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ARTICLE INFO ABSTRACT
Keywords: Supercritical carbon dioxide (sCO2)-based oxy-combustion power cycles, such as the Allam cycle, enable high-
DME efficiency power generation with integrated carbon capture without the need for additional amine-based

Hydrogen carrier
Oxy combustion
sCO4

scrubbing plant. While these cycles are mostly discussed in combination with fossil fuels, the use of a renew-
able chemical hydrogen carrier, dimethyl ether (DME), remains largely unexplored. Besides its good combustion
Allam cycle characteristics, DME offers the potential to establish a circular carbon loop when recycling the captured CO for
Carbon neutral power generation DME-synthesis. This study evaluates DME as a fuel in the Allam cycle and benchmarks its thermodynamic
Carbon capture performance against a natural gas-fired configuration under consistent system boundaries. The results show that
the DME-fueled Allam cycle achieves a net efficiency of 50.4 % and an effective CO capture rate exceeding 96 %,
comparable to the natural gas-fired reference. These findings highlight DME as a promising fuel for sCO5 oxy-
combustion cycles Building on the integration of DME, a modified configuration, the Liquefied Recycle Allam
Cycle (LiRACQ), is proposed. The LiRAC integrates a vapor compression unit using DME as refrigerant to fully
liquefy the COy-rich working medium. This enables pump-based pressurization, reduces the energy demand
associated with downstream CO» conditioning, and delivers most of the purified CO; in liquid form. The LiRAC
achieves a net efficiency of 48.7 % while maintaining high CO, capture rates, demonstrating the feasibility of
liquefied working-medium schemes and motivating further optimization and part-load assessment.

directly in industrial processes [5,7].

For instance, its favorable combustion characteristics make DME a
suitable renewable fuel for thermal power stations [8,9], generating on-
demand heat and electricity in regions with energy deficits and thus
stabilizing electricity grids. However, using DME as an energy vector to
address regional variability and electrical-grid instabilities requires a
circular carbon path to be established by recycling generated CO5 from
power generation for the DME-synthesis, thus enabling sustainable CO2
deployment and securing feedstock [6]. Fortunately, logistical advan-
tages for the carbon loop arise from the ability to transport CO and DME
in the same vessel systems [10-12]. Still, the power cycle must enable
high carbon capture rates while maintaining high efficiencies.

The state-of-the-art are natural gas (NG)-fueled combined gas tur-
bine cycles equipped with solvent-based post-combustion carbon cap-
ture (NGCC-PCC) can achieve high capture rates, but the cycle’s net
efficiency is heavily influenced by the capture rate and the conditioning
of captured CO, [13-16]. In contrast, emerging oxy-combustion super-
critical CO3 (sCO3) cycles, such as the Allam cycle [17], offer an alter-
native approach by integrating COs capture into the process, thus

1. Introduction

Global demand for electricity continues to rise, driven by increasing
electrification and consumption [1,2]. Although renewable energy ca-
pacity is growing, the uneven distribution of these resources across re-
gions and over time requires energy systems that can transfer energy
over long distances, store it for extended periods, and ensure stable
electrical-grid operation.

Chemical hydrogen carriers, such as dimethyl ether (DME) produced
from renewable electricity, are a promising option for bridging regional
and temporal renewable electricity supply and demand imbalances [3].
DME, synthesized from CO» and green hydrogen, has a high energy
density and a relatively high hydrogen content compared to alternative
hydrogen carriers such as methanol, ammonia and liquid organic
hydrogen carriers [4,5]. Furthermore, the transport and handling of
DME are comparable to liquefied petroleum gas [6], potentially allow-
ing the use of existing infrastructure. At the destination, hydrogen may
either be extracted from DME via steam reforming, or DME may be used
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Nomenclature

Abbreviations

cC Carbon capture

CMP Compressor

COL Distillation column

CPU Compression and purification unit
DME Dimethyl ether

EL Electrical

FL Flash drum

HX Heat exchanger

KPI Key performance indicator
LHV Lower heating value

LiRAC  Liquefied recycle Allam cycle

LNG Liquefied natural gas

LPG Liquefied petroleum gas

NGCC  Natural gas combined cycle

oX Oxidant mixture

PCC Post-combustion carbon capture

PMP Pump

REC Recuperator
RCL Recycle
REB Reboiler

sCO4 Superecritical carbon dioxide
SI Supplementary information
VCU Vapor compression unit
VLV Valve

WT Water

Subscripts

c Compressor
cond Condenser

el Electrical

in Inlet

m Mechanical
out Outlet

p Pump

RCL Recycle

sat Saturation

T Turbine

th Thermal
Symbols

DH Enthalpy difference (relative to reference state)
H Enthalpy

LF Liquid fraction
m Mass flow rate
p Pressure

P Power

Q Heat flow

S Entropy

T Temperature
VF Vapor fraction
\% Volumetric flow rate
w Specific work
p Density

n Efficiency

avoiding the need for large, solvent-based PCC plants and facilitating
CO;, conditioning. These sCO; cycles also allow for the use of compact
equipment, potentially reducing capital costs and footprint [18]. The
Allam cycle demonstrates high efficiency with favorable economics and
has a high technology readiness level among sCO2 oxy-combustion
power cycles, supported by a demonstration plant and further projects
under development [17,19-21].

A broad range of studies has evaluated the performance of oxy-
combustion sCOy cycles. The IEAGHG comparison study established a
consistent reference framework for several configurations [19], fol-
lowed by Rogalev et al. [22] who provided a comprehensive overview of
closed and semi-closed sCO; cycles. Among these cycles, the NG-fueled
Allam cycle has repeatedly demonstrated competitive efficiency and low
levelized cost of electricity [17,21]. A broader set of Allam cycle simu-
lation studies, covering variations in configuration, boundary condi-
tions, and design assumptions, is summarized separately in Table S10 in
the Supplementary Information (SI).

Concerning carbon capture within the Allam cycle, some studies
excluded purification of the captured COs entirely, while others
assumed low purity levels suitable only for enhanced oil recovery (EOR)
applications, often with a compression and purification unit (CPU) re-
covery rate around 90 %. With the rapid increase in large-scale CO,
transport projects [11,23], transport specifications are becoming more
stringent, highlighting the importance of explicitly modeling CO, puri-
fication at high purity and recovery rates.

In this context, Martinelli et. al. [24] investigated the NG-fueled
Allam cycle in its standard configuration with an integrated hybrid
flash-distillation CO; purification unit, targeting high capture rates and
pipeline-quality CO,. Using preliminary design correlations, they re-
ported net electric efficiencies between 48.7 % and 56.1 % depending on
plant scale and the amount of recoverable and additional external heat.

