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A B S T R A C T

The Allam cycle is renowned for its high efficiency and low emissions in power generation, utilizing supercritical
carbon dioxide as the working fluid. The regenerator, one of the key heat exchangers, plays a crucial role in the
system. However, modeling the regenerator is challenging due to the presence of multiple pinch points. This
study proposes a regenerator model that employs three multi-stream heat exchanger modules in Aspen Plus. A
thermodynamic and economic analysis of the system was conducted and compared with a conventional system
utilizing the two multi-stream heat exchanger modules. Simulation results show that the combustion chamber
has the highest exergy loss in the system, accounting for 46.9 % of the total exergy loss. The turbine is identified
as the most capital-intensive component, representing 44.9 % of the total equipment investment. Furthermore, a
sensitivity analysis was conducted on key parameters. The results indicate that under certain operating condi-
tions, the heat provided by the air separation unit is insufficient to reduce the temperature difference at the hot
outlet of the regenerator. Compared to the conventional Allam cycle system using the 2R model, the 2R model
predicts deviations of up to 28.9 %. This proposed model provides a new approach for the efficient allocation of
energy utilization in the multi-stream heat exchange process within the Allam cycle system.

1. Introduction

In recent years, global warming has become more severe [1], high-
lighting the urgent need to reduce greenhouse gas emissions [2]. The
power industry is a significant source of global carbon dioxide (CO2)
emissions [3], particularly from conventional coal and gas-fired power
plants. To address this issue, a variety of technologies have been
developed and implemented, including carbon capture, utilization, and
storage (CCUS) [4], renewable energy integration [5–8], and advanced
energy efficiency measures [9–12]. However, integrating CO2 capture
technologies with conventional power plants can increase costs and
reduce efficiency by 10 % or more [13]. Therefore, it is crucial to
develop novel, highly efficient, and cost-effective carbon capture
technologies.

Oxy-fuel combustion technology is recognized as a promising solu-
tion for reducing CO2 emissions from fossil fuel-fired power plants [14].
Compared to the other carbon capture technologies, it is noted for its
cost-effectiveness. Several power cycles based on oxy-fuel combustion

have been proposed, including the Graz cycle [15], the MATIANT cycle
[16], SCOC-CC [17] (Semi-Closed Oxy-Combustion Combined Cycle),
CES cycle [18], and the Allam cycle [19]. The International Energy
Agency (IEA) [20] has evaluated these oxy-fuel combustion power cy-
cles. Under conditions of a turbine inlet temperature of 1150 ◦C, and a
turbine inlet pressure of 30 MPa, the Allam cycle demonstrates the
highest efficiency (55.1 %) and superior economic performance.

The Allam cycle, a semi-closed Brayton cycle, was originally devel-
oped by Allam et al. [19]. This cycle employs CO2 as the working fluid,
potentially enabling 100 % carbon capture without additional carbon
capture equipment. Using carbon dioxide as a working fluid for power
generation offers several advantages, including high efficiency, flexi-
bility, and system compactness. It can be combined with various heat
sources, such as solar energy, nuclear energy, and geothermal energy, to
further improve overall system efficiency [21,22]. Scaccabarozzi et al.
[23] conducted a thermodynamic analysis and optimization of the
Allam cycle, revealing that its optimal efficiency could reach 54.80 %.
Zhu et al. [24] introduced modifications to the Allam cycle, proposing
the Allam-Z cycle. These modifications involve reducing the turbine
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inlet temperature and increasing the turbine outlet pressure, eliminating
the need for turbine cooling techniques and allowing the replacement of
the CO2 compressor with a pump. Dokhaee et al. [25] utilized Ther-
moflow software to model and analyze the primary components of the
Allam cycle. The simulation results indicated that the net efficiency of
the cycle could reach 54 % when a three-stage intercooling system was
used. Chan et al. [26] proposed a novel Allam cycle incorporating a
reheat system. Their analysis highlighted the significant impact of the
combustor outlet temperature on cycle performance. Zhao et al. [27]
designed an integrated coal gasification Allam cycle, achieving a net
efficiency of 38.87 % under a turbine inlet temperature of 1200 ◦C.

