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A B S T R A C T

This study investigates the energy and economic performance of the Allam cycle, a novel direct-fired, oxygen
combustion supercritical CO2 cycle specifically suitable for CO2 capture and storage applications. The cycle is
assessed and optimized for different plant sizes (in the range 50 MW – 400 MW of net electric power output),
purity of the fed oxygen (95 %, 97 % and 99.5 % O2 molar concentration) and heat recoverable from the Air
Separation Unit and/or external processes. The analysis includes the preliminary design of the turbomachines
with literature correlations for their efficiency and the detailed simulation of the CO2 purification unit. The
analysis shows that the optimal oxygen purity for the plant efficiency is 99.5 % and the net electric efficiency
(including all auxiliary units) might vary in the range 48.7 % to 56.1 % depending on the plant size and heat
recoverable from external processes (e.g., ASUs). The economic analysis of the cycle, performed for a 400 MW
plant, indicates a promising specific total plant cost (2490 €/kW) and a competitive cost of electricity,
approximately 10.4 % lower than a benchmark combined cycle with post-combustion capture system.

1. Introduction

In the last years, the development of technologies to reduce CO2
emission into the atmosphere has been a major focus for the global
research community. According to International Energy Agency [1]
Carbon Capture and Storage (CCS) from power generation and industry
is essential to meet the climate goals on global warming. Among the
possible CCS systems, oxy-combustion represents one the most inter-
esting routes because of two main advantages: (i) the whole flow of CO2
rich exhausts is captured without the need of a stack and related
pollutant emissions; (ii) compared to post-combustion CO2 capture
systems, chemical solvents are not required. For clean gaseous fuels, like
natural gas, it is possible to use internal combustion cycles featuring a
pressurized oxy-combustor followed by an expander of the flue gases.
Such systems are called “oxy-turbine cycles” and there are several
possible configurations. A thorough review can be found in[2].
Compared to external combustion cycles used for coal and solid fuels (e.
g., see [3]), oxy-turbine cycles do not require a boiler with related
savings in capital cost and the possibility of reaching higher turbine inlet
temperatures with benefits in cycle efficiency. Examples of oxy-turbine
cycles are the SCOC cycle [4], the Allam cycle [5,6], the Graz cycle and
the CES cycle [2]. A thorough comparative analysis of the most

promising oxy-turbine cycles has been performed by Amec Foster
Wheeler Italiana and Politecnico di Milano [2]: the results indicate that
the Allam Cycle [5,7] is the most promising in terms of net electric ef-
ficiency and cost of electricity. The cycle was patented by Allam et al.
[8] in 2011 and it can be viewed as a direct-fired supercritical CO2 cycle.
In 2014, the developers presented a reheated version of the cycle [9],
estimating a cycle efficiency between 59% and 57.7 %, a power increase
by 2.5 times and a limited increase in terms of capital cost [8]. In 2017 In
2018, a first-of-a-kind demonstration plant was built in La Porte, Texas
[10] and the demonstration plant is currently used for equipment
testing. In 2017, the cycle developers (8 River Capital) patented an
improved version of the cycle featuring recompression of a fraction of
the flue gases [11].

Given the novelty and very promising performance of the cycle, also
academic researchers have investigated the Allam cycle. In 2016 Scac-
cabarozzi et al. [12] performed the first thorough optimization of the
cycle efficiency. The study considered a utility scale plant (400MWel, an
oxygen purity of 99.5 % (molar basis), the basic cycle scheme without
recompression of flue gases and heat recovery from the ASU main
compressor cooler. Several optimized cases with different values of
turbine outlet temperatures (critical value for the downstream regen-
erator) were considered. The most optimistic case resulted to have a net
plant electric efficiency of 54.8 %.
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The work of Scaccabarozzi et al. [12] has been used as reference (e.
g., for model comparison) for a series of other simulation-based studies
on the basic Allam cycle configuration (without recompression) per-
formed by other research institutes, such as the Technical University of
Graz [13], the National Research University of Moscow [14] and the
University of Brescia [15]. The studies find efficiency values in the range
from 50.4 % [15] to 56.5 % [14], owing to the use of different property
methods (equation of states), different performance assumptions for the
components, and different heat integration with the ASU.

Other research groups proposed alternative cycle configurations. For
example, researchers from the University of Edinburgh [16] proposed a
way of increasing the flexibility of the Allam Cycle by incorporating
Liquid Oxygen Storage and a modification of the Allam cycle by
recompressing an exhaust stream fraction extracted from an interme-
diate section of the recuperator (same idea as the one patented by 8
Rivers Capital in [11]. On one hand, the oxygen storage increases the
cycle flexibility, allowing the cycle operation to be decoupled from the
ASU (which represents the limiting factor, due to its very slow ramp-up
rate [17]); on the other hand, the recompression of a stream drawn from
the regenerator allows compensating for the heat lost without the ASU
integration. The authors evaluate an efficiency of approx. 58 % for the
recompressed cycle and a peak efficiency of about 66 % when the ASU is
turned off (because the oxygen comes from the storage). Zhu et al. [18]
proposed a modified version of the Allam Cycle called Allam-Z Cycle,
where liquefied natural gas is used as fuel and liquid oxygen is assumed
to be available. Indeed, LNG has a higher exergy content than natural
gas at ambient temperature because it is possible to extract not only its
chemical energy but also additional work from a cycle using the envi-
ronment as the hot source and LNG stream as cold heat sink. Similarly,
work can be produced in the regasification process of the liquid oxygen.
At the described conditions, the maximum efficiency of the Allam cycle
estimated by the authors is 47.90 %, while in the modified version a
50.87 % net efficiency is reached. Yu et al. [19] also studied the use of
LNG as fuel for the Allam cycle, evaluating how the cold energy can be
used to reduce the compression work of the cycle by means of a
simulation-based optimization. Wang and Wang [20] studied the
application of the Allam cycle to the natural gas pressure reduction
stations, where the low-grade waste heat of the Allam cycle and ambient
heat are used to heat the decompressed natural gas to the temperature
required by the user. Zhang et al. [21] proposed in 2020 a recompression
version of the cycle, in which a portion of the recirculated CO2 is
separated after the condenser, compressed and used in part as cooling
flow and in part to balance the regenerator without the need of heat
integration with the ASU. The efficiency estimated by the authors for the
cycle without heat integration from the ASU is 49.34 %, which increases
to 52.88 % with the use of recompression. Chan et al. [22] investigated

the optimal performance of the reheated version of the Allam cycle,
obtaining a net efficiency of 49.32 %, about 5 % lower than the original
Allam cycle, but with a power production increase between 2.1 and 2.2
times. Wang et al. [23] proposed a new design integrating an Allam
cycle with a ASU and an ammonia plant, where the nitrogen produced
by the ASU serves as the feedstock for the ammonia plant to produce
fertilizers. Luo et al. [24] investigated the application of the Allam cycle
to a coal-fired cycle, with the adoption of a gasifier. The analysis showed
an efficiency of 40.6 %with a near 100% carbon capture. Win et al. [25]
evaluated the integration of an Allam cycle with a coal-to-methanol
process, obtaining a reduction of the capture energy consumption of
24.3 %, a 5.3 % fuel saving and a net power output of the system
increased by 29.4 % with respect to conventional coal-based methanol
production system. Xin et al. [26] studied an integrated solution con-
sisting of a solar hybrid Allam cycle integrated with methane reforming,
where CSP is used to provide heat to a solar reformer producing the
syngas to be used for the Allam cycle. This configuration can achieve a
net efficiency of 42.7 % and allow a fuel saving up to 10 %. To boost the
efficiency above 60%, Scaccabarozzi et al. [27] proposed a hybrid cycle,
called SOS-CO2, able to achieve a net electric efficiency of 75 % thanks
to the integration of the direct-fired regenerative sCO2 cycle with a Solid
Oxide Fuel Cell (SOFC).

Other studies have focused on the design and evaluation of specific
components of the Allam cycle and part-load control strategies. In 2017,
Toshiba (which developed the first components for the demonstration
plant) published a paper regarding the design and development of the
turbine and compressor of the demonstration plant [28]. In 2019,
Scaccabarozzi et al. [29] proposed a 1-D model for the preliminary
design of the Allam cycle turbine, able to assess the number of stage,
loadings, velocity triangles, fluid-dynamic performances and cooling
flow requirements and impact on the overall performance. A pre-
liminary study of the turbine design is reported also in [14]. Scacca-
barozzi et al. [30] evaluated the part-load performance of the Allam
cycle and proposed an efficient part-load control strategy. The part-load
analysis was then continued by Zaryab et al. [31] proposing and
comparing different effective control strategies. The results indicate
that, thanks to the regenerator and the possibility of adapting the tur-
bine outlet pressure, the Allam cycle features a limited decay of effi-
ciency at part-loads, making it suitable for flexible operational
schedules.

Despite the large number of technical studies on the Allam cycle,
several research gaps still need to be addressed. One of the first gaps
concerns the selection of the most accurate equation of states to model
the Allam cycle. The second research gap is the influence of the oxygen
purity on the efficiency and optimal cycle parameters for the Allam
cycle. A third very important research question is the effect of the heat

Nomenclature

ASU Air Separation Unit
CPU CO2 Purification Unit
COE Cost Of Electricity
COT Combustor Outlet Temperature
HX Heat Exchanger
IEA International Energy Agency
LHV Lower Heating Value
MEA Mono Ethanol Amines
NGCC Natural Gas Combined Cycle
O&M Operation and Maintenance
SCOC-CC Semi-Closed Oxy-Combustion Combined Cycle
TIT Turbine Inlet Temperature
TOT Turbine Outlet Temperature
TIi Inlet temperature of the hot gas entering the i-th expander

step
Tw Maximum allowed temperature of the turbine blade wall

(Nickel side)
TCi Coolant temperature at the inlet of the i-th expander step
WEXP− i Power extracted from the i-th expander step
K1 Calibration constant of the Aspen plus turbine model
K2 Calibration constant of the Aspen plus turbine model
K3 Calibration constant of the Aspen plus turbine model
mCi Mass flow rate of the cooling flow required by the i-th

expansion step
VHi Volumetric flow rate of the hot turbine flow entering the i-

th expansion step
V̇ Volume flow rate at the compressor inlet
ΔhIS Isentropic enthalpy drop
SP Size Parameter
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integration (i.e., heat received from the ASU or external heat sources) on
the optimal cycle parameters and efficiency. As forth point, no previous
study assesses the effect of the plant size on turbomachines and cycle
efficiency. Finally, none of the previous literature studies performs an
economic analysis based on the detailed sizing of the cycle components
(compressors, turbine, recuperator, CO2 purification unit, intercoolers,
condenser, etc.). This work consider the basic scheme of the Allam cycle
(i.e., the version without recompression) and addresses these four
research questions. In particular, this work uses detailed models of the
Allam cycle and its components with the goals of:

• Assessing the effects of oxygen purity on the cycle performance
• Evaluating the effect of the heat integration between ASU and
recuperator on the cycle performance

• Assessing the effect of the plant size on the cycle performance.
• Estimating the economic key performance indicators of the Allam
cycle and comparing it with a benchmark post-combustion CO2
capture technology.

A future work will repeat the same analysis for the Allam cycle
scheme with recompression (the scheme patented in ref. [11].

2. Allam cycle scheme and considered cases

2.1. Allam cycle scheme

In this work we focus on the original Allam cycle scheme, as pub-
lished by the inventors in the first papers [57], also adopted in the IEA
Report [2] and in [12]. The scheme is reported in Fig. 1. It is important
to notice that different plant arrangement have been proposed in liter-
ature (see, e.g., the modified configuration with recompression pro-
posed in [9]) and the results found in this work cannot be extended
directly.

Nearly pure oxygen (99.5 %mol purity) (stream 17) pressurized at
120 bar is supplied by a cryogenic air separation unit (ASU) and then it is

mixed with a stream of recycled CO2 (stream 16), preheated to
approximately 705 ◦C in the regenerator (REG) and sent to the
combustor (stream 4). Oxygen is mixed with CO2 for safety reasons since
pure oxygen becomes extremely corrosive and chemically active against
materials above 200 ◦C [32] before being preheated in the regenerator
and for reducing the temperature of the diffusion flame. To limit safety
and corrosion issues, the concentration of O2 is lowered below 30 %. In
the case of the Allam cycle, the cycle developers consider a concentra-
tion of 25 % [7] while Amec Foster Wheeler considers a safer concen-
tration of 13.3 % [2].

The combustor operates at supercritical pressures (i.e., above the
critical pressure of the CO2 rich stream), preferably between 200 bar and
400 bar and the firing temperature is moderated by injecting a large
recycle stream of CO2 (stream 5). Hot combustion gases (stream 6) at
temperatures above 1050 ◦C enter a cooled turbine (TUR) featuring a
limited expansion pressure ratio, between 6 and 12. Flue gases at tem-
peratures of approximately 720–730 ◦C and a pressure ranging from 30
to 60 bar depending on the case enter a multi-flow heat exchanger (here
called “regenerator”, REG) which allows recovering the available heat
by preheating the recycle streams (streams 4, 5) as well as the turbine
cooling flows (stream 7). At the exit of the regenerator, the exhaust
stream (stream 9) is cooled close to ambient temperature in a cooler
(CON) which condenses and separates the water (stream 23). The
remaining stream (#10) is highly concentrated CO2 in the gas phase.
Part of this stream is separated and sent to CO2 purification, compres-
sion and storage (stream 22), while the majority (stream 11, approxi-
mately 95 % of 10) is compressed and recycled back to the combustor as
temperature moderator. The intercooled compressor pressurizes the
recycle stream to about 80 bar (above the critical pressure) and the
aftercooler takes it to near ambient temperature. Since these conditions
(stream 12) are supercritical (dense phase CO2) and correspond to a very
high density of about 700 kg/m3, the compression from 80 bar to the
combustor pressure is performed with centrifugal dense-phase com-
pressors (CPR-5, CPR-6, and CPR-O). The ASU is thermally integrated
with the cycle: the heat available by cooling the air stream after the main

Fig. 1. Process flow diagram of the Allam cycle scheme considered in this work.
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compressor is supplied to the regenerator by means of a diathermal oil
loop which is assumed to reduce the available heat temperature by
20 ◦C.

