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1 | INTRODUCTION
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Abstract

Coal power plants play an important role in supplying affordable and reliable
electricity. It is necessary to develop high-efficiency and low-cost carbon cap-
ture (CC) technologies to mitigate the associated global warming. Using H,S-
tolerant oxygen transport membranes (OTMs) for hydrogen production and
CO, separation can significantly reduce the energy penalty of CC in integrated
gasification combined cycle (IGCC) power plants. We carried out system-level
analysis to investigate a novel IGCC-CC power plant design using OTMs. We
studied the impacts of various operating parameters on the overall efficiency
and energy penalty. This novel IGCC-OTM system has an overall efficiency
3.2%-point lower than the same system without CC, much lower than the
IGCC with water-gas shift reactors and acid gas removal units (IGCC-WGS) of
6.8%-point drop. The specific primary energy consumption for CO, avoided
(SPECCA) of this novel technology is 1.08 MJ kgCO, ™", which is 59.4% lower
than that of the IGCC-WGS.

KEYWORDS

carbon capture (CC), hydrogen production, IGCC, minimal energy consumption, oxygen
transport membrane (OTM)

countries in Europe and Northern America due to the
climate policies).m Moreover, fossil fuels power plants

Coal power plants continue to play an important role
in supplying affordable and reliable electricity in devel-
oping countries, especially in South and Southeast Asia
(even though they are being closed in the developed

Xiao-Yu Wu and Lili Cai contributed equally to this work.

can maintain the energy security of the grid and have
positive impacts on the labor market./*3 Implementing
cleaner coal power plants with carbon capture (CC) in
the developing world can promote energy equity and
security,[4] which addresses the sustainable develop-
ment goals (SDGs) set by the United Nations such as
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affordable and clean energy, and climate action
goals.!®!

The integrated gasification combined cycle IGCC) with
precombustion CC is a promising technology to implement
CC in fossil fuel power plants.!®”! However, the energy
penalty associated with CC generally leads to an efficiency
reduction of 7% to 12% points.”®! The specific primary
energy consumption for CO, avoided (SPECCA) can be as
high as 2 to 4 MJ kgCO, 1'% The costs of CO, avoided
were estimated to be $30 to 86/ton CO,,'*" which will
increase the electricity production costs if CC is
implemented. The total investments of IGCC-CC plants
were estimated to be $2513 to 4451/kW, with the cost of
energy $65.9 to 151.4/kWh."®] The energy penalty and
increase in capital and operational costs make CC less
favorable unless high carbon taxes were introduced. New
systems should be developed to decrease the CO, avoided
energy consumption and costs in IGCC plants.

The conventional IGCC-CC process uses water-gas shift
(WGS) reactors to convert the gasification products to
higher concentration of H, and CO,. Next CO, is separated
and captured, typically using physical solvents such as Sele-
xol and Rectisol.™ The auxiliary power consumption of
the cycle accounts for as high as 18.6% of the overall power
output when 98% of the CO, is captured, around half of
the auxiliary power for CC.I°! In addition, the air separa-
tion unit (ASU) also accounts for a large amount of the
auxiliary power consumption in the IGCC-CC cycles.'!
Several membrane reactors, such as the Pd membrane! !
and metal-organic frameworks membrane!”! reactors have
been developed to reduce the energy consumption associ-
ated with CO, capture. In the case of Pd membranes, the
energy penalty is around 7% to 8% with SPECCA of 2.5 to
3.6 MJ kgCO, ™" due to the additional step of H,S separa-
tion and the exergy loss resulting from quenching the gas-
ifier products to 400 to 500°C for the stable operation of Pd
membranes.'® New membranes for hydrogen production
such as the oxygen transport membranes (OTMs) are being
developed to tolerate H,S and operate at higher tempera-
tures closer to 1300°C to avoid quenching.'*'"!

OTMs work at elevated temperatures of 700 to
1600°C,12°22l and hydrogen production from water split-
ting in OTMs has previously been investigated.!****
Water splitting occurs on the high oxygen partial pres-
sure side of the OTM reactor to produce hydrogen, while
the oxygen permeates through the membrane to the
other side due to the potential gradient across the mem-
brane. To increase the gradient to enhance oxygen per-
meation and water splitting, a low-quality fuel such as
syngas can be used to react with the permeated oxy-
gen.[24] Recently, our groups developed a robust H,S tol-
erant OTM reactor for hydrogen separation, which
demonstrates the potential of integrating OTMs in an
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FIGURE 1 Schematic shows the operation of an oxygen

transport membrane (OTM) in the IGCC-CC process. On side I,
coal gasification products undergo full oxidation with the oxygen
permeated across the membrane. The oxygen source is the water
splitting reaction on side II, producing hydrogen and oxygen.
Oxygen permeation in an OTM is in the form of oxygen ions,
associated with electrons or holes, which is driven by chemical
potential gradient across the membrane

