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Motivation for SNG production

] Heating systems in newly built domestic houses

t * ~45 % less

emissions from
building sector
until 2030

* ~40 % of newly
installed heating
systems in 2018
base on natural gas

* Domestic natural
gas demand (~ 1/3)

2010: 254 bil. kWh
2018: 281 bil. kWh
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; :> Subsitute Natural Gas (SNG) has to be considered in energy transition
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SNG production

- feed gas supply methanation upgrading
‘7 CO,removal
‘ CO B H»
o gasification CH,
power-fo-gas
C02 H2
H,0  (COy) H0  (COy
* Two main feedstocks * High methane formation * Water removal
* Syngas from gasification * Catalyst's limits * (CO, removal)
* Power-to-gas * Equilibrium * Gross calorific

* Carbon is mandatorily value increase

required

:> Design flexibility of a simple process without product gas recycle:
role 4 CO, removal, H,0 injection/sequestration, product gas purification
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Thermodynamics of methanation __
Youa In dry SNG
N
0 _ k] Ioao
- C02+4‘H2 (_>CH4+2H20(9) AHR - _164@ 0'60
)| CO+3Hy o CHy+Hy0p)  AHR=—206- |
K mol 0.75 040
0 — _g41———
LA CO+ H,0 < C0O, + H, AHp = 41mol 020
0 kj 00
200 & €O, + (g AHp = —173@

 Reaction system in SNG
production consists of three

uignite

different elements - C,H,O im0t %Q@;?J_,
—>ternary diagram ondrybasis) . ®Plomass 2=
/ isoline95%CH, .-

-

/ (ondrybasis) .- N
/ . e “

~F
r, -
ae

* High sensitivity towards

T, P, CH/Qrato /=7 .\'“-'3'3:\ phase equilibrium
e ~~CH, - H,0 mixture * graphiticcarbon
1.00
, s - ) , ) : ) 0.00
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Pathways for SNG production

| Equilibrium limits methanation feed to 2 stage with water

. o . sequestration at 100°C after
—> ideal C/H/O ratio is on CH,-H,0 line CO, removal or H, addition
Il —> CO, removal or H, addition are

0.75 (feedstock syngas)

— suitable measures y feed to 2 stage with water
ﬁfﬁ sequestration at 130°C
. . feedstock
Equivalent steam ratiom  cx, Vi leedslockeyrgy!
" C V4 / syngas afterCO,
(,position on CH,-H,0 line‘) / Covadid deam
’ contentmodification
(1-m)CH,+mH,0 7
* 0: pure methane 0.875 . A SR E1650°0)
"""""" jid C (280°C
* 1: pure steam = |
W
* characterizes feed with .\ O
ideal stoichiometry e gas
syngas after
CO, removal
1.00
H - — - = .
Folie 7 0.00 0.125 - 0.25 H0 0375
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Equilibrium limits methanation

—> ideal C/H/O ratio is on CH,-H,0 line

—> CO, removal or H, addition are
suitable measures

Equivalent steam ratio m
(,position on CH,-H,0 line®)

(1-m)CHy+mH,0
* 0: pure methane
° 1. pure steam

* characterizes feed with
ideal stoichiometry

T [°C]

Pathways for SNG production
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| graphitic carbon ‘:
0o | formation B
500 |
300 |
| no graphitic
| 2 carbon formation
oo L2 crenbom
0 0.2 0.4 0.6 0.8 1
(pure CH,) m[-] (pure H,0)
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recycle compressor

No product gas raw syngas or
carbon source

T Suitable for wide -
range of gas H, addition CO, removal
qualities due to -
upstream aas modified feed
pstream g lCOZICO/H2/CH4/H20
conditioning
. 1t methanation

== Severe conditions structured reactor
in 15! stage (300-550°C, 4.5 bar)

*= Cooled reactor in condenser
1t stage necessary

HOw
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syngas
reheating
-
Q

Intermediate SNG

2" methanation
fixed bed |
(outlet 260°C,

4.5 bar) |
condenser

final SNG
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Bench-scale coal-to- SNG process chaln

