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. INTERNATIONAL ENERGY AGENCY TCP in BIOENERGY: BIOGAS TASK

s

Production of food grade

ORGANIC BIOGAS IMPROVES \

NUTRIENT SUPPLY

KROGHSMINDE BIOENERGY I/S, DENMARK

Green methanol from

= L b:::’f i:ﬂ"’:“ma"‘ =il sustainable CO: from a
A By T 3713250 large biogas facili
Case Story GO’CO?at The Korsg'o Biogas Plant, Dtoxmark.

IEA Bioenergy

1EA Bioenergy: Task 37: 11 2020

Integration of Anaerobic Digestion
into Farming Systems

in Australia, Canada, Italy, and the UK

|IEA Bioenergy: Task 37

August 2020

IEA Bioenergy Task 37

A Somengy Tk 37, Fetreary 2013

Techaology Colloborasion Programme
o

Technical Reports Case Stories:

a http://task37.ieabioenergy.com/technical- http://task37.ieabioenergy.com/case-stories.html
Energy - Climate- Marine brOCh u res_ html



http://task37.ieabioenergy.com/technical-brochures.html
http://task37.ieabioenergy.com/technical-brochures.html
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. WE NEED BIOGAS, RENEWABLE BIOMETHANE, RENEWABLE FERTILISER AND CO,

Complex polymers
(Proteins, polysaccharides)

Acidogenic bacteria

Monomers, Oligomers ) Hydrolytic bacteria

(Sugars, amino acids, peptides) ) Fermentative bacteria

Acetogenic bacteria
Homoacetogenic bacteria

Propionate, Butyrate, M .

ethanogenic archaea
Volatile Fatty Acids (VFA’s), g . .

long chain fatty acids . Hydrogenotrophic Methanogenic archaea

Acetoclastic Methanogenic archaea

Acetate CH,CHOOH

[onno”
REPowerkEU

In 2020 production of biomethane in the EU was 3 billion cubic

meters (bcm). REPowerEU set a target of 35 bcm for biomethane; a
10 fold increase.

Climate Action Plan

5.7TWh of biomethane by 2030 in Ireland
Equivalent to 650MW of continuous production
Equivalent to 220 number 3MW facilities
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TWO-PHASE DIGESTION WITH BIOCHAR ADDITION

Journal of Cleaner Production 423 (2023) 138723

Contents lists available at ScienceDirect

Journal of Cleaner Production

journal homepage: www.elsevier.com/locate/jclepro

Improving biomethane production from biochar-supplemented two-stage
anaerobic digestion of on-farm feedstocks

Xue Ning 25 Chen Deng &30 Daniel T. Hickey b Anga Hackula &b Richard O’Shea™",
David M. Wall>", Richen Lin "9, Jerry D. Murphy "

2 SFI MaREI Centre for Energy, Climate and Marine, Environmental Research Institute, University College Cork, Cork, Ireland

® School of Engineering and Architecture, University College Cork, Cork, Ireland

¢ School of Chemistry and Chemical Engineering, Southeast University, Nanjing, 210096, China

4 Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, School of Energy and Environment, Southeast University, Nanjing, 210096, China
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Biochar has a more significant effect on hydrolysis and acidogenisis




HOW TO ENHANCE OUTPUT OF BIOMETHANE FROM EXISTING FEEDSTOCK

Energy Conversion and Management 304 (2024) 118245

Contents lists available at ScienceDirect

. _—iiF —@—group 1
Energy Conversion and Management . A group 2
o E group 3
journal homepage: www.elsevier.com/locate/enconman %.) 450 450
L i - =il group 4
| | Z —@—group 5
. - S S C:‘:.) L, A 4——0"‘ 44 =
Improving the efficiency of anaerobic digestion and optimising in-situ CO, | @ e ’4—‘ | R s %
. . . = 300 § > — 300 e
bioconversion through the enhanced local electric field at the w ‘_0’ % ) o
microbe-electrode interface > kg >
o » —&— group 1 = ,
Xue Ning *°, Richen Lin *>", Jie Mao ¢, Chen Deng ®®, Lingkan Ding ¢, Richard O’Shea ®”, f 180 + ’ group 2 O 150 + s -
David M. Wall®®, Jerry D. Murphy *° Jg g,’ group 3 __,Q i
* SFI MaREI Centre for Energy, Climate and Marine, Environmental Research Institute, University College Cork, Cork, Ireland = group 4 ,«*
Y School of Engineering and Architecture, University College Cork, Cork, Ireland e
© Key Laboratn;g:y of Enirgy Thermal Conversion and Contril of Ministry of Education, School of Energy and Environment, Southeast University, Nanjing, 210096, China 'f . g rou p 5 > *
4 Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China 0 -* 0 -’I
© Dep of Bioproducts and Bi Engineering, University of Minnesota, 1390 Eckles Ave., St. Paul, MN 55108, USA L L L L L L
0 8 16 24 32 0 8 16 24 32
Time (day) Time (day)

Biodegradability increases at anode
‘ CO, reacts with electrons at cathode to produce CH,
| I\WE L Catalytic role of electricity generated a 6-fold
| l ' | | | increase in electricity input
| £ 4 | 4 | g | > 10g/L biochar and electrodes > electrodes
y l 8 I B I Modified cathode > cathode
We can double output from digester
Potential to halve feedstock required for RePowerEU

