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Abstract The Allam cycle is renowned for its zero-carbon power generation and high efficiency.
However, it faces challenges in hot regions where there is no available cold source for carbon dioxide
liquefaction, leading to deterioration in its performance. In this study, a multi-stage pump/compressor
is introduced, aiming to enhance the net electric efficiency of the conventional Allam cycle. Various
potential enhancement methods are explored and analyzed through comprehensive thermodynamic and
economic analyses. Among the configurations under consideration, the Allam cycle combined with
two-stage pump/compressor and bypass compressor exhibits the best performance, achieving a 6.71%
increase in the efficiency of the conventional cycle. For the conventional Allam cycle, the efficiency
decreases by 0.42% for every 1 °C increase in ambient temperature, however, it is 0.17% for the
Allam-MPC cycle, which indicates it is less responsive to changes in ambient temperature. Moreover,
the economic performance of the proposed cycle is better than that of the conventional cycle, which
has higher revenue and lower levelized cost of electricity. The capital costs of the modified equipment
represent around 1.43% of the total capital costs of the conventional Allam cycle, and the investment-
increment payback period is less than 0.5 years when the ambient temperature exceeds 30 °C.
Sensitivity analyses suggest that the proposed cycle will be more economically viable in hot regions
with lower natural gas prices and higher electricity prices. Overall, this study provides a promising
approach to improving the performance of Allam cycle in hot regions and offering valuable references
for its practical implementation.

Keywords Allam cycle; Ambient temperature; Hot regions; Multi-stage pump/compressor; Techno-
economic analysis.
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1. Introduction

With the rapid development of industry and rising living standards, renewable electricity
generation is witnessing an upward trend to meet the growing energy demand. However, fossil fuels
continue to dominate the energy industry in most countries [1]. The extensive use and inefficient
utilization of fossil fuels contribute to environmental pollution and global warming concerns. High
carbon emission is one of the main factors of abnormal climate change, and 35% of that comes from
the greenhouse gas emissions of power plants with carbon dioxide (CO2) as the main component
[2]. To effectively reduce CO, emissions, thermal power plants need to be equipped with carbon
capture and storage (CCS) technology, but this results in a decline in power plant efficiency by 7-
11 percentage points [3]. Hence, it becomes crucial to either improve or maintain high power
generation efficiency with CCS for zero-carbon power generation. One promising technology that
shows potential in achieving this goal is the direct semi-closed supercritical carbon dioxide (sCO3)
Brayton power cycle, also known as the Net Power cycle or Allam cycle [4].

The Allam cycle has garnered significant attention and development due to its key advantages
[5], including higher efficiency, smaller equipment size, simpler cycle layouts, direct compatibility
with CCS, and minimal performance penalties when employing dry cooling [6]. In terms of
efficiency, the Allam cycle surpasses ultra-supercritical steam cycles. For instance, the efficiency of
the natural gas oxy-combustion Allam cycle can reach as high as 59% [7]. In the Allam cycle, the
fuel reacts with concentrated oxygen, generating combustion products consisting primarily of CO,
and steam [8]. By maintaining the mixture temperature below the dew point, CO. can be separated
from water, and the resulting highly purified CO, can be further utilized or stored. Notably, two
representative demonstration plants have been established, including a 50 MWth natural gas plant
and a 300 MWe coal-fired power plant [9]. Moreover, Barba et al. [10] conducted a multi-criteria
analysis on six oxy-turbine cycles and demonstrated that the Net Power cycle holds promising
potential to promote sustainable global energy solutions.

Fascinated by the promising potential of the Allam cycle, researchers are striving to enhance its
performance through various avenues. These efforts involve reforming cycle processes through the
utilization of techniques such as intercooling [11], graded expansion [12], and CO; liquefaction [13].
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Furthermore, integrating the Allam cycle with other systems, such as heat pumps [14], absorption
refrigeration cycles [15], ion transport membranes [16], and concentrated solar power [17], have been
explored to further optimize its capabilities. Integrated processes have also been proposed to facilitate
polygeneration with reduced production costs and even negative CO, emissions. Examples include
methanol production [18], ammonia synthesis [19], and coal to ethylene glycol process synthesis [20].
Additionally, researchers have delved into the Allam cycle from various perspectives, encompassing
system optimization [21], component design [22], control strategy research [23], and in-depth
theoretical analysis [24], among others.

However, relatively less attention has been given to the influence of ambient temperature and how
it affects the cooling system. The minimum cycle temperature of the Allam cycle is determined by the
cooling temperature, which in turn is directly affected by the ambient temperature. This minimum cycle
temperature serves as the inlet temperature for pressurized equipment and directly affects the energy
consumption of the cycle. As shown in Table 1, the performance of the Allam cycle is significantly
impacted by the minimum cycle temperature, and the efficiency at a minimum cycle temperature of
26 °C is about 4% lower than that at 17 °C. With air cooling towers, the minimum cycle temperature
of 17 °C should be achievable with an ambient temperature of 8 °C, which is impossible to achieve
in warmer climates. To mitigate the sensitivity of the Allam cycle to ambient conditions, various cold
sources, such as liquefied natural gas [25], absorption cooling system [26], and a cold energy storage
system [27], have been investigated to lower the minimum cycle temperature. All of these measures or
hypothesis ensure that CO; can be liquefied. There are few literature analyzing the performance of the
Allam cycle in hot regions, where the CO; is difficult to liquefy.

