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EXECUTIVE SUMMARY
This final report details the key outputs and findings of the project titled “Chemical Looping Oxygen
Generation for Oxy-fuel Combustion and Gasification; Project ID: 3-1110-0089”. The project,
supported by generous funding from the ANLEC-R&D, was conducted over the period between 13 Sept
2011 and 31 March 2014 by a team of researchers from the University of Newcastle. The project was
concerned with the development of a novel chemical looping based air separation process named CLASChemical Looping Air Separation (and its variant named ICLAS- Integrated Chemical Looping Air
Separation) to facilitate the commercial-scale deployment of oxy-fuel combustion across the power
generation sector. The project was part of a larger program of study at the University of Newcastle on
alternative air separation technologies and specifically complemented two other relevant projects funded
by the NSW Coal Innovation and Glencore (formerly Xstrata Coal), respectively. The emphasis of the
project 3-1110-0089, though, was mainly on integration and optimisation of CLAS based systems for
retrofit into coal-fired power plants.
As detailed below (and also as reported previously in Milestone Reports #1 and #2), by and large the
project reached all its key milestones and successfully met its targets. The only Milestone which was
partially completed and did not reach its final target was Milestone 11 (formal association with ASU or
boiler manufacturers) despite several attempts made by the research team to engage with companies such
as Air Liquid and BOC Gases and Alstom Power. Out of these companies, Air Liquid and BOC gases
have suggested that they have already invested heavily in cryogenic based technologies and hightemperature membrane technologies and as such may not wish to support further alternative technologies
like CLAS at present time. Alstom has shown interest in understanding CLAS process in terms of its
integration with Oxy-fuel combustion. However, their interest has not resulted into any further formal
collaboration/project.
Nevertheless, the project produced the scientific evidence that confirms the viability of the chemical
looping air separation process from both technical and economic points of view under some specialized
conditions such as the availability of low-cost natural gas and high electricity wholesale price.
To achieve the broad objectives of the project the team designed, constructed and commissioned several
innovative experimental setups at bench-scale, pilot-scale and demonstration scale. These included a
fixed-bed chemical looping reactor, a 10 kWth pilot-scale prototype of the CLAS / ICLAS process and a
large-scale demonstration unit (supported by NSW Coal Innovation). The team also employed an
extensive array of conventional laboratory equipment and analytical / characterisation instruments. The
project starts with thermodynamic analysis where suitable oxygen carriers were identified. Followed by
this, their reactivity and selectivity analysis were carried out. Also, thermal cycle tests were performed
to evaluate the stability of the products. The results show that CuO-SiO2 is the most suitable oxygen
carrier and the preferred production method is dry impregnation. In addition, copper based bi-metallic
oxygen carriers are found to effectively mitigate the agglomeration issues while improving the stability
of the oxygen carriers. The 10 kWth ILCAS prototype shows stable operation with continuous oxygen
production.
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Achieving project aims also required a great deal of theoretical, mathematical modelling and numerical
simulations. One of the other key outcomes of the theoretical / modelling studies was the knowledge and
experience gained experimentally in this study from the small-scale laboratory and pilot-scale prototypes
of CLAS / ICLAS, which allow designers in the future to design industry-scale versions of the CLAS
system.
We also carried out a detailed techno-economic assessment of a hypothetical coal-fired power plant
(largely based on the technical specifications for the Liddell power station in NSW) for oxy-fuel retrofit
and determined the extent to which the economic viability of oxy-fuel operations is enhanced by
integration of the chemical looping based air separation processes into such operations. The detailed
technical analysis revealed that ICLAS with natural gas integration is energy efficient compared to
Cryogenic Air Separation Unit (CASU) running on parasitic load. This is primarily due to the fact that
ILCAS needs less auxiliary power compared to CASU. It should be noted that no data is available in the
public domain showing CASU-natural gas integration scheme. As such compression being the key step
required in CASU, such effective methane integration that seems working for ICLAS may not be feasible
for CASU. Despite the fact that ICLAS-natural gas integration has resulted into higher efficiencies than
CASU running on parasitic load, from series of detailed NPV analyses it was observed ICLAS-natural
gas integration may not be viable under the present operating and economic conditions. Nevertheless,
from sensitivity analysis it was concluded that ICLAS can become feasible if economic conditions are
improved, e.g. a low natural gas market price (<3.5$/GJ), a high electricity wholesale price (> 59 $/MWh),
and/or a high carbon tax (> 33$/tonne). However, such numbers for CASU appears to be reasonably high
(e.g. carbon tax > 35$/tonne, natural gas and electricity price are not applicable).

15 April 2015
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Response to Review Questions
Revised Final Project Report – 3-1110-0089
Chemical Looping Oxygen Generation for Oxy-Fuel Combustion and Gasification
Author(s): B. Moghtaderi, T. Wall, E. Doroodchi, K. Shah, C. Zhou and H. Song
Reviewer comment 1: The requirements for this final project report include “providing
experimental data generated on the Project, a description of analytical approaches and
detailed results and interpretation from the project including techno-economic assessment”.
The report provides a brief overview of the work done during the project with some additional
data included in two separate appendices, both previously submitted as milestone reports.
While “typical” data is provided from certain experimental campaigns, the report does not
appear to contain a comprehensive schedule of the experimental work completed or of the
results obtained thereof.

Reply: Much of the comprehensive reporting is outside the scope of the ANLEC project and
as such has appeared in progress, milestone and final reports for other funding agencies as
well as a number of scholarly publications.
REFERNCES
1. Song, Hui, Kalpit Shah, Elham Doroodchi, Terry Wall, and Behdad Moghtaderi. "Analysis on chemical
reaction kinetics of CuO/SiO2 oxygen carriers for chemical looping air separation." Energy & Fuels 28, no.
1 (2013): 173-182.
2. Song, Hui, Kalpit Shah, Elham Doroodchi, Terry Wall, and Behdad Moghtaderi. "Analysis on chemical
reaction kinetics of CuO/SiO2 oxygen carriers for chemical looping air separation." Energy & Fuels 28, no.
1 (2013): 173-182.
3. Song, Hui, Kalpit Shah, Elham Doroodchi, Terry Wall, and Behdad Moghtaderi. "Reactivity of Al2O3-or
SiO2-Supported Cu-, Mn-, and Co-Based Oxygen Carriers for Chemical Looping Air Separation." Energy
& Fuels 28, no. 2 (2014): 1284-1294.
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4. Shah, Kalpit, Behdad Moghtaderi, and Terry Wall. "Selection of suitable oxygen carriers for chemical
looping air separation: a thermodynamic approach." Energy & Fuels 26, no. 4 (2012): 2038-2045.
5. Zhou, Cheng, Kalpit V. Shah, and Behdad Moghtaderi. "Techno-Economic Assessment of Integrated
Chemical Looping Air Separation for Oxy-Fuel Combustion: An Australian Case Study." Energy &
Fuels (2015).
6. Shah, Kalpit, Behdad Moghtaderi, Jafar Zanganeh, and Terry Wall. "Integration options for novel chemical
looping air separation (ICLAS) process for oxygen production in oxy-fuel coal fired power plants." Fuel 107
(2013): 356-370.
7. Shah, Kalpit, Behdad Moghtaderi, and Terry Wall. "Effect of flue gas impurities on the performance of a
chemical looping based air separation process for oxy-fuel combustion." Fuel 103 (2013): 932-942.

Reviewer comment 2: The 10kW pilot plant work does appear to show a fluid bed process
can be built, started up and made to produce oxygen. However, there would seem to be much
additional valuable information potentially available from such equipment. For example,
experimental data on key practical factors such as physical degradation and deactivation of
the oxygen carrier as a function of operational time and conditions is essential for
consideration of potential for further concept development, yet the single plot of oxygen output
from the pilot plant shows a production trace lasting only 50 minutes.

Reply:
The effects of key practical factors such as physical degradation and deactivation of the
oxygen carrier as a function of operational time and conditions were examined in detail as
part of Milestone 2 of the ANLEC project using a fixed-bed reactor (note: the results have
been reported before and also appear again in Section 5.2 of Appendix 2 of the revised final
report; see Figures 11 to 31 of Appendix 2). The study of metal oxide deactivation in the pilotunit was not part of the ANLEC project and was conducted as part of other projects under the
banner of the ICLAS program of study (e.g. please follow the link:
http://nova.newcastle.edu.au/vital/access/manager/Repository/uon:16484) and included
many runs, some for more than 100 hours, to examine the effects of different process
parameters.
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Reviewer comment 3: The report states that scale up rules have been developed but
provides only generic similarity based rules. While some estimates of full scale reactor sizes
must have been made as part of the techno-economic study, no information on those sizes is
provided. It is noted that some high level operating parameters, such as reactor temperature
and pressure are provided. It also appears that the scale up laws cannot all be simultaneously
satisfied,
eg. 1. Constant Reynolds No requires U_(0 )∝1/dp assuming constant reaction temperature
and pressure. 2. Constant Froude No requires U_0 ∝ √D. Table 5 requires D ∝ dp , however
maintaining Froude and Reynolds constant gives D ∝ (1/dp )^2. The report should consider
stating exactly what scale up calculations were done and the outcomes of that work.
Reply: We disagree with reviewer’s comment. Scaling laws have been satisfied during the
project and have been further demonstrated in scaling the system from 10 kW th (hot flow) to
200 kW th (cold flow). The methodology adopted here for scaling is derived from the Fluidised
Bed text books1. There are numerous publications in this area2,3,4. For scaling up of a fluidised
bed, both hydrodynamic and kinetic similarities need to be achieved. We have used the
standard Glicksman’s scaling laws for hydrodynamic scaling. In addition, we showed
successful demonstration of the working principles of the ICLAS in a 10 kW th hot flow reactor.
The kinetics acquired from the hot flow model and TGA experiments were then used to
estimate the gas residence times for both oxidation and reduction reactions (not covered in
this report). Also, in response, firstly the authors highlight that Table 5 merely lists the full
inventory of key parameters and it does not suggest that all should be kept constant
simultaneously. To the contrary, a subset of these parameters should be used in actual scaleup studies depending on the particle Reynolds number. Of these, the most important cases
are when the scaled model is supposed to operate under viscous limit or inertial limit. In the
former case which happens when the Rep < 4, the Fr can be neglected in the scale up and as
such (contrary to the reviewer’s assertion) only the following proportionality D ∝ (1/dp) would
exist between the reactor and particle diameters. In the latter case which happens when the
Rep > 400, the particle Reynolds number can be neglected which again lead to the conclusion
that only the following proportionality holds between D and d p: D ∝ (1/dp). For Rep numbers

7

Chemical Looping Oxygen Generation for Oxy-fuel Combustion

2015

between the above limits, one needs to maintain partial similarity which may require making a
choice between neglecting dp/D = ct or maintaining Rep and Fr numbers constant. Much of
the work related to ICLAS scaling though was found to be in the inertial limit zone (i.e. Rep >
400).

REFERENCES
1. Yang, Wen-ching, ed. Handbook of fluidization and fluid-particle systems. CRC press, 2003.
2. Glicksman, Leon R. "Scaling relationships for fluidized beds." Chemical Engineering Science 43, no. 6
(1988): 1419-1421.
3. Glicksman, L. R., M. Hyre, and K. Woloshun. "Simplified scaling relationships for fluidized beds." Powder
Technology 77, no. 2 (1993): 177-199.
4. Liu, Fang, Saito Kozo, and Kunlei Liu. "Scale-Up of Chemical Looping Combustion." In Progress in
Scale Modeling, Volume II, pp. 239-248. Springer International Publishing, 2015.

Reviewer comment 4: Dimensions of reactor vessels and the size of fluid transport ducting
are critical information to consider for integration with a power plant. The reactor flow rates
indicated by the ASPEN modelling are large, in some cases larger than the air and gas flows
occurring in the power plant, which suggests ICLAS reactors will be large and expensive. This
indicates that integration into the power cycle would be difficult and potentially expensive.
However, this aspect does not appear to have been explored in the project.

Reply: What this project has contributed is the demonstration of ICLAS concept in a bench
scale unit, identification of the most effective integration with oxy-PF, and techno-economic
assessment for the comparison with existing cryogenic systems. Dimensions of reactor
vessels and the size of fluid transport ducting are very important information required for
understanding the feasibility of the ICLAS integration at large scale but in the current version
of the techno-economic assessment they have been evaluated at an elementary level (see
below). The project team agrees with the reviewer that gas and solid flow rates for the ICLAS
integration for 500 MWe retrofit study seem to be considerably high. But using a modular
approach one can achieve the same output using a series of multiple units and hence the
ducting and reactors will be of reasonable size. The project team has indeed estimated the
dimensions of reactor vessels and the size of fluid transport ducting, and has found that 7
ICLAS units each 10.5 m in diameter (i.e. including both oxidation reactor of 7 m and
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reduction reactor of 2 m in diameters) and 30 m in height are required for retrofitting a 500
MWe coal-fired power plant. It should be noted that these are estimated numbers calculated
based on the established scale up rules for the specific system. The cost of the reactor has
been further estimated using the fluidised catalytic cracker unit 1. In addition, although the
flow rates are higher than cryogenic case, unlike cryogenic systems the ICLAS unit(s) can
generate additional power from the consumption of natural gas, which would not be the case
for cryogenic integration. It is also well known that the scale up of fluidised bed has been
demonstrated/discussed for 600-800 MWe size (natural gas use in ICLAS generates
additional 735 MWe electricity for the examined 500 MWe retrofit case) by Foster Wheeler2
and many other companies where similar large flowrates have been handled. Therefore, even
without applying modular approach we do not see any problems in the horizontal scale-up of
fluidised bed. Lastly, one should be always mindful that a large flow rate and the associated
large reactor/ducting sizes should not impede the research and development of novel
technologies/ideas since the ICLAS concept can still be exercised at a small-medium scale.
REFERNCES
1. G. Towler, R. K. Sinnott, Chemical engineering design principles, practice and economics of plant and
process design, Butterworth Heinemann, 2012
2. Timo Jäntti, Kimmo Räsänen, Circulating Fluidised Bed Technology towards 800MWe scale – Lagisza
460MWe Supercritical CFB Operation Experience, Power Gen Europe Milan, Italy June 7 – 9, 2011.
(http://www.fwc.com/getmedia/6d6f827f-7e87-408a-b495d539e703402b/TP_CFB_11_02.pdf.aspx?ext=.pdf)

Reviewer comment 5: The only practical integration option considered by the report appears
to be the methane heated reduction reactor concept. This is discussed with two alternative
layouts, being direct and indirect heating of the recycled flue gas stream respectively.
Figure 32 ” Power requirements for oxygen production”, shows that the ICLAS solar and
methane heated cases have low power requirements as compared to cryogenic air separation
processes. It appears that this figure is based solely on the electrical power requirements and
ignores the very substantial thermal energy inputs to the process from solar or natural gas.
These thermal energy inputs have a real cost and must be considered in comparing these
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processes. Figure 32 should be amended to show both thermal and electrical energy inputs to
the various processes.
Reply: The authors disagree. The term ‘power requirement’ that is used in the figure caption
is indeed a synonym of electrical power and is generally referred or accepted by power
industry professionals. In the description, the authors have already mentioned that the
numbers are auxiliary power for blower.
The authors also understand the reviewer’s concern about the possibly distorted picture of the
two technologies using solely electrical power data. However, the authors strongly disagree
with the statement that there will be substantial thermal energy inputs and associated energy
penalties for oxygen production in ICLAS because a close examination of the ICLAS process
reveals that most of the thermal energy inputs from natural gas are indirectly converted into
power via the new steam cycle installed after the oxidation reactor.
Generally, cryogenic processes operate on the principle of physical separation and hence it
requires a high amount of energy in terms of parasitic (electrical) load, namely the
compression being the key step. However, ICLAS is a chemical separation method that works
on the redox (i.e. reduction / oxidation) reaction principle, and therefore for a given reaction
temperature the heat released during oxidation will be theoretically the same as the heat
required during the reduction step. This will theoretically nullify the requirement of any energy
input for the process. However, in practice one needs to maintain a temperature difference
between the oxidation and reduction reactors (for implementation of temperature swing
method) and there will be some parasitic (electrical) load for operating the blowers as well as
some heat losses in the process.
As discussed earlier, in ICLAS methane integration approach natural gas is used in the
reduction reactor to maintain its temperature above the oxidation reactor by about 100oC.
Because of this temperature difference, the excess heat from the oxidation reactor cannot be
fully used during the reduction step and has to be used in conjunction with a steam cycle to
generate power. The difference between the power generated by this cycle and energy
penalties of the process define the net energy footprint of the ICLAS process. In ICLAS there
will be two major penalties for the oxygen production. The first one is the auxiliary power
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requirement and the second one is the energy penalty associated with the use of natural gas
(i.e. the electricity that could have been directly produced from the natural gas by the ICLAS’
steam cycle if the heat generated by the natural gas was not used in the reduction phase).
If one includes both natural gas-based and electrical load penalties for the ICLAS system (see
below). The modified results are obtained after taking into account all the energy inputs and
outputs of the ICLAS system according to the following equation,

EO2 = [Wele + (WNG – WNSC – WFWH)] / mO2

where EO2 denotes the power requirement for oxygen production, kWh/tonne, Welec denotes
the direct electrical power requirement for ICLAS system, kWe, WNG denotes the potential
power production from natural gas, kWe, WNSC denotes the actual power production of the
new steam cycle, kWe, WFWH denotes any other forms of power generation attributed by the
use of natural gas (e.g. waste heat recovery for feedwater heating, FWH), kWe, mO2 denotes
the total oxygen production of the ICLAS system, tonne/h.

