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Gas separation membranes in Energy Transition

Introduction

Reducing energy-related carbon emissions and shift from
fossil towards circular carbon feedstock is critical to limit

damaging climate change

The competing challenges of energy security and affordability
together with global supply chain issues are creating headwinds

for further growth and innovation

Next to hydrogen, important role for Energy Efficiency and
Electrification to reduce dependency of industry on (Russian)

gas

Nederland Onafhankelijk Van Russisch Gas - Opties Voor Korte En Lange Termijn .
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Gas separation membranes in Energy Transition

Membranes in energy transition...............

40-45% of energy used in industry is used for separation, of which / et Landbouw, bosbouw
. 14,3 % i
80% for thermal separation: -
° D|St|llat|on I cEnergiesector
Dienstverlening
° Drying & DeWClteI’ing 13,1 % Verkeer en vervoer
. 6% Huishoudens
° EVCIpOI’CItIOﬂ ® B Overige sectoren
9,6 % Totaal alle sectoren = 3024 PJ
Membranes can have a large role in important environmental and 107%
energy-related processes: energy efficiency increase and
electrification solution. Bron: CBS sy
Membrane reactors to reduce material use, energy requirements and 7 Reactor
save costs for thermodynamic equilibrium limited processes 77 \\
»  Membrane reactors for: ( ) e e

* Blue hydrogen production
* (O, utilization to MeOH
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Gas separation membranes in energy transition

Onyx project : Blue hydrogen production

Hydrogen
import

B e -

H, production

Transport

&

CO, storage

In-market
production
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H, extraction
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H, production

Target market
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H, delivery

Target market
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H, delivery

In-market hydrogen production benefits from mature technologies and infrastructure
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Project focus
Membrane reforming piloting

at 10 Nm?3/hr H, production
rate
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Gas separation membranes in energy transition

Project objective

* Prove & validate functionalities for membrane reactor that produces 10 Nm3/hr (20 kg/h) H, targeted, HRF >
90% and stable continuos operation for 1500 h to de-risk scale-up to 200 kg/h

Lt 5
o Pmtgt s ap®? qea e
-

0

200kg/d -
_ 200 kg/d packaged unit {
Pilot plant detailed fabrication ! <
Membrane testing design § < \,
| reformer 20 kg/d - 7
— . Membrane 20 kg/d Ly = == 3ok
- scale-up to m? 4’;:&2 rpetereyd| R ACTETT
Lab-scale . , ey o
O proof of concept ) TNO (" [ e Y

Taf Pd alloy validation i =
A C
membrane

@ ®
development HYSE p
Membrane

refOfl’ﬂef process Hydrogen Separafion Modudles
concept
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Gas separation membranes in energy transition

System evaluation

--------------------------------------------------------------

A T e =2, Target productivity > 16 kg H,/m2/day
E:> Jpsteam - |c“$? i L‘ Sepee ARF > 90%
' . ] MR operating T =550 °C
E:> j"gz{;):::;rr::::::::::::‘::::“::::::::E N s&g%f“:ﬁ L ole S/C ratio = 3
IE>#—~ Pre-Reformer il —jk_.cd,“ :> naphtha feed pressure = 40 bar
| N P(Hy)=950bar
e e e i bt - Electricity price = 60 $/MWh
; e b e B e s ——C % Naphtha price = 300 $/t

CO, emission penalty = 65 $/t
a 5 E - CO, grid intensity = 517 g CO,/kWh

100 Nm3/hr and 5000 Nm?3/h of H, for use in mobility sector
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Gas separation membranes in energy transition

System evaluation results: 5000 Nm3/h H,

Reference Electric MR+ Electric MR & | Electric MR+ H, Naphtha MR & H,MR & heating
(Naphtha) naphtha heating | heating heating heating

Energy need [MJ/Nm3 H,] 16.2 14.5 14.5 19.4 14.5 20.2
CO, emissions [kg/kg H,] 11.8 6.3 8.6 5.7 4.5 2.9
LOHC (no CO, tax) [$/kg 1.5 1.6 1.9 2.1 1.4 2.1
H2]

LOHC( CO, tax 65 $/t) 2.3 2.5 2.5 2.5 1.7 2.3
[$/kg H2]

« Electricity as utility more attractive for a grid emission intensity < 250 gCO,/kWh and electricity price < 25 S/MWh
» H, as process utility = lower energy efficiency and higher capital costs.
« CO, tax > 655/t can make H, as process utility attractive in mid/long term
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Gas separation membranes in Energy transition

Membrane reactor Design

PERMEATE SWEEP

i !

FEED 4w RETENTATE

 Total membrane area 1.4 m?2

 Fixed bed catalyst pocket, with a total of 30 catalyst-membrane steps p—
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Membranes production

Pd/Au N2 permeance
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» Pd layer directly on 200nm support

* 1 m membrane length (80 cm effective length) connected to 2m with intermediated welded caps
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Gas separation membranes in Energy transition

Membrane characterization

Simulated
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PdAu membrane after annealing under 31 bar
pure H, at 550°C for a total of 8.7 h.