2.2. Design cases and sensitivity analyses

For the base cycle configuration shown in Fig. 1, the effects of plant
size, oxygen purity and heat integration with the ASU on the plant
performance are investigated by means of sensitivity analyses. The cases
investigated in this work are summarized in Table 1 and Fig. 2. Case BC
is the base case design resembling the one already optimized by Scac-
cabarozzi et al. [12] for 50 Hz utility scale plants. Its size of 400 MW net
electric plant output corresponds to the maximum size of a single train of
air separation unit. The ASU provides high purity oxygen (99.5 % molar
basis in the base case, although other purities have been investigated in
the sensitivity analysis detailed in Section 6) and medium temperature
heat recovered from the aftercooler of the main air compressor. It is
representative of a utility-size Allam cycle.

Cases PS-300, PS-200 and PS-100 are aimed at assessing the effect of
plant size on the efficiency of the Allam cycle. The only difference be-
tween these cases and case BC is the size of the components. Case PS-50
denotes a very small size plant employing an uncooled turbine. It allows
assessing the effect of adopting a lower turbine inlet temperature and
more conservative turbine design on the efficiency of the Allam cycle.
Cases OP-95 and OP-97 are considered to assess the influence of the
oxygen purity provided by the ASU on the cycle design and efficiency.
These cases have the same design criteria and size as the base case except
for the purity of oxygen provided by the ASU. Finally, cases AHI-NO and
AHI-AD are variations of the utility scale case (BC) assessing the effect of
the heat integration with the ASU: in case AHI-NO, there is not heat
integration between the ASU and the Allam cycle, while in case AHI-AD
the heat integration scheme is enhanced by recovering heat from the
booster air compressor and other sources.

3. Cycle modelling and methodology

3.1. Equation of state

The first step required for the Aspen Plus modelling is the selection of
an appropriate equation of states (EoS). Considering the working fluid
composition and operating conditions of the Allam cycle, real gas effects
are expected to occur in the high pressure low temperature streams at
the inlet of the compressors and regenerator. In order to properly assess
the cycle efficiency (i.e., required heat input and power for compres-
sion/expansion), the EoS has to predict the specific volume (as a func-
tion of pressure and temperature) and specific heat of the CO2-rich

mixtures with high accuracy. While experimental data for the specific
volume of CO2-rich mixtures similar to those of the Allam cycle are
available in literature (see Table 2), no experimental data are available
on the specific heat capacity of CO2-rich mixtures relevant for the Allam
cycle. Thus, the accuracy of the equation of states has been selected
looking only at the accuracy in predicting the specific volume. Table 2
reports a summary of the conditions of each experimental source in
terms of measured property, composition, interval of temperature and
pressure of the measurement, number of evaluated experimental points
and reference. The selected candidate equations are the Peng-Robinson,
the Soave-Redlich-Kwong, the Benedict–Webb–Rubin–Lee–Starling, the
Lee-Kesler-Plöcker and the GERG-2008.

The evaluation of the performance of the equations of states is car-
ried out by simulating with Aspen Plus the experimental points with
each of the equations of states, evaluating the average error made with
respect to the experimental data. The results of the procedure are re-
ported in Table 3: it can be seen how the GERG-2008 equation of states
has not only the lowest overall average error, but also the lowest average
error for each of the studied mixtures apart from the cases A1 and NA2.
For this reason, the GERG-2008 has been selected to model the Allam
cycle (power block).

As far as the CPU is concerned, the equation of states must predict not
only the specific volume and specific heat capacity, but also the
composition of the two-phases in the vapor–liquid equilibrium occur-
ring in the flashes and stripper/distillation column stages. In this regard,
a comprehensive assessment of the accuracy of several equation of
stages is reported in the recent paper by Sala et al. [36]. According to
such analysis, the Peng Robinson equation of states with the calibrated
binary interaction parameters found in [37] is the most accurate equa-
tion of states. For this reason, the CPU is modelled with the same
equation of states.

3.2. Cycle modelling procedure

Fig. 3 shows the flowchart of the main activities performed in this
work to obtain an accurate performance assessment of the cycle effi-
ciency. For all the considered cases, the first step is a preliminary cycle
simulation using the Aspen Plus models previously developed by Poli-
tecnico di Milano researchers and described in [12]. In the second step,
the turbine, compressors and heat exchangers (recuperator, cooler and
intercoolers) have been studied in detail to assess their performance,
preliminary design and costs. Moreover, the CPU has been modelled in
detail, differently from [12]. Both the cycle and CPU models run in
Aspen Plus V10 [38].

The preliminary cycle simulation takes as input literature values

Table 1
Summary of the analyzed cases.

ASU O2 purity
(mol. basis)

ASU heat integration Net plant
size

Turbine
cooling

BC 99.5 % heat recovery from main air
compressor aftercooler

400 MWel yes

PS-300 99.5 % heat recovery from main air
compressor aftercooler

300 MW Yes

PS-200 99.5 % heat recovery from main air
compressor aftercooler

200 MW Yes

PS-100 99.5 % heat recovery from main air
compressor aftercooler

100 MW yes

PS-50 99.5 % heat recovery from main air
compressor aftercooler

50 MW no

OP-95 95 % heat recovery from main air
compressor aftercooler

400 MW yes

OP-97 97 % heat recovery from main air
compressor aftercooler

400 MW yes

AHI-NO 99.5 % No heat integration with ASU 400 MW yes
AHI-AD 99.5 % Heat recovery from main air

compressor and other sources
400 MW yes

Fig. 2. Summary of the cases considered in the three sensitivity analysis of this
work: sensitivity analysis on the plant size (vertical y axis), heat integration
degree with the ASU (horizontal x axis) and O2 purity (z axis).
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(reported in [11]) for the isentropic efficiency of the compressors and
pressure drops of the heat exchangers. It computes a preliminary
assessment of the composition, mass flow rates, pressures and temper-
atures of all the cycle streams.

These preliminary simulation outputs are used as inputs to perform
the selection and preliminary design of the key cycle components,
namely, the turbine, the heat exchangers and the compressors. Starting
from the results of this preliminary simulation:

• The turbine is designed and simulated in “GS” (Gas Steam simulation
code), a software for the simulation of gas turbine cycles developed
by the Group of Energy Conversion Systems at Politecnico di Milano
[25]. The results of the turbine design and simulation are then used
to calibrate the cooled expander model of the Aspen Plus simulation.

• The heat exchangers of the recuperator, cooler and intercoolers are
sized using literature heat transfer correlations. The resulting pres-
sure drops and thermal losses are then assigned as input for the
regenerator in the Aspen Plus model of the whole cycle.

• The type, diameter and rotational speed of each compressor are
determined using the Balje diagram [39] and their isentropic effi-
ciency estimated by correlations found in [40], a recent work on CO2
compressors design optimization performed by Politecnico di
Milano. The assessed compressor efficiency, together with the effi-
ciency of the gearbox and electric drivers, are then included in the
Aspen model of the cycle in order to perform the final cycle
simulation.

As last step, the CPU is selected among the designs available in
literature and simulated.

As far as the ASU is concerned, it was not modelled for sake of
simplicity; the data regarding the specific consumption and the available
heat from the aftercooler and main air compressor are taken from
literature [1241], as will be detailed in section 3.2.

3.3. Main units modelling and assumptions

All the information about the modelling and assumptions made for
the main cycle units is reported in this section. A more detailed pre-
liminary design of the two main cycle units (Turbine and regenerator)
was also performed in this study, with the double aim of providing better
inputs for the Aspen Plus simulation, and a better sizing for the

economic analysis. For this reason, they will be further discussed in
Sections 3.4 and 3.5.Regenerator model

The regenerator is modelled in the Aspen Plus simulation as two
multi-flow heat exchangers, which can properly deal with streams
featuring variable heat capacity, connected in series. The temperatures
of the hot streams exiting the high-temperature component are set equal
to dew point temperature of the flue gases, while the temperature dif-
ference at the hot end is set equal to 20 ◦C. The temperatures of the hot
flows at the cold end and the final temperature of the coolant sent to the
turbine are then derived from the energy balances of the two blocks,
while the temperature of cold flows exiting the low-temperature
component is adjusted so as to obtain a minimum temperature differ-
ence of 5 ◦C. In order to prevent damaging to the turbine, the coolant
temperature is set to be above 400 ◦C. These design criteria at the basis
of the recuperator model allow using the heat available in the flue gases
in the most efficient way, as shown in the cycle optimization work
published [12]. The maximum pressure drops assumed for the regen-
erator on hot and cold sides, reported in Table 7, have been verified
performing a preliminary sizing of the heat exchangers, as detailed in
Section 3.4.

Finally, the maximum temperature of the exhaust gases allowed by
the recuperator is assumed to be 725 ◦C, in agreement with the target
value reported by the cycle developers in [7] for utility-scale full-size
plants. It is important to notice that such high value is quite optimistic
even for the material recommended by the cycle developers [8]. Indeed,
to the best of our knowledge, the limited publicly available creep tests
on diffusion bonded recuperators report that creep resistance starts to
decay quickly at temperatures above 650 ◦C [42].Combustor model

The combustor is modelled as a complete conversion reactor per-
forming the complete combustion of fuel species with a pressure drop of
3 bar (1 % of the inlet pressure). As for the oxidant stream, it is mixed
with a fraction of the recycled CO2 so as to obtain an oxidant stream (18
in Fig. 1) with an oxygen molar fraction equal to 13.34 %mol. Such
dilution, as recommended in [2], is aimed at reducing oxidation/
corrosion issues and hazards when heating up pure oxygen. An impor-
tant assumption concerning the combustor is the excess of oxygen
required to achieve CO conversion. According to [2,12], the minimum
required excess of oxygen is 3 % compared to the stoichiometric value.
Thus, the oxygen provided by the ASU is adjusted to meet such

Table 2
Summary of the conditions at which the experimental data were available.

ID. N1 O1 O2 A1 H1 H2 H3 NA1 NA2

Prop Density Density Density Density Density Density Density Density Density
CO2 0.9585 0.9393 0.8709 0.9692 0.9000 0.9500 0.9800 0.9000 0.9500
N2 0.0415 – – – – – – 0.05 0.04
O2 – 0.0607 0.1291 – – – – – –
Ar – – – 0.0308 – – – 0.05 0.01
H2O – – – – 0.1 0.05 0.02 – –
Tmin [K] 303.22 303.22 303.22 303.22 348.13 323.14 323.14 323.14 323.12
Tmax [K] 383.14 383.14 383.14 383.14 498.11 498.11 498.11 423.20 423.26
Pmin [Mpa] 1.00 1.00 1.00 1.00 0.11 0.09 0.09 2.98 2.98
Pmax [Mpa] 20.00 20.00 20.00 20.01 10.24 8.89 9.27 30.95 30.95
n. exp point 97 100 100 100 63 75 75 75 75
Ref. [33] [33] [33] [33] [34] [34] [34] [35] [35]

Table 3
Results of the validation procedure for the different EoS.

ID N1 O1 O2 A1 H1 H2 H3 NA1 NA2 AVG

PENG-ROB 2.64 % 2.58 % 5.21 % 2.12 % 0.32 % 0.29 % 0.22 % 1.28 % 1.82 % 1.71 %
SRK 2.74 % 2.77 % 2.23 % 3.97 % 0.10 % 0.14 % 0.25 % 4.83 % 5.65 % 2.32 %
BWR-LS 2.80 % 2.69 % 4.42 % 1.76 % 0.09 % 0.12 % 0.09 % 0.86 % 1.06 % 1.42 %
LK-Plock 13.50 % 13.59 % 5.21 % 12.89 % 0.03 % 0.04 % 0.10 % 1.27 % 3.26 % 5.01 %
GERG2008 1.32 % 1.42 % 2.27 % 0.92 % 0.04 % 0.05 % 0.01 % 0.65 % 2.24 % 0.90 %
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requirement. It is worth noting that higher excess values would have the
triple disadvantage of increasing the ASU power consumption, diluting
the captured CO2 and increasing the power consumption of the recycle
compressors of the Allam cycle.Cooled turbine model

For all cases except the 50 MW size (PS-50), a turbine featuring
cooled blades is considered, with a technological level in agreement
with a F-class gas turbine in terms of blade wall Nickel temperature
(860 ◦C), thermal barrier coating thickness, convective and film cooling
effectiveness [43]. For the 50 MW plant (PS-50), an uncooled turbine
with a maximum allowed turbine inlet temperature of 950 ◦C is
assumed, a value in line with uncooled micro gas turbines [44].

To model the cooled turbine in the cycle simulation, the continuous
expansion model proposed in [12] was adopted. It is the 0-D simplified
cooled turbine model also used for the IEA study [3] and all the subse-
quent studies on part-load [17 21]. It is a simplified model that can be
easily integrated in the cycle simulation and optimization to assess the
cooling flow requirement and calculate the power produced by the
turbine without dealing with the details of the turbine design procedure
(number of stages, blade geometry, velocity triangles, rotational speed,
etc.).