IGCC-CC process.!'®! Figure 1 shows the operation of
OTM in this process. Coal gasification products are fed
on side I and undergo full oxidation with the permeated
oxygen from the water splitting reaction on side II. The
oxygen permeation is in the form of oxygen ions, associ-
ated with electrons or holes to maintain the neutrality of
the bulk membrane. The overall reaction in the OTM
reactor is the weakly exothermic WGS reaction, as the
hydrogen oxidation on side I and water splitting on side
IT cancel out with thermal and species balanced by the
oxygen flux (shown in Figure 1). We fabricated mem-
branes of 75 wt% Smg 15Ce 85025 - 25 Wt% Smg ¢St 4Crg 3
Fey ;055 (SDC-SSCF) for this application, while non-
precious metal catalysts, 10 wt% Ni/ SDC were applied
on the membrane surfaces to enhance surface reactions.
Experimental results showed that this novel OTM reactor
maintained high and stable performances (9 mL cm™

' [STP] ~ 6.70 pmol cm™ s~ ') under reducing gas
environment mimicking the gasification products from a
coal-slurry fed general electric energy (GEE) gasifier with
H,S concentrations as high as 1000 ppm.!*®! Meanwhile,
efforts from various companies and institutes such as
Praxair and the Institut fiir Keramische Technologien
und Systeme (IKTS) Fraunhofer have been carried out to
commercialize OTM reactors for various applications,
such as oxygen generation and syngas production.!>”!
OTMs have been proposed to replace the cryogenic ASU,
and system analysis showed that the former can
decreases the energy consumption for oxygen production,
compared with the latter when the heat recovery rate is
higher than 929%.12°] However, it has been shown that
when OTM is used to replace the ASU in IGCC, the effi-
ciency increase is only about 1% point because the H,S
and CO, purification is still needed.!*”!
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In this article, we study a novel integration of OTM in
the IGCC process (IGCC-OTM), where an OTM reactor is
used to replace the WGS reactors, the CO, and H,S
removal processes in order to achieve higher efficiency
for power generation. We first compare the first law effi-
ciency, auxiliary energy consumptions and SPECCA
among three IGCC processes: IGCC without CC as a ref-
erence (IGCC-REF, Figure 2A), IGCC with CC consisting
of two WGS reactors and a two-stage Selexol acid gas
removal system (97% CO, removal, IGCC-WGS,
Figure 2B), and IGCC with OTM noted as IGCC-OTM
(Figure 2C). Next the impact of different operating
parameters, such as the gas conversion, temperature, and
pressure drop on the performance of the IGCC-OTM pro-
cess is investigated.

2 | PROCESSLAYOUTS AND
ASSUMPTIONS
2.1 | General assumptions and inputs

System level models were developed in Aspen Plus to
compare the CC energy penalty in the two different
IGCC processes, that is, IGCC-WGS and IGCC-OTM. The
Peng-Robinson-Boston-Mathias (PR-BM) equation-of-
state method was used to evaluate the thermodynamic
properties at high pressure operations, which has been
verified in previous IGCC system simulations.?”! The
flowsheets and configurations of the Aspen models of all
the cycles in this article can be found in Supporting Infor-
mation. The simulation results of the IGCC-REF were
validated against a study of a similar system[zs] as shown
later in the article.

TABLE 1
gasifier!?®!

Raw gas species mole fraction from a GEE

Species Mole fraction (—)
Ar 0.0086
CH, 0.0012
CO 0.3579
CO, 0.1366
COS 0.0002
H, 0.3416
H,O 0.1358
HCI 0.0008
H,S 0.0073
N; 0.0080
NH; 0.0021