Gas separation membranes in Energy transition

Membrane characterization : simulated pre-reformed
naphtha feed
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Gas separation membranes in Energy transition

Membrane reactor constructiqp |
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Gas separation membranes in energy transition

Conclusions

The naphtha based MR process has the potential to reduce
10% energy consumption and 62% CO, emissions
compared to conventional naphtha reforming

Electricity as utility still not competitive, but can become
more attractive for grid emission intensity < 250 gCO,/kWh
and electricity price < 25 $/MWh

A membrane reactor based on integrated PdAu
membranes with total membrane are of 1.4 m? with
electrical heating and fixed bed reactor technology was
built, constructed

The highest degree of integration ever built by TNO
compared to previous membrane reactor concepts
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mole fraction product (-)

Gas separation membranes in energy

transition

Membrane reactors for CO, utilization

Relative
climate
benefits
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J. van Kampen et al. (2019) Steam separation enhanced reactions: Review

and outlook / Chem. Eng. J. v.374
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Gas separation membranes in energy transition

CONVERGE project: Membrane enhanced MeOH
production

« The CONVERGE project aimed to increase efficiency of the biodiesel production by 12% per secondary
biomass unit used, and reduce the CAPEX by 10%

« The CONVERGE technologies will be validated for more than 2000 cumulated hours taking these from the
TRL3 to development stage TRL5S.

I
CH4 + trace H2 EMMY,
|
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I
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| ‘ i |
acr w ki 'l EHC f
h 4 | \ 4 I
I I Syt
Waste feedstock ‘ ¢ : Biodiesel
— — — +> - — —TT> -—_—:E R —_— -
: | | MeOH (=
: | | I a
MIENA  Catalytic | Wwet | B TraceS | Sorgtion | eHC || | MmeOH } Biodiesel m
Cracker scrubberl scrubber; removal , enhdnced | synthesis I production
I refogming | I
L _..( )_
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Gas separation membranes in energy transition

Membrane development targets & membrane

selection

Development targets:

 Stability at the methanol operating T and p (T =220-275 °C, p up to 100 bar)

+ High selectivity for steam and methanol

« High steam/methanol permeability = high flux

Membrane selection:
*  Amorphous microporous

«  Polymeric
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Membrane characterization results

PI membrane preselected as the most promising to reach conversion targets. ( T,;nqe =225-250°C)

* H,0/H, selectivity:

*  MEOH/H, selectivity:

* H,0 permeance:
* MeOH permeance:

H,0>H,>MEOH>C0,>CO~N,
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Gas separation membranes in energy transition

Multi-tubular membrane reactor

Multi-tubular membrane reactor constructed with 7 PI
membranes of 80 cm effective length, A, = 0.25m?
Commercial MeOH catalyst (ALFA AESAR), 2.7 kg packed bed
and 9 kg membrane reactor
Operating conditions:

Feed flow = 45 - 110 NI/min, no sweep

H,/CO, ratio =3, 4,5

Preed = 35 bara, ppem = 1.5 bara

Trange = 220 - 250 °C

Packed bed reactor

>
G

CarbON Valorisation in Energy-efficient Green fuels

» Retentate

Membrane reactor

= Permeate
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Gas separation membranes in energy transition

Reactor construction

Multi-tubular membrane reactor

Membranes installed in the
membrane reactor 4

GANVERGE

CarbON Valorisation in Energy-efficient Green fuels
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MR test results

WHSV=0.2-0.4 h?

MR CO, and MeOH yield increased compared to
packed bed reactor

Highest increase observed for the lowest feed

flow corresponding to WHSV = 0.2 h-1at 230 °C:

=> 36% increase in CO, conversion
= 63% increase in MeOH yield

=>20% reduction of energy used due to lower
operating pressure

CO, conversion

CO, conversion
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Gas separation membranes in energy transition

Conclusions

« Membrane reactors can bring energy savings in thermodynamically equilibrium limited reactions :
10% energy consumption reduction for blue hydrogen production, and 20% for membrane enhanced
methanol =& CO, emission reduction

« Electrification of heat would need lower electricity costs and CO, grid intensity to become attractive
option for blue hydrogen production

« TRL5-6 membrane reactors successfully constructed
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Theme name  Gas separation membranes in energy transition

Questions

Contact: marija.saric@tno.nl

The CONVERGE project has received funding from the
European Union’s Horizon 2020 research and

innovation programme under grant agreement N°
818135.
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Sensitivity studies

100 100
- Ppr
by < 90 1
90 E o
24 N Y 2 bar
. RS o 80 1 4bar  3-5bar 3bar 2 baf ______
& g0 s S | g B -
I I ' }; E *- o 2 bar
= 2 = o 25bar
70 ¢ 3 * L0 b
o 60 1 o 3.5bar
o 4 bar y = 0.6925x + 67.48
60 12 50 y=3.7018x + 15.7
0.5 0.75 1 1.25 1.5 10 12 14 16 18
SWR(-) Productivity (kg H, m2d")
—@— HRF —@ -HRF_REC O HHVEff. (I)
—e— PROD —@ - PROD_REC ® HHVEf. (I) REC

m innovation
for life