= SIS

/_“/ bench scale gasifie er

\‘*(/

pressurized coal-to-SNG in bench-scale at FAU laboratories

* Designed for maximum fuel input to allothermal steam gasifier P, = 5 kW

* Fixed-bed methanation (D = 42 mm) with air cooling; semi-commercial Ni-catalyst (T, ., = 550°C)
Folie 11
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Bench-scale coal-to-SNG process chain

Catalyst deactivation in fixed-bed methanation
* Shift of axial T-profile under reference conditions is measure for catalyst deactivation

- * Automated device to measure axial temperature profile in methanation reactor

500

T(z) [°C]

0 100 200 300 400
axial reactor position [mm]

M. Neubert et al. - Influence of hydrocarbons and thiophene on
catalytic fixed-bed methanation, Fuel 207 (2017), 253-261
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Experiments with lignite-derived syngas

.
v

y; (dry, N, free) [vol.-%)]
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20

insufficient CO, removal

|
T, b, Pl
1 W .""l-"s.-;,',ll H2 4
T::U'.|8'. %” B
+ fixedbed  gasifier  scrubber
- CO -
| “_‘@_‘MMNMM
— e |
0 3 6 9

runtime [h]

300

275

250

223

200

additional 15% nitrogen in feed to methanation

CO, removal with Benfield unit at 5 kW bench-scale process chain

adiabatic behaviour of
air-cooled methanation

adiabatic synthesis temperature

290 390
axial coordinate z [mm]

* Insufficient CO, removal — only 60 % in experiment, but 85 % would be ideal

—> unfavorable C/H/O ratio

* Hot spot temperature of air-cooled fixed-bed methanation reactor matches the adiabatic one
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Experiments with lignite-derived syngas

Heatpipe Reformer — pre-pilot Benfield scrubber - slipstream methanation

- Heatpipe | pre-pilot | fixed
conc. Reformer Benfield bed lf - bench-scale methanation / bench-scale scrubber (SNG 8) §
| q 0.75 0/<>- bench-scale methanation / pre-pilot scrubber (SNG 11) 8
ry g
E:E
- CH, 4.7 5.9 /1.5 X W/ 3
- CO 14.0 168 O B ey v
. . bench-scale \“::’5 :i:
- CO, 25.3 11.3 21.7 methanation %, ;5
(SNG 1) . X
- H, 55.9 658 7.1 - - e
H,O 50 152 50.3 | SN - ?p"' _.

insufficient CO, removal (62 %)

ulls final gas composition awa
P J P y " { lignite-derived raw

from ,,CH4 nose* | syngas
. j: (HPlR andmbe;]ch—
A ¢ 8cale gasmer
1.00 ‘(J(‘_‘ﬂ. \,\ ;5 g
H .
Foie 14 0.00 0.125 0.25 HO 0375
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Experiments with biomass-derived syngas

.
v
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J. M. Leimert, M. Neubert, P. Treiber, M. Dillig, J. Karl - Combining the Heatpipe Reformer technology
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with hydrogen-intensified methanation for production of synthetic natural gas, Applied Energy 217
(2018), pp. 37-46
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Heatpipe Reformer — addition of bottled hydrogen - slipstream methanation

* Stable operation with biomass-
derived syngas and additional
hydrogen possible

* Adsorptive gas cleaning
upstream of methanation

* No higher hydrocarbons
at outlet of methanation

* Increasing synthesis temperature
with improving stoichiometry
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Experiments with syngas

Deactivation of catalytic fixed-bed

w
o

4’ 1 Orelative activity loss / hour syngas
. [ ==
f: | + catalyst consumption / mmol sulphur L 10 _% _ e Deactivation of fixed-bed
=20 - E 5 | determined by axial shift of
E i operated with g E temperature profile
< 1 " . £ by . L
2.0 additional adsorptive L 5 S £ |« Deactivation remains at similar
= guard beds @ T | level even with additional sulfur
(& ] . — 2
3 i ‘ g removal
0.0 - | FW i | 0 ° - Sintering predominates

