aromada et al., 2020).
In the process in question, the considered utilities are electricity (fan,
pumps, and compressors), low-pressure steam (reboiler) and cooling wa-
ter (cooling system), while fresh feedstock includes make-up water, MEA
and working fluid.

MEA make-up is assumed to be 1.5 kg/tcq 2cap (Morken et al., 2017).
To maintain an MEA concentration of 30 wt.% MEA solution at the lean
input, the make-up unit block (Section 2.2) reports the water and MEA
requirements over time.

In addition to that, a value of 1 % blow-down of the total volume flow
is assumed for processes using direct quenching (DCC, WWs) (Asian De-
velopment Bank, 2022). The cooling water makeup is assumed at 2.9 %
of total cooling water requirement owing to evaporation, windage, and
blow-down losses (Asian Development Bank, 2022).

The assumed cost parameters can be seen in Table S18 in SI. Thus,
variable operating costs are estimated considering the yearly item con-
sumption, specific unit price and plant operating hours per year. Steam
costs have been calculated considering the price of the natural gas and
evaluating the natural gas consumption required for the annual steam
production assuming an efficiency of 82 % (Husebye et al., 2012). Fol-
lowing Ali et al. (2018), the costs for CO, transport and storage are not
included in the OPEX evaluation.

To estimate the total annual cost, it is important to estimate the an-
nualized CAPEX of the plant. This can be achieved using Eq. (8), where
n represents the operational year and r is the interest rate, assuming a
construction time of 1 year and 24 years of operation (Table S18 in the
SI, Ali et al. (2018)).

Y CAPEX,,

224 1
n=1\ (14r)

The total annualized cost of the plant (TAC) is, therefore, given by
Eq. (9) (Ali et al., 2018):

Annualized CAPEX = ®

TAC = OPEX + Annualized CAPEX 9

2.3.3. CO, capture cost

The levelized cost of carbon capture (LCOC) is a common metric for
evaluation of CC processes, referring to the cost of removing a certain
amount of CO, from a gas stream, traditionally reported in Tonneg, .
It can be estimated using Eq. (10)), where ricg, o4, Tefers to the mass
flow of captured CO,, i.e., the difference between the value present in
the feed gas and that present in the exhaust sweet gas (Aromada et al.,
2020).

Lcoc = A€ 10)

mCOz,L‘Hp

CHP power plants within the European Union are required to take
part in the European Union Allowance (EUA) system (European Com-
mission, 2014). Within this system, emitting industries are allocated
a specific amount of EUA, where each EUA stands for the emission
of 1 Tonnegp, (1000kg). Fees and other penalties may be incurred if
a unit does not have enough EUA to account for their emissions. On
the other hand, EUA can be traded through the European Emissions
Trading System (ETS), allowing for possible new sources of revenue for
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environmentally-friendly projects, while permiting more polluting in-
dustries pay for the right to emit. It must be kept in mind, that a fi-
nite amount of EUA is made available by the European Union per year,
and this amount decreases every year (Federal Ministry for Economic,
2023). The value of each EUA is assumed to be 63.32 €/tc02 (value re-
ferring to mid December 2024, International Carbon Action Partnership
(2025)). In the context of this TEA, an initial pool of around 31,000
EUA (around 1.96 M€/y), corresponding to the input flue gas is avail-
able. All Scope I emissions (associated with fuel use and non-captured
emissions) count as further ETS costs for the purposes of this work, while
Scope II emissions, such as those associated with the electrical grid, are
not considered for this estimation. It is assumed that remaining EUA
after accounting for ETS costs can be issued as certificates and traded
away within the ETS system, thus being considered as ETS revenues.

3. Valorization of high-quality process waste heat

The Aspen Engineering Package™ includes the Aspen Energy Ana-
lyzer™, an add-on which facilitate pinch analysis of the results of a
simulation carried out in Aspen Plus™, determining the pinch point
and tracing process composite curves and the Grand Composite Curve
(GCC), which can be interpreted as the heat flow requirement at a given
temperature after implementing heat recovery principles (Walden et al.
(2023)). The software is also able to estimate and visualize different
feasible HEN designs, based on different optimization criteria, such as
number of heat exchanger (HX) units, CAPEX, and practicality of imple-
mentation. In the case of the process in study, temperature level leaps
between the heating and cooling regions make any MER-HEN design
other the one already present impractical.

3.1. Strategy for high-quality waste heat utilization

The following step in the decarbonization workflow (Fig. 1) focuses
on the analysis of individual points of available process heat, that is
currently removed using cooling utilities. This analysis is done with the
help of the T-Q curves obtained for each HX, allowing for the identifica-
tion of interesting heat sources to be upgraded using heat pumps. Two
relevant cases can be readily identified: the overhead condenser of the
regeneration column, due to the high temperature level and substantial
latent heat potential; and the DCC cooler, due to the high sensible heat
potential. The values of the cooling requirements and heat potential for
each HX can be found in the SI (Table S8). An example of the waste
heat utilization strategy can be found in Fig. 3(a), where the T-Q for
the overhead condenser is presented. The area between the process T-Q
curve (red) and the cold utility translates to the concept of irreversibil-
ity with the heat exchanger, where higher irreversibility translates to
higher exergy destruction (Bejan, 1982; Itoh et al., 1986).

A Python tool was developed in-house to identify constant tempera-
ture levels at which heat extraction can be maximized while minimizing
the irreversibility area. Constant temperature levels correspond to phase
changes, such as the two-phase region of a working fluid, like the evap-
orator of a reverse-Rankine-cycle based heat pump. Temperature level
selection is made assuming a AT ,;, of 5° C, and targets a heat recov-
ery of 2/3 of the available heat, as shown in Fig. 3(b). The remaining
low-grade waste heat can, then, be taken away by the cold utility. As
depicted by the shaded areas, the irreversibilities associated with the ap-
proach in Fig. 3(b) are much lower than the base case shown in Fig. 3(a).

There are situations where the available waste heat within a sin-
gle source does not cover the demand of the target heat sink. In such
cases, a multi-stage heat pump solution can be considered, as exempli-
fied in Fig. 3(c). The selection of the second temperature level is not
governed by the same logic as of the first temperature level, as the only
criterion to define the energy availability at the second level is to main-
tain a minimum temperature difference of AT ;, of 5° C at one end of
the heat exchanger. The remaining waste heat is again removed by the
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Fig. 3. T-Q curves of the overhead condenser of the regeneration column. (a)
No heat pump implementation; (b) Proposed constant temperature heat uptake
for a single-stage concept; (c) Proposed constant temperature heat uptake for a
two-stage concept.

available cold utility. Although Fig. 3 only depicts the overhead strip-
per condenser, it is implied that the heat uptake at higher temperature
levels can be extended to other heat sources available in the system.