Despite the research progress, comparing reported efficiencies re-
mains challenging because of the different assumptions, configurations,
and process boundaries. Most studies focus on NG or liquefied natural

gas (LNG), with only limited work on alternative fuels. Manente et al.
[25] presented a methanol-fueled Allam cycle integrated with an e-
methanol synthesis plant and an electrolyzer producing both hydrogen
and oxygen. Under their modeling assumptions, without considering
further purification of the captured CO,, the methanol-fired cycle ach-
ieves a net thermal efficiency of 52.95 %, which is less than one per-
centage point below the NG-fueled case. Furthermore, Dong et. al [26]
proposed a DME-fueled dual expansion and triple recuperation cycle
(DETRC) with CFD-based combustion modeling. Their study reported
high thermal and exergy efficiencies and identified the optimal oper-
ating ranges for the DETRC. Compared with NG, their study indicated a
lower specific oxygen demand for DME combustion. However, a direct
comparison between DME- and NG-fueled Allam cycles under identical
assumptions has not been addressed.

In summary, research has primarily focused on NG-fueled Allam
cycles, whereas the potential of DME remains largely unexplored. In the
context of DME being a potential future hydrogen transport vector, this
paper investigates the potential of DME as fuel in sCO, oxy-combustion
cycles. Specifically, we benchmark DME- and NG-fueled Allam cycles
under aligned assumptions and coupled with detailed distillation-based
CPU models to quantify their energetic impact while achieving CO4
product purity aligned with ISO 27913 requirements for dense-phase
pipeline transportation [27]. Additionally, we introduce a modified
Allam cycle, the Liquefied Recycle Allam Cycle (LiRAC), which explores
how DME’s thermophysical properties can support a reconfiguration of
the Allam cycle. The modification employs a vapor compression unit
(VCU) with DME as fuel and as the refrigerant to fully liquefy the
working medium. The thermodynamic performance of the DME-fueled
Allam and LiRAC is evaluated through mass and energy balances and
heat-recuperation analyses.

2. System description

The power cycles considered in this work are semi-closed sCOy oxy-
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combustion power cycles. Combustion occurs in a COs-diluted atmo-
sphere using high-purity oxygen supplied by an air separation unit
(ASU). This produces a working fluid that is mainly composed of CO,
and water (H20). Water can be condensed and extracted leading to a
remaining high-purity CO, working fluid. This high purity CO5 can be
extracted and captured, thus enabling an integrated carbon capture into
the cycle without the need for the solvent-based post-combustion sep-
aration which is required in conventional air-fired systems with nitrogen
dilution [18]. The ASU’s electricity demand contributes to the system’s
overall efficiency. Consequently, the amount of oxygen required for the
combustion of the fuel directly influences system performance. In this
context, dimethyl ether (DME) has a comparatively lower stoichiometric
oxygen demand per unit of lower heating value than alternatives
hydrogen carriers such as Methanol (see Table S18 in SI).

The simplified process flow diagrams of the DME-fueled Allam and
LiRAC are illustrated together in Fig. 1, to facilitate the differentiation
between the cycles. In addition, a pressure-enthalpy diagram of both
cycles is illustrated in Fig. 2, to further enhance the reader’s compre-
hension of the thermodynamic differences between them. Moreover, the
conditioning and purification of the captured CO, is investigated in this
work through the simulation of two different CPU configurations. CPU-1
is integrated into the Allam cycle (cf. Fig. 4), and CPU-2 into the LiRAC
(cf. Fig. 5). Both CPUs are described in section 3.

2.1. DME-fueled Allam cycle
Various configurations of the Allam cycle have been explored in

previous studies and patents, each varying in technical scope and design
assumptions. In this work, the Allam cycle is modeled based on the

DME
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assumptions of the IEAGHG [19] and Scaccabarozzi et al. [28]. The
corresponding process flow is depicted by the blue lines in Fig. 1 and
Fig. 2, while detailed stream data are provided in Table A5 in the
Appendix.

The fuel DME (stream 1) is first compressed to high pressure before
entering the combustion chamber where the combustion occurs with 3
% excess of oxygen relative to the stoichiometric ratio. CO3 is used as a
diluent to control the combustion temperature at 1150 °C. Conse-
quently, the combustion product (stream 4) consists mainly of CO2 and
water.

After combustion, the working fluid enters the turbines at 300 bar
and 1150 °C. Part of the CO4, diluent is used (stream 11) as cooling flow
to limit the blade temperature to 860 °C. In the turbine, the working
fluid expands to 34 bar (stream 5). It further enters the recuperator at
742 °C, where it cools to 57 °C by heating the incoming oxidant and CO4
diluent streams entering the combustor (stream 9 and 10). Additionally,
hot air at 273 °C from the ASU compressors provides supplementary
heat to the system via the recuperator.

Following the recuperation, stream 6 is further cooled to 26 °C
enabling water condensation and separation. Part of the stream is then
sent to CPU-1, while the remaining is recycled and used as CO; diluent.
Thereafter, the recycled CO; is first compressed in a four-stage inter-
cooled compressor to 100 bar, beyond the critical point, then cooled to
26 °C achieving a dense phase and further pumped to 120 bar. Subse-
quently, part of the recycled CO5 is mixed with the oxygen feed to form
an oxidant flow with 13.34 mol% O [19]. Finally, the oxidant stream
and the recycled diluent are further pumped to 305 bar and preheated
in the recuperator (streams 2 and 3), before entering the combustion
chamber. At these operating conditions, the COg-rich working fluid
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Fig. 1. Simplified process flow diagram (PFD) of the simulated power generation cycles. The blue dotted line represents the Allam cycle, while the green line
represents the LIRAC. A detailed stream summary of the numerated streams is provided in Table A5.
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Fig. 2. Pressure-enthalpy diagram of the simulated cycles. The enthalpy reference is set to 25 °C and 1 bar (enthalpy of formation).
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Fig. 3. Simplified process flow diagram of the vapor compression unit (VCU)
integrated into the LiRAC.

exhibits high density and remains far from the two-phase region,
enabling efficient pressurization while avoiding condensation. In addi-
tion, it provides favorable heat transfer properties, allowing a high de-
gree of internal heat recuperation enhancing cycle efficiency [29].

Since the cycle operates with a high recycle fraction of the working
fluid, impurities introduced with the fuel and oxygen may accumulate in
the process, affecting both overall system performance and the purity of
the CO4 stream supplied to the CPU. This, in turn, influences the power
demand for downstream conditioning and purification. Consequently,
fuel and oxidant purity, together with the combustion stoichiometry, are
critical for limiting inert accumulation (e.g., N, Ar) and maintaining
stable operation.

2.2. Liquified Recycle Allam Cycle — LiRAC

The LiRAC represents a modification of the Allam cycle where the
recycled stream is fully liquefied. In this study, the LiRAC and Allam
cycles are modeled under the same assumptions and process parameters.
A simplified process flow diagram as well as the corresponding ther-
modynamic states are shown in green in Fig. 1 and Fig. 2. The main
difference to the Allam cycle is the integration of a VCU for recycle
stream liquefaction (Fig. 3, Fig. 9), using the DME as both, fuel and

refrigerant.

