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ABSTRACT

The Allam cycle is a promising power cycle that could achieve 100% carbon capture as well as high efficiency. In order to further enhance
system operating performance, here we propose a modified Allam cycle with an improved liquified natural gas (LNG) cold energy utilization
method. The flow rate fluctuation of LNG is suppressed by variable speed adjustment of the air compressor, and the cold energy of LNG is
transferred to liquid oxygen, which could implement a stable cold energy supply. The whole process is modeled including air separation unit
and LNG supply path. Furthermore, the system thermodynamic and economic performance is evaluated through parametric analysis, and
the proposed system superiority is highlighted by comparing with conventional Allam-LNG cycle. The results indicate that the system could
achieve 70.93% of net thermal efficiency, 65.17% of electrical efficiency, and $403.63 million of net present value, which performs 5.76% and
6.48% enhancement of efficiency and 11% improvement of economic revenue. Moreover, the system off-design operation is assessed; 87% to
100% of compressor speed adjustment range is determined that could cope with �13% to 9% of LNG flow rate fluctuation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0202719

I. INTRODUCTION

With the increasing focus on the greenhouse effect, all the world’s
leading economies had drawn up their target of carbon neutrality.
However, according to the international energy agency, the global
energy-related CO2 emissions reached 36.8 Gt in 2022, a new high of
all-time. Emissions produced by fossil fuel combustion from electricity
and heat generation still takes the largest proportion of 39.7%.1

Although considerable renewable power plants were invested and con-
structed, conventional energy resources still play an important role in
a foreseeable future.2 Therefore, oxy-fuel combustion technology with
carbon capture is a perspective solution for electricity generation.
Among them, the Allam cycle has received much attention, which is
featured with semi-closed configuration, pure oxygen combustion, and
highly CO2 concentration. As the result, 100% of CO2 could be theo-
retically captured in pipeline.3 The pure oxygen is fed by air separation
unit, along with compression heat fed to recuperator. Moreover, the
Allam cycle could achieve nearly zero pollution and higher efficiency

than other fossil-fueled power plants, due to the use of natural gas as
fuel and higher working temperature. Considering the advantages of
Allam cycle, the demonstration project is being commercialized by
NET power in Texas in recent years, with the partnership of Toshiba
corporation.4

Extensive investigations have been carried out on Allam cycle,
mainly aimed at system optimization and component design. Rogalev
et al.5 developed an optimized sCO2 turbine model, and the prelimi-
nary design parameters of rotor are conducted based on a 50MW pro-
totype power plant; the operating results showed a good energy and
economic performance. Peng et al.6 studied the ignition effect of C2H4

diluted in CO2/O2 environment experimentally, under the pressure
range from 1 and 10 atm. Liu et al.7–10 conducted a series of compre-
hensive research, to explore the chemical effect of flame diluted with
CO2. In terms of system evaluation, Ebadi et al.11 compared the ther-
modynamic performance between the Allam cycle and sCO2 Brayton
cycle, and the results showed that the Allam cycle could exhibit higher
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efficiency at lower pressure ratio, as the working fluid can be heated to
higher temperature in combustion chamber. Haseli and Sifat12 devel-
oped an integrated system of Allam cycle and air separation unit, where
heat integration and oxygen supply is considered, and the operating
parameters are conducted and net cycle efficiency reached to 58.2%
after optimization. Amann et al.13 evaluated the oxy-fuel system perfor-
mance when integrated into ASU, at least 6% efficiency penalty is
found, which further increases with higher purity of oxygen produced.
Based on steady simulation, the dynamic simulation was also devel-
oped by Fernandes et al.,14 who conducted a comprehensive control
strategy on Allam cycle integrated with an ASU, to reject disturbances
caused by natural gas composition variation. Zaryab et al.15 also estab-
lished a load change model of Allam cycle; in his work, detailed control
strategy is proposed and response characteristic is investigated.

In order to further improve the Allam cycle thermodynamic and
economic performance, lots of newly configured cycle patterns and
operating methods are developed. Reheat path is added to the system
by Chan et al.16 to increase the power output. Xie et al.17 utilized
multi-compressor to store energy through compression refrigeration;
the author also came up with an Allam cycle-heat pump combined
cycle,18 which is an alternative way utilizing CO2 compression heat to
generate energy. Dokhaee et al.19 integrated the lithium bromide
absorption cooling cycle with the exhaust heat of CO2 at the outlet of
recuperator, to raise the exergy efficiency of system. Luo et al.20 devel-
oped a syngas-gas fired Allam cycle and analyzed the exergy destruc-
tion in main components, while concentrated solar energy gasifier is
integrated into the coal gasification process by Xin et al.21 Zhu et al.22