It is important to notice that, although decreasing irreversibilities
within the heat exchanger helps utilization of higher quality of waste
heat, it also leads to increased cost, due to a lower LMTD, leading to
larger transfer areas. Moreover, additional equipment leads to higher
costs, as the heat load of a single HX is now covered using multiple
larger HXSs.

3.2. High-temperature heat pump integration
The target of the heat pump is to lower the current steam demand in

the regeneration column reboiler, based on heat integration strategies
considered state-of-the-art in gas-liquid separation (Diez et al., 2009).
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Fig. 4. Log P-h curves for the working fluid within HTHP concepts.

The same tool described in Section 3.1 is able to estimate heat pump
parameters after minimizing the irreversibilities and determining the
characteristics of the heat source(s) and sink. The tool makes use of the
CoolProp (Bell et al., 2014) module, and makes use of all 123 working
fluids available in the CoolProp library. The implementation is able to
filter working fluids and is able to determine state variables at different
points of the heat pump, for detailed modelling or troubleshooting, as
well as key process parameters. Two relevant filtering criteria are con-
sidered: 1. only pure working fluids were considered for this analysis;
2. the heat sink temperature is at least 15 K below the critical tempera-
ture of the working fluid. Other relevant assumptions made during the
programming of the tool are as follows:

(a) Reverse-Rankine cycle based heat pump;

(b) Isentropic efficiency of compressor is set at 72 %;

(c) Isenthalpic expansion is assumed for the working fluid via throttling
valves;

(d) After compression, ATgp, 25 °C;

(e) No supercooling on the condenser;

(f) Assumes ideal state of mixing for working fluid, i.e.; AH_;, (En-
thalpy of mixing) = 0.

This tool is currently under development and is the subject of a future
manuscript being composed at the time of writing.

Two reverse-Rankine cycle design concepts were considered, a
single-stage (Fig. 4(a)) and a two-stage (Fig. 4(b)) heat pump system.
In the case of the single-stage HTHP, the total mass flow of working
fluid (rin,¢) is given by the available source heat.

In the case of the two-stage HTHP concept, the total mass flow of
working fluid (r.4nq) is decided by the fraction of the heat demand in-
tended to be covered by the heat pump (Qg;,;.), supplied by the isobaric
enthalpy change 2-2¢c-3 (see Fig. 4(b)). The temperature levels estimated
in Section 3.1 (Fig. 3(c)) determine the operating pressure for the two
evaporators (Pgy; and Pgy,). Mixing of riteyap (middle pressure level)
and #igy,py (lower pressure level) is estimated so that point 2b presents
a degree of superheating of 5° C above saturation, leading to a value
of Qgource1 lower than the equivalent in a single-stage heat pump (Hyy
- Hj,). The mass split at point 3a is estimated based on the enthalpy
ratios between the two levels (see Fig. 3(c)).

It is difficult to estimate the material loading of a heat pump a priori.
Data gathered by the IEA Heat Pumping Technologies (Centre, 2023),
estimates fluid charges of 8 kg/kW for hydrocarbons and 2.86 kg/kW for
ammonia. Yearly losses of working fluid were estimated as 3.77 vol.% of
the fluid charge (Eunomia Research Consulting Ltd, 2014). These values
are considered derisory in comparison to the total yearly costs of the
unit, and were not factored into cost analysis.

3.3. New process configurations

This section aims to visualize changes in process configuration with
the integration of HTHP into the existing CC unit. The three electri-
fication variants of the simulated TCM CC unit (V1.0) are named as
V1.1 (single-stage pump), V1.2 (two-stage, 50 % electrification), and
V1.3 (two-stage, 100 % electrification). A new case (V2.0) is charac-
terised by a regenerator pressure of 1 atm, for which no experimental
data is available for validation, with the variants named V2.1, V2.2, and
V2.3. Jensen et al. (2024) mentions that lowering the stripper pressure
is known to increase the specific reboiler duty (SRD), while also making
a strong case for integration of heat pumps, and Mullen et al. (2024)
remind us that lowering the reboiler pressure would lead to higher ma-
terial losses of amine and water. Although seemingly counterproduc-
tive, lowering the stripper pressure in a carbon capture unit also low-
ers the temperature lift (ATyg;) provided by a heat pump making use
of condenser waste heat as its main heat source, despite leading to a
higher SRD. This reduced ATy, subsequently decreases the pressure lift
required, resulting in lower compressor work (W,,,;,) and a higher co-
efficient of performance (COP, Eq. (11)), thereby facilitating the inte-
gration of efficient heat pumps. This, in turn, enhances the electrifica-
tion potential of the carbon capture unit and enables a potential shift
towards a decarbonized heat supply, despite the associated increase in
energy demand.

COP = Qsink/Wcomp an

Situations for which the total heat demand of the reboiler cannot be
supplied using the HTHP hinge on the fact that the original reboiler can
be split into separate parallel HX, where one is supported by the heat
pump, and the other by process steam. Luyben (2018, 2022) discusses
feasibility of installation and operation of split parallel reboilers like the
ones considered in this work. For such applications, thermosiphon re-
boilers are recommended due to lower fluid inventories. The possibility
of installing two heat sources in a single thermosiphon is discussed by
Martin and Sloley (1995). In any case, the reboilers considered in this
work were modeled as parallel kettles to facilitate TEA.

As expected, single-stage variants (V1.1, V2.1) employ 2/3" of
the highest quality waste heat available, in the overhead condenser,
to partially cover the reboiler heat demand, leading to a splitting of
this condenser into two HX. This corresponds to the irreversibility
case presented in Fig. 3(b), and the thermodynamic cycle presented in
Fig. 4(a).