The regenerator in the Allam cycle is a key component for heat re-
covery. Due to the turbine exhaust temperature often reaching as high as
700 ◦C, the power of the regenerator is usually several times that of the
turbine [28]. Unlike the closed Brayton cycle, the regenerator in the
Allam cycle is a multi-stream heat exchanger [29]. The two hot streams
are the turbine exhaust and the compressed air from the ASU while the
three cold streams are the turbine cooling stream, oxidant stream, and
CO2 stream. Compared to a two-stream heat exchanger, a multi-stream
heat exchanger offers high efficiency, a more compact structure, and
minimal energy loss. Despite its complex design, it is widely used in gas
separation and petrochemical industries [30]. The compact internal
structure of a multi-stream heat exchanger allows rapid concentration of
cold and hot streams, facilitating efficient energy transfer. Additionally,
its larger surface area to volume ratio supports large-scale energy
transfer. Kindra et al. [31] studied the effect of operating parameters on
cycle net efficiency, total size, and overall cost of the heat exchanger.
They found that a 1 ◦C increase in the pinch point within the heat
exchanger led to an average decrease of 0.13 % in cycle net efficiency
and a 0.28 % increase in fuel costs. Rogalev et al. [32] developed a
process diagram and performed thermodynamic analysis on a multi-
stream heat exchanger consisting of five two-stream heat exchangers.
They recommended using streams with the lowest temperatures to cool
the heated streams.

Despite extensive research on the Allam cycle, further clarification is
needed regarding energy conversion in the multi-stream heat exchanger.
Previous studies typically relied on the first law of thermodynamics for
energy accounting and evaluation. However, assessing comprehensive
energy utilization in multi-stream energy transfer is challenging due to
varying energy grades. Different streams within the multi-stream heat
exchanger have varying energy grades and heat capacity, which means
that there may be multiple pinch points within the regenerator.

In this study, a novel regenerator model is proposed, which is

constructed by connecting three multi-stream heat exchanger modules
in series using Aspen Plus software. This model effectively analyzes the
energy conversion under multi-stream heat exchange conditions,
thereby improving the overall efficiency of the system. The impact of
ASU on the system is critically discussed. Additionally, an exergy anal-
ysis and an economic analysis of the system were conducted, guiding the
commercial development and demonstration of the Allam cycle.

2. System description

2.1. Allam cycle

The schematic of the Allam cycle is shown in Fig. 1. Gaseous fuel
(stream 1) is compressed by the natural gas compressor (CompNG) and
mixed with the preheated oxidant stream (stream 22) from the regen-
erator (Regen) before entering the combustor (Comb). Diffusion com-
bustion, which is more stable and simpler than pre-mixed combustion, is
typically used in the combustion chamber [19]. The CO2 stream (stream
21) is fed into the combustor to regulate its outlet temperature, which is
1150 ◦C. The flue gas, at a pressure of 30MPa, enters the turbine (Tur) to
drive the generator (G). The turbine’s outlet pressure is 3 MPa, and its
exhaust (stream 4) mainly consists of CO2 and about 5 % water vapor.
The turbine exhaust temperature decreases from approximately 730 ◦C
to 43 ◦C in the Regen. During this process, heat regeneration occurs and
the energy released from the condensation of water vapor is recovered
[33]. Subsequently, water (stream 7) is separated from the system by the
water separator (Sep). High-purity CO2 (stream 6) is compressed to 10
MPa by a CO2 compressor (CompCO2

) and further cooled in a condenser
(Cond) to separate high-density CO2 (stream 12). The residual CO2 is
then compressed to 30 MPa by a CO2 pump (PumpCO2

) and a mixture
pump (Pumpmixture) and enters the cold end of the Regen. A portion of
CO2 (stream 13) is mixed with oxygen (stream 15) over 99.5 % purity
(molar basis). Since the specific heat capacity of CO2 at low pressure is
lower than at high pressure [34], the heat generated from the
compression of ASU is added to the Regen to reduce the temperature
difference at the hot end [35].

2.2. Three-regenerators analytical method

Before modeling the Regen, the initial temperature of each stream
must be determined, as it influences the energy grade. In the Allam
cycle, there are two hot streams: turbine exhaust and compressed air
from ASU. According to the literature [23], a temperature of 265 ◦C is

Nomenclature

Acronyms
ASU air separation unit
CCUS carbon capture, utilization, and storage
CO2 carbon dioxide
Comb combustor
Comp compressor
Cond condenser
G generator
HX heat exchanger
IEA International Energy Agency
LHV low heating value
NG natural gas
Regen regenerator
Sep water separator
Tur turbine
2R two regenerators
3R three regenerators

Symbols
Ex exergy, kW
ex spefic exergy, kJ / kg
h specific enthalpy, kJ / kg
m mass flow rate, kg/s
P pressure, MPa
Q heat flow, kW
s specific entropy, kJ ⋅ kg-1 ⋅ K-1

T temperature, ◦C
W power, kW
η efficiency, %

Subscripts
in input
mixture CO2 and oxygen
net net power output
out output
o standard reference state
tur turbine
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selected for the compressed air (stream 23) in this work, considering a
certain temperature drop. The temperature of turbine cooling stream
(stream 20) is not constant [23,33]. In this study, it is set at 400 ◦C, and
the effect on system performance will be discussed in detail in subse-
quent chapters.

