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EXECUTIVE SUMMARY

Thisf i nal report details the key ClemtaplLodpisg Cxygeh f i n
Generation for Oxyfuel Combustion and GasificatiprProject ID: 3-1116008% . The pr oj
supported by generous funding from &id¢LEC-R&D, was conducted ovéhe period betweeh3 Sept

2011 and 3March 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 CLAS
Chemical Looping Air Separatio(and its variant named ICLASntegrated Chemical Looping Air
Separatioh to facilitate thecommercialscale deploymendf oxy-fuel combustion across the power
generation sector. The project was part of a larger program of study at the University astiewan
alternative air separation technologies and specifically complemented two other relevant projects funded
by theNSW Coal Innovatiorand Glencore (formerly Xstrata Coal), respectively. The emphasis of the
project3-1110-0089 though, was mainly oimtegration and optimisation of CLAS based systems for
retrofit into coalfired 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 successfultyitmérgets. The only Milestone which was
partially completed and did not reackfinal target was Milestone 11 (formal association with ASU
boilermanufacturerfsdespite several attempts made by the research team to engage with companies such
asAir Liquid andBOC Gasesnd Alstom PowerOut ofthese companied\ir Liquid and BOC gases

have suggested that they hawdreadyinvested heavily in cryogenic based technologied high
temperature membrane technologied as sucmaynot wish to suppaifurtheralternative technologies

like CLAS at present timéAlstom has shown interest understanding CLAS process in terms of its
integration with Oxyfuel combustion. However, their interest has not resulted into any further formal
collaboratiorproject.

Neverthelessthe project produced the scientific evidence that confirms the viability of the chemical
looping air separation process from both technical and economic points ainikawvsome specialized
conditions such ahe availability of low-cod natural gas and higklectricity wholesale price

To achieve the broad objectives of the project the team designed, constructed and commissioned several
innovative experimental setups at bessclale, pilotscale and demonstration scale. These included a
fixed-bed chemical looping reactor, a 10 k\Mlot-scale prototype of the CLAS / ICLAS process and a
largescale demonstration unf{supported by NSW Coal InnovationJThe team also employed an
extensive array of conventional laboratory equipment and analytical / characterisation instriheents.
project $arts with thermodynamic analysis where suitable oxygen carriers were identified. Followed by
this, their reactivity and selectivity analysis were carried Also, thermal cycle testaereperformed

to evaluate thestability of the products The resultsshow thatCuO-SiO; is themost suitable oxygen
carrierandthe preferred production methaidry impregnation In addition,copper based bnetallic
oxygen carriersre found to effectively mitigate tlagglomeration issueshile improving the stability

of the oxygen carriers. ThHEO kWth ILCAS prototype shows stable operation watbntinuous oxygen
production
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Achieving projectaimsalso required a great deal of theoretical, mathematical modelling and numerical
simulations. One of the other key outcomes of the theoretical / modelling studies weewlexige and
experiencgained experimentaliy this study from themallscale labratoryand pilotscale prototypes

of CLAS / ICLAS, which allow designers in the future to design industgle versions of the CLAS
system

We also carried out a detailed techemmnomic assessment afhypotheticalcoatfired power plant
(largely basd on the technical specifications the Liddell power station in NSWipr oxy-fuel retrofit

and determinedhe extent to which the economic viability of efuel operations is enhanced by
integration of thechemical looping basedir separatiorprocessesnto such operationsfhe detailed
technical analysis revealed thH&LAS with natural gas integratiors energyefficient comparedto
Cryogenic Air Separation Unit (CASUunningon parasitic loadThis is primarilydue to thefact that
ILCAS needdessauxiliary power compared BASU. It should be noted thaio data is available in the
public domain showing CASWatural gas integration scheme. As such compression being the key step
required in CASUsucheffectivemethane integratiothhat seems workinfipr ICLAS may not be feasible

for CASU. Despite the fact that ICLA8atural gas integration has resulted into higher efficiencies than
CASU running on parasitic load, froseries of detailed NPV analysiésvas observedCLAS-natural

gas integration mawgot be viable under the present operating and economic condifmgertheless,
from sensitivity analysis it wasoncludedhat ICLAS canbecome feasible #conomic conditions are
improved, e.g. ®w natural gasnarket pric€<3.5%$/GJ, a highelectricity wholesale pricé> 59 $/MWH),
and/or éhigh carbon tax> 33%/tonng 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

RevisedFinal Project Repio®11160089
Chemical Looping Oxygen GenerationfareO&pmbustion and Gasificatio
Author(sB. Moghtaderi, T. WalD& oodchi,. hah, CZhouand H. Song

Reviewer comment1: The requirements for this final pr oj
experimental data generated on the Project, a description of analytical approaches and

detailed results and interpretation from the project including techno-e c onomi ¢ as s e s s me
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.