Conventional natural gas-fired turbines cannot work
with hydrogen rich fuels, and hydrogen turbines are
under development.!*”! Gas turbines fueled with high
concentration of hydrogen up to ~97.5% by volume are
being tested in pilot plants.*® The hydrogen turbines
used in the IGCC-WGS and IGCC-OTM systems were
assumed to be equivalent to a natural gas-fired F class
gas turbine, and the gas turbine inlet temperature (TIT)
is around 1400°C.*! In this study, we fixed the TIT to be
1371°C, the same as the IGCC reference case!?® for a fair
comparison. Diluents in the combustor are the high pres-
sure N, from the air separation unit in the gasifier and
excess air. The ratio of the molar flow rates of the nitro-
gen diluent and the raw gas is 0.873:1 for IGCC-REF and
IGCC-WGS, which depends on the oxygen consumption
in the gasifier.[zg] If the nitrogen is not enough to keep
the adiabatic flame temperature of the mixtures below
1371°C, excess air is fed into the combustor. For IGCC-
OTM, extra diluents are available, such as the nitrogen
due to the use of an oxy-fuel oxidizer and unconverted
steam. In these systems, the combustor is modeled as an
adiabatic equilibrium reactor. The flue gas temperature
at the outlet of the heat recovery steam generator
(HRSG) in the steam cycle is set above 132°C, and the
actual outlet temperature depends on the constraint of
the minimum internal temperature approach (MITA) in
the HRSG.

Previous studies show the potential of integrating coal
gasification with solid oxide fuel cells (SOFC) for high
efficiency power generation with CC.*>*3! However, the
power output per SOFC stack is in the range of 1 to
2000 kW.*3! For large power plants of 500 to 1000 MW
outputs, combined cycles are more favorable. In this arti-
cle, the power plant is designed to be 1000 MW, and
therefore, we only consider systems with combined
cycles.

The GEE gasification technology'*®! is used for all the
IGCC systems. The gasifier operates at 1316°C and
5.6 MPa with a coal-water slurry fed system; the dry
solids concentration of the final slurry is about 63%. The
coal to water ratio is 1:0.41 by mass, and no extra steam
is fed along with the oxygen in the gasifier. High-volatile
A bituminous coal (Illinois No. 6) is used for the analysis.
The higher heating value (HHV) of the as-received coal is
27.135 MI kg~'. The auxiliary loads for the gasifier
include the energy consumption for coal handling, coal
milling, sour water recycle slurry pump, slag handling,
ASU auxiliaries, and the compressors of air, nitrogen,
and oxygen. The sum of the auxiliary loads is assumed to
scale with the coal input linearly and is calculated from
the results in previous studies.**!

In the system model, inputs are the high temperature
raw gas from the coal gasifier (1316°C and 5.6 MPa), the
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TABLE 2  Modeling assumptions

Fuel

Coal rank

Gasifier
Technology
Operating temperature (°C)
Operating pressure (MPa)
Syngas composition

Combustor

moPROCESSING

High-volatile A bituminous (Illinois No. 6)
HHV (as-received) = 27.135 MJ kg™

GEE gasification technology
1316

5.6

Shown in Table 1

Combustor is modeled as an adiabatic equilibrium reactor by minimizing the Gibbs free energy

Water-gas shift reactor

Each WGS reactor is modeled as a stoichiometric reactor with 84% CO conversion to achieve 97% CO final conversion

Gas turbine
TIT? (°C)

Diluents

Combustor pressure (MPa)

Isentropic efficiency (%)
Compressor (air or N,)

Isentropic efficiency (%)
Heat exchangers

Minimum internal temperature
approach (MITA) (°C)

Pressure drop (%)

Steam cycle
TIT (°C)
HP turbine inlet pressure (MPa)
HP turbine outlet pressure (MPa)
Turbine efficiencies (%)
Pump efficiency (%)

Flue gas outlet temperature (°C)

Condenser outlet temperature (°C)

Selexol process
Work consumption
CO, removal efficiency (%)
H,S removal efficiency (%)
H, recovery efficiency (%)
High temperature gas cleaning
Operating temperature (°C)
Membrane reactor
Operating temperature (°C)
Syngas conversion on side I (%)
Water conversion on side IT (%)

Reactor design

[28]

1371

Compressed N, from the air separation unit,
excess air, and/or unconverted steam

32
85

84

20
Heat recovery steam generators (HRSG): 10°C

5

560

12.5

0.568

90

75

132 (or higher due to the constraint of MITA in HRSG)
25

Calculated from Equation (1)
90

99.6

99.4

~900°C

850°C

99P

54°

See Figure 3A

(Continues)
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TABLE 2 (Continued)

CO, compressor
CO, delivery pressure (MPa)
Exit CO, stream composition (mol%)
Isentropic efficiency (%)

Intercooler temperature (°C)

TIT, turbine inlet temperature.