For example, the figure below which is a modified version of Figure 32b in the revised report,
shows the sample calculation of the oxygen production power requirement for ICLAS-FG
case 5. As can be seen from part (a) of the figure, the direct electrical power requirement is
70 MWe for the ICLAS system. Now, if the thermal input from natural gas is considered as a
natural gas penalty, the power generated from the new steam cycle together with any other
forms of power production (e.g. via FWH) owing to the introduction of the external fuel should
also be included in the calculation. This results in a net natural gas based penalty of 21 MWe
in the oxygen production process (note that in part b of the figure: 840 - 733 – 86 = 21). Such
a penalty is then translated into the thermal part of the power requirement for oxygen
production (see the red bars in part “a” of the figure)1. As is evident from part (a) of figure
even when the thermal penalties are incorporated into the analysis the ICLAS-FG options are

1

Note that the equivalent electrical energy of the thermal input from natural gas is obtained assuming that the
existing ICLAS facility is used to combust natural gas (with air) and generate power.
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still outperforming cryogenic based systems and exhibit energy penalties which are about
21% of the conventional cryogenic systems (i.e. 79% reduction in energy penalty) and 33% of
advanced cryogenic systems (i.e. 67% reduction in energy penalty).

REFERNCES

1. Mattisson, Tobias, Anders Lyngfelt, and Henrik Leion. "Chemical-looping with oxygen uncoupling for
combustion of solid fuels." International Journal of Greenhouse Gas Control 3, no. 1 (2009): 11-19.

2. Fang, He, Li Haibin, and Zhao Zengli. "Advancements in development of chemical-looping combustion:
a review." International Journal of Chemical Engineering 2009 (2009).

3. Shah, Kalpit, Behdad Moghtaderi, and Terry Wall. "Selection of suitable oxygen carriers for chemical
looping air separation: a thermodynamic approach." Energy & Fuels 26, no. 4 (2012): 2038-2045.

(a)

12

Chemical Looping Oxygen Generation for Oxy-fuel Combustion

2015

O2 production: 990 tonne/hr
(b)
Figure: (a) Power requirement for oxygen production (note that the ICLAS-S case 7 is the
steam case without installing a new steam cycle), (b) sample calculation for ICLAS-FG case
5.

Reviewer comment 7: The sections titled Total Energy Penalty and Relative Efficiency Gains
are misleading in that only portion of the total energy flows into the process are considered,
indeed if quoted out of context Figures 33, 34 and 35 would provide a false picture of the
potential benefits of the process. The key conclusions of the process simulation are similarly
misleading and must be rewritten to correctly allow for all energy flows in the overall process.

Reply: The authors strongly disagree. When calculating the overall efficiency of the plant, we
did include the total energy flows into and out of the process, including any external thermal
energy input from solar/natural gas. More specifically, the thermal efficiency of the overall
plant was calculated using the following equation:
ŋplant = (Wcoal + WNSC - Waux) / ( QNG + Qcoal )
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where QNG and Qcoal denotes the heat inputs from natural gas and coal, respectively, kWt.
Wcoal denotes the power generation from the coal-fired steam power cycle including any
power production due to FWH, kWe, WNSC denotes the power generation of the new steam
cycle, kWe, Waux denotes all auxiliary loads of the plant (e.g. power consumption for air
blower, pumps, fans, and CO2 processing unit etc.), kWe.

As a result, the information presented in Figures 33, 34, and 35 are all valid for citation.
Indeed, we have performed a very detailed process simulation with data of all energy flows
being listed in Table 11.

Reviewer comment 8: By way of comparison, a CASU where the compression energy is
provided by an associated natural gas combined cycle plant and analysed using the same
approach as applied to the ICLAS process would achieve an efficiency equal to the
unmodified plant, a zero total energy penalty and a 100% efficiency gain compared to a
conventional, ie auxiliary electrical energy powered, CASU. Such process would better the
ICLAS performance under all metrics considered, at lower capital cost and with reduced risk.

Reply: Strongly disagree. The comparison suggested by the reviewer is invalid and seems
completely impractical. Although it seems that the compression energy can be provided by a
natural gas (NG) power plant, the crucial fact is that the NG plant will need oxygen/air for
combustion, leading to either significant energy penalty (for oxy-fired NG case) or huge CO2
emission (for air-blown case). It was demonstrated in this work that in ICLAS process most
CO2 emission including those produced from natural gas combustion can be effectively
captured and stored along with an additional amount of power generation. Thus, the ICLAS
technology clearly has a technological edge against the hybrid process proposed by the
reviewer, which totally overwrite the conclusions the reviewer was trying to draw.

Reviewer comment 9: The references do not appear to support the ICLAS capital cost used
in the study. For example Reference 48 (NREL, Equipment design and cost estimation for
small modular biomass systems) indicates that the installed cost of a large scale fluidised
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catalytic cracker unit would be $191.6 M USD (2002). This unit would operate at 240 kPa,
between 593 ⁰C (reactor) and 870 ⁰C (regenerator), recirculate 850 kg/s of catalyst and use
58 kg/s air in the regenerator. By way of comparison the ICLAS unit will operate at 50 kPa,
between 950 ⁰C (oxidation) and 1040 ⁰C reducer), recirculate 2777 kg/s of oxygen carrier and
use 2115 kg/s of air in the oxidiser.
The cost allocated to the ICLAS Reactors is $152 M AUD (2013) after allowing for on costs
and contingences, is only 80% of that for the catalytic cracker despite 11 years inflation, the 3
times greater solids flow, much greater air flow, higher operating temperatures and likely need
to extract heat from the oxidiser bed of the ICLAS process.

Reply: The reference cost of a large scale fluidised catalytic cracker unit at $191.6M USD is
not the bare erected cost but the total investment cost of the whole project, which may
already include land use, EPC fee, process & project contingency, spares and owners cost,
and other costs relevant to petroleum refinery. Indeed, the cost which should be compared
with is $102.6M USD, the bare erected cost of the fluidised catalytic cracker unit as shown in
Tables 1-3 and 1-5 of reference 48 of the report. Such cost also includes installations and all
indirect costs calculated using cost estimate ratios/factors from the producer (e.g. 1.3 and
2.08), which again may not be applicable to ICLAS. In fact, the ICLAS reactor cost was
estimated using a simplified modular approach using presumed cost factors slightly different
to those used for fluidised catalytic cracker unit. In addition, the fluidised catalytic cracker unit
is a high pressure vessel whilst the ICLAS reactor is not, which may also justify the lower cost
of ICLAS. We must admit here that cost estimates may not be that accurate but they are
certainly suitable for feasibility estimate.

Reviewer comment 10: An ICLAS system with methane gas supplementary heating has
close parallels with a fluid bed power plant, less the coal and ash handling plant, as it
contains a very large steam turbogenerator plus auxiliary systems and a high pressure boiler
in the oxidation reactor. It is understood that the largest fluid bed plant constructed to date is
of the order of 600 MW and therefore the ICLAS system would classify as a very large fluid
bed process indeed.
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Few recent cost estimates for large fluid bed power plants appear to have been published,
however it may be assumed that fluid bed power plants are not substantially cheaper than
pulverised coal power plants, the technologies are basically interchangeable and pulverised
coal plants remain the dominant technology applied around the world.
Recent cost estimates for pc plant are available for Australia (eg EPRI (2010) “Australian
Electricity Generation Technology Costs – Reference Case 2010”). EPRI estimate that a 750
MW pulverised coal fired plant would cost around $2,110M in mid 2009 $A, without de NOX
and FGD, and when costs for coal and sorbent related plant are excluded.
As this is more than twice that of the ICLAS estimate it appears that the capital cost assumed
for the ICLAS plant may be substantially underestimated. Further detailed justification of
these costs are required.
Further, the installation of a 770 MW plant in close proximity to an existing power station
would be expected to create substantial difficulty in respect of planning approvals, layout and
access to resources such as cooling water which may lead to abnormally high costs. More
detailed assessment of those aspects are required to determine the practicability of the
ICLAS concept.

Reply: This study is at a concept testing level. A more detailed justification/assessment
regarding plant cost, planning, layout, and access is required and is outside the scope of the
current project.
The author is not aware of any current limitations to the size of ducting and reactor proposed
for this work. Scale up of fluidised beds has been demonstrated/discussed for 600-800 MWe
size by Foster Wheeler2 and many other companies, where similar large flowrates have been
handled. Therefore, we do not see any problem in the horizontal scale-up of the fluidised bed.
The author does not accept the premise that an ICLAS natural gas plant will have similar
costs to a PF plant of similar size. This is because ICLAS would not require many of the units
in a coal-fired power plant, such as coal and ash handling plant, coal preparation and feed
systems, flue gas cleaning systems and many other accessories.
The author also notes that the large flow rates and the associated reactor/ducting sizes
should not impede deployment of the concept as it still can be exercised for small-medium
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scales. In the context of low emissions power generation technologies, engineering scale-up
for oxygen production is a challenge irrespective of the technology considered. This is true for
conventional cryogenic ASU as well as any new and innovative process such as ICLAS.

Reviewer comment 11: The report has used a revised natural gas price to $4.00/GJ in line
with the current Short Term Trading Market price ex Sydney hub. While an improvement on
the original value of $2.00/GJ, this cost does not reflect the expected future price of gas which
is predicted to rise significantly due to the impact of the LNG plants now starting up in
Queensland and projected gas shortages in NSW by 2020. In considering forward gas prices
as part of a study for IPART, Jacobs SKM (New Contract Gas Price Projection, April 2014)
reviewed actual recent domestic gas contracts and found term average price to vary between
$5.86 and $10.02/GJ.

Reply: We did include sensitivity analyses investigating the impact of an increasing fuel cost,
electricity wholesale price, carbon tax, and discount rate on the economics of ICLAS system,
even in our first draft. The future pricing of the primary/supplementary fuels, power sale, and
prediction of economic incentives belongs to a more advanced cost analysis called
probabilistic economic analysis, and is not in the scope of this project. The insight on how the
projected fuel price/power sale price would impact on the overall picture must be the subject
of future research.
None of the low emissions technologies would be considered economic in the present market
conditions. The aim of this present techno-economic analysis is to provide a preliminary
comparison of two technology (i.e. ICLAS and CASU) approaches to oxygen production at
scales relevant for power generation purposes. The author maintains that the additional
revenues generated from additional electrical output of an ICLAS system (chemical looping
concept) will be an advantage over any current cryogenic technologies – and especially
applicable in power generation applications.
Reviewer comment 12: The techno economic study does include a sensitivity study of the
impact of natural gas price and it is clear that at above $3.50/GJ the ICLAS process become
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less economic than the competing cryogenic air separation processes. The report conclusions
should be revised to reflect this outcome.

Reply: The amended report uses realistic fuel costs and its conclusions were revised. It is
important to note that the concepts reported in this study are only relevant in markets where
emissions will be constrained. While none of the low emissions coal technologies are
competitive under current market conditions, technologies such as oxy-fuel combustion
currently remain competitive when compared with other clean coal options. Since 25% of the
present oxy-fuel costs relate to cryogenic oxygen production, this study shows an ICLAS
configuration may represent a significant opportunity to make a large step reduction in oxygen
production cost, particularly where the process can use a large quantity of additional electrical
energy.
Reviewer comment 13: In summary the report does satisfy the requirements stated above
albeit with little detail provided as to experimental campaigns and results obtained. However,
it does appear that the economic case for the methane heated ICLAS system can not be
made when applying widely accepted fuel and power plant capital cost data.

Reply: The authors do not agree with the reviewer and as demonstrated earlier the authors
are of the view that the methane option provides a cost effective solution for ICLAS
integration into oxy-fuel plants.
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Chapter 1

INTRODUCTION

1.1 TECHNICAL BACKGROUND
Oxygen is the second largest-volume chemical produced in the world with a 30% share of the global
industrial gas market [1]. The global demand for oxygen in 2011 is forecast to be 950 billion cubic meters
with an annual growth rate of about 6%. It has major commercial applications in metallurgical industry,
chemical synthesis, glass manufacturing, pulp and paper industry, petroleum recovery / refining, and
health services.
Emerging markets for oxygen include advanced power generation systems, such as integrated
gasification combined cycle (IGCC), oxy-fuel combustion and solid oxide fuel cells, SOFC. Among
these, oxy-fuel combustion is particularly an attractive low emission technology because of its inherent
ability for in-situ separation of CO2. However, oxy-fuel combustion requires oxygen and, thereby, an air
separation unit (ASU) to function effectively. Conventional ASU units (e.g. cryogenic systems) may
consume between 10% and 40% of the gross power output of a typical oxy-fuel plant and constitute 40%
of the total equipment cost (about 14% of the total plant cost).
Oxygen is commonly produced at industrial scales by air separation using cryogenic distillation and
adsorption based technologies - (pressure swing adsorption (PSA) and vacuum-PSA (VPSA)). Advanced
technologies such as membrane separation and in-situ air separation are also being developed for smallvolume point-of-use oxygen generation.
Cryogenic processes are generally expensive owing to the energy intensity of their air compression subprocess. Similar to the cryogenic methods, air compression is a key step in the adsorption based air
separation methods and as such the specific power consumptions of PSA and VPSA plants are not much
lower than their cryogenic counterparts. Membranes have been in commercial use for several decades
but much of their past applications have been in liquid-liquid and liquid-solid separation. The use of
membranes for large volumetric gas flow rates, such as those in air separation, has not been demonstrated
yet. Membrane systems also suffer from high cost of manufacture. There is a need for a more simple and
cost effective air separation technology with much smaller energy footprint and lower capital cost than
conventional and emerging air separation methods.
In recognition of this need our group has been developing two chemical looping based methods for air
separation. The first method known as chemical looping air separation (CLAS) is a general technique for

24

Chemical Looping Oxygen Generation for Oxy-fuel Combustion

2015

tonnage production of high purity oxygen while the second method, integrated chemical looping air
separation (ICLAS), is a modified version of the CLAS process specifically tailored for oxy-fuel
applications. The integrated chemical looping air separation process is a step-change improvement over
the CLAS process and has been specifically tailored for ease of integration with oxy-fuel power plants
running on renewable (e.g. biomass) or conventional fossil-based (e.g. coal, gas, oil, etc) fuels.
The working principle of the ICLAS process is similar to that of the CLAS process but the ICLAS process
is executed in a distinctly different way. Both CLAS and ICLAS processes works in a cyclic fashion by
continuous recirculation of metal oxide particles between a set of two interconnected reactors, where
oxidation (O2 coupling) and reduction (O2 decoupling) of carrier particles take place, respectively (Figure
1). In both processes air is first fed into the oxidation reactor for separation of oxygen from air through
the oxygen coupling process (i.e. regeneration of reduced carrier particles) and then the oxidised (i.e.
regenerated) particles are reduced in a reduction reactor to release oxygen via the oxygen decoupling
reaction. However, in the ICLAS process the reduction and hence oxygen decoupling process takes place
in the presence of recycled flue gas not steam. The mixture of oxygen and recycled flue gas exiting the
reduction reactor is then directly fed into the boiler of the oxy-fuel plant (Figure 2). The use of flue gas
rather than steam not only eliminates the need for steam generation but also implies that condenser units
for separation of O2 from steam are no longer required.
Flue gas recycling is also an inherent feature of oxy-fuel combustion. For example consider oxy-fuel
coal-fired power plant where coal, oxygen (from the ASU) and recycled flue gas are co-fed into the boiler
and the mixture is combusted at high temperatures. The heat generated from the combustion process runs
a steam cycle which in turn converts the thermal energy into electricity. The use of recycled flue gas here
is an important and integral part of the oxy-fuel combustion process because firing pure oxygen in a
boiler would result in excessively high flame temperatures which may damage the boiler. Therefore, the
mixture must be diluted by blending with recycled flue gas before it can be fed into the boiler. Given the
need for recycled flue gas in oxy-fuel combustion and considering the high energy demand for steam
generation in a CLAS type process, recycled flue gas rather than steam is employed in the ICLAS process
during the reduction phase (Figures 1 and 2). This innovative use of the recycled flue gas in the ICLAS
process: (i) lowers the overall energy footprint of the air separation process and hence operational costs
to levels well below those of the CLAS process, (ii) simplifies the hardware required for chemical looping
air and thereby reduces the capital cost for the air separation unit in an oxy-fuel power plant, and (iii)
leads to a more effective integration of the ASU with the oxy-fuel plant due to better use of material and
energy streams (see Figure 2).
From the energy efficiency point of view the heat transported by the incoming carrier particles into the
reduction reactor is sufficient to support the endothermic oxygen decoupling process. In practice, though,
some heat must be supplied to the reduction reactor to compensate for heat losses to the surroundings.
However, unlike the CLAS process, no heat is required for generation of superheated steam in the ICLAS
process. Moreover, much of the required heat duty is offset by utilising the flue gas stream which is
already hot. Our preliminary calculations (prior to this project) suggested that the heat demand for the
ICLAS process is 0.03 kWh per cubic meters of oxygen produced (i.e. 0.03 kWh/m3n) which is about
30% and 90% less than those of the equivalent CLAS and cryogenic type process, respectively.
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Figure 1: Schematic of the ICLAS process.