Whil e Atypical 0 deatdireexpersnenpalcanyaighs tthe réporiodoes 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 Al203-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 pilot-
unit 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 NorequiresU 0 ¢ aD. Tabl e 5¢dpehgwever e s l
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 di sagree with reviewer s c¢ommeuringthe Scal i n
project and have been further demonstrated in scaling the system from 10 kWt (hot flow) to
200 kW1 (cold flow). The methodology adopted here for scaling is derived from the Fluidised
Bed text books?!. There are numerous publications in this area?®4. For scaling up of a fluidised
bed, both hydrodynamic and kinetic similarities need to be achieved. We have used the
standard G| i ¢ k s man 0 s fos ltydrddynangc s¢alangv B1 addition, we showed
successful demonstration of the working principles of the ICLAS in a 10 kW 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 scale-
up 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 t he onletheifodlowiagpfogortienality B ¢ {1/idxdvwodld
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 dp: D ® (1/dp). For Rep numbers
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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 I, 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 . 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 (hatural gas use in ICLAS generates
additional 735 MWe electricity for the examined 500 MWe retrofit case) by Foster Wheeler?
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 Jantti, Kimmo Rasanen, Circulating Fluidised Bed Technology towards 800MWe scale i Lagisza
460MWe Supercritical CFB Operation Experience, Power Gen Europe Milan, Italy June 7 7 9, 2011.
(http://www.fwc.com/getmedia/6d6f827f-7e87-408a-b495-
d539e703402b/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 0 Power requirements for oxygen prod:l
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 @ower requirement6that 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® 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 100°C.
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

ie. the electricity that could have been direct
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 + (Wnc i Wnsci Wrwh)] / Moz

where Eo2 denotes the power requirement for oxygen production, kWh/tonne, Weiec 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, WrwH denotes any other forms of power generation attributed by the
use of natural gas (e.g. waste heat recovery for feedwater heating, FWH), kWe, mo. 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 - 7331 86 = 21). Such
a penalty is then translated into the thermal part of the power requirement for oxygen
production (seethered barsinpar t @ a o )b fAs idekident fromgartr(a of figure

even when the thermal penalties are incorporated into the analysis the ICLAS-FG options are

! 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.

S :Elgcb aijlt:oadsl
ICLAS-S — 5 ~pased penaity
cases .
T 6
ICLAS-FG - 5 s
cases _
T4
3
CASU cases -
pg
1
0 100 200 300 400 500
kWh/ tonne of O,
(@

Frontier &
Energy

THE UNIVERSITY OF

Technologies 12 NEWCASTLE

AUSTRALIA




Chemical Looping Oxygen Generation for OxXyel Combustion] 2015

Electricity

Power output from
the new steam cycle

Thermal
energy from

natural gas FWH

Power output from

Equivalent
electrical

energy ICLAS system

02 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:

AEIant = (Wcoal +Whnsc - Waux) / ( QNG + Qcoal)
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where Qnc and Qcoal denotes the heat inputs from natural gas and coal, respectively, kWt.
Weoal 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 CO:2 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 CO:2
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 iC (reactor) and 870 /C (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 /C (oxidation) and 1040 /C 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 avail abl
Electricity Generation Technology Costsi Ref er ence Case 20100) . EPRI
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 Wheeler? 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 i1 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 largesilume chemical produced in the world with a 30% share of the global
industrial gas mark¢1]. The global demand for oxygen in 2011 is forecast to be 950 billion cubic meters
with an annual growth rate of about 6Fthas major commercial applications in metallurgical industry,
chemical synthesis, glass manufacturing, pulp and paper industryepatrokcovery / refining, and
health services.

