epuracion de aguas residuales:
lequiasss

Catedra FACSA de Innovacion en el Ciclo Integral del Agua
Jueves 7y viernes 8 de julio 2016. UdG
Universitat Jaume I. Edifici Consell Social i Postgrau

Innovative technologies for biogas upgrading:
from basic research to technology assessment
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Biogas upgrading?

[Biogas upgrading ]
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What about biogas upgrading plants in Europe?
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Upgrading and injection, Project map. Source: Platform biogas partner.
http.//www.biogaspartner.de/en/project-map.html
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What about biogas upgrading plants in Europe?

__ 180000 -
S, 160000 -
ES
@ 140000 -
< ” Iceland
F‘)éz 120000 + 880/2
% 100000 -
§ 80000 - o
& 60000 1 - Finland
£ i 5= 345/2
-‘3 40000 Norway )
& 20000 - 850/3
b}
0- Sweden
1987 1991 1995 1999 2003 2007 2011 Denmark 30553 / 30
Year : 300/1 @
15.2 Upgrading capacity of European biogas upgrading plants in the K%:'m:’eodm ) Netherlands
period 1987-2011 related to raw biogas (Copyright: Fraunhofer IWES, Capacity [m_*h] / Number 1830 3 11005/ 14
2012). Il Pressure Swing Adsorption (PSA) | 1?&";:%3
11l Water Scrubber Luxembourg o % /
B8 Physical Absorption by organic solvents 1830/3 > Austria
B3 Chemical Absorption by organic solvents E ® N ~1913/8
e rance
= Membrane . 1500 /3 Swiizerland
iE Membrane & Cryogenic 3595/ 16
[llli Cryogenic
@
Spain
4100/2

15.1 Overview of numbers of plants and raw biogas upgrading capacities in Europe
as of December 2011 (Copyright: Fraunhofer IWES, 2012).
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Biogas components

[ ] 100
Tab. 2. Composition of hiogas, landfill gas and natural gas. Bi 8933 ]
g~ |
73 60 ”'e\ H
Biogas Landfillgas Naturalgas  Natural B "
(Danish)* gas
(D) - Ok
Methane (vol-%) 6070 3565 89 81 ) . 4
Other hydro carbons (vol-%) 0 0 94 35
., _Hydrogen (vol-%) 0 0-3 0 -
€ [ Carbon dioxide (vol-%) 30-40 15-50 0.67 1 1
g Nitrogen (vol-%) ~0.2 5—40 0.28 14
S Oxygen (vol-%) 0 0-5 0 0
[ Hydrogen sulphide (ppm) 0-4000 0-100 2.9 — 1
Ammonia (ppm) ~100 ~5 0 -
Lower heating value (kWWh/Nm?) 6.5 44 11.0 8.8
- [ [leenio] AccCIO Universitat ® ey
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Biogas to biomethane: what to clean?

Water contents.
condensation (plus ammonia removal)
hygroscopic salts, glycol solutions, ...

Hydrogen sulphide (H2S)
precipitation
Adsorption on A.C.
Chemical Absortion (NaOH)
Biological treatment

Siloxanes
Adsoption (A.C. or zeolites)

And CO,! To increase methane contents.
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Biogas to biomethane: requirements

Tah. 3. Selected standard requirements for grid injection or for utilization as vehicle fuel.

' At MOP (Maximal Opera-

Compound Unit France Germany Sweden Switzerland  Austria  The Nether- .
lands ting Plre_ssulre) downstream
from injection point
Lgas Hgas Lgas Hgas Lim. Unlim. ?Maximum permitted
grid ____grid inject. _Inject 3 Average content
Higher Wobbe index MJ/Nm?  42.48— 48.24- 37.8-46.8 477-565 43.46-44.41 4Ground temperature
468  56.52 46.1-56.5 5 Ambient temperature
Methane content Vol-% 95-99 >50 >96 >80 8 Mole percentage
arbon dioxide Vol-% <2 <6 <B <2 "At 40 bars

Oxygene Vol-% <3 <05 <05° "At 10 bars

ppmV <100

Mol% <05
Hydrogen Vol-% <6 =<5 <5 <4 <12
COA+0,4N, Vol-% <h
Water dew point C <-b' <tt <t%h <-8 -108
Relative humidity p <60 %
Sulphur mg/Nm? <1002 <30 <23 <30 =5 <45

<75
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Biogas components solubility for water as solvent

Compilation of Henry’s law constants (version 4.0) for
water as solvent

R. Sander
Atmospheric Chemistry Department, Max Planck Institute for Chemistry, P.O. Box 3060, 55020 Mainz, Germany

Atmos. Chem. Phys., 15, 43994981, 2015
www.atmos-chem-phys.net/15/4399/2015/
doi:10.5194/acp-15-4399-2015

© Author(s) 2015. CC Attribution 3.0 License.