Using the pinch point design method proposed by Linnhoff et al.

[36], a temperature-enthalpy diagram for all the streams can be created,
as shown in Fig. 2a. It is a systematic approach for heat integration and
process optimization. By analyzing the streams within the process, it
determines the optimal heat exchanger network design, thereby maxi-
mizing energy efficiency, reducing energy consumption, andminimizing
costs. By combining all the hot streams and cold streams, two composite

Fig. 1. Schematic diagram of Allam cycle.

Fig. 2. (a) Temperature-enthalpy of streams; (b) Temperature-enthalpy of composite streams.
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curves can be obtained: the hot composite curve and the cold composite
curve, as shown in Fig. 2b. By horizontally shifting the composite
streams, the positions of the minimum temperature difference in the
heat transfer process can be identified. Fig. 2b indicates that potential
pinch points may occur at the hot end of Regen, where compressed air
from the ASU is introduced, and at the dew point where water vapor
condensation begins.

To analyze the temperature differences at these specific positions, a
new Regen (3R, three regenerators) model was proposed and developed
in Aspen Plus. As shown in Fig. 3, it consists of three multi-stream heat
exchanger modules. In this model, the multi-stream heat exchangers 1
(HX.1), 2 (HX.2), and 3 (HX.3) handle heat transfer across different
temperature ranges: from turbine exhaust temperature to compressed
air temperature, from compressed air temperature to water vapor’s dew
point temperature, and fromwater vapor’s dew point temperature to the
cold end temperature of the Regen, respectively. According to the
literature [34], the minimum pinch point of the Regen is 5 ◦C, occurring
at the hot inlet of HX.3. The hot outlet temperature of HX.2 is set to the
dew point of water vapor, calculated based on the exhaust composition.
The hot inlet temperature of HX.2 is 265 ◦C, corresponding to the
temperature of compressed air from the ASU. The temperature differ-
ence of the hot outlet of HX.2 and HX.1 should be discussed separately,
with the overall goal of minimizing the temperature difference at the hot
end of HX.1, while ensuring both remain no less than 20 ◦C [35]. It is
important to note that the hot end temperature difference of HX.3 may
not always be 20 ◦C due to the difference in heat capacity between high-
pressure and low-pressure streams. Although the specific heat capacity
of the low-pressure stream is lower than that of high-pressure stream,
the mass flow rate of the high-pressure stream is lower than that of low-
pressure stream. Additionally, the turbine cooling stream only heats up
to a lower temperature despite the introduction of an oxidant stream on
the high-pressure side. Therefore, the heat capacity on the low-pressure
side may not necessarily be lower than that on the high-pressure side. If
the hot end temperature difference of HX.2 remains at 20 ◦C and the hot
end temperature difference of HX.1 cannot be reduced to 20 ◦C, it in-
dicates that the heat provided by the turbine exhaust is insufficient to
heat the recirculating stream to a temperature of 20 ◦C lower than the
exhaust temperature. If the temperature difference at the hot end of
HX.1 is less than 20 ◦C, there must be an excess of heat from the com-
pressed air. In this case, the mass flow rate of the compressed air may
need to be reduced to achieve a temperature difference of 20 ◦C at the
hot end of HX.1. Consequently, the temperature difference at the hot end
of HX.2 will be higher than 20 ◦C.

This model ensures that the cold streams do not transfer heat to the
hot streams during the energy transfer process and clearly differentiates
the energy transfer conditions in different temperature ranges.

3. Models and assumptions

Previous research [37] indicates that Aspen Plus is widely used as a
modeling and analysis tool. It is a process simulation software that offers

numerous physical property models and databases. In this study, Aspen
Plus Version 11 was utilized to develop and calculate the current model.
To perform more complex and comprehensive computational tasks, a
connection was established between MATLAB and Aspen Plus using the
Aspen Plus COM interface. The thermophysical property parameters for
thermodynamic calculations were retrieved from the Reference Fluid
Thermodynamic and Transport Properties (REFPROP) database.