SNG SNG SNG SNG SNG
4-6 / 8 9-10  11-12

[:> Simple ,,once-through“ SNG process needs reactor with high in-situ cooling capability
Folie 16
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Objectives of heat pipe cooled reactor

A
- L adiabatic synthesis temperature -
— S N catalystimit v@

(O]

=

©

(O] . .

g— polytropic profile

Qo G . ~ @

____ profile with active
temperature control

reactor axis

 Objective 1 of cooled reactors: Avoiding catalyst sintering
—> with stoichiometric feed, the adiabatic synthesis temperature (~ 680°C) must not be reached

Objective 2 of cooled reactors: High methane concentration (= low outlet temperature)

.5 ° Main obstacle in fixed-bed reactors: Poor effective radial heat conductivity
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Structured reactor

Design criteria

« Structured reactor

» Defined flow of fluid in reaction

- « Utilization of a commercial catalyst
—I channel

* Internal educt gas preheating
+ Scalable

o
\‘ \ N /N

oy S " A ;

Foie 19

Department Chemical- and Bioengineering (CBI) e Chair of Energy Process Engineering  Prof. Dr.-Ing. Jurgen Kar www.evt.if.fau.de



= =
I Michael Neubert, DGMK Tagung Thermochemische Konversion, 239-24™ May 2019, Dresden = === = FRIEDRICH-ALEXANDER

— UNIVERSITAT _
= == ‘=== ERLANGEN-NURNBERG

TECHNISCHE FAK LT'AT
% 17

Structured reactor

Design criteria

« Structured reactor

» Defined flow of fluid in reaction

- « Utilization of a commercial catalyst
—I channel

* Internal educt gas preheating
+ Scalable

Realization as 5 kW lab-scale reactor " L

[

 Reactor body made of stainless ®
steel with channels 2 :

16 heatpipes for cooling of block
(12x2 mm, mesh, H,0 as Fluid)

* 9reaction channels (8 mm diameter)
12 preheating channels (6 mm)

Folie 20
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Heatpipes for heat removal

* Passive element for heat transport

- - Transport of evaporation enthalpy from heat source to heat sink
L in a closed two-phase system

+» (Almost) isothermal heat transport with high heat flux density in main reaction zone

J» Water evaporation at ~250-300°C without auxiliary high-pressure system

heat removal

closed container (e.g. pipe)
vapor flow

liquid flow in
heat supply capillary structure

/ capillary structure
. ne
Folie 21 \mo‘.a%
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Structured reactor

Design criteria

« Structured reactor

» Defined flow of fluid in reaction

- « Utilization of a commercial catalyst
—I channel

* Internal educt gas preheating
+ Scalable

Realization as 5 kW lab-scale reactor " L

[

 Reactor body made of stainless ®
steel with channels 2 :

16 heatpipes for cooling of block
(12x2 mm, mesh, H,0 as Fluid)

* 9reaction channels (8 mm diameter)
12 preheating channels (6 mm)
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Structured reactor

Design criteria /

: ENERGIE
CAMPUS
NURNBERG

« Structured reactor

» Defined flow of fluid in reaction

- « Utilization of a commercial catalyst
—I channel
* Internal educt gas preheating

» Scalable

Realization as 5 kW lab-scale reactor

 Reactor body made of stainless
steel with channels

16 heatpipes for cooling of block - “\\\

(12x2 mm, mesh, H,0 as Fluid) v

* 9reaction channels (8 mm diameter)
12 preheating channels (6 mm) ks

catalytic
reaction zone
i e

breheating
educt gas
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Two-stage methanation with H,O sequestration

