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Abstract. Allam cycle is a novel cycle that capitalizes on the unique thermodynamic properties of
supercritical CO2 and the advantages of oxy-combustion for power generation. It is a high-pressure
supercritical carbon dioxide cycle designed to combust fossil fuels such as natural gas or syngas (from coal
gasification systems) with complete CO; separation at a high-efficiency and zero atmospheric emissions.
This semi-closed cycle produces sequestration-ready/pipeline quality CO2 by-product, and thus eliminates the
need for additional CO2-capture system. The Coal-fueled Allam cycle is targeted to deliver between 51-52%
net efficiency (lower heating value) for coal gasification. In this study, the expected energetic efficiency is
verified by simulating the system in Ebsilon professional software and the result showed that the net efficiency
of the simulated coal-fired plant is 30.7%, which is significantly lower than the targeted value. The lower
efficiency maybe as a result of the missing heat integration in the system, the high power demand of the
oxidant compressor and CO2 compressors. And an exergy analysis based on published cycle data is employed,
to investigate the cycle performance, identify the sources of the cycle’s thermodynamic inefficiencies at the
component level; a sensitivity analysis is also performed to study the effects of selected thermodynamic

parameters on the overall performance of the coal-fired Allam cycle.

1 Introduction

Coal is regarded as one of the largest resources for power
generation worldwide. According to International Energy
Agency (IEA), coal-fired power generation increased by
approximately 3% in 2017 and in 2018, reaching a new
peak above 10,000 TWh [1]. Globally, over 30% of the
global energy demand and over 40% of the electricity
generated is derived from coal, owing to the fact that it is
a secure and relatively low-cost source of energy, and the
resources are abundant and broadly distributed
geographically [2]. However, with the significantly
increasing demand in global energy, comes the challenge
of increasing CO; emissions, of which coal-fired power
plants are major contributors.

In a bid to reduce CO; emissions from power generating
plants, several solutions have been proposed and
developed. The carbon capture and storage (CCS) is one
of such. Incorporation of this solution however, presents
detrimental efficiency penalty and increased price of
electricity due to the high cost of additional equipment.
Therefore, novel technologies that generate electricity
from coal with reduced CO,emissions and high efficiency
are being developed.

The core Allam cycle was developed and patented by
Rodney Allam in 2013 and demonstrated with natural gas
by NET Power LLC. It capitalizes on the unique
thermodynamic properties of supercritical CO; as a

working fluid in an oxy-combustion processes for power
generation, is one of such promising technologies. This
semi-closed cycle employs high-pressure supercritical
CO; in a highly recuperated cycle to reduce emissions,
producing only pipeline grade CO,, hence eliminating the
common necessity of additional capture, clean-up, and
compression system [3]. The results of this technological
setup include: significantly higher efficiencies, lower
capital cost due to the simplicity of the Allam cycle core.
The high efficiency stems from the moderate critical point
of carbon dioxide at 30.98 °C and 73.8 bar, which
compared to water can be easily compressed; as a result,
the work of compression can be significantly reduced and
invariably the plant efficiency enhanced [4].

In 2016, Lu et al. [5] introduced the coal variant of the
Allam cycle system; the study focused on the unique
considerations, possible hurdles and the advantages of
integrating a commercially-available gasifiers with the
Allam cycle. The efficiency of the Coal Allam cycle
varied between 43.3% - 49.7% (HHV, or 45% -52% on
the LHV basis).

2 System Description

In order to utilize coal, the core Allam cycle requires
several additional units, namely:
a) a coal gasifier and ancillary systems (to produce
clean syngas)
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Unique considerations for a syngas combustion

Table 1. Environmental conditions used for the simulation [9].

turbine.
The power plant in the present study comprises of three
(3) main subsystems: the coal gasification island, the
supercritical CO, power cycle, and the air separation unit
(ASU) as shown in Fig. 1. It is based on the flow sheet
proposed by Rodney et al. [6] with few variations which
are described in subsequent sections.