3.1. Main components model

3.1.1. Combustor
The combustor is simulated using the Rstoic module, which is based

on material balance. In this calculation, a molar ratio of 1:2 between
oxygen and methane is assumed, with CO2 and H2O as the combustion
products. Factors such as heat dissipation, incomplete combustion, and
the dissociation of combustion products are neglected. The Peng-
Robinson equation of state [38] is utilized for calculations. The
desired outlet temperature of the combustor is specified by adjusting the
mass flow rate of CO2 (stream 21) using the ’Design Specification’
feature in Aspen Plus.

3.1.2. Turbine cooling model
In the Allam Cycle, the outlet temperature of the combustor often

exceeds the allowable temperature of turbine blades made of existing
materials[39]. In this study, the maximum allowable temperature for
turbine blades was selected to be 860 ◦C. To address this issue and
ensure proper turbine operation, an improved continuous expansion
model proposed by Scaccabarozzi et al. [23] was adopted. This model is
based on El-Masri’s continuous expansion model which divided the
expansion process into N+1 stages. Each step consisted of a turbine
expansion and a pressure drop module. In the first N turbine stages, the
mainstream temperature remains above 860 ◦C. After expansion in the
turbine, the mainstream is mixed with the cooling stream by a mixer. It
is assumed that the expansion ratio remains constant for the first N
turbine stages. In the last turbine stage, the inlet temperature is equal to
860 ◦C, and cooling is no longer required. The calculation process ac-
counts for the pressure loss caused by each mixing of the cooling stream
and mainstream, using specific calculation formulas and relevant co-
efficients provided in reference [23]. To ensure computational precision
and optimize computing resources, N is set to 15 [27]. In Aspen Plus, the
Compr module, Mixer module, and Valve module are used to implement
this process. The calculation process involves adjusting the expansion
ratios of the preceding N turbine stages to achieve an inlet temperature
of 860 ◦C for the N+1 turbine stage. The calculation starts by assuming
the expansion ratios for the first N stages and obtaining the turbine
outlet temperature and the temperatures of the circulating CO2 streams.
Then, the expansion ratios for the preceding N stages are iteratively
adjusted based on the calculated temperature values until the desired
conditions are achieved.

Fig. 3. Schematic diagram of multi-stream heat exchanger.
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3.1.3. ASU model
The ASU is essential for supplying high-purity oxygen and heat of

compression to the Regen. While many industrial processes use multi-
stage compression and intercooling between stages [40] to reduce the
power consumption of compressors, Allam et al. [29] found that single-
stage compression in the ASU does not reduce the overall cycle effi-
ciency of the Allam cycle.

In the ASU, oxygen is usually supplied at concentrations of either 95
% or 99.5 %. Research by Hume et al. [41,42] shows that using 95 %
oxygen increases energy consumption in the compression process and
does not meet the required concentration of captured CO2, thus
increasing the cost of subsequent purification units. In this study, the
ASU is not modeled separately; instead, the model developed by Beysel
et al. [43] is used. For simplicity, it is assumed that the liquid oxygen
from the ASU is free of impurity gases.

3.2. Exergy model

The first law of thermodynamics elucidates the conservation of en-
ergy from a quantitative perspective, but the quality levels of different
forms of energy are not the same. During energy conversion, the quality
tends to degrade. The efficiency of conversion depends on environ-
mental conditions and the degree of irreversibility in the process. To
evaluate the irreversibility of thermodynamic processes, the main
components of the system are analyzed based on the second law of
thermodynamic[26,44].

Exergy destruction can be determined using the following equation:

Exd = Exi - Exo + Exwork (1)

where, Exi (kW) and Exo (kW) are the inlet and outlet exergy of the
working fluid.

For the working fluid, its exergy can be calculated by [45]:

Ex = m⋅(exph - exch) (2)

The physical specific exergy can be determined through its specific
enthalpy (h, kJ/kg) and specific entropy(s, kJ⋅kg-1 K-1):

exph = h - h0 - T0⋅(s-s0) (3)

where the reference environment is chosen as 298.15 K and 1.013 bar.
The chemical specific exergy is determined using the calculation

methods found in the literature [46]:

exch = 1.04⋅LHVNG (4)

where, LHVNG denotes the low heating value of natural gas, kJ/kg.