* »No product gas
recycle compressor

« » Suitable for wide
range of gas
qualities due to
upstream gas
conditioning

== Severe conditions
in 15! stage

== Cooled reactor in
1t stage necessary

H, addition
—>

raw syngas or
carbon source

» ’
= .
. ‘ ‘
o Chair of Energy Process Er

fittings for thermocouple at

CO, removal

/ CH, I H,0

syngas
reheating
-
Q

Intermediate SNG

2" methanation
fixed bed
(outlet 260°C,

4.5 bar)
condenser

final SNG

reaction channel’s wall
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Maximum temperature in heat pipe cooled reactor

‘7 * Fullload 120 “ ------------------------ end of catalytic reaction channel -:-----1
‘i * 5kW 100 i u
- - CO, (7 Ni/min) + H, (28 Nimin) & T
. = ] |
4, + steam (1.4 NI/min) = g 1 catalysti
- Maximum temperature 2 ] temperature at limit
below 550°C _g 60 + .¥| channelboundary !
° ]
*  Educt conversion ~ 85 % S 40 F
= ]
» Radial temperature gradient £ ,, 1 radial temperature gradientin
more than 200 K 2 ] _asinglereactionchannel -
i m = g !
* Heatpipe operating 0+t
o 230 280 330 380 430 480 530 980
temperature ~ 273°C

temperature [°C]

Axiale temperature profile in a single reaction channel; CO, (7 Nl/min) + H, (28 Ni/min)
+ 3.9 vol.-% steam; (T, cpanner~ 300°C, Ty eactor ~ 190°C, p = 4.5 bar, GHSV 40900 h'')

E> Maximum temperature in experiment is significantly lower than adiabatic one (~ 680°C)

Folie 25
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Gas quality of two-stage methanation system

‘i * QOperating conditions varied 13+
‘7 * thermal power input
- « cooling flux — 12 4
- steam content in feed __',:E_ " Hgas
4, pressure E 11 + n
« System shows high resilience s 10+ 2" stage
= 47 Lgas |
> |
@ 9+ 7 . EmOPI 5 ,
® i e L a0PI o
2 gl A7 o eoPm
_ _ S Py | eOPNV
Buffering behaviour of two-stage 2 "~ | xOPV
:> system allows full conversion T .~ Mstage | ooPv
OP VI
6 | | S I

10 11 12 13 14 15 16
Wobbe Index W, , [kWh/m®]

Gas qualities according to German G260 standard;
Fole 26 stoichiometric H,/CO, feed (N, free)
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| - Motivati /g
- Motivation o/ BT
= Renewable SNG will be necessary g/ % !
N p UeStration o 1. ter
\ " ) ee o0k Syngas)

oars / e v o
Il - Simulation based evaluation of SNG production” =Ra== -
= Two-stage methanation with intermediate water sequestration :::1

= Sintering predominates catalyst deactivation
= Hydrogen addition for full carbon utilization

IV - Heat pipe cooled reactor concept
= Cooling with heat pipes allows non-adiabatic operation

= Evaporation at 250-280°C without high pressure equipment

Conclusion and outlook

Folie 27
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Qutlook

i‘upgrade - www.i3upgrade.eu

Hydrogen intensified synthesis (CH,,
methanol) of by-product gases from
integrated steel works

Focus on intelligend dispatcher tool to
control synthesis units
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European RFCS project

Einspeicherung von Methan

(z.B. tagstber)

CH,+ CO,

CH,+ CON/ 4B N
um Gasmotor
~

Tragluftfoliendach Fg@a—

4H,
/{'Z:I
aus der
Elektrolyse

v

oo

3000 m? CH,\, ) Methanisierung
CO; + 4 H, —CH, + 2H,0

S /

Fermenter

2 CH,+ 2 H,0

\___
— 2 bar 120 °C
T‘ zur Elektrolyse
L amcc L

J

)

Dampf

ERLANGEN-NURNBERG

Hydrogen enriched methanation of biogas

* Local power storage

» Heat utilization favorable and necessary due to high
temperature level of heat pipes
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