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Introduction

H, PRODUCTION...

Conclusions

... Is continuously increasing for both chemical and energy industries, and it is
considered an ideal energy carrier for the foreseeable future.

Fossil fuels represent the main source for hydrogen production. More than

80% is produced by Steam Reforming (SR) of natural gas/methane in multi-
tubular fixed-bed reactors.

CO; and
other
. mission
Main drawbi™"
A1 N1 A
— Reactio k y penalty
—>
The larg =
> HT Shift yereann
o [ 1
Moreover, a _ — onmental
impactifade — —
FUEL Reformer
CH, + H,0 « CO + 3H, QtH*H,.G «+200kHrhibl AH° =-41 kJ/mol Technische Universiteit
e il 4t Hy 2 2bg kJIfri 298K TU e E?;drr]nlcf;e: niversitei
- Reactors 800-1000 °C 200-400 °C University of Technology

Grou
. 20-35 atm
™ @ J Chemical Engineering & Chemistry 15-6-2014 PAGE 2




Introduction

THE CO, PROBLEM |

Conclusions

CO, is the main gas affecting the climate change. CO, concentration in the
atmosphere has increased from about 280 ppm in pre-industrial period till 390
ppm in 2010.

Atmospheric CO, at Mauna Loa Observatory
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REDUCTION IN EMISSIONS IS NECESSARY TO PREVENT CATASTROPHIC VARIATIONS IN THE EARTH
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Introduction

THE CO, PROBLEM |

Conclusions

CO, is the main gas affecting the climate change. CO, concentration in the
atmosphere has increased from about 280 ppm in pre-industrial period till 390

ppm in 2010.
The IPCC summarized in a report different mitigation strategies:
~ 60 1 " o . . .
S 5 | Baseline emissions 57 Gt W CC519% Chemical looping is one of the
G oo
50 A — most promising tech_nology
45 among CCS strategies.
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10 A efficiency 38%
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Reactor concept

CAPTURE N

Conclusions

H, PRODUCTION WITH CO, i

The goal is to develop an efficient process for hydrogen production with
integrated CO, capture

Efficient. reduction in the number of steps in the steam reforming and the
achievement of auto-thermal operation.

CCS system: a pure CO, stream provides an important contribution in the reduction
of CO, emissions and thus climate change

Different systems have been proposed under this consideration
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Introduction

H, PRODUCTION WITH CO, Reactor concept

Results

CAPTURE Gonclusions

“The goal is to develop an efficient process for hydrogen production with integrated CO, capture”

Other systems: Chemical looping concept

MeOIN, separation
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» The concept represents an improvement in

the global process efficiency.
alty)
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H, PRODUCTION WITH CO, i

Reactor concept

CAPTURE N

Conclusions

‘The goal is to develop an efficient process for hydrogen production with integrated CO, capture”

Other systems: Steam Methane Reforming — Chemical Looping Combustion

MeQ/N; separation \

» Steam reformer is placed inside a fuel
reactor of a CLC - auto-thermal operation

Depleted Air
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Steam methane
- reformer
CH, + H,0 < CO + 3H,
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x There is no reduction in the number of steps
ar  CHi+HO

o0, co, 9 co, s produced at atmospheric conditions

M. Ryden, et al. Int J Hydrogen Energy 31 (2006) 1271-1283
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H, PRODUCTION WITH CO, i

Reactor concept

CAPTURE i

Conclusions

“The goal is to develop an efficient process for hydrogen production with integrated CO, capture”

Other systems: Fluidized bed membrane reactors

CO,+ H,0

Air ||[H; Ny +H,0

Lt 1

ﬂ Reforming and water gas-shift reactions are carrieh
out in the same unit.