A key step in the Allam cycle is pressurization of the COy-rich recy-
cled stream. The recycled stream is first compressed above the critical
point and cooled to ambient temperature using cooling water. As a
result, the stream reaches a dense, supercritical state, allowing for effi-
cient further pressurization by a pump rather than a compressor. This
combination of compressors and pumps significantly reduces the energy
required for pressurization. However, these steps heavily depend on the
mixture’s critical point and ambient cooling conditions. Furthermore,
the cycle operates in a semi-closed configuration, the recycled working
fluid directly connects the turbine outlet to the turbine inlet through the
circulating mass flow. This coupling may create strong in-
terdependencies between key process units within the recycle loop,
including the turbine, recuperator, and compression system. As a result,
variations in turbine operating conditions can propagate through the
recycle loop and influence upstream process states. Such interactions
may constrain ramping behavior during load changes and complicate
control strategies. Similar control challenges have been reported for
highly integrated sCO, power cycles in the literature [18,30-34].

Unlike the Allam cycle, the LiRAC uses subcritical liquefaction of the
recycled stream at the cycle’s lowest pressure. This enables the entire
pressurization process to be achieved solely through pumping. In addi-
tion, passing through the two-phase region enables phase separation,
allowing accumulated inerts to be vented from the working fluid and
limiting their accumulation due to solubility limitations. Furthermore,
the subcritical liquefaction ensures a dense phase at the pump inlet,
regardless of the critical point. Consequently, the configuration may
provide increased robustness against variations in the recycle stream
composition arising from impurity accumulation during combustion and
from inerts introduced with the oxygen feed. This, in turn, may reduce
the oxygen feed purity requirements. Moreover, the LiRAC configura-
tion enables integration of a raw liquid CO, buffer tank at stream 7*.
This tank can partially decouple the CPU, VCU, and power cycle by
interrupting the direct mass flow coupling. Therefore, the proposed
configuration may facilitate smoother operation, improve part-load
flexibility, and enable controlled CO; handling. Similar compressorless
cycle concepts have been reported to potentially enable independent
regulation of key operating parameters and operation over a wider range
of operating conditions [35,36]. However, quantifying these potential
operational advantages and potential implications of the VCU integra-
tion requires further part-load and dynamic investigations.

From a process perspective, the differences between the LiRAC and
the Allam cycle begin with the partly condensed hot outlet from the
recuperator outlet (stream 6). After the recuperator, the working fluid is
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Fig. 4. Simplified process flow diagram of the compression and purification unit (CPU-1) used for the Allam cycle. The CO, purified aligns with ISO 27913 for dense
phase pipeline transportation [27]. Stream Summary of the numerated streams is provided in Table S7 in SIL

dried to eliminate water and prevent ice formation. The dried gas
(stream 7) enters the condenser of the VCU and is fully liquefied at
—10 °C and 32.2 bar (stream 7*). Some of the liquid CO; is sent to the
CPU, while the rest is recycled and pressurized by pumps thus simpli-
fying the pressurization and potentially offering a potential for better
operation [18,35,36]. The pressurized recycled working fluid enters the
recuperator at a temperature of 11 °C compared to 50 °C in the case of
the Allam cycle, leading to lower hot outlet temperature (see section
5.2.1).

2.3. Vapor compression unit

The VCU operates with its own refrigeration loop and uses the fuel
DME as refrigerant. The process scheme of the VCU is represented in
Fig. 3.

First, liquid fuel at 26 °C is added to the VCU’s refrigeration loop.
Then, the refrigerant is subcooled and throttled (stream 4) to 1.79 bar
and —12 °C to ensure the necessary temperature difference in the
evaporator. The process conditions and constraints achieved are
strongly depending on the composition of the fuel-grade DME used. The
refrigerant exits the evaporator with a high vapor fraction and then
enters recuperative superheating by subcooling the incoming refrig-
erant (stream 3). After superheating, the refrigerant is compressed in an
intercooled, two-step process to a saturation pressure of 6.9 bar
(stream 2).

Following the compression, a portion of the refrigerant is sent as fuel
to the power cycle’s fuel compressor, while the rest is recycled in the
VCU loop, where it is condensed at 26 °C using cooling water. Adding
the fuel to the refrigeration system before the fuel compressor increases

the cooling duty of the evaporator. However, the use of DME as both fuel
and refrigerant requires consideration of the fuel composition, as fuel-
grade specifications are not primarily defined for refrigerant
applications.

3. Compression and purification

Although oxy-combustion produces CO»-rich flue gas, residual inerts
from the oxygen stream (e.g., No, Ar) and trace fuel impurities accu-
mulate in the CO; rich stream. Therefore, further purification remains
necessary, particularly for oxygen removal. The purification of the
captured CO; is a critical step in meeting transport specifications and
achieving high effective capture rates. However, several studies have
investigated CPU configurations independently of the power cycle,
making it difficult to understand its energetic impact on the overall net
efficiency.

Posch et al. [37] examined two CPU types: a distillation-based sys-
tem with and without external cooling and a double-flash configuration.
They concluded that lower CO, content substantially increases power
demand and cooling duty. The distillation-based system achieved higher
purity than the double-flash configuration, though at a greater energy
cost. Additionally, they found that higher feed pressure reduces cooling
duty and improves separation performance without directly influencing
CO3, product purity.

Sala et al. [38] investigated six CPU concepts from a techno-
economic perspective and showed that flash separation alone cannot
achieve high purity, particularly with regard to oxygen. The highest
purity and recovery were achieved using hybrid flash-distillation
configurations.
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Fig. 5. Simplified process flow diagram of the compression and purification unit (CPU-2) used for the LiRAC.

The IEAGHG study [19] adopted the patented CPU design [39],
demonstrating that a high-purity oxygen feed (99.5 mol %) in oxy-
combustion cycles eliminates the need for a flash drum and enables
achieving the target purity of EOR with a single distillation column.

The required CO- purity depends on the transport mode and project
specifications. To support a standardized CO; infrastructure and enable
circular carbon loop, captured CO5 must meet the established purity and
thermodynamic state guidelines. These guidelines include specifications
for pipeline and geological storage [27,40], and for transportation by
ship [12].

Key purity limitations relevant for oxy-combustion systems using
gaseous fuels are summarized in Table 1. Oxygen is among the most
restrictive impurities, with specifications requiring concentrations
below 10 ppm mol. Meeting this limit places stringent demands on CPU

Table 1

design and operating conditions. This work ensures that the captured
CO, aligns with the specification of the ISO 27913 for dense phase
pipeline transportation [27].

3.1. Compression and purification unit 1

The CPU-1 used in this work for the Allam cycle is a distillation-based
configuration with internal cooling configured in alignment with the
literature [19,38]. Fig. 4 illustrates the process flow diagram, and
Table S7 in SI provides the values of the streams.

After water condensation and separation in the power cycle, the CO»
mixture is extracted and sent to the CPU as feed. A drying process first
takes place to avoid ice formation. Then, the feed is mixed with a
gaseous stream (stream 2) before entering the recuperator, where the

Summary of essential CO, specifications from ISO standards and ongoing transport projects.