Emerging markets for oxygen include advanced power generation systems, such as integrated
gasification combined cycle (IGCC), oXyel combustion and solid oxide fuel cells, SOFC. Among
these, oxyfuel combugbn is particularly an attractive low emission technology because of its inherent
ability for in-situ separation of COHowever, oxyfuel combustion requires oxygen and, thereby, an air
separation unit (ASU) to function effectively. Conventional ASU u(etg. cryogenic systems) may
consume between 10% and 40% of the gross power output of a typidalebpjant and constitute 40%

of the total equipment cost (about 14% of the total plant cost).

Oxygen is commonly produced at industrial scales by airragpa using cryogenic distillation and
adsorption based technologigpressure swing adsorpti@ASA) and vacuurPSA(VPSA)). Advanced
technologies such as membrane separation asitlirir separation are also being develdjpegmalt
volume pointof-use oxygen generation.

Cryogenic processes are generally expensive owing to the energy intensity of their air compression sub
process. Similar to the cryogenic methods, air compression is a key step in the adsorption based air
separation methods and als 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 lidjggid and liquidsolid sepaation. The use of
membranes for large volumetric gas flow rates, such as those in air separation, has not been demonstratet
yet. Membrane systems also suffer from high cost of manufacture. There is a need for a more simple and
cost effective air separatiagachnology 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 methoadwn as chemical looping air separation (CLAS) is a general technique for
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tonnage production of high purity oxygen while the second meihtebrated chemical looping air
separation(ICLAS), is a modified version of the CLAS process specifically tailofed oxy-fuel
applicationsThe integrated chemical looping air separation process is-@lsi@ge improvement over
the CLAS process and has been specifically tailored for ease of integration wilnebppwer plants
running onrenewablge.g. biomass)raconventionafossitbased (e.g. coal, gas, olil, etc) fuels.

The working principle of the ICLAS process is similar to that of the CLAS process but the ICLAS process

is executedn a distinctly different way. Both CLAS and ICLAS processes works in accfaghion by
continuous recirculation of metal oxide particles between a set of two interconnesttiedstevhere
oxidation (Q coupling) and reduction @ecoupling) of carrier particles take place, respectiffgbure

1). In both processes air is firfed 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 wytien 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 steeme. mixture of oxygen and recycled flue gas exiting the
reduction reactor is timedirectly fed into the boiler of the oxyel plant (Figure2). 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 @from steam are no longer required.

Flue gasrecycing is alsoaninherentfeature ofoxy-fuel combustionFor example consider oxyel

coakfired power plant where coal, oxygen (from the ASU) and recycled flue gas-fae icrbo the boiler

and the mixture is combusted at high temperatures. Tdtgbaerated 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 exgl 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 hylendingwith recycledflue gasbefore it can be fed intté boiler. Given the

need for recycled flue gas in okyel 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 (Frggl and2). 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 hardwgrered for chemical looping

air and thereby reduces the capital cost for the air separation unit in -dnebypwer plant, and (iii)

leads to a more effective integration of the ASU with the-forey plant due to better use of material and
energy stre@s (see Figurg).

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 supplito the reduction reactor to compensate for heat losses to the surreunding
However, unlike the CLAS proces® heat is required for generation of superheated steam in the ICLAS
process. Moreover, much of the required heat duty is offset by utilissnfut gas stream which is
already hot. Our preliminary calculatiofysior to this projectsuggestdthat the heat demand for the
ICLAS process i€ 0.03 kWh per cubic meters of oxygen produced (i.e3 kWh/ni,) which is about

30% and 90% less than tleosf the equivalent CLAS and cryogenic type process, respectively.
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Figure 1. Schematic of the ICLAS process.
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Figure 2: Schematic of an oxfuel coalired power plant retrofitted with an ICLAS unit.

Frontier &
Energy - THE UNIVERSITY OF
Technologies 26 NEWCASTLE

AUSTRALIA



Chemical Looping Oxygen Generation for Oxyel Combustion] 2015

1.2 PROJECT AIMS AND OBJECTIVES

This project is part of a larger program of stushgerwayat the University of Newcastle on alternative

air separation technologies and specifically complements two other relevant projects funded by the NSW
Coal Innovation an@lencore (formerlyXstratg, respectively. As Figur8 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 bench
and pilotscales under controlled laboratory settings whereas the ANREIT project (this project)
exclusively focuses on practical issues related to integration and adaptation of CLAS type air separation
units into conventional combustion and gasificatpants. TheGlencoreproject complements both

NSW and ANLEC projectsThe cemonstration 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).