3.3. Economic model

Economic analysis of each component’s cost share aids in under-
standing cost distribution, thereby enabling targeted cost reduction
strategies and improved resource allocation. Analyzing cost shares can
also reveal inefficiencies within the system. High-cost components can
be optimized or redesigned to enhance overall system efficiency. The
investment cost of the Allam cycle is calculated based on information
reported in the literature [47–49].

3.4. Thermodynamic model

The mathematical models of the main components are shown in
Table 1. It is worth noting that these equations are derived based on the
first law of thermodynamics. When performing thermodynamic calcu-
lations for the regenerator, the second law of thermodynamics also
needs to be considered.

This article introduces system efficiency (η) to evaluate cycle per-
formance. η is the ratio of the net power output to the heating value of

the fuel input, represented by:

η =
Wnet

QNG
(5)

where, Wnet represents the net power output of the system and QNG re-
fers to the heating value of the fuel input, kW.

Additionally, Wnet can be further expressed as:

Wnet =Wtur-WNG-Wcomp-Wpump-WASU (6)

Similarly, QNG can be further expressed using the equation:

QNG = mNG⋅LHVNG (7)

where, mNG represents the mass flow rate of natural gas and LHVNG
denotes the low heating value of natural gas.

To analyze the effect of ASU on the system, W is defined as the power
output excluding the power consumption of ASU.

W =Wtur-WNG-Wcomp-Wpump (8)

3.5. Basic assumption and model validation

To simplify the calculations and account for the features of Aspen
Plus software, the following assumptions are made for this simulation:

(1) The system reaches a steady-state condition, neglecting kinetic
and potential energy, as well as heat transfer with surroundings.

(2) Pressure drops and efficiency of the main components are shown
in Table 2 based on literature values [50], and the separation
efficiency of Sep is assumed to be 100 %.

(3) Both the compressors and turbines are assumed to have constant
isentropic efficiencies, with the efficiencies of turbomachines
provided in Table 2.

(4) The natural gas composition is assumed to be methane with an
initial pressure of 3 MPa and an initial temperature of 15 ◦C [26].

The calculations are performed using the relevant parameters sug-
gested by Allam et al.[29], with the main parameters listed in Table 3.

Table 1
Mathematical model of the main components.

Components Mathematical model

Comb m3 = m2 + m21 + m22

m3h3 = m2h2 + m21h21 + m22h22
Tur m4 = m3 +

∑N
i = 1mCi

Wtur = (m3 + mC1)(hin-hout) +
∑N+1

i = 2mCi (hin-hout)
Regen m4(h4-h5) = m17(h20-h17) + m18(h21-h18) + m19(h22-h19) + QASU
Cond mhot

(
hhot,in-hhot,out

)
= mcold

(
hcold,out-hcold,in

)

Comp Wcomp = m(hout-hin) = m(houts-hin)/ηcomp
Pump Wpump = m(hout-hin) = m(houts-hin)/ηpump

Note: mCi refers to the mass flow rate of the i-th stage cooling flow.

Table 2
Design parameters of Allam cycle.

Items Unit Value

Pressure drops of HX.1(high-pressure side) % 1
Pressure drops of HX.1(low-pressure side) % 3
Pressure drops of Comb % 1
Pressure drops of Sep % 2
Isentropic efficiency of Tur % 90
Isentropic efficiency of CompCO2

% 85
Isentropic efficiency of CompNG % 90
Mechanical efficiency of Compressors % 99
Isentropic efficiency of pumps % 85
Mechanical efficiency of pumps % 98
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The calculation process is illustrated in Fig. 4.
To validate the accuracy of the model, the simulation results were

compared with the published literature[32]. The parameters of the
streams were aligned with those in the literature. The results are pre-
sented in Table 4 which demonstrates that the relative errors fall within
an acceptable range, suggesting that the model predicts the performance
of the regenerator effectively.

4. Results and discussion

This chapter comprehensively discusses the system performance of
the Allam cycle. Initially, it analyzes the exergy loss and economic
performance under basic design conditions. Subsequently, a parameter
analysis is conducted to evaluate the impact of key parameters on system
performance, followed by a comparative analysis with the multi-stream
heat exchanger mentioned in the literature.

4.1. Exergy analysis

Fig. 5 shows the exergy destruction proportions of various compo-
nents under basic design conditions, with the combustor and turbine
being the primary sources of exergy destruction, accounting for 46.9 %
and 24.8 %, respectively. This indicates that the combustor and turbine
are critical areas for improving system efficiency.

