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ABSTRACT

Oxy-fuel combustion is one route to large scale carbon capture and storage. Fuel is combusted in oxygen rather
than air, allowing pure CO, to be captured and sequestered. Currently, the required oxygen is produced via
cryogenic air separation, which imposes a significant energy penalty. Chemical looping air separation (CLAS) is
an alternative process for the production of oxygen, and relies on the repeated oxidation and reduction of solid
oxygen carriers (typically metal oxides). The energy efficiency is governed by the thermodynamic properties of
the oxygen carrier material, and how well the CLAS process can be heat-integrated with the process consuming
oxygen. In this study, key thermodynamic properties have been identified and assessed using a steady state
model of a CLAS-oxy-fuel power plant. It is demonstrated that energy penalties as low as 1.5 percentage points
can be obtained for a narrow range of material properties. Based on density functional theory calculations, 14
oxygen carrier systems, which are novel or have received little attention, have been identified that could po-

tentially achieve this minimal energy penalty.

1. Introduction

The oxy-fuel process is a promising approach for capturing carbon
dioxide from power plants fired with fossil fuels [1]. Here, fossil fuels
are burnt in a mixture of CO, and O,, ultimately yielding a stream of
CO,, sufficiently pure for sequestration in geological formations [2]. The
cost of the energy required to produce the oxygen needed for com-
bustion is currently a major drawback. Using cryogenic air separation
to supply pure oxygen results in a reduction in the net efficiency of a
typical power plant of ca. 8-10 percentage points [3-5].

A potential way to overcome this energy penalty is to exploit a
technique commonly referred to as chemical looping to separate oxygen
from the air. A chemical looping process is characterized by the cyclic
reduction and oxidation of solid material, termed here the oxygen
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carrier. The commercial production of oxygen using such a scheme
dates back to 1880 when it was successfully realized by Arthur and
Le6én Brin [6]. However, one of the drawbacks of the Brin process,
which looped between BaO and the peroxide BaO,, was the need to first
remove the carbon dioxide present in the air, which otherwise led to the
irreversible formation of BaCOs. Consequently, the Brin process was
superseded by the cryogenic separation of air in the early 20th century.
In 2000, the idea of exploiting a chemical loop for the separation of air
was reintroduced, in this case using a perovskite (LSCF) as the oxygen
carrier [7,8]. Later, simpler compounds, such as CuO/Cu,0, Mn,03/
Mn304 and CoO/Co30,4, were considered as oxygen carriers [9,10]. At
high temperatures, copper oxide and other transition metal oxides do
not react with the CO, in air to form stable carbonates under process
conditions.
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Nomenclature

CLAS chemical looping air separation

DFT density functional theory

HRSG heat recovery steam generator

LHV lower heating value

LSCF lanthanum strontium cobalt ferrite

OC oxygen carrier

AC,, molar heat capacity of reaction (J/K/mol)

AGY Gibbs free energy of reaction at 1 bar (J/mol)

AH? enthalpy of reaction at 1 bar (kJ/mol)

AS? entropy of reaction at 1 bar (J/K/mol)

ATyin minimum temperature difference in heat exchanger (K)

AT, temperature difference between oxidizer and reducer (K)

Nyolid solids circulation between the oxidizer and reducer (mol/
s)

Ncoz flow of carbon dioxide from the reducer (mol/s)

NHzO flow of water separated out in the CLAS condenser (mol/s)

Noz,ox’m flow of oxygen to the oxidizer (mol/s)

No,red flow of oxygen from the reducer (mol/s)

Naoiid flow of steam from the reducer (mol/s)

Po, equilibrium partial pressure of oxygen (bar)

Po, qir oxygen partial pressure of air (bar)

Po,ox operating partial pressure of oxygen of the oxidizing re-
actor (bar)

Poy red operating partial pressure of oxygen of the reducing re-
actor (bar)

Posreq partial pressure of oxygen required by the oxy-fuel com-
bustor (bar)

Bot operating pressure of the reducer (bar)

Q heat flow between the oxidizer and reducer (W)

R universal gas constant (J/K/mol)

RH relative humidity (%)

S8, entropy of formation of oxygen at 1 bar (J/K/mol)

T temperature (K)

Tiew dew point temperature (K)

T equilibrium temperature of the oxygen carrier with
oxygen and operating temperature of the reducer (K)

Y, mole fraction of species i in the gas phase (-)

a ratio of activities of the solids

n chemical potential (J/mol)

KXinert molar fraction of inert material in the solid phase (-)

A putative process flow diagram for a CLAS-oxy-fuel power plant is
shown in Fig. 1. The power plant can be subdivided into three parts: (i)
the chemical looping air separation (CLAS) unit, (ii) combustion of the
fuel including carbon sequestration, and (iii) a steam cycle for power
generation. The flue gas leaving the oxy-fuel combustor will require
cleaning to remove particulate matter and sulphurous gases, derived
from the fuel. The CLAS unit would consist of two interconnected
fluidized beds, viz. the oxidizer and reducer [10]. By cycling the oxygen
carrier between the oxidizer and reducer, continuous oxygen produc-
tion can be achieved in the latter. If an existing power plant were to be
retrofitted for oxy-fuel combustion, the composition of the incoming

oxidizing gas would have to allow the combustor to operate within its
envelope of design parameters (e.g. to ensure a correct heat transfer
coefficient) [11-13]. Accordingly, an oxy-fuel combustor would typi-
cally require a mole fraction of oxygen of around 0.3-0.35, with the
balance being CO, when a dry recycle is used (oxy-dry combustion)
[11,12]. The condenser in Fig. 1 allows the mass fraction of oxygen
entering the combustor to be altered, by allowing for the removal of
water, which may have been injected into the reducer as steam.