—

. NSW Coal
Projects . ANLEC-R&D
Innovation
p ) | /
Elements .

Integration :
of the Fund tal & Demonstration
Study HOGEISTAS Ad ) (Future Work)

Program aptation
N
\
(e Thermodynamics e Reactor design
e Reaction kinetics e Plant design
Research |« wetal oxides ¢ Retrofitability and
Tasks identification & integration studies
characterisation e Scale-up studies
Le Bench-scale studies L e Optimisation

Figure 3: Relatiorship between the existing ANLEC, NSW a@tencorechemical loopingrojects.

The projectreported here builupon the recent work at the University of Newcastle in the field of
chemical looping aiseparation [1] and complements two other grants awaodecbfs 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 oxfuel or IGCC plantsaand investigates technical issues suamoaglreactor

and plant design, retrofit assessment, sopleand process optimisatiddeveral 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 propsed project determines the underlying science and engineering
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necessary to support the future use of the CLAS process indeatge oxyfuel andIGCC operations.
The specific objectives are:

a) To carry out a fundamental study on solid transport issukesggscales 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 coatfired oxy-fuel and IGCC plants.

c) To exploitthe synergies among the major unit operations offagland 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, assesslihete viability of utilising
recycled flue and/or product gas for reduction of metal oxides.

d) To develop a 10 kWhpilot-scale prototype based on the technical knowhow gained in the project.
e) To determine the saalip rules forthe design ofargescale CIAS systems
f) To carry out a techreconomic assessment of the CLAS process and its market potentials.

g) After securing IP protection for the CLAS process, to engage withjar producer of oxygen
products and/or hardware (eAyr Liquid, BOC Gases, Air Pragtts & Chemicals Inc, Linde
Gas, Taiyo Nippon Sanso Co, and Airgasilevelop an independent assessment.

1.3 STRUCTURE OF THIS REPORT

This report summarises the findings of the proje€t13-0089 and complements the two milestone
reports alreadgubmitted to ANLEGR&D, namely:

1. Milestone Report #1: MSR (Manifold Switching Reactor) Studies
2. Milestone Report #2: BeneBicale 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 repor
as Appendices 1 and 2, respectivédythe new findings which are reported here, the experimental data
related topilot-scale studiegMilestone 6)are presented in Chapter 2 while Chapter 3 is dedicated to
scaleup studiegMilestone 7) Similarly, Chapter 4has been dedicated #odetailedechneeconomic
assessmentMilestone 10)of the CLAS / ICLA processesThe assessment has been made for a
hypotretical coalfired power station retrofitted with an oxygen plant for oxjuel operation.This

requires:

() A generic design for CLAS type oxygen plant (Milestone 8).

(i)  Detailed analysis of alternative process integration pathways and issues (e.g. heat nrdjageme
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 Chbhpeed5
presents the overall conclusions and a series of recommendations for futurdnrestescarea.
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Chapter 2

PILOT -SCALE STUDIES USING A 10kWi
PROTOTYPE

2.1 OVERVIEW

In the Milestone Report #1 we presented a comprehensive set obpdte data for the assessment of
reactor configuration. The configurations of interest were the standard fluidised beebdtkethd
manifold switching reactor (MSR) where reacting gases rati@r 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. Fbwever, 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 importantanes

) Difficulties associated with the accurate control of the gas switching process

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

(i)  Formation of hot spots in the reacteductionand thereby the nddor heat management

In the light of the above conclusion, the team decided to continue thegaletstudies with the standard
fluidised bed configuration and the results presented here are a summary of key findings from this study.
A limited numberof pilot-scale experiments were also carried out in the fbed configuration for
benchmarking purposes but from the outset this particular configuration was deemed unsuitable because
of its tendency to form hot spots in the reactors.