Substance Hrpe din HP Substance Hrpe din HP
tT tT
Formula (a ) d(1/T) Reference Formula (@ ) d(1/T) Reference
(Other me(s)) mol (Other me(s)) mol
[CAS registry number] [ﬁ} [K] [CAS registry number] [E} [K]
methane 1.4x1073 1900 Warneck and Williams (2012) hexamethylcyclotrisiloxane 5.6x10~¢ Mazzoni et al. (1997)
CH, 1.4x1073 1600 Sander et al. (2011) CgHig01513
[74-82-8] 1.4%1073 1600 Sander et al. (2006) D3)
- [541-05-9]
. —4 7
ESEEE 3.3x 10_4 2400 Sander et al. (301 D octamethyleyclotetrasiloxane 73x% lﬂ_i Xu and Kropscott (2014)
C?l 3.3x107 X 2400 Sander etal. (200) CgH4 0451y 8.3x10~7 Xu and Kropscott (2012)
[1_4—38—9] 33x10 2300 Femandez-Prim et al. (2003) (1)4} 1.7% 10—5 Kochetkov et al. (2001)
67- = ;
hydrogen sulfide 1.0x1073 2100 Sander etal. (2011) [536-67-21 13234 gﬂa.::lti\e:t ajl' (?ggg)
H,S 1.0x1073 2100 Sander et al. (2006) lgxlﬂ_‘s Xu edempsc-ott 014)
_06- -3 o n . ' 2
[7783-06-4] 1.0x10 2000 Femandez-Prim et al. (2003) 16x10-6 Kochetkov et al. (2001)
83x10~' Mazzoni et al. (1997)
decamethylcyclopentasiloxane 28x lO_j Xu and Kropscott (2014)
C10H30055is 3.0%x10~7 Xu and Kropscott (2012)
(D3) 34%107° Kochetkov et al. (2001)
[541-02-6] 3.1%1073 Kochetkov et al. (2001)
74x1073 David et al. (2000)
. 2.3x10°6 Xu and Kropscott (2014)
HZS > C02 > CH4 > S (LX or DX) 22%10-6 Kochetkov et al. (2001)
1.5%107S Mazzoni et al. (1997)
dodecamethylcyclohexasiloxane 40x1077 Xu and Kropscott (2012)
C12H3505515 6.8x1077 Kochetkov et al. (2001)
(D6) 1.5%107* Kochetkov et al. (2001)
[540-97-6] 39%10°6 Kochetkov et al. (2001)

- e
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PSA: pressure swing adsorption.

Biomethane

D
Biogas i
o
Compressor
Off-gas
Desulphurization / / /
E’.:J Off-gas treatment
S’ q/ I X k
,ﬂ Dehydrator Q
Gas cooler Vacuum pump
_Condensate

15.4 Process scheme of the pressure swing adsorption process (Copyright: Fraunhofer IWES, 2012).
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Water scrubbing

Biomethane

Gas drying system

e 7N
Stripper
Scrubber 2
X
Compressor Gas cocler  Compressor Gas cooler Air supply
CE—
Y (Y Flash tank
Dehydrator \[_: wealar supply
Condensate Condensate
o Wastewater
15.6 Process scheme of water scrubber process (Copyright: Fraunhofer IWES, 2012).
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Physical Absortion

o

Biomethane
Gas drying system Ofi-gas
\optional) .7 | Off-gas treatment

Dehydrator
/' <=3 1
I D
Condensate
Flash tank .
Desorption
* column
Absorption column
Cooler
Air supply
> P
Hioons Dehydrator ey ~<MET
__.O— Pump
Compressor

Condensale

15.8 Process scheme of physical absorption (using organic solvents) (Copyright: Fraunhofer IWES, 2012).
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Chemical absorption

Biomethanes

Off-gas
Gas drying system

Dehydrator [

#

Condensate

Biogas , G Gas coolar
Compressor ¥ # N
P Heater
| ke

Stripper

Absorption column

Desulphurization
Heater exchanger

XX
X

TE——

Fump

Pump

Dahydrator
Condensate

15.710 Process scheme of chemical absorption (using organic solvents) (Copyright: Fraunhofer WES, 201 2).
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Membrane separation.