ISO 27913-2016 [40] ISO 27913-2024 [27,41]

1SO 27913-2024 [27,41]

IEAGHG-2015 [19] Northern Lights-2024 [23] Aramis-2025 [42]

Transport Pipeline Pipeline gas phase Pipeline dense phase Pipeline dense phase Ship Ship

Unit mol mol mol vol mol mol

CO, > 95 % > 95 % > 95 % >95% > 99.81 %

(o2} * < 10 ppm < 10 ppm < 100 ppm < =10 ppm < 10 ppm
Ar — <4% — <4% — —

N2 2% <4% - <4% - -

Cco 0.2 % <0.2% < 0.7 % <0.2% <= 100 ppm < 1200 ppm
H, 0.75 % <1% <1% <4% <= 50 ppm < 500 ppm
Hy0 20-630 ppm vol < 50 ppm < 630 ppm < 50 ppm <= 30 ppm < 30 ppm
Methanol - < 350 ppm - - - < 40 ppm
Sum of inerts <4% <4% <5% <4% — < 2000 ppm

*: The amount of oxygen in the pipeline must be kept low enough to prevent acids, solids, and corrosion from damaging the pipeline over its lifetime.



G. Abi Haidar et al.

stream is cooled and partially liquefied. After liquefaction, stream 3
enters the reboiler of the distillation column, providing heat.

Subsequent to the reboiler, the stream is throttled (stream 4) and
enters the top of the distillation column, wherein phase separation oc-
curs across a temperature range at constant pressure, producing high-
purity liquid CO5 at the bottom and gaseous waste at the top.

Both the gaseous stream from the top and the liquid stream from the
bottom are used to provide the necessary cooling in the recuperator to
liquefy the feed, thereby enabling internal recuperative refrigeration.
The purified liquid COs is throttled before entering the recuperator to
ensure a temperature difference for heat transfer. After recuperation, a
portion of the top waste stream (stream 7) is recycled, compressed, and
cooled to 26 °C (stream 2). It is then mixed with the feed (stream 1),
enhancing the CO; recovery and separation performance.

Ultimately, the pure CO5 leaves the recuperator fully evaporated, is
compressed to 110 bar, and is cooled to 26 °C (stream 9). Meanwhile,
the hot waste stream expands in a turbine before being vented to the
atmosphere (stream 10). Adding a portion of the pure, evaporated CO5
to the waste stream could increase the turbine’s power output. However,
this amount is minimized in this study to ensure high recovery rates.

3.2. Compression and purification unit 2

The CPU-2 is a modification of the CPU-1 used in the Allam cycle
with similar design assumptions. In contrast to CPU-1 the CO, extracted
from the power cycle and sent to the CPU-2 (stream 1) is liquid.
Therefore, lower amount of cooling is needed to liquify the feed before
entering the column. The corresponding process flow diagram is illus-
trated in Fig. 5. The values of the streams are provided in SI in Table S7.
The modification consists of eliminating the second throttle valve after
stream 6 at the recuperator (VLV-3, Fig. 4) Furthermore, the recuper-
ator’s cooling requirement is low, so the pure CO; liquid (stream 8) does
not completely evaporate at the recuperator’s outlet (see section 5.4).
Consequently, a flash drum (FL-2) is added to separate the gaseous from
the liquid. The liquid product is then pumped, and the gaseous product
is compressed to 110 bar and cooled while heating the waste stream
(stream 9). The product streams are mixed directly at high pressure.
Similar to CPU-1, the hot waste stream then flows through a turbine to
generate power and is subsequently vented to the atmosphere (stream
10).

Stream 8 consists of 74 % liquid, thereby adding flash drum (FL-2) to
split the two-phase stream. The CO; purified aligns with ISO 27913 for
dense phase pipeline transportation [27]. Stream Summary of the
numerated streams is provided in Table S7 in SI.

4. Modeling and evaluation metrics
4.1. Thermodynamic models

The process simulations were performed using the equation-oriented
AVEVA® Process Simulation (APS) software. The Peng Robinson equa-
tion of state was applied for the main power cycle, consistent with
previous studies [17,24,28]. The PSRK equation of state was applied for
modeling the CPU, the recycle liquefaction, and the water condensation
in HX-WT-1. To ensure accuracy, the thermodynamic models were
validated in-house against experimental data from literature. The vali-
dation covered binary mixtures of CO, with Oy, Ar, No, and H5O,
focusing on density and vapor-liquid equilibrium (VLE) evaluation.

The results confirmed that the Peng Robinson model provided reli-
able predictions of density across the investigated temperature and
pressure ranges, with a maximum relative average deviation of
approximately 5 % (see section 1.2.2 in SI, Table S14-S17). The PSRK
model yielded the best agreement for VLE (see section 1.2.2 in SI,
Fig. S1-S2).
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Further validation of the modeled NG-fueled Allam process was
conducted against the literature [28]. Based on the same NG-fuel mass
flow, the energy consumption of the equipment and streams was
benchmarked, and the deviation was calculated, with most values under
2 % (see section 1.2.1 in SI, Table S11-S13).

4.2. Power cycles

The composition of the fuel-grade DME used in this study is listed in
Table S3 in SI and aligns with DIN TS 51698 [43] and trace impurities
are considered within these specification limits. The total thermal input
was fixed at 1,536 MWy, in line with prior studies [19]. The oxygen feed
is assumed to be supplied by an air separation unit at 99.5 mol % purity
(Table S3 in SI), represented by a specific energy demand of 1,390 kJ/
kgoz aligned with [19,28]. A comparative review of oxygen production
methods and associated energy requirements for different purities is also
provided in the supplementary information (Table S9). In addition, key
modeling assumptions are summarized in Table 2, while detailed as-
sumptions, such as equipment pressure drop and machine efficiencies,
are listed in supplementary (Table S1-S4). The assumptions used in this
work align with reference literature [19,28] and they were applied to all
modeled cycles to ensure a fair performance-focused benchmark.

The main recuperator (REC) was modeled as a multi-stream heat
exchanger with 15 discretization elements to capture the nonlinear
variation of thermophysical properties. The calculations were conducted
to achieve a minimum pinch point temperature difference of 5 °C
[28,44] while the turbine cooling flow exiting the recuperator was set to
183 °C. Since the software is equation oriented, both, cold- and hot-
outlet were calculated. The additional heat supplied from the ASU is
represented by a hot air stream at a temperature of 273 °C and pressure
of 7.5 bar (see Table S3 in SI), that passes by the multi-stream recu-
perator as additional hot stream. The mass flow of the hot air stream is
calculated based on oxygen to air mass ratio of 22.22 % [19].

The turbine cooling model followed Scaccabarozzi et al.’s approach
[19,28] using 15 expansion steps to capture the continuous cooling of
turbine blades. The combustor was modeled as a full-conversion reactor,
assuming complete oxidation of all carbon-containing species in the fuel
to CO, and H5O (see Table S3 in SI).

To compare the technical and environmental performance of the
cycles, this work uses three metrics. The first is net plant electrical ef-
ficiency, defined as the ratio of net power output Py to the heat input
Qin on an lower heating value (LHV) basis (see Table S3 in SI), expressed
in Eq. (1) and referred to as net efficiency in this work. The efficiency
accounts for the power consumption of the CPU, ASU, and, in the case of
the LiRAC, the VCU (cf. Eq. (2)).