proposed a modified Allam cycle called “Allam-Z cycle,” the modified
cycle with lower turbine inlet temperature at 700 �C and higher
exhaust pressure at 7.2MPa, that the working fluid could be condensed
by cooling water directly. The results showed significant superiority
when compared with power cycle under the same turbine inlet tem-
perature, resulting from the pressure raise is proceed by pump instead
of compressor. Similar configuration also adopted by Fu,23 in his work,
a biomass gasification unit is coupled and CO2 is directly condensed at
20 �C, the result delivered an 11.2% improvement compared with orig-
inal cycle. However, low turbine inlet temperature and pressure ratio
hinder the efficiency enhancement of “Allam-Z” cycle.

The Allam cycle combined with liquid natural gas (LNG) cold
energy utilization could be regarded as the further optimization of
Allam cycle on power output and energy efficiency, considering that
lower condensation temperature could be achieved and turbine inlet
parameters could further increase. Simultaneously, tons of LNG cold
energy could be recovered during regasification.24 Organic Rankine
cycle is currently the most common application to recover cold energy
of LNG. Sun et al.25 reviewed the existing LNG cold energy utilization
Rankine cycle and categorized them into different kinds. The best
working pressure and temperature range for kinds of power cycle are
summarized when adopting different working medium. While Ma
et al.26 conducted a more detailed comparison of working fluids
including pure fluid and mixing fluid. Among various working fluids
to recover LNG cold energy, CO2 is another feasible choice that has a
low triple phase point temperature (�53 �C). Wang et al.27 con-
structed a CO2 Rankine cycle to recover LNG cold energy. Cao et al.28

developed a cascade sCO2/CO2 Rankine cycle that integrated with
LNG cold energy; the result indicated that CO2 is a competitive candi-
date of working fluids, and the combined cycle delivered levelized cost

of electricity less than 0.03 $/kWh. To date, the research on the Allam
cycle combined with LNG cold energy is not yet comprehensive; Yu29

analyzed the feasibility of the integrated system of LNG cold energy
and Allam cycle, and the result shows that exergy efficiency has a
remarkable enhancement. The author also pointed out that the gasified
LNG after releasing cold energy could recycle to combustion chamber
as fuel, which can make the full use of cold energy and chemical energy
of LNG. Chan et al.30 developed a whole process of cold energy inte-
grated Allam cycle, the steady simulation and exergy destruction in
main component is conducted, and the overall energy efficiency
achieved to 65.7%. Li et al.31 developed a dual-pressure Allam cycle
that combined with LNG cold energy, bifurcated CO2 flows are con-
densed at different condensing pressure to reduce heat transfer loss,
and the system energy efficiency was improved to 70.22% when extra
cooling exergy output is included.

The integrated system that combines with Allam cycle, ASU, and
LNG cold energy is quite complex, and the disturbance of single
parameters may amplify to the whole integrated system. For instance,
the supply of LNG may fluctuate within a certain range, which
depends on supply-demand of the industry supply chains,32 which
results in heat transfer deterioration or cavitation in components.
However, there has been little investigation and solution to this prob-
lem when cold energy is utilized in Allam cycle. Therefore, in this
work, a variable compressor speed adjustment method is adopted to
model the integrated LNG cold energy utilization Allam cycle. The sys-
tem thermodynamic and economic performance is analyzed, and the
superiority of the system is highlighted by comparison with conven-
tional Allam-LNG cycle. Moreover, the acceptable LNG flow rate fluc-
tuation range is determined, and the result shows our model is capable
to offset wide range of fluctuation based on our improved LNG cold
energy utilization method.

II. SYSTEM DESCRIPTION

The integrated system could be divided into two subsystems,
power cycle and air separation unit, as depicted in Fig. 1. The power
cycle is organized by a combustion chamber (CC), gas turbine (T1),
recuperator (HX1), water separator (WS1), CO2 cooler (HX2), splitter,
and four liquid circulation pumps (P1–P4). The pure oxygen is added
to a CO2 branch as oxidant flow, which send to combustion chamber
with the outlet temperature of 1150 �C. The recycled CO2 flow is work-
ing as supercritical CO2 Brayton cycle, while the turbine blade cooling
is realized by a partial CO2 bifurcated after P1. The mainstream can
reach theoretically 100% purity of CO2 after WS1, as the combustion
product contains only water and CO2. Carbon capture is accomplished
at the outlet of HX2, where pure CO2 is condensed to liquid for the
convenience of collection.