To avoid repettion, the details of the experimental setapthe 10 kW, pilot-plant, methods and
techniquesre not presented here but can be fourttienMilestone Report #1. Howeversummary of
findingsfor the extraactivitiesoccurred after that repot presentedh the next sectignncluding the
findings ofpreferred oxygen carrier ams mass productiotechnique

2.2 METAL OXIDES SELECTION

Chemical looping air separation is a relatively new process which differs from the chemical looping
combustion (CLC)n 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. M&/Mn304, Cas04/CoO and CuO/CD with either AbOsz or SIG
support for CLAS. Their redox behaviours were investigated in a range of instriandrgsperimental

Frontier @
Energy " THE UNIVERSITY OF
Technologies 29 NEWCASTLE

AUSTRALIA




Chemical Looping Oxygen Generation for Oxyel Combustion] 2015

configurationswhere temperaturprogrammed sorption and desorption were typically considered for
five cycles using air and nitreg respectively. The experiments were conducted at four different
temperatures, 80Q, 850C, 900C and 958C at which the oxygen carriers had shown good reactivity
[4]. However, CuO/CiD with SiG: and CaO«4/CoO with AkOs were found to be most stable.
Furthermore, Oxygetransportcapacity- OTC (%) and Rate of oxygen transpelROT (%min?) were
calculated. It was found that @ixide with SiQ has the highe€DTC of 4.77%andROTof 5.1%min'

and 10.9 %min for oxygen desorption and sorption respectively at°@5@he CuO/Si@ oxygen
carriers also exhibited better stability over 41 continuous cycles test with only 1@BCA0ss in
comparison to 22.3 % for @04/Al20s. The cluster growth mechanism was fotmtbe the critical cause

of the loss ofOTC. The oxygen concentration in the outlet streams for CuQ/&§gen carriers was
measured in pileplant experiments at different temperatures. It was observed that the oxygen
concentration at the outlet of thheactor was consistent with the equilibrium values at the higher
temperatures studied. Overall, CuO on £S0pport appears to be the most effective oxygen carrier for
CLAS applications. Its performance characteristics can be further enhanced by ingaahiditives.
This is briefly discussed in tHellowing 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 oxX\i€s,Cx0s, MN203, MgO and FgOs were

added into CuO/Si©through ceimpregnation methadThe samples are shown ligure 4.These
bimetallic oxide samples were generally prepared to lower the sintering tendency -b€eOmetal

oxide oxygen carriers for chemical looping air sepamatipplications.The physical properties, e.g.,
chemical composition, oxygen transport capacty ©), bulk density, BET surface area and mechanical
strength, for all bimetallic oxygen carriers as well as two CuQ/&®§gen carriers with different content

of CuO were summarized in Table The first two samples in Tablg i.e., C18S and C49S, are the
monometallic Ctbased oxygen carriers with Si@s a support. All others ihable lare the bimetallic
oxygen carrierprepared by the emnpregnation method with an exception of CM§ 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 conteptahoter were particularly used for
Cu-Mg-, CuNi-, and CuCo-based bimetallic oxygen carriers. dan be observethat the actual
composition of CuO and secondary metal oxide promoter for abldSed bimetallic oxygen carriers is
normally lower than théheoretical 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 crushinggsirevas measured for all
studied oxygen carriers before and after the 41 successive redox cycles te8€ahIBA, and the
corresponding a&lues have been listed rable 1. Except for CuMgl and CuF€l, all other oxygen
carriers show a typical cruslgrstrength no less than 1 N, which has been originally expected for the
impregnated particles.

Table 1 Physical propertiesf bimetallic oxygen carrierandCuO/SiQ oxygen carriergxamined.

Bulk Crushing strength (N
coz;(r)r/ige?n Actual composition (wt %) OTC(%) density ?nl]EJg;S urface are Aftor
(kg/n) Before test, . -,
test
C18s 18.9% CuO + 81.1% SiO 1.80 1200 20.04 1.3+0.2 1.1+0.2
C49s 49.8% CuO + 50.2% SiO 4.90 1700 17.6 1.240.3 1.1+0.3
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CuMgl 33.5% CuO + 7.3% MgO + 59.2% SiO 2.66 1400 18.05 0.8+0.3 1+0.2