Figure 2: Schematic of an oxy-fuel coal-fired power plant retrofitted with an ICLAS unit.
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1.2 PROJECT AIMS AND OBJECTIVES
This project is part of a larger program of study underway at the University of Newcastle on alternative
air separation technologies and specifically complements two other relevant projects funded by the NSW
Coal Innovation and Glencore (formerly Xstrata), respectively. As Figure 3 shows, the major research
elements of this program are: (i) fundamental studies, (ii) integration & adaptation studies, and (iii)
demonstration. The emphasis of the NSW Coal Innovation is mainly on fundamental studies at benchand pilot-scales under controlled laboratory settings whereas the ANLEC-R&D project (this project)
exclusively focuses on practical issues related to integration and adaptation of CLAS type air separation
units into conventional combustion and gasification plants. The Glencore project complements both
NSW and ANLEC projects. The demonstration element will be a future project to be formulated after
completion of current projects and in conjunction with a LETC demo (e.g. Callide project).

Figure 3: Relationship between the existing ANLEC, NSW and Glencore chemical looping projects.
The project reported here built upon the recent work at the University of Newcastle in the field of
chemical looping air separation [1] and complements two other grants awarded to Profs Moghtaderi and
Wall in this field of study [2-3]. This project specifically focuses on the integration and adaptation of the
CLAS process into typical oxy-fuel or IGCC plants and investigates technical issues such as novel reactor
and plant design, retrofit assessment, scale-up, and process optimisation. Several novel features (e.g. new
reactor configurations, utilisation of recycled flue gas) are introduced into the CLAS process as part of
this ANLEC-R&D project. The proposed project determines the underlying science and engineering
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necessary to support the future use of the CLAS process in large-scale oxy-fuel and IGCC operations.
The specific objectives are:
a) To carry out a fundamental study on solid transport issues at large-scales with an emphasis on
developing novel reactor concepts such as manifold switching reactors (MSRs).
b) To determine the best possible configuration/arrangement to retrofit a CLAS type oxygen plant
into typical coal-fired oxy-fuel and IGCC plants.
c) To exploit the synergies among the major unit operations of oxy-fuel and IGCC plants and those
of the CLAS process in order to make a better use of resources, reduce costs, minimise energy
consumption and maximise heat recovery. In particular, assess the technical viability of utilising
recycled flue and/or product gas for reduction of metal oxides.
d) To develop a 10 kWth pilot-scale prototype based on the technical knowhow gained in the project.
e) To determine the scale-up rules for the design of large-scale CLAS systems.
f) To carry out a techno-economic assessment of the CLAS process and its market potentials.
g) After securing IP protection for the CLAS process, to engage with a major producer of oxygen
products and/or hardware (e.g. Air Liquid, BOC Gases, Air Products & Chemicals Inc, Linde
Gas, Taiyo Nippon Sanso Co, and Airgas) to develop an independent assessment.

1.3 STRUCTURE OF THIS REPORT
This report summarises the findings of the project 3-111-0089 and complements the two milestone
reports already submitted to ANLEC-R&D, namely:
1. Milestone Report #1: MSR (Manifold Switching Reactor) Studies
2. Milestone Report #2: Bench-Scale Redox Reaction Studies
Given that a great deal of project findings has already been reported in Milestone Reports 1 and 2, they
are not repeated here. Instead, Milestone Reports 1 and 2 have been incorporated into the present report
as Appendices 1 and 2, respectively. Of the new findings which are reported here, the experimental data
related to pilot-scale studies (Milestone 6) are presented in Chapter 2 while Chapter 3 is dedicated to
scale-up studies (Milestone 7). Similarly, Chapter 4 has been dedicated to a detailed techno-economic
assessment (Milestone 10) of the CLAS / ICLA processes. The assessment has been made for a
hypothetical coal-fired power station retrofitted with an oxygen plant for oxy-fuel operation. This
requires:
(i) A generic design for CLAS type oxygen plant (Milestone 8).
(ii) Detailed analysis of alternative process integration pathways and issues (e.g. heat management),
retrofit and optimisation which are the subject of Milestone 9.
For this reason, the combined outcomes of Milestones 8, 9 and 10 are presented in Chapter 4. Chapter 5
presents the overall conclusions and a series of recommendations for future research in this area.
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Chapter 2

PILOT-SCALE STUDIES USING A 10 kWth
PROTOTYPE
2.1 OVERVIEW
In the Milestone Report #1 we presented a comprehensive set of pilot-scale data for the assessment of
reactor configuration. The configurations of interest were the standard fluidised bed, fixed-bed and
manifold switching reactor (MSR) where reacting gases rather than oxygen carriers are circulated
between the reduction and oxidation reactors. The focus of Milestone Report #1 was the examination of
the merits of the MSR concept with the view to carry out further analysis if the concept was found to be
promising. However, the major conclusion of the MSR studies was that despite its potentials the MSR
concept is not feasible for chemical looping based oxygen separation applications. There were a range
of reasons for this conclusion but perhaps the most important ones were:
(i)

Difficulties associated with the accurate control of the gas switching process

(ii)

The need for a sweep gas like nitrogen which adversely impacts the purity of the final oxygen
product

(iii)

Formation of hot spots in the reactor reduction and thereby the need for heat management

In the light of the above conclusion, the team decided to continue the pilot-scale studies with the standard
fluidised bed configuration and the results presented here are a summary of key findings from this study.
A limited number of pilot-scale experiments were also carried out in the fixed-bed configuration for
bench-marking purposes but from the outset this particular configuration was deemed unsuitable because
of its tendency to form hot spots in the reactors.
To avoid repetition, the details of the experimental setup of the 10 kWth pilot-plant, methods and
techniques are not presented here but can be found in the Milestone Report #1. However, a summary of
findings for the extra activities occurred after that report is presented in the next section, including the
findings of preferred oxygen carrier and its mass production technique.

2.2 METAL OXIDES SELECTION
Chemical looping air separation is a relatively new process which differs from the chemical looping
combustion (CLC) in that the oxygen carriers suitable for CLC may or may not be suitable for CLAS.
The current study was aimed at investigating the reactivity and stability of the most thermodynamically
favourable oxygen carriers i.e. Mn2O3/Mn3O4, Co3O4/CoO and CuO/Cu2O with either Al2O3 or SiO2
support for CLAS. Their redox behaviours were investigated in a range of instruments and experimental
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configurations where temperature-programmed sorption and desorption were typically considered for
five cycles using air and nitrogen respectively. The experiments were conducted at four different
temperatures, 800oC, 850oC, 900oC and 950oC at which the oxygen carriers had shown good reactivity
[4]. However, CuO/Cu2O with SiO2 and Co3O4/CoO with Al2O3 were found to be most stable.
Furthermore, Oxygen transport capacity - OTC (%) and Rate of oxygen transport - ROT (%min-1) were
calculated. It was found that Cu-oxide with SiO2 has the highest OTC of 4.77% and ROT of 5.1%min-1
and 10.9 %min-1 for oxygen desorption and sorption respectively at 950oC. The CuO/SiO2 oxygen
carriers also exhibited better stability over 41 continuous cycles test with only 10.3 % OTC loss in
comparison to 22.3 % for Co3O4/Al2O3. The cluster growth mechanism was found to be the critical cause
of the loss of OTC. The oxygen concentration in the outlet streams for CuO/SiO2 oxygen carriers was
measured in pilot-plant experiments at different temperatures. It was observed that the oxygen
concentration at the outlet of the reactor was consistent with the equilibrium values at the higher
temperatures studied. Overall, CuO on SiO2 support appears to be the most effective oxygen carrier for
CLAS applications. Its performance characteristics can be further enhanced by introducing additives.
This is briefly discussed in the following paragraphs.
We have also examined the redox behaviour of bimetallic Cu/Ni, Cu/Co, Cu/Mn and Cu/Fe based metal
oxides over prolonged operations. Secondary metal oxides, NiO, Co3O4, Mn2O3, MgO and Fe2O3 were
added into CuO/SiO2 through co-impregnation method. The samples are shown in Figure 4. These
bimetallic oxide samples were generally prepared to lower the sintering tendency of CuO-based metal
oxide oxygen carriers for chemical looping air separation applications. The physical properties, e.g.,
chemical composition, oxygen transport capacity (OTC), bulk density, BET surface area and mechanical
strength, for all bimetallic oxygen carriers as well as two CuO/SiO2 oxygen carriers with different content
of CuO were summarized in Table 1. The first two samples in Table 1, i.e., C18S and C49S, are the
monometallic Cu-based oxygen carriers with SiO2 as a support. All others in Table 1 are the bimetallic
oxygen carriers prepared by the co-impregnation method with an exception of CMS-VI, which was
produced by altering the impregnation sequence. To assess the effect of the metal oxide promoter content
on oxygen carrier stability and reactivity, different adding content of promoter were particularly used for
Cu-Mg-, Cu-Ni-, and Cu-Co-based bimetallic oxygen carriers. It can be observed that the actual
composition of CuO and secondary metal oxide promoter for all Cu-based bimetallic oxygen carriers is
normally lower than the theoretical CuO/promoter weight ratio used during the impregnation procedure.
This can be assigned to the loss of metal oxides and support material in the form of fine powder during
the impregnation, in particular, during sieving process. The crushing strength was measured for all
studied oxygen carriers before and after the 41 successive redox cycles test at 900oC in TGA, and the
corresponding values have been listed in Table 1. Except for CuMg-1 and CuFe-1, all other oxygen
carriers show a typical crushing strength no less than 1 N, which has been originally expected for the
impregnated particles.
Table 1: Physical properties of bimetallic oxygen carriers and CuO/SiO2 oxygen carriers examined.
Oxygen
carrier

Actual composition (wt %)

C18S
C49S

18.9% CuO + 81.1% SiO2
49.8% CuO + 50.2% SiO2

Bulk
OTC (%) density
(kg/m3)

BET surface area
(m2/g)

1.80
4.90

20.04
17.6

30

1200
1700

Crushing strength (N)
Before test
1.3±0.2
1.2±0.3

After
test*
1.1±0.2
1.1±0.3
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CuMg-1
CuMg-2
CuMg-3
CuMg-4
CuMg-VI
CuFe-1
CuNi-1
CuNi-2
CuNi-3
CuMn-1
CuCo-1
CuCo-2
CuCo-3

33.5% CuO + 7.3% MgO + 59.2% SiO2
37.3% CuO + 14% MgO + 48.7% SiO2
40.6% CuO + 20.4% MgO + 39% SiO2
38.5% CuO + 37.1% MgO + 24.4% SiO2
40.5% CuO + 11.7% MgO + 47.8% SiO2
44.9% CuO + 7.9% Fe2O3+47.2% SiO2
27.5% CuO + 9.2% NiO + 63.3% SiO2
25.0% CuO + 17.0% NiO + 58.0% SiO2
20.5% CuO + 24.8% NiO + 54.7% SiO2
45.2% CuO + 14.5% Mn2O3+40.3% SiO2
44.6% CuO + 7.1% Co3O4 + 48.3% SiO2
41.3% CuO + 13.9% Co3O4 + 44.8% SiO2
40.5% CuO + 18.5% Co3O4 + 41.0% SiO2

2.66
2.22
2.48
3.1
2.87
3.58
2.47
2.23
1.71
4.71
4.27
3.83
3.43

1400
1800
2650
3050
2050
1200
1210
1690
1880
1500
1750
1960
2300

18.05
18.08
2.82
0.6
12.60
18.30
16.80
13.91
7.83
15.20
13.40
8.12

0.8±0.3
1.4±0.2
1.7±0.4
1.8±0.3
1.1±0.2
1.0±0.2
1.2±0.3
1.5±0.3
1.4±0.4
1.1±0.2
1.4±0.3
1.5±0.4
1.6±0.2

2015

1±0.2
1.3±0.3
1.4±0.3
1.7±0.3
1.0±0.3
0.9±0.2
1.2±0.4
1.4±0.2
1.3±0.2
1.0±0.3
1.1±0.2
1.0±0.3
1.1±0.4

*The crushing strength was measured on the oxygen carrier after 41 redox cycles test.

The long-term chemical stability and reactivity of the prepared oxygen carrier samples was evaluated
over repeated 41 redox cycles in a TGA in the temperature range of 850-950oC. The effects of Mg-, Fe-,
Ni-, Mn- and Co-oxide addition in CuO/SiO2 on oxygen release and oxidation rates were analysed in
details. The major findings are listed as below:




The majority of prepared bimetallic oxygen carriers exhibit sound mechanical strength higher
than 1 N. More importantly, the chemical stability of the CuO/SiO2 oxygen carrier during 41
reduction-oxidation cycles test was improved with appropriate addition of Mg-, Fe-, Ni-, and Cooxide. Increasing loading content of Mg-oxide tends to enhance the durability for Cu-Mg
bimetallic oxygen carriers while reducing the content of Ni- and Co-oxides appears to increase
the stability for Cu-Ni and Cu-Co oxides oxygen carriers.
As shown in Figure5, the Loss of OTC for optimum Cu-Mg, Cu-Fe, Cu-Ni, and Cu-Co based
carriers, i.e., CuMg-4, CuFe-1, CuNi-1 and CuCo-1 was found to be only ~0.2%, ~1%, ~1.8%
and ~4% which is significantly lower than that of the monometallic oxygen carriers, i.e., ~7% for
C18S, and ~10% for C49S. The lowest value of the Loss of OTC (i.e., ~0.2%) was achieved for
CuMg-4. It was deduced that the free dispersed secondary metal oxide, such as, MgO, Fe2O3,
Co3O4, and NiO, as well as their composites formed with CuO may have positive effect on
stabilizing the physical structure of CuO for Cu-based oxygen carriers.
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Figure 4: Bimetallic CuO-based metal oxide oxygen carriers on silica support.
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Figure 5: Loss of OTC as a function of cycle number for the CuO/SiO2 oxygen carriers of C18S and
C49S, and the Cu-based bimetallic oxygen carriers with the addition of Mg-, Fe-, Ni-, Mn- and Co-oxide.

