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Introduction: Hydrogen application

Small scale (< 5 Nm3/h) Medium scale (< 50-100 Nm3/h)
o Micro-CHP system for o Automotive, Fuelling stations
distributed or off-grid

generation o Industrial applications

R F’Hfd (Glass or Steel industry)
s
CEL‘L BIONICO
E4ACELL

Large scale (>100 Nm3/h)

o Chemicals * MACB TL

Mmb es And Catalysts Beyond

o Oil Refinery omic and Technological Hurdles

o Ammonia Production
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Membrane Reactor for hydrogen production

H, + Sweep gas SR: CH4 + Hzo S CO + 3H2 endott
= WGS: CO + H,0 5 CO, + H, exol
= Sweep gas ox: CH4 + 202 S COZ + ZHZO eXOTT
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Membrane Reactor for hydrogen production

H, + Sweep gas SR: CH4 + Hzo S CO + 3H2 endott
= WGS: CO + H,0 5 CO, + H, exol
Sweep gas ox: CH4 + 202 S COZ + ZHZO eXOTT

LU'

Retentate E

 Structure: Fixed bed vs Fluidized bed
Fixed bed

A Semplicity
| A Structured Catalyst
|| embranes ¥ Pressure drop not negligible
Hl V¥ Temperature profile
catayse — [0, 7 Eznel V¥ Difference between bulk and wall

T Fluidized bed

P pte A Reduce concentration polarization losses
3 I A Reduce temperature and concentration gradients
i A Improve heat transfer

¥ Gas velocity (control) and particle size

research and innovation programme under grant agreement No 869896.
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Membrane Reactor for hydrogen production

e+ S g SR: CH, + H,O0 5 CO + 3H, endot
m—) WGS: CO + H,0 5 CO, + H, exot
] ity Ox: CH, + 20,5 CO, + 2H,0  exoft
Retentate’j @
G o I - Heat supply: ATR vs SR
OL Oy ATR-MR
ﬁj @ o A Smaller (compact) and cheaper unit
% ?QJ_\ s Vv High H, dilution in the products
HIHES T skMr
Catalyst/féé 1L J; A Less H, dilution in the products
¥ Heat transfer section arrangement and source (see
next slides)

Distributor
plate
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Membrane Reactor for hydrogen production

L SR: CH, + H,0
, + Sweep gas
— WGS: CO + H,0

I

Retentate

==

i
v 2

o\vgﬂ
3 D) .

Catalyst — |

e D

Sweep gas
Ox: CH, + 20,

membranes

Reactor Design

Pre-! Reforgmin zon
R A RS gt

0 @ddgtlon;oneo \

System
complexit

Auxiliaries

-

2

e B

Fuel
H,0 + Air

® MACBETH

Distrbutor System efficiency

i

‘_
-
‘_
-
‘_
-

CO + 3H, endot
CO, + H, exot
CO, + 2H,0 exoTt

- Permeate Side configurations
- H, partial pressure reduction

:
‘ T Pd-Ag

++ -

-- ++
- +

In MACBETH project a fluidized bed ATR-MR

with vacuum pump is selected!
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MR-based system: performance

> Key Performance Indicators (KPIs) for MR-based system ; |

and benchmark comparison

» Reference case models implemented in Aspen
Plus/retrieved from literature

Reactor level

| KPT___ |units| ____ Definition

Fro = Fra2
Conversion - Xp=—"— /
R,0
Yield ) Yep = Fpi+Fp2—lpo VRl
Fro+VrgFro |vpal
Ivi YR,P
Selectivity - Sap = -
R
i M
Space Time <g/m’s STY, = B
Yleld Vreactor

VR,aR « VP,aP

vR,[;R o vQ,[;Q

a (Main reaction)
B (Side reaction)

® MACBETH

Membranes And Catalysts Beyond
Economic and Technological Hurdles
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2 2
0
1 1
Conventional process MACBETH
catalytic separation reactor
reactor unit(s)

System level

| KPI | units | Definition |

Specific 0, _|_Waux/
primary energy kWh/kg ST, = n . Nelref
consumption mp

Specific GHG Y. m;GWP;

. - k k GHG = —

emissions Icozed/ K9 Mp
F—-Y. _F

Purity - PUR, = — Lizp Fi

Fy

CAPEX + OPEX - h,
Cost of product €/kg COPp = -
P

This project has received funding from the European Union's Horizon 2020 7
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MR integration in the overall system

ﬁ—%; > To define the proper system layout and set of simulations
- It is important to understand

Retentate

Reactor requirements (operating conditions)
Reactor inputs/outputs
Relation between the streams

Composition (% molar basis)

Molar Mass oc bar
il (°C) | (bar) cO Cco, H,O0 0, N,

W o359 9401 58.10 0 0 3390 310 1.10 3.80
WPE 0709 19511 308.4 12 2939 0 0 1715 1.57 10.93 40.96
BEN 1104 26620 44446 12 1888 O 0  11.02 3677 7.02 26.32
0.833 25.462 500 12 211 3.00 1.02 3648 2253 0  34.86
:H 1.223  39.058 40 1 0 0 0 2697 630 568 61.05
KA o575 115 500 0.1 0 100 0 - 0 0 0
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MR integration in the overall system

How much? " How much?