To address the high exergy destruction in the combustor, increasing
the combustion temperature can help. However, the maximum tem-
perature tolerance of Regen’s hot-end materials limits this approach.
Therefore, while raising the combustion temperature, it is also necessary

to increase the pressure in the combustor. This will enhance the
expansion effect of the working fluid and reduce the turbine outlet
temperature.

4.2. Economic analysis

Fig. 6 shows the proportion of equipment costs in the total equip-
ment costs under basic design conditions. The turbine and compressor
dominate the equipment investment costs, accounting for 44.9 % and

Table 3
Boundary conditions of the cycle.

Parameters Value Unit

m1 10 kg/s
T3 1150 ◦C
P3 30 MPa
P4 3 MPa
T6 17 ◦C
P9 10 MPa
T20 400 ◦C
T23 265 ◦C

Fig. 4. Algorithm for the design calculation of the cycle.

Table 4
Model validation of the regenerator.

Items Ref. [32] This work Error (%)

T5(◦C) 74.0 73.0 − 1.3
T20(◦C) 200.0 200.0 0.0
T21(◦C) 653.0 650.1 − 0.4
T22(◦C) 653.0 650.1 − 0.4
T24(◦C) 100.0 100.0 0.0
Power of regenerator (MW) 524.0 526.9 0.5

Fig. 5. The distribution of exergy destruction.
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29.0 %, which indicates their crucial roles. Improving their efficiency
and reliability is essential for enhancing system performance and
reducing overall costs. To optimize the economic performance of the
Allam cycle, it is recommended to invest in high-efficiency turbines and
compressors to lower energy consumption. Simplifying the design and
maintenance of regenerators and combustors can help reduce costs.

4.3. Sensitivity analysis

4.3.1. Sensitivity of turbine inlet pressure
Fig. 7a shows the effect of turbine inlet pressure (Ptur,in) and tem-

perature (Ttur,in) on power (W). Some data points are not plotted because
excessively high Ttur,in or excessively low Ptur,in would result in turbine
outlet temperatures (Ttur,out) exceeding the allowable endurance limits
of the materials available [19]. For each Ttur,in, there is a specific pres-
sure where W reaches its maximum value. As the Ttur,in rises, the pres-
sure corresponding to the maximum W also increases. At a Ptur,in of 30
MPa and a Ttur,in of 1150 ◦C, W reaches its peak. This is because, with
higher turbine temperatures, the carbon dioxide flow rate to the com-
bustion chamber decreases. These two factors have opposite effects on
W, causing it to increase first and then decrease.

Fig. 7b shows the effect of turbine inlet pressure (Ptur,in) and tem-
perature (Ttur,in) on system efficiency (η). It can be observed that when
considering the penalty effect of the ASU, η shows a different trend
compared to Fig. 7a. As Ptur,in increases from 20 MPa to 26 MPa, η
significantly improves. However, further increasing Ptur,in to 40 MPa
results in only minor changes in η. This is because higher Ptur,in leads to a
lower turbine outlet temperature (Ttur,out), reducing the CO2 flow rate
used to regulate the combustion chamber temperature. Consequently,
both turbine power output and compressor power consumption
decrease. Additionally, the compression heat from the ASU also de-
creases. Despite the reduction in turbine power output, the decrease in
compression heat from the ASU outweighs this effect, leading to an
overall increase in net power (Wnet) and η. As Ptur,in increases further, as
shown in Fig. 7c, the temperature difference at the hot end of HX.1 in-
creases, causing a rapid reduction in turbine power output. Therefore, η
shows only minor changes.

Fig. 7d compares the results of the 3R model and the 2R model. The
2R model shows significant deviations in predicting cycle efficiency at
lower turbine inlet temperature (Ttur,in). At 950 ◦C and 40 MPa, the
deviation reaches − 16.3 %. When the temperature difference on the hot
end of the Regen is small, both models give consistent predictions. The
compression heat from the ASU can reduce the temperature difference,
but its heat quality is low. At lower Ttur,in, the temperature difference at

the hot end of HX.1 is larger. The 2R model introduces excessive com-
pressed air to reduce this temperature difference. However, when water
vapor condenses, it releases a large amount of latent heat. This causes
inefficient heat utilization in this temperature range, lowering the sys-
tem efficiency.