In terms of air separation unit, air after filtration (AF) is first
compressed via multistage compressors (C1, C2) with intercooling and
drying (WS2, WS3). The compression heat is transferred to HX1 to
raise the recycled CO2 temperature. The compressed air enters the
main heat exchanger (HX4), where air is cooled by evaporating LNG
and air distillation product. The cooled air stream is throttled into a
lower temperature and fed to the high pressures column (HPC) at
upper and lower inlet, and the product from the top and the bottom of
HPC gets further cooled in HX3 and send to low pressure column
(LPC) for second stage distillation. The final cryogenic product
includes nitrogen and oxygen. The liquid oxygen with low temperature
is pumped to power cycle for cold energy recover and transportation
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in steel cylinder or through pipeline, while nitrogen is distributed to
user after cold energy recovery in HX4.

As mentioned above, the heat transfer deterioration may happen
in LNG evaporator due to the LNG supply flow rate fluctuation, which
may lead to fluid freeze or pump cavitation and increase power cycle
operation risk. In order to address this problem, our improved LNG
cold energy utilization method could enable a cascade cold energy
recovery process, where LNG cold energy is transferred to air product
of oxygen and then utilized by power system. The air compressor in
ASU adopts the speed-variable operation method, to achieve a pres-
sure adjustable characteristic. Consequently, the LNG flow fluctuation
could be offset by the compression-throttling process to maintain a
stable distillation path. The compression heat of air compressor is
delivered to recuperator of power cycle through thermal oil, which
could offer enough heat even at minimum compressor load.

Figure 2 illustrate the pressure-enthalpy diagram of the modified
Allam cycle in this work, as well as the reported Allam cycles. The
recycled CO2 in the original Allam cycle is compressed as gaseous state

while it is condensed near critical line in Allam-Z cycle. According to
the comparison between diagrams, the combination of LNG cold
energy with Allam cycle could exhibit higher pressure ratio and more
power output. Detailed superiority of the system is further verified on
following discussions.

III. MODEL DEVELOPMENT AND METHOD
A. Main components

The modeling of main components is carried out based on their
thermodynamics principles and working conditions. The isentropic
efficiency gis is adopted to describe the energy conversion process for
compressor, pump, and turbine. Isentropic efficiency reflects the devi-
ation of enthalpy change between the real process and the ideal isen-
tropic process. The work consumed by compressor and pump is
defined as

Wc ¼ _mðhout � hinÞ=gis;c; (1)

Wp ¼ _mðhout � hinÞ=gis;p: (2)

FIG. 1. Schematic diagram of Allam-ASU cascade cold energy utilization integrated system.
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The work produced by turbine is calculated as

Wt ¼ _mðhin � houtÞgis;t; (3)

where hin and hout represent the enthalpy of the working fluid at the
inlet and outlet of each component, and _m represents the flow rate of
the working fluids.

In terms of heat exchanger, the method of discretization is
applied that the sum of heat transfer is the combination of every sub-
section, as defined in Eq. (4). The fluid is regarded as constant proper-
ties in each subsection. All the heat exchangers are counter-flow
designed with a reasonable pressure drop

Q ¼ UADT: (4)

The process in combustion chamber is assumed as a complete
reaction for both fuel and oxidant, and the heat release depends on the
LHV of fuel, as shown in Eq. (5). The pressure drop is considered to
evaluate the irreversible loss during combustion

Qcomb ¼ mfuelLHV: (5)

The power output of the power cycle and the power consumption
of ASU are expressed as

Wout ¼ ðWT1 þWT2Þ � ðWP1 þWP2 þWP3 þWP4 þWP7Þ; (6)

WASU ¼ WC1 þWC2 þWP5 þWP6: (7)

The air filter and water separator models are considered as black
box in this study, which are worked as removing impurities and water
contains in air or circulating fluid, and their working efficiency is
assumed as 100%.

B. Turbine cooling flow

Considering that the turbine inlet temperature needs to be limited
under an allowable value due to the blade material resistance, which is
860 �C,33,34 for common rotor rows. A specific proportion of CO2

stream is considered as cooling flow, which is separated from the
mainstream after CO2 capture. The method to determine coolant CO2

proportion has been extensively studied by scholars, EI-Marsri35 devel-
oped a turbine cooling flow numeric model, based on an assumption
that the work is extracted during expanding process continuously,
instead of occurring in discrete stages. Thereby, the stator and rotor
are regarded as an average stage where the stagnant temperature
drops linearly, and the cooling flow rate is expressed as a function of
average work extracted from stage. While on the other hand,

