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Outline

Packed Bed Reactors (PBRs) for CLC
= Heat Management in IG-CLC

» Heat Management Strategies

= Analysis of Results

= Conclusions
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PBR vs FBR

FBR PBR
N o CO2 + H20 | | N2(+02)
OzT T H 5 02 - depleted air ‘
2 2 L
MexOy 4|// %
0 00§ 00 .::.: ’.—.“T @ﬁ@;@é@
0 49808 3% 0000 |6ceee
oA 0
Ady Fuel :.”.:“0 CO2 + H20 0000 000
reactor reactor 0:0..'0 o0’ 0.0.0.0. §§§§
000800 0000 |6666
0 0o’ 0000 |6066
00 00000 Q000 2069
Me, O o8 08, Cove| |coee
o0y 438 oA
(] ]
e Sers [toce
: 00
Air Air reactor Fuel ‘.‘.‘:5/ eeee| |ee00]
%]
! | -SE
Me + 5 0, - MeO ‘ ’—ﬂ§’7<w r
Fuel Reactor air el —l air
MeO + H, - Me + H,0
MeO + CO - Me + CO, With PBRs:

With limenite as OC (FeTiOy) Three main phases must be considered:

Oxidation reaction is strongly exothermic : 20:!3 (R;e(_jductt_lon

Reduction reaction with coal syngas slightly i HO It R xida |c|>n Technische Universiteit
endothermic — Low CO reaction rate cat kemova TU niversity of Technology

N | (D(EMIO) ’
'@101@@&
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PBR for IG — CLC: design parameters

and boundary conditions

Packed Bed
Reactors

Pressurized Air/Inert gas
conditions (p 20 barand T
= 450°C)

coal

coal
syngas

HT/HP hot gas at 1200°C

CO2to final
storage

CO/H,-rich syngas at HP
pressure (up to 35 bar)

& CO2-H20

¢
e [ Pressurized CO, — rich
®-'>-D @ | stream is cooled to
air . .

() HP steam | ambient temperature in
9asWrbin® airorinert gas HEs generating HP steam
Optimization of PBR operations is connected to overall TU / Technische Universiteit
power plant performance University of Technology

@?&é@é@@"
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Input parameters Kinetics model

¢ Kinetics data for the ilmenite
Reduction/Oxidation are taken from Literature
(Abad et al. 2011)

* Dry syngas composition from IGCC
Puertollano

H, 22%, CO 60.5%, H,0 0.3%, CO, 2.1%, N, 14.7%

o » Carbon deposition is not included
» Steam to syngas dilution

HZ0 to dry syngas ratio (wt.) = 0.53 « Fe formation is not included
* Phase times are chosen to obtain 95% of - Pseudo-homogeneous model
solid conversion (according to the gas
streams) * No heat losses

» Solid composition is chosen to have solid T
equal to 1200°C during oxidation

* Reactor geometry: L=25mandd=0.3m

* Model is based on difference technique

with dynamic temporal and spatial

discretizetion based on T and

concentrations (solid/gas) gradients -I-U / Technische Universiteit
e

Eindhoven
University of Technology

“@?f&%"
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Heat Management strategies

Strategy A
Reduction/Oxidation/Heat Removal

» Heat Removal phase occurs in a bed with solid at oxidized conditions

» Reduction phase occurs when the bed is at the lowest temperature
(after HR phase)

» Oxidation and HR phases can be carried out in sequence (in the same
reactor)

» Purge phases are needed after Reduction and Ox+HR phases

/ Technische Universiteit
T U Eindhoven
University of Technology
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Heat Management strategies

Strategy B
Oxidation/Reduction/Heat Removal

= The solid Reduction of ilmenite is almost iso-thermal using coal syngas

= The reduction reaction occurs when the bed is at the maximum temperature (at
1200°C H,-CO oxidation with ilmenite is very fast and solid conversion is properly
accomplished)

= The heat stored in the bed can be removed after the Reduction phase with
constant high temperature and mass flow rate gas production (air can NOT be
used)

= The N, mass flow rate is higher than air and syngas (a future plant must be
consider this different layout in terms of turbomachines design and gas
management)

= HR phase acts also as purge phase (only 1 purge phase is required)