ST At which conditions?
What is its energy ...
content? h HRF = 7;le,permeated

Any implications?

4 ' (flCH4,ln - 2 ’ flOZ,in)

Tth * LHVHZ

LI LAV + Wax
m .
feed Jeed " Neirer \ How the building blocks
can affect the reactor
behaviour?
1. NG or BG (methane) w How to handle
2. Steam ., ¢ theFluidization regime?

3. Air T,.p? From where?
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MR integration in the overall system

98% - - 65.0%
4.75
97% - - 64.5% .
X 4.7
96% o - 64.0% T
o c
o 9 5 4.65
L 95% - - 63.5% &
T (&)
94% - - 63.0% qE, __ 46
47 [N
a =
T
@]
92% ' ' r T ' 62.0% O
75 85 95 105 115 125 135 4.5
Number of membranes
.. 4.45
« System efficiency follows the trend of the HRF
« BUT the plateau is reached at a lower number of 4s
membranes since lower HRF is counterbalanced
by an increase of heat recovery from the 435
retentate

 Moreover minimum LCOH does not correspond to
the maximum efficiency

= 1
* MACBETH EINDHOVEN, Winter school | G. Di Marcoberardino | 30 Jan 2024
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-o—biogas -®-biomethane

+ Lower cost of \

» Higher cost of
membranes
 Lower cost of

membranes and Best design in heat
i air compressor terms of exchangers
(increases heat minimum
i recovery) LCOH
» Higher feedstock
cost and heat
- exchangers
p = 14 bar
65 75 85 95 105 115 125

Number of membranes (-)
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MR integration in the overall system

» Thermal integration (HX arrangement)

o
d Tfeed lower than Treactor 500 °C HZ 510 %arc
O Right matching between exchanged 10 bar s l
thermal power and temperature levels l o 11l = : 25 oC
A Check HX area S5 o 1 bar
O Better to avoid HX between H2 and air 1 bar
BUT...
Q = mcyAT  Q = UAAT,,
To calculate To calculate
stream energy HXarea | oddstionorprenel
content w
= < User defined solutions vI with water
% % PINCH analysis? (can be performed by 25 °C** _ 400 °C” evaporation
Aspen tools) 1 bar 10 bar  ** compression
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MR integration in the overall system

=0-\Nater/steam =8=|T-WGS syngas =®=Exhaust gases ==8=SR syngas

» Thermal integration (HX arrangement) o
O Tfeed lower than Treactor 500

O Right matching between exchanged = "
thermal power and temperature levels g >
Q Check HX area g 300

d Better to avoid HX between H2 and air o %

0 10000 20000 30000 40000 50000 60000 70000

Q = mcyAT  Q = UAAT,, o

M _sgpo
TS b, = 500 °C

To calculate To calculate e L S
stream energy HX area HAUST 025 .
con t en t . i /" 500 °C 2255°c i | :’/—> 35°C
i Q1=QSH: E : : E
S < User defined solutions . ' T
% % PINCH analysis? (can be performed by \l we L L e
Aspen tools) s

Membranes And Catalysts Beyon: research and innovation programme under grant agreement No 869896.
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MR integration in the overall system:

SR-MR

> Tube bandles inside the reactor

Exhaust gases from the combustion
of the retentate (and aux fuel)

Crc¢

— A . Qduty,FBMR
tubes —
TExG,in U - (Tin,fg — TSR (OT Tfeed)) _ (Tout,fg _ TSR (OT‘ Tfeed))
In Tin,fg _ TSR (OT' Tfeed)
Tout,fg _ TSR (OT Tfeed)
TExG,out TSRsyn,out

the convective coefficient of the fluidized bed is lower
than the one of the flue gases, then the global heat
transfer coefficient is set equal to the heat transfer

Tteed,in coefficient of the fluidized bed (U = h;,,4=200 W/m2K)
1
U=
d
doIn (=2
> 1 0"\ d; d
Qauty ¢ h, T zkgv )+diﬁi

Membranes And Catalysts Beyond research and innovation programme under grant agreement No 869896.