Horlock and Jones36 consider the coolant in each stage by the develop-
ment of the heat transfer model in individual blade, which is closer to
the real situation. The authors developed a semi-empirical relation to
calculate the amount of cooling stream proportion needed, according
to the main gas, cooling air, and metal allowable temperature. In this
paper, Horlock’s method for blade cooling is adopted:

n ¼ C lnð1=ð1� e0ÞÞ; (8)

where n is the proportion of cooling flow, and C indicates the “the level
of technology,” which is suggested taken as 0.03 for conventional
cooling fluids. e0 is so-called overall cooling effectiveness, which is
defined as

e0 ¼ ðTgi � TblÞ=ðTgi � TciÞ; (9)

where Tgi, Tbl , and Tci represent the temperature of main gas inlet,
blade metal, and coolant inlet temperature, respectively. The value of
constant number is given by Haseli;12 he synthesized the published
data of supercritical CO2 turbine cooling and modified the constant
value, and then get the following equation:

n ¼ 0:270þ 0:1443 ln e0: (10)

C. Recuperator model

Due to the large variation of the fluids heat capacity and tempera-
ture, the recuperator in this study is modeled as two heat exchangers
connected in series, rather than a single heat exchanger, as illustrated
in Fig. 3. This configuration can handle multiple streams and improve
the pinch-point effect.37 In this work, the exhaust gas exit turbine is
cooled in HX1B and HX1A sequentially and send to water separator at
the temperature of the HX1A outlet. Heat from the air separation unit
(ASU) is transferred to HX1B and HX1A after each stage of air com-
pression, through a intermediate fluid of Dowtherm-A type thermal
oil. A buffer tank is configured to adjust the thermal oil flow rate when
air compressor operated in an off-design mode. The temperature dif-
ference of each heat exchanger is assumed as 20K.

D. Air compressor off-design characteristic

In this work, the centrifugal air compressor model is adopted.
Different with compressor working under design condition with con-
stant speed, the isentropic efficiency under off-design working condi-
tion may deviated from design efficiency. Therefore, an off-design
centrifugal air compressor map proposed by Zhang and Cai38 is
adopted here, and the formula for pressure ratio and isentropic

FIG. 2. Pressure-enthalpy diagrams of (a) Allam cycle, (b) Allam-Z cycle, and (c) this work.
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efficiency under off-design condition are presented in the following
equations:

bi=bi;0 ¼ c1 _m
2
c þ c2 _mc þ c3; (11)

gi=gi;0 ¼ ½1� c4 1� _ncð Þ2� _nc= _mcð Þ 2� _nc= _mcð Þ; (12)

where _nc and _mc denote the relative speed and mass flow, which is
defined as

_nc ¼ �nc=�nc;0; (13)

_mc ¼ �mc=�mc;0; (14)

�nc ¼ nc=
ffiffiffiffiffiffi
Tin

p
; (15)

�mc ¼ mc

ffiffiffiffiffiffi
Tin

p
=pin: (16)

c1–c4 are the coefficient that are calculated as

c1 ¼ _nc=½p 1�m= _ncð Þ þ _nc _nc �mð Þ2�; (17)

c2 ¼ p� 2m _n2
c

� �
=½p 1�m= _ncð Þ þ _nc _nc �mð Þ2�; (18)

c3 ¼ � pm _nc �m2 _n3
c

� �
=½p 1�m= _ncð Þ þ _nc _nc �mð Þ2�: (19)

c4 ¼ 0.3, where both p and m were taken as 1.8.39 According to
above equations, the dynamic characteristic could be determined, and
the corresponding characteristic maps are depicted in Fig. 4.

E. Method

The modeling process is developed based on the ASPEN V10
platform licensed by ASPEN TECH and using MATLAB to deliver
instructions and call response when different working condition is
employed, the properties of working fluid are determined by Peng–
Robinson equation, several assumptions are listed below, and further
detailed information is shown in Table I.

FIG. 3. Schematic diagram of the recuperator model.

FIG. 4. ASU air compressor characteristic map of (a) pressure ratio and (b) isentropic efficiency.
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(1) The power cycle is operating in a steady state.40

(2) The LNG is assumed as pure methane.41,42

(3) The composition of air is considered as 76.5 mol. % nitrogen,
20.5 mol. % oxygen, 1 mol. % argon, and 2 mol. % water.43

(4) The pressure drop in heat exchangers is considered as 2% while
is ignored in pipeline.44,45

F. Economic evaluation model

The economic model net present value (NPV) is adopted in this
chapter to further evaluate the cost-effective characteristic of the inte-
grated system, the sensitivity analysis is conducted, and the maximum
profitability condition is determined. The mathematic formula of NPV
is defined in Eq. (20), where plant lifetime N and interest rate i are 2049

and 6%,50 respectively.