’7 _ Pnet
net Allam — <
Qin
% > Pcra) . % > Pp Pcfue
< (PT N — Z | Fgen "My — == — —— — Pasy — Preccru
_ N Mo Nm
Miyel *LH Vfuel
@
Table 2
Key assumptions used in the cycle simulations.
Parameter Value Unit
Thermal energy of feedstock (LHV basis) 1,536 MWy,
Turbine inlet temperature 1,150 °C
Turbine inlet pressure 300 bar
Turbine outlet pressure 34 bar
Pinch point temperature difference 5 °C
Minimum achievable temperature by water cooling 26 °C
Maximum blade temperature 860 °C
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The turbine mechanical power is defined as:
Prn = Prin, 3
The turbine electrical power output is calculated as:
Preloyerirac = P T.m*”gen*r]t_r
* > PcreL
PT~Eloum11am = <PT' Mm — r’gen*rltr (C)]
Mm
The compressors and pumps electrical power are defined as:
P

Pojce = np_/c %)

In addition to net plant efficiency, an efficiency metric that excludes
CPU power consumption is used to assess the energy penalty of CO5
conditioning (cf. Eq. (6)).

Pret + Pretcru
Mhetecrs = (Poe + Prscr) ©

mﬁ.\el -LH Vfuel
To benchmark the cycles based on the carbon efficiency, the carbon
capture rate (Rcc) is defined as the ratio of the captured and purified
CO;, to the total mass flow of CO; imported and generated mcoz fuel,sto-
ich (cf. Eq. (7) and (8)).

mCOZ.puriﬁed
Rec=—"""— )
Mco2 fuel stoich

Mco2 fuel stoich = mCOZ.generated + Mco2 input fuel (8)

Furthermore, the CO;, emission intensity is used to assess the environ-
mental performance. Intensity relates all direct CO2 emissions to net
power output. This metric includes CO; emissions from the CPU (mco2,
vent,cpu) and CO; dissolved in water condensate from power cycles (cf.
Eq. (9)). The dissolved COs is not further recovered and is considered as
emissions.

Mco2 vent,cPU + Mco2 (dissolved (9)

CO, emission intensity = P
net

4.3. Compression and purification unit

Both CPU configurations were configured with similar design as-
sumptions and optimized to achieve an oxygen concentration in the
purified CO; below 10 ppm mol while maximizing the recovery rate up
to 98 %. The minimum process temperature in the CPUs was limited to
—55 °C to prevent dry-ice formation, specifically for the streams after
each throttle valve and column top. The distillation column was
modeled using 6 equilibrium stages with a pressure drop of 0.05 bar/
stage, without hydrostatic pressure calculations. Additional design pa-
rameters and assumptions are summarized in Table S5 in SI. The purified
CO4, product fulfills the specifications for pipeline dense phase transport
according to ISO 27913 [27].

To assess the performance of the CPUs, two essential metrics were
used. First is the recovery rate (RRcpy), which reflects the CPU’s sepa-
ration efficiency (cf. Eq. (10)).

rhCOZ.puriﬁed
Mco2 feed,CPU
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Second, the specific work of the CPU (w¢py) was used to benchmark the
energetic performance. This metric quantifies the amount of net power
consumed per unit of purified CO, (Eq. (11)), thus enabling a technical
comparison independent of the system size.
* Pc cpu
ISP >
Pretcru (= Pra™ m )

1)

Wepy =

Mco2 purified Mco2 purified

4.4. Vapor compression unit

The VCU is modeled as an integrated subsystem coupled directly to
the power cycle. The refrigerant mass flow and throttle-valve pressure
drop were adjusted to fully liquefy the recycle stream (stream 7, Fig. 4)
in the evaporator of the VCU while keeping a pinch point temperature
difference of 2 °C. The refrigerant used consists of the same specifica-
tions of the fuel-grade DME listed in Table S3 in SI.

The coefficient of performance (COP) of the VCU was used to
quantify the VCU’s performance. This metric quantifies the amount of
beneficial heat, i.e., evaporator duty per net power consumed by the
compressors (cf. Eq. (12)).

D UtyVCU evaporator
COP = ———F—"—F—— (12)
EP C/ M

5. Results and discussions

A comparative performance analysis for the DME-fueled Allam and
the LiRAC is provided in section 5.1. In addition, the processes are
benchmarked against literature results and own calculations for NG-
fueled Allam cycle. Further analyses are conducted with focus on the
overall energy and mass balance of both systems. Finally, a detailed
analysis for the VCU and CPU is conducted to assess their performance.

To ensure a fair comparison between the Allam and LiRAC, a fixed
heat input of 1,536 MWy, is set, and process parameters were kept
similar. As a result, the simulation yield identical DME and oxygen feed
mass flows of 53.24 kg/s and 111.80 kg/s, respectively, as well as an
identical hot-air mass flow 502.29 kg/s.

5.1. Performance analysis of the simulated cycles

The performance analysis of the Allam cycle and the LiRAC is based
on efficiency, carbon capture rates and CO; intensity. To ensure con-
sistency and avoid discrepancies when comparing DME with NG from
different literature sources and simulation tools, a NG-fueled Allam
cycle was also simulated as part of this work. The resulting key perfor-
mance indicators (KPIs) are listed in Table 3. In addition, a direct
comparison with values reported in the studies by the IEAGHG [12] and
Scaccabarozzi et al [28] is provided. An extended KPI table is included
in the supplementary (Table S8).

The results show that the Allam cycle has a slightly higher net effi-
ciency than the LiRAC (see Table 3). This difference could potentially be
attributed to the higher hot side temperature achieved by recuperation
in the Allam cycle, as discussed further in section 5.2.1.

Similar efficiencies were simulated between DME (50.4 %) and NG-
fueled Allam cycle (50.3 %) in this work. The DME-fueled cycle exhibits
an advantage in the ASU power demand. Since DME contains oxygen in
its molecular structure, less external oxygen is required for the stoi-
chiometric combustion per unit of heat input. In this work, the values
are 0.072 kgoo/MWy, for DME-fueled and 0.08 kgoa/MWy, for NG-
fueled Allam cycle. However, this advantage is offset by the higher
CPU feed mass flow in the DME-fueled Allam cycle, which increases CPU
power demand. Excluding the CPU power demand, the DME-fueled
Allam cycle achieves a slightly higher efficiency of 53.5 %, compared
to 52.9 % for the NG-fueled Allam cycle.

Compared to the results from literature, the IEAGHG study indicates
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Table 3
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Key simulation outcomes and comparative performance indicators of the investigated cycles compared with literature data.