The selection and identification of suitable oxygen carrier materials
is crucial to the feasibility of a CLAS process. Oxygen carriers must
operate at intermediate to high temperatures for a long period of time
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Fig. 1. Flow diagram of a proposed CLAS-oxy-fuel power plant. Q denotes a heat source or sink as indicated by the arrows.
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to give economic production of oxygen. Three different types of oxygen
carriers have been identified for use in more general chemical looping
processes, e.g. chemical looping combustion: single metal oxides
[14-17]; composite metal oxides [16-19]; and perovskite-type oxides
[16,17,20-22]. In the listed order, the oxygen transfer capacity per unit
mass of the carrier generally decreases and the mechanical strength and
cost of material generally increases. In chemical looping systems, a
material combining both a high oxygen transfer capacity and rapid
rates of reaction for both oxidation and reduction is desirable because
this gives the lowest rate of circulation between the reactors. To
minimize operating expenditure, the oxygen carrier material should
exhibit high mechanical strength and chemical stability to prevent too
frequent a replenishment of the depleted carrier with fresh material.
The work here is focused on the thermodynamic properties of the
oxygen carrier. Whilst other criteria, such as mechanical strength or
high reaction rates, are important, the thermodynamics of the oxygen
release reaction,

X0, 2 X+ 0,
determine, to a large extent, the feasibility of the CLAS process. In
particular, the equilibrium partial pressure (Pp,) for this reaction as a

function of temperature determines possible operating regimes, and is
related to the Gibbs free energy of reaction, AG’ by

0
for = eXp(—ARC;f )“ &)

where the ratio of the activities of the solids, a, is usually taken as unity
[17].

2. Methodology

In previous studies, materials that are thought to perform well as
oxygen carriers were selected first and only subsequently assessed. In
contrast, the inverse design approach is a method that identifies the
desired material properties required by the process first, followed by
the identification of materials possessing such properties using first-
principles computations, such as calculations using density functional
theory (DFT). This approach has been successfully executed for the
identification of unreported and thermodynamically-stable ternary
materials [23-25]. Here, the inverse design approach has been applied
to identify functional oxygen carrier materials for CLAS. The strategy
involves constructing a full (steady state) model of a CLAS system in-
tegrated with an oxy-fuel power station. This model assumes the
availability of a generic oxygen carrier material with an arbitrary set of
characteristic thermodynamic properties. Searching the space of ther-
modynamic properties of the generic material then allows desirable
characteristics to be identified and compared with known or computed
oxide materials.

2.1. CLAS integration with a steam power plant

In this study, the energy penalty imposed by flue gas processing and
carbon dioxide compression was neglected, because these processes
present an equal decrease in efficiency for all oxy-fuel power plants.
The reducing reactor has to be fluidized by a gas with a low partial
pressure of oxygen. Here, this can be either recycled CO, with or
without injected steam. In the model, the steam needed could either be
provided by the steam cycle, e.g. from the low-pressure turbine, or by
using other sources of heat to evaporate water.

Here, the oxy-fuel combustor requires a fluidizing gas containing a
mole fraction of oxygen of roughly 0.35 at ambient pressure when
operating with a dry recycle, i.e. when almost no steam is present in the
gas. This should then give a rate of heat transfer between the gases
leaving the combustor and boiler tubes comparable to that when
combusting with air [12]. The CLAS condenser shown in Fig. 1, allows
the partial pressure of oxygen to be increased to the desired level by
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condensing injected steam. Assuming that steam can be bled from, or
introduced into, the low-pressure turbine, and water can be withdrawn
from, or introduced into, the feedwater tank, then evaporation of the
water condensed in the CLAS condenser and its reintroduction into the
low-pressure turbine would close the steam cycle. Further, the partial
pressure of oxygen required by the combustor, Po, 4, and the operating
partial pressure of oxygen of the reducing reactor, Po, 4, dictate the
amount of steam required in the reducer:

NO red
Poyred = = = g X Bt
27 vateam + NC02 + Noz,red ? (2)
NO red
Po,reqg = 0.35 X By = — T ki —— X By
> ° Ivstcam + NCOz + NOg,red_NHZO ? (3)

where B, is the operating pressure of the reducer, Noz,reda Nitearn and
Ncoz are the molar flow of oxygen, steam and carbon dioxide from the
reducer. NH20 is the molar flow of water separated out in the CLAS
condenser, which can be determined by performing a dew point cal-
culation given by

243.12a,

= —273.15
v = 17 62—a )
InRH + 17.62(T—273.15)
q =
T-30.03 5)

where RH is the relative humidity and T the temperature (K) [26].

Each reactor in Fig. 1, viz. the oxidizing and reducing reactors of the
CLAS dual fluidized bed and the oxy-fuel combustor, was modelled as
being well mixed with respect to both gas and solid phases, and as-
suming thermodynamic equilibrium between the exit streams.

2.2. Thermodynamics

Assuming equilibrium, the oxygen released by the oxygen carrier in
the reducing reactor of the CLAS unit depends solely on the equilibrium
partial pressure of oxygen of the material’s oxygen release reaction,

which in turn depends on AG? according to Eq. (1). It follows from
AG? = AH?—TAS? (6)

that the Gibbs free energy of reaction is a function of the enthalpy of
reaction, AH?, the temperature, T, and the entropy of reaction, AS’.
Using the van’t Hoff equation

i( ) _
aT B %)

the Gibbs free energy of reaction can be rewritten as a function of the
enthalpy of reaction, AH,, and temperature only, where

AG?
T

AH?
-

0 o T2
AHY(T;) = AH(T) + [ A, dT ®)

The Gibbs free energy of reaction at temperature 7; and T; are then
related by
AG/ () AG(T) _

/-Tz AH(T)
T T i

TZ
T !’ ’
1 Jy AC (T)HdT
————dT
T2

11
dT = AH?(T)| ———
2 3-1)

B jr‘l )]

In subsequent calculations, it was assumed that the solids obey the
Dulong-Petit law, so that the molar heat capacity of reaction, AC,,, is
linked to the molar heat capacity of the oxygen released, C,0,(T), by

Acp,r(T) = Yo, (Cp,Oz(T)_6R) (1 0)

where vg, denotes the stoichiometric coefficient of oxygen in the re-
duction reaction; here, the stoichiometric coefficient of oxygen is set to
1. Accordingly, the enthalpy of reaction, AH; (T;,) at the temperature of
the reducing reacting reactor (T;;) can then be linked, using Eq. (1), to
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the equilibrium partial pressure of oxygen in the reducing reactor and
the temperature of oxidizing reactor (which is constrained to operate
with a partial pressure below 0.21 bar) by

P,
LS IR T I

POz,ox ox eq (]_ ])

If the temperature difference between the oxidizer and the reducer
is fixed (here to 80K), the effect of the material on the system is
therefore determined by three parameters, AH'(T,,), T4, and the reac-
tion stoichiometry, given a desired value of Py, 4. There is a minor
contribution from the term F(T,,,T,,), which arises from the change in
heat capacity for the reaction, i.e. the inner integral of Eq. (9), and can
largely be ignored. Here, F(T,T;,) is retained simply to ensure con-
sistency in the calculations. Whilst the heat capacities of the solids have
little effect on the equilibrium partial pressure, they do have a large
effect on the heat balance, since they determine how much heat is
circulated between the reducer and the oxidizer.