2.3 METAL OXIDES PRODUCTION METHOD (SUMMARY)
The preparation of highly effective oxygen carrier is recognized as a crucial step for successfully carrying
out all chemical looping based techniques, such as chemical looping combustion, chemical looping
reforming, chemical looping gasification and chemical looping air separation. According to the literature,
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various preparation solutions have been proposed and used in manufacturing oxygen carrier, including
impregnation [5-7], spray-drying [8-10], freezing granulation [11-13], mechanical mixing [14, 15], coprecipitation [16], liquid citrate method [17, 18] and sol-gel [19]. To select the most favourite method
for preparing the oxygen carrier for the chemical-looing based studies, a detailed comparison over
existing manufacturing techniques is presented as follows.
Sol-gel method is perhaps the most costly method for oxygen carriers as it normally involves with the
usage of expensive organic components in forming a desired colloidal solution (Sol), i.e., the precursor
of integrated network - gel. Complex operation procedure is also essential for both handling the colloidal
solution and generating the gel [19]. Given the high demand of oxygen carrier particles in a practical
chemical looping system, sol-gel may not be a feasible way for large-scale oxygen carrier fabrication
from an economic point of view. Nevertheless, sol-gel method is expected to provide the product with
high surface area, leading to a high reactivity of the oxygen carriers.
Liquid citrate method can be the best way to obtain an accurate metal content in the final product as well
as a high surface area for the oxygen carrier via the use of organic citrate [17, 18]. The liquid citrate
method has been widely adopted for generating high performance perovskite-based ceramics. Despite of
the high porosity of perovskite achieved by this method, the mechanical strength of particles, an
important consideration for applications in fluidized bed systems, is highly doubtful.
Co-precipitation approach utilizes the precipitate, which is soluble at preparation condition, to fully
convert the metal ions solution (typically metal nitric solution) into insoluble metal hydrate. Through
heat treatments, e.g. drying and calcination, very fine metal oxides powders can be formed from the metal
hydrate. Afterwards, through pelletizing, crushing, and sieving steps, particles with well-defined size can
be obtained [16]. However, the ions inherited from precipitate may still remain at a certain level in the
metal hydrate even after being washed. This may slightly affect the oxygen carrier performance in a
practical operation. Even though an evaporable precipitate substance is chosen, the pelletizing step itself
may lead to the failure of the oxygen carrier due to poor mechanical strength. Moreover, in some cases,
the metal ions may not be completely precipitated and can cause an inaccurate content of metal oxide in
the product.
Unlike the above methods, mechanical mixing generally does not need any intermediate material during
preparation except for the porous and/or structure aid ingredient in some special cases. Thus, mechanical
mixing is regarded as the most cost effective method among all preparation techniques. Typically, the
metal oxides and support material are mechanically mixed thoroughly to obtain a homogenous mixture
before they are pelletized. To achieve this, raw materials with very small particle size are highly preferred
to reduce the milling time. For samples required for higher pores and/or larger surface area, porous aid
materials can be added during the mixing step and later on will be decomposed during calcination.
Although the procedure sounds simple, mechanical mixing does need a pelletizing step. Hence, similar
to co-precipitation approach, the final particles may end up with low mechanical strength as well. To
solve this issue, extra structure strengthen materials are studied extensively. However, very few studies
obtained the desired results in terms of both high reactivity and high mechanical strength [14, 20].
Furthermore, the mixing quality for the crystalline formation within oxygen carrier particles largely
depends on the milling time. In practice, mechanical milling suffers from a narrow particle size
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distribution, and consequently the solid mixture may not be as good as those prepared via chemically
formed substances.
Spray drying and freezing granulation approaches require evenly dispersed fine metal oxides in the slurry
for obtaining a quality spray, which offers well distributed granulates in a narrow size range. For this
reason, dispersant is usually employed to improve the mobility of the slurry during mixing process for
achieve homogeneous metal oxides. An organic binder is also added to enhance the particle strength. In
the spray drying method, the moisture of sprayed droplets is rapidly removed through high temperature
evaporation. The obtained particles are then treated for high temperature calcination. In contrast, in the
freezing granulation method droplets are instantly frozen in liquid nitrogen. The obtained particles will
then go through freeze drying and calcination process. The general consensus is that the freeze
granulation method is much more expensive due to the use of liquid nitrogen and energy-intensive drying
step. In contrast, the spray drying is a low cost option and has been widely adopt for many industries,
such as, food processing, medicine fabrication, chemical and catalyst manufacture and agriculture
fertilizer [21].
Another relatively simple and mature preparation technique is wet or dry (incipient wetness)
impregnation. The main difference between wet and dry impregnation is the volume of liquid containing
the metal salts (typically metal nitrates) used for impregnation. An excess of impregnation liquid greater
than the volume of solids, viz. the supporting material, is deemed as wet impregnation, while an equal
volume for both is considered as incipient wetness impregnation or, in other words, dry-impregnation.
In the case of wet impregnation, a more rigorous dispersion of the metal oxide on the surface of support
will be found because the solid dissolved in the excessive liquid will gradually form on the surface rather
than permeating into the particle structures as the evaporation process proceeds. In comparison, the
incipient wetness impregnation may overcome this disadvantage. More importantly, the mechanical
strength of impregnated particles can be quite suitable for the application of fluidized bed operation if a
robust supporting material is used, such as alumina or silica [5]. On the other hand, impregnation method
allows the NOx released during the decomposition of metal nitrates to be recovered for producing byproducts, e.g. nitric acid and sodium nitrate when sodium hydrate is used for NO removal. Thereby, the
impregnation step is considered as an environmentally friendly technique for preparing oxygen carriers.
Based on the previous discussion, both incipient wetness impregnation (dry-impregnation) and spray
drying techniques were selected to be used in our studies for oxygen carrier preparation. Numerous
oxygen carriers have been fabricated via dry-impregnation with CuO as the main ingredient and Al2O3
or SiO2 as support. The selection of Al2O3 and SiO2 as the supporting materials is mainly because they
are abundant and thus economic for future large-scale production. A spray dried carrier composed of 60
wt% CuO and 40 wt% MgAl2O4 was also prepared for comparison purpose.
Table 2 summarizes the real density, crushing strength, active metal oxide content determined from the
fifth reduction-oxidation cycle in the TGA experiment at 850oC, and the actual metal oxide content
identified by Varian 715 ICP-OES for all prepared oxygen carriers. The crystalline phase identified by
X-ray diffraction (XRD) is also listed in Table 2. As expected, all laboratory prepared oxygen carriers
indicated a crushing strength greater than 1 N except for CuO/Al2O3. Generally, minimum mechanical
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strength of 1 N is desired to potentially diminish attrition issues for the use in fluidized bed systems [14,
20].
Table 2: Characterization of the fresh Mn-, Co-, and Cu-based oxygen carriers

Oxygen
carriers
CuO/SiO2
(C49S)
Mn
2O3/SiO2
Co3O4/SiO2
CuO/Al2O3
Mn2O3/Al2O3
Co3O4/Al2O3
CuO/MgAl2O4

Actual
metal
oxide
content
(wt %)
49.8
64.3
68.2
58.4
54.0
60.5
60.8

Active
metal
oxide
content
(wt %)
47.7
32.4
21.8
25.8
21.6
26.5
60.0

Real
density
(kg/m3)

Crushing
strength
(N)

Crystalline phase

2900
3100
4000
4100
3800
4700
4600

1.2 ± 0.3
1.5 ± 0.4
2.6 ± 0.3
0.9 ± 0.2
1.7 ± 0.5
3.5 ± 0.5
1.4 ± 0.2

CuO and SiO2
Mn2O3, Mn3O4 and Mn7SiO12
Co3O4 and Co2SiO4
CuO and CuAl2O4
Mn2O3, Mn3O4 and Al2O3
Co3O4, CoAl2O4 and Al2O3
CuO and MgAl2O4

The surface morphology has also been determined for both fresh and tested oxygen carrier samples of
Co3O4/Al2O3, CuO/SiO2, and CuO/MgAl2O4. The SEM images for the impregnated Co3O4/Al2O3 and
CuO/SiO2 and spray dried CuO/MgAl2O4 oxygen carriers are shown in Figures 6 and 7, respectively. It
is clear from Figure 6 that the active metal oxides were dispersed and weakly bonded mostly around the
surface of the support materials forming a very thin shell for both fresh samples of Co3O4/Al2O3 and
CuO/SiO2. However, after repeated 41 cycle tests, the grain of active metal oxides appears to grow more
irregularly. At the surface of reacted Co3O4/Al2O3, a well-dispersed micro-pore structure can be observed
following the cluster growth. Conversely, the reacted CuO/SiO2 exhibits more serious cluster growth.
Figure 7 shows the surface morphology for both fresh and reacted CuO/MgAl2O4 oxygen carrier. A
compact and granular texture for the surface of the fresh CuO/MgAl2O4 oxygen carrier was found and,
nearly no change in grain size was found after 41 redox cycle tests. Nevertheless, as shown in Figure 7b
a serious structure transformation was also observed for the reacted CuO/MgAl2O4 carrier particles,
namely, the occurrence of substantial cracks caused possibly by thermal stress. These emerging cracks
may account for the severe decline in crushing strength for reacted CuO/MgAl2O4 particles, which has
been determined as about 0.8 N via the digital force gauge. Generally, the oxygen carrier particles with
a mechanical strength less than 1N are not recommended for fluidised beds operation. Therefore, the
above impregnated oxygen carriers, i.e., Co3O4/Al2O3 and CuO/SiO2, were found more appropriate given
their crushing strength still remains higher than 1 N after the test, being 2.2 N and 1.0 N for Co3O4/Al2O3
and CuO/SiO2, respectively. Also, the poor mechanical strength found for the spray dried CuO/MgAl2O4
after the test was found consistent with those reported in the literature for chemical looping oxygen
uncoupling (CLOU) process [9]. Adánez-Rubio and his co-authors [9] studied the oxygen release of
spray dried CuO/MgAl2O4 in a lab-scale ICFB rig. They only conducted 40 h tests and found an
unacceptable amount of fine powder gradually escaped from the rig due to significant reduction in
mechanical strength.
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Figure 6: SEM images of fresh and used (after the 41 redox cycle test in TGA) Co3O4/Al2O3 and
CuO/SiO2 oxygen carriers
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Figure 7: SEM images of 5000× magnification for the spray dried oxygen carrier of CuO/MgAl2O4, (a)
fresh sample and (b) the sample after 41 redox cycle test at 900oC in a TGA
The advantages for impregnation method compared to spray drying for preparing oxygen carrier is clear
from above brief comparison on mechanical strength and surface morphology for fresh and reacted
particles. In general, those impregnated particles can maintain their high mechanical strength over
repeated redox cycle test despite of cluster growth, which, however, has already been minimized in our
previous study through introducing a secondary metal oxide. Therefore, the incipient wetness
impregnation (dry-impregnation) was selected to produce oxygen carriers for bench scale testing.

2.4 EXPERIMENTAL SET UP
A series of experiments were carried out in the 10 kWth prototype (see Figure 8) in the fluidised-bed
configuration to complete the pilot-scale studies. The results are presented in this section.
In this system, the oxygen is separated from the air stream using mono-species Cu particles at high
temperature between 800 and 900oC. The pilot-plant contains two separate fluidised bed reactors between
which the particles of CuO and Cu are cycled to deliver the required oxygen flow. At any given point in
time one fluidised bed (oxidation reactor) is adsorbing the oxygen (i.e. oxygen coupling) while the other
(reduction reactor) is desorbing (oxygen decoupling). The oxygen can be desorbed from the oxygen
carrier particles by a partial pressure swing using a purge gas such as steam or CO2. Although in standard
runs associated with the present study CO2 was used for this purpose. Typical half cycles for oxygen
coupling / decoupling were in the 30 s to 1 min range.
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Figure 8: The 10 kWth pilot-plant (prototype).
Using dimensional analysis we have been able to relate the experimental data collected from the coldflow and fixed-bed setups and determine the design specifications (e.g. size, geometry, operating
temperature, etc) of the 10 kWth pilot-plant. These technical specifications of the pilot-scale unit are
given in Table 3.
Table 3: Basic design specifications obtained from dimensional analysis for pilot-scale unit(s)
Design Parameter

Unit
kW
o
C
bar
kg/m3
m
----m
m
m

Thermal power
Operating temperatures
Operating pressure
Particle density
Mean particle diameter
Dimensionless gas velocity in the riser
Dimensionless gas velocity(oxidation reactor)
Dimensionless gas velocity (reduction reactor)
Dimensionless gas velocity in the loop seal
Riser diameter
Riser height
Oxidation reactor diameter
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Specifications
100
650 - 1100
1-4
2500 - 5400
100 - 200
4 -10
1-3
5-15
1.2 - 4
0.05
0.5
0.05
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m
m
m

Oxidation reactor height
Reduction reactor diameter
Reduction reactor height
Total system height

2015

0.15
0.05
0.90
2.0

To determine and examine the temperature profiles during normal operation, reactor temperatures were
monitored at 16 different locations in the reduction reactor as shown schematically in Figure 9. The
thermocouples were spatially placed to obtain an accurate estimate of the temperature profile in each
reactor. The exact location of each thermocouple has been summarised in Table 4.

T16

T15

R/2

T4

T3

T2

T1

Axis of Symmetry
Figure 9: Thermocouple network and designation for the reduction reactor.
Table 4: Thermocouples axial and radial locations
Thermocouple Designation

Radial Location (m)

Axial Location* (m)

1
2
3
4
5
6
7
8
9

0.025
0.000
0.025
0.000
0.025
0.000
0.025
0.000
0.025

0.10
0.10
0.12
0.12
0.15
0.15
0.20
0.20
0.30
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11
12
13
14
15
16


0.000
0.025
0.000
0.025
0.000
0.025
0.000
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0.30
0.50
0.50
0.70
0.70
0.90
0.90

Measured from the bottom of the reactor where the reagent gas inlets are located

One of the focuses of the experiments was the start-up of the 10 kWth pilot-plant. The initial phase of
start-up involved pre-heating the reactor to an adequate temperature (typically about 450oC) using the
external jacketed electrical heater. This was followed by a heating phase during which methane was
introduced at concentrations between 2 and 3%Vol to elevate the reactor temperature to the desired
operational temperatures. While these concentrations are less than the lower flammability limit for
methane, due to catalytic effects of the Cu based metal oxides we were able to get the methane reacted
and its heat released to the reactor.

2.5 RESULTS AND DISCUSSION
Figure 10 shows a typical time-temperature profiles for a selected number of thermocouples located on
the axis of symmetry during the start-up. The figure clearly shows both the pre-methane and methane
heating phases.
As can be seen, over the pre-methane phase all thermocouples show a similar profile although those
closer to the reactor inlet (e.g. T5 and T6) generally show lower temperatures. However, as methane is
introduced during the second stage of the heating process the thermocouples located in the lower end to
the middle of the reactor (T5, T6, T7 and T8) show sharp increases in temperature; indicating methane
combustion is taking place in these regions. The thermocouples near the outlet of the reactor (i.e. T15
and T16) do not show such a sharp rise in temperature because these thermocouples are practically
exposed to hot product gases rather than any unreacted gas.
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Figure 10: Temperature profiles during the start-up.
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Figure 11: Typical axial temperature profiles during the start-up phase (fluidised-bed mode).
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Figure 11 illustrates typical axial temperature profiles along the axis of symmetry (i.e. r = 0 m) and at
the radial location r = 0.025 m during the start-up phase. Clearly, there is a temperature gradient in the
radial direction since the two plots do not show similar temperatures. Given that the plot associated with
r = 0.025 m generally shows lower temperatures, it can be concluded that some heat is being lost to the
reactor walls.

Termocouple Axial
Location (m)

However, both profiles show very similar trends comprising a sharp temperature rise near the inlet region
followed by an almost uniform temperature profile along the axial direction. This pattern which is a key
characteristic of fluidised-bed reactors creates isothermal conditions in the axial direction, in turn,
providing an ideal environment for chemical reactions to proceed to completion. For the same operating
conditions Figure 12 depicts the axial temperature profile along the axis of symmetry when the reduction
reactor is operated in the fixed-bed mode. As can be seen, the isothermal conditions no longer exist.
Instead the temperature profile shows a maximum near the lower mid region of the reactor which is
clearly a hot spot that has to be avoided as it may lead to the sintering of oxygen carrier particles. Figure
12 demonstrates as to why it is important to operate in the fluidised-bed mode.
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T4
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T8
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500

Temperature (oC)
Figure 12: A typical axial temperature profile during the start-up phase (fixed-bed mode).
In addition to start-up temperature measurements, we also examined the temperature profiles during the
cyclic redox reactions. Figure 13, shows a typical set of results for thermocouples T7 and T8 located in
the mid region of the reduction reactor. As can be seen from this figure, while T8 shows a periodic
behaviour its average is constant at about 900oC which is the desired reaction temperature. However, T7
exhibits a declining average with time. As discussed earlier, this is very likely due to the radial
temperature distribution within the reactor which manifests itself in the form of heat losses to the reactor
walls (hence declining temperature with time).
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Figure 13: Typical temperature profiles during the cyclic redox operation.
Perhaps the most important aspect of the pilot-scale experiments was to determine the oxygen production
characteristics of the 10 kWth pilot-plant. This characteristic was examined over a number of alternative
scenarios and a range of operating conditions. By and large, the pilot-plant was able to produce the
desired quantity and quality of oxygen over many repeated cycles and prolonged operations. Figure 14
shows a typical set of results where the cyclic production of oxygen (normalised by the average value in
the product stream) has been plotted against time. It is quite evident that the pilot-plant can successfully
maintain the normalised oxygen production around an average figure of 1 (or 100%) despite fluctuations
in the range of 15%.
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Figure 14: Typical normalised oxygen production during the cyclic redox operation.
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Chapter 3

DETERMINATION OF SCALE-UP RULES
3.1 OVERVIEW
The term scale-up generally refers to the task of designing large-scale equipment based on the knowledge
gained experimentally using a small-scale laboratory version of the equipment. The underlying principle
of scale-up involves establishing the relationships that exist between different scales of the processing
equipment. Such relationships are usually expressed in terms of a series of dimensionless numbers (i.e.
size independent) that describe the processes involved in the operation of the equipment. These
dimensionless numbers form the basis for scaling from one size to another. Some well-known examples
of dimensionless numbers include the Reynold’s number which describe the simple case of developed
flow through tubes or Nusselt’s number that is typically used to characterise the heat transfer process.
In practice, by maintaining a suitable set of dimensionless numbers constant during the conversion of
small-scale information to the full-scale unit (assuming that both the small- and large-scale units are
geometrically similar), one would be able to design the full-scale equipment from the small-scale
information and/or data. As can be appreciated, the most important step in scale-up is to accurately
determine the dimensionless numbers.
Given that from a hardware point of view CLAS and ICLAS processes are carried out using bubbling
fluidised bed reactors, the dimensionless numbers required for scale-up have to be able to characterise
both the hydrodynamics and chemical reaction processes taking place in fluidised beds.
However, scale-up of fluidised beds is a difficult and complex task because the hydrodynamics and
chemical reaction phenomena are coupled through the heat and mass transfer processes as well as particle
transport. For example it is well known that the bubble size does not change upon scale-up but reactor
diameter does. As a result, flow characteristics (i.e. hydrodynamics) would be very different in the small
and large reactor which, in turn, means the mixing, mass-transfer and heat transfer processes would be
different (see Section 3.4 for more details). Because of these scaling issues, the maximum scale-up factor
of 100 is considered for bubbling fluidised beds.