Source This work This work This work* IEAGHG [19] Scac. et. al* [28]
Fuel DME DME NG NG NG
Process Unit LiRAC Allam Allam Allam Allam
Energy Performance
Net efficiency % 48.7 50.4 50.3 55.1 54.6
Net efficiency excl. CPU % 49.4 53.5 52.9 56.0 -
Thermal energy LHV MWy, 1,536.0 1,536.0 1,536.0 1,536.0 768.3
Net power output MW, 748.5 774.8 773.2 848.4 419.3
CPU power MW, 10.2 46.9 39.9 12.4 no CPU
ASU Power MW, 155.4 155.4 171.0 171.0 85.5
Carbon Performance
Effective carbon capture % 96.0 96.6 94.9 90.0 -
CPU recovery rate % 98.9 98.9 97.7 90.0 -
CO,, emission intensity kg/MWy, 19.6 16.1 20.8 36.8 —
CO, emission intensity excl. CO, dissolved kg/MWy, 5.2 5.1 9.1 36.8 no CPU
Mass Flows
Fuel kg/s 53.2 53.2 33.0 33.0 16.6
Oxygen kg/s 111.8 111.8 123.0 123.0 61.5
CO,, purified kg/s 97.7 98.4 83.1 - -
CO,, gaseous emissions kg/s 1.1 1.1 2.0 10.0 no CPU
Total CO2 (Mcoz fuel stoich) kg/s 101.8 101.8 87.5 - -
CO,, dissolved kg/s 3.0 2.4 2.5 - -
Recycled stream kg/s 2,537.0 2,570.2 2,582.3 2,663.2 1,353.9

This work*: Same design as DME-fueled Allam. Fuel composition of 89 vol% NG as in [19].
Scac. et. al*: Thermal energy considered as one train of 768.3 MWy, (half of the considered value in this work and in [19]).

higher efficiency for the NG-fueled Allam cycle. This can be explained by
the lower CPU power demand in the report, which is based on 90 %
recovery rate and an oxygen impurity of 0.01 mol % in purified CO,. In
addition, small discrepancies are to be expected due to differences in
simulation software, thermodynamic models and the basis of design
assumptions for turbomachinery. A direct comparison with the work of
Scaccabarozzi et al. [28] based on the same NG-fuel mass flow is pro-
vided in the supplementary (Table S11-S13).

All cycles considered in this work achieved carbon capture rates of
approximately 96 %. The DME-fueled Allam cycle demonstrates the
lowest CO2 emission intensity at 16.1 kgcoa/MWy, slightly below the
LiRAC at 19.6 kgcoa/MWy, and the NG-fueled Allam cycle at 20.8 kgcoa/
MW}, The higher emission intensity in the NG-fueled cycle arises from
the marginally higher CO, emitted, resulting from slightly lower CPU
recovery rates. The lower recovery rate is due to the slightly lower CPU-
feed COy purity. Nevertheless, the effective capture rates could be
further enhanced to higher values if the CO; dissolved in the condensed
water is recovered, thus potentially reducing the CO; emission in-
tensities depending on the energetic impact of such a recovery [45].

For reference, the minimum reported CO, intensities for NGCC with
post-combustion capture are in the range of 30 kgcoa/MWy, [15,16].
With the CO, product conditioned for enhanced oil recovery, literature
reports a net efficiency of 53 %, a capture rate of 90 %, and a CO; in-
tensity of 38 kgcoa/MWy, [14]. Further purification of the CO5 product
to align with the pipeline specifications used in this work would also
lead to a further decrease in the efficiency of the NGCC-PCC.

Overall, the findings position DME as a potential fuel for Allam-based
power cycles without significant differences in efficiency compared to
NG-fueled Allam. The LiRAC proves feasibility, exhibiting only 1.7 %
lower efficiency than the Allam cycle, with potential for both further
design optimization and benefits in dynamic operation.

5.2. Detailed comparison of the LiRAC and DME-fueled Allam cycle

To assess the differences in the efficiencies between the Allam and
the LiRAC, a rigorous analysis of the heat recuperation, mass balance
and energy balance has been conducted. The cycles are set to achieve
same combustor temperature and same turbine outlet pressure leading
to similar turbine outlet temperature of 742 °C entering the recuperator.

5.2.1. Heat recuperation

In the LiRAC, the recycled stream is liquefied at the lowest cycle
pressure —11 °C and further pumped to the maximum pressure. As a
result, the high pressure recycle stream 9 enters the recuperator at a
temperature of 11 °C, compared to 50 °C in the Allam cycle. The dif-
ference is evident in the pressure enthalpy diagram in Fig. 2, where
Allam cycle and LiRAC show distinct trajectories between points 7 and
9.

To evaluate the implications of the differences in temperatures on
the heat transferred in the recuperator, temperature and duty (T-Q) di-
agrams of the recuperator for each cycle are visualized in Fig. 6.

As illustrated in Fig. 6, the T-Q curves of both recuperators show a
nearly parallel and well-matched trend between the cold and hot curves,
and the temperature approach remains narrow throughout, indicating
effective heat transfer.

However, a steep change is observed in the T-Q curves of the Allam
and LiRAC recuperators. This behavior is caused by the condensation of
water in the hot stream (turbine exhaust). The difference in the position
of the steep change between the two recuperators is potentially linked to
the slight difference in water amount and, consequently, boiling
temperature.

Additionally, the release of latent heat during water condensation
increases the temperature driving force and allows further heat to be
transferred. In the Allam recuperator, the 5 °C pinch point is reached at
the beginning of condensation inside the recuperator, while for the
LiRAC, the pinch point is shifted to the end of the recuperator’s cold
side.

Moreover, the LiRAC recuperates additional heat due to the lower
inlet temperatures of the cold streams. Nevertheless, the cold outlet
streams directed to the combustors in the LiRAC remains 7 °C colder
than those in the Allam cycle. Due to the lower inlet temperature, the hot
exhaust outlet cooled further, reaching 11.4 °C compared to 47.1 °C in
the Allam cycle.

The findings indicate that the recuperators behave similarly in the
two cycles. The only difference is the cold inlet in the LIRAC, which leads
to a lower achievable recycle diluent temperature before entering the
combustor and a colder exhaust exiting the recuperator.

5.2.2. Mass flows breakdown
The impact of the lower recycle temperature in the LiRAC is clearly
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Fig. 6. Temperature-heat (T-Q) curves of the main power cycle recuperator (REC). Left: Allam cycle; right: LIRAC. Both cycles are simulated with same DME and O,

assumptions for a fixed 1,536 MWy, heat input.

reflected in the reduced recycle mass flow, as illustrated in Fig. 7. The
recycled flow amounts to 2,570.0 kg/s for the Allam cycle and 2,536.8
kg/s for the LiRAC. The lower temperature entering the combustor de-
creases the recycled diluent mass flow needed to maintain the target
combustor temperature.

Further differences are observed in the captured CO; and condensed
water streams. The total amount of water separated in the LIRAC is 65.5
kg/s, which is slightly higher than in the Allam cycle (64.8 kg/s).

In the Allam cycle a higher amount of COj is captured, at 98.3 kg/s
compared to 97.7 kg/s for the LiRAC. The difference of 0.62 kg/s is
nearly equal to the difference in COy dissolved in the separated water,
which is 2.99 kg/s for the LIRAC and 2.37 kg/s for the Allam cycle. The
difference in the amounts of condensed water and CO, dissolved is
attributed to the additional drying step and the lower condensing tem-
perature (stream 6, Fig. 1) in the LiRAC.