NPV ¼ �TCI þ
XN
y¼1

Ay þ Ry � Ey � OMy � Fy
1þ ið Þy

0
@

1
A: (20)

The total investment cost (TCI) consists of direct cost (DC) and
indirect cost (IDC), the items of TCI are listed in Table II, and the
equipment cost are calculated according to equations51–56 in supple-
mentary material Table S1.

Ey and Ay represent the yearly revenue by selling electricity and
air product, which are defined as

Ey ¼ Wnet � Ppeak � 3000; (21)

Ay ¼ mO2 � PO2 þmN2 � PN2ð Þ � 8760; (22)

where the Ppeak, PO2 , and PN2 represent the price of peak electricity,
gaseous oxygen, and gaseous nitrogen. The annual operating hour of
Allam cycle is assumed as 3000 h, while the ASU is operating all
year.

The annual revenue obtained by LNG regasification service Ry is
another part of total income in the LNG terminal,58 and the value
adopted in this paper is 0.028 $/Nm3, which is the profit of LNG ter-
minal in Zhejiang, China. Fy represents the fuel cost, which is natural
gas that paid for combustion.

The OMy denotes the cost caused by annual maintenance, insur-
ance labor, and plant electricity, which is defined in Eq. (23), and the
value assumed for the index is presented in Table III,

OMy ¼ mainty þ laby þ insy: (23)

G. Model validation

The model validation of the proposed integrated system is con-
ducted in divided subsections independently. Both Allam cycle and air
separation unit showed an acceptable error, with the maximum value
of 2.19%, as listed in Table IV. The validation results showed a good
accuracy and thereby the method adopted in present work is proved
that can predict the state parameters precisely.

IV. RESULTS AND DISCUSSION
A. Thermodynamic analysis

In this chapter, the effect of important parameters on system per-
formance is analyzed, to determine optimum working condition and
explore optimization strategies. In addition to the LNG supply flow
rate, pressure ratio and water separation temperature are chosen as key
parameters to evaluate system thermodynamic performances. Owing
to that ASU is integrated with Allam cycle by heat input during air
compression process, there are two system efficiency calculation meth-
ods; the cycle thermal efficiency evaluates the Allam cycle efficiency
considering the external energy input as supplement heat input, while
the system electrical efficiency considers the air compression process
as extra work consumption. These two definitions are present in Eqs.
(24) and (25), respectively,

TABLE I. Previous assumption and working condition.

Items Value Ref.

Methane LHV (kJ/kg) 50 010 46
Oxidant flow pressure (MPa) 10 3
Air compressor isentropic efficiency (%) 72 43
Turbine isentropic efficiency (%) 89 47
Pump isentropic efficiency (%) 85 37
Mechanical efficiency (%) 98 37
Generator efficiency (%) 99 48
Environmental temperature (K) 293.15
HPC operating pressure (MPa) 0.58 43
LPC operating pressure (MPa) 0.13 43

TABLE II. Content and calculation method of TCI.57

Items Equations

Direct cost
Equipment cost

P
Ci

Equipment installation 0:33 �PCi

Piping 0:35 �PCi

Electrical equipment and materials 0:13 �PCi

Land 0:05 �PCi

Civil, structural, and architectural work 0:21 �PCi

Service facilities 0:35 �PCi

Indirect cost
Engineering and supervision 0:08 � DC
Construction cost including contractor’s profit 0:15 � DC
Contingencies 0:15 � 1:23 � DC

TABLE III. The economic index assumptions.

Items Value Ref.

Fuel cost ($/GJ) 8.588 52
Annual maintenance cost rate (%) 6 57
Annual insurance cost rate (%) 1 51
Annual labor cost ($) 20�40000 51
Peak electricity price ($/kWh) 0.15 57
Gaseous oxygen price ($/kg) 0.03019 59
Gaseous nitrogen price ($/kg) 0.02973 59
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gth ¼
Wnet

mfuel � LHV þ DHair
; (24)

ge ¼
Wnet �Wc

mfuel � LHV : (25)

As presented in Fig. 5, due to the expansion power output raises
faster than pumped work consumed when pressure ratio increase, the
thermal and electrical efficiency showed a both raise trend. On the

opposite, higher water separation temperature will exhibit lower sys-
tem efficiency, as the lower water separation temperature enables more
exhaust heat regenerated in recuperator and less heat loss happened in
water separator. Therefore, enlarge pressure ratio and decline water
separation temperature are effective methods to raise system efficiency.
However, lower back pressure leads to a lower pressure environment
in water separator, which increases the water separation process diffi-
culties. The analyses results show that electrical efficiency is normally
8% lower than thermal efficiency, a bit higher than published results
for the reason for lower isentropic efficiency adopted in air compressor
model.