CuMg2 37.3% CuO + 14% MgO + 48.7% SIO 2.22 1800 18.08 1.4+0.2 1.3+0.3
CuMg3 40.6% CuO + 20.4% Mg® 39% SiQ 2.48 2650 2.82 1.7+0.4  1.4+0.3
CuMg4 38.5% CuO + 37.1% MgO + 24.4% SiO 1 3050 0.6 1.8+0.3 1.7+0.3
CuMgVIl 40.5% CuO+ 11.7% MgO + 47.8% SiD 2.87 2050 - 1.1+0.2  1.0+0.3
CuFel  44.9% CuO + 7.9% R©s:+47.2% SiQ 3.58 1200 12.60 1.0£0.2 0.9+0.2
CuNi-1  27.5% CuO + 9.2% NiO + 63.3% SiO 2.47 1210 18.30 1.2+0.3 1.2+0.4
CuNi-2  25.0% CuO + 17.0% NiO + 58.0% SiO 2.23 1690 16.80 1.5+0.3 1.4+0.2
CuNi-3  20.5% CuO + 24.8% NiO + 54.7% SiO 1.71 1880 13.91 1.4+0.4 1.3+0.2
CuMnl1l 45.2% CuO + 14.5% M3+40.3% SiQ 4.71 1500 7.83 1.1+0.2 1.0+0.3
CuCol 44.6% CuO + 7.1% GO@4 + 48.3% SiQ 4.27 1750 15.20 1.4+0.3 1.1+0.2
CuCo2 41.3% CuO + 13.9% GO4 + 44.8% SiQ 3.83 1960 13.40 1.5+0.4 1.0+0.3
CuCo3  40.5% CuO + 18.5% GO4 + 41.0% SiQ 3.43 2300 8.12 1.6£0.2 1.1+04

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

The long-term chenical stability and reactivity of the prepared oxygen carrier sampées evaluated
over repeated 41 redox cycles in a TGA in the temperature range-668%D The effects of Mg Fe,
Ni-, Mn- and Coeoxide addition in CuO/Si®on oxygen release and oxidaticates were analysed in
details.The major finding are listed as below:

1 The majority of prepared bimetallic oxygen carriers exhibit sound mechanical strength higher
than 1 N. More importantly, the chemical stability of the CuOS:®ygen carrier during 41
reductionroxidation cycles test was improved with appropriate addition of Mg, Ni-, and Ce
oxide. Increasing loading content of Mgide tends to enhance the durability for-Kg
bimetallic oxygen carriers while reducing tbentent of Ni and Ceoxides appears to increase
the stability for CeiNi and CuCo oxides oxygen carriers.

1 As shown in Figure5he Loss of OTCfor optimum CuMg, Cu-Fe, CuNi, and CuCo based
carriers, i.e., CuMgt, CuFel, CuN+1 and CuCel wasfound tobe 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 ofLibes ofOTC (i.e., ~0.2%) was achieved for
CuMg-4. It was deduced that tfiee dispersed secondary metal oxide, such as, Mgz Fe
Cmx:0s4, and NiO, as well as their composites formed with CuO may have positive effect on
stabilizing the physical structure of CuO for-Based oxygen carriers.
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Figure 4: Bimetallic CuGbased metaxide 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 Chased bimetallic oxygen carriers with the addition of Mfg, Ni-, Mn- and Ceoxide

2.3 METAL OXIDES PRODUCTION METHOD (SUMMARY)

The peparation of highly effective oxygen carrier is recognizeacagcial step for successfully carrying
out all chemical looping based techniguesich as chemical looping combustion, chemical looping
reforming, chemical looping gasification and chemical loopingeparationAccording to the literature,
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various preparation solutions have been proposed and used in manufacturing oxygen chrdieg inc
impregnation5-7], spraydrying [8-10], freezing granulatiofl1-13], mechanical mixing14, 15} co-
precipitation[16], liquid citrate method17, 18] and solgel [19]. To select the most favourite method
for preparing the oxygen carrier for theenicallooing based studies, a detailed comparison over
existing manufactumg techniques ipresenteds follows.

Solgel method igperhapghe most costly method for oxygen carriers as it normally involves with the
usage of expensive organic componentrming a desired colloidal solution (Sol), i.e., the precursor
of integrated networkgel. Complex operation procedusalsoessential for both handling the colloidal
solution and generating the dé&bB]. Given thehigh demand of oxygen carrier pifes in a practical
chemical looping system, sgkel may not be #easibleway for largescale oxygen carrier fabrication
from an economic point of vievNeverthelesssolgel methods expected terovide the product with
high surface area, leid to a high reactivityof the oxygen carriers.

Liquid citrate methodan bethe best way tobtain a accuratenetal content ithefinal product as well
as a high surface area fitre oxygen carriewvia the use of organic citraf@7, 18] Theliquid citrate
method has been widely adopted for generating high performance perdasett ceramics.d3pite of
the high porosity of perovskitachievedby this method, the mechanical strength particles an
importantconsideratiorfor applicationsn fluidized bedsystemsis highly doubtful.