The mass and energy balances for the CLAS oxy-fuel system were
computed in MATLAB; all thermodynamic (i.e. enthalpy, entropy and
free energy) data for the non-fictitious species were taken from the
NASA Glenn database [27]. For the fictitious materials and those de-
rived from density functional theory (DFT), since only the differences in
enthalpy and entropy between reduced and oxidized states are im-
portant, the values for the reduced phase were set arbitrarily and the
oxidized phases set relative to that. In addition, for the entropy, it was
assumed the production of gaseous oxygen dominates the entropy of
reaction at 298K, ie. AS/(298K) = S§, (298 K) [25]. The values of the
molar heat capacity, C,, for the oxidized and reduced phases were set
using the Dulong-Petit law.

Subject to constraints to ensure conservation of atoms, the equili-
brium was found by minimizing the total Gibbs energy, Gy = >, u(i)N;,
using the optimization toolbox of MATLAB. For solids, the chemical
potential is equal to the standard molar Gibbs free energy of formation,
as shown in Eq. (12). The standard Gibbs free energy is determined
using Eq. (13).

Hsalid(i) = Gio (12)

G° = HP—TS? 13)

For gases, which are assumed to be ideal in this case, a term taking
into account mixing effects must be included, leading to

N o Bot
[J.gas(l) =G’ + (RT)(ln?

+ lnyi)
0

14

where T is the temperature, B, is the total pressure, y, is the mole
fraction of species i in the gas phase. The outlet of the oxy-fuel com-
bustor was constrained to contain 1% of the initial carbon as unburned
coal. From the heat released, composite curves were generated for heat
integration analysis. The CLAS dual fluidized bed reactor was fully heat
integrated with the oxy-fuel combustor and then both were scaled to
match the heat demand of a steam cycle for a specific gross power
output; in this case 500 MW,. The reference steam cycle was based on
unit 5 of the Grofkrotzenburg Power Station, Germany, and is char-
acterized by electricity generated at 1.31 MW/kg of steam and a spe-
cific heat demand of the steam as shown in Fig. 2 [28,29]. It should be
noted that the specific electricity generation involves only the heat
demand of the heat recovery steam generator (HRSG). The maximum
steam cycle temperature, which is an important parameter for the heat
integration and overall process efficiency, is 835 K. In this model, the
properties of the steam around the steam cycle were calculated using
the IAPWS IF-97 method (XSteam) [30]. The net efficiency of the base
steam cycle was calculated to be 42.1%. Deviations from 42.1% are
possible when the operating temperature of the oxidizer falls below the
maximum steam cycle temperature, ie. the highest turbine inlet tem-
perature; in this case, heat integration is not possible without modifying

Applied Energy 212 (2018) 478-488

the turbines in the steam cycle. A detailed description of the mod-
ifications made to the flow sheet to accommodate these lower turbine
inlet temperatures is given in the supplementary information.

2.3. Oxygen carrier materials

The redox reaction for the oxygen carrier systems was assumed to
follow

4X0 22X, O+ O,

where X may resemble any combination of elements, metallic or non-
metallic, as long as the reaction stoichiometry is maintained, e.g
4CuO 2 2Cu, O+ O,. The main effect of altering the number of atoms
in X is to alter the rate at which heat is transferred between the reducer
and oxidizer (via changes in the heat capacity). For the fictitious ma-
terials, in the base case, the stoichiometry for copper oxide decom-
position is assumed for the purposes of setting the solid heat capacities,
however other cases are considered in the supplementary information.

Fictitious oxygen carriers were assessed on the basis of a parameter
sweep. The sweep was performed for the enthalpy of reaction, AH; (T;),
and the equilibrium temperature, T, at a fixed Py, .q. With the desired
Po, red set, the rate of flue gas re-circulation (and solid oxide circulation)
are then determined to give full conversion of the oxygen carrier in the
reducer. From Eq. (9) it becomes apparent that specifying AHY, T,
Po,red> and the temperature difference between the oxidizer determines
the entropy of reaction, AS;. Therefore, in the parameter sweep

{100£ < AHP () < 400£}
mol mol

{773 K< Ty < 1173K)

the entropy of reaction, ASy, is a function of { AH?,T;; }. Hence, for the
parameter sweep, the lower and upper limit of AS? is 94.2 J/K/mol and
526.4 J/K/mol, respectively.

Po, req is limited by the requirement of the oxy-fuel combustor to
have an inlet partial pressure of oxygen, Py, .y, of roughly 0.35bar. In
the base case, Po,q Was set to 0.34bar so that the typical oxygen
concentration entering the combustor was ~ 0.35 bar once a fraction of
water in the stream was removed by the CLAS condenser; i.e. the actual
Py, entering the combustor varied slightly between cases. The outlet
temperature of the CLAS condenser was assumed to be 298 K. This base
case has no additional steam input into the CLAS reducer, other than
that carried around with the wet flue gas. Fig. S1 in the supplementary
information shows the case for Py, ¢ = 0.2 bar whilst maintaining a

8351 2
N
e
2
= HRSG }
T R e
g Feedwater heating ¢
=
305 . \ ; ; : \ ; 7
0 05 1 15 2 25 3 35 4

Net Specific Heat Flow / MW/kg

Fig. 2. Specific heat demand of the underlying steam cycle; HRSG: Heat recovery steam
generator.
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partial pressure of oxygen at the combustor entrance of about 0.35 bar,
by injecting additional steam into the CLAS reducer.

Except for the fictitious oxygen carrier materials, the underlying
thermodynamic data were taken from the NASA Glenn database [27],
NIST-JANAF [31] and Barin and Knacke’s [32] tables, if such data ex-
isted (here CuO/Cu,0, Mn,03/Mn3;0,4 and CoO/Co50,4). Otherwise the
enthalpies of reaction at standard state for various materials were
computed based on density functional theory calculations from the
Materials Project [33,34]. Additional corrections to account for tem-
perature effects and optimal Hubbard U values for transition elements
were employed as described in previous studies [35,36]. The assump-
tions made for materials taken from the Materials Project regarding the
entropy of reaction and the temperature dependence of the thermo-
dynamic properties were the same as for the fictitious materials.