Dasulphurization OH-gas

L

Heater I.E:_,

I~ 1

ﬂ Off-gas traatment

1y

Biomathares

as Compressor Gas cooler

Biogzs - @

Dehydrator :::{: :;::;2

LLd LE

Membrana module
Etaga 2

Condanzsate Mambirana modula
Stage 1

15.12 Process scheme of a two-stage membrane separation system for biogas upgrading (Copyright Fraunhofer IWES,
2012).
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Biogas upgrading tecnologies. Key parameters

Table 15.1 Overview of key parameters of biogas upgrading technologies (Copyright: Fraunhofer IWES, 2012)

PSA Water Physical Chemical Membrane Cryogenic Sources
Scrubber absorption absorption (high
(organic (organic pressure,
solvents) solvents) dry)
Electricity demand (kWh/m,*BG) 0.16-0.35 0.20-0.30 0.23-0.33 0.06-0.17 0.18-0.35 0.18-0.25 J9-15, 18, 19, 23]
Pl v, Y, LW/ RV ¥ o ke B v = v ) v v, 14,17,19]
Temperature process — — 40-80 106-160 — — [11, 12, 20]
heat (in the column) (°C)
Operation pressure (bar) 1-10 4-10 4-8 0.05-4 7-20 10-25 7,10-13, 21, 22, 25]
Methane loss (%) 1.5-10 0.5-2 1-4 ~0.1 1-15 0.1-2.0 11-13, 16, 17, 19, 21,
4, 26]
Methane recovery rate (%) 90-98.5 98-99.5 96-99 ~99.9 85-99 98-99.9 11-13, 16, 17, 19, 21,
24, 26]
Off-gas treatment Yes Yes Yes No Yes Yes

recommended

Precision desulphurization Yes No No Yes Recommended Yes
required (Depending
on
manufacturer)
Water demand No Yes No Yes No No

Demand on chemical substances No Yes

——
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Treatment cost? CAPEX vs. OPEX

Capex comparison:

7000

6000 - /

5000

4000 “

3000 .

2000 . * -

Specific investment costs (€/m ?)

1000 2

0 500 1000 1500 2000 2500 3000
Upgrading capacity (raw biogas)(m_*h)

= PSA + Water scrubber * Genosorb® scrubber *+ Amine scrubber + Membrane

15.16 Specific investment costs in € per m,° raw gas upgrading

capacity of five biogas upgrading methods based on [14-17, 45]
(Copyright: Fraunhofer IWES, 2012).
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Treatment costs: PSA

220' —e= CH,55%, Electricity:18 cenvkWh | _
S0 . —e— CH,:56%, Electricity:15 cen/kWh | _
200 \\% --¢-- CH_55%, Elecln:cny 12 cent/kWh e
1.60 MY | e CH,:65%, Electricity:15 cent/kWh |
1.80 4 ‘-\\
1.70 Y\

0.70

0.40
0.30 ¢~
0.20 1
0,10 4

0.00 T T T v T "
0 500 1000 1500 2000 2500 3000
Raw biogas upgrading capacity (m_%/h)

Specific upgrading costs (€cent/kWh (H,))
8

15.17 Specific biogas upgrading costs for PSA based on price
indications and warranty values according to [16] (Copyright:
Fraunhofer IWES, 2012).
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Treatment costs: water scrubber

g:}g ] —+= CH_55%, electricty: 18 cent/kWh

s — —— CH,_:55%, electricity: 15 cent/kWh
. T~ === CH_55%, slectricity:12 cent/kWh

~
1,80 4 . — wsgeee CH,65%, electricity:15 cent/kWh
el ::\ N . A ] Y

160 - -
1.50 ¢+ ———

1.40 R~
1.30 -
1.20
1.10 4
1.00 4
0.90
0.80 4
0.70 4
060 4
0.50 4
0.40 4
0.30
0.20 4
0.10 +

0.00 - - - - Y . - ]
0 200 400 600 800 1000 1200 1400 1600
Raw biogas upgrading capacity (m _“/h)

Specific upgrading costs (€cent/kWh (H.,))

15.18 Specific biogas upgrading costs for water scrubber based on

price indications and warranty values according to [15] (Copyright:
Fraunhofer IWES, 2012).
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Treatment costs: Genosorb® scrubbers

2.00

1.50

Specific upgrading costs (€centVkWh (H,))

- tecnio
‘ f catalonia

Fins a 31/12/2019

2.50 1

—&= CH,:55%, Electricity:18 cent’kWh

B CH‘:ES‘!-B. Electricity: 15 centkWh

===+ CH,:55%, Electricity:12 cent/kWh

) ~—+-- CH,:65%, Electricity:15 cent/kWh

1.00 1

0 500 1000 1500 2000 25'00 3000

Raw biogas upgrading capacity (m _°/h)

15.19 Specific biogas upgrading costs for Genosorb® scrubbers based
on price indications and warranty values according to [14] (Copyright:
Fraunhofer IWES, 2012).
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Treatment costs: amine scrubbers

T’ 50 ; | —#= CH,:55%, Electricity:15 cent/kWh, Heat: 5 centkWh

— | —— CH,:55%, Electricity:15 cenVkWHh, Heat: 4 cent/kWh

r~ | ==p=: CH,;55%, Electricity;15 centV/kWh, Heat; 3 cent/kWh |

< | —#— CH,:65%, Electricity:15 cenVkWh, Heat: 4 cent/kWh

< 2.00 -

- = £ T

c

Q@

o

@ 1.50

&

o

2 1.00-

o

g

=

3 0.50

2

—

O

) = _

& 0.0 - . - . «
0 500 1000 1500 2000 2500

Raw biogas upgrading capacity (m_*h)

15.20 Specific biogas upgrading costs for amine scrubbers based on

price indications and warranty values according to [17] (Copyright:
Fraunhofer IWES, 2012).