/ Technische Universiteit
T U Eindhoven
University of Technology
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“@B@L@& *

/ Multiphase Reactors, Chemical Process Intensification, Chemical Engineering and Chemistry




Heat Management strategies

Strategy A Strategy B
Reduction/Oxidation/Heat Removal Reduction/Heat Removal/Oxidation
Al1A2A3AA4 B.1B.2
N, and Air _ N
A"% &R) A"% —> ?
- N, N, N, N,
3 —> —> —> —>
®
N
) Syngas H,O + CO, Syngas H,O0 + CO,
6 — N
<— <— <— <—
H,0 + CO, Syngas H,0 + CO, Syngas
N, N Jz N, for HR% :NZ
N, S N, for HR
A2

= Effect of T_air (Heat removal cycle) — Al = Effect gas feeding B1 vs B2
= Effect of solid active weight — A2 = Effect of CO reaction rate (rr B2)

= Effect of WGS (equilibrium approach) A4 -I-U Technische Universiteit
e Elll:l 1?,2;‘;:;1 of Technology

N (D(EIMIO) ’

“@10@1@1& ‘
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Solid conversion with different inlet air

temperature: 750/600/450 °C — Al

10 Red Ox HR — 1400
750°C =
1.0 i) 1
g [~ - 1200
° & 08k Temperature N
~ 600 °C —
Q osf 5 ]
& s
< Q - 1000
= Q o6 7
c ~
S 06} I 3
2 o i 480 B
g ] 3
8 04 o 041 =
L4 - ° D
S 0 $ o 2
= O Q
A 8 o 1
02t s N
: H Mass flow rate -{ 400
@ H,+CO
0.0 : ' : ' : ' : ! : ! < 00 . 200
0.0 05 10 15 20 25 0 220
reactor length(m) Time (s)

Strategy Al is useful for the PBR heat management if air is heated up to HT (otherwise CO
kinetic is not fast enough)

Air pre-heating leads to some very high penalty efficiencies if it is not carried out properly and
reduces the positive effect of AT through the exothermic reaction of solid oxidation

If air temperature is 750°C solid conversion is almost complete and the HR phase provides a
constant air mass flow rate at constant temperature.
Technische Universiteit
TU/ Eindhoven
University of Technology
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Solid conversion with low active weight

content: inlet air T 450 °C — A2

1400 10 _ - 1400
’g Reduction Ox Heat Removal ]
g ]
1200 8 os %\ 1200
o 2 '
S 1000 End of OX cycle o I 4 1000
S Q osl 2
< T 3
é. 800 |- \ '% Mass flow rate - 800 %
= End of RED cycle @ o04f 5
he) 2 ~
= 600 = o
) o o)
r ©
40 S o02r
| Endof HR ke}
L [9]
200 . 1 . 1 . 1 . 1 . ] § 0.0
0.0 05 10 15 20 25 0
reactor length(m) Time (s)

time cycle are shorter than strategy Al (low solid material to be converted)

If air temperature is 450°C solid conversion is almost complete and the HR phase provides
a constant air mass flow rate at almost constant temperature. The same effect occurs in
case of exhaust gases from reduction reactor with positive effect in the steam cycle
behavior

Solid temperature is not under strong transient conditions (maximum AT equal to 150°C)
/ Technische Universiteit
TU Eindhoven
University of Technology
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Effect of WGS with inlet air T 450°C —

Sstrategy A4

25%4/50% WGS RED ox HR

1.0

1 r WGS 25% 4 1400
WGS 50%
o k—/”-_ 1200

< 1000

\_/
15% WGS

08
08 -
5% WGS

0.6 - 06 |

| 800

{ 600

04} 04 |

Temperature (°C)

1 400

Solid Conversion (% FeO)

0.2 |
1 200

Mass flow rate (kg/s) and H2+CO(vol fraction)

0_0 " 1 " 1 " 1 " 1 " ]
00 05 10 15 20 25 0 310 620
time (s)

reactor lenght (m)

According to Schwebel et al.(2011) WGS can occurs during the Reduction phase (better if
catalyzed with CaO)

The analysis is carried out assuming a WGS reaction rate as a fraction of the conversion at
chemical equilibrium. WGS kinetics is required