2.4. Fuels

Three different solid fuels, a lignite (Hambach lignite) and two bi-
tuminous coals (Illinois No. 5 and Taldinskaya), were considered as
well as methane [37]. The ultimate analysis, and heating values of the
solid fuels are shown in Table S1 in the supplementary information. The
composition of the exhaust gas of the oxy-fuel combustor as well as the
rate of circulation of the oxygen carrier in the CLAS unit are dependent
on the fuel used. The amount of oxygen supplied is 5% above that re-
quired stoichiometrically to achieve complete combustion [13].

3. Determination of optimal steam flow to reducer

As shown below, in many cases the steam cycle is poorly matched to
the characteristics of the oxygen carrier. Often heat remains unused at
temperatures below the entrance temperature of the HRSG, viz. 549 K.
This surplus heat was assumed to generate extra steam which was in-
troduced into the low-pressure turbine to produce additional electricity.
Similarly, additional steam is bled from the low-pressure turbine if the
requirement for steam exceeds the amount of steam that could be
produced efficiently. This means that the steam required by the reducer
is met partially by evaporation of water from available heat and par-
tially by extracting extra steam from the steam turbine. This leads to a
modification of the underlying flow sheet and changes the amount of
electricity generated per kg of steam.

Three different cases were identified:

® Case 1: insufficient heat supplied to the reducer, viz. the heat de-
mand of the oxygen production is higher than the heat supplied by
the combustion of fuel.
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e Case 2A: autothermal operation, and
® Case 2B: autothermal operation with significantly decreased effi-
ciencies (i.e. higher energy penalties).

3.1. Case 1: Insufficient heat supplied to the reducer

In this case, the oxy-fuel combustor does not provide sufficient heat
to drive the reducer. This can be seen in Fig. 3, which shows the grand
composite curve of a CLAS-oxy-fuel power plant producing 500 MW,j;
in both cases shown in the figure, the combined CLAS unit + the oxy-
fuel combustor are scaled to match the heat demand of the steam cycle.
In Fig. 3a, the CLAS unit is sized to produce enough oxygen to combust
the fuel (with 5% excess). The grand composite curve in Fig. 3a shows
that, with this particular material, producing all the oxygen by CLAS is
not feasible; the heat provided by the oxy-fuel combustor is insufficient
to match the demands of the reducer. In the case shown, using an
oxygen carrier with T,y (Po,,req = 0.34 bar) of 973 K and AH, of 250 kJ/
mol with Illinois No. 5 coal results in a deficit in heat of 10.3%.
Therefore, either heat or additional oxygen must come from elsewhere.

Fig. 3b shows the same plant with a scaled-up oxy-fuel combustor to
cover the unmatched heat demand (but keeping the CLAS heat demands
constant). Of course, this requires extra oxygen to be provided from
elsewhere, with an accompanying energy penalty. For modern cryo-
genic air separation units (CASU), this penalty is as low as 0.16 kWh per
kg of O,, assuming a CASU plant size of 5000 t per day and a purity of
95% O, [38]. In the case of an CLAS-oxy-fuel power plant, it should be
noted that the energy penalty might be larger owing the demand for
oxygen being much lower than 5000 t per day (i.e. ~600t per day). In
practice, because of economies of scale, cryogenic air separation would
not complement CLAS and is more likely to substitute it.

Fig. 3a also illustrates that at low temperatures, heat is rejected (Q2)
which could be used to raise steam. Here, this additional heat is utilized
by generating additional steam at 427 K, which is then introduced into
the low-pressure turbine to generate additional electricity; thus, opti-
mizing the efficiency of the plant. This additional heat sink has been
included Fig. 3b, and is included in all subsequent calculations. In this
case, this raises the overall efficiency to 41.3% from 38.5% because of
the additional production of 66.9 kg/s of steam.

3.2. Case 2: Autothermal operation

For some CLAS materials, it is possible to produce all the oxygen
required for combusting fuel, and supply all of the heat required from
the system. Broadly speaking, two cases arise: (A) operation with the
steam cycle able to operate with an unmodified high-pressure and

1600 T T T T T T T T
a) b)
1400 | A 1t :
M Q Oxy-fuel combustor (+) /4
515) 1200 @ 1F R
g 1000 __| CLAS reducer (_)\ 11 |
£
o 800 CLAS oxidiser (+) A 1r 1
B
= 600 R R
.‘“:: \ Steam cycle (-)
“ 400 :
Q 3 Additional steam (-)
200 - : : - - - - -
0 200 400 600 800 1000 0 200 400 600 800 1000
New Heat Flow / MW New Heat Flow / MW

Fig. 3. Grand composite curve of the (a) non-optimized and (b) optimized power plant producing 500 MW, ¢ running at a heat deficit (Q, the part of the heat demand of the CLAS
reducer that cannot be satisfied by the oxy-fuel combustor) and using an oxygen carrier system with Toq (Po,red = 0.34 bar) = 973K and AH,” = 250 kJ/mol; here, the maximum

temperature of the unmodified steam cycle is 835 K. Q; in (b) is assumed to be overcome by supplying additional oxygen. Q, is heat available at temperatures below the steam generator

(HRSG) inlet temperature of 549 K. (—) and (+) denote heat sinks and heat sources, respectively.
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intermediate-pressure turbine; (B) operation with reduced efficiencies
owing to modifications to the high-pressure and intermediate-pressure
section of the steam cycle.

3.2.1. Case 2A

In terms of the grand composite curve, case 2A is similar to the
optimized case 1, but with all the heat demands of the CLAS system
being met by the heat release from combustion. All the heat from CLAS
system can be utilized by the steam cycle. CLAS oxygen carrier mate-
rials which give composite curves of this kind are desirable.

3.2.2. Case 2B

Case 2B only occurs for oxygen carriers with an equilibrium tem-
perature, T, (Po,,x), below the maximum temperature of the base steam
cycle, 835 K. In this case, the composite curve of the steam cycle would
influence the pinch point at the operating temperature of the CLAS unit.
To continue to generate 500 MW electricity, more steam must be pro-
duced to make up for the removal of the high temperature turbine
segments. In this model, the operating temperature of the steam cycle is
kept below that of the oxidizing reactor. In theory, a small amount of
heat is still available above the base-case maximum turbine tempera-
ture, but to harness it, the steam cycle would have to be reconfigured to
utilize the small steam flow which could be produced (heat available
between the operating temperatures of the reducer and oxidizer, as
shown in Fig. 3); i.e. effectively there would have to be either an ad-
ditional high-pressure turbine or turbine section to process this flow,
which is likely to be expensive.