Table 1. Performance parameters of Allam cycle in past studies.

Minimum cycle Ambient Net electric
Parameter i
temperature, <C temperature, <C efficiency, %
Allam et al. [7] 17.00 - 59.30
Haseli et al. [28] 17.00 - 58.20
Mitchell et al. [29] 17.20 8 (cooling air) 57.97
Scaccabarozzi et al. [30] 26.00 15 (cooling water) 54.58
Mancuso et al. [31] 26.00 - 55.05

In the hot regions, the implementation of efficient cooling methods becomes crucial for achieving
a lower minimum cycle temperature and ensure the high efficiency of the Allam cycle. These regions
are characterized by factors such as high wind speeds and limited water resources, making the use of
natural water as a cooling medium challenging. To address this issue, air-cooled systems offer a viable
solution due to their excellent water-saving capacities and flexibility in site selection [32]. Numerous
studies have shown that air-cooled systems are particularly well-suited for sCO- cycle systems. This is
primarily due to the lower air flow requirements (approximately one-sixth of that in a steam Rankine
cycle [33]) and their ability to maintain fine thermal performance across a wide range of ambient
conditions [34]. However, the ambient temperature of hot regions usually exceed 35 °C [35], making
the minimum cycle temperature of the Allam with air-cooled cycle surpass the critical temperature of
the CO,, making it impossible to liquefy the CO,. The gas compression process require large amounts
of energy and results in the deterioration of the performance of the Allam cycle. Therefore, it is worth
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considering how to improve the performance of the Allam cycle in hot regions, where only air cooling
is available and the cold source temperature is always higher than that of the ambient air.

Multistage compression with intercooling processes is an effective method to improve the cycle
efficiency in the thermal cycle. The multistage compression is performed in several stages, and the
intercooler is used to reduce the temperature of the working fluid from the previous compression stage.
The compression process approaches an isothermal compression process, which can effectively reduce
the energy consumption of compression process, and has been widely applied in CO; liquefaction and
pressurization process [36], sCO, Brayton cycle [37], compressed air energy storage system [38]. In
addition, the multistage compression method has been introduced in the original Allam cycle to increase
the CO, mixture pressure from 3 MPa to 8 MPa. However, little research focus on the power
consumption of the process by which the pressure of the CO, mixture is increased from 8 MPa to 30.5
MPa. The compression process occurs in a single stage, and its energy consumption accounts for about
20-40% of the total energy consumption under different ambient conditions.

In conclusion, the potential of Allam cycle for efficient operation in cold regions has been
demonstrated, but less consideration has been given to its feasibility in hot regions where CO;
condensation is challenging. This study presents a quantitative analysis of how ambient temperature
affects the performance of the conventional Allam cycle and proposes a modified version that is less
sensitive to ambient temperature. The modified Allam cycle incorporates a multi-stage
pump/compressor to replace the conventional pressurized equipment, resulting in lower energy
consumption during the process of elevating the CO, mixture pressure from 8 MPa to 30.5 MPa. This
modification leads to improved electric efficiency, particularly in regions with extremely hot weather
conditions. Furthermore, a comprehensive techno-economic analysis is conducted to provide valuable
insights for implementing the Allam cycle technology in hot regions.

2. System description

The left side of Fig. 1 illustrates the schematic diagram of the Allam cycle with the dry cooling
method, which is suitable for water-scarce regions. The operational principle of the Allam cycle in the
present study is nearly identical to that of the conventional one. In the combustor (COMB), the
compressed high-pressure natural gas (NG, stream 2) is combusted with oxygen. Two recycled CO»-
rich streams (streams 21 and 22) are injected to COMB to regulate the combustion temperature. The
resulting high-temperature combustion gases (stream 3) at temperatures 1150 °C expand to 3.4 MPa
and generate electricity. To ensure the efficacy of the blades, the turbine (TC) requires internal cooling,
which is achieved through the use of a recycled CO,-rich fluid (stream 20). The exhaust gas from the
turbine TC enters the hot stream side of the economizer (HE-EC), where it undergoes cooling and
separates into two branches. The branch of dry CO.-rich gas with a lowest pressure of 3.3 MPa
undergoes compression to reach the intended pressure of 30.5 MPa. Initially, it is compressed to 8 MPa
by an inter-cooled compression train (CCT) before removing CO. cycle increments for further
utilization or storage. Then, a dense phase middle-pressure pump (PUM-MP) is utilized to raise the
pressure of the CO,-rich stream to 12 MPa. Subsequently, a portion of the COz-rich stream directly
enters the high-pressure pump (PUM-HP) and is further pressurized to 30.5 MPa. It is worth noting that
the compression processes from 8 MPa to 12 MPa is not a multi-stage compression technology, because
this compression process is just for mixing with oxygen, without releasing the compression heat.
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The primary distinctions between the proposed cycle and the conventional cycle arise from the
higher ambient temperature and implementation of the dry cooling method, which makes it impossible
for the working fluid to transform into a liquid phase and resulting in a large amount of compressor
power consumption. To improve the cycle, a multi-stage pump/compressor is introduced to replace the
original single-stage pressurized equipment, and the modified cycle is the Allam-MPC cycle. As
depicted on the right side of Fig. 1, four potential improvement measures are proposed. During the
pressure increase of the CO,-rich stream from 8 MPa to 12 MPa, as shown in measures 2 to 4, the PUM-
MP, PUM-HP, and C-MIX components are replaced with multi-stage pump/compressors (unit 2 to 4).
For measure 2, the fluid should be cooled by the intercooler CL-a2 prior to entering the next component.
However, in measures 3 and 4, the outlet fluid from pump PUM-HP2 and compressor C-MIX2 must
directly enter the HE-EC without any intermediary cooling. In addition, the temperature of the fluid
on the cold side of the HE-EC (stream 18 and 19) also rises with the ambient temperature increases,
so it may possible to remove the bypass compressor in the measure 1, allowing all turbine exhaust gas
to enter the low-pressure separator (SP-1) and avoiding the need for the high-pressure separator (SP-2).
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ASU: air separation unit; TC: turbine with coolant; SP: separator; HE-EC: economizer; <« : fuel; <—:0;;
C-NG: NG compressor; PUM-MP: middle pressure pump; C-MIX: mixture compressor; C: compressor; <«—:CO;; «— :water;
COMB: combustor; PUM-HP: high pressure pump; C-BY: bypass compressor; CL: intercooler; «—:air;