Due to proprietary and intellectual property, detailed flow
sheet, component assumptions and boundary conditions
used in the design of Allam cycle are yet to be disclosed
in literature. Hence, available process data [6-8] as well
as best practice guidelines are used to obtain somewhat
comparable results.

The environmental conditions according to [9] as well as
the air compositions (default composition from Ebsilon
professional software) are presented in Table 1 and 2
respectively. The composition of the coal (Table 3) used
for the simulation is according to NETL’s Quality
Guidelines for Energy System Studies.

Site Conditions
Ambient Pressure 1.050 bar
Ambient Temperature 15.0°C
Relative Humidity 60 %
Cooling water temperature 15.0°C

Table 2. Air composition®

Air Composition
Nitrogen 0.7544
Oxygen 0.2312
Argon 0.1289
Carbon Dioxide 0.0004995
Water 0.001000
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Fig. 1. Flowsheet of the Coal-fired Allam cycle simulated in
Ebsilon

@ According to the default air composition in Ebsilon
professional
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Table 3. Bituminous Coal Composition [10]

Coal Composition
Ultimate analysis As received, wt%

Carbon 63.75
Hydrogen 4.50
Nitrogen 1.25
Sulfur 251
Chlorine 0.29

Ash 9.70
Moisture 11.12
Oxygen 6.88

The coal is dried by steam to 5% moisture content and is
then fed to the gasifier. The steam and the oxygen (from
the ASU) needed for the gasification process are also fed
into the gasifier. The produced fuel gas passes through a
series of heat exchangers, fine particle filters and acid gas
removers to absorb CO; and H,S. The cleaned syngas is
then compressed and sent to the combustor of the power
cycle where it reacts with pure oxygen and recycled CO5.
The turbine inlet temperature of 1150 °C by controlling the
mass flow rate of the recycled CO»,

The air separation unit is modelled as a black box, with
specific power demand specified in order to calculate the
power that must be supplied by the main cycle. The pure
oxidant stream exiting the ASU is split into two streams,
one to be fed into the coal gasifier and the other, to the
oxidant compression train. In order to limit the net power
consumption of the oxidant compressors, a multistage
compression with interstage cooling is employed. The
residual heat of compression is transferred to a recycle
CO; stream, lowering the temperature of the pure oxygen
fed into the combustor to 750 °C. The supercritical CO-
(SCO2) power cycle is modelled according to the SCO,
power cycle of the pulverized coal power station retrofit
example in [6].

After leaving the heat exchangers, the flue gas is further
cooled to condense water contained within the stream. A
selective splitter is used to separate liquid, and gaseous
water, unburnt oxygen and nitrogen, leaving the flue gas
as a pure CO. stream. This CO, stream is then compressed
using a multistage inter-cooled compressor, to the needed
high pressure, thus closing the power cycle.

3 Methodology

The Ebsilon Professional software was used for the
simulation of the coal-fired Allam cycle and the Microsoft
Visual Basic Application (VBA) was used to conduct the
exergetic analysis of the stream and the components.
Ebsilon professional provides information about the
thermodynamic efficiency of the system, while the
Microsoft VBA tool was used obtain the chemical exergy

of the individual streams and to conduct the component-
wise exergy analysis, this analysis provides detailed data
about the main sources of inefficiencies within the cycle.
The simulation parameters for the coal-fired Allam cycle
are shown in table 4 below.

Table 4. Simulation parameters for the analysis of the coal-

fired Allam cycle

Parameter Value | Reference
Turbine Inlet Temperature °C 1200 [7]
Turbine Inlet Pressure bar 300 [7]
Turbine Pressure Ratio 10 [7]
Combustor Pressure drop % 1.6 [7]
Oxygen Purity % 99.5 [11]
ASU, Specific Power Demand 245 [11]

kWh/kgO»
Generator efficiency 99 [11]
Mechanical Efficiency for all 98 [11]
Compressor

Compressor Isentropic Efficiency 85 [9]

3.1 Thermodynamic analysis

In using the Ebsilon Professional modelling software, the
mass and energy balances for the simulation model are
solved. The electrical efficiency of the power cycle is
defined as follows:

Wnet
mfuel* LHV

n= (1
The reference temperature and pressure used for the
exergetic analysis are the same as listed in Table 1.