The second electrification concept (V1.2, V2.2) is portrayed in
Fig. 5(c) and (d) which aims to provide 50 % of the reboiler duty. As the
first electrification concept is unable to cover this heat demand using a
single heat source, extra heat at a lower temperature level was utilized
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by splitting the overhead condenser into three HX, following the con-
cept presented in Fig. 4(b). One portion of the cooling duty is provided
by the evaporating working fluid of HTHP at high temperature, second
portion again by split working fluid of HTHP at low temperature and re-
maining by cold utility as shown in Fig. 3(c). The process employs two
partial merged heating fluid loops at different pressure levels, requiring
thus either two compressors or a multi-stage compressor with interme-
diate intake, which is not unheard of in heat pump contexts (Xu et al.,
2022).

The third electrification concept (Fig. 5(e) and (f)) aims at the com-
plete internal integration of the CC unit. The concept is similar in exe-
cution to the second electrification concept, but larger amounts of heat
are upgraded by allowing the lower stage of the thermodynamic cycle
(Fig. 4(b)) to remove low quality sensible heat from several points in
the system. Apart from the low temperature heat sources in the pre-
vious case, waste heat from the lean solvent cooler and direct contact
cooler is also utilized for variant Fig. 5(e). The variant Fig. 5(f) in ad-
dition to aforementioned low temperature heat sources, also draws on
waste heat from Water Wash II of absorber. The criterion for waste heat
uptake at lower temperature is directly related to fulfilling the total en-
ergy demand on the sink side. This requires dividing each affected HX
into two or more units, increasing capital costs. Contrarily to the other
concepts, the third concept assumes the use of a single reboiler for the
regeneration column.

Several of the process streams present in the system imply the use
of corrosion-resistant materials, namely due to the reactivity of amine
solutions. The overall heat transfer coefficient (U-value) is estimated
based on the phenomena happening within, namely the nature of the
fluids, the type of HX and whether phase change occurs. These values
can be found in Table S2 in the SI. Based on this data, it is possible to
estimate the area of each new HX for each configuration.

4. Results
4.1. Validation of the base process model

A steady-state digital twin of the TCM CC pilot plant facility was cre-
ated using Aspen Plus™, as described in Section 2.2. The model outputs
can be used to validate the simulation. Four simulation models were
considered for this based on the different thermodynamic models or al-
tered physical properties database.

e Model I- The Aspen Plus V14 ENRTL-RK model was taken as it is
based on the example file of industrial scale carbon capture unit (As-
pen Technology, 2022);

Model II- Aspen Plus V14 ELECNRTL thermodynamic model was cho-

sen as the default available method in the properties environment

(Aspen Technology, 2014);

e Model III- The updated e-NRTL model was employed, incorporat-
ing revisions to the physical properties database within the default
ELECNRTL framework, as recommended by Nakagaki et al. (2019).
This framework was also used by Cremona et al. (2025) in their sim-
ulation work;

e Model IV- The fourth kind of model has been rigorously developed to
correctly represent physical properties of MEA CC systems by Mor-
gan et al. (2018, 2012-2022). The physical property framework is
imported from the aforementioned Aspen file, and the TCM unit’s
simulation model is run in this updated physical property environ-
ment.

A comprehensive evaluation of the four simulation models is pre-
sented in Table S15 in the SI. Relevant deviations are observed in key
parameters, namely the sweet gas temperature, lean CO, loading, re-
generator column reflux rate, product CO, flow rate, and subsequently,
SRD. The analysis reveals that Model II exhibits the lowest average devi-
ations, indicating that it is the most accurate representation of the TCM’s
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steady-state behavior, followed by Model 1. Despite these results, Al-
though Model II showed more favorable validation, Model I was selected
for this analysis due to its accuracy in predicting waste heat availability
within the CC unit. Even though Model I underestimates the CO, flow
rate by approximately 9 % and consequently overestimates the SRD, its
accurate representation of waste heat availability and at the same time
reasonable agreement with other key parameters make it the preferred
choice.

As the main heat source considered for the heat pumps (chapter
Section 3.1), correctly estimating the waste heat available at the over-
head condenser is a critical aspect of this work. Again Model I provides
results that are the most accurate to the experimental references. A de-
tailed calculation of overhead stripper vapor composition, presented in
section S3.1 in the SI, enables the accurate estimation of the H,0:CO,
mole fraction, essential for determining the high-quality waste heat
available at the overhead condenser.

Ultimately, Model I (ENRTL-RK) was chosen for this study, with the
intention of further refining and fine-tuning the model in future work.

4.2. Electrification scenarios

The electrification concepts are developed on the premise of a vali-
dated simulation. The pressure determines the boiling point of the rich
amine solution, indirectly fixing the required temperature level to sup-
ply heat to the reboiler (AT = 11°C, see Section 3.2). To facilitate mod-
eling and analysis, it was assumed that the superheated steam at 3 bar,
(Tgy = 132.8°C, AT, = 23.2°C) is used as the sole hot utility in the
system (Faramarzi et al., 2017), generated through the combustion of
natural gas.

The process and performance parameters of base case as well as their
electrified variants are summarized in Table 2. For higher degrees of
electrification, the demand of both hot and cold utilities are lower, signi-
fying a lower reliance on fossil-based energy sources. It is interesting to
note that the single-stage variants (V1.1 and V2.1, see Fig. 5(a)), present
different degrees of electrification at the same evaporator temperature
(Tgy1), which can be attributed to a higher water content in the regener-
ator top gas for V2.0, providing a larger latent heat potential (Qgyyree1)-

The choice of working fluids fell on hydrocarbons (isopentane and
n-butane) for the high-pressure operation, and ammonia for the low-
pressure electrification scenarios. The choice of working fluid rested on
the estimated heat pump COP and temperature lift (ATj;z), while simul-
taneously avoiding the use of deprecated refrigerants and proprietary
substances. As seen in Table 2, the COP for V1 electrified variants de-
creases with a higher degree of electrification due to the increased tem-
perature lift. Since available waste heat at higher temperatures (Tgy,) is
limited, more thermal energy is required at lower temperatures (Tgy,),
resulting in a higher flow rate of the working fluid, which ultimately
leads to a higher requirement for compression power. An increased ATj;;
leads to higher working fluid flow rates and power demands in the com-
pressor, thus impacting the estimated COP of the heat pump. Due to the
lower ATy, as well as better available heat quality at Tgy;, ammonia-
based heat pumps (V2) present better COP values than hydrocarbon-
based solutions.

The value of the pressure lift (AP, Table 2) is important to evaluate
the practicality of the compressor design, and will influence the tech-
nology selection (for both compressors and heat exchangers) and thus
the equipment costs.

