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Abstract: The Allam cycle is the latest advancement in power generation technologies with a
high cycle efficiency, zero NOx emission, and carbon dioxide available at pipeline specification for
sequestration and utilization. The Allam cycle plant is a semi-closed, direct-fired, oxy-fuel Brayton
cycle that uses high pressure supercritical carbon dioxide as a working fluid with sophisticated
heat recuperation. This paper conducted process analyses including exergy analysis, sensitivity
analysis, air separation unit (ASU) oxygen pump/compressor option analysis, and carbon footprint
analysis for the integrated Allam power plant (natural gas)/ASU complex with a high degree of
heat and work integration. Earlier works on exergy analysis were done on the Allam cycle and
ASU independently. Exergy analysis on the integrated plants helps identify the equipment with the
largest loss of thermodynamic efficiency. Sensitivity analysis investigated the effects of important
ASU operational parameters along with equipment constraint limits on the downstream Allam cycle.
Energy efficiency and carbon footprint are compared among the state-of-the-art fossil-fuel power
generation cycles.

Keywords: Allam cycle; air separation unit; carbon capture and utilization; exergy; power generation;
oxy-fuel

1. Introduction

The recent report “The Fourth National Climate Assessment” by the US Global Change research
program expounds that climate change is real and the global temperature will rise in the future,
which will have serious health and economic impacts to the US as well as the rest of the world [1].
The rise in the global emissions of carbon dioxide, approximately 2.7 percent in 2018, will bring fossil
fuel production and other industrial emissions to a record high of 37.1 billion tons of carbon dioxide
per year. According to the United Nations (UN) backed scientific panel 2018 report, nations have barely
a decade left to take extraordinary measures to cut the greenhouse gas emissions in half by the year
2030 so as to keep the Earth’s warming below 1.5 degrees Celsius to avoid a global climate change [2].
However, the growth of global economy, especially in developing countries like China and India will
swell the energy demand, thereby increasing global emissions of carbon dioxide.

One of the major drivers of energy demand is electricity generation which for the most part,
involves the generation of carbon dioxide and other greenhouse gas emissions. For the year 2017,
the total world electricity generation was 25,721 TWh out of which coal fired power plants, oil,
and natural gas plants generated 16,590 TWh [3] of electricity, with the remaining from other sources.
Twenty five percent (25%) of the global CO2 emissions are from fossil fuel powered plants for electricity
and heat production, residential/commercial/public services account for 6%, manufacturing industries
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21%, transport 14%, and other sectors 34% [4]. All of these sectors combined lead to the rise in the
part per million levels of CO2 in the atmosphere. The emissions can be both direct which arise during
operation of the power plant and indirect which arises during other non-operational phases of the life
cycle. The highest carbon dioxide emission is seen in fossil fuel powered plants (coal, oil, and gas).
Figure 1a,b show the emission of carbon dioxide from various sources from the US in 2017 and the
World in 2014.
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New technological solutions are required so as to mitigate CO2 emissions from fossil
fuel based power generation (for instance, coal accounts for ~60% of electricity production
in China). The intermittent nature, land usage, cost issues, and other restrictions make renewable
energy technologies like solar, wind, hydro-electric, and biomass systems difficult for worldwide
implementation as the base load power sources [6]. The shale gas revolution in the US along with
the dramatic increase in the global recoverable natural gas resources and rapid energy usage in the
developing world show that fossil fuels will continue to be relied upon in the near future due to its
cheaper costs. Therefore, the most likely path to a sustainable energy future is by economically and
cleanly employing hydrocarbon energy reserves that can inherently capture combustion derived CO2

for sequestration or reuse.
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There are four types of carbon capture process: post-combustion, pre-combustion, chemical
looping, and oxy-fuel supercritical CO2 cycle. In post combustion processes, the CO2 separation
is done after combustion by an absorption (using amine) or adsorption process. This technology
is expensive owing to low capture efficiencies at very low CO2 concentrations (flue gas containing
mostly N2 and water vapor). In the pre-combustion capture process, coal is gasified in the presence of
low oxygen levels to form syngas, which undergoes a water gas shift reaction to form H2 and CO2.
The separation, however, still incurs a high energy penalty due to sorbent regeneration. The chemical
looping combustion process is applied to coal gasification plants. It uses a metal oxide as an oxygen
carrier for combustion. During the combustion process the metal oxide is reduced to metal while the
fuel undergoes oxidation to produce CO2 and water. This technology is under development and there
is insufficient experience for large scale operation. The last carbon capture technology, the oxy-fuel
combustion process with supercritical CO2 (sCO2) as the working fluid, can be applied to both coal
and gas fired power plants. Here oxygen is used instead of air for the combustion process, eliminating
NOx emissions. This process does incur an energy penalty due to cryogenic O2 production. The Allam
power cycle falls into this category, but the high degree of heat recuperation plus high temperature/high
pressure operations are more than enough to overcome the added air separation unit (ASU) load and
offer an inexpensive carbon neutral path for a sustainable future [7,8].