Fig. 1. Schematic diagram of the Allam cycle with dry cooling tower.
3. Model development

The present study focuses on analyzing both the thermodynamic and economic aspects of the
improved cycle. In this section, detailed mathematical models of the Allam-MPC cycle will be
presented and validated. These models provide a comprehensive understanding of the cycle's
performance and can be used to evaluate the feasibility and effectiveness of the improvements. By
considering both thermodynamic efficiency and economic viability, the study aims to provide a
comprehensive assessment of the improved cycle's potential.
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3.1. Thermodynamic model

In the combustor, the outlet temperature reaches 1150 °C, exceeding the maximum metal
temperature limit of 860 °C for the blade materials. To ensure safe and reliable operation, turbine
cooling is essential. EI-Masri [39] proposed a continuous expansion model, which has been further
modified by Scaccabarozzi [30]. In this study, the improved continuous expansion model allows for
the use of real gases is used. The model assumes that the expansion process consists of M + 1 steps.
Since the working fluid's temperature in the first M steps exceeds 860 °C, it is necessary to
incorporate cooling measures for these steps (more detailed information are given in Ref. [30]). To
ensure accuracy, M is set at 14 according to Ref. [40].

There are two types of heat exchangers in the Allam cycle. The first type is the multi-stream heat
exchanger HE-EC, responsible for transferring heat from the turbine exhaust to the recycled cold
streams. Since the complexity of dealing with multiple streams with different heat capacities,
conventional heat integration approaches such as Pinch-Analysis techniques, which are suitable for
streams with constant heat capacity, may not be applicable. To address this challenge, Scaccabarozzi
et al. [30] proposed a regenerator model for the heat exchanger HE-EC that is employed in the
present study. The minimum temperature difference of the multi-stream heat exchanger is limited to
5 °C and a detailed description of this methodology can be found in Ref. [30]. The second type of heat
exchanger used in the Allam cycle is the intercooler and aftercooler for compressors, which are
commonly designed as shell and tube heat exchangers. The heat transfer for this process can be
calculated using the model outlined in Ref. [41].

Q = M * (hc,out - hc,in) = Mpin * (hh,in - hh,out) =LMTD U x A oy

where 1 stands for the mass flow rate, h stands for the specific enthalpy, @ stands for the heat
flow rate of the intercooler or aftercooler, U is overall heat transfer coefficient, A is heat transfer
area, LMTD refers to the Logarithmic Mean Temperature Difference [42].

The power consumption of pumps or compressors can be calculated as follows,

Vi/com = mcom,in * (hcom,out,is - hcom,in)/ncom (2)
where 7 is the efficiency, the subscript com and is stands for the components and isentropic,

respectively.

The energy balance of the combustor can be described as

Nin Nout
E(mcomb,in,j * hcomb,in,j) = Z (mcomb,out,k * hcomb,out,k) + My * LHVNG (3)
j=1 k=1

where subscript comb refers to combustor, LHVng is the low heat value of natural gas, and hcomp,in
is the specific enthalpy of jth inlet.

The net electric efficiency of the Allam-MPC cycle #net is calculated as

Nnet = Wnet/ (s * LHVcys) 4)
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where W,,, is the net power output of the modified cycle, which is expressed as

Wnet = WTC *MNg — Z WP - Z Wc - WASU (5)
j=1 k=1

where 7, is the efficiency of electric generator, Wy. Wp, W, and W,s, refer to the power
output or consumption by the turbine, pumps, compressors, and ASU, respectively.

3.2. Economic model

A preliminary financial analysis is necessary to assess the feasibility of implementing the
modified cycle. In the present study, the investment-increment payback period APt is introduced as
an economic indicator [43]. This indicator represents the number of years required to recover the
modified costs and is defined by

APt = AC/AAR (6)

where AAR is the additional annual revenue generated by the modified cycle, AC is the incremental
investment in the modified equipment.