Keeping in mind that the heat demand of V2.0 is around 29 % higher
than V1.0 for the same amount of CO, removal, it is important to eval-
uate the availability of low-quality waste heat (Qgoyreez)- V1 variants
are able to use 19% of the total hot utility demand available as low-
grade waste heat (Qggureer) at high-temperature level (Tgy,), while V2
variants can use 30 % of the amount. Moreover, when evaluating the re-
duction in consumption of cooling water, complete electrification leads
to a reduction of 35% for V1.3 in comparison to V1.0, and 72 % for
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Characteristics of HTHP for each electrification concept. V1.0 and V2.0 correspond to systems where no degree of electrification is
considered. Parameters of the reboiler: V1 — Pressure = 1.91 bar,, Duty = 3417 kW, Temperature = 122°C; V2 — Pressure =
1.01 bar,, Duty = 4417 kW, Temperature = 102° C. Steam condensation temperature: V1 — 133°C, V2 - 133°C.

Parameter Unit V1.0 V1.1 V1.2 V1.3 V2.0 va2.1 V2.2 V2.3
Degree of Electrification ~ % 0 27 50 100 0 38 50 100
Cold Utility kw 5136 4486 4190 3356 6129 4779 4413 1704
Hot Utility kw 3417 2497 1707 0 4417 2728 2207 0
SRD MJ/kgCO,  4.08 4.08 4.08 4.08 5.27 5.27 5.27 5.27
# HTHP stages - 1 2 2 - 1 2 2
Working Fluid Steam  Isopentane n-Butane n-Butane  Steam  Ammonia Ammonia Ammonia
COP - 3.4 2.24 1.84 - 4.97 4.48 3.29
Ogink kw - 920 1710 3417 - 1689 2210 4417
Pep bar, 2.97 13.87 27.72 27.72 2.97 80.14 80.14 80.14
Tep® °C 133 133 133 133 133 113 113 113
Ppvi bar, - 3.56 8.09 8.09 - 33.12 33.12 33.12
Tey1 °C - 70 70 70 - 70 70 70
Ogourcel kw - 650 650 650 - 1350 1350 1350
Weomp,1 kw - 270 599 1197 - 339 444 887
Ppva bar, - - 3.78 3.28 - - 20.33 13.50
Teya °C - - 40 35 - - 50 35
Oource2 kw - - 296 910 - - 366 1725
Weomp,2 kw - - 165 660 - - 50 454
AP jpge = 22 - 3.89 - - - 2.42 - -
}Vl

APy age = KC\:’: - - 7.32 8.44 - - 3.94 5.94
ATiife1-stage = Tep = Tevt - 63 - - - 43 - -

- - 93 98 - - 63 78

AT astage = Tep — Tva

2 Tgp specifically refers to the condensation temperature of the working fluid, and should not be confused with the superheat

temperature at the inlet of the condenser
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Fig. 6. Total CAPEX of the different scenarios with relative installed cost of equipment.

V2.3 in comparison to V2.0; the savings potential may be significant for
industries located in areas with limited access to cooling water.

4.3. Economic analysis

4.3.1. CAPEX analysis

The total capital expenditure of the different scenarios is shown in
Fig. 6. The bulk of the investment is associated with the core process
equipment that is common to all cases, namely the absorber, strip-
per, direct-contact cooler (DCC) and the re-heat low-temperature heat-
exchanger (RLHX). These items follow the same cost trend reported by

11

Barlow et al. (2025) and exhibit only minor variations across the alter-
native scenarios.

Heat-pump installations frequently contain ancillary items that are
not directly part of the working-fluid loop, such as compressor-cooling
systems, buffer tanks, desuperheaters and sub-coolers (Flynn et al.,
2011). As Winskel et al. (2024) point out, reliable cost data for commer-
cial heat-pumps are scarce, which makes it difficult to produce trustwor-
thy estimates for novel concepts like those examined in this manuscript.
Nevertheless, a number of heuristic cost-correlations are available, usu-
ally expressed as a function of the delivered heat duty. Arpagaus et al.
(2022) review several of these correlations and propose their own
formulation.
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Hydrocarbon-based heat pumps and refrigeration systems are tech-
nologically mature and are commercially available as plug-in solutions
covering a wide spectrum of heat-load capacities and temperature lev-
els. Their widespread adoption, however, is hampered by the inher-
ent flammability and explosiveness of the hydrocarbon working fluids,
which necessitate compliance with ATEX/IECEy standards and conse-
quently raise equipment costs (Centre, 2023).

Ammonia-based reverse-Rankine HTHPs encounter a different set
of obstacles when applied to high-temperature heat delivery. As high-
lighted by Ahrens et al. (2019), ammonia exhibits significant corrosivity
and flammability at elevated temperatures, and commercial-grade am-
monia often contains trace amounts of water that can impair compressor
performance under high-discharge-temperature conditions. Moreover,
the scarcity of cost-effective compressors capable of handling ammonia
at the high pressures required for temperature lifts above 100°C has
confined the commercial use of ammonia-driven systems largely to low-
grade heat upgrading (Flynn et al., 2011; Centre, 2023).

In the present study the capital cost of a heat-pump is therefore taken
as the sum of the costs of its main-loop constituents evaporator, com-
pressor and condenser. Costs associated with expansion valves, safety-
system hardware and other auxiliary equipment have been omitted from
the analysis.

The biggest factor driving up the CAPEX of the electrified scenar-
ios is the compressor. Compared to single-stage compressors, there is
little literature available to estimate the costs of multi-stage compres-
sors. In the context of this CAPEX analysis, the cost of the compressor
unit is assumed to the sum of the installed costs of each stage, which
were modelled separately. The two-stage compressors considered in this
work present significant reductions in COP with increasing electrifica-
tion, leading to cost increases of 150 % (V1.2) and 290 % (V1.3) versus
V1.1, or 38% (V2.2) and 141 % (V2.3) versus V2.1. For the complete
electrification scenarios, the CAPEX of the compressors alone are com-
parable to the costs of the absorber column, traditionally the most ex-
pensive piece of equipment in this type of CC unit, corresponding to
almost half of the CAPEX of the unit (Barlow et al., 2025; Ali et al.,
2018).