Economic and Technological Hurdles

—— - . - ) - -
* ACB: | I_I EINDHOVEN, Winter school | G. Di Marcoberardino | 30 Jan 2024 - This project has received funding from the European Union's Horizon 2020




MR-based system: examples of layout

» Small scale BIOGAS Autothermal reforming (ATR-MR): 100 kgy,/day

ATR-MR
Retentate
permeate @ retentate AlRpm exhaust
E COOL gt
HX-4 Vac.P. -~ ~ SEP
i _ PRE; '9%@ "
HX-2 . :@
C" alH’HZOreaction —“ !
e 1 Y«
BGreed ATR-FBMR -
biogas BURNER water
CMPgg
Exhaust
PUMP
5 Sep v EVA ECO, ECO
>(O) MM\ < s < Ha
?ﬁx-l \ \
sH COMP,,
HX-0 Sep
Airatr

Hzoreaction

—=pL! - - p 3 q .
—_ . . . This project has received funding from the European Union's Horizon 2020
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MR modelling: approach / level of detail

ﬁ%g » Why is membrane reactor modelling important?

» CAPEX calculation

« Definition of membrane area and catalyst amount (& their reliability)

« Improve accuracy on Opex (BG cost and electric consumptions, membrane
and catalyst cost)

> DIFFERENT LEVELs for a process simulation

» 0D model to check MR potentiality

SCMIX

% 2 reactors and 1 separator
= % Membrane model can be included
o> for Area calculation

—— - . - ) - -
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MR modelling: approach / level of detail

» Why is membrane reactor modelling important?

» CAPEX calculation

« Definition of membrane area and catalyst amount (& their reliability)
« Improve accuracy on Opex (BG cost and electric consumptions)

> DIFFERENT LEVELs for a process simulation

» 1D simplified model to check the concentration profile and required duty

% MR is discretized in a series of 10
reactors and separators

% Each reactor is set to equilibrium
conversion by Gibbs free energy
minimization

% In the separators, hydrogen is extracted
(infinite perm-selectivity is assumed)
according to the permeation expression

% Membrana area calculation

NG

AMNT

Air+H20

—— . . . . — .

A —_ . . . This project has received funding from the European Union's Horizon 2020
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MR modelling: approach / level of detail

@_&, » Why is membrane reactor modelling important?

» CAPEX calculation

« Definition of membrane area and catalyst amount (& their reliability)
« Improve accuracy on Opex (BG cost and electric consumptions)

» DIFFERENT LEVELSs for a process simulation

» 1D model to design the reactor and its building blocks (in ACM)

retentate ] permeate

o ! The steady state overall (bubble and emulsion

;;0:‘ %@, ) phases) component mass conservation equations
:". @ and the total volume balance (to calculate the

Ll T excess velocity) have been formulated, taking

O chemical transformations in the emulsion phase
'."";'f =\ and a net gas production due to the chemical
O reactions and gas removal via membranes into

account.

bubble phase I
gas feed

* MACB I LI EINDHOVEN, Winter school | G. Di Marcoberardino | 30 Jan 2024 - This project has rec.eived funding from the European Union's Horizon 2020
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MR modelling: approach / level of detail

» Why is membrane reactor modelling important?

» CAPEX calculation

« Definition of membrane area and catalyst amount (& their reliability)
« Improve accuracy on Opex (BG cost and electric consumptions)

» DIFFERENT LEVELSs for a process simulation

» 1D model to design the reactor and its building blocks (in ACM)

retentate ] permeate

t

% < Reactor geometry
e, < Reaction kinetics
,’._".ﬁ’ % Film layer model for concentration polarization losses
L T < Both sweep gas and vacuum configuration
O < Wake description
. '."";'f foe, QT % Both steam reforming and autothermal reforming
O .:. Dusty Gas Model for permeation in membrane
bubble phase I emulsion phase Ssu p pO rt

gas feed

* MACB 5 EINDHOVEN, Winter school | G. Di Marcoberardino | 30 Jan 2024 - This project has rec.eived funding from the European Union's Horizon 2020

Membranes And Catalysts Beyond research and innovation programme under grant agreement No 869896.
omic 'echnological Hure




MR modelling: approach / level of detail

@_&, » Why is membrane reactor modelling important?