3.2 MAIN CHALLENGES IN SCALING-UP FLUIDISED BED
REACTORS
In a fluidised bed, the bed of solid particles is held in suspension by an upward flow of a fluidising agent
(e.g. a gas such as air in the case of gas-solid fluidised beds). This establishes a liquid-like behaviour in
the particle bed which is commonly referred to as fluidisation. In the case of bubbling fluidised beds, the
fluidising agent forms pockets of gas (i.e. bubbles) which travel upwards through the expanded particle
bed. Today fluidised bed reactors, especially bubbling fluidised beds, are used in an extensive array of
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industrial applications ranging from the chemical, metallurgical and environmental to pharmaceutical
sectors. The interest in fluidised bed reactors originates from their technical advantages over the other
types of reactors such as fixed bed reactors. These advantages become particularly important in systems,
such as CLAS and ICLAS, where reacting particles are suspended by the reactant gas (i.e. fluidising
agent). The key advantages include: (i) large gas-solid interface area, (ii) excellent particle mixing and
gas-solid contacting which not only enhances mass transfer, but also the heat transfer between particles
and the gas as well as the heat transfer to the internal surfaces of the reactor such as reactor walls and
heat exchanger tubes, (iii) nearly isothermal temperature distribution even for highly exothermal
reactions, and (iv) a constant and low pressure drop in the bed which does not depend on the gas velocity;
ensuring low-energy consumption and efficient reactor operation).
However, bubbling fluidised bed reactors also suffer from a number of technical shortcomings which
impact upon their operations especially when beds with irregularly shaped and polydispersed particles
are operated at high gas velocities and elevated temperatures and/or pressures (like in CLAS & ICLAS).
It is these shortcomings which make it difficult to describe the processes / phenomena taking place within
the fluidised bed reactor and also make the task of scale-up complicated and challenging. The key
challenges are:


Scale Dependency of Design Parameters [22-24] - One of the main challenges is the scale
dependence of many important design parameters such as particle properties, mass/heat transfer
and bubble growth. In particular the mass transfer of reacting gas from the bubble phase to the
dense phase is highly scale-dependent. The key reasons for this scale dependence of fluidised bed
parameters are wall-effects which play a more dominant role in the small-scale units than in the
large-scale ones. Contact with the reactor wall affects both the particle and gas phases as well as
their interaction with the bed.



Bubble Phase Characteristics [24] - Among the bubble phase features, the bubble size and rise
velocity are considered to be amongst the most important design factors. But they strongly depend
on the reactor scale. For this reason, slugging (when the bubble diameter becomes equal to the
vessel diameter) is more likely to happen in small-scale units because the maximum stable bubble
diameter is in the order of 15 to 30 cm. However, slugging starts if the bubble size is about 2/3 of
the bed diameter. Therefore, in sufficiently large beds, slugging will not occur and hence the
fluidisation in the large-scale unit will be significantly different from that observed in the smallscale unit. Due to wall effects though, the rise velocity of slugs would be about 50% lower than
that of the bubbles of the same diameter. Therefore, the gas residence time in the bed is decreased
and gas bypassing is increased ultimately lowering the chemical conversion rate and product
yield. The reduced chemical conversion is particularly encountered with fast reactions which are
often diffusion-controlled.



Gas-Solid Mixing [25-26] – It is well known that the solids mixing rate (i.e. the axial dispersion
coefficient) is directly proportional to the bed diameter as well as to the bed aspect ratio H/D, the
fines content and the superficial gas velocity. As a result, in small-scale reactors particles are
usually moved upward in the wake of bubbles while in large-scale reactors toroidal shape
structures are dominant. This difference between small and large-scale reactors in terms of gassolid contacting pattern makes it difficult to match solids mixing in the scale-up.
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3.3 SCALE-UP METHODOLOGY AND PROCEDURES
To overcome the scaling issues outlined above, in this project we devised and implemented a particular
approach whereby “scale-up” rules are obtained using a range of experiments, theoretical and modelling
results. Their details can be found elsewhere [24-29]. Figure 15 shows the procedure for arriving at scaleup rules for air separation systems. As can be seen, the work leading to this outcome required a number
of experimental setups which were discussed in earlier reports. In what follows, we describe the scaleup procedures employed here followed by the list of validated scale-up rules.

Figure 15: Flowchart of the procedure implemented in this project for determining scale-up rules.
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Under the prerequisite that the reaction kinetics and reactivity of oxygen carrier particles are known,
the procedure to a proper scale-up involves:
•

Selections of the appropriate fluidisation regime and reactor type from reaction kinetics,
reactivity and chemical conversion studies. This is the so-called screening procedure.

•

Construct a cold-flow lab-scale reactor model (D~0.2 m) which is capable of answering
questions of importance for the design of the industrial plant. Key questions include;
 Particle attrition and entrainment
 Solids feeding and discharge issues
 Residence time distribution (RTD) studies
 Effect of particle distribution
 Solids flow and circulation
 Solids separation and segregation
 Gas bypassing
 Gas leakage

•

Built a pilot-scale prototype (D~0.2 - 0.5 m) which is an intermediate before full-scale plant

•

Construct the either a full-scale plant (D>0.5 m) or a demonstration plant by using data and
experience from the cold-flow model and the pilot-scale unit.

3.4 HYDRODYNAMIC SCALE-UP
Following the procedure outlined in the previous section, for hydrodynamic scale-up studies we first
design and built a small-scale cold flow model. The cold-flow model was then used in a comprehensive
series of hydrodynamic studies to answer the questions related to particle transport; including those listed
above. Based on the knowledge gained from the cold-flow model and reactivity studies we then designed,
built and commissioned the 10 kWth pilot-plant prototype. This was achieved by dimensional analysis
and using the approach suggested by Glicksman [22] where by maintaining identical values of several
key dimensionless parameters in bench- and pilot-scale units, the physical dimensions of the pilot-scale
unit were calculated from those of the bench-scale setup. As outlined in Milestone Report #1, the key
dimensionless parameters used in this analysis are:
u2
,
g.L

p
,
f

 p .u.d p
,
2

 f .u.L
,


Gs
, bed _ geometry , ,
 p .u

PSD

(3.1)

where u is superficial gas velocity, g the acceleration of gravity, L characteristic length, p particle
density, f gas density, dp particle diameter,  dynamic viscosity of the gas, Gs solid circulation rate, 
particle sphericity, and PSD the particle size distribution.
The same dimensional analysis methodology was used to design the large-scale demonstration unit
described below. The validity of the scaling was assessed by comparing the experimental data collected
from the large-scale unit against those obtained from the cold flow model.
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We have completed the design and fabrication of the 7 m high cold-flow demonstration unit (equivalent
of a 500 kW CLAS system, see Figures 16) as part of the NSW Coal Innovation project. The unit has
been installed in our high space shed at the NIER (Newcastle Institute for Energy & Resources) precinct.
This unit has been fitted with auxiliary systems (e.g. compressed air system, sensors and instruments,
control system, etc) in the early 2013 and was commissioned over the period of May-June 2013.
It should be highlighted that while the demonstration unit has not been explicitly listed in the agreed
Milestone Schedule, it represents a vital component of scale-up studies. It would be extremely difficult
if not impossible to develop accurate scale-up rules without carrying out a range of comprehensive
particle transport experiments using a large-scale demonstration unit similar to that shown in Figure 16.

Figure 16: The 7 m high demonstration unit (minus auxiliary systems).
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3.5 CHEMICAL REACTION SCALE-UP
In addition to hydrodynamic similarity the chemical similarity (in terms of reactivity, selectivity and
conversion) has to be considered in the scale-up of the bubbling fluidised bed reactors. Given that in
reactive systems scaling always impacts upon the interactions among heat and mass transfer, kinetics and
hydrodynamics processes, the chemical conversion and selectivity of reacting particles within such
systems would also inevitably be influenced by scaling. For instance, if during scale-up different particle
sizes are used in the small- and large-scale models, the resultant full-scale unit may not operate according
to the design specification because the intra-particle diffusion limitations might have been overlooked
during scale-up studies. Therefore, in the scale-up of reacting systems the rate determining step of the
process (i.e. reaction, convection, or diffusion) must be identified.
As far as the CLAS and ICLAS processes are concerned, the scale-up of the air reactor can be handled
without any major difficulties since in this reactor a constant mean particle residence time is required for
scale-up. The required particle residence time, in turn, can be easily determined from the reactivity data
collected for various metal oxides in the 10 kWth pilot-plant prototype.
From the reaction engineering point of view the main challenge in the scale-up of the CLAS and ICLAS
processes is the reduction reactor. Similar conversions can only be achieved if the gas solid contacting is
similar at different scales. While reaction rate constants and order of reaction are determined by reactivity
tests, the required gas residence time is determined by the reactor mass. In this study constant gas
residence time has been used as the key scaling parameter although for a more general case the mass
transfer coefficient X (dimensionless interphase mass transfer) and the dimensionless reaction rate k* as
proposed by Lim et al. (1986) [23] are suitable scale-up parameters.
The results of the chemical reaction scale-up have been presented elsewhere [30-32] and also provided
in the earlier milestone reports and hence not repeated here again.

3.6 SCALE-UP RULES
Given the material covered in Sections 3.4 and 3.5, the following set of scale-up rules (i.e. criteria) is
proposed for scaling of the CLAS or ICLAS based processes:
Table 5: Scale-up Rules
Scaling Category

Scale-up Rule*

U0 g d p
Hydrodynamic Scaling



 constant

U 02
 constant
gD
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Reynolds number (ratio of inertial to
viscous forces)
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g
 constant
p
D
 constant
H
dp
 constant
D
  constant
psd = constant
Geometrical similarity in terms of
shape and design

Chemical Reaction Scaling

Air Flow Rate
 constant
Solid Inventory
Reducing Gas Flow Rate
 constant
Solid Inventory

M* = constant
k* = constant

* where:
D

dp


g
H

k*

M*

U0





g

p
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Gas to particle density ratio

Aspect ratio
Ratio of particle to reactor diameter
Particle sphericity ( 0  
Particle size distribution

1)

Air reactor
Reduction reactor
Reduction reactor
Reduction reactor

Reactor characteristic diameter
Mean average metal oxide particle diameter
Gravitational acceleration
Reactor characteristic height
Dimensionless reaction rate constant
Interphase mass transfer coefficient
Superficial gas velocity
Dynamic viscosity of the gas
Dynamic viscosity of the gas
Gas density
Particle density

3.7 RESULTS AND DISCUSSION
The chemical reaction kinetics and associated scale up rules for copper based oxygen carrier system has
been reported in the earlier milestone report and hence not provided here. However, the results of the
hydrodynamic scaling of the reactor as explained in sections 3.4 and 3.6 have been summarized below.
The large-scale experimental campaign involved running a number of tests in the large-scale
demonstration unit (Figure 16). In each test only the flow rate for the air reactor supply was systematically
changed while the gas flow rate to the reduction reactor (or fuel reactor) and the both loop seals were
kept at a constant flow rate. The measurements of the flow rates from were made by measuring the
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pressure difference across orifice plate mounted on the supply lines of the air reactor, reduction reactor
and the loop seals.
The pressure profile in the demonstration unit was also accurately measured using a series of pressure
transducers. The measurements were taken after 10-15 minutes from the start of the test (or scheduled
changes in the air reactor flow rate) to ensure that the system reaches a stable and steady-state mode of
operation. The pressure measurements were then taken at 5 s intervals for period of 2-3 minutes. The
results of pressure profile measurements were compared with those obtained from the bench-scale coldflow setup.
The initial particle loading (i.e. solid inventory) in all tests was the same and followed the distribution
shown in Figure 17. The data shown in Figure 17 were estimated from the measurements of the particle
bed dimensions in the demonstration unit and the physical properties of particles. Table 6 provides more
details about the initial solid inventory.
250

Initial Loading (kg)

200
150
100
50
0
Air Reactor

Reduction
Reactor

Loop Seal 1

Loop Seal 2

Figure 17: Initial particle loading in each component of the large-scale demonstration unit.
Table 6: Initial solid inventory calculations
Unit Operation

Bed
Height
(m)

Air Reactor

0.74

Cross
Sectional
Area
(m2)
0.19625

Reducer (fuel reactor)

0.33

Loop Seal (1)
Loop Seal (2)

Bed
Volume
(m3)

Particle
Density
(kg/m3)

Void
Fraction
(assumed)

Solid
Fractio
n

Solid
Volume
(m3)

Inventor
y (kg)

0.1452

2462

0.4

0.6

0.08714

214.5

0.10254

0.2475

2462

0.4

0.6

0.06152

151.5

0.21

0.08

0.0168

2462

0.4

0.6

0.01008

24.8

0.14

0.08

0.0112

2462

0.4

0.6

0.00672

16.5

Figure 18 shows a comparison of the pressure profiles for three different flow rates in the air reactor
achieved by changing its inlet pressure between 37 and 41 kPa. As can be seen, the highest pressure is
reached in the air reactor and for the range of inlet pressures studied here the pressure profiles are almost
identical.
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Figure 18: Pressure profiles for the demonstration plant for dp= 120µm GB [Case1: Pin=37.6 kPa, Case2:
Pin=40.60 kPa and Case3: Pin=38.60 kPa].
The profiles shown in Figure 18 very closely resemble the pressure profiles from the 10 kWth pilot-plant
(see Figure 19) although the magnitudes, as shown in Figure 20, are different due to scaling effect.
However, by and large the results from the demonstration plant indicate that the overall behaviour and
performance characteristics of the large-scale plant match those of the bench-scale cold-flow model and
the pilot-plant. This verifies the validity of the dimensionless parameters (eq 3.1) used in the scaling up
the bench-scale information and suggests that these dimensionless parameters can be considered as part
of the set of scale-up rules.
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Figure 19: A typical pressure profile for the 10 kWth pilot-plant prototype.
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Figure 20: Comparison of pressure profiles of the demonstration unit and 10 kWth pilot-plant.
The comparison of the scaling laws of the two systems is reported in Table 7. It can be seen that
Archimedes number, the density ratio and the height to density ratio of each components in the system
were kept around one. The height to the diameter ratio of the air reactor and the riser were higher in the
demonstration unit. This is because the design specification of the air reactor diameter to the riser
diameter ratio between the two units was kept at the same value of the (i.e. D(A.R.)/D(riser)=2).
Table 7: Comparison of the non-dimensional numbers between 10 kwth and the 200 kwth units.

Glicksman’s scaling
laws

R(L)/R(D)*

Air reactor

0.31

d p u g 

Riser

0.31



Fuel Reactor

0.98

LS (1 and 2)

1.06

Air reactor

1.29

d p g (p  g ) g

Riser

1.29

2

Fuel Reactor

1.00

LS (1 and 2)

1.00

Air reactor

0.07

Riser

0.07

Fuel Reactor

0.96

LS (1 and 2)

1.12

Air reactor

0.97

Riser

0.97

Re

3

Ar

2

Fr

u
gd p

Density ratio

53

Chemical Looping Oxygen Generation for Oxy-fuel Combustion

p
g
Height to
diameter ratio
Reactor to
particle
diameter

Fuel Reactor

1.00

LS (1 and 2)

1.00

Air reactor

1.1

Riser

1.6

Fuel reactor

1.25

Air reactor

0.16

Riser

0.17

Fuel Reactor

0.14

H
D

D
dp

Dimensionless
Air reactor
3.54
Gactual
solid
circulation
u p
Riser
3.57
rate
*R(L) and R(D) refer to the 10kwth lab scale and 200kwth demonstration pilot plant scale, respectively.
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Chapter 4

TECHNO-ECONOMIC ASSESSMENT
4.1 BACKGROUND
The oxy-fuel combustion is considered to be the most suitable option [1,35] among the portfolio of low
emission technologies (LETs) such as pre- and post-combustion capture processes mainly due to its
ability to retrofit at low cost. However, oxy-fuel combustion process, like other LETs, faces many
technological challenges and oxygen production has been considered to be one of the most critical ones
[1-2]. The current state of the art process for oxygen production is “Cryogenic Air Separation Unit
(CASU)” which is extremely energy intensive and generally found to result in high energy penalties (46%) of a typical oxy-fuel plant. As a substitute, the current project has investigated the alternative oxygen
production method called “Chemical Looping Air Separation (CLAS)” being developed at the University
of Newcastle (UoN). From a series of experimental and modelling studies conducted at UoN, it was
found that CLAS can produce oxygen at 40-70% lower cost than the CASU. However, there exist many
uncertainties and knowledge gaps about the heat integration, capital investment, auxiliary costs and scale
up of the CLAS system with oxy-firing. Given the above, one of the key objectives of this study was to:
(i)

Carry out a techno-economic assessment of a hypothetical coal-fired power station (with
specifications similar to Liddell in NSW) for oxy-fuel conversion using CLAS and CASU.

(ii)

Determine the extent to which the process feasibility and economic viability of oxy-fuel
operations is enhanced by integration of the CLAS process into such operations.