4.3.2. Sensitivity of turbine outlet pressure
Fig. 8a shows the effect of turbine outlet pressure (Ptur,out) and

temperature (Ttur,in) on power (W). As Ptur,out increases, W also in-
creases. This is because the CO2 pressure is closer to the critical pressure,
reducing the compression factor and significantly decreasing the CO2
compression work. Additionally, we observe that W does not increase
linearly with the Ttur,in at the same Ptur,out. In the Ptur,out range of 2.0–3.5
MPa, W is the highest at a Ttur,in of 1150 ◦C. This is because, with higher
Ttur,in, the CO2 flow rate to the combustion chamber decreases.

Fig. 8b shows that system efficiency (η) increases monotonically with
higher turbine outlet pressure (Ptur,out) and temperature (Ttur,in). In
addition to power (W) and compression work (Wcomp), the impact of the
ASU on the system is also considered. AlthoughW is not the highest at all
Ptur,out at high Ttur,in such as 1350 ◦C, the required compressed air
significantly decreases at high turbine outlet temperature (Ttur,out). With
less compressed air needed, the temperature difference in the Regen can
be reduced to 20 ◦C.When Ttur,in is below 1100 ◦C, despite the additional
heat from ASU, the hot end temperature difference of HX.1 remains
higher than 20 ◦C. This implies that a further reduction in the temper-
ature difference at the hot end of HX.1 necessitates a heat source with a
higher temperature.

Fig. 8d compares the results of the 3R model and the 2R model.
Changes in turbine outlet pressure (Ptur,out) cause greater calculation
deviations in the 2R model compared to changes in turbine inlet pres-
sure (Ptur,in). This is because, when the temperature difference on the hot
side of HX.1 exceeds 20 ◦C, there is a significant difference in the
calculated compressed air demand between the two models. The 2R
model calculates a higher compressed air demand than the 3R model,
resulting in a lower calculated system efficiency. However, when the
temperature difference in the HX.1 is 20 ◦C, the results from both models
are approximately the same.

4.3.3. Sensitivity to turbine coolant temperature
The effect of turbine cooling temperature (Ttur,cool) on system effi-

ciency (η) in the baseline conditions is presented in Fig. 9a. When Ttur,
cool is lower than 245 ◦C, the turbine cooling stream no longer enters
HX.1 after leaving the hot end of HX.2. It splits into N streams to cool the
turbine blades. From Fig. 9a, it can be seen that increasing Ttur,cool leads
to a decrease in η. As Ttur,cool increases, the flow rate of the cooling
stream also increases to achieve the same cooling effect, increasing in
net power (Wnet). This is because that higher Ttur,cool requires more mass
flow to remove the same amount of heat, thereby increasing the overall
flow through the turbine and enhancing its power output. However,
when Ttur,cool exceeds 400 ◦C, more heat is transferred to the turbine
cooling stream in HX.1, causing the temperature difference at the hot
end to gradually exceed 20 ◦C, as shown in Fig. 9b. This increased
temperature difference indicates that the regenerator is less effective at
transferring heat, leading to a less efficient heat recovery process.
Additionally, Wnet steadily decreases due to the penalty effect of the
ASU. This penalty effect underscores the importance of optimizing the
integration of the ASU with the overall system to minimize its impact on
performance. Power (W) reaches its peak when the turbine cooling
stream reaches 400 ◦C, as shown in Fig. 9c. In other words, a turbine
cooling temperature of 400 ◦C yields the highest cycle efficiency if there
is an alternative industrial heat source for reheat. Fig. 9d compares the
results of the 3R and 2R models under varying Ttur,cool. As Ttur,cool in-
creases, the 2R model predicts lower efficiency compared to the 3R
model. This is due to the increasing HX.1 temperature difference, which
results in a higher compressed air flow rate in the 2R model, leading to
lower calculated efficiency.