In this model, the expansion is divided into multiple discrete steps (e.
g., 15–20) and, for each step, the mass flow rates of required cooling
flow is computed according to Eq. (1). The first n-1 steps are cooled,
while the last one represents the uncooled portion of the expansion. All
the cooled expansion steps are considered to have the same expansion
ratio and isentropic efficiency. The expansion ratio of the cooled steps is
adjusted to obtain the maximum imposed metal temperature at the inlet
of the uncooled section.

mCi = K1
(TIi − Tw)
(Tw − TCi)

WEXP− i (1)

where TIi is the inlet temperature of the gas entering the i-th expansion
step, Tw the walls temperature, TCi the coolant temperature and WEXP− i
the power extracted from the expander at stage i, and K1 is the main
model calibration constant depending on:

• Flue gas composition, thermodynamic conditions (pressure and
temperature), and velocity.

• Ratio between cross section area of the turbine and surface to be
cooled.

• Loading factor of the stages

Fig. 3. Flowchart of the main activities performed in this work to simulate the cycle.
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• Technology (convective cooling, film cooling, thermal barrier
coating, etc.) and effectiveness of the cooling system.

The effect of cooling flow injection into the main flow is accounted as
a pressure drop (Eq. (2) which increases with the ratio between the
cooling flow mass flow rate mCi and the volumetric flow rate VHi of the
hot flow.

p0i − pIi+1 = K2(
mCi

VHi
)
K3 (2)

The values of the parameters K1, K2, K3 have been calibrated using
the 1-D turbine model described in Section 3.3.Once the 1-D preliminary
design of the turbine is computed, the value of the main parameter K1 is
set to match the overall cooling flow requirement calculated in the
preliminary design, while K2 and K3 are kept equal to [12] The results of
the calibration are reported in Table 4.

As far as the cooling flow temperature is concerned, it is important to
note that the cooling flows are pre-heated in the recuperator using the
excess heat not recovered by the moderator and oxidant flows. The
resulting cooling flow temperatures vary between 110 ◦C and 405 ◦C
throughout the different analyzed cases. It is worth noting that low
values of this temperature may lead to excessive thermal stresses in the
turbine blades and a thorough thermo-mechanical analysis of the tur-
bine blades should be performed to assess the minimum required tem-
perature. Such an analysis will be the objective of future studies.

As for the turbine gearbox (needed for the cases with non-
synchronous turbine, i.e., PS-200, PS-100 and PS-50) and the electric
generator, the following values and sources are considered:

• According to the Baker Hughes website [45], large size gearboxes
(with power ranging from 500 kW to 37 MW) feature a mechanical
efficiency close to 99 %. Larger gearboxes may reach higher me-
chanical efficiency but no data has been found in the literature.

• The electric efficiency of generators is taken from the Siemens
website: 99 % for large generators (370–560 MVA) and 98.5 % for
medium large (25–370 MVA) [46].

Compressor model
As far as compressors are concerned, the Aspen model uses the basic

compressor block with specified isentropic efficiency, mechanical effi-
ciency and electrical efficiency of the driver. The starting pressure of the
dense phase compression is adjusted so as to have a density above 645
kg/m3 (corresponding to the supercritical conditions density) at the inlet
of the dense-phase compressor. Due to the presence of incondensable
gases, this pressure value varies as a function of the purity of the oxygen
stream provided by the ASU, as detailed in Section 6.2 concerning the
sensitivity analysis on oxygen purity.

The isentropic, mechanical and electrical efficiency values of the
compressors are taken from literature correlations as functions of the
plant size and pressure ratio. In particular, for each compressor of each
plant considered in this study, the preliminary sizing is performed using
the Balje diagram [39] with the aim of determining the optimal type
(radial vs. axial flow) and optimal rotational speed (information useful
to assess the requirement of adopting a gearbox). The preliminary sizing
showed that all the compressors are single stage and radial. The isen-
tropic efficiencies of compressors have been evaluated as a function of

the size parameter (SP) expressed in [m] and pressure ratio with the
best-fit curve reported in [40] valid for CO2 compressors. The correla-
tion uses as input parameter the size parameter of the compressor (SP),
defined in Eq. (3).

SP =
V̇0.5

Δh0.25IS

(3)

where V̇ is the volume flow rate at the compressor inlet and ΔhIS is the
isentropic enthalpy drop (ideal specific work) of the single compressor
stage, the parameter usually adopted to account for scale effects on
turbomachinery efficiency. For size parameters lower than 0.08 m, the
isentropic efficiency is taken from the correlation published in [40]:

ηIS = 0.4649⋅SP0.8033 − 0.0183⋅β0.8870 +0.8298 (4)

where β is the compressor pressure ratio. For SP > 0.08 m, the corre-
lation has been extended by considering the following logarithmic
function of the size parameter:

ηIS = 0.92847+ 0.071534⋅log10(SP) (5)

This function has been devised tomatch the efficiency curve reported
in [40] at SP = 0.08 m and to have a value of 90 % at SP ≥ 0.40 m. The
plot of the correlation over the whole range of SP is shown in Fig. 4.

The efficiency of large size industrial electric motors is assumed to
vary in the range 98.2 %-98.6 % (values taken from [47] for different
sizes) with a logarithmic law of the shaft power:

ηEL = 0.982+ 0.4292⋅log10(PSH) (6)

where PSH [MW] is the shaft power. As for gear-boxes, we assume a
mechanical efficiency of 99 %, according to [45].CO2 purification unit
(CPU)

In this work, among the available CPU process configurations, the
“high recovery” distillation-based scheme (patented by Air Products
[48] and then studied by Strube and Manfrida [49]) is selected because
of its considerably high recovery rate (i.e., the fraction of inlet CO2
which is released as high purity stream) approaching 99 %. The scheme
is reported in Fig. 5. The key idea is to improve the CO2 recovery (i.e.,
reducing the fraction of CO2 contained in the vent gas) by recycling the
gas flow leaving the top of the distillation column and cooling it down to
low temperature to condense and recover more CO2. In this configura-
tion the CO2 rich flue gas stream resulting from oxy-combustion, after
being compressed to 35 bar (optimal CPU pressure according to pre-
liminary simulations) and dehydrated moves to a multi-flow heat
exchanger. After passing through the heat exchanger for the first time
the stream provides heat to the reboiler of the stripper, where liquified
CO2 is being purified. This stream is further cooled down (in between
− 44 ◦C and − 48 ◦C) and sent to the flash drum separator. The gas stream
contains mostly incondensable gases and is vented to the atmosphere
(after optional preheating and expansion to recover some electric
power). The liquid stream of the separator is then throttled to 15–18 bar
and fed to the stripper column. The gaseous stream leaving the top of the
stripper is recompressed and recycled to the inlet flow. The liquid stream
leaving the bottom of the stripper is divided into two parts which are
then throttled to 7 and 14.5 bar respectively, to match the temperature –
heat duty profile inside the multi-flow HX. The addition of a flash
separator operating at a temperature lower than that at the stripper inlet
reduces the flow rate of vented CO2, resulting in a net CO2 capture ef-
ficiency in the range 93–98 % (depending on the inlet composition),
appreciably higher than that achievable with standard distillation-based
CPU schemes.

As mentioned in the first paragraph of Section 3, the CPU has been
modelled in Aspen plus [38], employing the Peng-Robinson equation of
state: the choice of this particular equation of states is based on the
accuracy evaluations performed in our recent work [50,36].

Table 4
Values of the parameters K1, K2 and K3 for different plant sizes.

Net Plant electric
power output

400 MW
(BC)

300 MW (PS-
300)

200 MW
(PS-200)

100 MW
(PS-100)

K1 1.14135x10-
6

1.644x10-6 1.0x10-6 0.86x10-6

K2 0.75 0.75 0.75 0.75
K3 1.031734 1.031734 1.031734 1.031734
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Our preliminary simulations indicate that it is possible to achieve
very low levels of oxygen in the captured CO2 stream (i.e., O2 concen-
trations can be kept below 10 ppm) by adjusting the operating and
design variables of the process (pressures, temperatures, mass flow rates,
distillation column design parameters), a value that would allow to
avoid the corrosion issues generated by the presence of oxygen in the
highly pressurized CO2 stream to be transported and stored. For this
purpose, all of the simulations performed with the presented CPU have a
CO2 purity above 99.99 % in the stream to storage, and an O2 concen-
tration below 10 ppm (molar basis). Fig. 5 reports also the key design
pressures and temperatures of the process.Air separation unit

The Allam cycle receives high purity oxygen from an air separation
unit (ASU). Cryogenic air separation units represent the current refer-
ence technology to produce high amounts (tons per day) of oxygen and
are widely used in the chemical and iron and steel industries. The largest
commercial plants have capacities exceeding 5,000 metric tons per day
per single line [51,52], a flow rate large enough to supply a 400 MW
Allam cycle.

The study performed in [53] pointed out how ASU configurations

more complex than the traditional dual column plant can reduce the
energy consumption for air separation at the expense of an increase in
investment cost. Since the energy required for air separation increases
with the purity of the oxygen produced, from the plant efficiency
perspective, the purity of the oxygen supplied to an oxyfuel power cycle
should be set to a value whereby the energy savings in the CPU that
removes impurities no longer compensates the additional consumption
of the ASU for a further increase in purity. To achieve purity above about
97 % an additional rectification column is required to separate oxygen
and argon [54] resulting in a higher capital cost which may be unjus-
tified in the absence of an adequate demand from an adjacent argon
market.

Simulation of the whole ASU was not considered necessary in the
frame of this study because, for the integration with the Allam cycle, it is
sufficient to know the electric power consumption and the heat duty
(along with the temperature level) that the ASU can supply to the Allam
cycle. For this purpose, [41] provides the specific electric power con-
sumption per kg of produced oxygen as a function of oxygen purity and
delivery pressure. Three different purity levels are considered in the
present study for the sensitivity analysis on oxygen purity: 95, 97 and

Fig. 4. Plot of the CO2 compressors isentropic efficiency as a function of the SP.

Fig. 5. Flowsheet of high recovery stripping/distillation-based CPU proposed in [48] and modified to receive high pressure CO2 (at 29.1 bar) from the Allam cycle.
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99.5 %. The respective specific consumptions are reported in Table 5. As
for the assessment of the heat recovered from the main air compressor
aftercooler, we modelled the main air compressor and its aftercooler
assuming a pressure ratio of 7.5, a compressor polytropic efficiency of
85 %, a mechanical efficiency of 98 % and a temperature difference of
20 ◦C between the air and the hot thermal oil (a loop of hot thermal oil
was assumed to be used to deliver the heat from the ASU to the regen-
erator). This calculation assessed that the ASU can supply a heat duty of
1015.1 kJ/kgO2 to the recuperator of the Allam cycle via a diathermic oil
loop operating in the temperature range from 75 to 255 ◦C.Other as-
sumptions, basis of design

The Allam cycle and the rest of the plant (ASU and CPU) are designed
assuming the following basis of design:

• Cooling water is available at the plant site at 21 ◦C (yearly average
temperature) and it allows cooling the cycle streams to 26 ◦C.

• The natural gas composition is reported in Table 6 (same considered
by Scaccabarozzi et al. [12]).

Summary of main assumptions and design criteria
The summary of the key modelling assumptions adopted for all the

considered cases is reported in Table 7.
For each case (BC, PS-300, etc.), the cycle is designed according to

the following main design criteria:

• The oxygen flow rate is adjusted to meet the minimum required
excess of oxygen in combustion;

• Themoderator flow rate is adjusted to achieve the maximum allowed
turbine outlet temperature of 725 ◦C

• The turbine outlet pressure is optimized to maximize the net plant
electric efficiency (Allam cycle + ASU + CPU).

3.4. Preliminary turbine design and performance assessment (GS)

As shown in [12], the Allam cycle features a maximum efficiency
with a turbine inlet temperature in the range 1100 ◦C-1200 ◦C which
requires a cooling systems for the blades and case [5]. Unfortunately
modelling a cooled turbine is a complex task since it calls for the
calculation of the required cooling flows and efficiency loss due to the
injection of the cooling flows into the main hot flow (see, e.g., Horlock
[55]). The software Aspen Plus, originally developed for chemical pro-
cesses, does not feature such a complex expansion model. For this
reason, it is necessary to perform a preliminary design of the expander
(because the requirement of cooling flows depends on the turbine ge-
ometry, number of stages, stage loads, etc.) and adopt codes which were
developed specifically for modelling cooled gas turbines, such as
[56,57,58]. In this work we used “GS” (Gas Steam simulation code), a
software for the simulation of gas turbine cycles developed by the Group
of Energy Conversion Systems at Politecnico di Milano (published in
[59]). Then, the results of the preliminary turbine design have been used
to calibrate the simplified cooled turbine model developed by Scacca-
barozzi et al. [58] and used in Allam cycle model (Aspen Plus).

In detail, the GS software features a 1-D model which is able to

perform the preliminary design of the turbine (number of stages, mean
diameter of each stage, reaction degree and load coefficient of each
stage, isentropic efficiency of each stage, etc.) and determine the cooling
flow requirement of each blade row (stator, rotor, etc.). The model
considers validated literature correlations to model the heat transfer
between hot fluid and blade as well as blade wall and internal cooling
flow, and the friction losses induced by film cooling and the injection of
cooling flows into the main stream. The required key inputs are the
number of stages, the rotational speed, the stage reaction degree and
load coefficient, mean diameter and flow coefficients at inlet and outlet,
the maximum blade metal temperature, and the thickness of the thermal
barrier coating. Full details are reported in [25] and omitted here for the
sake of space. The model has been validated on several commercially
available gas turbines as reported in [43,59]. On the other hand, due to
the lack of experimental data on cooled supercritical CO2 turbines (to
the best of our knowledge, there is only one cooled supercritical CO2
turbine currently installed at the Demonstration plant in Texas [10] but
the data are not publicly available), it was not possible to validate the GS
turbine model at the relevant conditions of the Allam cycle turbine.
Thus, in order to double check the validity of the GS model for a cooled
supercritical CO2 turbine in absence of publicly available data, the only
possible actions were:

• Check the validity of the correlations adopted for the transport
properties (thermal conductivity [30], viscosity [31]) at the relevant
Allam cycle conditions CO2.