All HX except RLHX and reboiler are grouped together and repre-
sented as “Heat Exchangers” in Fig. 6, where it can be observed that the
costs increase visibly with higher degrees of electrification (increases
of 20% (V1.1), 21 % (V1.2), and 51 % (V1.3) versus V1.0; and 33 %
(V2.1), 43% (V2.2), and 88% (V2.3) versus V2.0). This progressive
increase in costs can be attributed to more number of HX’s (Fig. 5)
with larger heat transfer areas, due to our definition of a low AT ;,
(Fig. 3). The operating pressure (increased fp, Table S17 in the SI) plays
a bigger factor in the costs of V2 variants, due to the need for rein-
forced equipment. The reason can be verified by consulting the results
shown in Table 2, where ammonia maintains a relatively high evap-
oration operating pressure even when the evaporator temperature is
low.

At a first glance, it would be expected that a similar pattern would
be seen for the reboiler(s). When analysing the non-electrified variants,
it can be observed that the V2.0 reboiler is about 50 % more economic
than the one employed by V1.0 (Fig. 6), due to a smaller heat transfer
area permitted by a higher AT between the heat source (steam) and the
boiling fluid (see Table 2).

Regarding the electrified variants, the values do not vary appreciably
with the degree of electrification for the V1 scenarios (increases of 19 %
(V1.1), 22% (V1.2), and 8% (V1.3) versus V1.0), but seem to do so
for V2 scenarios (increases of 106 % (V2.1), 121 % (V2.2), and 141 %
(V2.3) versus V2.0). The escalation observed for the V1 scenarios are
mostly attributable to an increase in the number of equipment pieces (1
to 2), where one unit is covered by traditional utility and the other unit
is covered by working fluid of heat pump. The increment in pressure
is expected to play a smaller role in the equipment costs for V1 when
compared to V2 (Table 2).
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The nature of the phase change phenomenon at the condenser of
the heat pump, supplying heat to the reboiler, may help explain the
high costs of the ammonia-based reboilers (V2), as the choice of this
working fluid significantly influences both the latent heat and sensible
heat distribution. While heat supply in V1 scenarios occurs primarily
through condensation of hydrocarbons, the high degree of superheating
in the compressed NH; vapor (Fig. 4(b)) means that a large degree of
sensitive heat contributes to the supply to the heat sink (reboiler) in
V2 scenarios. While this factor leads to a higher LMTD, lowering the
expected heat transfer area of the heat exchangers, the high pressure
(fp) and temperature factors (f;) lead to more elevated heat exchanger
costs for the V2 scenarios when compared to the V1 ones.

4.3.2. OPEX analysis

The results of the OPEX analysis for the different scenarios is pre-
sented in Fig. 7. The graphics show that the annual costs are dominated
by the consumption of energetic utilities, either electricity or steam (68-
77 % of total OPEX). The labor costs are significant but constant between
the different scenarios. The feedstock costs are mostly dependent on
cooling water make-up costs, but do not represent a significant fraction
of the total annual OPEX. The yearly maintenance costs are defined as
a fixed fraction of the total annualized CAPEX (4 %), leading to them
constituting a relevant part of the annual OPEX.

When evaluating electrification variants of V1.0, an increasing trend
in relative energy costs is visibly observed in Fig. 7, i.e., 10% (V1.1),
26 % (V1.2), and 62% (V1.3). The chief reason for the higher energy
cost is the amplified electricity demand, which stems from the sharper
reduction in COP at elevated electrification levels (Table 2). Contrarily,
all V2 scenarios present a decreasing trend of utility costs with higher
degrees of electrification (—4 %, —7 %, and —8 %, for V2.1, V2.2, V2.3,
respectively, in comparison to the value found for V2.0). The high COP
of the ammonia-based HTHP (Table 2) combined with greater electrifi-
cation coverage reduces utility costs.

Walden and Padullés (2024) discuss the concept of price ratio (rps
Eg. (12), where p,; refers to the price of electricity and p,,; to the price
of natural gas, see Table S18 in the SI) as a measure of the relative
costs of electrification vs fossil fuel usage for the same amount of en-
ergy provided. As a rule of thumb, electrified configurations whose COP
estimates are above r, can be regarded as operationally cost-effective al-
ternatives to fuel-based systems (Walden and Padullés, 2024).

_ Pel
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The average r, for Germany for the second half of 2024 was 4.72 for
the cases not considering electrification (V1.0, V2.0), and 3.12 for all
others, due to the comparatively higher power demand (Fig. 7). It must
be kept in mind that these values refer to the use of the electricity from
the grid, as the power demand can hypothetically be total or partially
provided using photovoltaic or other renewable sources (Bernath et al.,
2019).

4.3.3. Scenario/case comparison

Fig. 8 compares the trends of the capture cost and the process emis-
sions for each scenario, considering both Scope I (direct emissions, in-
cluding fuel use and non-captured CO, and Scope II (indirect emissions
associated with the production and transport of electricity) emissions in
Germany. Under each graph, the reader can find a table summarizing
the key findings in the form of relative difference (A) to the base case
(V1.0 or V2.0).

CO, emissions are generally higher for V2.0 than V1.0, due to a
higher SRD (Table 2). V2 cases, using ammonia, present higher emis-
sions due to a higher steam use at equivalent electrification levels, but
fully electrified V2.3 presents lower emissions than V1.3 due to a lower
electricity demand, associated with a higher COP (Table 2).

Fig. 8 also presents the evolution of the LCOC before (red, wide dash)
and after (red, narrow dash) taking into account possible revenue from
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Fig. 8. Annual CO, capture cost and total CO, emissions for different degree of
electrification of a standalone CC unit based in Germany.
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the sale of excess EUA (Section 2.3.3). The two curves are plotted side-
by-side to highlight the financial impact of carbon credits on highly
polluting sectors such as conventional power generation.

A direct cross-scenario comparison (V1 vs. V2) is complicated by
the distinct working fluids and energy-demand profiles adopted in each
family. The LCOC for Scenario V1 (Fig. 8(a)) exhibits a comparatively
pronounced upward trend that is tightly linked to the requirement for
larger, more power-intensive compressors as the degree of electrification
increases (Table 2). In comparison, Scenario V2 (Fig. 8(b)) shows only a
very mild positive slope, indicated by the considerable difference seem
in A, values.