It is possible to reach a complete solid conversion

The results change if a CO,-rich syngas is used (less H,O and N,) as expected in IG-CLC
Iant Technische Universiteit
p T U/ Ell:ig!e‘:s‘;teyrof Technology

“@?f&%"
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Gas streams are fed from the same side —

strategy B1 — B1

N2 for HR

oo After Pure Oxidation phase the heat front is
- after OX in the first 10% of the reactor length

1200 -

1000 -

after RED = At the end of Reduction phase the heat front
Is almost at first 60% of the reactor length

w0l / (enough heat is still stored in the bed)
- after HR

= During the Reduction phase (from initial to
05 10 15 20 25 150s to 300s) the solid conversion occurs

end of RED

1 '—\j ( sequentially (except for the first part which is
A
l
A
l
|

Solid Temperature (°C)
8
o~

the coldest)

150s

= Solid conversion is almost completed at the
end of the Reduction phase

solid conv (%FeO)

L

0.5 1 15 2 25
reactor length (m)

/ Technische Universiteit
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N, and syngas are fed in the opposite

side — strategy B2 ar— (B2 - e

N2 for HR

1400

After Pure Oxidation phase (reaction front at

ol after O the end of reactor) the heat front is in the first
10% of the reactor length (same than case
1000 after RED Bl)

Solid Temperature (°C)
8

= At the end of Reduction phase more than 65-
after HR { 70% of bed is at high temperature(enough
heat is still stored in the bed)

200 1 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 15 2.0 25

reactor lenath(m)) . . . el
| endofRED e [ = During the reduction phase (from initial to
130s to 260s) the solid conversion occurs

08 | v\ .
3 N sequentially from the end of reactor to the
L 06 f . .
ag \ \ nitial Inltlal part
%’ 04 | ‘-\
’ \ . - -

02 f J N o = Solid conversion is complete

~
: 0 0.5 1 1?5 2 2:5

reactor length (m)
/ Technische Universiteit
T U Eindhoven
University of Technology
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Outlet flows conditions: comparison

between strategies B1 & B2

. Syngas
Syngas%- Air—> (=12 N2 for HR

N2 for HR y
i . i eat Removal Ox
0 Reduction Heat Removal 1400 10 Reduction 1100
C —_
2 c
B erature 5
8 g Temperature
< 1 pe -
£ £
¥ 3 3 Ox 1000
IN _g ;-:N %;
5 w3 2 800 3
w c 8 g
ko) @ o) =3
o 8 g -
S o2t g
400 =
é Moss Towrate f 3 Mass flow rate i 400
U) S
m -
é o0 I I : ' 0022 g 00 s . ! . d 200
0 300 600 900 S O 0 20 = S
Time (s)

Time (s)
In B1 CO,/H,0 are produced at the maximum temperature while in the in B2
the temperature is variable (from 450 to 1100°C) with a different effects for the

Birease BRNGgeAeHinotasLfBrlineohe v aspitRiBddiitie sthaminyciee
B1: more gas is used in the GT and the power electricity is switched from the
steam cycle (CO,-H,0O & N, from pure oxidation cooling) to GT (N, from HR)

Technische Universiteit
Eindhoven
University of Technulogy
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Performance

Energy loss because of fuel slip

tred=end , . .
I vodos (MEs - LHViy + 1025 - LHVo )dt
€ =1-
cony min et LHVIL At
syngas syngas=‘red cycle

Capacity to have gas (air or N,) at temperature in the
range 1150°C - 1250°C respect to the complete time

cycle
CHT s

THT, (s =
as
g rcyr:.'hfz

Capacity to convert the syngas LHV in heat useful for
a gas turbine (quality of energy conversion)

Myt gas stream (hE,T_aut - h-i,T_in)

Nar = UHTyqs

?hsyngas LH Vf uel

/ Multiphase Reactors, Chemical Process Intensification, Chemical Engineering and Chemistry

Econv THTgas - (% std dev)

Ad (5% wgs)
A4 (15% wgs)
A4 (25% wgs)
A4 (50% wgs)

sensifivity analysis on CO reduction reaction rate

syngas base composition
62.6%
99.9%

85.0%
98.0%
98.3%
98.3%

B2 (rr 5%)

B2 (rr10%)