In conclusion, the temperature of the recycled diluent entering the
combustor impacts the mass flow of the recycle and the overall mass
flow in the system. Additionally, the lower recuperator cold inlet cooling
the turbine exhaust to a lower temperature, as in the case of the LiRAC,
results in more CO, dissolving in the water. Consequently, the COy
capture rate is lower since the dissolved COs is not recovered.

5.2.3. Energy flows breakdown
The energetic implications of the lower recycled mass flows in the

Turbine Recycle
coolant 2,570.2
200.1 2,370.1
Allam / kg/s
Flue gas
2,735.2
f -
DME _ /| To CPU
53.2 100.3
Oxygen _/ ._____CO,purified
111.8 98.4
]
Water o, Vent
64.8 1.84

LiRAC are evident in the turbine power output, as shown in Fig. 8. The
overall mass flow through the turbine decreases, resulting in lower
turbine mechanical power output. Accordingly, the turbine delivers
1,206.8 MW in the LiRAC and 1,222.1 MW in the Allam cycle.

The LiRAC’s main distinguishing features are the VCU and the liquid
working medium. The compressors of the VCU in the LiRAC consume
175.7 MW,, which exceeds the power consumption of the recycle
compressors in the Allam cycle (130.8 MW,). This difference is due to
two factors. Firstly, the VCU compressors have a lower isentropic effi-
ciency compared to the recycle compressors (Table S1). Secondly and
predominantly, the refrigeration cycle has a higher pressure ratio of 4.4,
compared to the recycle compressor’s ratio of 3.05 (see section 5.3).

Conversely, the oxidant pump requires less power in the LiRAC
(26.6 MW,) than in the Allam cycle (34.1 MW,). This reduction is due to
the pump’s higher inlet density (924.5 kg/m>), which is caused by the
lower temperature in the LiRAC case (—5.5 °C).

Clearly, CPU-1(Allam) requires substantially more energy
(36.7 MW,) than CPU-2 (LiRAC), mainly due to the liquid feed in CPU-2
(see section 5.4).

Taking all these differences into account, the total net power output
difference between the LiRAC and Allam cycles is 26 MW,, mainly due
to the lower power generated through the turbine.

Turbine Recycle
coolant 2,537.0
197.7 2,339.3
LiRAC / kg/s
Flue gas
2,702.1
DME _ To CPU
53.2 I 99.6
o Water o5 CO,purified
xygen _ 1.0 -
111.8 or1
u '
Water g, Vent
64.5 1.83

Fig. 7. Mass flow Sankey diagrams for the Allam cycle (left) and the LiRAC (right). Both cycles are simulated with same DME and O, feed assumptions for a fixed

1,536 MWy, heat input.
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Fig. 8. Energy Sankey diagrams for the Allam cycle (left) and the LiRAC (right). “ElL Losses” represent the turbine losses exhibited by the generator and transformer
on the turbine mechanical power output. Both cycles are simulated with same DME and O, feed assumptions for a fixed 1,536 MWy, heat input.

5.3. Thermodynamic analysis of the VCU

The VCU in the LiRAC requires 175.7 MW, of power, which is sig-
nificant and higher than the Allam cycle's recycle compressor’s power
demand. Fig. 9 illustrates the VCU’s process flow and corresponding
pressure-enthalpy diagrams and the T-Q Curves of the evaporator. The
values of the numbered streams in the figures are listed in Table 4.

A defining feature of the LiRAC configuration is the use of the fuel-
grade DME itself as the refrigerant within the VCU. The simulation re-
sults indicate high refrigerant effectiveness. Specifically, the refrigerant
mass flow ratio (stream 4) to the recycled CO2 mixture (stream 7) is
0.68, which is 32 % lower than the recycled stream. This reduction is
due to DME’s higher enthalpy of vaporization relative to that of the
recycled CO2 mixture.

The VCU achieves a COP of 4.2, with a cycle pressure ratio of 4.4.
This pressure ratio results from the required condensation temperature
of 26 °C and the evaporation temperature of - 12 °C (1.79 bar). These
operating conditions and limitations depend on the thermophysical
properties of the refrigerant, specifically the composition of the fuel-
grade DME. The condensation temperature is defined by the cooling
water, and the evaporation temperature depends on the recycled COy
mixture and the required temperature difference in the evaporator to
ensure heat transfer.

The recycled CO, mixture (stream 7) enters at 16 °C and begins to
liquefy at around — 4 °C (cf. Fig. 9). The phase change occurs quasi-
isothermally up to 600 MWy, of transferred heat. Then, the tempera-
ture decreases sharply to —10 °C, at which stream 7 is fully liquefied.
The sharp temperature drop is likely caused by inert components in the
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CO9 mixture that shift the boiling temperature to lower temperatures at
higher liquid fractions. Altogether, 739 MWy, of cooling duty is required
to fully liquefy the recycled COy mixture (stream 7 to stream 7%).

In summary, improving the efficiency of the LiRAC relies heavily on
reducing the energy consumption of the VCU compressors. This can be
achieved by minimizing the pressure ratio of the VCU and thus lowering
the compression work.

5.4. Energy breakdown of the CPUs

The compression and purification units account for a significant
portion of the energy consumption. The energy analysis shows that the
CPU-1 (Allam) required more energy than CPU-2 (LiRAC).

In CPU-1, the incoming feed is fully gaseous and requires 51.6 MWy,
(Fig. 10) of cooling to achieve liquid fraction of 0.23 before entering the
reboiler (stream 3, Fig. 4). In contrast, CPU-2's incoming stream is partly
liquid (stream 2, Fig. 5), achieving a higher liquid fraction of 0.59 with
lower cooling demand (9.7 MWy, Fig. 10). Consequently, the throttled
column feed (stream 4) exhibits a higher vapor fraction in CPU-1 of 0.78
compared to 0.45 in CPU-2.

The higher vapor fraction increases the gaseous flow at the top of the
column. This results in larger CO; losses, higher recycled mass flows,
and ultimately, higher energy consumption in CPU-1. Specifically, CPU-
1's recycled mass flow of 319.88 kg/s results in an energy demand of
25.67 MW,, whereas CPU-2's recycled mass flow of 73.09 kg/s results in
a lower demand of only 5.68 MWe,. In both CPUs, more than 50 % of the
total energy is consumed in the recycling compression step.