12

>99% CO, (EOR ready)

84
25

*The conversion ratios are selected based on the thermodynamic equilibrium calculation as show in Figure 3B,C.

high pressure nitrogen from the ASU in the gasifier
(93°C and 2.65 MPa), and air and water from the atmo-
spheric condition (25°C and 0.1 MPa). The raw gas spe-
cies from the gasifier are summarized in Table 1. Minor
species, that is, Ar, N,, COS, HCI, and NHj, are neglected
as they contribute little to the heating value for efficiency
calculation. The raw gas is quenched to different temper-
atures in a radiant syngas cooler and a high pressure hot
steam is generated. As shown in Figure 1, in the IGCC-
REF and IGCC-WGS, the hot steam (560°C and
12.5 MPa) is used in the steam cycle, while in the IGCC-
OTM, the hot steam (~577°C and 3.4 MPa) is used for
hydrogen production in the membrane reactor.

The layouts for the three IGCC systems are shown in
Figure 2, and the base conditions for the three IGCC sys-
tems are summarized in Table 2. The assumptions for
conventional components such as water pump, gas com-
pressor, combustors are consistent with the literature.?%!
The flowsheets can be found in Supporting Information
(Figures S1-S7). Since the WGS reactors and the OTM
reactor operate at different temperature ranges, that is,
250 to 450°C and 700 to 1600°C, respectively, the reactor
integrations are different for the IGCC-WGS and IGCC-
OTM systems, which will be described in the following
sections.

2.2 | IGCC-WGS

In the IGCC-WGS system (Figure 2B), the raw gas from
the radiant syngas cooler is further cooled down, first by
the cool syngas from the Selexol process and then by a
water scrubber (quenching) to a temperature around
216°C, making it ready for the low temperature dust
removal. After gas cleaning, the cooled raw gas with
excessive amount of water is fed into the high tempera-
ture and then low temperature WGS reactors to convert
CO and H,O0 into CO, and H,, with 97% CO conversion
(Each WGS reactor is hence modeled as a stoichiometric
reactor with 84% CO conversion).”?®! The water flow rate
is determined so that the steam-to-dry gas molar ratio is
0.3 at the outlet of the shift reactor.!*® The product from

the WGS reactor then undergoes a two-stage Selexol pro-
cess for H,S and CO, removal. The syngas (now rich in
H,) is preheated and expanded to the operating pressure
of the combustor, that is, 3.2 MPa.

The 2-stage Selexol process is applied in the IGCC-
WGS system to remove H,S and CO,: the captured H,S
goes through a Claus process to produce sulfur, while
CO, is captured, compressed and stored.!**! The inlet gas
temperature of Selexol process is at ambient temperature,
and the power consumption is obtained using a fitted
function in turns of the CO, flow rate in the flue gas
entering the Selexol process:?*!

W selexol = 1.679 X QCOZ

1)

where Wggjexol 1S the power consumed in the Selexol pro-
cess, (kW,), and Qcoz is the CO, flow rate in the flue gas,
(kmol h™). The Selexol process is designed to capture
97% of the CO, at most, with tail gas recycling,?®! and
the outlet of the separated CO, from the process is at
2.1 MPa, which has to be compressed to higher pressure,
that is, 12MPa to be captured or used in enhanced oil
recovery (EOR) process.

23 | IGCC-OTM

In the IGCC-OTM system (Figure 2C), the H,S-resistant
OTM reactor replaces the WGS reactors, acid gas removal
and CC units. In addition, the OTM operating at elevated
temperatures, for example, 700 to 1000°C, can be ther-
mally integrated with the high temperature system for
better energy efficiency. High temperature dust removal
systems which operates around 900°C are installed down-
stream of the gasifier to filter the dust in the gas.>* After
cleaning, the syngas is fed into the low oxygen partial
pressure side (side I) of the membrane reactor, while the
steam fed on the high oxygen partial pressure side (side
IT). As the steam concentration is low in the gasification
products, no further processing is needed before entering
the OTMs. On the catalytic membrane surface, water
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splits into hydrogen and oxygen ions. The hydrogen,
being diluted with the unconverted water, serves as the
fuel in the gas turbine cycle, while the oxygen ions dif-
fuse across the membrane to side I and oxidize the syngas
into H,O and CO, on that side. At the same time, H,S on
side I is also oxidized to SO,, and is converted to sulfur
via the Claus reaction.**3%! After that, the steam is con-
densed, the solid sulfur is separated, and CO, is captured
and compressed. One such SDC-SSCF OTM has been
experimentally demonstrated for stable hydrogen produc-
tion in high H,S concentration environments.'®!