The incremental investment of the proposed cycle can be calculated according to Table 2.

Table 2. Equipment cost functions.

Equipment Cost function Notes No.
CO2 pump [44] ¢ = 1120 » (W/1000)™* WinMw (7))
Heat exchanger [45] C = 35.18 « (UA)®7° UA in W/K 8)
Compressor [45] C = 1316100 * /703992 W in MW 9)

Additionally, the economic performance of the proposed cycle is compared to that of the
conventional Allam cycle in terms of the levelized cost of electricity (LCOE) [46], which is defined
as

LCOE = (Crec * CRF + Cmgine + Cruer)/ (Wher * At) (10)

where Cr¢cc is the total plant investment that equals to the sum of all equipment capital cost, Cryel
is the annual fuel cost, Cmaint is the annual maintenance cost, At is the annual operating hours. CRF
is the capital recovery factor [47], which is related to the interest rate per year i and the plant
lifetime n.

CRF =[i* (1 +)"/[(1+ )" — 1] (11)

The total plant investment cost is determined using the data provided in Ref. [31], which
amounts to 1320 €/kW. The maintenance cost is calculated as a percentage of the total plant costs.
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According to Ref. [31], this percentage is 2.5% for novel technologies and 1.5% for other equipment.
Furthermore, the operating cost of fuel is determined based on the outputs of process simulation and
the price of the fuel FPy. The calculation for fuel cost is shown in Eq. (12) [48].

Cryer = Mg * FPyg * At (12)

In order to convert the original equipment cost to the current costs, the chemical engineering
plant cost index (CEPCI) [49] is introduced, and the current capital cost is given by

Ceur = (CEPCl 1y /CEPCl of) * Cref (13)

where the subscript cur and ref stand for current year and reference year, respectively. CEPCI values
are reported in Ref. [50].

3.3. Validation of thermodynamic model

The thermo-economic model of the Allam cycle is developed using the Matlab software, and
the thermo-physical properties of the working fluid are obtained from the NIST databank REFPROP
9.1 [51]. The compositions of air and natural gas can be found in Appendix Table Al, and the main
operating parameters used are consistent with those in Ref. [30], which are listed in Appendix Table
AZ2. To simplify the analysis and calculation, several reasonable assumptions are made in this study.

1) The cycle operates under steady-state conditions.

2) Heat and mass losses, as well as pressure drops in connections, are neglected.

3) Potential and kinetic energy effects are not taken into account.

4) The separation of water and CO; is assumed to be complete in the separator.

5) When the ambient temperature is lower than 289.15 K, the minimum cycle temperature is set to
299.15 K [30] to prevent liquid strike in the compressor.

6) When the ambient temperature is higher than 289.15 K, the temperature difference between the
minimum cycle temperature and the ambient temperature is 10 K.

7) The specific power consumption of the ASU to produce high-purity oxygen (99.5%) at a
pressure of 12 MPa is assumed to 1391 kJ/kgO- [31].

Since there is no reported data for the proposed Allam-MPC cycle, the flow structure of
conventional Allam cycle reported in Ref. [30] is introduced to validate the constructed
thermodynamic model. As shown in Fig. 2, the obtained operating parameters are compared with
the data from Ref. [30], and the calculation results are shown in Table 3. Fig. 2 show that the
maximum absolute deviations of these main parameters between the two calculation models are
below 1.20%, with the majority of them being lower than 0.6%. Furthermore, the efficiency
obtained in this work is 54.02%, which is 0.46% lower than that reported in Ref. [30]. Therefore,
the calculation models employed in this study are deemed acceptable for conducting a
thermodynamic analysis.
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Fig. 2. Comparison for the results of present study and Ref. [30].
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Table 3. Comparison of simulated value with data from Ref. [30].

. Simulated Relative
Unit Ref. [30] data
value errors (%)
Thermal energy input, Q;, MW 768.31 768.31 0
Turbine power output, Wy MW 622.42 609.95 2
Net power output, Wi, MW 419.31 415.07 1
Net electrical efficiency, 7,e¢ - 54.58% 54.02% 1

4. Results and discussion

This section analyzes the performance of the proposed Allam-MPC cycle in terms of technical
and economic aspects for feasibility evaluation.

4.1. Technological assessment

The effect of ambient temperature on both the Allam-MPC and conventional Allam cycles is
compared in this section. To further improve the performance of the Allam-MPC cycle in hot regions,
different enhancement measures and operating parameters are analyzed.

4.1.1. Comparison of the Allam-MPC and the conventional Allam cycles

In hot regions, the daily temperature during summer can reach up to 40 °C, surpassing the
critical temperature of CO; and leaving it in a gaseous state, which further leads to more power

9
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consumption being required to achieve the desired pressure. The implementation of multi-stage
compression with intercooling proves to be an effective approach for reducing energy consumption
during this compression process. Therefore, a multi-stage pump/compressor is introduced as a
replacement for the PUM-MP, PUM-HP, and C-MIX components in the Allam-MPC cycle. In this
section, the effect of ambient temperature (ranging from 5 °C to 40 °C) on the thermal performance
of the Allam-MPC cycle is investigated and compared with the conventional cycle.