&
* H, extraction through the membranes displaces the
1 . o on
A thermodynamic equilibrium towards products.
Refon?vrgltShm — = H, membranes
& ,  Heat is supplied by hydrogen combustion inside the
> \U-shaped membrane - Auto-thermal operation /
/i/ ——— ﬁ\\q& x Up to 30% of extra Pd membrane surface is needed
CH,Q H;0 x Part of the hydrogen produced is consumed in-situ

F. Gallucci, et al. Top Catal 51 (2008) 133-145
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Introduction

MEMBRANE ASSISTED CHEMICAL | Reactor concept
LOOPING REFORMING REACTOR /"

Conclusions

The novel reactor combines the advantages of the other systems and
solves their drawbacks

Depleted Air MeOI/N, separation
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Introduction

Reactor concept

THERMODYNAMICS Results

Conclusions

All reactor concepts previously depicted have been analyzed with Aspen
Plus and the calculations are carried out at chemical equilibrium

General scheme of the different cases studied:

o T TEEEEEEEm= -~ ~
. / \
Air : .
,{ Technologies: :_> Depleted air
I 'AQsmRr - cLC :
Pre-reformed | I
syngas (500°C) >: OCLR + WGS + PSA :—) Pure H, (P,T)
HT - heat : OFBMR :
[ 1 3 CO,-rich stream +
\ UMA-CLR / unconverted fuel
\ /
H,0 S——— - -
CH, HT - heat
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- . X ) COZ+H20
* MeO in solid (wt%)= 20% 2
« Min AP, : 0.2 bar S
80% 5 o — i
* Pressure permeate side: 1 bar
— 70% - * Pressure feed S|de:.20 bar v T
3 + S/C=1.5 & O/C=variable
T 60% - * H, selectivity membrane: infinite
© + Max solid T = 1200°C
S 50% -
— 100%
>
Qo 0 -
2 40% SR-CLC+WGS+PSA —~ o
9 o 80% +— —
@ ® .
= 30% - CLR+WGS+PSA = -
c 5 son || H2 as eq.H20
87 20% - FBMR L ° mH2 as eq.CH4
o = mH2 as eq.CO
g ) = MA-CLR g 40% - H2 reten.
I 10% - 'g m H2 recov.
o
0% . . . . E 20% -
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Temperature (°C)
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Assumptions

SMR - CLC WGS eq T = 250°C

ﬁ MeOIN, separation
. /
-
ﬁ €O, +H,0

+ PSA eff: 90%
o * MeO in solid (wt%)= 40%
* S/C=3.0 & O/C=variable arecu

Pure Hydrogen

70% T PSAmodule
* Max solid T =1200°C & ™ summenae

60% 1 « Pressure : 20 bar i ‘@:ﬂ

50% -

100%

[0) -
40% = SR-CLC+WGS+PSA

30% - CLR+WGS+PSA

FBMR

80% -
H2 as eq.H20
60% - mH2 as eq.CH4
20% - mH2 as eq.CO
= MA-CLR 2 40% - H2 losses
10% - ' mH2 recov.
0% T . . . 20% -
550 650 750 850 950 1050
0% - T .

Temperature [°C] 800 900 1000

Temperature [°C]

Hydrogen recovery [% of H, eq.]

Composition [% of H, eq.]
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CLR + WGS +PSA Assumptions
« WGSeqT=250°C o o
+ PSA eff: 90% Nadd Bl e
80% ] ]
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— 70% - * S/C=2.0 & O/C=variable ...
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S =
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— 100%
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O 40% -
2 - —
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Assumptions

FB M R * MeO in solid (wt%)= 20%

* Min AP,: 0.2 bar

0 .
80% * Pressure permeate side: 1 bar
— 70% - - Pressure feed side: 20 bar -
53 + S/IC=3.0
T 60% - © %0, in the vitiated air: 5%
© * H, selectivity membrane: infinite h
N 50% -
= 100%
-
O 40% -
= - —
3 SR-CLC+WGS+PSA g 8% ]
O 30% - CLR+WGS+PSA T m =
% g 60% - H2 burnt
o)) o = FBMR = | mH2 as eq.CH4
S 20% =3
Pust g mH2 as eq.CO
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o
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Hydrogen recovery with the different reactor concepts

80% .
Conclusions

70% -

60% - » SMR-CLC has an optimum around

. \ 800°C and provides pure CO,

40% A »CLR+WGS+PSA concept is only

——SR-CLC+WGS+PSA Interesting at very high temperatures.
30% - PSA .
6 CLRAWGSH > Processes with membrane reactors
20% - —FBMR would ' provide  higher hydrogen
MA.CLR recoveries.