• Check the accuracy of the efficiency correlations adopted in GS
against the results of the more detailed 1-D model recently published
by Dipierro et al. [60] for supercritical CO2 turbines.

Table 5
Summary of the specific electric power consumption and medium temperature
heat (range 255 ◦C – 75 ◦C) recoverable from the ASU according to [41].

99.5 %
purity @
120 bar

97 % purity,
@ 120 bar

95 % purity,
@ 120 bar

ASU specific el. power
consumption [kJel/kgO2], [26]

1390 1320 1310

ASU specific heat recovered from
the main air compressor aftercooler
[kJth/kgO2]

1015 1015 1015

Table 6
NG Composition.

Natural gas analysis, %mol

CH4 89
C2H6 7
C3H8 1
C4H10 0.10
C5H12 0.01
CO2 2
N2 0.89
Total 100
Lower heating value (MJ/kg) 46502
Temperature (◦C) 15
Pressure (bar) 30

Table 7
Summary of the main assumptions adopted for the preliminary cycle simulation.
The numbers are referred to Fig. 1.

Unit Value

Maximum allowed turbine outlet temperature (T8) ◦C 725
Maximum Metal (Nickel superalloy) Temperature of turbine
blades

◦C 860

Turbine inlet pressure (p6) bar 306.95
Turbine outlet pressure (p8) bar optimized
Hot Side REG Temperature Approach (T8-T4-5) ◦C 20
Minimum Internal REG Temperature Approach ◦C 5
Heat transfer ΔT between ASU Air and Oil Loop ◦C 20
Pressure ratio of ASU Main Air Compressor − 7.5
Hot Oil Delivery Temperature (T20) ◦C 255
Oxidant O2 Molar Fraction (flow 18) % 13.34
O2 percentage excess of combustion % 3
Regen. High Pressure Flows Inlet Pressure (p14-15-19) bar 311.6
Regen. Low Pressure Flows Inlet Pressure (p8) bar 30.6
Combustor Inlet Pressure (p3) bar 310.0
Regen. High Pressure Flows Pressure Drop bar 1.6
Regen. Low Pressure Flows Pressure Drop bar 0.8
Combustor Pressure Drop % 1.0
Condenser and Intercoolers Pressure Drop bar 0.4–2.4
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The key common design criteria adopted for the cooled turbines for
the 400 MW, 300 MW, 200 MW and 100 MW plants are summarized
below:

• Maximum metal allowed blade metal temperature: 860 ◦C.
• TBC thickness: 250 µm.
• Adoption of film cooling.
• Front loaded expander: reaction degree increasing linearly from zero
(impulse stage at inlet) to 0.30.

• Rotational speed: synchronous for the 400 MW and 300 MW plants
and optimized for the other smaller sizes (200 MW, 100 MW, 50
MW), for which the existence of suitable gear boxes was assumed.
The largest size plants must feature a synchronous turbine since, to
the best of our knowledge, there are no gear boxes available on the
market for their power range. According to [61] and [62], the largest
gearboxes available on the market today reach a size of 180 MW.

• Mean diameter of the first stage is determined so as to have a ratio
blade height/mean diameter equal or greater than 0.04. Lower
values should be avoided due to the excessive end-wall and tip
clearance losses occurring for blades with low aspect ratio [63 29].

• The mean diameter increases by 1.2 % for each row (stator and
rotor).

• The number of stages is adjusted in order to reach the target outlet
static pressure. The lower is the mean diameter of the turbine and the
more stages are required, as indicated also in [64].

As for the case of 50MWplant size, given the relatively small size, we
considered an uncooled axial turbine with optimized rotational speed
(due to the availability of gear boxes for such size). Stages are front
loaded also in this case in order to limit the requirement of high tem-
perature materials.

Table 8 summarizes the results of the preliminary turbine design
performed with the GS software.

Owing to the relatively low rotational speed and particularly dense
inlet fluid, the larger size turbines for the 400 and 300 MW plants suffers
from relatively small blades in the first turbine stage. Thus, to avoid
excessive end-wall and tip losses in the first turbine stages, the mean
diameter of the first turbine stage is set so as to have a ratio blade
height/mean diameter of 0.04. The effectiveness of this design criteria
has been confirmed by the results of recent publication investigating the

optimal design of the Allam cycle turbine [58]. It is important to note
that the resulting mean diameter is half that of a gas turbine of the same
power output. The main consequence is the limited peripheral velocity
(< 200 m/s) and work which can be extracted by each stage, which has
the direct effect of making the large turbines require respectively 6 and 8
stages, and the first 5 need to be cooled. In particular, the design of the
300 MW plant turbine results particularly penalized by the lack of
gearboxes and the impossibility of adopting higher rotational speeds, as
it is highlighted by the number of required stages. For this reason, in this
study, it was decided to assume that the 200 MW plant turbine can be
equipped with a gearbox (even if its gross power output, 304.5 MW, is
above the range of currently available gearboxes).

The plants with ≤ 200 MW net power output can adopt an optimized
rotational speed to keep the ratio blade height/mean diameter within
the optimal range (0.06–0.01), without limiting the turbine mean
diameter. This allows reaching higher peripheral speeds and work
extracted per stage, with the main advantage of requiring only 5 stages
(of which 4 are cooled).

It is important to notice that the work extracted per stage is not only
important when determining the number of turbine stages but also in-
fluences the specific requirement of cooling flows. In fact, the higher is
the stage load, the lower is the specific requirement of cooling flow
expressed in kg/s per unit of power extracted or ratio between cooling
flow rate and inlet hot mass flow rate (assessed considering a reference
cooling flow inlet temperature). For instance, the 100 MW and 200 MW
turbine require a cooling flow rate which is only 7% of turbine inlet flow
while the 300 MW design require the double amount (approx. 14 %).
Such larger cooling flow requirement has two negative effects on the
total cycle efficiency:

• The cooling flow injection into the main expanding flow causes fluid-
dynamic losses which penalize the turbine isentropic efficiency.

• The turbine cooling flows follow a thermodynamic cycle (compres-
sion preheating in recuperator, heating up in the turbine blades and
mixing process with the hot turbine flow, expansion) featuring a
lower efficiency than the flow going to the combustor due to the high
pressure drops in the blade channels and limited maximum cycle
temperatures.

3.5. Regenerator preliminary design

In order to determine the pressure drops caused by the regenerator
and assess its size and capital cost, it is required to divide it into multiple
interconnected heat exchangers (featuring one hot stream and one cold
stream). Indeed, the regenerator of the demonstration plant shown in
ref. [7] consists of a network of heat exchangers (HXs), where different
materials and designs can be adopted for each HX. The need of adopting
different materials and designs in each HX is caused by the large vari-
ation of temperature (from 50 ◦C to above 700 ◦C) and volumetric flow
rates of the hot and cold flows. Thus, to perform the preliminary design
of the regenerator, the multi-flow heat exchanger adopted in the Aspen
Plus model has been converted into a network of HXs (a so called “heat
exchanger network”, HEN). The HEN has been derived taking as refer-
ence the design of the recuperator for the demonstration Allam cycle
plant reported in [7] and by adding the heat exchangers between the hot
oil loop of the ASU and the moderator recycle flow. The resulting HEN
comprises 12 basic heat exchangers arranged as shown in in Fig. 6. It is
important to notice that such HEN meets the Pinch Analysis design rules
[65], i.e., it is optimal from the point of view of energy efficiency and it
allows recovering the same heat as the multi-flow heat exchanger of the
Aspen Plus model.

The heat exchangers of the HEN are divided into four temperature
sections, identified in Fig. 6 as HT, MT, LT and LLT, starting from the
hottest one in order of decreasing temperature. The heat exchangers in
the HT section (containing HXs 1 and 2) are made in Inconel 617 and
feature hot flows temperatures from 550 ◦C to 725 ◦C. The HXs in theMT

Table 8
Main results of the preliminary turbine design performed using the GS software.

Turbine
power

MW 661.43 469.25 301.74 150.38 60.99

Net power MW 400 300 200 100 50
TIT ◦C 1162 1162 1211 1202 900
TOT ◦C 717.6 708.4 735.6 734.4 575.6
TIP bar 307 307 307 307 307
TOP bar 30 30 30 30 30
mIN kg/s 1200 900 540 273 205
TMET

◦C 860 860 860 860 900
Rot. Speed rpm 3000 3000 8000 11300 18000
DM,1st-DM,

last

[m] 1.26–1.73 1.15–1.36 0.55–0.72 0.39 –
0.51

0.25 –
0.31

U1st [m/
s]

198 181 231 231 234

NST − 6 (5 cool) 8 (5 cool) 5 (4 cool) 5 (4
cool)

4

mC/mIN − 0.0762 0.1413 0.0738 0.077 0
Isen. Eff. % 89.00* 89.00* 88.50* 88.00* 89.00
Mech eff. % 99.86 99.86 99.00 99.00 99.00
El. Eff. % 99.00 99.00 98.50 98.50 98.50

* For the cooled turbines, the table reports the isentropic efficiency of the
discretized expansion steps of the continuous expansion model. Due to the re-
covery effect, it is not directly comparable with the isentropic efficiency (from
inlet to outlet) of the cooled turbine but it can be considered as a quantitative
index of the expansion efficiency of the turbine.
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section cover a temperature interval from 248 ◦C (temperature of the
inlet diathermal oil used for the ASU thermal integration) to 550 ◦C,
upper limit for high grade steels, like SS316, typically adopted for the
recuperators of sCO2 cycles [66]. The boundary between the LT section
and the LLT section is the water dew point (109 ◦C) at design conditions:
in the LLT section a fraction of the water in the exhaust gases conden-
sates increasing the risk of corrosion and, on the other hand, providing
additional latent heat. For this reason, compared to the LT section, the
HXs in the LLT section requires a different partition of the exhaust gases
among the three HXs (8, 9 and 10) and, probably, a different type of
corrosion-resistant material. To model the additional preheating of the
cold streams due to the heat integration with the ASU it is necessary to
consider two heat exchangers (HX 11 and 12), where a fraction of the
cold flows is heated (either the moderator or the oxidant, the effect on
the cycle efficiency would be equivalent) using the heat recovered from
the ASU. As indicated in Section 3.2, it is considered to adopt a loop of
thermal oil to transfer this heat from the air aftercooler of the main air
compressor to the Allam cycle. For safety reason, it is considered to
supply the heat from ASU to a fraction of the moderator and not to the
oxidant, since thermal oil is flammable.

As far as the detailed regenerator design, the following methodology
is applied. Each heat exchanger is considered to feature a cross-flow
arrangement, according to the Heatric heat exchanger picture shown
in [67]. Moreover, the flue gases are considered to have a single passage
in order to limit their pressure drops, while the cold streams may have
multiple passages. It is important to notice that the reason behind such
choice lies in the fact that the pressure drops on the exhaust gases side
are more critical than those on the cold streams (oxidant and moderator)
side, because the volumetric flow rate of exhaust gases is 46 times that of
the cold streams: one mbar of pressure drop on the exhaust gases would
entail an expansion power loss of about 7 kW (approx. equal to the
volumetric flow rate multiplied by the pressure drop and the polytropic

expansion efficiency of the turbine); while one mbar of pressure drop on
the side of the oxidant and moderator can be compensated by raising by
one mbar the outlet pressure of the dense-phase compressor with an
increase in power consumption of only 0.2 kW (approx. equal to the
volumetric flow rate multiplied by the pressure drop and divided by the
polytropic expansion efficiency of the compressor).

Fig. 7 shows a schematic view of the HT regenerator section. The
heat exchangers is considered to be a diffusion bonded compact heat
exchanger [66], where the hot flue gases flow in the horizontal direction
and the cold flows may have multiple passes in the vertical direction
(with reference to Fig. 7). The basic constructive unit assumed in this
study for the heat exchangers is shown in the right section of Fig. 7: the
channels where the exchanging fluids flow are carved on the two sides of
plates that are then divided by a separator.

The number of vertical and horizontal channels as well as the
number of passages has been determined to achieve the desired transfer
of thermal power. They are found in order to meet the following design
specifications:

1) For the channels a rectangular shape with a height of 10 mm and a
width of 3.5 mm is assumed, with a wall thickness of 1.6 mm.

2) The exhaust gas velocity must be below 10 m/s.
3) The dense-phase fluids must have a velocity below 5 m/s.
4) The distributed pressure drops for the overall recuperator must not

exceed those assumed in the process simulation: 0.8 bar for the
exhaust gases and 1.6 bar for the moderator and oxidant flow
(concentrated pressure drops due to U-turns on the dense-phase fluid
and headers are neglected).

5) The transferred heat matches the design requirement specifications.
The heat transfer coefficients are determined with the Dittus-Boelter
correlation for forced convection into channels [68]. It is considered
to enhance the heat transfer by using semicircular ribs on the bottom
of the channels using the correlations in [69]. According to pre-
liminary analysis, the ribs allow decreasing the heat transfer area by
a factor of 30 % while meeting the limits on the pressure drops.