87.7% 55.3% 0.9%
97.1% 69.3% 0.9%
99.2% 73.3% 0.8%

cycle with different time

97.7% 73.5%

COz-rich syngas composition

A4 25%
A4 50%
Bl

99.9% 68.0%
97.6% 60.7%
97.8% 72.3%
100.0% 72.7%




Pressurized packed bed Reactor model (lab scale)

-

T Sv-402 | TE-326
TE-325 512 c

(T
I Y [ @9 Demo CLOCK Reactor Temperature .= ° TE- 324
b %,C | 547 *C  tE.mns
: | TE-322 | 573 RS
e o
TE-330 ’W C TE-3138
1372 °C S £33 °C
TE.a2a Reactor S50 B T;gga &
= - l%"c .TE—E1E
TE-328 TE-515 714 C
137 T [ 747 e tes
T1Eé§227 “C l%“c .TE—313 )
TS;:Q i TE9—43:111 OC
™
1050 +
,IDUD | eI .....
950 - ::. W -'n::uuuA.-- ’:.'
Design conditions T 900 - Tt e *t=0s
e - - TITELLLL
= Pressure: 10 bar © 850 - § : mt=1m
: (]
= T max: 1150°C T 800 - A . : at=2m
= D,;=6.3cm "E"_ 750 - . . : ° % t=4m
= Vol flow: 200 I/min (=20-30 kWqy)) 5 700 o ox om
u % =
650 - 'l=..._.='yl * o t=8m
600 - el LI B t=10m
55{:] T T T T 1
0 0.2 04 06 08 1
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Conclusions

Strategy A operated with air at 450°C is feasible if low active weight

content (A2) is present in the solid material:
= good temperature stability (MAX AT equal to 150°C)
= short time phases (95 sec. vs 300 sec.)

= |f WGS occurs (A4):
= CO oxidation through H, conversion
* investigation on kinetics with ilmenite (or other catalysts)

= The other configurations (strategy A1 & A3) need air temperature higher
than 600°C which can strongly affects the plant efficiency

= Strategies B appears very interesting for CLC application in PBR using
IImenite as OC (or other OC which are not extremely reactive with CO).
= solid conversion is almost complete if working with gas at 450°C
= high N, mass flow rate must be used for heat removal in the
reduced bed

/ Technische Universiteit
T U Eindhoven
University of Technology
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Future improvements

Analysis of the HM strategies with a different kinetics:
= a new set of kinetic equations have been developed for the ilmenite with
TGA analysis
= WGS reaction rate has been provided

= Experimental activity at Lab-scale (20-30 kW,,) and Demo-scale (500
= Lab reactor operating at 10 bar and 1150°C is now working @TUe
= Demo reactor will start operation in Puertollano in the next months

= Tests will be carried out with different OCs

= Design and reactors behavior analysis for PBR used in large scale
power plant (hundreds MW)

/ Technische Universiteit
T U Eindhoven
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PBR for CLC

Temperature profile along the reactor

t=t2 t=t3
E = Oxidation / Reduction phases stop
- when the reaction front reaches
B =011 the end of reactor
Reactor length (axial position) ] Heat removal phase StOpS When
Gas T at the reactor outlet the heat front reaches the end of
the reactor and the temperature of
. the reactor is at the minimum
2 value.
£
t1 t2 t3 T|me t4

The model description is reported in: 'I' U / Technische Universitet

Ein‘dhl:r\(en
Noorman et al., Chem. Eng. J., 167 (1) (2011) 369-376 University of Technology
Noorman et al., Ind. Eng. Chem. Res. 49 (20) (2010) 9720-9728
Noorman et al., Ind. Eng. Chem. Res. 50 (4) (2011) 1968-1980 X' QA@&@ 9 X

(CILYOLCIK)




IG-CLC simplified energy balance

Qhot exhy

. / .
Qhotair X (1 _ TIGT) QSC X(1- n_gc)

QLHV = Qhot air + Qhot exh
LGT — Qhotair X Ner
LSC ='. (Qhot air X (1 - nGT} + Qhﬂ[’ exh )!X Nsc
-
Qsc | Mec

Ltat = ‘["GT + LSC = Q.hot air Xr(nGT + (1 - nGT} X nSC)‘L'- thot exh X nSC

Nee = MNsc
Technische Universiteit
Eindhoven
University of Technology
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Iron phases equilibrium during reduction

with the syngas considered

60%

50%

40%

30%

20%

10%

Iron phases equilibrium composition [%vol.]