. . —— [
> @ | e ACCIO Universitat ® l
Hon el ; ECO-INNOVATIVE
M bl | ft-  de Girona e CI Ul1a Wi S trions

udG



Treatment costs: membrane separation

W

Specific upgrading costs (€Ecent/kWh (H.))

1.50

0.00

tecnio

catalonia

Fins a 31/12/2019

2.50 -

| —a— CH_55%, Electricity:15 cant/kWh

- | ===+ CH,:55%, Electricity:12 cant/kWh

2.00

| == CH,:55%, Electricity: 18 cent/kWh L

———— | wua— CH, :65%, Electricity:15 cent/kWh

—
-

-
I——

""""

—— mma
- -—

1.00 1

0.50 t

0 100 200 300 400 500 600 700 800

Raw biogas upgrading capacity (m_*/h)
15.21 Specific biogas upgrading costs for a membrane separation

system based on price indications and warranty values according to [45]
(Copyright: Fraunhofer IWES, 2012).
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Biogas upgrading. BiogasApp CTQ2014-53718-R
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E 'ﬁ"’ DEESPANA $esconom
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Removal of siloxanes

1.Pressure Supply

us8
IT 2.Monitering

PID Feedbock Loop Py E Flow Sensor .

3.5ample

Storage AP (<40 bar)

RAW BIOGAS
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Removal of siloxanes

Multicomponent adsorption

breaktrough curves
EBCT= 0,2s &
Q=200 STPmL N,/min &
O
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Removal of siloxanes: treatment costs.

AC treatment cost (€/m?) Air

C/C0
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02 -

RB3 . Silpure
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Removal of siloxanes: biological treatment?

Dimethylsilanediol

.
oH-] TOH
CH, {DMSD)
| DMSD hydroxylase I ?H
CH? Hydroxymethyl-
oH~ S|=_ OH methylsilanadiol
CHS

silanediol oxidase

Hydroxymethylmethyl- |

C"H
S

-
oH”1 ©H

.

Meathylsilanetriol OH SI""CIH + HCHO | Formaldehyde
‘/‘Melhylsnanelrlol hydroxylase I

oH” S' ~0OH ‘ Hydroxymethylsilanetriol ‘

Hydroxymethylsilanetriol amdasg\.
S -
v OH Formylsilanetriol

D,,CH. H
°]
OH
OH OH + HCHO | Formaldehyde
oH
——
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Removal of siloxanes: biological treatment?

BIOREACTOR | MEMBRANE FILIRATION

2 &) crovlet
0 \ o-sl'/
: N
3 : -
-~ : \I S
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Removal of siloxanes: biological treatment?

vl Cyclic volatile siloxanes are (fast enough?) biodegradable

’7 PDMS membranes are efficient for siloxane removal

\—Z AC efficiently concentrates VSiC on its surface

/] AC catalyzes siloxane bond cleavage
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Removal of siloxanes: biological treatment?

Batch tests

7 30°C
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Conversion of CO, to CH,?

Hydrogenotrophic 5 Chemical
methanogenesis reaction

: 021j0130UIZ0IPIH 10}IEdY
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e
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systems . | Biomethane™
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Microbial electrotechnologies (MET): what’s that?

From where comes MET ?

Driving force: AG Cathode: reduction
i Chemically or Microbially
Power produCtion s @ — | catalysed catalysed
e —r o= -+ , ]
LT LT T] !
- Oxioétglﬁgvironment o .t I_-__l 4 o i Product l Product
Short circuit —— . |
- | (Biotic) Organic matter oxietation N I ;
(removal COD)  Of " ! - i Electron Electron
AN/ H i} - | a acceptor acceptor
Power 5%) | — 1 ’
- | (Abiotic) water electralysisl He— - il - /Reduction environment
OX|d£|@>O or 1 : :
( ' - - Bioti duction of :
Renewable energy s — . I (Biotic) reducti .
(solar or wind) ® g e = - CO, 2>Prod. ; NO; 2N,
1 i
1 i i
e i - - (Abiotic) Chemical e- acceptor:
S 1 MembBrat&charge balance

Anode: oxidation

v

Microbially Chemically
catalysed catalysed

@.
®

Ka

Mo membrane

o]
=

co,

Rabaey and Rozendal (2010)
: Nature Reyiews Microbiology 8, 706-716
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Microbial electrotechnologies (MET): what’s that?