In the Allam cycle, Figure 2, a pressurized natural gas reacts with pressurized oxygen from
the air separation unit (ASU) in a combustor along with a recycle stream of high pressure/high
temperature carbon dioxide. The combustor operates at a pressure of 300 bar and the temperature of
the exit combusted gas is 1150 ◦C. An extremely high combustion temperature results when oxy-fuel
combustion is used which requires the use of a diluent like carbon dioxide to lower it to a level that
the combustor materials can sustain. The novelty of the design is the use of the supercritical CO2

working fluid and the higher pressure and temperature. The benefits of using supercritical CO2 are:
(1) the liquid like density which lowers the compression/pumping cost when recycled and requires
a smaller size of the turbomachinery, (2) the non-flammable nature, and (3) less corrosion than using
steam. The adiabatic flame temperature is the highest temperature attainable and it increases with
pressure. The hot gases from the combustor are led into the turbine which is a double shell structure
(outer and inner casing) that serves to contain the system’s high pressure. The carbon dioxide which
is obtained from the lower temperature end of the plant is fed between the space of the inner casing
and outer casing to cool it and prevent the metal from reaching its metallurgical limits. This turbine
is a hybrid of both the gas technology turbine and steam technology turbine since it operates at the
high temperature of the gas turbine and high pressure of the steam turbine. For the Allam cycle, the
combustor and the turbine were developed by Toshiba. The exhaust of the turbine is at a pressure of
30 bar and a temperature of 744 ◦C which feeds to a series of high-pressure multi-channel diffusion
bonded recuperative heat exchangers developed by Heatric. It is made up of a high temperature section
which cools the gas from 700 ◦C to 550 ◦C and another three sections downstream that are used to cool
the turbine exhaust to 45 ◦C by heating the recycled supercritical CO2 to the combustor. The separator
separates the carbon dioxide from water of the exhaust gas stream of the turbine at a pressure of
17 bar and a temperature of 20 ◦C. Carbon dioxide is compressed in a compressor to a pressure of
100 bar and 97% of it is recycled back to the combustor after being cooled in the cooler to its liquid
phase and pumped. Note that at a temperature of 30.98 ◦C and a pressure of 73.8 bar, the carbon
dioxide reaches the critical point. The liquid carbon dioxide is pressurized to 310 bar by a pump and it
feeds to the combustor via the recuperator heat exchanger. For the moderation of the adiabatic flame
temperature in the combustor, the supercritical carbon dioxide is mixed with oxygen from the ASU
to form a mixture at 25 mol% O2. The remaining 3% of CO2 produced by the oxy-fuel combustion
of natural gas and oxygen must be continuously purged from the process for enhanced oil recovery
(EOR)/sequestration and utilization to maintain the mass balance of the system. The amended 45Q
(carbon capture and storage tax credit) under the FUTURE act (2018) provides incentive in the form
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of tax credit of $35/ton for CO2 stored geologically through EOR or $50/ton for CO2 stored in other
geologic formations and not used in EOR [9].

Imbalances in the thermodynamic properties between the hot gases leaving the turbine and the
recycled CO2, requires a low temperature heat input from the ASU. The cause of the imbalance is due to
the difference in the specific heat between the 300 bar recycled CO2 stream and 30 bar turbine exhaust
stream at the low temperature end of the recuperating heat exchanger. The heat input (heated thermal
fluid) from the ASU’s main air compressor intercooler increases the efficiency of the overall cycle due
to the drop of an equivalent fuel energy input, which would have otherwise been required to heat up
the recycled CO2 stream [10–12].

Since the sCO2 cycle operates at high pressures in most of the equipment it results in a high
density working fluid, which leads to a smaller equipment size and smaller plant footprint with a lower
capital cost. Compared to the conventional steam Rankine cycle or even the ultra-supercritical steam
Rankine cycle, the sCO2 power cycle has the potential to attain significantly higher cycle efficiency.
This will lead to lower greenhouse gas emissions, lower fuel cost, and lower water usage [13].

The cryogenic air separation process, also known as air separation unit (ASU), consumes
a large amount of electrical energy [14] because the operation is at extremely low temperatures
(−170 to −195 ◦C) [15]. The double column system is still the best in terms of efficiency and capital cost.
According to the patent by Allam et al., the double column system is capable of producing O2 at the
required purity for the combustor, which provides for a lower capital cost expenditure as compared to
a three column ASU design. A purity of O2 at 98% is also enough for this process [16]. The two column
design has a lower operating cost and any savings in ASU power within the integrated Allam cycle
power plant and ASU will increase the net power output and increase the efficiency of the power
plant. In the cryogenic air separation process, the main air compressor is required to deliver the air at
a pressure of 5.9 bar to the high pressure column (HPC). The bottom liquid of the HPC, which is rich
in oxygen, is fed to the low pressure column (LPC) and the low pressure causes LPC temperature to
drop by the Joule-Thomson effect. The LPC is refluxed with liquid nitrogen from the top of the HPC
after having been flashed and cooled by the Joule-Thomson effect. The oxygen-rich liquid leaving the
bottom of the LPC cools the incoming air to the cryogenic heat exchanger. The liquid coming from
the top of the LPC is rich in nitrogen which cools the top liquid of the HPC in the sub-cooled heat
exchanger. The oxygen produced is 99.5% pure by mole.