» CAPEX calculation
« Definition of membrane area and catalyst amount (& their reliability)
« Improve accuracy on Opex (BG cost and electric consumptions)

» DIFFERENT LEVELSs for a process simulation

» 1D model to design the reactor and its building blocks (in ACM)

retentate ] permeate

— ! Integration of the ACM model in the overall system

r.-’f s Aspen Plus model has two significant effects:

g * Maperms | (i) evaluation of the influence of kinetic and transport
.‘_02_{.".-. Haperne | phenomena in fluidization on hydrogen recovery
55, factor (or reactor efficiency)

TR i (ii) definition of the main reactor design parameters
- .;_’L such as reactor diameter (D reactor), average
o° membrane distance (Mem. Dist.) or required
e | - membrane area

gas feed

z_\‘ T . . . This project has received funding from the European Union's Horizon 2020
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MR modelling: preliminary results

» Analysis at fixed geometry and fixed operating conditions

SCR=6.5
min—— =15 —e—H2 production —e—HRF
Upng
100 1% = 100%
= !
o 1
T 90
2 : - 80%
c 80 494
kS : -
) . ;
Q ! —_—
_g 70 1 i - 60% L
o ! T
a P SCR=3
c 60 4 . min—— =15
i Umpg

) B L 40%
S s04¢ -
- fixed min w/uy, ¢
Z region fixed SCR region

40 T T T 20%

0,5 1,0 1,5 2,0 2,5

biogas molar flow rate (kmol/h)

> Increasing the H2 production (BGT)
leads to a HRF reduction

* MACBETH EINDHOVEN, Winter school | G. Di Marcoberardino | 30 Jan 2024 - This project has received funding from the European Union's Horizon 2020
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MR modelling: preliminary results

» Analysis at fixed geometry and fixed operating conditions

» Reactor temperature effect > Loading effect: catalyst over total solid particles

—400°C —450°C —500°C =—525°C —550°C
100% — 2% —5% —10% 20% —50% 100%
- =~ = —HRF —hydrogen production
AN \l 100%
\ 100% - - 70
80% A \ - . 5
. \ / 80% 1 95% - i ]
) \ ' ub
' | / 90% - X
__ 60% A \\ l/ Va _ 60% o _ 85% o - 60 _E
L . 4 o L 80% - - 55 3
= \ 7 N T a0 - T oy 2
40% A v pog ’ - 50 2
\ 7 ” 70% A s
.U ’ ~| max——=>5 20% 1 o - 45 2
min— =15 | > U s 65% 4 T
! - . 60% . . . a0 *
| Cag o 20 0 o 20 100 0% \_20% / 40%  60%  80%  100%
0% T T T T T hydrogen production (kg/day) catalyst particles in total solid particles (-)
10 30 50 70 90 110 130

= 1
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MR modelling: preliminary results

» Analysis at fixed geometry and fixed operating conditions

> Pressure effect: retentate side > Pressure effect: permeate side
=——4 bar =——8bar =——10bar =——12bar =——14 bar =20 bar ——0.5 bar 0.2 bar 0.1 bar =—0.05 bar =—0.01 bar =—0.001 bar
100% 100% N
-_..___\ \\\ \ -
90% A 90% - \ g
\‘il ,l'
80% - 80% - .".
\

70% - 70% - S 7
T = \t‘ ’
L 60% A = 60% 1 Vs
T - P

50% - 50% - I

40% A 40% - .u

min-—-—
Umg
30% o 30% 4 = 1.5
20(}6 T T T T T T 20% L L] L] T L]
0 20 40 60 80 100 120 140 25 40 55 70 85 100 115
hydrogen production (kg/day) hydrogen production (kg/day)
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MR modelling: preliminary results

» Membrane installation (Total Membrane Area Fixed)

=50 membranes of 80 cm =100 membranes of 45 cm
« Reactor with longer membranes and 100%
lower Diameter 90% -
—Higher gas velocity with the same — 8% 1
reactants amount o -
—Increase HRF with lower H, production =
with the same trend of the reactor with T .
100 membranes poos
30% _
20% T T T ; l i
20 40 60 80 100 120

hydrogen production (kg/day)

Membranes And Catalysts Bey research and innovation programme under grant agreement No 869896.
conomc and Technological Hul rdl
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MR-based system: methodology

Literature
MAIN INPUT OUTPUT (I L OUTPUT (1)
Aspen Tools 0
* BG comp. « T.p.flows of Economic H,
» T.p reactors all streams Analysis cost
» Convent. » System
systems ffici
, . e eficiency Preliminary
» Main m% +m « Aux. cons. GHG environ-
components ﬁ « CMR design emissions mental
parameters indicator
Literature Literature

Components SoA

-5 1 g o g 3 . .
A = . . . Th t h d funding fi the E Union's H 2020
* M %'ED"'E,!;E_! EINDHOVEN, Winter school | G. Di Marcoberardino | 30 Jan 2024 - = e ek roalich] IR Wi B9 1S el Sniene sk
E dl
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» Assumptions