Co-precipitationapproachutilizes the precipitate, which is soluble at preparation conditioffiullp
convert the metal ionsolution (typically metal nitric solutiohinto insoluble metal hydrate. Through
heat treatmentg,g. drying and calcination, very fine metal oxides powderbetormedfrom the metal
hydrate Afterwards, througlpelletizing, crushing, and sieving steps, particles with-defined sizean

be obtained16]. However, he ions inherited from precipite may still remain a certain level in the
metal hydrate even aftéeingwashed This may slighty affect the oxygen carrigverformance in a
practicaloperation Even though an evaporable precipitate substance is choseall¢tieipg step itself
maylead to the failure of thexygen carriedue to poomechanical strength. Moreover, in some cases,
the metal ions may not lm@mpletely precipitatednd carcaug an inaccuratecontent of metal oxidin

the product

Unlike theabove methods, mechanical mixiggnerallydoes not need any intermediate material during
preparation except for the porous and/or structure aid ingredisotriespecial caseShus mechanical
mixing is regarded athe most cost effective method amonigpaeparatiortechniques. Typically, the
metal oxides and support material are mechanically mixed thorougblyaim 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 reqadfor higher pores and/or larger surface area, porous aid
materiab can be addeduring the mixing stepand later on willbe decomposed during calcination
Althoughthe proceduresoundssimple, mechanical mixingoesneeda pelletizing stepHence similar

to co-precipitationapproachthe final particles magnd up withlow mechanical strength as well. To
solve this issuegxtrastructure strengthen matesare studied extensivelilowever,very fewstudies
obtaired the desired results in terms of both high reactivity and high mechanical stfgédgth0]
Furthermore, the mixing quality for the crystalline formation within oxygen carrier particles largely
depends on the milling time. In practice, mechaniwdgling suffers from a narrow particle size
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distribution,and consequentlyhe solidmixture may nobe as good as thogaeparedvia chemicaly
formed substances.

Spray drying and freezing granulatiapproachesquireevenlydispersedine metal oxidesn the slurry

for obtaining aquality spray, which offers weldlistributed granulates in a narrow size range. For this
reason, dispersant usuallyemployed to improve the mobility of the slurry during mixing process for
achievehomogemousmetal oxidesAn organic bindels also addetb enhance the particle strength. In
the spray drying method, the moisture of sprayed drojgespidly removed through high temperature
evaporationThe obtainedparticles are then treated for high temperataleination In contrast, irthe
freezing granulation methattopletsare instantlyfrozenin liquid nitrogen.The obtained particles will
then go through freeze drying and calcinatioprocess The general consensus is thhe tfreeze
granulatiormethod ismuch more expensive due to the use of liquid nitrogen and emgemgive drying
step.In contrast, the spray drying a low cost option andas been widely adopt for many industries,
such as, food processing, medicine fabrication, chemical and catadysifacture and agriculture
fertilizer [21].

Another relatively simple and maturepreparation techniqués wet or dry {ncipient wetness
impregnationThe main difference betweeavet and dry impregnatios the volumeof liquid containing

the metal saltétypically metal nitratesused for impregnation. An excess of impregnation liquehter
than the volume of solids, viz. the suppagtmaterial, is deemed as wet impregnation, while an equal
volume for both is considered as incipient wetness impregnation or, in other wordspdegnation.

In the case of wet impregnation, a more rigorous dispersion of the metal oxide on the sigtigpp®df
will be found because the solid dissolved in the exeetiguid will graduallyform onthe surfaceather
than permeating into the particle structuessthe evaporation procegsoceedsIn comparison, the
incipient wetness impregnation may os@me this disadvantage. More importantly, the mechanical
strength of inpregnated particles can baite suitabldor the application of fluidized bed operation if a
robust suppoimg material isused, such as alumina or sil{&. On the other hané@mnpregnation method
allowsthe NQ released during the decomposition of metal nitraddse recovered for producing by
products, e.g. nitric acid and sodium nitrateensodium hydrate is used for NO removal. Thsrehe
impregnation stefs considereédsanenvironmentalf friendly technique for prepeug oxygen carriers.