3.2 Exergy Analysis

Exergy analysis of a system provides vital information
that reveal thermodynamic inefficiencies within a system,
which are not obvious when analyzed using conventional
thermodynamic analyses. It is defined as the maximum
theoretical useful work obtained from a thermal system as
it is brought into thermodynamic equilibrium with the
environment while interacting with the environment only.
Exergy can be destroyed within a system due to chemical
reactions, friction, mixing of streams at different
temperatures, pressure and composition and heat transfer.

The exergy of each stream is further split into its chemical
and physical exergy as follows:

£ = ECH 4 EPH 2)

Since the process operates at steady-state conditions, the
exergy balance of each component £ is used to calculate
the exergy destruction peculiar to each component £.
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Zf Eq’}'.k + Wk + ZiEi,k - Ze Ee,k - ED,k =0 (3)

To determine the real thermodynamic performance of a
system’s component k as well as for the overall system,
the exergy destruction Ep ) can further be used. The
exergetic efficiencies of the k-th component & is
calculated using the following equation:

_ Eprx _ . Epg
€ = Epk 1 Epk @

In addition to the exergy destruction that occurs within the
system components, the analysis of possible exergy losses
to the environment is also considered with the equation
below.

_ Eptor _ YiEpr+ELtot

Eptor 1-= Eftot ®)
where E p.tot and E F tor are the exergy rates of product and
fuel of the overall system. The exergy rates E p and
E r x determine the respective exergy rates of product and
fuel of a specific component k. By calculating the total
component exergy destruction Ep, , and the exergy losses
E, ¢ of the overall system, the real thermodynamic
efficiencies of the system are determined.

Another important parameter is the exergy destruction
ratio yp x, which quantifies the contribution of the exergy
destruction within a component k to the reduction in the
overall exergetic efficiency €;,; of the system.

E
Eror = Dk (6)

EF,tot

Data obtained from the exergy analysis is used to define
the thermodynamic performance of a system and the
various components that make up the system.

4 Results and Evaluation

This section presents the findings of the thermodynamic
and exergetic analysis of the coal-fired Allam cycle which
forms the bedrock for further discussions on the effects of
important process parameters on cycle performance.

4.1 Results of simulation

The net efficiency of the coal-fired Allam cycle in this
study is 30.7 %; the principal parasitic loads of the plant
(these were considered in the efficiency calculation) as
shown in Table 5 below include: The Air Separation Unit,
the CO», syngas, and oxidant compressor.

Table 6 shows the most important components in the
exergetic analysis to be considered for improvement. The
results of the exergetic efficiency as shown in table 6,
indicate that the main inefficiencies can be found with the
power cycle. The overall exergetic efficiency is 29%. This
means that only 29% of the available energy is converted
into useful work. An exergetic efficiency of 29% is

considerably low, implying that there are large amounts
of inefficiencies within the system. Which are as a result
of high destruction and losses. Exergy destruction within
a component could be a function of friction and
irreversibilities within the components and in the overall
system itself, whilst losses are the heat transferred to the
environment.

Table 5. Results of the simulation

Parameter Unit Value
Mass Flow Rate of Syngas Kg/s 49.9
Gross energy produced (LHV) | [MW] | 644.077
CO2 compression train [MW] 142.393
Oxidant compression train [MW] 119.218
Net Energy Produced [MW] 255.643
Efficiency (LHV) [%] 30.7

The result in Table 5 shows that the net efficiency of the
coal-fired plant is 30.7% which is significantly lower than
the NETL reported value. The lower efficiency maybe as
a result of the missing heat integration in the system, the
high power demand of the oxidant compressor and CO,
compressors. In addition to this, the parameter uncertainty
has a very huge influence on the efficiency.