At low electrification levels, the V1 Scenario presents the most
favorable results for both emissions and costs, while the capture cost
of the fully electrified scenario in V2 is comparable to that of the 50 %
electrified scenario in V1, emitting a very similar amount of CO,. Case
V1.3 presents higher specific CC costs without delivering commensurate
emission benefits. These findings further underscore the economic
feasibility of operating the regenerator column at low pressure. This
suggests that the fundamental concept of partial electrification can be
achieved cost-effectively using waste heat within the CC system. Since
the LCOC analysis is based on fixed energy costs that are determined
by the location of the CC facility (in our case, Germany), the HTHP
integration results can be equivocal. The same argument applies to
yearly emissions, as the energy footprint can also vary. Therefore, the
importance of sensitivity analysis comes into play which is covered in
the next section.

4.3.4. Sensitivity analysis

Due to the absence of a traditional revenue stream, we con-
ducted one-way deterministic sensitivity analyses considering the
impact of several factors in both process cost and emissions. This
technique isolates the influence of individual factors on the varia-
tion of the final metric, and no factor interaction was considered
(Vreman et al., 2021).

Cost analysis — The first sensitivity analysis quantifies how the levelized
cost of carbon capture (€/tC02,cap) deviates from the baseline values
shown in Fig. 8, with the results being summarised in Fig. 9, where
Fig. 9(a) and (b) refer to the cost before accounting for revenue from
the sale of EUA allowances. In each spider-plot, the spokes correspond
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Fig. 9. One-off sensitivity analysis of the levelized cost of carbon capture (€/tco, )

to the eight operating cases (V1.0-V1.3 and V2.0-V2.3), the radial dis-
tance indicates the relative change in LCOC, and the coloured gradient
(green — white — red) visualise the magnitude and direction of the
effect (redder = cost increase, greener = cost decrease). The lines cor-
respond to the different variation scenarios (changes of +50 %, +25 %,
+10 % in regards to the original value). The r, ratio was varied by keep-
ing the fuel-price parameter fixed (Table S18 in the SI), and adjusting the
electricity price accordingly. Fig. 9(a) shows that LCOC after heat-pump
integration is highly sensitive to electricity price fluctuations, especially
for the fully electrified configurations (V1.3 and V2.3). The V1 series
(hydrocarbon-based) exhibits a larger response because of its lower COP
at comparable electrification levels, which translates into a higher elec-
trical demand and thus greater cost variability.

These findings underline the importance of national electricity-
generation mixes and related policy frameworks. Using Germany as a
case study, the grid cost is strongly influenced by the country’s reliance
on imported fossil fuels and the associated surcharge mechanisms. Con-
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sequently, policies that promote domestic renewable generation (so-
lar, wind) and reduce import dependence can markedly lower the elec-
tricity component of LCOC (Bundesnetzagentur, 2025; Schindler et al.,
2022). Recent work on a German medium-sized city demonstrates that
retrofitting district-heating networks with biomass gasification reduces
fossil-fuel imports and valorises local waste streams, further mitigating
electricity-price exposure (Bohning, 2025).

Uniform perturbations on the equipment costs (Fig. 9(b), refer-
ence values in Fig. 6) produce an expected monotonic response:
higher CAPEX leads to higher LCOC, while lower CAPEX reduces it,
with higher base CAPEX being proportionally more affected (V1.3,
V2.3). Because OPEX includes a maintenance component that scales
with equipment cost (Section 4.3.2, Fig. 7), CAPEX variations also
affect the operating-cost side, amplifying their overall influence on
LCOC.

To mimic the volatility of the EU Emissions Trading System (ETS),
the price of EUA allowances was varied before (Fig. 9(c)) and after
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Fig. 10. One-off sensitivity analysis of scope I and II emissions. Results presented in Tonne CO, ,,/y.

(Fig. 9(d)) accounting for the revenue generated by selling surplus
allowances generated through carbon capture. Before accounting for
this revenue (Fig. 9(c)), LCOC is more sensitive in low-electification
cases, because these configurations present higher Scope I emissions
(Section 4.3.3, Fig. 8). The trend reverses when accounting for this
revenue (Fig. 9(d)), showing that higher EUA prices lead to lower
net LCOC, as the additional revenue from sold credits outweighs the
incremental process-emission costs.

Emissions analysis — The second set of sensitivity analyses quantifies
how the two dominant emission sources, fuel combustion for the re-
boiler heat demand, and electricity-grid-associated emissions (Scope
II, Fig. 10(b)), respond to perturbations in their respective emissions
factors. As in Fig. 9, each spider-plot, displays eight operating cases
(V1.0-V1.3 and V2.0-V2.3) along the spokes; however, the radial
coordinate now represents the absolute emissions (Tonnecoz’Cap sy), and
the colour gradient fades to red with increasing emissions. The lines
correspond to the different variation scenarios (+100 %, +50 %, +25 %,
+0 % relative to the baseline value).

By construction, fuel-related emissions (Fig. 10(a)) are zero for the
fully electrified configurations (V1.3 and V2.3). A similar situation ap-
pears for the unelectrified configurations (V1.0 and V2.0) with respect
to grid-associated emissions (Fig. 10(b)), but the values never reach zero
because the flue-gas blower and process pumps still require electricity;
the compressor demand absolutely dominates the grid-related share.

Perturbations of the specific fuel emission factor (Fig. 10(a)) emulate
a change in fuel type: positive variations correspond to less efficient,
more polluting fuels (e.g., coal, fuel oil), whereas negative variations
represent cleaner alternatives (e.g., biomass, assumed carbon-neutral).
At lower electrification rates, as was seen in Section 4.3.3, V2 cases ex-
hibit a higher fuel demand and therefore a greater sensitivity to these
fluctuations. These trends underline that, when a residual combustion
stage is retained (i.e., low electrification), the fuel price translates lin-
early into the Scope I emissions; consequently, policy instruments that
tax or subsidise the fuel can be used to modulate the net CO, balance
of the plant.

Perturbations of the grid-emission factor (Fig. 10(b)) reflect changes
in the national or local electricity mix. Positive variations indicate a
higher share of carbon-intensive generation, while negative variations
denote a larger share of renewables. Scope II emissions display an in-
verse behaviour to Scope I: they increase with the degree of electrifi-
cation, as expected, and peak for the V1 cases due to lower COP (Sec-
tion 4.3.3). Nevertheless, even the maximum Scope II emissions remain
lower than those obtained from a +50 % increase in the fuel emission
factor for the V2.0 and V2.1 cases.
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A third graph (Fig. 10(c)) shows the net negative emissions af-
ter accounting for simultaneous perturbations of both emission fac-
tors with the same magnitude. In this representation, larger values
correspond to greater net CO, removal, that is, a positive trend. The
magnitude of the net-negative emissions is only weakly affected by
the cost-parameter perturbations, reflecting the fact that the capture
plant’s capacity is fixed and that capture efficiency is only indirectly
linked to economic drivers. Across all cases, +100 % perturbations of
the emission factors lead to total-emission variations of +19-40 %. The
most pronounced effect is observed for case V2.0 (+40 %), followed by
V1.0 and V2.3 (£29 %). Importantly, the direction of the effect is uni-
form: any increase in the emission drivers reduces the net amount of
CO, that can be captured, whereas cost reductions expand the capture
envelope.