The recuperator heat duty distribution map is shown in the bar
chart of Fig. 6; the total heat duty of recuperator is reduced with higher
pressure ratio, owing to lower turbine exhaust gas temperature under
higher expansion ratio. Although the proportion of heat integration
from ASU decreases with lower pressure ratio, the amount of heat
integration has an increasing trend, which could be explained by the
effect of dissimilar heat capacity of cold and hot side in recupera-
tor;60,61 the heat capacity of low-pressure CO2 stream is larger than
high-pressure CO2 stream, and this effect is more obvious with larger
pressure difference. Therefore, more external heat is needed to match
the regenerate temperature at higher pressure ratio. While water sepa-
ration temperature has no influence on total heat duty but on distribu-
tion of ASU and regenerate heat. With lower water separation
temperature, integrated heat from ASU showed a decrease trend, con-
sidering that more exhaust heat has been recovered when exhaust gas
with lower temperature is extracted from recuperator.

B. Economic analysis

Figures 7 and 8 illustrate the cost and revenue distribution of the
integrated system, and it can be observed from Fig. 7 that the most sig-
nificant component is electricity cost, taking over 58% of yearly total
cost; it is reasonable as the air separation unit consumes massive elec-
tricity with a daily air production of 9935 t; hence, the integrated
power cycle could reduce annual cost effectively by electricity supply.
The followed composition of cost is main equipment investment, fuel
cost, operating and maintenance cost, and insurance cost. Unlike other
power systems, which have much larger fuel cost proportion, the

TABLE IV. Model validation results of Allam cycle and ASU.

Items Ref.
This
work

Error
(%)

Allam cycle37

Natural gas LHV (MJ/kg) 46.50 46.50 0
Turbine inlet temperature (�C) 1150.00 1147.77 0.19
Turbine discharge pressure (MPa) 3.40 3.35 1.47
Turbine outlet temperature (�C) 741.20 741.10 0
Turbine power output (MW) 622.42 608.71 2.19
NG compression work (MW) 4.18 4.15 0.72
Net power output (MW) 419.31 412.58 1.61
Cooling flow temperature (�C) 183.00 182.85 0.08
CO2 cooling temperature (�C) 26.00 25.78 0.85
ASU43

LNG supply flow (kg/h) 6000 6020 0.33
Air compression work (MW) 36.40 36.88 1.32
Oxygen composition of
distillation air (%)

21.00 20.92 0.38

Nitrogen composition of
distillation air (%)

78.00 78.06 0.08

Argon composition of
distillation air (%)

1.00 1.02 2.00

Produced oxygen purity (%) 99.00 99.99 1.00
Produced oxygen temperature (�C) �177.97 �177.90 0.04
Produced nitrogen purity (%) 99.00 99.99 1.00
Produced nitrogen temperature (�C) �193.34 �193.39 0.03

FIG. 5. System efficiency variation with (a) pressure ratio and (b) water separation temperature.
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composition in this work only takes 6.1% of total cost because the
power system has higher efficiency and relatively smaller power scale.

In terms of yearly revenue, as depicted in Fig. 8, the profit from
regasification service only takes a tiny proportion, while 99.5% of total

revenue come from selling air product , argon product is not considered
because system complexity and investment will increase a lot when an
argon distillation module is implemented, which could not generate
much revenue due to the low content in air.59

Figure 9 presents integrated system NPV as the function of tur-
bine pressure ratio and oxygen distribution pressure. According to
Fig. 9(a), there is a raise trend of NPV value when the pressure ratio
increases. Although higher pressure ratio leads to more fuel cost and
turbine investment, better thermodynamic performance exhibited and
increasingly electricity produced from power cycle, which reduces
overall electricity purchase fee and enables better economic perfor-
mance. In terms of oxygen pressure, which is the distribution pressure
at the outlet of T4, may varied with different application. For instance,
it is 1.6–3MPa for steel enterprises62 and 3.5–10MPa for oxy-fuel
power plant.63,64 Lower oxygen pressure in power system enables
more expansion work and then allows more system economic benefits
by reducing system electricity purchase fee.