As shown in Fig. 3, when the ambient temperature is below 20 °C, the change of ambient
temperature has little impact on the performance of the two cycles. However, as the ambient
temperature increases (above 20 °C), both of the systems’ performance decreases significantly. In
the conventional Allam cycle, when the ambient temperature reaches 40 °C, its net electrical
efficiency declines to 43.96%. The efficiency drops by 0.42% for every 1 K increase in ambient
temperature. Compared to the conventional cycle, the Allam-MPC cycle has a net efficiency
improvement of 6.71%. In addition, for every 1 K increase in ambient temperature, the Allam-MPC
cycle experiences only a 0.17% drop in efficiency. The thermodynamic data of the main streams
depicted in Fig. 1, at an ambient temperature of 40 °C, for Allam-MPC and Allam cycles can be
found in Appendix Table A3. In general, within the 5 °C to 40 °C range, the average net efficiency
of Allam-MPC cycle reaches 52.99%, surpassing that of the conventional Allam cycle, which is
only 49.78%. These results demonstrate that the ambient temperature plays a significant role in
determining the thermal performance of the conventional cycle, and the proposed cycle exhibits
efficient performance, regardless of whether it operates in cold or hot regions.
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Fig. 3. Influence of ambient temperature on the performance of the Allam and Allam-MPC cycles.

The energy consumption of each pressurized equipment item in the modified and conventional
Allam cycles are illustrated in Fig. 4. The increasing ambient temperature leads to higher energy
consumption by the pressurized equipment, as the energy consumption of pumps/compressors is
positively correlated with the compressibility of the compressed fluid, which is determined by its
density. With a constant pressure, the density of CO» will decreases as the temperature rises. For
example, as the ambient temperature rises from 20 °C to 40 °C, the density of 12 MPa CO- decreases
from 936.02 kg/m? to 810.09 kg/m?, resulting in an increase in compression power consumption.
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Moreover, the replacement of C-MIX and PUM-HP is particularly influential in reducing energy
consumption. At an ambient temperature of 40 °C, replacing PUM-HP with a multi-stage pump
results in a 44.83% decrease in energy consumption, from 43.87 MW to 24.20 MW. Similarly, at
the same ambient temperature, the energy saved by replacing C-MIX amounts to 21.46 MW, which
accounts for 4.99% of the total energy consumption. Consequently, the power saved during the
pressure increase process from 12 MPa to 30.5 MPa is the dominating factor contributing to the
rapid improved in system performance.
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Fig. 4. Power consumption of key components in the Allam and Allam-MPC cycles.
4.1.2. Effect of stage numbers of compression

The number of stages of compression is an important parameter for the multi-stage
compression processes to minimize the total compression power. This section analyzes the impact
of compression stage numbers on the performance of the Allam-MPC cycle, aiming to determine
the suitable stage number. The compression processes in Units 2, 3, and 4 are configured with a
stage number ranging from 2 to 4, and the pressure ratio of each stage is set to be equal.

Fig. 5 demonstrates the net electrical efficiency of the Allam cycle with different stage numbers
for compression processes. It can be seen that increasing the stage numbers of compression leads to
a more efficient operation of the cycle, and the impact of the number of stages becomes more
significant as the ambient temperature rises. However, when the stage numbers exceeds two, the
improvements in net electrical efficiency are insignificant. Compared with the single-stage cycle
(Allam cycle), the efficiency of the two-stage Allam-MPC cycle is increased by 1.85% - 6.71% at
different ambient temperatures. The efficiency of the three-stage Allam-MPC cycle and four-stage
Allam-MPC cycle is 0.01%-0.53% and 0.01-0.2% higher than that of the two-stage cycle,
respectively. However, increasing the stage numbers of compression also leads to higher investment
costs. As shown in Fig. 6, the total cost of Units 2, 3, and 4 in the three-stage Allam-MPC cycle is
1.25 times that of the two-stage cycle. For the four-stage Allam-MPC cycle, the cost of Units 2, 3
and 4 increase by 47% compared to the two-stage cycle. Therefore, it is an appropriate choice to
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317  design the stage numbers of Units 2, 3 and 4 with two stages.
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319 Fig. 5. The net electrical efficiency of the Allam cycle under different compression processes.
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322 4.1.3. Effect on modified Allam cycle with or without recompression bypass

323 In the conventional Allam cycle, the flue gas lacks sufficient heat to preheat the circulating
324  streamto the desired temperature. To address this issue, a recompression bypass C-BY is introduced,
325  which supplies additional compression heat to the circulating stream. However, as the ambient
326  temperature increases, the temperature of the fluid on the cold side of the multi-stream heat
327  exchanger also rises. Consequently, the circulating stream can reach the desired temperature without
328  relying on the heat from the C-BY. To assess the performance of the proposed process, four distinct
329  configurations have been analyzed for the cycle.

330 Case 1: the modified Allam-MPC cycle with C-BY.
331 Case 2: the modified Allam-MPC cycle without C-BY.
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332 Case 3: the conventional Allam cycle with C-BY.
333 Case 4: the conventional Allam cycle without C-BY.