These observations highlight that, while the capture technology itself
is technically robust, its economic viability, and consequently its con-
tribution to net-negative emissions, depends critically on a favourable
cost environment.

5. Discussion
5.1. New process configurations

The results presented in this manuscript are elaborated from the con-
cepts described in a published patent (Rawat and Glade, 2025), which
focused on the electrification of amine-based CC systems using reverse-
Rankine HTHP solutions. Jensen et al. (2024) reported a COP value of
2.3 using isopentane for a heat pump system very comparable to the
V1.3 scenario considered in this work (Table 2), employing similar tech-
nologies and working fluid, and exposing the potential conservatism
displayed in the assumptions of this work. One crucial difference no-
ticed during our evaluation was that the amount of waste heat available
at the required temperature level in the overhead condenser was not
sufficient to employ isopentane as a promising working fluid (due to is-
sues of the working fluid entering the two-phase region during compres-
sion). However, if a certain amount of excess heat (greater than that esti-
mated in this study) were available at this temperature level, isopentane
would exhibit a much better COP than n-Butane, as reported in Table 2.
However, the present work discusses a more complete methodology for
identifying potentially high-quality heat sources (Section 3.1) and heat
source broadening to maximize integration potential (Section 3.2). The
methodology presented in this manuscript evaluates both single-stage
HTHP integration and mixed heat sources (for two-stage HTHP), pro-
viding a roadmap for economical decarbonisation of the CC unit.
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Alabdulkarem et al. (2015) stressed the significance of traditional
pinch analysis and process integration when integrating HTHP systems
into CC units, while outlining a method for selecting suitable working
fluids for HTHP integration. In comparison, our methodology is com-
paratively more structured, underscoring the role of modest changes of
process operational parameters (reboiler pressure) in tandem with the
correct decision of working fluid to produce more economic or more
extensive decarbonization scenarios (Section 3.3).

While the study focuses on reverse-Rankine cycle-based HTHP inte-
gration in CC unit, it deliberately does not compare its performance with
MVR systems. Cremona et al. (2025) suggested that a combination of
technologies featuring LVC, HTHP and MVR could be the most econom-
ically viable option, reinforcing the usefulness of leveraging waste heat
from upstream and downstream units for the electrification of CC units.
In contrast, the research presented in this manuscript prioritizes prac-
tical applicability and flexibility, by basing its analysis on a industrial-
pilot scale, state-of-the-art test unit, and considering technologically ma-
ture HTHP solutions. In that sense, the study considers the evaluation of
a standalone CC system, and evaluates available heat sources, provid-
ing valuable insights for equipment manufacturers aiming to electrify
their CC units as well as for HTHP manufacturers seeking new market
for application.

The potential of flexible adjustment of the regenerator pressure has
been shown to allow for increasing oportunities for decarbonization
of the amine-based CC unit. Despite operating at a non-optimum pres-
sure, the V2.3 case leads to an overall more economically and environ-
mentally balanced solution than integrating based on the base project.
Although Jensen et al. (2024) suggested that below-atmospheric pres-
sure operation could favor economic electrification, its higher energy
demands may limit its practicality, but the results of this project may
favor its applicability after considering standalone and process-chain-
wide heat integration. The results presented in this work favor this per-
spective, as an initially unadvisable, albeit minor, modification of the
regenerator pressure leads to a higher decarbonization potential for the
integrated system at high electrification levels, while not being compet-
itive at lower levels.

The capture costs reported in this study are higher than those from
recent techno-economic analyses (TEA) reported by Cremona et al.
(2025), Barlow et al. (2025), and Jensen et al. (2024). This discrep-
ancy stems from an attempt to preserve the realism of the TCM pilot
plant, which employs customisable columns, not a set of optimized, flue-
gas-specific absorbers; this decision indubitably led to higher baseline
energy consumption, providing a conservative safety margin for equip-
ment operation. The campaign results considered as base for the mod-
elling also only consider a capture rate of around 24 kT onnec,/y, cor-
responding to a yearly flue gas production of around 450 km3/y. The
values considered in the analysis are considered on the higher-end of
the spectrum, to provide a safety margin for equipment operation.

Taking into consideration the practical aspects of HTHP installation,
including replacing expansion valves with turbines, considering more
complex levels of heat integration within HTHP system, among others
can definitely improve the energetic efficiency as compared to results
reported in this study. It is assumed that electricity is sourced from
the power grid, enabling geographical flexibility in possible installation
sites, and simulateously factoring in a potentially high grid-CO, foot-
print. This step intentionally limits the cost-effectiveness of the inte-
grated CC proposal since, cheap electricity from renewables is not con-
sidered. Notably, the cost of the boiler is excluded from the CAPEX,
whereas the installed cost of the HTHP is included, which may give
the natural gas boiler option a cost advantage. The installed costs of
compressors are expected to be unrealistically high, due to the limited
availability of commercial HTHP units with intermediate gas intakes,
like the ones we are considering (Tello-Oquendo et al., 2018). These
two considerations are deliberate design choices, intended to frame the
proposed scenarios from the viewpoint of technology suppliers, rather
than a comprehensive system-level evaluation.
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5.2. Policy and design implications

One-way deterministic sensitivity analyses was conducted consider-
ing the impact of important factors in both projected annual costs and
expected process emissions, limited to the carbon capture process, in-
dependent of the industrial unit where it would be installed, and of any
type of CO, conditioning taking place downstream.