Fig. 6. The distribution of equipment investment cost.
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4.3.4. Sensitivity to turbine inlet temperature
Fig. 10a and Fig. 10b show the variation of power (W) with turbine

inlet temperature (Ttur,in) for different inlet pressure (Ptur,in) and outlet
pressure (Ptur,out). From Fig. 10a, it can be seen that as Ttur,in increases,
W initially exhibits an increasing trend, followed by a subsequent
decrease. As Ttur,in rises, W increases due to the higher thermal energy
available for conversion into mechanical work. Simultaneously, the flow
rate of the CO2 stream (stream 18), which is used to adjust the com-
bustion temperature, decreases. This reduction in CO2 flow rate leads to
a decrease in the compression work (Wcomp) within the system, partic-
ularly in components such as the CO2 compressor (CompCO2

) and the
mixture pump (Pumpmixture). Consequently, W exhibits an increasing
trend with Ttur,in rising. However, with further increases in both Ptur,in
and Ttur,in, the negative impact of the reduced CO2 flow rate onW begins
to outweigh the positive effect of the increased Ttur,in. This results in W
reaching a maximum value at a certain Ttur,in. Beyond this optimal
temperature, W starts to decrease with further increases in Ttur,in. This
indicates that in the Allam cycle system, a higher Ttur,in does not

necessarily correlate with a higher net power (Wnet). It is intricately
linked to the flow rate of CO2 within the system, highlighting the
importance of optimizing both temperature and flow rate for maximum
efficiency.

Fig. 10b presents the effect of varying turbine outlet pressure (Ptur,
out) on power (W). Similar to the observations in Fig. 10a, an increase in
turbine inlet temperature (Ttur,in) initially leads to an increase in W,
followed by a decrease after reaching a peak value. The peak value of W
shifts towards higher Ttur,in with increasing Ptur,out. This shift is attrib-
uted to the enhanced ability of the turbine to utilize higher inlet tem-
peratures more effectively at elevated outlet pressures, thereby
improving overall power output. However, beyond a certain Ttur,in, the
diminishing returns due to reduced CO2 flow rate and increased thermal
losses result in a decline in W.

5. Conclusion

In summary, the energy conversion and matching issues of multi-

Fig. 7. Sensitivity analysis of turbine inlet pressure. (a) power output excluding the power consumption of ASU; (b) system efficiency; (c) temperature difference at
the hot end of HX.1; (d) comparison with the 2R model.
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stream heat exchangers are studied in the Allam cycle, specifically
focusing on the effect of compressed air reheat in ASU. The main con-
clusions are as follows:

(1) Exergy analysis indicates that the combustion chamber and tur-
bine are the largest sources of exergy loss in the cycle, accounting
for 73.7 % of the total losses. Economic analysis points out that
the turbine and compressor are the two main components with
the highest investment costs, together comprising 73.9 % of the
total equipment investment.

(2) Compared to the traditional Allam cycle system using the 2R
model, the 2R system shows significant prediction deviations
when there is a large temperature difference on the hot side of the
recuperator. Under the operating conditions calculated in this
study, the maximum deviation can reach 28.9 %.

(3) Sensitivity analysis of key parameters indicates that the penalty
effect of compressed air has a significant impact on system effi-
ciency. Increasing the turbine outlet pressure results in a higher
turbine outlet temperature, which allows more effective utiliza-
tion of heat in the high-temperature region. When the turbine
outlet temperature is relatively low, relying solely on reheat from
the ASU is insufficient to reduce the temperature difference at the
hot outlet of the multi-stream heat exchanger to the desired

temperature. The introduction of higher-temperature heat sour-
ces emerges as a viable solution to further reduce the temperature
difference at the hot end of the regenerator.

Future work includes the structural design and techno-economic
optimization of multi-stream heat exchangers to reveal their impact
on the system’s techno-economic performance. This primarily involves
analyzing the fluid dynamics characteristics within the multi-stream
heat exchanger, including flow resistance, pressure drop, and fluid dis-
tribution, to optimize the exchanger’s design for improved heat ex-
change efficiency. Additionally, the selection of materials for the multi-
stream heat exchanger and their durability and corrosion resistance
under high-temperature and high-pressure conditions will be investi-
gated. Experimental tests under actual operating conditions will be
conducted to validate the design and performance of the multi-stream
heat exchanger. Through iterative design optimization, the system
performance of the Allam cycle will be enhanced while reducing capital
investment costs.
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Fig. 8. Sensitivity analysis of turbine outlet pressure. (a) power output excluding the power consumption of ASU; (b) system efficiency; (c) temperature difference at
the hot end of HX.1; (d) comparison with the 2R model.
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Fig. 9. Sensitivity analysis of turbine cooling temperature. (a) system cycle efficiency; (b) temperature difference at the hot end of HX.1; (c) power output excluding
the power consumption of ASU; (d) comparison with the 2R model.

Fig. 10. Sensitivity analysis of turbine inlet temperature (a) turbine inlet pressure; (b) turbine outlet pressure.
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