334 Fig. 7 illustrates the impact of ambient temperature on the net efficiency of the four cycles. In
335  terms of performance at lower temperatures, the conventional Allam cycle (Case 3), which does not
336 include the multi-stage pump/compressor and utilizes C-BY, exhibits the best results. At an ambient
337  temperature of 5 °C, the addition of the multi-stage pump/compressor and the removal of C-BY
338  result in reductions of 0.12% and 0.64% in net efficiency, respectively. This result proves that the
339  structure of Allam cycle in Ref. [7] is optimal, but it also shows that its high efficiency can only be
340  achieved at low ambient temperatures. With the rise of ambient temperature, the superiority of Casel
341  becomes progressively pronounced, and it exhibits the highest efficiency within the range of
342  ambient temperature from 10 °C to 40 °C. At an ambient temperature of 40 °C, Case 1 shows a 6.71%
343  increase in efficiency compared to Case 3. Similarly, at the same ambient temperature, Case 1 with
344  the recompression bypass exhibits a 0.32% efficiency improvement compared to Case 2. It is evident
345  thatboth the introduction of the multi-stage pump/compressor and the C-BY contribute to enhancing
346  net efficiency. Moreover, the multi-stage pump method proves to be more energy-saving than the
347  C-BY in high-temperature conditions. However, eliminating the C-BY reduces the number of fluid
348  flows on the hot side of the multi-stream heat exchanger HE-EC from 4 to 2 and eliminates the need
349  for a high-pressure separator.
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Net electrical efficiency (%)

420

5 10 15 20 25 30 35 40
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350
351 Fig. 7. Effects of ambient temperature on the efficiency of different Allam cycles.

352  4.1.4. Effect of intermediate pressure of two-stage compression

353 Generally, each stage of the compression train operates at the same pressure ratio. However,
354  the distribution of the pressure ratio in Unit 3 and Unit 4 will affect the temperature of the fluid on
355  the cold side of the heat exchanger HE-EC. For the compression from a given pressure to a higher
356  pressure, increasing the pressure ratio of the last stage will result in an increase in the final outlet
357  temperature. Since there is no cooling process after the last stage compressor, the temperature of the
358  fluid returning to the HE-EC rises, leading to the improvement in the efficiency of the Allam-MPC
359  cycle. This section discuss the effect of intermediate pressure on the performance of two-stage
13
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As shown in Fig. 8, at an ambient temperature of 40 °C, Case 1 and Case 2 have the highest
net efficiency when the pressure ratio of PUM-HP1 and C-MIX1 is 1.4. If these Cases operate at an
ambient temperature of 30 °C, their maximum efficiency occurs at a pressure ratio of 1.6, which is
calculated from the same compression ratio method. It indicates that the method of changing the
pressure ratio to improve the efficiency of the cycle is only suitable for the regions with higher
ambient temperatures. In addition, the maximum efficiency of Case 2 without C-BY is only 0.1%
lower than that of Casel using the same compression ratio method. Therefore, in hot regions, the
net efficiency of the Allam-MPC cycle can be further improved by optimizing the intermediate
pressure of the multi-stage compression.
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Fig. 8. Effects of pressure ratio of PUM-HP1 and C-MIX1 on the efficiency of Case 1 and Case 2.

4.2. Economic assessment

Thermodynamic calculations indicate that replacing the pressurized equipment with a multi-
stage pump/compressor in the Allam cycle is a compelling approach to enhance the cycle. However,
this modification will inevitably have an impact on the investment costs. To assess the economic
viability of this reconstruction, the investment costs associated with the modified equipment are
calculated and presented in Figs. 9 and 10.

Fig. 9 illustrates that the modification increases the average capital costs by 1.43%, about 7.61
MS$, across the ambient temperature range from 5 °C to 40 °C. This can be mainly attributed to the
substantial adoption of heat exchangers. As depicted in Fig. 10 (a), the incremental costs arise from
the capital costs of intercoolers CL-al and CL-a2. Moreover, replacing the high-pressure pump PUM-
HP and mixer compressor C-MIX is particularly crucial for reducing capital costs. As depicted in
Fig. 10 (b), when the ambient temperature exceeds 20 °C, the difference in capital costs between
Unit 3 of the Allam-MPC cycle and PUM-HP of the conventional cycle is relatively minor.
Additionally, as shown in Fig. 10 (c), the cost of Unit 4 is even lower than the cost of C-MIX in the
conventional cycle. The cost reduction in the compression equipment is comparable to, or even
greater than, the increased costs of the heat exchangers.
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Fig. 10. Capital cost composition of improved parts in the conventional and modified Allam cycles.

This section carries out a comprehensive economic analysis of seven countries located nearby
the equator, where ambient temperatures might rise up 40 °C. Given that these regions constantly
experience temperatures above 20 °C, the study focuses on ambient temperatures ranging from 20 °C
to 40 °C. The corresponding electricity and fuel prices are assumed the same for each month and
listed in Table 4. Additionally, Table 5 presents other economic parameters utilized in this study.

Table 4. Electricity and natural gas prices in different regions.