Source and products within MET: a biocathode reaction

Driving force

Anode: oxidation

: Cathode: reduction
L Chemically R r , .
cata[}rsgd e Mlcrcbla”}'

or

catalysed

—co,

o hlzKe!
= Valuable products:
- Carboxylic acids: acetate, propionate, ...
- Methane
- Alcohols: ethanol, butanol, ...
Why it works:

- Anode: water oxidation

- Cathode: CO, reduction, biocathode

- Energy: power supply

-  Membrane: C/A membrane or membrane less (study)
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Microbial electrotechnologies (MET): what’s that?

H,0/0, (082V; 4e) 0,/H,0 (082V; 4e)
/ H+_:_|_> \ NO; /N, (075V; 5¢)
|
™ L 07
e 1Z! :
3 € - 06
_//\ ! 2'
I W
| 5: - 05
iy
H 04
(-l | Lk
1L
120 % oAl o
=t E ~ 0/HO, 018V 2¢)
19 =
I udr- 02

|
f
o

\ e

Anode Cathode

Thicnin (0.06 V)

Fumarate/succinate (0.03V,

4 )
Ecell <0 AQDS (L038Y) HCOy /methane (-0.24V: ™
AG > 0 ' -0 ] / HCOy facetate [0.28V, Be)
Methane/HCO,(-024V; 8¢") HCOy /butanol [-030V; 24e)
Acetate/HCO; (-028V;8e] 5 | | _g3 =/~HCOy /ethanol (-031V; e)
Non spontaneous WP =2 1O, /pHB LoTIV: 1)
_ Y, Hy/H [-041V:26) gl —— Butyrate/butanol [F0.37V; 4e7)

Gluoae/HCO; (-0A1Y; e Methyl viclogen (046 V) HCOy/formate (-041V; 2

H/H, [-041V; 2¢)

-04 _"—&""-—Ar:etarefethanol (-039V; 4e)

=054

Energy required

|
L — _ orrrvorsrtat ®
i AT Generalitaf q ECO-INNUVATIVE
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Rabaey and Rozendal, 2010. Nature Rev Microbiol UdG



Microbial electrotechnologies (MET): Methane

Driving force

\ H,0/0, (082V; 4e’) (gl L 08 ©u/HO(082V;4e)
NO; /N, (075V; 5¢)

: CO
1 _| 2
/ : .

Methanobacterium sp.

H,0 of H'—=
7 CH,
Clostridium sp.

Methanobacterium sp.

0.7+ - 07
0.6 ~ 0.6

0.5 — 05

1
1
1
1
1
1
L] Hl
1

2-
/ ! H, 50,

1 u

0, 1 Anaeraphaga sp. 04 - 04
1
1
1
1

E

i i HLS 03— 5|~ o
L . - CH, > H, 4 B o,/H,0,028v:2¢)
—> | e} ; . c £
: 5, Methylocystis sp. 02 < G- 02
\ R : sendpmand 02 -...___.,,_.} COZ /
1 014 - 01

Thionin (0.06 V) Fumarate/succinate (0.03V; 2&7)

Anode Biocathode 0.0

- 00
Fig. 4 Schematic representation of the methane producing (solid
lines), and cross-over (dashed lines) reactions that took place in the —014 - 0 HCO,- fmethane (0.24V: 8&-)
. —/methane A ;8e”
biccathode. —0.2 AQDS (-018 V) L o2 / HCO; /acetate (-0.28V; 8e7)
Methane/HCO, (-0.24 V; 8e7) HCO; /butanol (-0.30V; 24e7)
Acetate/HCO; (-0.28V; 8e7) 03 L 03 é HCD{ /ethanol (~0.31 V;]Ze‘j
Neutral red (-0.33 V) HCO; /PHB (-0.31V; 18e7)

Butyrate/ butancl (-0.37 V; 4e7)

Hy/H (-041V: 2e7) _p4- L 04 —~__ T
_ . ; ' ' Acetate/ethanol (-0.39V; 4e
Glucose/ HCO;™ (-0.41V; 24¢) Methyl viologen (046 V) N OO Sfoamate {E My )

—0.5- ——-0.5 H'/H, 041V 2e)

Batlle-Vilanova et al. 2015
RSC Adv., 2015, 5, 52243 Do0i:10.1039/c5ra09039c
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MET: CO, to Methane

Lab scale BES Batch operation
Continuous

Vcatz 04L . . Operat|0n @ test]l Wtest2 Atestd Otestd MtestS © test6
Feed: CO,-saturated mineral solution

. 10
Cathode potential: -0,8V =
:Er 8
o CH, 65— 85 %
B 6 CO,15-35%
£ 0,1-8%
E 4 H,S traces
2] 80% energy
0@ recovered
0 2 4 6 8 0
Time (d)
Electrochemical & Microbiological characterisation Reaction mechanism