Exergy analysis is usually performed for the detailed study of a power plant efficiency and
its possible improvement. The term exergy denotes “technical working capacity” and depends on
the reference environment. The choice of the reference environment plays a role in the thermal
energy being converted to useful work with a higher efficiency at a lower reference temperature [17].
With exergy analysis, the work potential lost (or entropy gain) and the work still available from
a particular equipment are analyzed to give a real measure of the equipment efficiency. The types and
magnitudes of wastes and losses along with locations can be revealed to make a better use of an energy
resource [18,19]. As a result, exergy analysis is a powerful tool for improving industrial processes and
reducing environmental impact. The previous exergy analysis reported by Penkuhn et al. was done
only for the Allam cycle [12]. This study conducted detailed second law analysis of the integrated
Allam cycle and the air separation unit. Identifying the opportunity of reducing exergy destruction in
each of the equipment of the integrated plants can help improve the overall efficiency. Exergy analysis
also helps to reduce the carbon footprint of a power plant.

2. Methodology

2.1. Process Modeling Basis

The process simulation is based on a 300 MW thermal Allam cycle plant, which requires 3500 tons of
oxygen per day. The integrated power plant/ASU complex is more economical due to the large amount
of oxygen required by the Allam cycle, otherwise a nearby large ASU with pipeline infrastructure
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needs to be built. Furthermore, there must be other customers for the usage of oxygen to justify the
pipeline infrastructure. Another merit of integration is the ease of load changes and rejection of plant
disturbances with advanced process controls as done by the authors in a separate study. The power
generated from the Allam cycle is capable of powering all the equipment of the ASU with power for
export. The simulations of the integrated Allam cycle plant with an air separation unit (ASU) were
conducted using ASPEN PLUS V.10.ASPEN plus. The modeled process has a high degree of heat
integration along with several recycle streams. The heat integration was the use of air compressor’s
heat stream from the ASU for heating the recycled CO2 stream at the lower temperature end of the
recuperator and the work integration is the usage of the Allam’s power plant turbine to power all the
equipment of both the plants.

Exergy analysis is conducted in Aspen plus V.10, which contains the property sets: EXERGYMS,
EXERGYML (calculated on mass and molar basis respectively), and EXERGYFL (exergy flow rate) for
estimating exergy of material/energy streams, unit operations, and utilities. The chemical exergy had to
be calculated manually based on the thermochemical data available in the literature [20]. The process
flow sheet is based on a 300 MW thermal Allam cycle plant, which requires 3500 tons of oxygen
per day. Two different property packages are used: Peng Robinson for the air separation unit and
Soave-Redlich-Kwong for the Allam cycle. The feeds and utilities available at the battery limits are
given in Table 1.

Another parallel study conducted in this paper is the parametric (sensitivity) analysis of the
Allam cycle integrated with an ASU as opposed to previous studies that focused on the Allam cycle
only. The sensitivity analysis tool of ASPEN plus was used for this study. Since the ASU is parasitic
by nature, the impact of changing the operating parameters like the distillate to feed ratio on the
high pressure column, the reflux ratio of the low pressure column, feed air temperature, and feed air
pressure was studied. Recommendations for right operating conditions and improvements are given
in the results and conclusion pages respectively.
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Table 1. Conditions [21] and feedstock compositions [12] at battery limits.

Site Conditions Air Composition (Mass/Mass) Natural Gas Composition (Mole/Mole)

Site: Houston, TX Nitrogen (N2): 0.7809 Nitrogen (N2): 0.002
Ambient Pressure: 1.013 bar Oxygen (O2): 0.2095 Methane (CH4): 0.97

Dry Bulb Temperature: 21.89 ◦C Argon (Ar): 0.0093 Ethane (C2H6): 0.015
Wet Bulb Temperature: 18.28 ◦C Carbon Dioxide (CO2): 0.003 Propane (C3H8): 0.013

Relative Humidity: 64% Pressure: 1.013 bar N-Butane (C4H10): 0.004
CW Temperature: 15.6 ◦C Temperature: 30 ◦C Carbon Dioxide (CO2): 0.010

CW Pressure: 3.0 bar Flow Rate: 870 tph Pressure: 30 bar
Temperature: 38 ◦C

LHV: 47457 kJ/kg
HHV: 52581 kJ/kg
Flow Rate: 36 tph

2.2. Air Separation Unit Modeling

The Peng-Robison equation of state is the thermodynamic method used for the ASU to describe
the vapor-liquid and liquid-liquid equilibria. It is also useful to predict liquid densities of non-polar
gases (O2 and N2) used in modeling cryogenic air separation units [23].

The modeling parameters for the high pressure column (HPC) and low pressure column (LPC)
are given in Table 2. The number of stages were initially calculated based on the DSTWU method using
the Winn-Underwood-Gilliland method. Then a detailed column design was done using RadFrac
column. Dynamic simulation of the column determined the optimum number of stages for the required
separation and purity of O2 desired including consideration for flooding and weeping of the column and
sieve tray specification selection. This design was then validated with the work of Raibhole et al. [23].
The oxygen specific power, the most important performance indicator of the ASU, is defined as the
total power consumption per normal cubic meter of oxygen produced. It is 0.55 kW/scmh of oxygen
in this simulation. The high purity oxygen plants operate at low thermodynamic efficiency with its
oxygen specific power in the range of 0.5–0.6 kW/scmh.