Countries Malaysia Mexico Colombia Brazil Singapore Bangladesh
Electricity price
0.051 0.096 0.136 0.199 0.225 0.052
($/kwh)
Nature gas price
0.030 0.041 0.039 0.117 0.161 0.009
($/kwWh)

Table 5. Key economic model values and assumptions.

L Annual operating Interest rate Plant life time Exchange rate,
Specification .
hours [31], At [31],i [31], n 2021
Value 7200h 8% 25 years 0.85%/€

4.2.1. Effect of electricity price

Fig. 11 (a) illustrates the impact of electricity price on additional annual revenue AAR and
investment-increment payback period APt at different ambient temperatures. It can be observed that
higher electricity prices correspond to greater AAR and shorter APt, indicating that APt is highly
influenced by the location of the power plant. As shown in Fig. 11 (b), for countries with relatively
high electricity prices such as Singapore and Brazil, which have higher revenue, their APt remain
below 0.5 year. This indicates that the proposed Allam-MPC cycle is economically attractive in
these regions. Conversely, for Malaysia, low revenue leads to their APt up to 1.5 years at an ambient
temperature of 20 °C. This is because the net electrical efficiency of the Allam-MPC cycle only
increases slightly at lower ambient temperatures, which results in less annual revenue being realized.
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Furthermore, when the ambient temperature exceeds 25 °C, the APt for all countries falls below 1
year. It proves that the economic performance of Allam-MPC cycle is better than that of
conventional Allam cycle in hot regions.

Additional annual revenue ($)

100.0M

75.0M

50.0M

25.0M

Investment-increment payback period

(years)

—.—T,,,=20°C
—A—T,,=25°C
—— T,,,,=30°C
—k— T,y=35°C
—8— T,,,=40°C

1.50

O A &
& & N
\ S
o >
a) Effect on additional annual revenue AAR.
—a— T, ,=20°C
—A— T, ,=25°C
——T,,,=30°C

1.00

0.50

—*—T,,,=35°C
—O— Tyy,=40°C

b) Effect on investment-increment payback period APt.

Fig. 11. Effect of ambient temperature and the electricity price on APt and AAR. (Countries sorted

in electricity price ascending order)

4.2.2. Effect of natural gas price

Fig. 12 illustrates the levelized cost of electricity (LCOE) of power plants in different regions
across a range of ambient temperatures. Compared to the conventional Allam cycle, the Allam-MPC
cycle exhibits a lower LCOE due to the increased net electricity production. Moreover, as the
ambient temperature rises, the difference in the rate of LCOE decrease becomes more pronounced.
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For instance, compared to the Allam cycle, the LCOE of the Allam-MPC cycle decrease by 3.20%
in Singapore at an ambient temperature of 20 °C and decrease by 12.56% at 40 °C. However, there
is a substantial disparity in LCOE among different regions. As shown in Fig. 13, the composition of
annual costs is slightly affected by ambient temperature, but is significantly influenced by varying
natural gas price. In Singapore, the annual fuel cost amounts to 1003 MS$, accounting for
approximately 94% of the total annual costs. Conversely, in Bangladesh, the annual fuel cost is only
56.09 M$, constituting 47.46% of the total annual costs. Therefore, the primary determining factor
for LCOE is still fuel price. In Singapore, with the highest natural gas prices, the LCOE for a power
plant is 0.34 $/kWh, while in Bangladesh, with the lowest natural gas prices, it is 0.038 $/kWh. The
natural gas price in Bangladesh is approximately 5.59% of that in Singapore, resulting in an LCOE
in Bangladesh that is merely 11.27% of Singapore's. Although the LCOE is dominated by fuel price,
the Allam-MPC cycle can reduce the LCOE by 3-12% in all regions, significantly enhancing its
market competitiveness.
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Fig. 12. Effect of the natural gas price on LCOE. (Countries sorted in natural gas price ascending

order)
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Fig. 13. The composition of the annual costs of the Allam-MPC cycle.

5. Conclusions

This study introduces a novel Allam cycle, which incorporates a multi-stage pump/compressor

to improve the overall efficiency, particularly in hot regions where only air cooling is available and
the cold source temperature is always higher than the ambient air temperature. Several improvement
measures and different operating parameters are investigated to further optimize the performance of
the Allam-MPC cycle. Comprehensive thermodynamic and economic analyses have been
conducted, and the following main conclusions can be drawn:

1)

2)

3)

These results demonstrate that the ambient temperature plays a significant role in determining
the thermal performance of the Allam cycle, and the Allam-MPC cycle is more efficient than
conventional Allam cycle in hot regions. The net efficiency of the conventional cycle decreases
by 0.42% for every 1 K increase in ambient temperature. However, for the proposed Allam-
MPC cycle, the decline rate is 0.17%/ K. At an ambient temperature of 40 °C, the introduction
of a multi-stage pump/compressor resulted in a net efficiency increase of 6.71% compared to
the conventional Allam cycle.

Several potential enhancement methods are explored and analyzed, including the introduction
of a multi-stage pump/compressor, integrating bypass compressor, increasing the stage
numbers of compression and optimizing the intermediate pressure of the multi-stage
compression. It is proved that all of these modifications can improve the net efficiency, and
the introduction of two-stage pump/compressor plays a more crucial role.