Abiotic

Biocathode |
—— Biocathode after medium exchange e I _l e
he ' g H = =

(a) ,
0+ f i | co, \
— s i e \’C
’.‘E 44+ r H,0 o H*_L, Methanobacterium sp. n
< 4 i CH,
: -8 + B 3 : cﬁosmdvum sp.
.‘é . [ H e’ Methanobacterium sp.
g 1214 ] : H H, 50,
o 3
5 g o i Anaerophaga sp.
2 .16 kS 2 ! H.O
3 3 T ? CH, H,S
20T ® - ¢ Methylocystis sp.
L . . . i
800 600 400 200 © \ : L-J>"0, % co, /
-24 i ‘ i !
-800 -600 -400 -200 0 Anode Biocathode
Cathode potential (mV vs SHE)
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MET: the pilot

——
Potentiostat : :: BiOC&thOde V0|ume 0,42 L
] Biocathode
r effluent

Electrode surface 0,57 m?
Operation Batch / Continuous (HRT=18,3h)

Recirculation CathOde pOtential '800 mV VS SHE

loop

Recirculation
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105 L-d*? 105 L-d!
Synthetic medium
H i i (Water Scrubbing)
H o
: 1 I ¢ — ] — "000 Ge
o8% 0 c%0
H e, 0% o
) K
T ————————————————————— F
g g Biogas
v /
Thermostat /
34,7 eC
o
k3
.
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from AD




The reactions...

 ——
c
[+]
1
G |
a e
. s C
Potentiostat t
] Biocathode
r effluent

Recirculation
loop

loop

105 L-d*? 105 L-d?

Recirculation

5
> 5
e ——————

Synthetic medium
(Water Scrubbing)

o oo

o
Ooco
9eg o
00 50 200
0 0% 0

Biogas

55 % CH,

]
F

45% €O,

BIOCATHODE
Electromethanogenesis

CO, + 8H* + 8e~ —» CH, + 2H,0 E’;,=-0,24

Hydrogenotrophic methanogenesis
2H* + e~ > 4H, F,=-041
C02 + 4H2 - CH4 + 2H20

ANODE

Water electrolysis
2H,0 - 0, + 4H* + 4e~ FE',=+0,82

Thermodynamics

AG = —n-F-E¢ AG>0

Ecenl = Ecat — Ean Energy required




M
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Prod. rate (mmol CH, m>d?)

Current
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First results..... — Microbial community

Bacteria

Clostridia
16%

Methylocystis sp.




Results — Microbial community

BIOCATHODE e I’ |I _lie-

Hydrogenotrophic methanogenesis / ! o \
|
H,0 |el H=»
|
|
|
|
|
|
|
|
|
|
|

2H* + e~ —> 4H, E',=-0,41 7
CO, + 4H, —» CH, + 2H,0 g

o, |_
Electromethanogenesis ?

CO, + 8H* + 8¢~ - CH, + 2H,0 \
E’,=-0,24

Anode Biocathode




Results — Methane production mechanism

/ : _ Co, \
|
1 Med )
H,O o H* _:_) KQY Methanobacterium spm
: CH, y /
I _
! Clostridium sp. é/ \/j
:
| H+
| H, S0,
|
O, ! Anaerophaga sp.
|
— . : H,0 CH, H.,S
H 1, |
I Methylocystis sp.
|
\ i % @ co, /
1
Anode Biocathode

Batlle-Vilanova et al., 2015, RSC Advances



Other products from CO,?

Ganigué et al. LEQUIA. (2015) Chem. Commun.

1st Proof of
concept:

Bioalcohols
production

.
- f e AccClO Universitat
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CO,: Biological transformation

Acetate (C,) > Ethanol (C,)

Butyrate (C,). —> Butanol (C,)

Chain elongation

Caproate (C;)) —> Hexanol (C;)

Caprilic (C5) —> Octanol (Cg)
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Upgrading plants

——

. % |
> @ | e ACCIO Universitat ® l
Hon el ; ECO-INNOVATIVE
M bl | ft-  de Girona e CI Ul1a Wi S trions
77, UdG