6) In each section (HT, MT, LT and LLT), the heat exchanger between
flue gas and moderator and the heat exchanger between flue gas and
oxidant are arranged in parallel, as shown in Fig. 6. This way, the two
HXs have the same dimension and number of channels both in height
and length and similar pressure drops on the flue gas side, therefore
thy can be coupled as shown in Fig. 7.

The design problem obtained from the indicated procedure can be
written as an optimization problem, where the optimization variables
are the number of horizontal and vertical channels in each plate, the
number of platers in each heat exchanger and the number of passages of
the flow (set to 1 for the hot flows, to reduce the losses on the hot side).
The adopted heat correlations make the problem strongly non-linear;
therefore the obtained formulation is a Mixed-Integer Non-Linear Pro-
gramming Problem (MINLP), which is solved with the objective of
minimizing the overall heat exchanger volume. The problem is written
using the Python-based optimization modelling language Pyomo [70],
with Baron [71] as external solver.

The main results of the heat exchangers sizing procedure are re-
ported in Table 9, where:

• Nh, Nb and Nd are the number of channels in the H, B and D di-
mensions, and the numbers (1, 2, 3) refer to the oxidant, moderator
and turbine cooling sections of the regenerator, respectively.

• H, W and D are the overall section dimensions, as in Fig. 7.
• N cold pass is the number of passages of the cold flow in the corre-
sponding section.

Fig. 6. Internal arrangement of the recuperator designed for the Allam cycle.
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4. Economic analysis assumptions and methodology

4.1. Economic analysis assumptions and cost models

In order to evaluate the economic potential of the cycle, a pre-
liminary economic analysis has been performed considering the 400MW
Allam cycle base case and comparing it with a reference NGCC with
post-combustion capture.

The following cost models have been used to assess the bare module
costs (equipment cost at the vendor’s gates) of the main cycle equipment
units:

• For the ASU, CPU, and Balance of Plant the cost estimate reported in
[2] is considered, scaled for different units’ sizes using scale factors
derived from literature studies and industrial projects. The details of
the cost functions are reported in Table 10.

• For the turbine, an average cost between a steam turbine and a gas
turbine of the same size is assumed.

• For the CO2 compressors, the cost correlation published in [72] are
adopted.

• For heat exchangers, the cost correlation published in [73] and based
on data gathered from engineering and procurement companies are
used.

• For the recuperator, performing the detailed sizing of the single
diffusion-bonded compact heat exchangers shown in Section 3.3 al-
lows to derive the overall exchanger size and heat transfer surface.
The cost function used to determine the cost is derived from the data
published in the Heatric’s white paper [66], reporting a target cost of
25 $/kWth for the recuperator of closed loop sCO2 cycles (using
stainless steel 316). From the published data the specific cost per unit
of heat transfer area and the scale factor were back-calculated (the
values are reported in Table 10). For the high temperature section of
the recuperator (temperature above 550 ◦C), Inconel 617 is assumed
as construction material, in accordance with the inventors recom-
mendations [7]. For this section, a cost factor increase of 5 is
considered (i.e., 5 times more expensive than SS316).

4.2. Economic analysis methodology

The economic analysis of each considered cycle has been structured
following the methodology adopted by Amec Foster Wheeler in [2]. The
steps of the methodology are detailed in the following:

a) Total Plant Cost (TPC) estimate: TPC = F x TEC

Where TEC denotes the Total Equipment Cost and F accounts for the
additional Installation costs and Contingencies. In agreement with what
considered in [2] F = 2 is assumed for all technologies. These additional
costs are assumed to be 65 % Construction and other costs, 16 % Engi-
neering and Procurement Services, 19 % Contingencies.

b) Total Capital Requirement (TCR) estimate: TCR = G x TEC

Where G = 1.3 (according to [2]), and it accounts for 8 % interest
rate during construction, Spare parts cost (assumed as 0.5 % of TPC),
start-Up cost (2 % of TPC + 25 % of fuel cost for one month, + 3O&M
months and 1 month of chemicals/catalyst), Owner’s cost (7 % of TPC).

c) Fixed Operating and maintenance costs:
d) Labor cost: since [7] estimated to need 82 persons (with a cost of

60,000 €/year each) for a power plant with two 400 MW trains,
75 % of such personnel is assumed to be needed for a single train.

e) Maintenance cost: assumed to be 2,5%/year of TPC for novel
technologies (cooled turbine and recuperator), 1,5%/year of TPC
for conventional ones (rest of plant). A Ratio labor-materials of
40–60 is assumed.

f) Overhead charges: management, administration etc.: 30 % of
operating labor and maintenance

g) Insurance and local taxes cost: 0.5 % of TPC
h) Variable Costs:
i) Natural Gas cost ranging from 6 to 30 €/GJ (LHV), with a base

case of 12 €/GJ (average value of TTF cost in 2021 [74]).
j) Full-load operation for 7884 h/y (90 % capacity factor)
k) Chemicals cost: same specific assumption as [2], corresponding

to 0.06 €/MWth
l) Carbon Tax on CO2 emissions (CO2 vented from CPU): 85 €/t,

average of the carbon cost in the European Union Emission
Trading Scheme (EU ETS) in 2022 [75]

m) Cost for CO2 transport and storage assumed to be equal to 20 €/t,
average between the base case and the rapid cost decrease sce-
nario for Europe in [76]

n) Other relevant economic assumptions:
o) The Chemical Engineering’s Plant Cost Index (CEPCI) is adopted

to actualize to 2022 the cost of all the cycle components [77].
p) $/€ Conversion Rate= 1.15: it is the average of the exchange rate

from 2014 (assumed in [12], used as a reference for the meth-
odology and most of the costs) and 2022. It is required to convert
the capital cost data of compressors, recuperator and all the
components expressed in $ into €.

Fig. 7. Schematic view of the HT section of the heat exchanger and plate channels arrangement.

M. Martinelli et al. Fuel 381 (2025) 133383 

12 



q) Discount rate 8 %, 25 years of useful life, 12 years depreciation, 3
years construction, corresponding to a Capital Carrying Charge
rate of CCR = 9.37 %.

4.3. Comparison with NGCC with Post-Combustion CCS

As an additional benchmark technology, the economic analysis of a
F-class 650 MW NGCC with post-combustion CO2 capture system stud-
ied in the 2019 NETL report [3] was considered, featuring a net electric
efficiency of 52.8 % (carbon capture and storage included). The plant
relies on the CANSOLV CO2 absorption system and the cited report de-
tails performance, capital and operating costs. Starting from these cost
and performance estimates, we updated the fuel cost, the CO2 transport
costs and the CO2 emission costs using the assumptions of this study for
comparison purposes.

5. Base case results and discussion: 400 MW Allam cycle design

The considered base case features a 400 MW Allam cycle, consid-
ering a 99.5 % purity ASU and achieving a net electric efficiency of
53.13 % (ASU and CPU included). All the cycle assumptions and models
adopted in this base case are the ones reported in Section 3. The main
numerical results are reported in Table 11.

Even though the base case shares the same size and most modelling
assumptions as the plant previously optimized by Scaccabarozzi et al.
[12], the efficiency computed in this work is about 1.2 percentage points
lower (53.17 % vs. 54.43 % of [12]). A detailed comparison of the two
cycles was performed, showing how such a difference in efficiency is

mainly due to the following two reasons:

• This work considers a lower temperature level of the heat supplied by
the ASU to the regenerator (− 20 ◦C, due to the use of thermal oil
employed for the heat transfer). This causes an efficiency drop of
about 0.4 percentage points.

• In this work also the additional power consumption of the CPU is
included (which was not modelled in [12]), causing a loss of about
0.6 percentage points.

• A different equation o states is adopted in the present study: [12]
employed the Peng-Robinson EoS, while in this study the GERG-2008
is adopted, based on the validation results.

6. Sensitivity analysis results and discussion

In this section the results of the performed sensitivity analyses are
reported. Three different parameters are evaluated in the sensitivities:

• The heat provided by the ASU, in order to assess the effect of the heat
integration between ASU and the Allam cycle.

• The purity of the oxygen provided by the ASU.
• The size of the power plant.

6.1. Sensitivity on size

The objective of this sensitivity analysis is to assess the performance
of the Allam cycle as the power output varies by considering the
following sizes (net electric power):

• 400 MW, corresponding to the maximum single train size of a
cryogenic ASU.

• 300 MW.
• 200 MW.
• 100 MW.
• 50 MW

For all these sizes, the ASU oxygen purity of 99.5 % and the plant
modelling assumptions detailed Section 3 are considered for all the cycle
components. Such assumptions allow to account for the influence of
plant size (volumetric flow rate) on the design and efficiency of the
compressors, turbine, electric drivers and generators. Owing to the lack
of literature data, no size effect is considered on the specific power
consumption of the ASU, resulting in a possible overestimation of the
performance for the small size plants.

The efficiency of each gas phase and dense phase compressor has
been assessed using the methodology and assumptions described in
Section 3.2, evaluating the need of using gearboxes by means of a pre-
liminary estimate of the compressor rotational speed using the Balje
diagram. The results of the performance assessment for all the consid-
ered plant sizes are reported in Appendix. The tables detail the values of
isentropic efficiency, mechanical efficiency (including shaft bearing and
gearbox, if required) and electrical efficiency. A preliminary mechanical
efficiency value of 99.90 % has been considered for the shaft bearings.

The results show how for plant sizes of 200MW and larger, all the gas
phase compressors have synchronous rotational speed (no need of
gearbox). Only for the 100 MW and 50 MW plants the limited inlet
volumetric flow rate makes it necessary to adopt a gearbox for the
compressors. However, the same rotational speed (i.e., 6000 rpm for the
100 MW plant, 8000 rpm for the 50 MW plant) is suitable for all the gas
phase compressors as well as the first dense phase compressor (pump 1).

The dense phase compressors require a higher rotational speed (i.e.,
a gearbox) in all analyzed plant sizes. In particular, pump 2 and oxy
pump feature similar optimal rotational speeds, thus an installation on
the same shaft could be an option, adopting a single electric driver and
gearbox. On the other hand, it must be noted that this solution may

Table 9
Main results of the regenerator sizing procedure.

u.m. HT MT LT LLT OIL
LT

OIL
LLT

Heat Exchanged MW 285 234 108 134 37 14
Average Heat Transfer
Coefficient

W/
m2K

763 648 596 420 847 967

Number of horizontal
channel rows, Nh

 349 400 350 300 271 151

Number of vertical channel
rows, Nb

 223 394 500 582 293 300

Number of plates of HX
between exhaust gases and
oxidant, Nd1

 300 300 350 300 − −

Number of channels of HX
between exhaust gases and
moderator, Nd2

 286 291 240 312 − −

Number of channels of HX
between exhaust gases and
turbine coolant, Nd3

 − − 3 64 − −

Number of channels of HX
between oil and moderator

 − − − − 270 210

Number of passes on cold
side

 2 3 4 4 15 15

Number of passes on hot side  1 1 1 1 6 10
Height of the HX section, H m 4.05 4.64 4.06 3.48 2.33 1.30
Width of the HX section, W m 2.59 4.57 5.80 6.75 2.52 2.58
Size of the HX section
between exhaust and
oxidant, D1

m 3.06 3.06 3.57 3.06 − −

Size of the HX section
between exhaust and
moderator, D2

m 2.92 2.97 2.45 3.18 − −

Size of the HX section
between exhaust and turbine
coolant, D3

m 0 0 0.03 0.65 − −

Size of the HX section
between oil and moderator

m 0 0 0 0 2.75 2.14

Total HX heat transfer
surface

m2 14284 21779 32502 36967 3872 1718

Total volume of HX m3 63 95 142 162 16 7
Total mass of the HX ton 210 429 486 565 63 29
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penalize the operability of the plant.
As far as efficiency is concerned, the biggest penalty appears to be the

adoption of the gearbox for the gas phase compressors, affecting the
plants with sizes below 200 MW.

The results of the cycle simulations at different plant sizes are re-
ported in Table 12. It is important to notice that, when varying the plant
size, the variation of turbine performance (isentropic efficiency and
cooling flow requirement) generates a variation in the ratio between TIT
and TOT. Thus, to keep the TOT to the maximum value (this way
maximizing the preheating in the regenerator, with a positive effect on
the efficiency) with a fixed turbine inlet pressure, it is necessary to vary
either the TIT or the turbine outlet pressure. Varying the TIT would
causes a variation of the recycle flow rate, ultimately resulting in
compromising the heat balance of the recuperator. Hence, for all the
considered cases optimizing the turbine outlet pressure to have TOT =

725 ◦C and recuperator approach point at 20 ◦C results in a higher ef-
ficiency than varying the TIT.