Table 2. Summary of design parameters of high pressure column (HPC) and low pressure column
(LPC) [23].

Column Parameters HPC LPC

Number of Stages 39 55
Feed Temperature (◦C) −178 −192

Reflux Ratio 0.196 0.72
Condenser Temperature (◦C) −176 −192.8

Condenser Pressure (bar) 5.8 1.2
Distillate Rate (kmol/h) 22179.5 25891.8

Reboiler Temperature (◦C) −173.35 −181.5
Bottom Rate (kmol/h) 4961.34 4264.65

2.3. Allam Cycle Modeling

The combustor is one of the most important components of a gas turbine plant. The power
output of the turbine is proportional to the temperature of the gases produced in the combustor [24].
For a stoichiometric air-fuel mixture under adiabatic conditions the highest temperature obtained is
called the adiabatic flame temperature [25]. The combustor is modeled as an RGibbs reactor as the
high temperatures justify the assumption of chemical equilibrium. The turbine is modeled according
to the work of Scaccabarozzi et al. [26] which considers the three stage turbine cooling method.
The isentropic efficiency of the turbine is linearly proportional to the net electric efficiency of the cycle.
Increasing the isentropic efficiency of the turbine with one percentage point causes the overall electric
efficiency to increase by 0.33 percentage points. In this study the isentropic efficiency was taken as 93%.
The exhaust of the turbine going to the recuperator is made up of three sections (a hot temperature
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section, an intermediate temperature section, and a low temperature section) to avoid temperature
cross over effects [27,28]. Incomplete combustion is taken into account even though the formation of
carbon monoxide and soot is negligible due to the extreme high combustor temperature and pressure.

The thermodynamic package used is Soave-Redlich-Kwong (SRK) for the Allam cycle even though
Peng-Robinson is also appropriate. The reason for choosing SRK is this equation of state (EOS) agrees
with the experimental density data of the CO2-O2 binary mixture with a relative error of 2.2% [26].
The centrifugal compressors are modeled with a polytropic efficiency of 80% to account for the change
in the characteristics of the gas during compression and a mechanical efficiency of 98% [29]. The pumps
have an efficiency of 75%. The net power for export is 284 MW and the efficiency of the plant is 59.8%
with the net specific work from the plant being 307 kJ/kg of natural gas. Higher net specific work
with increased plant efficiency will be obtained if the ASU pumps oxygen instead of compressing it.
Table 3 highlights the comparison between the plant performance characteristics of the simulation of
air separation unit in which oxygen is a gas and is compressed by a compressor to an air separation
unit in which oxygen is a liquid and is pumped.

Table 3. Comparison of simulated plant performance parameters with oxygen compressor and
oxygen pump.

Plant Performance Parameters ASU with O2 Compressor ASU with O2 Pump

Net Electric Power Output (MW) 284 305.4
Plant Thermal Efficiency (%) 59.8 64.3

Net Specific Work (kJ/kg) 307 330.5
Power Consumption in ASU (MW) 71.3 52.2

ASU Specific Power Demand (kW/scmh) 0.5 0.4
Pump/Comp. Power Consumption (MW) 19.5 0.4

In the work conducted by Mitchell et al. [30] the net cycle efficiency can increase to 66.10% when
the Allam cycle plant is run on stored oxygen, increasing the net electric output by 17.67%, through the
avoidance of oxygen production penalty.

2.4. Exergy Analysis for the Integrated Plants

Exergy is the maximum work that can be obtained from a system during a process that brings
this system into equilibrium with its surroundings (at a reference state characterized by a temperature
T0 and a pressure P0). The exergy of the system will be zero once the system and its surroundings
reach equilibrium [31]. The energy balance is not suitable to identify the real loss in quality of energy
because the law of conservation of energy will always apply, whereas in an exergy balance it gives the
real loss in the quality of energy [32]. Since real process are irreversible, the total exergy flowing into
any unit operation is greater than the total exergy flowing out, some exergy is lost during the unit
operation. Ahrendts [33] suggested to use 25 ◦C and 1.013 bar as the standard or reference state for
chemical exergy for an environment in equilibrium. One effect of this choice is a lower chemical exergy
for gaseous and liquid water, the latter being very small.

In this work, the EXERGYFL from the ASPEN simulation was used. Exergy transfer has several
modes namely work and heat exergy, material stream exergy, and exergy destruction. The other
components of exergy transfer, such as potential and kinetic exergies are neglected.

The mode of exergy transfer with work is given as:

Ework = W, (1)

where, Ework is the exergy transferred due to work interaction and W is work. In ASPEN PLUS, work is
(+) when added to the equipment and negative (–) when it is generated. In the mode of exergy heat flow:
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Eheat = Q
(
1−

T0

T

)
, (2)

where, Eheat is the exergy transfer due to heat interaction, Q is the heat transfer rate, T0 and T is the
ambient temperature and temperature at which heat transfer take place respectively.

The exergy of the material stream is split into its chemical and physical parts for the analysis of the
power cycle [34], ECh and EPh is the exergy due to the chemical and physical components, respectively.