rading plants

List of upgrading plants
Sweden Bjuv. Biowaste, manure Gas grid a7 PSA 500 2007
Boden Sewage sludge, biowaste Vehicle fuel a7 Wiater scrubber 380 2007
- ~ Bords Biowaste, sewage Vehicle fuel 97 Chemical scrubber 450 2002
Austria Bruck/Leitha Biowaste Gas grid 97 Membrane 180 2007 sludge
Linz Sewage Gas grid g Water scrubber 800 2008 Bromma, Stockholm Sewage sludge Vehicle fuel a7 PSA 250 2002
mﬁ:&emen am Meos Eneray mpnsur&s Manure Vﬂi';"iggl ’;5 Mepg&ane ‘78 gggé Bromma, Stockholm Sowage sludge Vehicle fusl a7 PSA 250 2003
Reithach / Eugendorf Energy crops Gas grid Vehicle fuel 97 PSA 150 2008 BT Bluwa:ILQagsjwaga CRTIEIE 2 ST & aE
Canada Berthiemville, (QC) Landfill gas Gas grid Membrane 2003 b BIMB;LE&;?N age brial i LB gl L
France Lille Biowaste Vehicle fuel 97 Waterscrubber 27600 2007 Falkenberg Seg;?i;g%gﬁrgi;f By Gas grid @ Chemical scrubber 750 200
BEPER Ny 100 i Falkgping Sewage sludge Vehicle fuel a7 Water scrubber 200 2007
Germany Ahtanstadt il Gas grid Witz st 1250 2000 Gcite_hnrg Sewa_nge sludge, biowaste Gas grid a7 Chemical scrubber 1600 2007
Bottrop Sewage sludge PSA 120 2008 Helsingberg Biowaste, manure Vehicle fuel a7 PSA 350 2001
Burgrieden Energy crops PSA 300 2008 = — and Gas grid
Einbeck Energy crops Chemical scrubber 1000 2009 Helsingbarg Biowaste, manure Vehicle fuel a7 Water scrubber 650 2007
Ettlingen Energy crops PSA 600 2008 and Gas grid
Forchheim Energy crops Genosorb scrubber 1000 2009 Helsingborg Sewage sludge Gas grid a7 Water scrubber 250 2007
Gemeinde Graben Landkrais Energy crops Gas grid 1000 2008 Henviksdal, Stockholm Sewage sludge Vehicle fuel a7 Water scrubber 600 2004
Augsburg Henriksdal, Stockholm Sewage sludge Vehicle fuel a7 Water scrubber 800 2006
Godenstedt Energy crops Gas grid Chemical scrubber 600 2008 Himmerfjarden, Stockhelm Sewage sludge Vehicle fuel a7 Chemical scrubber 800 2009
Gostrow, M-V Energy crops Gas Water scrubber 10000 2003 Jankaping Sewage sludge, biowaste Vahicle fuel a7 Water scrubber 300 2000
Hardegesen Energy crops Gas grid Chemical scrubber 1000 2009 Kalmar Sewage sludge, manure Vehicle fuel a7 Chemical scrubber 200 2008
Hom-Bad Meinberg (NRW) Energy crops _ Gasgrid Chemical scrubber 2000 2009 Katrineholm Sewage sludge Vaticle fuel a7 Water scrubber 80 2003
Jameln Manure Energy crops  Vehicle fuel, gas grid Genasorb scrubber 160 2005 Kristianstad Biowasta, manure, Vahicle fual a7 Water scrubber 280 1939
Kerpen Energy crops Gas grid PSA 1000 2008 sewage sludge
Ketzin Energy crops PSA 400 2008 Kristianstad Biowaste, manure, Vehicle fuel a7 Water scrubber 500 2006
Konnem | Manure, energy crops Water scrubber 12680 2007 sewage sludge
E'j";gm I Ensmv G Ewmma' scr;:;her G 2] Laholm Biowaste, manure Gas grid a7 Water scrubber 500 2000
I Ty o CEPCTET ZE] Al Linkéiping Sewage sludge, biowaste Vehicle fuel a7 Water scrubber 2*330 1397
Maihingen Energy crops Water scrubber 1250 2007 =
Linkéiping Sewage sludge, biowaste Vehicle fuel a7 Water scrubber 1400 2002
Muhlacker Energy crops PSA 920 2007
Niederndodeleben Energy crops Water scrubber 1250 2008 Malmd Sewage siudge Gas grid a PSA 500 2008
Pliening Energy crops 90 2008 Motala Sewage sludge Vehicle gas a7 Water scrubber 80 2009
Rathenow Energy craps Genosorb scrubber 130 2008 Norrképing Sewage sludge Vehicle fuel a7 Water scrubber 250 2004
Ronnenberg Energy crops Genosarb scrubber 650 2008 Norrképing Distiller's waste, Energy Vihicle fuel g7 Water scrubber 240 2006
Schwandorf | Energy crops Organic scrubber 1000 2007 crops
Schwandorf Il Energy crops PSA 2000 2008 Skellefted Sewage sludge Vehicle fuel 7 Water scrubber 250 2005
Straelen Energy crops, manure PSA 1000 2006 Sktvde Sewage sludge, Vehicle fuel a7 PSA 140 2002
Utzensdorf Biowaste % PSA 100 2009 slaughter waste
Werlte Manure, biowaste PSA 500 2007 Trollhattan Biowaste, sewage Vehicle fuel a7 Water scrubber 200 1995
Wixhausen (Darmstad) Manure, energy crops Watarscrubber 300 2008 sludge
Wriezen Energy crops 1200 2008 Trol lhéttan Biowaste, sewage Vehicle fuel a7 Water scrubber 400 2001
Waosting Energy crops PSA 1200 2009 sludge
Ulricehamn Sewage sludge Vehicle fuel a7 PSA 0 2003
Iceland Reykjavik Landfill gas Vehicle fuel Water scrubber 700 2005 Uppsala Sewage sludge, Vehicle fuel a7 Water scrubber 400 2001
biowaste
Japan Kobe Sewage sludge Vehicle fuel 97 Water scrubber 100 2004 Vastervik Sewage sludge Vehicle fuel a7 Water scrubber 130 2009
Kobe Sewage sludge Vehicle fuel 97 Water scrubber 2°225 2007 Vasterds Biowaste, sewage Vehicle fuel 1) Water scrubber 650 2004
sludge
Norway Fredrikstad Vehicle fuel PSA 2001 GOrebro Sewage sludge Vehicle fuel a7 Water scrubber 450 2007
Oslo Sewage sludge Vehicle fuel Chemical Scrubber 750 2009 Orebro Sewage sludge Vehicle fuel a7 Water scrubber 2000 2009
Stavanger Sewage sludge, biowaste Gas grid Chemical scrubber 500 2003 Ostersund Sewage sludge Vehicle fuel a7 Water scrubber 200 2006
The Netherlands Beverwijk Landfill gas Gas grid 88 Membrane 2008 Gas gridand
H&T:J;Red Collendoom Landfill gas Gas grid 88 Membrane 375 1893 Switzerland  Bachenbalach Biowaste vehicle gas % PSA 50 1936
. - N Beme Sewage sludge Gas grid 96 PSA 300 2007
E?vfa[;k P, (LA R ] o 2008 Bischofszell Sewage sludge Gas grid 96 Genosorb scrubber 100 2007
R Landiill gas Gas grid 88 PSA 1500 1980 Jona i Biowaste Gas grid 96 Genosorb scrubber 55 2005
Tilburg-De Spinder Landiil gas Gas gid 88 Water scrubber 2100 1987 LT S AR Gasgnd 5 = Lz
Wijster Landiill gas Gas grid 88 1150 1989 Lavigny Biowaste Gas grid g6 PSA 150 2008
Luceme Sewage sludge Gas grid 96 PSA 75 2004
South Korea  Seoul Waterscrubbar 150 2008 Obermeilen Sewage sludge Gas grid 96 Chemical scrubber 100 2008
Otelfingen Biowaste Vehicle gas 96 PSA 50 1398
Spain Madrid Biowaste Vehicle fuel 965 Water scrubber 4000 2008 Pratteln Biowaste Gas grid 96 Genosorb scrubber 300 2006
Vacarisses (Barcelona) Landfill gas Vehicle fuel >85 Chemical scrubber 100 2005 Roche Sewage sludge Gas grid 96 250 2008
e .
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Upgrading plants