4. Results and discussion
4.1. Variable entropy of reaction

The parameter sweep {AH,,T,;} described above allows for a vari-
able entropy of reaction. The result of the parameter sweep is plotted in
Fig. 4, when operating the reducing reactor of the CLAS unit at an
equilibrium partial pressure of oxygen of 0.34 bar and using Illinois No.
5 coal. Plots for the Hambach lignite and Taldinskaya coal are found in
the supplementary information (Figs. S2 and S3). The area for
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“potential oxygen carriers” shows combinations of AH,” and T,, likely to
be accessible by existing materials; this region is computed by con-
sidering the base case (i.e. using the thermodynamic assumptions made
previously, and the law of Dulong-Petit with AS?,53¢ = S, 205 x = 205.2
J/K/mol) as shown, with the limits set by potential differences in the
value of AS/, k. Here it is assumed that AS?,,¢ can differ from the
base case by +25% (although as noted below, some materials could fall
outside this bound). The solid iso-lines, showing contours of constant
efficiency, indicate that the overall net efficiency of the power plant
reaches a plateau at around 40.6% for case 2A. For this case, there is
little energy penalty and the overall efficiency is dominated by that of
the underlying steam cycle. A vertical boundary separates case 2B and
case 2A at 925K, the temperature at which the operating temperature
of the oxidizer forces the maximum temperature of the steam cycle to
decrease.

In Fig. 4, the region labelled case 1 corresponds to the situation
where the CLAS system cannot be driven by the oxy-fuel combustor as
described previously. To operate with these materials would require
either heat to be supplied from elsewhere, or extra oxygen to be pro-
vided to allow the oxy-fuel combustor to be scaled up to supply the heat
demand of the CLAS unit.

From Fig. 4, it is obvious that whether or not the oxy-fuel combustor
delivers enough heat is a function of the enthalpy of reaction and the
operating temperature of the reducer. With an increase in the tem-
perature at which the oxygen carrier releases oxygen at a specified
partial pressure, here 0.34 bar, the maximum feasible enthalpy of re-
action, AH,, decreases. The gradient of this transition line and its lo-
cation are a function of the lower heating value of the fuel per mole of
oxygen required to combust the fuel. Hence, oxygen carrier systems
close to the transition from case 1 to cases 2A and 2B might be feasible
when using a fuel with a higher heat of combustion per mole of oxygen
required.

4.2. Fixed entropy of reaction

Lines of constant entropy of reaction are shown in Fig. 4 (e.g. the
base case as illustrated), for a constant temperature difference between
the reactors. If, instead, the entropy of reaction is fixed (and the

400 T T T T T === ! T T
~~%0s,
Case 1 Net power plant efficiency / %
. . — — —  Constant AS?ZQgK
: (Insufficient heat from combustion) | --—— Heat demand covered L
340 0 TTe— .\ "\ Potential oxygen carriers 3

280

(Teq) / kJ/mol

AHy
N
S

973 1013 1053 1093 1133 1173
Teo(Po, = 0.34 bar) / K

Fig. 4. Efficiency of the CLAS-oxy-fuel power plant depending on thermodynamic properties of the oxygen carrier at an equilibrium partial pressure of oxygen of 0.34 bar in the reducer
for the reaction stoichiometry 4XO 2 2X, O+ O,. The dash-dotted lines show the proportion of the heat demand of the CLAS unit which could be met by a hypothetical oxy-fuel
combustor using only the oxygen from the CLAS unit. The temperature difference between the oxidizer and reducer is 80 K. The green region denotes the case where enough heat is
supplied from the combustion of fuel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Efficiency of the CLAS-oxy-fuel power plant depending on thermodynamic prop-
erties of the oxygen carrier at a fixed entropy of reaction, AS;? (298 K) = 205.2 J/K/mol.
Along the dashed line (which indicates an equilibrium partial pressure of oxygen of
0.34 bar in the reducer), the star marks the transition from case 2B to case 2A, where the
efficiency of the plant plateaus at 40.5%. In region P the reducer operates at very low
oxygen partial pressures. The red region represents case 1. The green region represents
case 2A. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

temperature difference is allowed to vary), the operating space can be
replotted. Fig. 5 shows such a plot, with the entropy of reaction fixed to
AS?y0sx = 205.2 J/K/mol. Region P in Fig. 5 shows cases where the
reducer is operated at very low oxygen partial pressure and, therefore,
requires substantial amounts of steam (which is separated out in the
CLAS condenser), to meet the requirement of Py, 4 = 0.35 bar. This
high demand for additional steam leads to a significant decrease in the
overall net efficiency of the power plant. The dash-dotted line indicates
the point at which the oxy-fuel combustor cannot satisfy the heat de-
mand of the CLAS unit, viz. transition to case 1 occurs.

Moving horizontally along a line in Fig. 5, the temperature differ-
ence between the oxidizer and the reducer can initially be maintained
at 80K to allow P, < 0.21 bar. However, if the reducing reactor is op-
erated above a critical temperature, the difference in temperature be-
tween the oxidizer and reducer must be increased to allow the oxidizer
to operate with T,, — T,4(Po, = 0.21 bar).

The transition between case 2A (i.e. minimal energy penalty, shaded
green) and case 2B in Fig. 5 now occurs for two reasons: (1) vertically at
an enthalpy of reaction of around 177 kJ/mol and T4 (Po, req = 0.34 bar)
of 925 K, where the oxidizer operates at a temperature of which impacts
the steam cycle; (2) along a line parallel to the dashed line, where as the
temperature of the reducer increases the air flow to the oxidizer rises as
Tox = Toq(Po, = 0.21 bar), leading to a higher demand in heat to heat up
the air that can only be partially recovered into the generation of steam,
leading to more heat energy rejected unused and reducing the overall
efficiency.

Fig. 6 shows the net efficiency of the base case, i.e. AS? 53¢ = 205.2
J/K/mol. Here, the CLAS reactors were operated with a difference in
temperature of 80 K, where T, (Po, rq = 0.34 bar) is the operating tem-
perature of the reducer. When evaluating oxygen carrier materials for
which the assumption of AS/s x = S§, 205 ¥ holds, the efficiency of the
power plant is maximized when 177 kJ/mol < AH;(T,,) < 201 kJ/mol.