Em = ECh + EPh (3)

The physical exergy is the work obtainable by taking the substance through reversible processes
from its initial state temperature T and pressure P, to the environmental state given as T0 and P0 at
which the free enthalpy and entropy of formation are calculated [35].

EPh = H −H0 − T0(S− S0), (4)

where, H is the enthalpy and S is the entropy.
The chemical exergy is equal to the maximum amount of work obtainable when the substance

under consideration is brought from the environmental state, defined by the parameters T and P to
the standard dead state by the process involving heat transfer and exchange of substances only with
the environment.

ECh =
∑

xi[e0i + RT0 ln(γixi)], (5)

where, xi is the molar fraction of the component i and e0i is the standard chemical exergy obtained from
thermodynamic tables given in kJ/mol. Here γi is the activity coefficient of the component i which is
taken to be 1.

The exergy destruction also called irreversibility or exergy loss is given as:

Edestruction = Emin − Emout + Ework + Eheat, (6)

where, Emin and Emout is the flow of the material exergy streams in and out respectively.
The simple exergy efficiency of the ith component is given by:

ηexergy,i = 1−
Edestruction

Ein
, (7)

where, Ein is the Emin + Eheat + Ework,
This is used for most of the equipment. However, for a heat exchanger, pump, compressor and

distillation column, the rational exergy efficiency is used. It is the ratio of the desired exergy output to
the exergy used for that purpose. For the heat exchanger it is given by:

Ψ =

∑
G ∆EG∑
L ∆EL

, (8)

where, ∆EG is the thermal component gained by the Gth stream and ∆EL is the thermal component lost
by the Lth stream.

For a distillation column, the rational exergy is described by Equation (9). For a pump and
a compressor, the rational exergy efficiency is given by Equation (10).

Ψ =
Wmin

Wmin + ∆Eloss
, (9)

Ψ =
Ein − Eout

Win
, (10)
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where Wmin is the minimum work of separation, ∆Eloss is the exergy lost by the column, Win is the total
power input in kW, Ein is the exergy in, and Eout is the exergy out in kW [36].

2.5. Carbon Footprint Analysis

The exergy analysis done in the previous section helps to determine the environmental impact
(carbon footprint) of the integrated Allam/ASU power plant. Even though in the Allam cycle the
carbon footprint is taken to be zero, since it is used for EOR/feedstock/sequestration, improving its
efficiency by identifying the equipment of high exergy destruction can reduce the amount of CO2

generated in case sequestration is the only feasible means of disposal.
A ‘carbon footprint’ is the total amount of CO2 and other greenhouse gases, emitted over the full

life cycle of a process or product. It is expressed as grams of CO2 equivalent per kilowatt hour of
generation (gCO2/kWh). For fossil fueled power plants, the carbon footprint is by the CO2 emissions
during the operational period of the plant. The indirect emissions during other life cycle phases like
plant construction and mining of raw material is minor. Increasing the net power output of the
power plant with the lower consumption of fuel, by identifying and improving the efficiency of each
individual equipment will reduce the carbon footprint [37].

3. Results and Discussion

3.1. Exergy Analysis

3.1.1. Exergy Analysis Results of the Air Separation Unit (ASU)

In the exergy analysis of the ASU, the highest destruction of exergy is seen in the cryogenic heat
exchanger (60.82%), the main air compressor (16.39%), and the oxygen compressor (7.48%). Figure 3
shows the chart of exergy destruction.
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Figure 3. Air separation unit exergy destruction chart.

The possible causes of high destruction in the cryogenic heat exchanger are due to the cooling of
the air by exchanging heat with the N2 and O2 streams from the LPC. The probable exergy destruction
for the main air compressor is due to the thermal input to the lower end of the recuperator in the Allam
power plant. Table 4 shows the comparison of the exergy efficiency of this work for an ASU/ Allam
power cycle complex and the work done by Sapali et al. [36] for a standalone ASU.
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Table 4. Exergy efficiency of the air separation unit.

Component Exergy Efficiency (%) Exergy Efficiency (%)

This Work Sapali et al., 2013

Main Air Compressor 70.6 64.4
Cryogenic Heat Exchanger 57.7 56.4

Turbo Expander 59.9 50.2
High Pressure Column 44.9 50.2

Joule Thompson Valve 1 98.0 NA
Low Pressure Column 79.8 54.0

Joule Thompson Valve 2 98.4 NA
Sub-Cooled Heat Exchanger 69.1 88.2

Oxygen Compressor 65.6 NA

3.1.2. Exergy Analysis Results of the Allam Cycle

In the Allam cycle, the highest exergy destruction is seen in the combustor which is at 31.37%,
then followed by the recuperator at 28.68%, and the turbine at 23.62%. Figure 4 gives the detailed chart
of exergy destruction of the Allam cycle components and Table 5 shows the comparison of the Allam
cycle exergy efficiency of this work with the work done by Penkuhn et al. [12]. The minor differences
between the two studies can be attributed to: (1) a detailed ASU model was used in this work while
a simple black box model was used for the ASU in Penkuhn et al.’s work and (2) the ambient condition
chosen is 25 ◦C in our work (location Houston) and 15 ◦C in the work of Penkuhn et al. (location
Midwest). This choice of reference temperature affects the component molar exergies and the chemical
exergy of the given equipment.
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Possible cause of the exergy destruction in the recuperator is due to the exchange of heat between
the recycled sCO2 stream and the turbine exhaust. The loss of the exergetic efficiency in the Allam
turbine could also be due to the cooling of the turbine blades by the sCO2 coolant.