The results reported in Table 12 highlight the following issues:

The 300MW plant requires appreciably more cooling flows (+5.4 %)
than the 400 MW plant due to the suboptimal rotational speed of the
turbine (as explained in Section 3.4). As a consequence, to achieve

the target TOT of 725 ◦C, it is necessary to either increase the TIT or
the turbine outlet pressure. According to our simulation results, the
second option turns out to be more efficient (+0.39p.p. of overall
plant efficiency).
The 200 MW plant needs appreciably less cooling flow (due to the
more loaded stages) than the 400 MW and 300 MW cases. As a result,
it requires a lower turbine outlet pressure. Simulation results indi-
cate that the best option in terms of overall plant efficiency is a TOP
of 24 bar with a gain in the net plant efficiency of 0.21p.p. This result
can be explained looking at the composite curve (T-Q diagram, re-
ported for BC in Fig. 11) of the recuperator: if the moderator flow
rate increases, the recuperator lacks high temperature heat to pre-
heat the larger moderator flow, with the net effect of increasing the
hot side approach temperature difference to 40 ◦C (with large heat
transfer exergy losses). For this reason, even though reducing the
TOP to 24 bar increases the power required by the CPU compressors,
the effect on the overall plant efficiency is positive. Thanks to the
reduced amount of turbine cooling flows, the overall net electric
efficiency of the plant (53.38 %, delivering CO2 at 110 bar) is higher
than the one of the larger size 300 MW plant (52.46 %, delivering
CO2 at 110 bar). Interestingly, the advantage of having a proper
turbine design more than offsets the penalty caused by the me-
chanical losses of the turbine gearbox.
The 100 MW plant resembles the 200 MW one, due to the optimized
rotational speed of the turbine. The lower isentropic, mechanical and
electrical efficiencies of the compressors cause an efficiency penalty
of 1.55p.p. compared to the 200 MW case. Such penalty is mainly
due to the need of adopting a gearbox for the gas phase compressors.
The efficiency of uncooled 50 MW case is highly penalized by the
unbalance of the heat capacities of the streams in the recuperator,
leading to a large delta T approach at its hot end (about 80 ◦C vs the
20 ◦C approach adopted in the cases with cooled turbine). Moreover,
the lower TIT (950 ◦C) reflects on a lower TOT, thus reducing the
preheating of the recycled flows, with an additional detrimental ef-
fect on the efficiency.

As it can be seen from the results plotted in Fig. 8, adjusting the
turbine outlet pressure depending on the plant output has a positive
effect on efficiency: for the whole range of power output, it is found to
have a higher or equal efficiency than increasing the TIT. It is important
to recall that the analysis performed in this study does not consider the
size effects on the specific energy consumption of the ASU. Thus, the
figures of net plant electric efficiency should be reviewed in light of
more accurate estimates of the ASU power consumption at the different
plant sizes.

Table 12 compares the efficiency figures calculated for the different
plant sizes. Some conclusions can be drawn from the reported results:

• In all the cases the optimal working point (i.e., the one maximizing
efficiency) is found for the minimum temperature difference on the
hot side of the regenerator (20 ◦C), with the only exception of the 50

Table 10
Summary of cost models used to assess the bare module cost of the cycle equipment units.

List of Components Size Parameters Reference
Size

Reference Cost [M$
2015]

Scale
Factor

Reference

ASU O2 flow, kgO2/s 61.00 120.365 0.60 Derived from [1]
CPU CO2 flow, kgCO2/

s
88.80 35.200 0.60 Derived from [1]

Turbine Gross power, MW 300.00 32.550 0.60 Average gas and steam
turbine

Recuperator SS Area, m2 10000.00 2.500 0.91 Derived from [1]
Recuperator Inconel Area, m2 10000.00 12.500 0.91 5 times stainless steel
HXs and Coolers Area, m2 500.00 0.400 0.60 [40]
Recycle, O2 and Fuel Compressors Power, MW 27.40 21.500 0.67 [39]
BOP of total plant (civil works + control instrumentation,
etc.)

Fuel input, MW 1536.00 125.818 0.30 Derived from [1]

Table 11
Main results of the Allam cycle 400 MW base case.

Unit

Recycle Mass Flow Rate, stream 5 kg/s 515
Regenerator moderator and oxidant outlet temperatures,
streams 4 and 5

◦C 697.9

Combustor outlet temperature, stream 6 ◦C 1167.7
Turbine inlet mass flow rate, stream 6 kg/s 1109.6
Turbine cooling flow mass flow rate, stream 7 kg/s 150.4
Turbine cooling temperature, stream 7 ◦C 437.9
Turbine outlet temperature, stream 8 ◦C 724.9
Turbine outlet pressure, stream 8 bar 30.6
Regenerator flue gases outlet temperature, stream 9 ◦C 56
Dense phase compression pressure, stream 12 bar 80
Captured CO2 mass flow rate, flow 22 kg/s 42.2
ASU input air mass flow rate, flow AIR kg/s 262.6
Oxygen mass flow rate, flow 17 kg/s 58.4
Power Block  
Thermal Power of fuel input MWth 730.45
Turbine Gross Electric Power MWel 588.03
Recycle Compression Power MWel 87.54
Oxidant Compression Power MWel 17.25
NG Compression Power MWel 7.71
ASU Power MWel 80.84
CPU Power MWel 6.31
Net Power Out MWel 388.38
Overall net electric efficiency % 53.17

%
CO2 Capture Level % 99.05
Specific CO2 Emissions gCO2/

kWh
3.45
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MW case, where the cycle conditions made impossible reaching an
approach temperature difference lower that 80 ◦C. In this case the
low TIT (due to the uncooled turbine) requires a proportionally
larger recirculated flow and the available heat is not enough to
achieve such a small temperature approach.

• The reduction of the plant size reflects in an efficiency reduction,
with the exception of the 200 MW case: as explained before, this is
related to the sub-optimal rotational speed of the turbine in the 300
MW case (still slightly suboptimal also for the 400 MW case) caused
by the absence of gearboxes for such turbine sizes.

• The CO2 capture level and specific emissions remain almost constant
with size.

6.2. Sensitivity on oxygen purity

In this section the effects of oxygen purity on the performance of the
Allam cycle are evaluated. The analysis is performed considering a large
size Allam cycle with net power output of about 400 MW cycle. Ac-
cording to our information (e.g., the IEA GHG study [8]), such size
should correspond to the maximum available size of ASU trains. The
range 95 %-99.5 % oxygen purity range (molar basis) is considered
because it corresponds to the typical purity range for cryogenic ASUs.
The electric power consumption of the ASUs for the different levels of
purity has been taken from the curves reported in ref. [41]. An important
issue arising when using low-purity oxygen is the progressive increase in
incondensable gases (N2, O2 and Ar) in the recycled stream. This causes
the following problems:

1) The presence of O2 and N2 leads to the increase of the critical tem-
perature of the mixture causing the risk of having a two-phase flow at
the inlet of the dense phase compressors (steams 12 and 18 as in
Fig. 1). This issue is addressed by increasing the pressures of these
flows, as will be detailed in the following.

2) The compression power increases because of two reasons: (i) the
larger volumetric flow rate of recycled flow due to incondensable
gases, (ii) the higher pressure that has to be reached in the gas phase
compression (occurring with larger specific volume, thus more en-
ergy intensive).

On the other hand, N2 and O2 feature a specific heat capacity
increasing with temperature, an opposite behavior than supercritical

CO2. Thus, their presence in the recycled streams might help reducing
the specific heat capacity of the recycled streams in the medium–low
temperature range, with a beneficial effect on the heat balance of the
recuperator.

Table 13 reports the compositions (molar basis) of the streams 12
and 18 (referred to Fig. 1) for the three different oxygen purity cases. In
order to assess if these streams are in two phase conditions at the plant
operating conditions, the phase diagrams of CO2-N2, CO2-Ar and CO2-O2
mixtures at relevant temperatures and pressures obtained from experi-
mental data and presented in [37,78] were used. Since the phase dia-
grams are only provided for binary mixtures, for each stream and each
oxygen purity the conditions were evaluated assuming that all the im-
purities were constituted by the main impurity of the stream (N2 for
stream 12 and O2 for stream 18). Given the conditions reported in
Table 13, from the analysis resulted that:

• For all the cases stream 18 is outside the two-phase region at the
plant operating conditions, therefore the oxidant compression is
reasonably safe.

• For the 99.5 % ASU purity case, a pressure of 80 bar is sufficient to
keep the condition of stream 12 outside the two-phase region of the
diagram also for temperatures down to 20 ◦C. However, according to
the vapor liquid equilibrium curves of ref. [37,78] obtained for CO2-
N2 mixtures at a temperature of 20 ◦C, for the cases with oxygen
purity below 97.5 % (97 % and 95 %), the pressure of the stream
must be increased to 120 bar in order to have a sufficient safety
margin from the saturated liquid line (thus, to avoid liquid formation
at compressor inlet). For the intermediate oxygen purity cases (i.e.,
98 % and 98.5 % oxygen purity), a pressure of 100 bar is sufficient.

It is important to notice that increasing the pressure of stream 12
from 80 bar to 100 bar or 120 bar causes two important negative effects
on the cycle efficiency:

1. it increases the pressure ratio of the gas-phase compressors
(featuring a larger specific power consumption owing to the lower
gas density) and decreases the pressure ratio of the dense-phase
compressors.

2. It makes it necessary to remove the fourth intercooled gas
compressor stage (CPR-4 and related intercooler) because its inlet
stream would be at about 80–90 bar with the risk of having a liquid

Table 12
Summary of the key simulation results for the sensitivity on the plant size.

Unit BC PS-300 PS-200 PS-100 PS-50

Recycle Mass Flow Rate, stream 5 kg/s 515 414 200 100 114.97
Regenerator moderator and oxidant outlet temperatures, streams 4 and 5 ◦C 697.9 704.8 698 697.5 586.9
Combustor outlet temperature, stream 6 ◦C 1167.7 1159.6 1219.0 1218.6 950
Turbine inlet mass flow rate, stream 6 kg/s 1109.6 859.9 497.6 248.8 198.5
Turbine cooling flow mass flow rate, stream 7 kg/s 150.4 136.6 68.8 38.4 −

Turbine cooling temperature, stream 7 ◦C 437.9 417.6 454.9 472.0 −

Turbine outlet temperature, stream 8 ◦C 724.9 724.8 725.0 724.5 631.9
Turbine outlet pressure, stream 8 bar 30.6 34 24.0 24.0 35
Regenerator flue gases outlet temperature, stream 9 ◦C 56 54.3 60.5 60.2 53.1
Dense phase compression pressure, stream 12 bar 80 80 80 80 80
Captured CO2 mass flow rate, flow 22 kg/s 42.2 31.6 21.1 10.5 5.9
ASU input air mass flow rate, flow AIR kg/s 262.6 196.9 131.3 65.6 36.9
Oxygen mass flow rate, flow 17 kg/s 58.4 43.8 29.2 14.6 8.19
Thermal Power In MWth 730.45 547.84 365.23 182.61 102.30
Turbine Gross Power MWel 588.03 435.91 297.79 148.359 78.6878
Recycle Compression Power MWel 87.54 64.52 46.23 25.37 13.08
Oxidant Compression Power MWel 17.25 13.04 8.79 4.46 2.53
NG Compression Power MWel 7.71 5.66 3.85 1.93 1.08
ASU Power MWel 80.84 60.63 40.43 20.21 11.33
CPU Power MWel 6.31 4.53 3.53 1.75 0.83
Net Power Out MWel 388.38 287.41 194.95 94.64 49.85
Overall Efficiency % 53.17 52.46 53.38 51.83 48.73
CO2 Capture Level % 99.05 99.05 99.06 99.06 99.02
Specific CO2 Emissions gCO2/kWh 3.45 3.51 3.54 3.59 4.02
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phase. Thus, the cycle designs with 95 %-98.5 % oxygen purity
feature only three intercooled stages of the gas phase compression.

The resulsts of the simulations and cycle efficiency optimization
made for the different levels of oxygen purity are reported in Fig. 9 and
Table 14. Fig. 9 indicates that, in the range 95 %-98.5 % oxygen purity,
the power block (Allam cycle without ASU and CPU) and net plant ef-
ficiency (includingthe auxiliary power consumption of the ASU) in-
creases slightly with the oxygen purity. In particular, the net plant
efficiency rises from 51.7 % at 95 % purity to 52.0 % at 98.5 %. How-
ever, there is a more appreciable efficiency improvement when passing
from 98.5 % to 99 % purity, which features a net electric plant efficiency
of 53.3 %.

The performance results reported in Table 14 indicate that, for the
same pressure ratio and inlet stream conditions, the cases with lower
oxygen purity feature a larger turbine power output but also a higher
recycle compression power consumption. This is due to the increase in
specific volume caused by the presence of incondensable gases. For
instance, the case with 95 % purity features a turbine power output
which is approximately 15 MW larger than the 99.5 % purity case.
However, the presence of incondensable gases causes also a significant
increase in compression power (approx.+ 29 MW in case of 95 % purity
oxygen) which outweighs the beneficial effect on the turbine.

The compression power appears to be also the reason behind the
more appreciable efficiency increase when passing from 98.5 % oxygen
purity to 99.0 %. The causes are:

• The build-up of incondensable gases in the recycle stream which
have a negative effect decreasing the supercritical fluid density (from

800.6 kg/m3 to 788.7 kg/m3). The build-up is emphasized by the
large recycle ratio (i.e., the ratio between the recycled working fluid
and the fraction sent to capture, equal to 27.9). For example, the case
with 99 % oxygen purity has a CO2 concentration of 97.1 %while the
case with 98.5 % has a concentration of 96.2 %.

• The need of increasing the pressure of the gas-phase compressors
from 80 bar to 100 bar so as to avoid the formation of a liquid phase
at the inlet of the dense phase compressors.

Fig. 9 indicates also that the effect of the oxygen purity is larger on
the efficiency of the power block (Allam cycle without ASU and CPU).
This occurs because the specific power consumption of the ASU in-
creases with the oxygen purity, reducing the benefit of adopting high
purity oxygen.

As for the effect of the number of intercoolers of the gas phase
compression train, the plot of Fig. 9 indicates that the effect on cycle
efficiency is minor: if the 99 % and 99.5 % oxygen purity cases are
designed with only three intercooled stages, their efficiency is still
considerably higher than the cases with lower purity.

Finally, it is important to notice that the efficiency optimal oxygen-
purity might not coincide with the economically optimal solution (i.e.,
the solution minimizing the Cost of Electricity) because the designs with
97 % and 95 % O2 purity feature:

• Simpler and less expensive ASU configurations.
• Probably less expensive compression trains, lacking the dense phase
compressor between 80 and 120 bar and the fourth stage of the
intercooled gas compressor.