In this chapter the results of a techno-economic assessment for conversion of the plant are described. The
in-depth assessment has been carried out mainly to evaluate the relative techno-economic merits of
CLAS based processes compared to cryogenic distillation process for their integration with oxypulverised fuel (PF) firing. For the current study, it is assumed that the transport and storage of CO2 from
the power plant to the sequestration site is feasible from both technical and economic points of view. It
is also assumed that for the power plant the oxy-fuel retrofit is not limited by any space and layout
limitations.
The details of the methodology and key findings from the present techno-economic assessment are
provided in the proceeding sections, i.e. Sections 4.2-4.5. While a large number of process flow-sheets
were developed and examined, all possible combinations of interest could not be assessed. It should be
highlighted that the assessment presented here is carried out using a combined ASPEN Plus models and
spreadsheet based analysis toolkit developed in-house specifically for this study2.

2

The ASPEN models and spread-sheets model will be made available to staff at ANLEC R&D so that other scenarios of
interest can be examined. Although it should be recognised that the model was primarily developed for internal use by the
members of the research team and as a result no resources were devoted to develop a built-in user friendly interface and
help facilities. Moreover, whilst the technical support after the release of the model is not guaranteed, the author and his
team will do their best to provide a basic level of assistance.
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4.2 METHODOLOGY
From preliminary laboratory and bench scale trials, it was confirmed that CLAS may become a highly
cost effective alternative to CASU for oxygen production in oxy-fuel combustion. The possible
integration options for CLAS with oxy-firing and their assessment have been presented in our published
work [35]. It was found in this study that CLAS in isothermal condition can only provide an oxygen
concentration of up to 12-14 vol% in the oxygen enriched product stream to the furnace which is
significantly lower than the requirement of oxy-fuel combustion (up to 26-28 vol%). Therefore, as an
alternative, temperature swing option was found to be the most appropriate. In this approach the reduction
reactor temperature is kept 80-100oC higher than the oxidation reactor to reduce the equilibrium partial
pressure of oxygen in the reduction reactor and thus enhance the oxygen release and concentration in the
product stream. However, the reduction reaction is endothermic and one needs additional energy to
maintain higher reduction reactor temperature. This has raised some important questions and concerns
regarding the heat integration and management of CLAS with oxy-fuel combustion. Certainly, the energy
required for the reduction reactor can’t be delivered by the heat released from oxidation reactor as it
operates at lower temperature than the reduction reactor. Under these conditions, solar thermal energy or
natural gas firing integration was considered which may increase the exergy losses or total capital
investment of the system. To answer the question of heat integration and provide the comparison of
integrated CLAS (ICLAS) with CASU system, several flow-sheets were developed in this study.
A reducing environment in CLAS can be provided by introducing inert sweep gases such as steam and/or
CO2- enriched recycled flue gas. Therefore, in the current study, application of steam and CO2 in
reduction reactor for oxygen production has been considered.
Based on comprehensive thermodynamic assessment conducted by our group [30, 32, 35-37], Cu-, Mnand Co- oxides were found to be the most suitable oxygen carriers for CLAS system. Further to this, as
indicated in Chapter 2, detailed kinetic experiments demonstrated that impregnated Cu- oxide particles
on SiO2 support, due to their higher oxygen transport capacity (OTC) and reactivity, are the best
candidate for CLAS process. Therefore, CuO-SiO2 oxygen carriers have been selected for the technoeconomic assessment. The methodology of the techno-economic assessment employed in this project is
depicted in Figure 22.
Several alternative retrofit configurations, differing only in ASU and heat integration but otherwise
identical, were considered. The techno-economic study summarised here was concerned with retrofitting
of the hypothetical plant for oxy-firing operation. The flow-sheets options developed and studied in this
project were:
 Base Case: “business as usual” operation scenario for the existing plant (air-fired) with no carbon
capture and storage (CCS).
 Cryogenic Case: Oxygen fired retrofit with a cryogenic type ASU and CCS.
o Conventional CASU system with 99% oxygen purity
o Conventional CASU system with 95% oxygen purity
o Advanced CASU system with 99% oxygen purity
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o Advanced CASU system with 95% oxygen purity
ICLAS [FG] Case: Oxygen fired retrofit with an ICLAS (recycled flue gas reduction) and CCS.
o Direct/Indirect CH4 firing in reduction reactor
o Solar thermal heating for reduction reactor
ICLAS [S] Case: Oxygen fired retrofit with an ICLAS (steam reduction) and CCS.
o Solar thermal heating for reduction reactor

1

•Process Flow-sheets Development for ICLAS and CASU integration with
Oxy-firing

2

•Process Simulation Model Development for ICLAS-Oxy and CASU-Oxy
cases

3
4
5
6

•Cost estimate for ICLAS-Oxy and CASU-Oxy cases from literature
•NPV model development for ICLAS-Oxy and CASU-Oxy cases
•Comparison of ICLAS-Oxy and CASU-Oxy cases
•Conclusion

Figure 21: Methodology for techno-economic assessment.
Detailed process simulation models were developed in ASPEN Plus v 7.3. The technical assessment for
each plant comprised an investigation of the impact of both ASU and CPU (CO2 processing unit) on the
plant’s performance characteristics. The impact was evaluated and expressed in terms of:
 Power requirement for oxygen production
 Plant thermal efficiency
 Plant thermal efficiency penalty
 Relative efficiency gain
A number of relevant publications were used to establish an accurate database of technical information
and cost components.
In the economic assessment, Net Present Value (NPV) calculations were performed. The economic
assessment was evaluated and expressed in terms of:
 Power plant retrofit costs (i.e. capital cost)
 Operating costs
 Cost of CO2 avoided.
 Net Present Value (NPV)
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In addition to the above comparisons among various oxy-fuel alternatives, a sensitivity analysis on
several scenarios and factors were also performed.

4.3 PROCESS FLOW-SHEETS
The major bottlenecks of oxy-fuel combustion are the higher energy penalties associated with Air
Separation Unit (ASU) for oxygen production and CO2 Processing Unit (CPU) for CO2 purification and
compression [35, 41]. The current study aims to develop a novel oxygen production process. There are
various technologies available for oxygen production. The three main technologies among the suite of
conventional and emerging technologies are: cryogenic distillation, adsorption and membrane
technology. To date, cryogenic distillation-CASU is the only mature technology available for large scale
oxygen production for oxy-fuel power plant application. However, CASU consumes between 10% and
40% of the gross power output. The energy penalty associated with CASU integration to the conventional
coal-fired power plant is estimated to be as high as 6-10 percentage points. Under such scenario, oxyfuel combustion cannot be feasible and therefore efforts have been made to reduce the energy
requirements for the oxygen production by looking at advancement of the CASU process and also finding
alternative options oxygen production. The current project is looking at the development of CLAS and
its comparison with the most mature CASU technology. The process flow-sheets developed for CASU
and ICLAS integration with oxy-fuel combustion are described in the following subsections. The flowsheet for conventional coal-fired power plant (air-firing) though not displayed here has been considered
and studied as the base case.

4.3.1 CASU INTEGRATION
CASU works on a cryogenic distillation principle. It compresses the air to its liquefaction stage followed
by the fractional distillation of several components such as N2, O2 and Ar. CASU can produce liquid or
gaseous streams of N2 and O2 as per the specification of the end user. For oxy-fuel combustion, one needs
gaseous oxygen and therefore compression energy requirement associated with liquefaction of the
produce stream can be partially recovered with advanced version of CASU specially designed for oxyfuel combustion. Also, if the presence of Ar in the oxygen product and lower purity of oxygen of about
95% is acceptable for oxy-fuel combustion then the energy requirement for oxygen production with
CASU can be further reduced. The literature suggests that with such advancement in CASU processes,
specific energy requirement of CASU can be reduced from 350 kWh/ tonne of O2 to 200 kWh/tonne of
O2. However, even with such reduced energy requirement the energy penalty for oxy-fuel combustion
still remains as high as ~4-6% which further questions the feasibility of the oxy-fuel combustion retrofit
design.
We would like to draw attention to one disadvantage of using low purity oxygen (~95%) in the oxy-fuel
operation. In this case the product gas stream from CASU has about 3% Ar and 2% N2 which will
inevitably end up in the CPU. This may increase the energy requirement in the back end of the CPU
given that the power demand for compression of CO2 in the CPU depends on the purity of CO2. The
ICLAS process studied in this report does not have this disadvantage as it is expected to produce 99%
pure oxygen by shuttling the metal oxide oxygen carriers between the oxidation and reduction reactor
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and thus allowing complete N2 and Ar separation from the oxygen product. Therefore, application of
ICLAS would not create any efficiency drop in the backend of oxy-fuel combustion. For this reason, the
ICLAS comparison has been against with CASU producing 99% pure oxygen.
The schematic of CASU integration with oxy-fuel is shown in Figure 22. The CASU produces an oxygen
stream with 99% purity which is mixed with recycled flue gas and enters the oxy-PF furnace. The
recycled flue gas (RFG) coming from the back end is generally split into two streams, namely: (1)
primary or dry and (2) secondary or wet. The primary RFG after water removal goes to the coal mill to
convey coal from coal mill to the oxy-PF furnace. The secondary hot stream without water removal is
being fed directly to the oxy-PF furnace. Bother primary and secondary streams are being pre-heated by
the flue gas (FG) leaving the oxy-PF furnace in primary air heater (PAH) and secondary air heater (SAH)
heat exchangers. The FG leaving the oxy-PF needs to be cooled down to 150oC before it enters to the
fabric filter (FF) for particulate removal. After that, it goes to FGD for sulphur removal. After FGD, the
FG stream has been split to recycled flue gas (RFG) stream and FG emission stream. FG emission stream
further goes to CPU for compression, purification and storage and RFG is recycled back to oxy-PF.
Steam
HP

IP

RFG

LP

FF+
FGD

FG

to CPU

Ash+
Sulfur

H2O

Oxy-PF

N2and other
impurities

Coal
HE
(PAH & SAH)

99 vol% O2

CASU
Air

Figure 22: Oxy-firing integration with CASU.

4.3.2 CLAS INTEGRATION
Chemical Looping Air Separation is a novel process where oxygen is produced in a chemical looping
manner by shuttling the metal oxide oxygen carriers between oxidation and reduction reactor as described
earlier.
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CLAS has several technical challenges and among them heat integration is the most critical one. As noted
earlier, in the CLAS process a temperature difference must be maintained between the oxidation and
reduction reactors since isothermal operation only lead to low oxygen production levels. One way of
achieving the temperature difference is to operate the oxidation reactor at lower temperatures than the
reduction reactor (~100oC). This is mainly to maintain a lower equilibrium partial pressure for oxygen
in the oxidation reactor and a higher equilibrium partial pressure for oxygen in the reduction reactor. This
will reduce the air and RFG requirements for the oxidation and reduction reactor respectively which
further reduces the auxiliary power requirements for the respective air and RFG blowers for both reactors.
However, this arrangement creates a problem of heat management as practically exothermic heat from
the oxidation reactor cannot be utilised for the reduction reactor due to 100oC negative temperature
difference. Therefore, a new steam cycle is introduced to the oxidation reactor outlet, and further to
suffice the energy requirements for reduction reaction it requires an additional auxiliary fuel such as
methane firing or solar thermal integration. While this arrangement is expected to increase the capital
investment it would also increase the power plant’s throughput.
As an alternative to the above configuration, we have also considered the feasibility of keeping the
reduction reactor temperature lower than the oxidation reactor temperature. It was found that this
arrangement will increase the air requirement and associated auxiliary power requirement of the
oxidation reactor air blower. The sweep gas requirement in the reduction reactor will also increase
significantly with such an arrangement. In addition the reduction reactor would then produce a very dilute
oxygen concentration (of maximum up to 10-14 vol%) in the oxygen enriched stream to the boiler. With
such a dilute oxygen concentration, the oxy-PF furnace may not achieve complete combustion. To
improve the oxygen concentration in the oxygen product stream, the addition of steam together with flue
gas was also investigated. However, it was found that the steam requirement was massive and could not
be supported by the plant’s steam cycle.
Given the above and after weighing pros and cons of both options, the team decided to adopt the option
of running the reduction reactor at higher temperatures than the oxidation reactor.
One should note that the current study is limited to CuO-SiO2 oxygen carriers. With other oxygen carrier
systems such as Co- and Mn- oxides, due to differences in their equilibrium oxygen partial pressure,
ICLAS may require less air or flue gas/steam flow rates. And this needs further investigations.
Furthermore, the possibility of a gas turbine or combined cycle at the exit stream of the oxidation reactor
to reduce the capital investment or to improve the overall thermal efficiency of the power plant needs to
be scrutinised in detail (note that this assumes the oxidation reactor operates at high pressures).
CLAS Integration (Flue Gas)
Two cases have been considered for the flue gas version of ICLAS. One is the direct/indirect heating by
natural gas firing and the other is solar thermal integration. They are described as follows:
Direct/Indirect Methane Firing:
Figure 23 shows the schematic of direct methane firing in the reduction reactor. The RFG from oxy-PF
is being pre-heated with the reduction reactor outlet stream before it enters to the reduction reactor.

60

Chemical Looping Oxygen Generation for Oxy-fuel Combustion

2015

Natural gas is directly fired in the reduction reactor to provide sufficient energy required for reduction
reaction. The oxidation reactor outlet stream is coupled with the steam cycle to produce additional
electricity. Direct firing of methane dilutes the concentration of oxygen in the reduction reactor outlet
stream up to 14 vol% due to H2O formation with natural gas combustion. However, 26 vol% O2 can be
produced by condensing water from the oxygen product stream before it enters to the oxy-PF furnace. A
total of 40% of the low temperature energy extracted during the condensation process is assumed to be
recovered for feed water heating (FWH) and low temperature heating or cooling (HOC) applications for
the power plant buildings. The remaining 60% of the low temperature heat is considered as a net thermal
loss.
The Cu-oxides impregnated on SiO2 support is circulated between the oxidation and reduction reactors.
To achieve higher oxidation rate, heat is being extracted from the oxygen carriers (leaving the reduction
reactor) to keep their temperature similar to oxidation reactor before they enter the oxidation reactor. In
the current study, this extracted energy is considered as a net thermal loss. However, this heat can be
further utilized to increase the temperature of oxygen carriers (leaving oxidation reactor) entering the
reduction reactor. This will require solid-solid heat exchanger and its feasibility needs to be investigated
in future.
The net electricity generation of Liddell power plant with CLAS integration using direct methane firing
option was found to be increased by 40-50%. This is primarily due to power augmentation by adding
methane and a new steam cycle. For more details, please refer to the power production data given in
Section 4.4.

Figure 23: Direct CH4 firing in Reduction Reactor for ICLAS-FG.
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Figure 24 presents the flow-sheet of indirect methane firing case. The major difference to the direct
methane firing case (as shown in Figure 23) here is that the natural gas combustion is occurred indirectly
in the outer tube reactor and therefore water removal process is not needed. The reduction reactor outlet
stream containing desired oxygen concentration is split into two streams: (1) for natural gas oxy-firing
and (2) for oxy-PF furnace. The reduction reactor product stream going to the oxy-PF is used for coal
combustion. The outlet stream of oxy-PF (i.e. the main flue gas) is 100% recycled to the reduction reactor.
The secondary flue gas resulted from natural gas combustion goes to the CPU unit. The advantage with
this option is that desired oxygen concentration of 26 vol% can be achieved at the reduction reactor outlet.
Solar Heating:
The option of solar heating is depicted in Figure 25. In the current study, high temperature concentrated
solar thermal systems such as parabolic trough, linear Fresnel, power tower or parabolic dish including
high temperature thermal storage have been considered. However, the solar heating option has several
challenges and the most important ones are the capacity factor of solar thermal and high temperature
solar storage. If these problems are resolved, solar heating option can provide better heat integration
compared to the natural gas firing cases. One should also consider the significant costs required for solar
integration.

Figure 24: Indirect CH4 firing in Reduction Reactor for ICLAS-FG.
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Figure 25: Solar Integration with Reduction Reactor for ICLAS-FG.
CLAS Integration (Steam)
CLAS integration with Oxy-PF using steam has also been investigated. The advantage of steam
integration is that it can produce high purity oxygen stream of 99% at the outlet of reduction reactor after
steam condensation and water removal process. Two cases of solar heating integration with/without new
steam cycle have been considered in the current study. However, the major difficulty with the use of
steam is in the integration with direct natural gas firing. Because if H2O is present in larger quantity then
steam reforming of methane will occur instead of combustion. Indirect natural gas firing is still
theoretically possible however it is not studied in the current study.
Solar Heating without New Steam Cycle:
Solar heating without a new steam cycle is exhibited in Figure 26. It can be seen that the steam produced
from the oxidation reactor is directly used in the reduction reactor after heating it to a desired temperature
using the reduction reactor outlet stream in HE2. It should be noted that the oxidation reactor temperature
is high enough to generate HP steam. Therefore, producing LP steam for the reduction reactor application
may not be an attractive option as it generates massive efficiency losses due to significant exergy
destruction.
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Figure 26: Solar Integration with Reduction Reactor without new steam cycle for ICLAS-Steam (*
refers to the connections between two steam flows).
Solar Heating with New Steam Cycle:
To avoid the exergy losses in the system solar heating with a new steam cycle featured by a new steam
turbine is considered, the schematic of which is presented in Figure 27. The arrangement is similar to
that employed in the above case, i.e. Figure 26. The only change here is that HP steam is produced for
power generation using a new steam turbine and a bleed of LP steam from the new steam cycle has been
extracted for the use in reduction reactor for oxygen carrier reduction.
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Figure 27: Solar Integration with Reduction Reactor with new steam cycle for ICLAS-Steam (* refers
to the connections between two steam flows).