The additional capital cost of the modified equipment amounts to approximately 1.43% of the
total capital cost of the conventional cycle. The investment-increment payback period APt in
the investigated regions is less than 1.5 years. Furthermore, in the regions where the ambient
temperature exceeds 30 °C, the APt can be below 0.5 years. The sensitivity analysis of
electricity and natural gas prices shows that the proposed cycle will be more economically
viable in hot areas with lower natural gas prices and higher electricity prices.

Future work includes the development of comprehensive thermodynamic models for both the

air separation unit and the proposed cycle to address the impact of disturbances on the Allam cycle.
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These models will enable a clearer evaluation of the system's performance under varying load
conditions, allowing for optimal operation and control of the system. Furthermore, a multi-criteria
analysis will be conducted to enhance the overall performance and competitiveness of the system.
This analysis will consider various factors, including economic viability, political feasibility,
environmental impact, and social implications. By considering these multiple criteria, the system
will be further optimized from a holistic perspective to ensure its successful implementation.
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Nomenclature

Acronyms Symbols

Allam-MPC  Allam cycle coupling with multi- FP fuel price (in euros), $
stage pump/compressor h specific enthalpy, kJ/kg

CCs carbon capture and storage i interest rate per year

C-BY bypass compressor m mass flow rate, kg/s

CCT CO2 compression train n plant lifetime, year

CEPCI chemical engineering plant cost Pt payback period, year
index 0 heat flow, kW

C-MIX mixture compressor T temperature, K

C-NG natural gas compressor U heat transfer coefficient,

CO2 carbon dioxide W/(m?*K)

COMB combustor w power, kW

HE heat exchanger A gradient

HE-EC economizer heat exchanger n efficiency, %

LCOE levelized cost of electricity

LHV lower heating value Subscripts and superscripts

LMTD logarithmic mean temperature ASU air separation unit
difference c cold stream

NG nature gas Cc compressor

PUM-HP CO high pressure pump com components

PUM-MP CO2 middle pressure pump comb combustor

sCO; supercritical carbon dioxide G generator
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494

495

496

SP separator h hot stream
TC turbine with coolant in input
is isentropic
Symbols maint maintenance
A area, m? net net power output
At annual operating hours, hours out output
AR annual revenues (in dollar), $ P pump
C cost (in dollar), $ TC turbine
CRF capital recovery factor TCC total investment costs
Appendix
Table A1 Composition of NG and air.
Component Mv(\)/:;;l#tar fral::/![?(!i% Component Mv(\)/:a?;l#tar fra'::/![?(!i%
NG Air
CH4 16 89.00 N2 28 77.32
C2oHs 30 7.00 CO2 44 0.04
CsHs 44 1.00 02 32 20.75
CsH1o 58 0.10 Ar 40 0.92
CsH12 72 0.01 H>0 18 0.97
CO: 44 2.00 - - -
N2 28 0.89 - - -
Total - 100.00% Total - 100.00%
Table A2 Key parameters and constraints for the analysis of the Allam cycle.
Components Variable Value unit
C-NG Inlet pressure 7 MPa
Isentropic efficiency 85%
COoMB Outlet temperature 1150 °C
Outlet pressure 30 MPa
Oxygen excess 3%
Pressure drop 0.3 MPa
TC Allowable metal temperature 860 °C
Outlet pressure 3.4 MPa
Isentropic efficiency 89%
HE-EC Minimum temperature difference 5 K
Inlet temperature of the bypass compressor 138 °C
Pressure drop of high pressure flows 0.2 MPa
Pressure drop of low pressure flows 0.1 MPa
CCT Last stage outlet pressure 8 MPa
Isentropic efficiency 90%




PUM-MP Outlet pressure 12 MPa

Isentropic efficiency 85%
C-MIX Outlet pressure 305 MPa
Isentropic efficiency 85%
PUM-HP Outlet pressure 30.5 MPa
Isentropic efficiency 85%
Turbomachines Mechanical efficiency 98%
497
498 Table A3 Parameters of status points marked in Fig.1.
Streams Allam-MPC cycle Allam cycle
T, K P, MPa  m, kg/s T, K P, MPa 1, kgls
1 313 7.00 16 313 7.00 16
2 448 30.30 16 448 30.30 16
3 1423 30.00 1299 1423 30.00 1283
4 1011 3.40 1404 1011 3.40 1388
5 351 3.30 1334 476 3.30 1319
6 411 3.30 70 443 3.30 69
7 506 8.10 70 542 8.10 69
8 349 8.00 70 449 8.00 69
9 323 3.30 1256 323 3.30 1241
10 342 4.14 1256 342 4.14 1241
11 342 5.15 1256 342 5.15 1241
12 342 6.42 1256 342 6.42 1241
13 342 8.00 1256 342 8.00 1241
14 323 8.00 1326 323 8.00 1310
15 323 12.00 1326 357 12.00 1310
16 310 31.50 62 310 31.50 62
17 339 30.50 626 443 30.50 619
18 339 30.50 762 439 30.50 753
19 456 30.30 105 456 30.30 105
20 1000 30.30 657 995 30.30 648
21 1000 30.30 626 995 30.30 619
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