The temperature-entropy (T-S) plot shown in Figure 5 illustrates various stages of the Allam power
cycle. Point A is the turbine inlet and Point B is the turbine outlet. The cooling of the turbine exhaust
by the exchange of the heat with the recycled CO2 takes places from Point B to Point C (Line BC) in
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the recuperator. Line CD represents the cooling of CO2 and separation of water from the exhaust
stream. Point D is the CO2 compressor suction and its compression with intercooling is abbreviated as
Line DE. In Line EF the recycled CO2 is further cooled in the aftercooler, which results in an increase
in density. From Point F to Point G the recycle pump increases the pressure of the recycled CO2 to
312 bar. From Point G to Point H, the recycled CO2 exchanges heat with the exhaust of the turbine
in the recuperator. The combustion process takes place from Point H to Point A. Figure 5 illustrates
how the thermodynamic variables (temperature and entropy) change during the Allam cycle unit
operations (combustion, expansion, heating/cooling, compression, pumping, etc.) and is particularly
relevant from the exergy analysis point of view.

Table 5. Exergy efficiency of the Allam cycle.

Component Exergy Efficiency (%) Exergy Efficiency (%)

This Work Penkuhn et al., 2016
Natural Gas Compressor 89.7 85.7

Combustor 95.2 78.3
Allam Turbine 91.0 92.8
Oxygen Pump 71.3 50.1

Supercritical CO2 Pump 74.7 68.2
CO2 Compressor 60.9 85.5

Cooler 1 23.3 NA
Separator 99.5 89.6
Cooler 3 14.0 22.2

Recuperator 86.3 96.8
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3.2. Sensitivity Analysis of the ASU Operating Parameters on the Allam Power Cycle

This section analyzes the influence of the operating parameters (including disturbances) of the
air separation unit on the Allam power cycle. The following operating parameters are varied and its
effects on the Allam cycle are studied:

• distillate to feed ratio of the high pressure column;
• reflux ratio of the low pressure column;
• ambient air temperature; and
• ambient air pressure.

The observed effects on the Allam cycle plant include, the purity of piped carbon dioxide in mole
fraction, the turbine outlet temperature in degrees Celsius and net power for export. The purity of
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piped carbon dioxide is important because water, if present, can lead to corrosion problems in the
pipeline. Turbine outlet temperature is another important parameter to monitor because of the material
limitations of the recuperator downstream of the turbine.

3.2.1. Effect of Varying the Distillate to Feed Ratio in the High Pressure Column (HPC)

Here the distillate to feed ratio (D/F) of the high pressure column is varied between 0.81 and
0.82 using the sensitivity analysis tool of ASPEN PLUS while keeping all other parameters constant.
Figure 6 shows the effect of varying the distillate to feed ratio of the high pressure column. As can be
seen, the best CO2 purity (97.7%) is at 0.8172 (D/F). Operation at any lower/higher ratio will reduce the
purity of piped CO2 stream. If a high purity CO2 stream is required for a feedstock, like a urea plant
integrated with the power plant, this can be a cause for concern if the operating parameter varies from
this value. It is thus recommended to install a carbon dioxide processing unit for the piped CO2 stream
to handle a deviation from this operating point. The turbine exhaust temperature are also within the
limits of its operating range.
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3.2.2. Effect of Varying the Reflux Ratio of the Low Pressure Column (LPC)

In this scenario, the reflux ratio (RR) is varied between 0.7 and 0.72. The purity of piped CO2 (89%)
is lower at 0.7 RR. The turbine outlet temperature is around 760 ◦C, which is much higher than the
temperature (750 ◦C) that the Heatric heat exchanger (made of Inconel 617 alloy) can tolerate. Figure 7
shows the effect of varying the reflux ratio of the LPC. For this simulation the RR of 0.72 was chosen so
that the turbine exhaust temperature will remain at 744 ◦C. If the RR drops due to an operator error or
some unforeseen disturbance in the ASU unit, it is recommended that the recycled CO2 stream to the
combustor be increased to reduce the turbine exhaust temperature and the load of the plant should be
dropped. The purity of piped CO2 is the highest at 0.72.
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3.2.3. Effect of the Ambient Air Temperature and Pressure to the ASU Power Demand

The ambient air temperature ranges between −2 and 40 ◦C, which is experienced in Houston,
Texas during the winter and summer, respectively. The power requirements of the main air compressor
increase as the ambient temperature increases as shown in Figure 8. For the ambient pressure,
comparison was done between Houston, Texas, which is located at the sea level and Denver, Colorado,
which is located at an elevation of 5280 feet (1609 m). In this case, the power requirement for the main
air compressor is more for the lower barometric pressure location (Denver) and less for the higher
barometric pressure location (Houston) as shown in Figure 9. Therefore, low elevation with a high
ambient pressure should be favored.CleanTechnol.2019, 1 FOR PEER REVIEW                                                                                13 

 

Figure 8. Effect of the disturbance in ambient air temperature on the Allam cycle performance. 