List of biogas upgrading plant providers

Company
Acrona-Systems

Air Liquide

CarboTech

Cirmac

Flotech Sweden AB
Gasrec

GtS

HAASE

Lackeby Water Group AB
Malmberg Water
MT-Energie

Prometheus

Terracastus Technologies
Xebec (QuestAir)

Technology

PSA

Membrane

PSA, chemical absorption
PSA, Chemical absorption, membrane
Water scrubber
PSA/Membrane

Cryogenic

Organic physical scrubbing
Chemical absarption
Water scrubber

Chemical absorption
Cryogenic

Membrane

PSA

Website
WWW.acrona-systems.com
http://www.airliquide.com
http://www.carbotech.de
WWW.Cirmac.com
www.flotech.com
Www.gasrec.co.uk
WWW.gastreatmentservices.com
www.haase-energietechnik.de
www.lackebywater.se
www.malmberg.se
Wwww.mt-energie.com/
www.prometheus-energy.com
www.terracastus.com

www.xebecinc.com

An updated version of plant providers can be found on www.iea-biogas.net.
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Take home message

Biogas Upgrading:

- cleaning process: stablished.... To be optimized?
Alternatives for SiO removal? Biological?

- Increase methane contents:
CO, removal vs. CO, recovery
CO, conversion to methane as energy storage
Why not to convert to other valuable products?

- Which is the best option?
a DSS to assess process scheme definition
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epuracion de aguas residuales:
lequiasss

Catedra FACSA de Innovacion en el Ciclo Integral del Agua
Jueves 7y viernes 8 de julio 2016. UdG
Universitat Jaume I. Edifici Consell Social i Postgrau

Innovative technologies for biogas upgrading:
from basic research to technology assessment

PMDS membrane
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J. Colprim; Maria J. Martin ; M.D. Balaguer; J. Comas; M.Poch; S.Puig ::‘w g " Pty %)
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