However, to perform an economic analysis on this topic consistent
and accurate capital cost data for the three different types of ASUs,
currently unavailable in literature, would be necessary. Future studies,
hopefully in collaboration with ASU manufacturers or providers, could
investigate such economic comparison.

6.3. Sensitivity on the thermal power recovered from the ASU

Another fundamental aspect to be considered in the assessment of
the plant efficiency is the amount of heat provided by the ASU main air
compressor to the regenerator. In order to assess the effects of such an
important factor, a sensitivity analysis is performed, considering a
variation range from zero to twice the value considered in the base case.
For all cases, the ASU with 99.5 % oxygen purity is considered.

The results of the analysis are reported in Table 15, where the name

Fig. 8. Net Electric Efficiency of the Allam cycle as a function of the net power output.

Table 13
T, p and molar-based composition of the streams 12 and 18 in the three cases
considered. Streams are referred to the numbering in Fig. 1.

Component Stream # 12 Stream # 18

BC OP-97 OP-95 BC OP-97 OP-95

CO2 97.995
%

93.426
%

89.911
%

84.957
%

80.675
%

77.384
%

H2O 0.137 % 0.136 % 0.136 % 0.119 % 0.118 % 0.117 %
O2 0.117 % 0.118 % 0.120 % 13.340

%
13.340
%

13.340
%

N2 1.183 % 2.618 % 2.594 % 1.524 % 2.397 % 3.312 %
AR 0.568 % 3.702 % 6.239 % 0.532 % 3.697 % 5.848 %
T [◦C] 26.0 26.0 26.0 17.4 16.6 16.0
P[bar] 80 120 120 120 120 120
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AHI-NO indicates the case without heat integration with the ASU, the
base case (BC) is the 99.5 % oxygen purity case as indicated in the
previous section, and the case AHI-AD considers that the heat provided
by the ASU (and/or external processes) is twice the value assumed in the
base case. In case AHI-AD, the additional external heat is used to
decrease the hot side temperature differences of the regenerator from
20 ◦C to 10 ◦C (i.e., preheating more the moderator and oxidant). As can
be seen from the results in Table 15, the amount of heat provided by the

ASU has a strong impact on the plant’s performance. Compared to the
base case, the case AHI-AD has a net electric efficiency which is 2.93
percentage points higher (56.10 % vs. 53.17 %). Such an improvement
in efficiency is especially remarkable if we consider that it is just due to
the integration of the cycle with medium–low temperature waste heat.
Similarly, in the opposite situation, if the Allam cycle cannot recover any
external heat (case AHI-NO), the net electric efficiency drops to 50.11 %
(-3.06p.p.). Indeed, without heat integration with external sources, it is
impossible to keep the temperature difference on the hot side of the
regenerator to the design 20 ◦C and its value increases to 44 ◦C.

Fig. 10, Fig. 11 and Fig. 12 show the T-Q diagram (also called
“composite curve”, where the hot and cold streams contributions are
grouped depending on the temperature range of each stream) of the
regenerator in the three different cases. Fig. 10 indicates that, in absence
of heat integration with external sources, the pinch point at about
110 ◦C, combined with the larger heat capacity flow rate (slope of the
composite curve, dQ/dT) of the cold streams, does not allow pre-heating
the moderator and oxidant to a temperature close to the inlet one of the
flue gases. Figs. 11 and 12 show that the addition of external waste heat
(coming from the ASU or other sources) increases the heat capacity flow
rate of the hot composite curve making it possible to heat the cold
streams to a temperature much closer to that of the inlet flue gases.
Indeed, in the BC case the hot and cold composite curves are nearly
parallel, and the temperature difference on the hot side of the regener-
ator can be reduced to 20 ◦C. In the AHI-AD case the large availability of
medium temperature heat allows preheating the moderator and oxidant
flows to 715 ◦C, only 10 ◦C lower than the TIT.

In conclusion, the net efficiency of the Allam cycle is strongly
dependent on the hot side temperature difference of the regenerator: the
lower the temperature difference, the higher the cycle efficiency. This is
not surprising because reducing the hot side temperature difference
means reducing the fuel consumption of the combustor to achieve the
target (optimal) TIT. It is worth noticing that, when passing from case
AHI-NO to BC, the medium–low temperature external heat provided to
the Allam cycle (about 54 MW) is converted into electricity with a
marginal efficiency of 41 %, a very high value for waste heat recovery.
Similarly, when passing from case BC to AHI-AD, the additional external
heat (another 54 MW) is converted into electricity with a marginal ef-
ficiency of 35%, still representing a good conversion efficiency for waste
heat. Fig. 13 shows the net electric efficiency of the plant as a function of
the heat recovered from the ASU.

Fig. 9. Net Electric Efficiency of the Allam cycle as a function of oxygen purity. The grey and yellow lines denote the efficiency of the power block (PB) without
considering the power consumption of the ASU and CPU. The blue and orange lines indicate the efficiency of the total plant (including ASU and CPU power con-
sumption). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 14
Results of the cycle simulations for different levels of O2 purity provided by the
ASU.

Unit OP-95 OP-97 BC

Recycle Mass Flow Rate, stream 5 kg/s 490 510 515
Regenerator moderator and oxidant
outlet temperatures, streams 4 and 5

◦C 704.3 703.5 697.9

Combustor outlet temperature, stream
6

◦C 1202.3 1184.8 1167.7

Turbine inlet mass flow rate, stream 6 kg/s 1076.8 1100 1109.6
Turbine cooling flow mass flow rate,
stream 7

kg/s 212.7 173.4 150.4

Turbine cooling temperature, stream 7 ◦C 523.4 467.3 437.9
Turbine outlet temperature, stream 8 ◦C 724.3 724.5 724.9
Turbine outlet pressure, stream 8 bar 30.6 30.6 30.6
Regenerator flue gases outlet
temperature, stream 9

◦C 68.3 62.2 56

Dense phase compression pressure,
stream 12

bar 120 120 80

Captured CO2 mass flow rate, flow 22 kg/s 45.3 43.9 42.2
ASU input air mass flow rate, flow AIR kg/s 262.6 262.6 262.6
Oxygen mass flow rate, flow 17 kg/s 61.6 60.1 58.4
Power Block    
Thermal Power In MWth 730.45 730.45 730.45
Turbine Gross Power MWel 603.62 597.44 588.03
Recycle Compression Power MWel 116.05 109.80 87.54
Oxidant Compression Power MWel 19.40 18.42 17.25
NG Compression Power MWel 7.71 7.71 7.71
ASU Power MWel 76.17 76.88 80.84
CPU Power MWel 6.14 6.21 6.31
Net Power Out MWel 377.91 378.43 388.38
Net Electric Plant Efficiency % 51.74

%
51.81
%

53.17
%

CO2 Capture Level % 94.84 96.76 99.05
Specific CO2 Emissions gCO2/

kWh
20.32 12.65 3.45
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7. Economic analysis results and discussion

This section reports the results of the economic analysis of the 400
MW base case Allam cycle power plant under the assumptions listed in
Section 4. Table 16 details the breakdown of the equipment total capital
requirement. Fig. 14 shows that the ASU has the major equipment cost,
with the turbine, regenerator and recycle compressors representing the
other most significant components. The total capital requirement of the
cycle turns out to be 2.490 €/kW, reflecting on a COE of 127.8 €/MWh.
This value is significantly higher than the 83.6 €/MWh found in [2] with
the same costing procedure. The difference between the two costs lies in

the assumptions:

• First of all, the present study considers a natural gas cost of 12 €/GJ,
while 8 €/GJ was assumed in [2]. If such an assumption looked
reasonable in 2015, the strong fluctuations of the gas price (espe-
cially in the European market) in the past years require a higher base
case cost to be considered. For natural gas cost of 8 €/GJ. As can be
seen from the sensitivity on the natural gas cost reported in Fig. 16,
this difference increases the COE of more than 20 €/GJ, being fuel
the most important influence factor on the COE (see Fig. 15 for
details).

• All the cost values are actualized to 2022 by means of the CEPCI
index. Given the strong inflation of the last few years, the ratio
CEPCI2022/CPECI2014 is 1.41, reflecting on a significant increase in
the investment cost. Moreover, the €/$ change is assumed to be equal
to the average change in the period 2014–2022, introducing an
additional difference in the cost calculations.

• The value of efficiency assessed in [2] is almost 2 % higher than the
one of the present studies, due to some differences in the cycle
modelling. The main differences are the thermal oil loop delivering
the ASU heat to the regenerator (reducing the available temperature
of such heat, thus the efficiency of the cycle) and the turbomachinery
efficiency: the values found with the more accurate assumptions of
this study are slightly lower than the ones assumed in [2].

Table 17 and Fig. 15 report the main results of the economic analysis
comparing the Allam cycle with the benchmark NGCC with post-
combustion capture. Despite its smaller size (400 MW vs. 650 MW of
net power), the Allam cycle features a lower specific capital cost (− 20
%) and a similar efficiency to the reference NGCC with post-combustion
capture. Therefore, when looking at the cost of electricity, it has very
similar capital and fuel cost components. Compared to the NGCC, the
Allam cycle is expected to benefit from the lower O&M costs and,
especially, lower CO2 emission taxes thanks to the higher CO2 capture
level. This results in a COE which is 13.3 €/MWh lower with respect to
the benchmark cycle. It is also worth noting that the most important cost
component is, for both the cycles, the fuel cost, thus reflecting on the
importance of research and development towards higher efficiency
solutions.

Moreover, a sensitivity analysis on the natural gas cost has been
performed evaluating the COE of the two compared power plants. The
results, that can be seen in Fig. 16, show that the Allam cycle, thanks to
the lower emissions and capital cost, has a lower COE than the NGCC

Table 15
Results of the sensitivity on the heat from ASU.

Unit AHI-
NO

BC AHI-
AD

Recycle Mass Flow Rate, stream 5 kg/s 470 515 580
Regenerator moderator and oxidant
outlet temperatures, streams 4 and 5

◦C 672.4 697.9 707.7

Combustor outlet temperature, stream
6

◦C 1163.4 1167.7 1151.9

Turbine inlet mass flow rate, stream 6 kg/s 1064.8 1109.6 1174.3
Turbine cooling flow mass flow rate,
stream 7

kg/s 130.2 150.4 157.1

Turbine cooling temperature, stream 7 ◦C 400.8 437.9 471.6
Turbine outlet temperature, stream 8 ◦C 723.4 724.9 717.7
Turbine outlet pressure, stream 8 bar 30.6 30.6 30.6
Regenerator flue gases outlet
temperature, stream 9

◦C 48.6 56 60.6

Dense phase compression pressure,
stream 12

bar 80 80 80

Captured CO2 mass flow rate, flow 22 kg/s 42.2 42.2 42.2
ASU input air mass flow rate, flow AIR kg/s 262.6 262.6 262.6
Oxygen mass flow rate, flow 17 kg/s 58.4 58.4 58.4
Power Block    
Thermal Power In MWth 730.45 730.45 730.45
Turbine Gross Power MWel 560.13 588.03 615.53
Recycle Compression Power MWel 81.96 87.54 93.66
Oxidant Compression Power MWel 17.26 17.25 17.24
NG Compression Power MWel 7.71 7.71 7.71
ASU Power MWel 80.85 80.84 80.84
CPU Power MWel 6.31 6.31 6.31
Net Power Out MWel 366.05 388.38 409.77
Overall Efficiency % 50.11

%
53.17
%

56.10
%

CO2 Capture Level % 99.05 99.05 99.05
Specific CO2 Emissions gCO2/

kWh
3.67 3.45 3.28

Fig. 10. T-Q diagram of the AHI-NO case (without heat integration with external sources).
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with Cansolv regardless of the NG cost. Given its slightly higher effi-
ciency, it also features a lower COE increase as a function of the NG cost
increase. In fact, the slope of the lines is inversely proportional to the
efficiency of the cycles: the higher is the cycle efficiency, the less steep is

Fig. 11. T-Q diagram of the BC case (where the regenerator recovers heat from the main air compressor of the ASU).

Fig. 12. T-Q diagram of the AHI-AD case.

Fig. 13. Net Electric Efficiency of the large scale Allam cycle (Cases AHI–NO,
BC and AHI-AD) as a function of the heat provided by the ASU and/or
external processes.

Table 16
Allam cycle equipment total capital requirement breakdown in M€.

Unit Total Equipment
cost [M€]

Total installed
cost [M€]

Total capital
Requirement [M€]

ASU 125.01 250.02 315.45
Turbine 56.92 113.83 143.62
Regenerator 37.11 74.22 93.65
Recycle
Compressors

48.45 96.89 122.25

CPU 29.50 59.00 74.44
All Others 6.55 13.09 16.52
BOP 79.35 158.69 200.22
Total 382.88 765.76 966.16
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the line. On the other hand, since the efficiency is similar (53.1 % vs
52.8 %), the difference in slope is negligible.

Fig. 16 also shows the effect of a higher (doubled) cost of the
expander on the COE of the Allam cycle (BC-HTC): given its low tech-
nology readiness level, this cost item is very uncertain. Nevertheless, the
results of the sensitivity indicate that such an increase would not impact
the overall COE significantly, and the Allam cycle would remain
economically competitive also for an expander cost 100 % higher than
the value assumed in this study.

8. Conclusions

This work has investigated the energy and economic performance of
the Allam cycle in its basic configuration (without recompression),
evaluating how the cycle size, oxygen purity and waste heat integration

affect such performance. The analysis is based on a process model of the
overall cycle including the CO2 purification unit and preliminary 1-D
design models of the turbine and recuperative heat exchangers.