The overall reaction in the OTM reactor is the weakly
exothermic WGS reaction (shown in Figure 1). The input
feed gas, that is, water, is preheated to a temperature
slightly lower than the operating temperature, keeping the
operation of the OTM reactor isothermal. In order to esti-
mate the gas conversion ratios on both sides I and II in the
base case, we use thermodynamic equilibrium conditions,
in other words the maximum conversions that can be
achieved with infinite membrane surfaces, which has been
used in the literature to estimate the membrane perfor-
mance in the best scenarios.?!! A rate-base model for the
membrane reactor can give more details about the conver-
sion ratios with a specific membrane reactor design and
membrane surfaces.***”! In Section 5.1, we will present the
impacts of gas conversion ratios on the IGCC-OTM system
efficiency if the thermodynamic equilibrium conditions are
not achievable.

In an OTM reactor, the oxygen permeation is driven
by the oxygen chemical potential gradient across the
membrane. Therefore, if the gradient is maintained, there
will be finite oxygen flux across the membrane and hence,
oxidation and splitting reactions occur on sides I and II,
respectively.*®!  Countercurrent design, shown in
Figure 3A, can maintain the gradients on both ends with
high conversions. Here, we calculate the oxygen partial
pressure under equilibrium conditions at the two ends as
a function of the conversion ratios at 850°C, using
Cantera.  GRI-Mech 3.0 mechanism*?  was
implemented to calculate the gas phase thermodynamic
equilibrium. For each end of the membrane, we fixed the
gas inlet conditions on one side and varied the gas conver-
sion ratios on the other side to compare the corresponding
oxygen partial pressures under thermodynamic equilib-
rium conditions. The results are shown in Figure 3B,C,
and the gas inlet conditions are summarized in Table 3.
When the conversion ratios on sides I and II are ~100%
and 54.5%, respectively, finite oxygen partial pressure gra-
dients across the membrane can be maintained under
thermodynamic equilibrium. Therefore, the base case
conversion ratios were assumed to be: on the syngas side,
syngas conversion is 99%, and on the hydrogen produc-
tion side, water side conversion is 54%. Later in

moPROCESSING

Section 5.1, we will show how the system efficiency will
change when the gas conversions are lower than the ther-
modynamic equilibrium conditions.

Downstream of the OTM reactor, the hydrogen and
unconverted steam on side II are further diluted by the
nitrogen from the ASU and excess air to limit the TIT to
1371°C, similar to the IGCC-WGS. On side I, the prod-
ucts go through a solid filtration system and then a con-
denser. Next, the unconverted CO and H, react with pure
oxygen from the ASU in a catalytic oxidization reactor
and form CO, and H,O, respectively. High purity CO,
can be obtained by feeding the products through another
condenser. The energy consumption for the filtration sys-
tem is ignored. Yet 5% pressure drop is assumed in the
condenser and heat exchangers.

One energy penalty in the membrane reactor is the
pressure drop and compensation, which leads to higher
pump and compressor power consumption. In this arti-
cle, we analyzed the pressure drop in a simplified mono-
lith membrane reactor based on the correlation for a fully
developed channel flow. For other membrane reactor
designs, higher fidelity models should be developed to
study the dependence of the pressure drop on the reactor
design and operating conditions. Detailed discussions
will be given in the following sections.

3 | EFFICIENCY DEFINITION AND
MODEL VALIDATION

The first law efficiency of the IGCC systems is defined as

2/ net
- 2
Ui(elelo HHV oo (2)

where Wy, is the network of the system, (W). The net-
work is calculated as,

Whaet =Wt + Wsr + Wexp + (Z Wpump + Z Weo,
+ Z W02 + WSeIexel + Waux— gasifier + WBOP + Wtransformer)

(3)

where Wgr, Wsr, and Wexp are the work produced by the
gas and steam turbines and the syngas expander, respec-
tively, (W). The auxiliary power consumptions (negative
values, see Table 4) are Y Wpump, 2> Wco,>» Wo,, Wselexols
Waux- gasifiers WBOP9 and Wtransformer (W), which corre-
spond to the water pump work, the compression work
for the captured CO, and the oxygen for oxidation, the
power consumption for the Selexol process, the auxiliary
loads for the gasifier, the balance of the plant, and the
transformer losses, respectively.
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FIGURE 3 Schematic graphs of A, the membrane reactor in a countercurrent tubular configuration, with catalysts decorating the
membrane walls. The dependence of oxygen partial pressures at the equilibrium conditions on the conversion ratios of B, water, and C,

syngas on side II and I, respectively, at 850°C

The auxiliary loads of the gasifier and the balance of the
plant are estimated to be linearly scaled with the coal input,
while the transformer loss is scaled with the sum of the aux-
iliary loads of the plant. The balance of the plant includes
the energy consumption of the circulating water pump, gro-
und water pumps, cooling tower fans, Claus plant auxiliaries
and the recycle compressor (if exists). In IGCC-OTM pro-
cess, the oxygen stream for oxidation of the unconverted

syngas is supplied by the same ASU used to supply O, to the
gasifier, although the pressure in the oxidizer is slightly
lower. The auxiliary work for the gasifier is then scaled with
the amount of oxygen required for the entire system, as oxy-
gen generation is the major part of the auxiliary power con-
sumption in the gasifier.