4.3. Sensitivity to temperature difference of the oxidizer and
Toq(Po, = 0.21 bar)

The difference between the temperature of the oxidizer and the
equilibrium temperature for a partial pressure of oxygen of 0.21 bar
plays a significant role in the heat integration. The closer the tem-
perature of the oxidizer to T;(Po, = Po, ;, = 0.21 bar), the more air must
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be supplied to oxidize the reduced oxygen carrier. In the model, the air

flow is set to the limiting minimum air flow that allows the oxygen

carrier to be fully oxidized, i.e. when the depleted air flow has a partial

pressure of oxygen, Po, ., equal to the equilibrium partial pressure of

oxygen of the material at the oxidizer temperature, i.e. Po, o = Po,(Tox).
The molar flow of oxygen entering the oxidizer is given by

NOz,red (1 _Pozvgx)

Poyox
1——22%
POZ,aiV

Noz,ox,in =

(15)

where No, 4 is the molar flow of oxygen leaving the reducer, ie. the
amount of oxygen required to combust one mole of fuel, and Py, o, the
equilibrium partial pressure of oxygen at the operating temperature of
the oxidizer. When Po,, approaches Po,,, ie. when
Tox = Tog(Po, = 0.21 bar), the air flow must increase, and in the limiting
case of T, = T,4(Po, = 0.21 bar) is infinite. Fig. 7 shows both the net
efficiency of the power plant and the air flow as a function of the op-
erating temperature of the oxidizer for three materials with the same T,
(Po,red = 0.34 bar), different enthalpies of reaction, and, hence, varying
entropies of reaction. For a given T,y (Po,ra = 0.34 bar) the gradient of
the equilibrium curve increases for materials with higher enthalpies of
reaction and the oxidizer can be operated at a temperature closer to
that of the reducer.

4.4. Support material and partial conversion

If either a support material is used or there is only partial conversion
of the oxygen carrier, solid material is circulated that does not parti-
cipate in the redox reaction. This inert material circulates heat between
the colder oxidizer and the hotter reducer. Hence, the addition of inert
support material, here a-Al,O3 or 3-SiO,, decreases the combinations of
AH, and T, at which autothermal operation is possible. In Fig. 8, these
combinations are plotted for molar fractions of inert material of 0%,
50% and 75% and autothermal operation can be achieved below the
respective lines. Similar to the addition of inert material, the heat load
of the reactors changes if partial conversion is assumed or the flue gas
recirculation rate is increased, i.e. lowering the operating partial pres-
sure of oxygen in the reducer; results for the latter are plotted Fig. S1 in
the supplementary information.
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Fig. 6. Net efficiency of the power plant vs oxygen carrier materials with an entropy of
reaction of 205.2J/K/mol, an equilibrium partial pressure of oxygen of 0.34 bar in the

reducer a reaction. a stoichiometry of 4XO 2 2X, O+ O, and difference in the operating
temperatures of the CLAS reactors of 80 K.
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Fig. 8. Suitable regions for autothermal operation using 0 mol-%, 50 mol-% or 75 mol-%
of a-Al,O3; below the respective lines using fictitious oxygen carriers following the re-
action 4XO 2 2X, O+ O; and Illinois No. 5 coal.

4.5. Effect of specific heat capacity of the solids

Previously, it was assumed that the law of Dulong-Petit holds to
obtain the molar heat capacity, C,, for the solids. This is likely to lead to
little error in terms of the equilibrium calculation, because only the
difference in molar heat capacity of reaction, AC,,, is important.
However, from the point of view of heat integration, the absolute value
of C, is important, because the solids transport sensible heat between
the colder oxidizer and the hotter reducer. All the previous calculations
have assumed absolute values for the molar heat capacity of the re-
duced, Cp,q, and oxidized phase, C, ., derived from the atoms and
stoichiometry, which gives a AC,, that is only a function stoichiometric
coefficient of oxygen. Fig. S4 in the supplementary information shows
the efficiency of the CLAS-oxy-fuel power plant with a different reaction
stoichiometry (6X4/3 O2 4X, O+ O,) than the previously assumed, i.e.
4X0 2 2X; O+ O,. The range of {AH;,T,;} decreased due to higher
molar heat capacities. Hence, the sensitivity of the previous calculations
would be the same as that described above, i.e. any increase in absolute
Cp would have the same effect as adding inert material or partially
converting the solid.
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Fig. 9. Enthalpy of reaction and equilibrium temperature of 79 shortlisted oxygen carrier
systems for 673 K< Teq < 1323 K based on dft calculations; the dash-dotted line denotes

the transition between autothermal (case 2) and endothermic operation (case 1) when
using Illinois No. 5 coal (as in Fig. 4).

4.6. Screening of materials based on DFT

A full list of the 2857 candidates screened from the Materials Project
data base is given in Table S3 in the supplementary information. Of
these, only 79 had equilibrium operating temperatures in the range
673-1323K (a slightly wider temperature range than that used pre-
viously to allow for errors in the DFT) and a bimolecular oxidation
reaction only. These candidate materials, the thermodynamic data of
which were derived from density functional theory (DFT), are shown on
the plot of AH?(T,y) vs. Toq(Po,rea = 0.34) in Fig. 9 (the complete list of
the 79 oxygen carriers is provided in Table S2 in the supplementary
information). The figure shows the boundary between cases 1 and 2 for
the case where Illinois No. 5 coal is used, and the molar heat capacities
are set in accordance with the law of Dulong-Petit. The position of this
line therefore can vary slightly depending on fuel and stoichiometry of
the oxygen release reaction as discussed previously. Of the candidate
materials, 34 were found to achieve autothermal operation, but, since
there are both errors in the DFT and the boundary for autothermal
operation can move, oxygen carrier materials not in Table 1 might
work, too.