Hydrogen recovery [% of H, eq.]

10% -
» MA-CLR presents identical results

0% ; ; ; ; as FBMR by working with lower S/C
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REIES

Conclusions

RESULTS. Thermodynamics

Technology Advantages Disadvantages

The CLR downstream technologies are
developed and commercialized

CLR reactors under pressurized conditions (Solid

circulation, HT/HP cyclones, etc...)
Possibility of retrofitting the existing plant H, losses in the PSA process

H, and CO, are produced and separated at high High T or very high S/C ratio are required for high
pressure performance (CH, conversion)

H, losses in the PSA process

The downstream technologies are developed High S/C ratio (typical of tubular SMR) are required

for high performance
CO, is produced at atmospheric pressure

SMR-CLC Possibility of retrofitting the existing plant

H, is produced and separated at high pressure

Possibility to operate at the high pressure
High methane conversion at 600-700°C
High purity H, separation

Very high solid circulation is required to operate the
FR-SR at high temperature

Part of the permeated H, is burnt — High
membrane area is required (=30% extra)

Very high S/C ratio is required to guarantee high

Conversion and Separation in only one unit H, production

The reactors are operated under pressurized
conditions

Technology complexity and challenge for the
reactor design

Permeated side pressure is limited to the
membrane area and the reactor pressure

High performance at intermediate temperature
Adiabatic reactors

High S/C is NOT required

High purity H, separation

Conversion and Separation in only one unit
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GENERAL CONCLUSIONS T ——

Results

ABOUT THE CONCEPT Conclusions
*
*
*
*
*
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™ ) Reactors University of Technology
' Group -
' Department of WO

The novel MA-CLR could provide a solution of several disadvantages of the
conventional technology for SMR, with some technological challenge

Hydrogen recovery in concepts with integrated membrane reactors is higher than in
traditional processes.

Auto-thermal reaction with integrated hydrogen production and CO, capture could
be achieved in only one unit.

Lower S/C values (reducing energy penalty) and low membrane surfaces (reducing
cost) are needed with the novel concept proposed compared with FBMR.

The system represents a high degree of process intensification.
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Preliminary study:
Thermodynamics

Depleted Air MeO/N, separation

H, perm-selective
membranes

Fuel reactor
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5 \ It has_ been demonstrated the
S, 50% - potential of the MA-CLR concept
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S 40% - compared to other novel reactor
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Thermodynamics

Oxygen carrier
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H, perm-selective
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TGA experiments Packed bed

Microbalance

-Fuel conversion
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- Oxygen carrier conversion
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Combination of mass and heat balances with hydrodynamics.
»Kinetics from the oxygen carrier evaluation
»Permeation from membranes evaluation

»Hydrodynamics from experimental findings

Bubble-wake phase
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Two Fluid Modellng Discrete Particle Modeling -

. Particles: Newton’s law of motion; Gas: Navier-Stokes

Gas and solid phase modeled
as inter-penetrating continua

o OpenFOAM model

o Kinetic Theory of Granular
Flow (KTGF) is included

o Added immersed membranes

o Gas pockets

igure 2: Fluidization with immersed Figure 3: OpenFOAM TFM
membranes (courtesy: J.A. Medrano Jimenez) simulation

o Three DPM models available:

| o Gas extraction via walls

» In-house code
> LIGGGHTS/CFDEM
» OpenFOAM

Time: 2.37

o Densified zones

i Figure 4: Gas extraction via walls, time- Figure 5: OpenFOAM DPM simulation :

averaged patrticle velocities

of gas-solid fluidized bed
(LIGGGHTS/CFDEM)
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the membrane reactor
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Lab scale ‘s Hydrodynamic study in
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