0% °
400 500 600 700 300 900 1000 1100 1200

Temperature [°C]
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Assumptions

Al 450

Al 6l

AlT750 | A2

| a4 | BI | B2

SYNGAS

syngas dry compasition [$ovol.]
syngas dry mass flow rate [kg's|
H 0 dilution [kg's]
ST gas inlet T.:mpn:mtl,m: ["IC']
syngas inlet pressure [bar]
cycle ime [sec. ]

AlR

A0

Ha 22%, CO 60 5%, HaO 0.53%, CO: 201 %, N: 147

0051
0.027
450
an
200 5% 300

300 00

air gomipesiion [%aval.)
air mass flow rate [kg/'s)
air inlet Temperature [*C)
air inlet pressure [bar]
cycle time [sec.]
NITROGEN {strategies B &£R2)

057
450

B

.69
L)

250

O 2%, N 9%
&l .44 (a7
T30 450 450
20
200 300 30

i1 0l
450 430

300 300

Tz composition [%aval.]
Ny inlet pressure [bar]
Mz inlet Temperature [*C]
MN: mass flow rate [kg's]
cycle time [sec.
PURGE GAS

b PR Lk

-
&

450
0.4 35
F00 300

purge gas composition [Yavol.]
purge gas mass flow rate [kg's]
purge gas inlet Temperature [*C]
parrge gas inlet pressure [kar]
cvele time [sec.)
REACTOR GEOMETRY

R
0,215 X reactor volwme in 108)
430
20
1

resctor length [m)
reactor diameter [m)
SOLID MATERIAL

2.5
A

Reduction
active weight content [Yeof Fe k)

33%

8%

0% 3%

3% 3%

Oxidation

active weight content [%wofl Fe(l)

%

26%

20% P

%

3%

%

particle diameter [mim)

solid porosity

3
4
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reaction/heat front velocity ratio

40 -

30 +

25 -

Tr,h[‘]

20
15
10

W, ot 70%
W, 5 100%

O 1 | |
0 0.1 0.2 0.3 0.4 0.5
O, content in the oxidant [wt. fraction]
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Micro — reactor for WGS kinetics

Micro GC 5=
— < Syngas Vol flow: 500 ml/min
_z N Diameter = 1 mm
T =600 - 800 C
300 mg ilmenite
Gas Inlet Outlet Outlet Outlet
c c (%vol.) (%vol.) (%vol.) (%vol.)
g g 800 700 600
@) @ co 30.1 26.7 29.2 29.9
i co, 1.3 4.7 2.3 1.6
H,O 50.4 46.9 49.4 50.1
lImenite H, 10.9 14.3 11.8 11.2
WGS kinetics with ilmenite N, 7.3 7.3 7.3 7.3
- HT WGS with FeTiOq
- Effectof T Some WGS occurs!!!
- Effect of exhaust dilution (H,O/CO,) Technische Universiteit
TU Elm't“";.‘lftwI f Technology
niversity or fecnnolo,
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Strategy A4:. Solid temperature at different WGS

conversion

1400

50% WGS

1200 |- __25%WGS

P S

15% WGS

1000

5% WGS

Solid Temperature (°C)

800
600 &
- \
400
200 - ' - ' - ' - ' - !
0.0 05 10 15 20 25

reactor length(m)
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Strategy Al: Solid temperature at different inlet air

temperature

Al - 450 Al-750 —endof HR

1400 — ——endof Red
—— end of Ox
1400 - | — endof HR
—— end of Red 1200 |-
_ 1200k | _——endof Ox (5)
(().) N—r
= g
(0]
5 1000} £ 1000 |-
S g
: ' :
$ 80r ~ 800}
= i K 2
- =2
g wor ?
L 600
400 |-
400 " 1 " 1 " 1 " 1 " ]
200 : ! : ! : ! : ! : ! 0.0 05 1.0 15 2.0 25
0.0 05 1.0 15 2.0 25

reactor lenght (m) reactor length(m)
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