C. Off-design operating evaluation

In this section, the integrated system operating performance is
analyzed based on off-design air compressor characteristic; the design
LNG supply flow rate is set as 9.23kg/s, and the speed variation oper-
ating strategy is developed to offset LNG supply flow fluctuation.
When LNG supply flow decreases from design value, more compres-
sion work is needed to maintain the sub-cooling state of air before
entering distillation column, which is achieved by speed up compres-
sor rotor and producing higher air pressure. Varied pressure of air is
throttled to distillation column working pressure to enable a steady-
state working condition during distillation process. Figure 10 illustrates
the energy consumption curve; 87% to 100% speed variation range is
determined to meet the �13% to 9% LNG regasification flow fluctua-
tion. During LNG over supply period, there is no obvious change of
compression work as the cold energy input is sufficient to produce liq-
uid air, more excess LNG allows more liquid air to be developed,
hence, the throttle valve is adjusted to 100% open. On the other hand,
compression work increased from 312 to 602MW when LNG is in
short supply of 10%, and the variation of throttling loss reflects the
amount of insufficient cold energy of LNG. 58MW of cold energy
short supply can lead to 134MW electricity input to the ASU, and theFIG. 8. Integrated system annual revenue composition.

FIG. 7. Integrated system annual cost composition.

FIG. 6. Recuperator heat duty distribution varied with (a) pressure ratio and (b) water separation temperature.
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gap becomes more significant with larger deviation from design LNG
supply flow rate. Hence, it is costly when operating the system under
long-term shortage of LNG supply flow.

D. Case results

According to the thermodynamic analysis, the thermodynamic
parameters of the system are listed in Tables VI and VII. The water
separation temperature is set as 33.5 �C for easier water condensation
and system efficiency enhancement and maintains the temperature
difference at HX1 outlet at the same value with other heat exchanger,
which is the design temperature difference of 20K. The pressure ratio
of gas turbine is set as 9.69, where the working fluids is expanded from
31 to 3.2MPa. High pressure atmosphere combustion technology and
water separation in low-pressure environment is the main handicap to
develop higher pressure ratio. The Allam cycle has net power output of
38.50MW; meanwhile, the LNG-LO2 cascaded cold energy utilization
method could exhibit high thermal efficiency and electrical efficiency
of 70.93% and 63.68%, respectively. The net present value reaches
$403.63 million, with the main profit coming from air product.

Further decrease in electricity cost could achieve higher NPV value.
The power scale of the Allam cycle is the maximum under present
ASU production and operating mode, as the cold energy of distillate
LO2 is totally utilized by Allam cycle.

In order to further verify the superiority of the proposed inte-
grated system, the conventional Allam-LNG cycle is modeled here,
which directly utilize LNG cold energy as heat sink in Allam cycle. The
comparison results between two Allam cycles are listed in Table V.
The Allam cycle with improved LNG cold energy utilization method
could exhibit higher power output, as oxygen production could supply
larger cold energy than LNG. The work consumption of ASU is nearly
the same in two Allam cycles, considering that the cold energy of pro-
duced liquid oxygen is recovered in main heat exchanger while the
cold energy input is implemented by the LNG in proposed system.
Moreover, the proposed system outperforms significant thermody-
namic performance improvements, and the thermal and electrical effi-
ciency increased by 5.76% and 6.48%, respectively. Therefore, the
reduced fuel cost and declined electricity cost is enabled and leads to a
11.0% improvement of net present value.

V. CONCLUSIONS

In this paper, the whole process of Allam cycle-ASU integrated
system is simulated, and an improved LNG cold energy utilization
method is proposed; key parameters influence on the whole system is
investigated based on thermodynamic and economic analyses, and the
system off-design operating performance is evaluated. The main con-
clusions are summarized as followed:

FIG. 9. NPV value variation with (a) pressure ratio and (b) oxygen pressure.

FIG. 10. Energy consumption of the off-design air compressor.

TABLE V. Performance comparison with conventional Allam cycles.

Items This work Allam-LNG

LNG supply flow (kg/s) 9.23 9.23
Air production flow rate (t/d) 9935 9935
ASU power consumption (MW) 44.46 44.51
Power cycle output (MW) 38.50 20.96
Thermal efficiency (%) 70.93 65.17
electrical efficiency (%) 63.68 57.20
Net present value ($ million) 403.63 363.64
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(1) The modified integrated Allam cycle-ASU system combined
with LNG/LO2 cold energy is modeled. The power cycle could
maintain steady operation based on our improved LNG cold
energy utilization method that transfers cold energy to LO2

through ASU. According to the proposed system, an ASU with
9935 t/d air production could support 38.50 MW of cold energy
utilization Allam cycle.

(2) A comprehensive thermodynamic and economic analyses is
conducted; the impact of key parameters including pressure
ratio, water separation temperature, and oxygen expansion
pressure is investigated in respect of operating efficiency, heat
integration performance, and economic benefits.