The system model for the IGCC-REF (an F class gas
turbine TIT = 1371°C, and the overall coal HHV
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input = 1 596 183 kW) is validated against a previous
detailed study.!*®! The power output and efficiency are
compared in Figure 4. In our model, the syngas inlet
temperature to the gas turbine cycle is slightly higher,
and the heat recovery for the steam cycle is slightly
lower, due to the system model simplification. This

TABLE 3  The inlet conditions for the oxygen partial pressure
calculations
Name Values
Side I: syngas side pressure (MPa)* 5.2
Side IT: water side pressure (MPa) 3.4
Side I inlet composition® Molar fraction
(dimensionless)
CH, 0.0012
H, 0.3416
CcO 0.3579
H,O 0.1358
CO, 0.1366
N, 0.0269
Side II inlet composition Molar fraction
(dimensionless)
H,0 1.0

*The pressures on the sides I and II are average values.

"Side I inlet composition is derived from the raw gas composition in
Table 1. N, is used to model other minor species, for example, Ar,
COS, HCl, and NH;.
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results in higher gas turbine output and lower steam
turbine output. Our simplified system shows good
agreement with the detailed model, with 1.6% points
difference as shown in Figure 4B.

4 | COMPARISONS BETWEEN THE
IGCC SYSTEMS UNDER BASE CASE
CONDITIONS

The assumptions for all the cycle components are sum-
marized in Table 2. Simulation results are summarized
in Table 4. The work outputs and the combined cycle
auxiliary loads (absolute values) are shown in Figure 5.
The IGCC-REF has the largest work output and the
smallest auxiliary loads, while the IGCC-WGS shows
the opposite trend. The auxiliary power consumption
for the CC in the IGCC-OTM (ie, water pump, acid gas
removal, O,, and CO, compressors) is 81% lower than
that of the IGCC-WGS. For the same coal input, the
IGCC-OTM produces 12% higher net work than the
IGCC-WGS.

CO, emission for the three systems are shown in
Figure 5C. The IGCC-OTM achieves almost 100% CC while
the IGCC-WGS captures around 97% of the CO, produced.
Even though IGCC-OTM captures more CO, than IGCC-
WGS, the former outperforms the latter by 3.6% points in
efficiency. And the IGCC-OTM has an efficiency only 3.2%
point lower than the IGCC-REF without CC.

TABLE 4  Simulation results of the three IGCC systems with input of 1000 MW

Conventional IGCC Conventional IGCC Novel IGCC with
without carbon with 97% carbon oxygen transporting
capture capture membrane

Notation IGCC-REF IGCC-WGS IGCC-OTM

Gas turbine cycle network (MW) 304.0 282.9 316.8

Steam turbine cycle network (MW) 139.6 112.9 105.0

Expander work (MW) 5.0 4.5 0.0

Reactant compressor/pump work (MW) -0.13% -0.29 -0.57

0O, compressor work (MW) 0.00 0.00 —0.023

Selexol process work (MW) —1.56 -11.6 0.00

CO, compressor work (MW) 0.00 —6.69 -2.97

Aux-gasifier (MW) —64.10 —64.10 —65.10

BOP (MW) ~7.60 -9.70 -9.70

Transformer (MW) —1.55 -1.96 —1.66

IGCC cycle network (MW) 373.6 305.9 341.8

IGCC efficiency (%) 37.4 30.6 34.2

SPECCA (MJ kg CO,™) / 2.66 1.08

Note: The gas turbine inlet temperatures (TIT) for all the cycles are kept at 1371°C.

*Negative values mean power consumption.
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In addition, the specific primary energy consump-
tion for CO, avoided (SPECCA) of the IGCC-OTM is
only 1.08 MJ kgCO, ™!, which is 59% lower than that of
the IGCC-WGS (2.66 MJ kgCO,™"). Thus, the penalty
for CC is decreased in the IGCC-OTM, making the
energy-related operation cost of the IGCC with CC
more economic. In the following section, the sensitiv-
ity of the IGCC-OTM system efficiency to the OTM
operating temperatures and pressure drops, and the
conversion ratios of water and syngas will be
discussed.