3 (Macbeth)
20
15
:
consumption)
-
generating park
efficiency
Z:\f::;:ﬂ:,)ump isentropic / mechanical 0.7/0.85
25
60
m
phase

&> i B
MACBETH EINDHOVEN, Winter school | G. Di Marcoberardino | 30 Jan 2024
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| value | Units__

kg/day
bar
°C

%

%

°C
W/(m2K)

W/(m?2K)

* o

*
*
*

:éi retentate
ms
| Parameter | Value | Units |
Membrane length 45 cm
=
=

Membrane external
. 1.4 cm
diameter

minimum pitch  [EPSIE
| Value | Units _
Distance distributor to membranes (H,) 5 cm

Reacortoratnegn: [P

Parameter

This project has received funding from the European Union's Horizon 2020
research and innovation programme under grant agreement No 869896.



H, from biogas: benchmark

= Steam reforming of Biogas modelled in Aspen Plus (100 kg,,/day)
= SMR+2WGS steps and separation with VPSA system

BGreed
CMPgg
BGun - (Parameter | wunits [ |
%) | 2. °C 800
| par 14
« CO AR, S 5 °C 350/200
Hxa Bumer [6] 5,40 bar 20
(SRS Reformate | 0% §3s
s ] T30 % 92.63
:’?w = % 83.65
! o fOn e e 90.30
Hx2 PSA
| E} ‘ Exhaust ——0.1 b;r_"—-ﬁo.z barAD—o—O.S bar System efficiency % 51.92
LT-WGS g’ Specific Energy Consumption kWh/kgy» 63.61
»=| SEP-2

GHG specific emissions
directI:)a K9cozeq/ KGh2 17.03

GHG specific production (total)® [ eIy s ¥ 18.19
€/kgy, 6.011

= 1
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H, from biogas: ATR-MR-based system

permeate (6] retentate AlRpm exhaust
COOL et
> >0 SEP
E I:)REair 9;@
\ 4
g
ATR-FBMR H‘
biogas BURNER water

PUMP
v EVA ECO;

< < e
\ \‘

SH

COOLy,
Composition (% molar basis)

Molar Mass oc bar

i ilsvagll (°C) | (bar) H, CO CO, H, 0 0, N,
Y 0359 9.401 58.10 0 3390 3.10 1.10 3.80
BN o0.709 19511 30845 12 2939 0 0 1715 1.57 10.93 40.96
BEN 1104 26620 44446 12 1888 0 0  11.02 3677 7.02 26.32
BN 0833 25462 500 12 211 3.00 1.02 36.48 2253 0  34.86
BE 1223 390058 40 1 0 0 0 2697 630 568 61.05
BN o575 1158 500 0.1 0 100 0 - 0 0 0

= 1
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H, from biogas: ATR-MR-based system

= Preliminary results
—&—Treact —8-S/C —@—pvac -@—p react

molar fractions

(%) Biogas
CH, 58.1
uuuuuuu 1L PSR
8 Co, 33.9
> —e®
% ........................................................... o, 1.1
5 AD START  |---- H,0 31
5 600 12 bar, 550 °C LHV (MJ/kg) 17.8
L SR Ofbar 5= MM (kg/kmol)  26.215
71 I I I I
2 3 4 5 6 74 _
_ % W, is the sum of the electric consumptions of the
. mHzLHVHz system auxiliaries (i.e. compressors, pumps, control
Nsys = ( _ _ )LHV VVaux/ system)
Mpgp + MG, BG T Nelrif % Nerr IS Set equal to 45%, as the average electric

efficiency of the power generating park
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Membranes And Catalysts Beyond research and innovation programme under grant agreement No 869896.
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H, from biogas: ATR-MR-based system

» 36 combinations with different reactor operating conditions are simulated

= Sensitivity analysis on relevant parameters
= Reactor temperature
= Feed pressure
= Permeate pressure
= Steam-carbon-ratio
= Number of membranes

m ror each combination,

Nmem has been varied taking into

Reactor temperature, Ty 475-500-525 :
account few constraints:
Feed pressure, Pseeq bar 12 9-12-15 _ . _ _
i) minimum membrane diameter pitch
Permeate pressure, P bar 0.1 0.1-0.3 . . i i
g — i) fluidization regime
SIS (L) Glé s il e i 3 3-4 iii) maximum temperature for BG and air
of the membranes g
mixture and reactor feed streams and
A ISl ; 147 100-200 iv) minimum AT in the heat exchangers

A T . . . This project has received funding from the European Union's Horizon 2020
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