4.4 TECHNICAL ANALYSIS
Process simulations of the flow-sheets described in Section 3 have been carried out using ASPEN Plus
v 7.3. In total 9 models were generated. Their details are provided in Table 8.
Table 8: Process simulation cases

Cases
Case 0
Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7

Case 8

Description
Hypothetical power station (550 MWe) – conventional air-firing
Hypothetical power station retrofit to oxy-firing using conventional CASU (99% O2 purity)
Hypothetical power station retrofit to oxy-firing using conventional CASU (95% O2 purity)
Hypothetical power station retrofit to oxy-firing using advanced CASU (99% O2 purity)
Hypothetical power station retrofit to oxy-firing using advanced CASU (95% O2 purity)
Hypothetical power station retrofit to oxy-firing using ICLAS-FG-CH4-with new steam cycle
Hypothetical power station retrofit to oxy-firing using ICLAS-FG-Solar- with new steam cycle
Hypothetical power station retrofit to oxy-firing using ICLAS-Steam-Solar-w/o new steam
cycle
Hypothetical power station retrofit to oxy-firing using ICLAS-Steam-Solar-with new steam
cycle
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Table 9 shows the Liddell power plant data used in the process simulations for air-firing and retrofitting
oxy-firing conditions. The process simulation model for oxy-fuel combustion with CASU is shown in
Figure 28. The model for conventional CASU system is shown in Figure 29. The process models for
oxy-PF flue gas integration with CLAS using natural gas firing is presented in Figure 30. Figure 31 also
shows the CLAS process model. The simplified thermodynamic simulation of the CPU was performed
to estimate the overall energy requirements the details of which are not provided in the simulation.
Table 9: Power Plant Data (adopted from data for Liddell power station)
Power Plant Performance
Gross output [38]
Gross Thermal Effy [38]
Reference Capacity Factor [38]
Auxiliary Power [38]
Fuel Composition
Moisture
Ash
Carbon
Hydrogen
Nitrogen
Sulphur
Oxygen
Calorific Value [39]
Environmental Emissions
Carbon Dioxide
Sulphur

518
MW
36%
88%
25
MW
As received basis
8.8%
30.3%
49.7%
3.3%
1.1%
0.5%
6.3%
20.90
MJ/kg
1.822
0.010

kg/kg of fuel
kg/kg of fuel

APH1
APH2

CASU
Furnace
FF
CS
FGD

Figure 28: Process model for Oxy-PF combustion with CASU.
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Figure 30: Process model for Oxy-PF with ICLAS.

Figure 31: Process model for ICLAS.
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Table 10 provides information on the reactor type, process conditions and function of the different unit
operations used in the oxy-fuel process. The modelling of a combustion process was conducted using
RYield and RGibbs models as instructed in ASPEN Plus tutorial of solids handling. Since coal is a nonconventional component according to the definition of Aspen Plus, it shall be decomposed into
constituent elements by the RYield block before it is sent to the RGibbs block. The downstream unit
operations include pre-heaters, fabric filter and FGD. For the CLAS process, oxidation and reduction
reactors were considered as RGibbs. For the CASU model, Compr and RadFrac have been used. The
ideal property method was applied which uses both Raoult’s and Henry’s Law.
Table 10: Specifications of different unit operation blocks used in ASPEN plus relative efficiency gain
Unit operation

Reactor type

Conditions

Function

P= 1 bar,
T = 75oC
P =1 bar

Decomposition of coal to
conventional components
Combustion
Calculate the combustion
products and properties

Heat exchanger

HSOT =350-600oC

To generate steam

Heat exchanger
Heat exchanger
FabFl

CSOT = 130oC
CSOT = 200oC
Eff. = 99.9%
P = 1 bar,
T = 150oC
Eff. = 94%

To pre-heat the recycle
stream
To remove solids (fly ash)

RGibbs

P =1 bar, T=950 oC

For oxidation

RGibbs

P =1 bar, T=1040
o
C

For reduction

Oxy-PF
Decomposition

RYield

Burn

RGibbs

Combustion

Calculator

Steam
Generator
APH1
APH2
FF
FGD

RStoic

To remove SOx

CLAS
Oxidation
Reactor
Reduction
Reactor
CASU
Compressor
Compr
P = 6 , 7.5 bars
For air compression
Distillation
RadFrac
T= -177 to -193 oC
For separation of oxygen
columns
The steam cycle was simulated in ASPEN Hysys. The user interface between ASPEN
Plus and ASPEN Hysys models was created to feed data in the steam cycle.
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4.4.1 RESULTS AND DISCUSSION
The results for all 9 cases have been presented in Table 11. The impact was evaluated and expressed in
terms of:
 Power requirement for oxygen production
 Plant thermal efficiency
 Total energy penalty
 Relative efficiency gain
Power Requirement for Oxygen Production
The power requirement for oxygen production for all 8 oxy-PF cases has been presented in Figure 32. It
can be seen that ICLAS with FG and steam cases have 71%-85% reduction in energy requirement
compared to conventional and advanced cryogenic cases. This is mainly due to the fact that unlike CASU
cases, ICLAS does not require to energy to compress and liquefy the air. Out of the four ICLAS cases
studies, ICLAS-Steam-Solar-with new steam cycle is found to have lowest oxygen production cost. This
is mainly due to lowest air, oxygen and flue gas requirement compared to other cases. However, the
difference observed in other ICLAS cases is relatively minor.

8
ICLAS-S
cases

7
6

ICLAS-FG
cases

5

4
3
CASU cases

2
1
0

100

200
300
kWh/ tonne of O2

400

500

Figure 32: Power requirement for oxygen production.
Plant Thermal Efficiency
The overall plant thermal efficiency was calculated for all 9 cases using the net power production divided
by the total energy input (see Table 11 for more detailed data). The total energy input includes heat from
both the primary and supplementary fuels as well as solar heat, while the net power production is
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calculated by the gross power production from the base plant and new steam cycle minus all auxiliaries.
The efficiency results are presented in Figure 33. It can be seen that for the CASU integration cases the
plant efficiency has been dropped from ~33% to less than ~25%. However, with the ICLAS cases, for
cases 5, 6 and 8 the efficiency was found to be as high as the conventional air-fired power plant. This is
due to the fact that a new steam cycle of higher efficiency has been added to the CLAS oxidation reactor.
However, this addition will increase the capital cost for the ICLAS integration cases. More details on
capital investments are provided in Section 4.5.
Total Energy Penalty
Total energy penalty for oxygen production is highlighted in Figure 34. It can be seen that for all ICLAS
cases except case 7, the energy penalty is significantly reduced to <2%. The main reason for this is the
elimination of compression and cooling step in ICLAS cases. However, it should be noted that heat
integration in ICLAS is challenging which needs additional steam cycle, natural gas firing or solar
thermal integration that will increase the capital cost for ICLAS integration cases.
Relative Efficiency Gain
Relative efficiency gain was calculated and presented in Figure 35. It can be observed that ~73-75% of
relative efficiency gain can be obtained for ICLAS cases 5, 6 and 8 compared to conventional CASU
case 1. Even case 7 was found to be at par with advanced cryogenic cases 4 and 5.

40

Plant Efficiency %

35
30
25

20
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5
0
0

1

2

3

4

5
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7

8

ICLAS-FG cases ICLAS-S cases

CASU cases

Figure 33: Plant thermal efficiency.
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Total Energy Penalty %

16
14
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8
6

4
2
0
1

2

3

4

5
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CASU cases

7

8
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Figure 34: Total energy penalty.

8
ICLAS-S
cases

7
6

ICLAS-FG
cases

5
4

CASU cases

3
2
0
20
40
60
80
% Efficiency gain compared to Conventional CASU
Figure 35: Relative efficiency gain.
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Some of the key conclusions derived from the process simulations are:
1. The energy requirement for oxygen production in ICLAS remains 75-80% lower than CASU.
2. The plant thermal efficiency can be revamped close to air-firing case by providing CLAS
integration.
3. The energy penalty can be significantly reduced to <2% with ICLAS whilst for CASU it is
estimated to be 8-15%.
4. The relative efficiency gain by ICLAS integration seems to be 25-75% compared to conventional
CASU system.
5. The most critical challenge though with ICLAS is heat integration. It was found that running
oxidation reactor at lower temperature than the reduction reactor creates a problem of heat
management, since transferring the heat generated at lower temperature from oxidation reactor to
the higher temperature reduction reactor is thermodynamically not possible. However, in the
current process simulation study, it was demonstrated that by integrating CLAS with the new
steam cycle and methane firing or solar heating, the issues related to heat integration can be
resolved. Nevertheless, still there exists a question whether these integration options are
economically feasible or not. To answer this, further economic analyses were performed based
on NPV calculations in the following section.
6. ICLAS has some technical advantage over CASU if the barrier associated with heat integration
in ICLAS can be avoided by natural gas hybridization.
For economic analysis, cases 5 and 6 of ICLAS with flue gas have been selected. The case 8 is not studied
as the capital investment for solar integration in case 8 will be as same as case 6. However, it should be
noted that case 8 may have higher costs related to piping, steam condensation, cooling and construction
compared to case 6.
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Table 11: Performances comparison of the base case scenario with CASU and ICLAS system using flue gas as the sweep gas
Parameters

Units

Base
case
0

Cases

Power Production
HP Turbine
IP Turbine
LP Turbine
Power generation of the NSC**
Additional power recovery
Auxiliary power
Mill power consumption
Boiler feed pump (turbinedriven)
Condensate pump
Primary Air Fans
Forced Draft Fans
Induced Draft Fans
Spray Dryer FGD
Miscellaneous
Heating/cooling requirements
Cooling tower duty
Cooler before the fabric filter
Steam condensation process

Integration with
conventional
CASU
1 (ref#)

Integration with
advanced CASU

2

3

Integration with
ICLAS using
flue gas

4

5
CH4
integra
-tion
(Direct
/Indire
ct)

Integration with
ICLAS using
steam

6

7

8

Solar
integra
-tion

Solar
integra
-tion
(w/o
NSC**
)

Solar
integrati
-on
(with
NSC**)

Air
firing

99%
O2
purity

95%
O2
purity

99%
O2
purity

95%
O2
purity

MW
MW
MW
MW
MW

144
213
172
-

144
213
172
-

144
213
172
-

144
213
172
-

144
213
172
-

144
213
172
733
86

144
213
172
332

144
249
236
-

144
213
172
332

MW

3.8

3.8

3.8

3.8

3.8

3.8

3.8

3.8

3.8

MW

11.3

11.3

11.3

11.3

11.3

11.3

11.3

10.4

11.3

kW
kW
kW
kW
kW
MW

251
995
718
1,881
2,500
15.8

251
831
741
1,503
2,500
15.8

251
831
741
1,503
2,500
15.8

251
831
741
1,503
2,500
15.8

251
831
741
1,503
2,500
15.8

251
497
442
1,131
2,500
15.8

251
774
689
1,483
2,500
15.8

309
864
769
1,550
2,500
15.8

251
774
689
1,483
2,500
15.8

MWt
MWt
MWt

659
-

659
54
-

659
54
-

659
54
-

659
54
-

659
0
238

659
0
-

965
58
433

659
0
-
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Waste heat recovery (40%) for
heating/cooling application
Oxidation reactor
Reduction reactor
Thermal efficiency of the
NSC**
External heat input from
solar/CH4
Methane flow requirement
Oxygen plant
Air flow
Pressure difference over the air
and sweep gas blower
Oxidation and Reduction reactor
blowers power requirement
Oxidation reactor operating
temperature
Equilibrium oxygen partial
pressure (OXI)
Reduction reactor operating
temperature
Equilibrium oxygen partial
pressure (RED)
Oxygen carrier flow
Sweep gas flow
Sweep gas temperature
Sweep gas pressure
Specific power requirement [4041]

2015

MWt
MWt
MWt

95

173

-

-

-

-

-

1,834
0

831
-803

0
-891

830
-849

-

-

-

-

-

0.400

0.400

-

0.400

MWt

-

-

-

-

-

2,099

803

891

849

kg/s

-

-

-

-

-

41.9

-

-

-

479

504

479

504

2,115

561

835

561

kg/s
kPa

-

-

-

-

-

50

50

50

50

MW

-

-

-

-

-

70

27

25

17

o

C

-

-

-

-

-

950

950

950

950

%

-

-

-

-

-

4

4

4

4

C

-

-

-

-

-

1,042

1,042

1,040

1,040

%

-

-

-

-

-

27

27

25

25

kg/s
kg/s
o
C
Bar
kWh per
tonne O2

-

-

-

-

-

2,777
269
129
1.25

1,098
371
147
1.25

1,099
187
30
1.25

1,099
187
150
1.25

415

330

250

200

71

69

64

43

o
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CPU (CO2 processing unit)
plant
Specific power requirement for
CPU [42]

kWh per
tonne
CO2
kg/s
MW

135

135

135

135

135

135

135

135

CO2 for CPU plant
123
123
123
123
234
124
124
124
54
54
54
CPU power demand***
54
102
54
54
54
Overall plant performances
Coal consumption rate
kg/s
70
70
70
70
70
70
70
68
70
Coal heating value
MWt
1,457 1,457
1,457
1,457
1,457
1,456
1,456
1,457
1,456
Gross power production
MW
518
518
518
518
518
1,338
851
618
850
Coal plant parasitic loads
MW
25
25
25
25
25
24
25
26
25
Oxygen requirement
kg/s
110
116
110
116
275
108
110
110
Oxygen plant power
MW
165
138
99
84
70
27
25
17
requirement
Net power production
MW
492
274
301
340
355
1,141
744
513
754
Plant thermal efficiency
%
33.8
18.8
20.7
23.3
24.4
33.0
32.9
24.1
32.7
Total energy penalty
%
15.0
13.1
10.5
9.4
0.8
0.9
9.7
1.1
(reference to base case)
Efficiency gain (reference to
%
9.8
23.9
29.6
75.1
74.9
27.8
73.6
Case 1)
Minimum required efficiency
%
13.3
1.6
1.5
of the NSC
** NSC: New steam cycle
***: considering 90% capture level of the plant CO2 emissions
#. Justification for the reference case: The ICLAS system should be compared against the CASU with oxygen purity of 99%, because in
the case of 95% O2 purity, the 5% impurities such as N2 and Ar will have to be compressed or removed in the compression process as per
the sequestration site specifications, which incurs additional costs at an increase of about 11% [34]. However, ICLAS system is expected
to produce high purity 99% pure oxygen stream and eliminate the impurities such as N2 and Ar in the air reactor. Therefore, there will not
be any additional energy requirement for N2 and Ar removal in the back end of oxy-fuel processes.