In Table 1, toxicity and cost have been neglected. The main criterion
was that only one phase transition occurs at the temperatures of in-
terest. It should be noted that Table 1 has to be treated with caution; for
some materials, their suitability as an oxygen carrier has been ques-
tioned. For example, BaO,, the material used in the Brin process, is
vulnerable to carbonation [6]. For BaO,, at a partial pressure of oxygen
of 0.34 bar, the predicted equilibrium temperature of around 784 K is in
reasonable agreement with an equilibrium temperature of around 865 K
observed experimentally [39]. However, using the DFT calculated
equilibrium temperature of 784 K would lead to an efficiency as low as
31.5%, according to the model underlying this study. If instead, the
experimentally-determined value of T (Po, req = 0.34 bar) = 865 K were
used, from Fig. 4, the efficiency Would be ~39%. This again highlights
that materials operating in non-desirable regions, viz. case 2B, might
still be worth investigating. Commentary on oxygen carriers identified
to fall into case 2A but are not feasible, e.g. due to their melting point, is
provided in the supplementary information.

Finally, considering melting points, thermodynamic stability and
health hazards, the suggested list of potentially suitable oxygen carriers
in Table 1 reduces to BaFeOs/BayFe,Os, LiBiO3/LiBiO,, MnPO,/
Mn,P50,, SrFeOs/SroFe;Os, and SroCusOs/SrCuO,. The perovskite
BaFeO, 93 was found to decompose into the brownmillerite phase
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Table 1
Promising oxygen carrier systems deduced from DFT calculations. OC = oxygen carrier.
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Oxidized OC Reduced OC Toq(Pos,red = 0.34) (K) AHY (Tpg) (kJ/mol) Net efficiency Case
CoSeO4 CoSeO3 928 178 40.6% 2A
CsO, Cs1103 1041 197 40.6% 2A
CsO, Cs30 942 180 40.6% 2A
CsIO4 Csl 946 181 40.6% 2A
Hg(103), Hgl, 1015 193 40.6% 2A
KAgO, KAgO 965 184 40.6% 2A
KBiO3 KBiO, 945 181 40.6% 2A
MnSeO4 MnSeO3 970 185 40.6% 2A
NaMnO,4 Na;Mn,03 982 188 40.6% 2A
NaBiO3 NaBiO, 1009 192 40.6% 2A
PbO, PbO 935 180 40.6% 2A
Sm,Mn,0, SmMnO3 979 188 40.6% 2A
TI(103)3 TIlI3 1037 198 40.6% 2A
V,Hg,0, VHgO5 1030 197 40.6% 2A
Ag,Se0,4 Ag,SeO3 892 171 40.4% 2B
BaFeOs3 BayFe,0s5 922 176 40.6% 2B
BaO, BaO 781 152 31.5% 2B
CdSeO, CdSeO3 780 152 31.4% 2B
EuzReOg EugReO, 860 166 39.3% 2B
Hg,SeOs Hg,SeO3 862 166 39.4% 2B
Ho,(Se0.,); Ho2(SeO5)3 835 162 35.0% 2B
LiBiO3 LiBiO, 784 153 31.7% 2B
MnPO4 Mn,P,0; 820 159 34.1% 2B
MnO, Mn304 869 168 39.8% 2B
Mn(Se05), MnSe,0s 791 154 32.2% 2B
NaAgO, NaAgO 865 167 39.6% 2B
Na,Cr,0, NaCrO, 811 158 33.6% 2B
RbO3 Rb,03 819 159 34.0% 2B
SbOF; SbF3 889 172 40.4% 2B
SrFeO3 SroFe;Osg 816 159 33.9% 2B
SrCr,07 SrCry04 791 155 32.2% 2B
SryCu,05 SrCuO, 797 156 32.6% 2B
Ti, 07 TizOs 867 168 39.7% 2B
V205 V30, 861 167 39.4% 2B

Ba,Fe,Os giving off oxygen equal to 2.9% of its mass at around 1073 K
[40]. Here, the error in the DFT-derived equilibrium temperature be-
comes apparent; under the assumptions used in the model, decom-
position to Ba,Fe,Os was expected at 901 K at an oxygen partial pres-
sure of 0.21 bar. Whilst the reduction of the perovskite phase is
possible, it was found that oxidation of BayFe,Os, i.e. cooling in air, did
not proceed [40]. For LiBiOs, the release of oxygen was reported at
temperatures above 573 K [41]. Full reduction to LiBiO5 was achieved
at around 773K [41,42], re-oxidation, however, was not evaluated.
SrFeO3; was found to cycle between the perovskite phase and the
brownmillerite phase, SroFe,O5, reversibly for at least two cycles at
973K [22], and for at least 20 cycles at 823 K without showing sus-
ceptibility towards carbonation when reduced in CO, [43]. Sr,Cu,Os
was synthesized at 1123 K and 100 kbar using SrCuO, as a precursor
[44], conditions beyond those expected in chemical looping systems.
However, SrCuO, was used as an oxygen carrier in chemical looping
combustion, releasing oxygen equal to around 8% of its mass at 873 K
to form SrCuO, 75 [45]. This oxygen carrier system exhibited further
stability over 20 redox cycles at 1223 K.

4.7. Commonly-cited materials for CLAS

When looking at established oxygen carrier systems, i.e. CuO/Cu0,
Mn,03/Mn304 and CoO/Co30,4, the respective combinations of ther-
modynamic properties fall well within case 1, viz. endothermic opera-
tion. However, the previous results in this paper did not allow for any
heat recovery in the form of preheating of the recycled flue gas to the
reducer or gaseous inflow to the oxy-fuel combustor. Both these can
alter the boundary for autothermal operation, though it should be noted
that the compressor and fans used in recycle systems would limit the
degree of possible preheating. Fig. 10 shows that for CuO/Cu,O,
Mn,03/Mn304 and CoO/Co304, the requirement for additional oxygen

or heat is significant, particularly if there is no preheating of the re-
cycled flue gas or the incoming air. Among the fuels discussed here, the
Illinois No. 5 coal achieves the least deficit in heat (Q; in Fig. 3); using
Illinois No. 5 coal with Mn,03/Mn304 and preheating the CO, stream to
the reducing reactor and gaseous inflow to the oxy-fuel combustor to
673 K and 573K, respectively, allows for 95.6% of the heat demand of
the reducing reactor to be met by the heat released in the oxy-fuel
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Fig. 10. Amount of heat demand of the reducer covered by the combustion of Illinios No.
5 coal or methane for CuO/Cu0, Mn;03/Mn304 and CoO/ Co304 and different pre-
heating temperatures for CO, to the reducer and gas flow to the oxy-fuel combustor.
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combustor. These temperatures were chosen in accordance with the
maximum operation temperature of radial fans of 723K for the scales
required, and favourable temperatures for gas entering the oxy-fuel
combustor of 473-673K, respectively [46]. The ability of Hambach
lignite and methane to cover the heat demanded by the respective
oxygen carrier is similar, owing to their almost identical molar LHV per
mole of oxygen required for combustion, despite significant differences
in the LHVs (11.3 MJ/kg and 49.9 MJ/kg, respectively). The LHV per
mole of oxygen of both Taldinskaya coal and Hambach lignite are lower
than that of Illinois No. 5 coal and therefore neglected here.