(3) The optimal working condition of the proposed system is deter-
mined, which delivers thermal and electrical efficiency of 70.93%
and 63.68%, which is 5.76% and 6.48% higher than conventional
Allam-LNG cycle. In addition, the NPV value achieves $403.63
million, increased by 11.0% compared with Allam-LNG cycle.

(4) The air compressor off-design characteristic is invested, and the
working performance is analyzed; a �13% to 9% range of LNG
supply fluctuated could be adjusted when develop the speed
variation range between 87% and 100%.

SUPPLEMENTARY MATERIAL

See the supplementary material for system main components
cost functions.
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APPENDIX: STREAM POINT PARAMETERS

Stream state point parameters of the integrated system. Stream
state point parameters of the recuperator.

TABLE VI. Stream state point parameters of the integrated system.

State
point

m
(kg s�1)

T
(�C)

P
(MPa)

State
point

m
(kg s�1)

T
(�C)

P
(MPa)

1 74.91 1150.07 30.38 26 0.68 30.00 0.62
2 8.36 250.00 30.73 27 113.56 30.00 0.62
3 83.27 722.67 3.20 28 113.56 �172.22 0.61
4 83.27 33.47 3.14 29 36.32 �172.22 0.61
5 2.17 33.47 3.07 30 43.75 �177.11 0.58
6 81.10 33.47 3.07 31 43.75 �180.50 0.57
7 81.10 �10.00 3.01 32 77.24 �172.22 0.61
8 2.65 �10.00 3.01 33 69.80 �172.80 0.60
9 78.46 �10.00 3.01 34 69.80 �180.50 0.59
10 78.46 �3.96 10.00 35 86.16 �193.38 0.13
11 8.36 �3.96 10.00 36 86.16 �178.17 0.12
12 8.36 13.21 32.00 37 86.16 �15.00 0.11
13 37.81 �3.96 10.00 38 2.61 �185.68 0.13
14 37.81 13.21 32.00 39 2.61 �15.00 0.12
15 37.81 703.22 30.73 40 24.79 �177.90 0.17
16 32.29 �3.96 10.00 41 72.38 �174.07 10.20
17 36.14 �2.87 10.00 42 72.38 13.56 10.00
18 36.14 12.58 32.00 43 68.53 13.56 10.00
19 36.14 703.22 30.73 44 68.53 �83.99 2.20
20 115.00 25.00 0.10 45 3.85 13.56 10.00
21 115.00 25.00 0.10 46 9.23 �162.00 0.13
22 115.00 40.00 0.45 47 0.96 �147.64 33.00
23 0.76 30.00 0.45 48 8.27 �159.34 6.12
24 114.24 30.00 0.45 49 8.27 �15.00 6.00
25 114.24 40.00 0.62 50 0.96 �15.00 32.34

51 0.96 5.00 31.69

TABLE VII. Stream state point parameters of the recuperator.

State
point

m
(kg s�1)

T
(�C)

P
(MPa)

State
point

m
(kg s�1)

T
(�C)

P
(MPa)

2 8.36 250.00 30.73 19 36.14 703.22 30.73
3 83.27 722.67 3.20 21A 115.00 233.34 0.46
3A 83.27 206.71 3.14 22 115.00 40.00 0.45
4 83.27 33.47 3.14 24A 115.00 69.13 0.63
12 8.36 13.21 32.00 25 114.24 40.00 0.62
12A 8.36 186.71 31.36 52A 72 20.00 0.39
14 37.81 13.21 32.00 52B 72 213.57 0.38
14A 37.81 186.71 31.36 52C 75.62 206.71 0.38
15 37.81 703.22 30.73 52D 4.77 206.71 0.38
18 36.14 12.58 32.00 52E 75.62 33.47 0.37
18A 36.14 186.71 31.36 53A 3.62 20 0.37

53B 3.62 49.27 0.37
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NOMENCLATURE

Terminology

h Specific enthalpy (MJ_kg�1)
m Mass flow (kg/s)
P Price ($)
p Pressure (MPa)
T Temperature (�C)

D�T Logarithmic mean temperature difference (K)
UA Total conductance of heat exchanger (MW_K�1)
V Volume (m3)
W Power (MW)
g Efficiency

Abbreviations

ASU Air separation unit
DC Direct cost

LHV Lower heating value
LNG Liquefied natural gas
LO2 Liquefied oxygen
NG Natural gas

NPV Net present value
sCO2 Supercritical CO2

TCI Total cost investment

Subscripts

c Compressor
comb Combustion

e Electrical
f Fuel
g Generator
in Inlet
is Isentropic process

net Net output
out Outlet
p Pump
t Turbine
th Thermal
y Yearly
0 Design value
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