75

Chemical Looping Oxygen Generation for Oxy-fuel Combustion

76

2015

4.5 ECONOMIC ANALYSIS
From the process simulations, it was identified that CLAS has a clear technical edge over conventional
and advanced CASU systems. However it was found that similar to advanced CASU systems, for
integration purpose CLAS need additional new steam cycle, methane firing facility or solar thermal unit.
This may incur additional capital investment. Therefore, to find out the economic feasibility of the
ICLAS systems, cases 5 (CH4 integration) and 6 (Solar integration) has been studied in details in this
section. The cost estimates for CASU and CLAS systems with additional required components have been
obtained from the literature review. The economics of scale equation and standard currency conversion
factors were considered as and when required to estimate the accurate capital investment. Followed by
cost estimate, simple NPV calculations have been performed for cases 5 and 6 and they were compared
with conventional CASU cases 3 (99% O2 purity) and 4 (95% O2 purity).
Table 12 provides the information on the basic cost data used for the current calculations. Further to this,
sensitivity analyses were also performed for real discount factor, carbon tax, electricity price, and
supplementary fuel price.
Table 12: Standard economic and operating conditions
Basic Cost Data
Primary fuel cost [38]
Electricity wholesale price [43]
Renewable Energy Certificates [42]
Carbon tax [44-45]
Real Discount Factor
Fuel Cost
Supplementary Fuel (CH4) [46]
Calorific Value of Supplementary
Fuel (CH4)
Supplementary Fuel Cost (CH4)

Value
2
50
50
25
5%
41.8
4

Unit
$/GJ
$/MWh
$/MWh
$/tonne

50.07
$100.15

MJ/kg
/tonne

$/tonne
$/GJ

4.5.1 COST ESTIMATES FROM LITERATURE
From the process simulations, it was identified that for CLAS process integration the following additional
components are required:
 ICLAS reactors including cyclones
 New steam cycle
 Solar thermal heating plant
 Additional cooling tower capacity
 Additional heat exchanger banks, piping and other misc. items for retrofit
For each of the above item, the costs have been estimated as follows.
ICLAS reactors and cyclone cost
The capital cost of ICLAS reactors and cyclones were estimated based on the cost of large-scale fluid
catalytic cracking (FCC) unit reported in the literature [47-48]. The principle of economics of scale was
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applied for accurate estimation of reactors and cyclone costs. Besides, all costs reported in the literature
were escalated to 2013 AUD$. The equation for the economics of scale is given as follows:
C2 = C1 × (S2/S1)0.6

(4.1)

where C1 ($A) and S1 (m3) are the capital cost and volume of the FCC plant, respectively, C2 ($A) and S2
(m3) are the cost and volume of the examined ICLAS plant, respectively.
New steam cycle cost
The cost of NSC was determined by the capital cost per MW reported in the literature [49-50] multiplied
by year correction factor and the installed power capacity of the NSC.
Solar thermal heating plant cost
Solar thermal plant is needed only to provide heat for the reduction reactor. Therefore, its cost is only a
fraction of conventional solar thermal power plants. In this study the cost of solar thermal plant was
estimated considering a reduced capital cost at 2.3 Mil A$/MW and a capacity factor at 30% [49-50].
Cost for additional cooling tower capacity
Revamping of cooling tower is required in the ICLAS system cases with CH4 integration for the
condensation and water removal process as a result of methane combustion. The associated cost of this
revamping cooling tower was estimated based on the literature [33].
Costs for heat exchanger banks, piping and other misc. items for retrofit
This item was assumed at a fixed value of 15 Mil A$ for both ICLAS CH4 and solar cases based on cost
estimate provided in NETL report [33-34].
Conventional CASU cost
The cost of CASU was obtained from NETL report on oxy-fuel combustion [33]. Similar to ICLAS
reactor cost estimate, economics of scale was employed as follows
X2 = X1 × (Y2/Y1)0.6

(4.2)

where X1 ($A) and X1 (MW) are the cost and capacity of the reference power plant, respectively, C2 ($A)
and S2 (MW) are the cost and capacity of the examined power plant, respectively. It should be noted that
the present economic study only examined the cost of conventional CASU instead of advanced CASU
system considering that cost of advance CASU system is rarely available in the open literature. However,
one should consider that advanced CASU system may need higher capital investment than the
conventional system.
CAPITAL COST REQUIRED FOR ICLAS INTEGRATION
Table 13 shows the calculated integration cost of the ICLAS reactors with Liddell power plant. Not
surprisingly, the ICLAS system using solar thermal energy to provide heat for the reduction reactor
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requires significant capital investment mainly for the construction of a new solar thermal plant, while for
the ICLAS system using methane as the heat source incurs considerable cost in the NSC for utilising the
heat released from the oxidation reactor. The cost of the supplementary fuel – methane - is not shown
here but was included as extra fuel cost in the NPV calculations.
Table 13: Integration cost of ICLAS reactors with Liddell power plant
Cost (Mil A$)

ICLAS - FG - CH4 ICLAS - FG - solar

Reactors
NSC
Solar thermal plant
Added cooling tower facility*
CPU
Retrofit costs (incl. HE, piping and other misc.)
Total cost
(i.e. bare erected cost)

106
513 (733 MWe)
12
147
15

67
233 (332 MWe)
2409
100
15

793

2824

* For the removal of water from the production of methane combustion

CAPITAL COST REQUIRED FOR RETROFIT
With the above cost estimates, the overall project costs of both CASU and ICLAS retrofit system were
calculated (see Table 14) assuming 8% EPC fee, 15% process contingency, 15% project contingency,
0.5% spares, and 10% owners cost.
Table 14: Overall project cost of CASU and ICLAS retrofit systems
Cost (Mil A$)
Bare erected cost
+ EPC fee
+ Process and project
contingency
+ Spares and Owners cost
Start-up oxygen carrier
charge*
Total cost

Conventional
CASU (99%)

Conventional
CASU (95%)

ICLAS + FG ICLAS + FG
with CH4
with solar

425
459

379
409

793
856

2824
3050

607

541

1133

4034

671

598

1252

4457

-

-

2.84

1.62

671

598

1255

4459

* The oxygen carrier will be replaced every year. The impacts of this process on the expense and
availability of the plant were taken into account in the NPV calculation.
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4.5.2 NPV CALCULATIONS
The NPV analysis is an advanced tool which enables the visualisation of cash flows of varies investment
options. The cumulative net cash flow, namely the NPV at year T, is calculated using Equation (4.3),
T

NPV   E0  
t 0

( Rt  Et )
, t  1,......T
(1  i)t

(4.3)

where NPV denotes the net present value of future accumulating costs, i the discount rate, T operational
time of the plant (in years), Rt revenues per year, and Et expenditures per year (i.e. costs for FOM, VOM,
feedstock, and auxiliary power).
The assumptions made for the current NPV analysis are summarised as follows:


The calculation considers only cash flow changes resulting from the installation of the new
technology, as such the standing and financing costs of operating the power plant are not
considered. Cash flow changes include: a). allowance for loss in generation due to outages to
install the equipment and for possible recurrent maintenance or refurbishment activities; b).
savings on fuel while plant is out of service for technology installation or maintenance.



Constant dollars in the year 2013 are assumed, i.e. no allowance is made for real growth in future
costs or earnings.



NPV is calculated on the basis of real discount factors, i.e. no allowance is made for expectations
of future inflation.



Base plant capacity factor is controlled by demand rather than plant availability, i.e. any outage
to maintain/refurbish the new technology will incur a loss of capacity factor.



Carbon dioxide is ascribed a cost, installation of the new technology reduces the emissions and
therefore provide a net benefit



Taxation and depreciation are not considered



The new technology installation starts up at the beginning of year 0



Net Present Value of all cash flows is summed to the end of year 0



Project costs may be spread up to three years before new technology start data and also in the
start-up year (year 0)



Installation of the new technology will likely require allowance for one or more outages.



Outages yield cost savings due avoidance of fuel costs plus incur costs due to loss of power sales
income



Allowance may be made for decrease in main plant output and/or increase in the firing rate due
to the new technology



New Technology auxiliary electrical energy demand is subtracted from net generation in
calculating electricity sales income
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In NPV calculations we also considered the construction expenditure profile and period of O/S for
installation for all investment options (Table 15). The cumulative net cash flows were then calculated for
both CASU and ICLAS retrofit systems.
Table 15: Construction expenditure profile and period of O/S for installation
Construction expenditure profile
Year -3
Year -2
Year -1
Year 0

Percentage
10%
30%
50%
10%

Period O/S for installation
Year -3
Year -2
Year -1
Year 0

Weeks
0
6
26
13

It should be noted that the process contingency considered in this study for CASU and ILCAS systems
are determined according to their technology status, including mature, demo plant, pilot plant, and lab
concept. The process contingency for those technology status were taken as 8%, 15%, 30%, 50%,
respectively based on Allen Lowe’ NPV model [51]. However, studies reported in the literature including
NETL report used only around 8-10% for the process contingency. To avoid overestimate the cost and
cover all possibilities, we calculated the NPV under three different scenarios, namely (i) CASU was
considered as demo plant, while ICLAS was considered as pilot plant; (ii) both CASU and ICLAS were
considered as pilot plant; (iii) both CASU and ICLAS were assumed to have a process contingency of
8% in line with the literature study.
Figures 36-38 presents the NPV results of both CASU and ICLAS retrofit system under the three
scenarios. It shows that under the current economic conditions none of the oxy-firing technologies will
survive. In particular, the ICLAS system using solar as the heat source and flue gas as the sweep gas was
found far from economically viable as it generated the greatest negative revenue at the end of plant
lifetime. Even if with the introduction of RECs valued at 50 $/MWh, the economics of the ICLAS-solar
case is unlikely to become attractive in the near future.
The reason behind this is that the cost of electricity of a solar thermal plant at present is in the range of
150 – 250 $/MWh, while the electricity wholesale price plus RECs incentive used in this study are still
far less than this level (at which solar thermal plants can become economical). Therefore, the recovery
of the significant investment in solar thermal plant in this study was found to be most challenging.
Moreover, the ICLAS system using methane as the heat source and flue gas as the sweep gas was found
generating similar NPV as those of the CASU systems despite of a larger plunge in the initial capital
investment period. Under the defined economic conditions, the economics of ICLAS system over CASU
retrofit systems was found subject to the process contingency defined for ICLAS system. For example,
when the process contingency equivalent to that of CASU (i.e. 15%) is applied to ICLAS, the ICLAS
system using methane as the heat source was found generating a slighter greater NPV than CASU (see
Figure 37).
Nonetheless, the above finding does not necessarily conclude that ICLAS is not financially viable. When
economic conditions that favour the economics of ICLAS systems are present, e.g. a low natural gas
price or a high electricity wholesale price, the ICLAS system can become quite profitable. To further
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evaluate the economic feasibility of ICLAS technology under wider operating and economic conditions,
sensitivity analyses were carried out in the next section.

Figure 36: Cumulative discounted cash flows for both CASU and ICLAS retrofit systems (CASU: demo
plant with a process contingency of 15%, ICLAS: pilot plant with a process contingency of 30%).

Figure 37: Cumulative discounted cash flows for both CASU and ICLAS retrofit systems (CASU: demo
plant with a process contingency of 15%, ICLAS: demo plant with a process contingency of 15%).
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Figure 38: Cumulative discounted cash flows for both CASU and ICLAS retrofit systems. (CASU and
ICLAS process contingency in line with literature study, i.e. both at 8%).

4.5.3 Sensitivity Analysis
Sensitivity analyses were performed to evaluate the sensitivity of oxy-fuel technologies (mainly CASU
and ICLAS –FG –CH4 cases) to varied economic conditions including real discount factor, carbon tax,
electricity wholesale price, and supplementary fuel cost.
Figure 39 show the final NPV (at the end of the project period) for various oxy-fuel technologies as a
function of real discount factor. As expected, the NPV of both CASU and ICLAS retrofit systems drop
as the discount factor increases. Moreover, the two oxy-fuel technologies were found economically
unfeasible over a wide range of the examined discount factor (i.e. 3 - 9%). The NPV of the ICLAS system
starts to surpass those of CASU when the discount factor falls below about 6%. Overall, the discount
factor was found to have minor impact on the economics of the two technology options.
Figure 40 gives the final NPV of the three oxy-fuel retrofit options as a function of carbon tax ranging
from 0 – 50 $/tonne. It can be seen from Figure 40 that carbon tax plays a critical role in determining the
economic viability of all oxy-fuel technologies. It was found that the minimum carbon tax for both CASU
and ICLAS systems to become economically feasible is about 33-40$/tonne. This implies that for oxyfuel technologies to success government policies also plays a critical role.
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Figure 39: NPV of various oxy-fuel technologies as a function of real discount factor.

Figure 40: NPV of various oxy-fuel technologies as a function of carbon tax.
Figure 41 evaluated the impact of electricity wholesale price on the NPV of the three oxy-fuel retrofit
options. It shows that the electricity wholesale price was a determining factor for the ICLAS retrofit
option to success, and the NPV of ICLAS system increases as the electricity price increases. This is
mainly because of the greater revenues generated from the power sale in the NSC of the ICLAS
technology. In contrast, the NPV of CASU system decreases as electricity price increases, which is
mainly due to the increased losses in revenues attributed to the large power losses in CASU retrofit.
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Figure 41: NPV of various oxy-fuel technologies as a function of electricity wholesale price.
Figure 42 shows the NPV of the oxy-fuel technologies as a function of supplementary fuel price (i.e.
natural gas price). As Figure 42 shows, the feasibility of ICLAS retrofit system is adversely affected by
an increasing natural gas price while the CASU unit shows no impact. This is due to the substantial
amount of natural gas being used in the ICLAS system to provide heat for the reduction reactor. As such,
a high natural gas price will transfer into higher expenses in the cash flow and result in a decreased NPV.
The critical natural gas price below which the ICLAS retrofit system becomes superior to the CASU
system was found to be around 4.1 $/GJ. In addition, for an economically viable ICLAS system a natural
gas price at below 3.5 $/GJ is required. This is quite possible in areas where abundant natural gas
resources exist, such as the northern US and some regions of Australia.

Figure 42: NPV of various oxy-fuel technologies as a function of supplementary fuel price.
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4.6 CONCLUSIONS
A techno-economic study of a hypothetical coal-fired power plant retrofit to oxy-fuel combustion using
CASU and ICLAS was completed. The technical analyses were performed using ASPEN Plus. The key
issue identified with ICLAS during technical analyses is the heat integration. It was found that running
the oxidation reactor at lower temperature than the reduction reactor creates a problem of heat
management, since transferring the heat generated at lower temperature from oxidation reactor to the
higher temperature reduction reactor is thermodynamically not possible. To solve this, ICLAS was
integrated with the new steam cycle and methane firing or solar heating. The results indicate that ICLAS
when integrated with natural gas firing in the reduction reactor is technically more efficient than CASU.
The energy requirement for oxygen production for ICLAS is 75-80% lower than CASU. Such technical
comparison, however, is insufficient to prove ICLAS concept in the lack of a detailed economic analysis.
In fact, the further economic analyses carried out based on NPV approach found that ICLAS was not
always feasible primarily due to the high cost associated with external fuel and/or solar plant. This thus
leads the future research direction of ICLAS technology towards cost reduction and further energy
efficiency improvement. Nonetheless, the sensitivity analysis implies that the oxy-firing technology
using ICLAS system with CH4 integration can become economically viable at certain economic
conditions such as a low natural gas price (<3.5$/GJ), a high electricity wholesale price (> 59 $/MWh),
and/or a high carbon tax (> 33$/tonne). However, such numbers for CASU appears to be reasonably high
(e.g. carbon tax > 35$/tonne, natural gas and electricity price are not applicable). For areas where natural
gas is abundant, e.g. the northern US and some places in Australia, ICLAS can certainly become an
attractive oxy-firing technology option over CASU. It is also noteworthy that the exercise carried out
here is limited to the cost and performance data used/obtained in the current study. The present report is
also restricted to the retrofit study. Several ICLAS configurations such as ICLAS-S-CH4 indirect firing
and the use of other metal oxide oxygen carriers such as Co- or Mn- were not studied in this report which
should be considered in the future.
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Chapter 5

OVERALL CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE RESEARCH
5.1 OVERALL CONCLUSION
The ANLEC-R&D has generously funded the initial research and development stages of a novel chemical
looping air separation (CLAS) technology for tonnage production of oxygen. The project started with
thermodynamic analysis where suitable oxygen carriers were identified [4]. Followed by this, their
reactivity and selectivity analysis were carried out [32]. Also, stability analysis was performed by
attending cyclic test of these materials. CuO-SiO2 was found to be the most suitable oxygen carrier
material. To avoid agglomeration issues and further improve the stability of oxygen carriers, copper based
bi-metallic oxygen carriers were also synthesised. Mass production of copper based bi-metallic oxygen
carriers was performed for bench scale trials. Two main types of oxygen carrier methods are attempted:
1. dry impregnation and 2. spray drying. Out of the studied methods, dry impregnation was found to have
better mechanical strength over spray drying which is highly essential in fluidized bed application.
Further to this, a 10 kWth ILCAS rig was fabricated and commissioned for bench scale trials. Results
showed promising trend of continuous oxygen production.
Process flowheets were developed in ASPEN Plus to identify the issues related to process integration and
heat management. From process simulations, it was found that ICLAS suffer from the major technical
issue of heat integration which was attempted to be partially solved by hybridizing the oxy-firing coalfired power plant with natural gas. Our research efforts thus far have verified the technical validity of the
ICLAS concept and confirmed that with such effective heat integration ICLAS may have some technical
superior capabilities over conventional cryogenic based air separation technologies.
Further to this, attempt was made to look at the economics of ICLAS and its comparison with CASU.
Under present circumstances of high natural gas price, no carbon tax, high discount rate and low
electricity wholesale price, ICLAS due to higher CAPEX does not seem to be feasible. Nevertheless,
from sensitivity analysis it was observed that ICLAS become feasible if the above mentioned
circumstances become favourable.

5.2 RECOMMENDATIONS FOR FUTURE WORK
The future work should include:
1. Development of copper based oxygen carriers for successful ICLAS operation which can reduce
agglomeration issues at very high temperatures >1000oC (current ICLAS configuration)
2. Development novel bi-metallic oxygen carriers which can reduce the operating temperature of
reduction reactor <1000 oC
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3. Detailed mapping of heat losses in ICLAS and identifying ways of minimizing such heat losses
4. Detailed techno-economic comparison of ICLAS cases with any hybrid CASU operated with
natural gas/solar if available in the open literature
5. Gain operational experience by building 500 kWth demonstration unit of ICLAS
6. To establish the operational envelope of the CLAS process
7. To expound application relevant standards for the design, construction, installation and
verification of CLAS based systems for a diverse range of industry applications
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APPENDIX 1
Milestone Report #1:
MSR (Manifold Switching Reactor) Studies
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Milestone Report #2:
Bench-Scale Redox Reaction Studies
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