Emissions and sensitivity analyses confirm that the carbon intensity
of the electricity mix is the primary lever for the total CO, footprint of
highly electrified capture systems, and that any policy-driven shift to-
ward low-carbon electricity (e.g., renewable-energy mandates, carbon
taxes on grid electricity) will have a proportionally larger impact on
the V1-type configurations. In a situation like the one presented in this
manuscript, the effect of electrical-grid-associated emissions must not
be disregarded. Due to the nature of the electrical grid network in Ger-
many, it is expected that cheaper electricity prices occur during times
when renewable power can be produced at a lower cost (Energiewende,
2014), enabling the syncretism with the proposal by Isogai and Naka-
gaki (2024) to further minimize grid associated emissions. If that was
achieved, a total CO, emissions could lower by a further 25 % for max
electrification ammonia-based setups (V2.3). The most cost-effective
path to deep decarbonisation is a combined approach that couples flexi-
ble stripper-pressure operation with low-carbon electricity procurement
and prudent fuel-price management.

If the choice falls on the use of CC units at a low degree of elec-
trification, the energetic penalty of using process steam to supply the
heat demand of the CC unit must not be disregarded (Higgins and Liu,
2015). Modifying heat supply to make use of renewable source, such as
biomass, synthetic bio-fuels, would lower Scope I emissions centered on
the CC process, further improving the net-negative carbon balance. Re-
hfeldt et al. (2020) warns that fuel-switching comes with equipment
costs and supply insecurities, due to the relative immaturity of the
biomass market.

Other perspectives may fall on modifying the process equipment in
a way that enables flexibility or reduces CAPEX while enabling mod-
ularity. Our results show that the emissions balance stays negative at
very unfavorable conditions when viewed from the point of the stan-
dalone CC unit. Novel process configurations that enable flexibility on
intermediate heat source tapping may enable the time-variation of the
electrification level of the system, by varying the heat pump functioning.

It is important to keep the limitations of the study in mind. Not only
are techno-economic assessments of the type often making very broad
assumptions of the costs and dimensions of ancillary equipment in the
real unit, this study is based on steady-state simulations developed to
mimic a pilot plant. The analysis also assumes ideal behaviour in heat
transfer and heat pump equipment, i.e., the U-factors and COPs would
most likely be lower during operation. To finish, a cost analysis focused
on the study of the carbon capture unit as a standalone unit does not
include costs associated with the installation of such a unit to retrofit an
existent industrial plant.

6. Conclusion

This study introduced a novel methodology for the cost-effective de-
carbonization of an amine-based carbon capture unit. The work entailed
modeling of the 2015 campaign results reported by the TCM Mongstad
research center, which employed an aqueous MEA solvent to treat a
surrogate flue gas mixture representative of stack emissions from the
natural gas-based CHP plant.

The methodology focuses, in opposition to several reports in the lit-
erature, on the standalone analysis of the CC unit to limit the need for
external heat sources and maximize the installation and operation flex-
ibility of our novel concept.

Without considering the effect of varying core operational conditions
in the CC unit, state-of-the-art high temperature heat pumps (HTHP),
employing n-Butane or isopentane as working fluids, can provide up to
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27 % of the process heat demand, leading to a increase of around 7 % in
the levelized cost of capture (LCOC), but a reduction of 21 % in process
emissions.

The use of multi-stage heat pumps with intermediate heat sourcing,
a solution of low technological maturity, would enable higher levels of
decarbonization using more of available waste heat. When considering
full electrification, the LCOC is expected to increase to 37 %, while lead-
ing to a reduction in the process emissions to 33 %, both values referring
to the base CC unit.

It is well-known that minor adjustments in operational parameters
within the CC process may lead to considerable differences in cost and
energy demand, but may allow for considering wider heat pump integra-
tion scenarios. Although initially counterintuitive, our analysis showed
that operating the regeneration column at P,,,, instead of the base case
(1.91 bar,) increases the heat demand of the process. This, in turn, leads
to higher emissions (22 %) and costs (15 %), however, it also enables the
use of ammonia as a working fluid. A partial decarbonization of around
38 % was found using a single-stage HTHP solution, while the total de-
carbonization scenario using ammonia presented costs comparable to
the 50 % electrification scenario using hydrocarbon-based heat pumps,
while leading to an emissions decline of 60 % vs. the non-integrated am-
monia case, or 51 % vs. the non-integrated process at normal pressure.

The effect of crediting unused carbon credits or emissions allowances
in considerable lowering the estimated LCOC should not be disregarded.
The installation of a CC unit based on the TCM Mongstad data would
lead to a reserve of around 30,600 unspent EUA, corresponding to al-
most 2 million €/y (at ETS values from Dec 2024). If we assume that
these credits are sold at market price, discounting the emissions associ-
ated with the operation of the CC unit, a positive balance of 1.5 M€/y
would lead to an adjusted LCOC of 60 €/tq; ., for the base case, or
84 €/tco ., after full electrification at adjusted pressure. Our sensitiv-
ity analysis indicates that costs would further drop by up to 40 %, if the
ETS market prices would increase by 50 %. The opposite effect would
be found for a stark decrease of the ETS prices, which could possibly be
mitigated by government-backed carbon-credit price guarantees.

The fully electrified P,,,, case also presented relevant savings in cool-
ing water requirements, about 72 wt.% in comparison to the base case.
This may allow future CC units to operate in areas where the supply of
water is constrained.

The study presented in this manuscript assumes that the electricity
is provided by the electrical grid at average contract prices. However,
the current price ratio (r,) in Germany does not favor electrification,
nor do the specific emissions associated with a high consumption of fos-
sil fuels for generation. Nonetheless, the results presented in this work
show that complete electrification can be achieved with minor economic
penalties. Further gains could been achieved if local renewable electric-
ity was made available, or by the provision of further tax incentives or
subsidies. In any case, it is not expected that the CC unit would reach
financial break-even even when using 100 % renewable electricity at
current ETS price trends.

This study highlights the importance of working fluid selection and
stripper pressure on the overall energetic and economic performance of
the unit. The introduction of the pressure ratio as a criterion for working
fluid selection underscores the significance of practical application. The
findings of this work provide a foundation for proprietary suppliers of
CC technology to explore the development of electrified variants for CO,
capture units that utilize waste heat within the system. The optimization
of electrification potential and stripper operating pressure on the back-
drop of increased energy consumption is an interesting direction for the
future research. In essence, this also means investigating the potential
for flexible adjustment of the stripper pressure, allowing it to operate
between atmospheric and industrially optimized pressure levels, in or-
der to leverage low electricity prices and enable dynamic electrification
of carbon capture units. These results have significant implications for
the decarbonization of industrial processes and the transition to a low-
carbon economy.
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