According to Eq. (8), the specific energy consumption is 476.73 kJ/

164 —— Hot
Cold
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Fig. 9. Left: Pressure-enthalpy diagram of the VCU with the liquefaction of the recycle CO, mixture (green). Right: Temperature-heat (T-Q) curve of the VCU

evaporator in the LiRAC.
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Table 4
Stream values of the vapor compression unit.
Stream Nr. Unit 1 2 3 4 7 7*
m kg/s 1,790.1 1,790.1 1,790.1 1,790.1 2,636.6 2,636.6
v m%/s 584.3 138.4 2.6 30.9 35.9 2.7
T °C 21.0 55.3 26.0 -12.1 16.4 -10.1
p bar 1.6 7.0 6.7 1.8 32.2 32.1
P kg/m® 3.1 12.9 681.8 57.9 73.5 991.8
VF - 1.0 1.0 0.0 0.1 1.0 0.0
DH kJ/kg -9.6 29.1 —422.5 —482.5 -43.9 -324.2
Composition in mol %
CO, 0.10 0.10 0.10 0.10 99.04 99.04
0, 0.00 0.00 0.00 0.00 0.19 0.19
Ar 0.00 0.00 0.00 0.00 0.46 0.46
N, 0.00 0.00 0.00 0.00 0.31 0.31
co 0.02 0.02 0.02 0.02 0.00 0.00
H,0 0.08 0.08 0.08 0.08 0.00 0.00
CH30H 0.07 0.07 0.07 0.07 0.00 0.00
DME 99.12 99.12 99.12 99.12 0.00 0.00
CHy4 0.14 0.14 0.14 0.14 0.00 0.00
Ethane 0.23 0.23 0.23 0.23 0.00 0.00
Propane 0.10 0.10 0.10 0.10 0.00 0.00
Butane 0.08 0.08 0.08 0.08 0.00 0.00
Formic acid 0.05 0.05 0.05 0.05 0.00 0.00
the complete liquefaction of the working medium. Furthermore, we
80 benchmarked the DME-fueled cycles and NG-fueled Allam cycle under
aligned assumptions. Additionally, we provided an extensive analysis of
60 F the energy requirements for the compression and purification units used
40 to achieve high capture rate and to ensure that captured CO, meets
3 30.2 transport specifications.

s 20 19.7 % Both cycles demonstrated high performance, achieving net effi-
; / 7.9 ciencies of 50.4 % (Allam cycle) and 48.7 % (LiRAC) and effective CO,
= 0 / 1.7 1.8 / 0.0 capture rates above 96 %, approaching carbon neutrality. For reference,
= 7 we simulated an NG-fueled Allam cycle under equivalent boundary
S -20 -9.7 conditions. The results showed nearly identical efficiency compared to
T / the DME-fueled cycle. Regarding environmental performance, the direct

40 F / CO, emission intensities are close for both DME-fueled cycles under
% CPU-1 ( All am) A 19.6 kgco2/MWh, thus lower than the minimum of 30 kgco2/MWy, re-

60 F CPU-2 (LIRAC 516 ported for NGCC with post-combustion carbon capture [14-16]. More-
- ( I ) over, the captured CO; in all cycles is pipeline-ready and meets the

-80 1 . 1 . 1 . 1 oxygen impurity limit of less than 10 ppm mol. Consequently, direct
Cold 1 Cold 2 Cold 3 Hot deployment and a nearly closed carbon loop are feasible when the

Recuperator Path

Fig. 10. Heat transferred in the recuperator of the CPUs.

kgcoz for CPU-1, which is higher than for CPU-2 (104.35 kJ/kgcoz)-
Moreover, CPU-2 requires 4.76 MW, to pressurize the purified CO to
pipeline pressure, which is lower than CPU-1's demand of 21.5 MWL.
This lower energy demand is due to the liquid fraction (0.74) of the
purified stream (stream 8), which enables some of the CO5 to be pumped
as a liquid, while only the remaining vapor is compressed. Notably, the
liquid purified CO» (stream 8) could potentially be provided for shipping
instead of being pressurized for the pipeline [12].

Overall, CPU-2's feed is in a more favorable thermodynamic state,
which explains its significantly lower energy demand compared to CPU-
1.

6. Conclusion and outlook

In this study, we performed a detailed thermodynamic analysis of
DME as a fuel in two oxy-combustion sCO, power cycles. Specifically,
we conducted a detailed comparison of the DME-fueled Allam cycle with
the novel cycle introduced in this work: the Liquefied Recycle Allam
Cycle (LiRAC). The LiRAC is a modified Allam cycle that integrates a
vapor compression unit with fuel-grade DME as the refrigerant, enabling

12

captured CO; is reused for DME-synthesis.

These findings position DME-fueled Allam-based cycles as a potential
path for efficient and sustainable power generation. However, chal-
lenges remain regarding materials that can withstand degradation under
high-pressure, high-temperature conditions and in reactive working
fluid mixtures. Therefore, it is crucial to develop cost-competitive
equipment that can operate under such conditions and ensure a cost-
competitive renewable fuel feedstock (i.e., DME) to enable competi-
tive electricity costs.

Future work should assess DME performance in the combined cycle
gas turbine with post-combustion carbon capture under aligned
boundary conditions (i.e., high capture rates and high CO5 purity) to
enable fair benchmarking against oxy-combustion sCO, cycles. The
minor efficiency gap between the Allam and LiRAC cycles highlights the
feasibility of the LiRAC. Therefore, further investigation should focus on
optimizing the cycle and investigating part-load operation, as well as
exploring further potential benefits and applications of the LiRAC.
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Appendix A

Table A5

Stream summary of the simulated DME-fueled power cycles aligned with the numeration in the process flow diagram in Fig. 1.

1* 2 3 4 5 6
Unit Allam LiRAC Allam LiRAC Allam LiRAC Allam LiRAC Allam LiRAC Allam LiRAC
m kg/s 53.2 53.2 1115.5 1116.6 1366.4 1334.6 2535.1 2504.4 2735.2 2702.1 2735.2 2702.1
T °C 26.0 55.3 721.1 714.3 721.1 714.3 1150.1 1150.1 742.4 742.5 57.2 16.9
P bar 5.8 7.0 303.4 303.4 303.4 303.4 300.0 300.0 34.0 34.0 33.2 33.2
Composition in mol %
COy - - 85.8 85.9 98.9 99.0 93.2 93.2 93.6 93.6 93.6 93.6
(o2 — — 13.3 13.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ar - — 0.4 0.4 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.4
Na - - 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
(¢0) — - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
H0 - — 0.1 0.0 0.2 0.0 5.9 5.9 5.5 5.5 5.5 5.5
Continued
7 8 9 10 11 12
Unit Allam LiRAC Allam LiRAC Allam LiRAC Allam LiRAC Allam LiRAC Allam LiRAC
m kg/s 2670.5 2636.6 2570.2 2537.0 1366.4 1334.6 1115.5 1116.6 200.1 197.7 1115.5 1116.6
T °C 26.0 16.4 26.0 —2.4 50.1 11.4 47.1 11.9 183.0 183.0 17.5 -5.5
P bar 32.8 32.2 120.0 120.0 305.0 305.0 305.0 305.0 303.4 303.4 120.0 120.0
Composition in mol %

COy 98.9 99.0 98.9 99.0 98.9 99.0 85.8 85.9 98.9 99.0 85.8 85.9
Oy 0.2 0.2 0.2 0.2 0.2 0.2 13.3 13.3 0.2 0.2 13.3 13.3
Ar 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.5 0.5 0.4 0.4
Nay 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Cco 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
H,0 0.2 0.0 0.2 0.0 0.2 0.0 0.1 0.0 0.2 0.0 0.1 0.0

*: The composition of stream 1 is equivalent to that of the fuel DME listed in Table 3 in Supplementary information.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.enconman.2026.121439.
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The authors declare that the data supporting the findings of this
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