Based orthe previouddiscussion, both incipient wetness impregnation-{ahgregnation) and spray
drying techniques werselected to beised in our studies for oxygen carrier preparatidmmerous
oxygen carriers have been fabricateddigimpregnation with CuO as the main ingredient angDAl
or SiIQ as supportThe selection of AlDs and SiQ as thesupporing materialds mainly because they
are abundarand thuseconomic for futuréargescale productiorA spray dried carrier composed of 60
wt% CuO and 40 wt% MgADs was also prepared for comparison purpose.

Table2 summarizeshereal densitycrushing strengthactive metal oxide content determined from the
fifth reductioroxidaion cycle in the TGA experiment at 8% andthe actual metal oxide content
identified by Varian 715 ICIDES for all prepared oxygen carriefie crystalline phase identified by
X-ray diffraction (XRD) is also listed in Table As expected, all laboraty prepared oxygen carriers
indicateda crushing strengtpreater than 1 N except for CuO#8. Generally, minimum mechanical
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strength of 1 N is desired to potitiy diminish attrition issues for the use in fluidized bed systds
20].

Table2: Characterization of the fresh MrCo-, and Cubased oxygen carriers

Actual Active
Oxygen me_tal me_tal Real _ Crushing _
carriers oxide oxide density strength Crystalline phase

content  content  (kg/m®)  (N)

(wt %) (wt %)
CuO/SiQ 49.8 47.7 2900 1.2+0.3 CuO and SiQ
Mn20s/SiOz 64.3 32.4 3100 1.5+0.4 Mn203, MnzO4 and MSiOs12
Co304/SIO, 68.2 21.8 4000 2.6 £0.3 Co04and CaeSiOq4
CuO/ALO3 58.4 25.8 4100 0.9+ 0.2 CuO and CuAO4
Mn2Os/Al203 54.0 21.6 3800 1.7+ 0.5 Mn203 Mn3O4 and AbO3
C04/Al203 60.5 26.5 4700 3.5+0.5 Co04, CoAlLOs andAl 203
CuO/MgALOs 60.8 60.0 4600 1.4+0.2 CuO and MgAIOs

The surface morphologyasalsobeendetermined for both fresh and tested oxygen carrier samples of
C0304/Al203, CuO/SiQ, and CuO/MgAIOs. The SEMimages for the impregnated §/Al>0Oz3 and
CuO/SiQ and spray dried CuO/MgADs oxygen carrierareshown in Figure$ and7, respectively. It

is clear from Figur® that the active metal oxides were dispersed and weakly bonded mostly around the
surface ofthe support materials forming a very thin shell for both fresh samples:Qi.8b.03 and
CuO/SiQ. However after repeated 41 cycle tssthe grain of active metal oxides appears to grow more
irregularly. At the surface of reacted $0n/Al 203, a welltdispersed micrgore structure can be observed
following the cluster growth. Converselyhe reacted CuO/Si@exhibits more serious cluster growth.
Figure 7 shows he surfacemorphology forboth fresh and reactedCuO/MgAl,O4 oxygen carrier A
compact andyranular texturdor the surface ofthe resh CuO/MgAdO4 oxygen carriewas found and
nearlyno change in grain size was found after 41 redox cycle tésterthelessas shown in Figur@b

a serious structure transformation was also observed for gloeedeCuO/MgAIO4 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 CuQ@4galticles, which has
been determineds about 0.8 N via the digital force gauge. Genertilb/oxygen carrier particles with

a mechanical strength less than 1N are not recommenddtliftised beds operationTherefore the
aboveimpregnated oxygen carriers, i.e.,;0a/Al203 and CuO/SiQ, werefoundmoreappropriateiven

their crushing strength still remains higher than 1 N #fietest, being 2.2 and 1.0 N for CgD4/Al 203

and CuO/SiQ, respectivelyAlso, the poor mechanical strength foundtfoespray dried CuO/MgAD4

after the testwas foundconsistehwith those reported in the literature for chemical loopirggen
uncoupling (CLOU) procesf®]. AdanezRubio and his c@uthors[9] studied the oxygen release of
spray dried CuO/MgAD, in a labscaleICFB rig. They only conducig 40 h tests and found an
unacceptable amount of fine powder gradually escaped fromghdue to significant reduction in
mechanical strength
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Figure 6: SEM images of fresh and used (after the 41 redox dgslen TGA) CaO4«/AlO3 and
CuO/SiQ oxygen carriers
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