5 | IMPACTSOF THE OPERATING
CONDITIONS

5.1 | Conversion ratios of water and raw
gases

In the base case, the raw gas and water conversion ratios
on sides I and IT are assumed to be 99% and 54%, respec-
tively, according to the thermodynamic equilibrium cal-
culation in Figure 3B,C. However, these high conversion
ratios could result in an impractically long membrane
reactor and impact the pressure drop in the reactor. In
this section, we study the sensitivity of the system effi-
ciency to the conversion ratios on sides I and II. Results
are shown in Figure 6.

For side I raw gas conversion, Figure 6A shows that
when the ratio decreases from 99% to 88%, the efficiency
drops from 34.2% to 30.5%. Therefore, high syngas oxida-
tion ratios is an important specification for the mem-
brane reactor to have the IGCC-OTM system more
efficient than the IGCC-WGS. The oxygen consumption
increases in the catalytic oxidation reactor to oxidize
more unconverted fuel, which increases the power con-
sumption in air separation in the gasifier. In addition, the

50 FIGURE 4 Comparisons
(B) p
of A, power outputs and B,
40 efficiency of IGCC-REF between
our model and a previous
detailed study!?*
g 30
>
Q
c
o
B 20 [
3=
w
10
0
This  Ref [28]
model

amount of hydrogen produced from water equals to the
amount of fuels oxidized in the raw gas. Lower raw gas
conversion leads to less hydrogen delivered to the com-
bined cycle, and reducing the network output in the com-
bined cycle. Furthermore, when the syngas conversion
drops to 90%, the gas turbine TIT cannot reach 1371°C
(Figure 6A) due to the excess nitrogen from the oxidizer
and the unconverted steam. This leads to further effi-
ciency decrease.

For side II, the water conversion ratio has very small
impact on the overall efficiency when it changes from
54% to 48.5%, as shown in Figure 6B. The raw gas flow
rate and its conversion ratio are both fixed on side I, and
hence, the amount of hydrogen produced from water is
constant. Lower water conversion ratio leads to higher
water diluent on side I, and less compressed air is needed
to control the TIT. However, when water conversion is
below 48%, there is too much water diluent on that side
and the TIT could not reach 1371°C. Hence, it is impor-
tant to keep the water conversion above 48% when
designing the membrane reactor.

5.2 | Membrane temperature
dependence

The impact of membrane operating temperatures on the
IGCC-OTM system efficiency is shown in Figure 7A. The
maximum conversion ratios of raw gas on side I and H,O
on side II are estimated using thermodynamic equilib-
rium conditions as described in Section 2.3 and Figure 3.
The maximum values for syngas conversion ratio are
higher than 99%, so the ratio of 99% is assumed for all
the temperatures. Yet the H,O conversion ratio increases
with temperatures as shown in Figure 7B, and the
corresponding values are chosen for each temperature in
the system analysis.
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FIGURE 5 The comparison of A, the work output, B, the
combined cycle auxiliary loads (absolute values), and C, CO, flow
rates for the emitted and captured streams of the three IGCC
systems with 1000 MW input. The number in the brackets are the
sums of corresponding bars

When the operating temperature drops from 1000 to
825°C, the system efficiency is reduced slightly. This is
due to the decrease of H,O conversion ratio and the heat

operation while keeping the MITA > 20°C (or >10°C in
HRSG) in the heat exchangers. Therefore, the optimum
temperature for the membrane reactor should be
around 850°C.

5.3 | Pressure drop dependence

The pressure drop and compensation in both the feed
and sweep sides is an energy penalty in the membrane



JOURNAL OF

ADVANCED
MWI L_E Y —MANUFACTURING

‘WU ET AL.

woPROCESSING
(A) 345

344

343

342 ¢

Efficiency (%)

341

34.0 Il 1 1 1 1 1 1
800 850 900 950 1000

Membrane operating temperature (°C)

Cl

1400

1200

T

1000

at equilibrium (%)

of the radiant cooler (°C)

Raw gas temperature at the outlet
Side Il H20 maximum conversion ratio

800 : : : 0
800 850 900 950 1000

Membrane operating temperature (°C)
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raw gas temperature at the outlet of the radiant cooler and the
maximum H,O conversion ratio on side II on the operating
temperature of the membrane reactor

reactor. The membrane reactor configuration (eg, planar,
tubular, or monolith membrane reactor), feed and sweep
gas flow rates, operating temperatures and pressures all
impact the pressure drop in the reactor. In this study, we
use a simplified square-shape monolith membrane reac-
tor as an example to estimate the pressure drop based on

the correlation of flow in a smooth pipe.'**!
. 57
For laminar flow: f=— (4)
ReDh

For turbulent flow:  f=(0.79InRep, —1.64) -2 (5)