The base case utility scale plant (388 MW of net power output)
thermally integrated with the air separation unit is expected to achieve a
net electric efficiency of approximately 53.17 %, a lower value than
those found in previous works (in the range 54–55 % for similar cycle
assumptions). The difference in efficiency is due to the inclusion of
power consumption of the CO2 purification unit, the temperature drop
caused by the hot oil loop between the ASU and the power block, and
more conservative assumptions for the electrical and mechanical effi-
ciencies of the turbomachines.

Cycle simulations indicate that the optimal oxygen purity for the
efficiency of the overall plant (cycle and air separation unit) is 99.5 %
(molar basis): in fact, the higher energy consumption of the ASU to

Fig. 14. Shares of the different components in the overall capital cost.

Fig. 15. Components of the Cost of electricity (COE) for the two analyzed plants.
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produce purer oxygen is outweighed by the lower work required in the
compression phase. Cases with lower oxygen purity are penalized by the
build-up of inert gases (N2 and Ar) which increase the compression
power.

The sensitivity analysis on the heat integration with external sources
shows that the stand-alone case (not thermally integrated with the ASU
or other external processes) can achieve a net electric efficiency of about
50 % which is 3 percentage points lower than the base case (approxi-
mately 53%). If the thermal power recovered from external sources (e.g.
ASU) is doubled compared to the base case, the net electric efficiency
increases to about 56 %. Thus, the Allam cycle can convert low-medium
temperature waste heat recovered from the ASU (or external processes)
with a very good marginal efficiency, ranging from 35 % (when avail-
able external heat accounts for about 10 % of the total regenerator heat)
to 41 % (when available external heat accounts for about 5 % of the
regenerator heat). Given the importance of the additional low

temperature heat at the regenerator, adopting a recompression cycle
arrangement, as proposed in [16,21], may be beneficial. This will be
investigated in future works.

As far as the plant size is concerned, the cycle efficiency remains
relatively high (> 51 %) in the range 400 MW-100 MW. Compared to
utility size plants, smaller size plants can benefit from the availability of
gearboxes for the turbine. This allows to target a more compact turbine
design, requiring a lower number of stages (5 instead of 6–8 of utility
scale plants) and cooled stages (4 stages instead of 5). Reducing the
number of stages generates a saving in terms of turbine coolant, with
beneficial effects on the cycle performance. The analysis has also
investigated a 50 MW plant, featuring an uncooled turbine with a TIT
limited to 950 ◦C. The calculated net electric efficiency of such cycle is
found to be 48.7 %, appreciably lower than the other plant sizes. The
main reason appears to be the limited TOT, which has a detrimental
effect the heat integration in the recuperator, reflecting on a higher
temperature difference on the hot side of the exchanger and a lower pre-
heating temperature of the recirculated flows.

Moreover, the economic analysis has highlighted that, despite its
smaller plant size, the specific total capital requirement of the utility
scale (400 MWel) Allam cycle is 2490 €/kWel, 20 % lower than the
reference 650 MWel combined cycle with Cansolv system for post-
combustion capture. When looking at the cost of electricity, the two
cycles feature very similar capital and fuel cost components (i.e., the fuel
cost is similar because the two plants have similar efficiency). Compared
to the NGCC, the Allam cycle is expected to benefit from the lower O&M
costs and, especially, lower CO2 emission taxes thanks to the higher CO2
capture level. This benefits result, according to our estimates, in a COE
which is approximately 13.3 €/MWh lower (− 10 %) with respect to the
benchmark NGCC cycle.

Future works will focus on the evaluation of Allam cycle schemewith
recompression, as proposed in refs. [11,16].

CRediT authorship contribution statement

Matteo Martinelli: Writing – original draft, Visualization, Valida-
tion, Software, Methodology, Data curation, Conceptualization. Paolo
Chiesa: Writing – review & editing, Validation, Supervision, Method-
ology, Investigation, Conceptualization. Emanuele Martelli: Writing –
review & editing, Validation, Supervision, Software, Resources, Project
administration, Methodology, Investigation, Funding acquisition,
Conceptualization.

Table 17
Economic analysis results of the 400 MW Allam cycle and of the F-class 650 MW
NGCC with post combustion CO2 capture system (based on CANSOLV) assessed
in ref. [3]. Fuel costs, CO2 transport costs and CO2 emission tax have been
updated with the assumptions adopted in this study.

Allam NGCC + Cansolv [3]

Thermal Power In [MW] 730.5 1222.9
Cycle Power [MW] 388.1 646.0
Net electric efficiency [%] 53.17 % 52.80 %
Cycle Bare Investment Cost [M€] 382.9 986.5
Installation factor and contingencies 2 1.512
Total plant cost [M€] 765.8 1502.4
Specific inv cost [M€/MW] 1.973 2.326
Specific Total Capital Requirement [M€/MW] 2.490 3.089
Total Capital Requirement [M€] 966.2 1995.3
OPERATING COSTS  
Natural Gas cost [M€/y] 248.8 416.5
Chemicals cost [M€/y] 0.8 9.3
MAINTENANCE COSTS  
New technologies [M€/y] 5.4 0.0
Conventional technologies [M€/y] 10.0 14.6
OTHER COSTS  
Insurance Costs and Taxes [M€/y] 4.4 19.2
Labor costs [M€/y] 3.7 9.4
Administrative costs and overhead [M€/y] 2.9 2.4
Carbon Tax [M€/y] 0.5 16.7
CO2 Transport & storage cost [M€/y] 23.9 35.4
COE [€/MWh] 127.8 141.1

Fig. 16. Sensitivity analysis on the NG cost.
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Appendix

Table A1
Main results of the performance assessment for compressors of all the considered plant sizes.

400 MW plant size cpr. 1 cpr. 2 cpr. 3 cpr. 4 pump 1 oxy pump pump 2

Isent. work., kJ/kg 19.30 13.50 7.92 6.42 4.84 28.61 25.39
Inlet volum. flow rate, m3/s 18.86 11.89 7.69 4.99 1.81 0.82 1.00
Size paramter, m 0.37 0.32 0.29 0.25 0.16 0.07 0.08
pressure ratio 1.45 1.34 1.23 1.23 1.51 2.60 2.60
rotational speed (RPM) 3000 3000 3000 3000 3000 11000 11000
specific rotational speed 0.83 0.86 1.04 0.98 0.73 0.47 0.57
gearbox NO NO NO NO NO YES YES
isentropic efficiency 89.74 % 89.31 % 89.04 % 88.53 % 87.18 % 84.18 % 84.77 %
electric efficiency of driver 98.80 % 98.73 % 98.64 % 98.60 % 98.55 % 98.76 % 98.75 %
mechanical efficiency 99.90 % 99.90 % 99.90 % 99.90 % 99.90 % 99.00 % 99.00 %
Electrical power, kW 24151 16992 10014 8188 8264 17731 17654
300 MW plant size cpr. 1 cpr. 2 cpr. 3 cpr. 4 pump 1 oxy pump pump 2
Isent. work., kJ/kg 14.48 10.13 5.94 4.82 3.63 21.46 19.04
Inlet vol. flow rate, m3/s 14.15 8.92 5.77 3.74 1.36 0.62 0.75
Size paramter, m 0.25 0.22 0.19 0.16 0.12 0.05 0.06
pressure ratio 1.45 1.34 1.23 1.10 1.51 2.60 2.60
rotational speed (RPM) 3000 3000 3000 3000 3000 30000 30000
specific rotational speed 0.51 0.52 0.60 0.58 0.48 0.78 1.08
gearbox NO NO NO NO NO YES YES
isentropic efficiency 88.56 % 88.08 % 87.72 % 87.25 % 86.20 % 82.81 % 83.56 %
electric efficiency of driver 98.75 % 98.68 % 98.58 % 98.55 % 98.50 % 98.71 % 98.70 %
mechanical efficiency 99.90 % 99.90 % 99.90 % 99.90 % 99.90 % 99.00 % 99.00 %
Electrical Power, kW 18756 13197 7778 6361 6397 14127 13359
200 MW plant size cpr. 1 cpr. 2 cpr. 3 cpr. 4 pump 1 oxy pump pump 2
Isent. Work, kJ/kg 9.65 6.75 3.96 3.21 2.42 14.31 12.70
Inlet volum. Flow rate, m3/s 9.43 5.95 3.85 2.50 0.91 0.41 0.50
Size paramter, m 0.17 0.15 0.14 0.13 0.06 0.03 0.03
pressure ratio 1.45 1.34 1.23 1.23 1.51 2.60 2.60
rotational speed (RPM) 3000 3000 3000 3000 3000 30000 30000
specific rotational speed 0.25 0.27 0.33 0.34 0.19 0.38 0.35
gearbox NO NO NO NO NO YES YES
isentropic efficiency 87.29 % 86.91 % 86.77 % 86.50 % 84.22 % 81.44 % 81.36 %
electric efficiency of driver 98.67 % 98.61 % 98.51 % 98.47 % 98.42 % 98.63 % 98.63 %
mechanical efficiency 99.90 % 99.90 % 99.90 % 99.90 % 99.90 % 99.00 % 99.00 %
Electrical power, kW 11985 8749 5522 12761 2951 10266 7989
100 MW plant size cpr. 1 cpr. 2 cpr. 3 cpr. 4 pump 1 oxy pump pump 2
Isent. Work kJ/kg 4.83 3.38 1.98 1.61 1.21 7.15 6.35
Inlet vol. flow rate, m3/s 4.72 2.97 1.92 1.25 0.45 0.21 0.25
Size paramter, m 0.07 0.06 0.06 0.05 0.03 0.02 0.02
pressure ratio 1.45 1.34 1.23 1.23 1.51 2.60 2.60
rotational speed (RPM) 6000 6000 6000 6000 6000 35000 35000
specific rotational speed 0.15 0.16 0.20 0.20 0.11 0.13 0.13
gearbox YES YES YES YES YES YES YES
isentropic efficiency 84.59 % 84.21 % 84.06 % 83.78 % 81.55 % 80.07 % 80.05 %
electric efficiency of driver 98.55 % 98.48 % 98.38 % 98.34 % 98.30 % 98.50 % 98.50 %
mechanical efficiency 99.00 % 99.00 % 99.00 % 99.00 % 99.00 % 99.00 % 99.00 %
Electrical power, kW 6579 4629 2727 2226 1705 5198 2092
50 MW plant size cpr. 1 cpr. 2 cpr. 3 cpr. 4 pump 1 oxy pump pump 2
isent work, kJ/kg 2.41 1.69 0.99 0.80 0.61 3.58 3.17
Inlet vol. flow rate, m3/s 2.36 1.49 0.96 0.62 0.23 0.10 0.13
Size paramter, m 0.13 0.12 0.11 0.09 0.06 0.03 0.03
pressure ratio 1.45 1.34 1.23 1.23 1.51 2.60 2.60
rotational speed (RPM) 8000 8000 8000 8000 8000 40000 40000
specific rotational speed 0.83 0.86 1.03 0.97 0.72 0.66 0.76
gearbox YES YES YES YES YES YES YES
isentropic efficiency 86.62 % 86.18 % 85.92 % 85.40 % 85.30 % 80.86 % 81.05 %
electric efficiency of driver 98.42 % 98.35 % 98.26 % 98.22 % 98.17 % 98.38 % 98.22 %
mechanical efficiency 99.00 % 99.00 % 99.00 % 99.00 % 99.00 % 99.00 % 99.00 %
Electrical power, kW 3923 1333 1715 1368 1055 2922 3407
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Table A2
Thermodynamic properties and composition of the flows for the 99.5 % purity 400 MW Allam cycle. Flow numbers referred to Fig. 1.

Flow # T [◦C] p [bar] m [kg/s] Mol % CH4 C2H6 C3H8 C4H10-1 C5H12-1 CO2 H2O O2 N2 Ar

1 15.00 30.00 15.71  0.890 0.070 0.010 0.001 0.000 0.020 0.000 0.000 0.009 0.000
2 40.00 100.80 15.71  0.890 0.070 0.010 0.001 0.000 0.020 0.000 0.000 0.009 0.000
3 151.51 315.60 15.71  0.890 0.070 0.010 0.001 0.000 0.020 0.000 0.000 0.009 0.000
4 705.90 309.99 578.83  0.000 0.000 0.000 0.000 0.000 0.850 0.001 0.133 0.011 0.005
5 705.90 309.99 555.00  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
6 1156.90 306.95 1149.54  0.000 0.000 0.000 0.000 0.000 0.916 0.066 0.001 0.011 0.005
7 111.73 309.99 84.66  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
8 725.90 30.60 1234.20  0.000 0.000 0.000 0.000 0.000 0.921 0.062 0.001 0.011 0.005
9 63.03 29.83 1234.20  0.000 0.000 0.000 0.000 0.000 0.921 0.062 0.001 0.011 0.005
10 26.00 29.07 1202.23  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
11 26.00 29.07 1160.04  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
12 26.00 80.00 1160.04  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
13 26.00 120.00 639.66  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
14 51.05 311.60 555.00  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
15 51.05 311.60 84.66  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
16 26.00 120.00 520.39  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
17 15.00 120.00 58.44  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.995 0.002 0.003
18 17.40 120.00 578.83  0.000 0.000 0.000 0.000 0.000 0.850 0.001 0.133 0.011 0.005
19 47.95 311.60 578.83  0.000 0.000 0.000 0.000 0.000 0.850 0.001 0.133 0.011 0.005
22 26.00 29.07 42.18  0.000 0.000 0.000 0.000 0.000 0.980 0.001 0.001 0.012 0.006
23 26.00 29.07 31.97  0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000
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