 

Figure 9. Effect of the disturbance in ambient air pressure on the Allam cycle performance. 

3.3. Carbon Footprint Comparison and Impact on Global Carbon Dioxide Emission Levels 

Table 6 shows the carbon footprint comparison between an Integrated Gasification Combined 

Cycle (IGCC) power plant with and without carbon capture, a Natural Gas Combined Cycle (NGCC) 

power plant with and without carbon capture, an Indirect-fired sCO2 Recompression Brayton cycle 

power plant, and an Allam cycle (Direct-fired Oxy-fuel sCO2 Brayton cycle) power plant. In general, 

there is an efficiency penalty associated with carbon capture except for the Allam cycle for which the 

generated CO2 is sent at the pipeline grade specification for EOR/utilization/sequestration. It can be 

seen that the high thermal efficiency of the Allam cycle power plant (59.8%) is achieved even with 

the requirement of an associated air separation unit. 

Table 6. Carbon footprint comparison of various power cycles [13,18,38–40]. 

Comparison 

Indicators 

IGCC * NGCC * 
Recompression 

sCO2 Brayton Cycle 
Allam 

Cycle 
With CC * Without CC * With CC * Without CC * Without CC 

Thermal Efficiency (%) 38.6 44.2 47.7 53.8 *** 52.1 59.8 

Carbon Capture (%) 90.1 0 90.7 0 0 100 

Carbon Footprint 

(gCO2/kWh) 
109.7 968 39 373 385.3 0 ** 

Cycle Brayton + Rankine Brayton Brayton 

*: IGCC—Integrated Gasification Combined Cycle. NGCC—Natural Gas Combined Cycle. CC—

Carbon Capture (Post Combustion). **: Under the assumption that piped CO2 is utilized for enhanced 

oil recovery (EOR) or chemical feedstock and there are no leaks to the environment. ***: New General 

Electric HA class turbines have an efficiency of greater than 62%. However, the cost of post 

combustion capture is expensive. 

Based on the Table 6 results and the following assumptions: (1) all power plants are converted 

to the Allam cycle; (2) all generated pipeline-grade CO2 can be sequestered or utilized (3) power 

generation by renewable energy sources are not considered; (4) all other carbon emissions remain 

Figure 8. Effect of the disturbance in ambient air temperature on the Allam cycle performance.

CleanTechnol.2019, 1 FOR PEER REVIEW                                                                                13 

 

Figure 8. Effect of the disturbance in ambient air temperature on the Allam cycle performance. 

 

Figure 9. Effect of the disturbance in ambient air pressure on the Allam cycle performance. 

3.3. Carbon Footprint Comparison and Impact on Global Carbon Dioxide Emission Levels 

Table 6 shows the carbon footprint comparison between an Integrated Gasification Combined 

Cycle (IGCC) power plant with and without carbon capture, a Natural Gas Combined Cycle (NGCC) 

power plant with and without carbon capture, an Indirect-fired sCO2 Recompression Brayton cycle 

power plant, and an Allam cycle (Direct-fired Oxy-fuel sCO2 Brayton cycle) power plant. In general, 

there is an efficiency penalty associated with carbon capture except for the Allam cycle for which the 

generated CO2 is sent at the pipeline grade specification for EOR/utilization/sequestration. It can be 

seen that the high thermal efficiency of the Allam cycle power plant (59.8%) is achieved even with 

the requirement of an associated air separation unit. 

Table 6. Carbon footprint comparison of various power cycles [13,18,38–40]. 

Comparison 

Indicators 

IGCC * NGCC * 
Recompression 

sCO2 Brayton Cycle 
Allam 

Cycle 
With CC * Without CC * With CC * Without CC * Without CC 

Thermal Efficiency (%) 38.6 44.2 47.7 53.8 *** 52.1 59.8 

Carbon Capture (%) 90.1 0 90.7 0 0 100 

Carbon Footprint 

(gCO2/kWh) 
109.7 968 39 373 385.3 0 ** 

Cycle Brayton + Rankine Brayton Brayton 

*: IGCC—Integrated Gasification Combined Cycle. NGCC—Natural Gas Combined Cycle. CC—

Carbon Capture (Post Combustion). **: Under the assumption that piped CO2 is utilized for enhanced 

oil recovery (EOR) or chemical feedstock and there are no leaks to the environment. ***: New General 

Electric HA class turbines have an efficiency of greater than 62%. However, the cost of post 

combustion capture is expensive. 

Based on the Table 6 results and the following assumptions: (1) all power plants are converted 

to the Allam cycle; (2) all generated pipeline-grade CO2 can be sequestered or utilized (3) power 

generation by renewable energy sources are not considered; (4) all other carbon emissions remain 

Figure 9. Effect of the disturbance in ambient air pressure on the Allam cycle performance.

3.3. Carbon Footprint Comparison and Impact on Global Carbon Dioxide Emission Levels

Table 6 shows the carbon footprint comparison between an Integrated Gasification Combined
Cycle (IGCC) power plant with and without carbon capture, a Natural Gas Combined Cycle (NGCC)
power plant with and without carbon capture, an Indirect-fired sCO2 Recompression Brayton cycle
power plant, and an Allam cycle (Direct-fired Oxy-fuel sCO2 Brayton cycle) power plant. In general,
there is an efficiency penalty associated with carbon capture except for the Allam cycle for which the
generated CO2 is sent at the pipeline grade specification for EOR/utilization/sequestration. It can be
seen that the high thermal efficiency of the Allam cycle power plant (59.8%) is achieved even with the
requirement of an associated air separation unit.