Here f is the friction factor, (dimensionless), Re is the
Reynolds number, (dimensionless), and D, is the
hydraulic diameter, (m). The dimensions of the mem-
brane reactoris WX HX L =1cm X 1 cm X 2 m, simi-
lar to the monolith membrane reactor used for oxygen
production,****! monolith reformer,!***’! and solid
oxide electrolysis cells.**#°! Details on the pressure
drop evaluation can be found in Supporting
Information.
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FIGURE 8 A, Sensitivity of the pressure drop to the channel
width/height, channel length, and friction factor. B, The system
efficiency decreases with increasing pressure drop (high AP = 1 bar

and medium AP = 0.5 bar for both feed and sweep sides)

The smooth pipe assumption can be relaxed, and the
actual design of the membrane can be different. There-
fore, sensitivity analysis is used to determine how the
reactor parameters, such as the channel width/height,
channel length, and the friction factor impact the pres-
sure drop. The sensitivity of metric b to a parameter a is
calculated as:

dinb _aAb
4= Jlna” bAa (©6)
where a is parameter and b is the metric for which the
sensitivity is calculated. We change the parameters by
+25% and + 50%, and evaluate the sensitivity of the pres-
sure drop. Results are shown in the Figure 8A. The chan-
nel width/height affects the pressure drop the most,
while the channel and friction factor have similar
impacts on the pressure drop. This again confirm that



WU ET AL.

JOURNAL OF

ADVANCED
“IANUFACTURING—W] ]_‘Eyjlf’_of14

although the assumption of a smooth surface underesti-
mate the pressure drop, its impact is not as important as
varying the channel sizes.

The pressure drop evaluated using monolith reactor
with wide smooth channels is almost negligible (11 Pa
for feed side and 6.5 Pa for sweep side) due to small flow
rates and large channel width/height. Previous studies
also showed the pressure drop in monolith membrane
reactors decreases greatly at larger channel width.*®! In
this study, factors such as tube bending and reactor inlet/
outlet effects are not considered, so the total pressure
drop in the membrane reactor is underestimated. The
pressure drop also depends strongly on the reactor design
such as channel size and length. Therefore, we study the
sensitivity of the system efficiency on the pressure drops
(cases with high AP = 1 bar and medium AP = 0.5 bar
for both feed and sweep sides are studied), shown in
Figure 8B. Compared with the base case, the pressure
drop in the membrane reactor change the system effi-
ciency by —0.05% and —0.02% points for the high and
medium pressure drop cases, respectively. Moreover, the
pressure drop in the membrane reactor and the mass dif-
fusion in the channel can both impact the conversion
ratios along the membrane reactor, and therefore, affect
the oxygen flux. Thus, higher fidelity models should be
developed to optimize the membrane reactor design.

6 | CONCLUSIONS

In this article, we studied a novel IGCC technology with
CC using an OTM reactor, IGCC-OTM. The sensitivity of
the system efficiency to the operating parameters such as
temperatures, pressure drops, and gas conversion ratios is
also investigated. Results are as follows:

1 The IGCC-OTM (100% CC) system efficiency is only
3.2%-point lower than the same IGCC system without
CC, which is much better than the 6.8%-point penalty
in IGCC-WGS with 97% CC. The IGCC-OTM system
also reduces the auxiliary power consumption associ-
ated with CO, separation and compression by 81% as
compared with IGCC-WGS. Besides, the SPECCA of
the IGCC-OTM is only 1.08 MJ kgCO, ", which is 59%
lower than that of the IGCC-WGS.

2 The gas conversion ratio of the syngas has higher
impact on the system efficiency than that of the water
splitting ratio. When the syngas conversion decreases
from 99% to 88%, the IGCC-OTM efficiency drops from
34.2% to 30.5%. Although water splitting ratio has very
small impacts on the system efficiency, it should be
maintained higher than 48% to limit the dilution in
the hydrogen fuel and achieve the TIT to be 1371°C
under current system configuration.

moPROCESSING

3 Higher OTM operating temperatures lead to higher
system efficiency due to the better utilization of the
thermal energy in the high temperature gasifier prod-
ucts and higher water conversion ratios. However,
higher OTM temperature also raises the operating tem-
perature in the solid filter upstream, which could be
undesirable for the filter system.

4 The sensitivity of the pressure drop in the membrane
reactor is quantified. The channel width/height has the
largest impact on the pressure drop, followed by the
channel length and the friction factor. Higher pressure
drop in the OTM reactor leads to lower efficiency, with
—0.05% point difference when the pressure drop is 1 bar
compared with the base of negligible pressure drop.
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