Table 6. Results of exergy analysis

Component Ep i IMW] | Yo [%0] | & [%]
Combustion Chamber 132.70 27 824
Expander 13.74 3 97.98
Flue Gas HE (1) 6.57 1 41.65
Flue Gas HE (2) 4.39 1 98.74
Cold Water HE 21 4 93.26
ASU 16 3 93.05
Overall Cycle [%] 49.3 29.20

The component with the highest exergy destruction is the
combustion chamber, this is due to irreversibilities in the
chemical reaction occurring within, and the mixing of
streams at different temperatures. Within the combustion
chamber, about 27% of the exergy of the fuel is destroyed;
this implies that it is a clear candidate for improving the
overall exergetic efficiency. Even a slight increase in this
components exergetic efficiency will lead to a significant
decrease in exergy destruction. This can be achieved by
incorporating a cooling technology as described in
literatures. However, the Ebsilon professional software
limits the modelling of a combustion chamber and
expander cooling.

Other candidates for improvement include the gas
expander (over 13% exergy destruction), the ASU, the
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series of two heat exchanger used in cooling the flue gas
as shown in Fig. 2 and the heat exchanger which increases
the temperature of recycle CO, by using the heat from the
compressed pure oxygen. These heat exchangers
including the gas expander, however, shows high
exergetic efficiency compared to the combustion
chamber.
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Fig. 2. Heat Exchanger with high exergy destruction rates.

4.2 Sensitivity Analysis

The result of the thermodynamic and exergetic analysis
show that most of the important units are the combustion
chamber, the expander and the heat exchangers within the
cycle. Bases on this information, some important
parameters are varied in orders to understand their
influence on the cycle performance.

4.2.1 ASU Specific Power Consumption

The specific energy consumption for producing oxygen of
99.5% purity vary from literature to literature. However,
in this study, the specific energy consumption of 245
kWh/t was used according to [11]. The effect of the ASU
specific energy consumption on the cycle performance is
observed in this section over a range of 200-250 kWh/t
and the results is shown below in Fig. 3.

The results show that the efficiency decreases with every
10 kWh/t increase in the specific power consumption by
approximately 1%. Invariably, the lower the specific
power consumption of the air separation unit, the higher
the efficiency of the plant. This unit has significant
influence on the plant efficiency.
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Fig. 3. Effect of Specific Power Consumption of the Air
Separation Unit on the cycle performance.

4.2.2 Turbine Inlet and outlet Pressure

According to [11], the net efficiency of the plant increases
with increased turbine inlet temperature and a fixed
turbine outlet pressure. This section studies the effect of
varying the turbine inlet and outlet pressure keeping the
pressure ratio of the outlet to inlet constant at 10. It also
studies the effect on the CO, recompression power
demand which inevitable affects the overall cycle
performance. The turbine inlet pressure was varied from
240 to 300 bar with 10 bar increase in each step as higher
inlet pressures require adjustments in the heat
recuperation and design of the heat exchangers. The
results as shown in Fig. 4 indicates that, the lower the
turbine inlet pressure, the higher the power demand for
the CO, compression and resultantly, the lower the cycle
efficiency.
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Fig. 4. Effect of varied turbine inlet and outlet pressure at a
constant pressure ratio of 10.
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5 Conclusion

This study modelled the coal-fired Allam cycle in Ebsilon
professional software based on the limited data open to
the public and subsequently, analyzes the exergetic
performance of the cycle. The results obtained in terms of
efficiency is considerably low (30.7%) compared to the
targeted value of above 51% LHYV reported in [5]. The
major missing links, being the heat integration loops,
combustion and the turbine cooling as indicated by Lu et
al. [5], which have beneficial effect on the cycle
performance have not been included in this study. The
analyses showed that the efficiency of the simulated
Allam cycle can be improved by further cooling the flue
gas to near ambient temperatures; this condition will
lower the work done by the compressor, the power
demand which would increase the efficiency of the plant.
The study also shows that the efficiency of the plant is
directly related to the inefficiencies of components like
the combustion chamber, gas turbine, recuperative heat
exchangers and the power consumption of the air
separation unit. To improve the efficiency of the plant,
particular attention should be given to the above in future
research.
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