Furthermore, the results provided in Fig. 10 assume no doping with
support material. In practice, however, these materials require the ad-
dition of support material owing to either their inability to reoxidize
without support material, such as Mn,O3/Mn3z0,4 [47], or the desired
mechanical strength and resistance against sintering [15,48-50].

It should be noted that the combination of the equilibrium tem-
perature, Toq(Po,eq = 0.34), and enthalpy of reaction, AH/ 54, of the
Cobalt oxide, as shown in Table 2, is outside of the region of potential
oxygen carriers of Fig. 4. The reason is the significant deviation in the
entropy of reaction from the assumed entropy of reaction, AS?,4x, of
205.2 J/K/mol, i.e. outside the + 25% shown in Fig. 4.

4.8. Limitations

There are a number of limitations to the methods used in this study.
The assessment of oxygen carriers of which only the enthalpy of reac-
tion is known, as is the case with oxygen carrier systems deduced from
the Materials Project [34], might give inaccurate results due to a sig-
nificant deviation of the entropy of reaction from the assumed value, as
described above.

Secondly, the integration of heat with the steam cycle takes a fairly
basic approach, leading to case 2B when the operating temperature of
the oxidizer falls below 845K (assuming a AT,;, of heat exchange of
10K). For example, instead of lowering the maximum temperature of
the steam cycle, an additional high-pressure turbine could be employed
to operate at temperatures above the reducer if the oxygen carrier were
able to release oxygen at low enough temperatures, as mentioned
previously. Entirely different designs of the oxy-fuel power plant are
conceivable as well, such as a combined cycle, provided the enthalpy of
reaction of the oxygen carrier is small compared to the lower heating
value per mole of oxygen of the fuel. Here, a gas turbine could generate
electricity at temperatures above the operating temperature of the re-
ducer and supply heat to the reducer. The oxidizer would then be the
major source of heat for the steam cycle.

Another major limitation to the approach taken here to identify
suitable oxygen carriers of CLAS is the neglect of the reaction kinetics.
Candidate materials that seem suitable for CLAS might in fact react
slowly, a typical example being the oxidation of Mn30,4 to Mn,O3 which
was reported to be unachievable at 1173 K [47,51,52], even though it is
thermodynamically feasible.

From the study of heat integration performed in this paper, it is
obvious that employing a temperature swing between the reducer and
oxidizer to separate air is not ideal. If, instead, pressure swing could be
used, the temperature at which the transition between cases 2A and 2B
occurs would decrease. Therefore, oxygen carriers releasing oxygen at

Table 2
Model input, T,4 and AHy, and output for CuO/Cu,0, Mn;03/Mn30, and CoO/Co30,.

Oxygen carrier Tog (Poyred = 0.34bar) (K)  AH?pgx (kJ/ ASSy0sx (J/K/

mol) mol)
CuO/Cu,0 [27] 1324 281.1 219.4
Mn,03/Mn3z04 1179 195.0 158.3
[32]
C0304/Co0 [31] 1185 393.6 293.4
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temperatures above the maximum temperature of the steam cycle
would fall into case 24, i.e. autothermal operation with very little en-
ergy penalty.

5. Conclusions

A model was constructed which links the thermodynamic properties
of an oxygen carrier to the steady state operation of an oxy-fuel power
plant to estimate the viability of oxygen carriers for chemical looping
air separation. This methodology allows the impact on the process of
material properties, ie. enthalpy (AH;,sx) and entropy (AS,,x) of
reaction, to be rationally assessed. The CLAS-oxy-fuel process can be
characterized fully by a 2D map in which performance is a function of
either AH o3 and AS; ¢ or, as presented here, as a function of the
temperature at which the material is in equilibrium with 0.34 mol.% O,
(Ty), and the heat of reaction at Ty, AH,’(T).

Superimposing (1) measured data from known materials, (2) pro-
spective materials with properties drawn from the Materials Project
database of theoretical DFT calculations, and (3) hypothetical materials
allows the following conclusions to be drawn:

1. Lower values of T;; of the oxygen carrier material widen the range of
acceptable values of AH;(T;,) for autothermal operation, i.e. when
there is sufficient heat from the oxy-fuel combustion to support the
metal oxide reduction.

. The range of AH,(T,,) and T, which allow for autothermal operation
(as opposed to requiring additional heat from external sources) in-
creases with the molar lower heating value per mole of oxygen re-
quired by the fuel, 6, and the degree of preheating. More heat being
available from the combustion of fuel allows for more endothermic
reactions in the reducer, i.e. higher AH;.

. Using the investigated fuels, viz. Hambach lignite (6 = 380 kJ/mol
0,), Illinois No. 5 coal (6 = 396 kJ/mol O,) and Taldinskaya coal
(@ = 372 kJ/mol 0,), commonly-cited oxygen carriers CuO/Cu,0,
Co0/ Co304 and Mn,03/Mns0,4 do not allow for autothermal op-
eration; even without the addition of support materials a-Al,O3; or
B-SiO.. Here, both the gaseous inflow to the oxy-fuel combustor and
the carbon dioxide stream to the reducer were preheated to 573K
and 673K, respectively.

. Operating the oxidizing reactor at temperatures below the max-
imum steam temperature of the unmodified steam cycle (here
835K) leads to reduced net efficiencies, and requires the steam cycle
to be operated with a lower turbine inlet temperature.

. Having identified suitable combinations of AH; and T,,, 34 oxygen
carrier systems allowing for an autothermal operation of the CLAS-
oxy-fuel power plant have been suggested, based on DFT calcula-
tions. Of these, five systems seem particularly promising, namely
BaF803/B32F6205, L1B103/L1B102, MHPO4/M1'12P207, SrFeO3/
SroFe,0s, and Sr,Cuy0s/SrCu0,.

These results show that a parameter sweep of thermodynamic
properties using a macro-model of a power plant is an efficient ap-
proach to identify novel oxygen carrier candidates, when tied to density
functional theory.
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