Based on the Table 6 results and the following assumptions: (1) all power plants are converted
to the Allam cycle; (2) all generated pipeline-grade CO2 can be sequestered or utilized (3) power
generation by renewable energy sources are not considered; (4) all other carbon emissions remain
constant; (5) the global power generation carbon footprint is constant at 49.04% as shown in Figure 1b;
(6) all earth source/sink dynamics remain the same; and (7) 1 Gt of CO2 emission = 0.127 ppm of CO2 in
earth atmosphere, the authors performed the following simplistic calculations to estimate the potential
benefit of the Allam cycle technology on reducing the global atmospheric CO2 levels:
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Carbon print reduction: from 34.22 Gt/yr to 22.95 Gt/yr
Years to reach 450 ppm level: (450 − 409.36) ppm/[(22.95 Gt/yr) × (0.127 ppm/Gt)] = 13.9 yr
Years to reach 450 ppm level: (450 − 409.36) ppm/[(34.22 Gt/yr) × (0.127 ppm/Gt)] = 9.4 yr

Where 409.36 ppm is the CO2 level in 2018 and 34.22 Gt/yr is the latest global CO2 emissions
(Baseline). It can be seen the Allam cycle technology alone can potentially delay the time to reach
450 ppm CO2 (or 2 ◦C temperature rise) by 4.5 years.

Table 6. Carbon footprint comparison of various power cycles [13,18,38–40].

Comparison Indicators IGCC * NGCC * Recompression sCO2
Brayton Cycle Allam Cycle

With CC * Without CC * With CC * Without CC * Without CC

Thermal Efficiency (%) 38.6 44.2 47.7 53.8 *** 52.1 59.8
Carbon Capture (%) 90.1 0 90.7 0 0 100

Carbon Footprint (gCO2/kWh) 109.7 968 39 373 385.3 0 **
Cycle Brayton + Rankine Brayton Brayton

*: IGCC—Integrated Gasification Combined Cycle. NGCC—Natural Gas Combined Cycle. CC—Carbon Capture
(Post Combustion). **: Under the assumption that piped CO2 is utilized for enhanced oil recovery (EOR) or chemical
feedstock and there are no leaks to the environment. ***: New General Electric HA class turbines have an efficiency
of greater than 62%. However, the cost of post combustion capture is expensive.

4. Conclusions and Recommendations

This paper presents a detailed model of the Allam cycle combined with an air separation unit
(ASU) with a high degree of heat and work integration. The authors recommend that two plants
should be operated by the same company and the power output of the power plant should power
the ASU’s equipment, rather than depend upon an external grid. This type of arrangement can help
reject any disturbances to the operation of the integrated plants quickly and smoothen the operations.
Locating the Allam cycle and ASU near coastal areas where the ambient conditions are suitable for
peak performance is one important consideration.

Earlier works on exergy analysis were done on the Allam cycle and ASU independently.
To the authors best knowledge this is the first exergy analysis work on the integrated plants. It was
found that for the ASU, the cryogenic heat exchanger was the major source of exergy destruction
followed by the main air compressor. For the Allam cycle, the major exergy destruction was seen in
the combustor followed by the recuperator. Comparison of the Allam cycle performance was made
between ASU with O2 compressor and ASU with O2 pump, it was found that ASU with O2 pump was
more efficient because of a higher net specific work and a lower power consumption. Wide changes in
the ASU operating parameters can affect the purity of CO2 and it is recommended to install a carbon
dioxide processing unit to maintain the purity of piped CO2.

State-of-the-art fossil-fuel power cycles: Integrated Gasification Combined Cycle (IGCC), Natural
Gas Combined Cycle (NGCC), and Recompression Supercritical CO2 Brayton Cycle with the
post-combustion carbon capturing technology can only remove approximately 90% of the produced
CO2. On the other hand, the carbon footprint for the Allam cycle is virtually zero because the process
produces high pressure, pipeline grade CO2 that can be utilized for enhanced oil recovery (EOR),
as a chemical feedstock, or for underground storage. For a 300 MW Allam power plant, the total CO2

for EOR/utilization/sequestration per year is 772,200 tons (97.5 tph × 24 hrs × 330 days) if it operates
at 330 days per year. If used for EOR, the plant can earn $27 million in 45Q tax credits while if it is
used for sequestration in other geologic formation, the tax credit for the plant can be $38.6 million
(in the US). It is to be noted that the adoption of the natural gas Allam cycle technology is more effective
in reducing global carbon emissions than converting coal-fired power plants to natural gas integrated
combined cycle plants with carbon capture.

Further work, using the techniques in this paper, can be conducted to investigate the exergy
analysis of the modified Allam Cycle (Z-cycle) proposed by Zhu et al. [41] where they have utilized
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high pressure pumps instead of compressors. This would improve upon their findings of efficiency or
help in the validation of their work.
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