DC power supply  DC power supply

1.0V i/ 1.0V :_/(

DC power supply

Group 1 Group 2 Group 3 Group 4 Group 5
Wit slactiods with electrode with modified without electrode without cléitrode
+ 10 g/L biochar electrode + 10 g/L biochar

Cycle 2 (glucose) and Cycle 3 (grass silage and cattle slurry)



VOLATILE FATTY ACID (VFA) PRODUCTION FROM DISILLERY BY-PRODUCTS

Energy Conversion and Management 301 (2024) 118064

Current Process u Proposed Biorefinery )

Cereals

tricity
/ \/ \
| N 1 -1 1
- '_L ~

Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman  |[SESSSSESes

Check for

Developing distillery biorefineries through dark fermentation of whiskey |
production by-products: the effect of organic loading rate on
decarbonisation pathways

Anga Hackula, Richard O’Shea, Jerry D. Murphy, David M. Wall

SFI MaREI Centre for Energy, Climate and Marine, Environmental Research Institute, University College Cork, Cork, Ireland
Civil, Structural and i [ ineering, School of Engineering and Architecture, University College Cork, Cork, Ireland

Distilkery

Organic loading rates (OLR) impact VFA profile

* Higher OLR yields more valeric acid
e Lower OLR yields more caproic acid

Whiskey Whiskey

Dark . Volatile
Fermenter Fatty Acids

Revenue
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seesrvns = Explored in this study

0% v v v
CS C10 C1Ss
Acetic Acid ~ Propionic Acid © Butyric Acid @ Valeric Acid = Caproic Acid

PHA = polyhydroxyalkanoate
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POWER TO FOOD: MICROALGAE BIOREFINERY WITH BIOGAS UPGRADING

Use in Heat

Contents lists available at Scie dire i
Biotechnology Advances ﬂ& Biomethane

journal homepage: www.elsevier . o . .
Grid Injection
R 4

How to optimise photosynthetic biogas upgrading: a perspective on system Use in Transpon
design and microalgae selection =~

Archishman Bose™", Richen Lin™"", Karthik Rajendran*, Richard O'Shea™", Ao Xia’, - Algae

Jerry D. Murphy / Harvesting — Dry Powder for
= : : : Food/ Feed

Agricultural —— >
feedstock such as
grass silage, slurry,

Anaerobic
Digestion | High

: =L
agro residue etc. — = : asidue
o s (AD) Microaloae * —> é Value Residue to
OV, Microalgae *< ( AD

2 Cultivation " === Product !

N ) Microalgal

Biogas™ % Biorefinery

Upgrading |
Chemical Engineering Journal in Bubble

journal homepage v Digestate Column \ CD' Energy
Pr

Storage oduction

Contents lists available at

=
Optimisation and performance prediction of photosynthetic biogas -
upgrading using a bubble column

|
1
I
|
Fertiliser :

Archishman Bose “", Richard O'Shea ™", Richen Lin™"™", Jerry D. Murphy
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|
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I
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Inputs
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Biomethane

— Algal Liquid
Microalgae (Product)
Digestate

Energy - Climate- Marine
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IEA Bioenergy

Circular economy approaches to
integration of anaerobic digestion
with Power to X technologies

IEA Bioenergy: Task 37 January 2024

Technology Collaboration Programme
by 2

Circular economy approaches to integration of
anaerobic digestion with Power to X technologies

Authors:

Jerry D Murphy, Davis Rusmanis, Nathan Gray, Richard 0'shea, MaREl centre, University College
Cork, Ireland

Reviewed by: David wall, John Paul Deane, and Maria Welsch

Edited by: Jan Liebetrau

Citation:

murphy, J.D., Rusmanis, D., Gray, N., 0’Shea, R. (2023) Circular economy approaches to integration

of anaerobic digestion with Power to X technologies, Liebetrau, J. (Ed.) IEA Bioenergy Task 37,
2024:1.

Copyright © 2004 IEA Bcenergy. All rights Reverved
ISON: (elock slectrnic adition )

Cower graghic: Adaptad fom Volebien o al. (2019)

Published by IEA Sloenergy:

The IEA Biocsrergy Techrclogy Colleborstion Programme (IEA Biosrergy TOP) s orpaniesd snder the scapicas of the Intarmnetionsl Energy
Agancy (IEA) bt i functionally and legally sutonomous. Views, Sadngs and of the IEA gy TOP do not Y
reprasent the views or poliches of the IEA Secretariet or of & dividusl Mamber countries.




OFFSHORE WIND FOR PRODUCTION OF ELECTRICITY

n Pipeline (ORESS &

that has never used more than 6 GW
2GW for non-grid use
Highly likely 1 GW will be in south coast DMAP
Cork requires about 200 MW

R e { Plans for 16.5 GW of offshore wind for a country
D

Opportunity for energy hub in Cork

/ South Coast DMAP Proposal Area 2

ol depth)J—/ Opportunity for hydrogen in Cork
% Opportunity for Power to X in Cork
o —M“‘Lff”ﬁf, PP Y
/’// 12nm / 22km boundary



. THE CHALLENGES OF NET ZERO AND RATIONALE FOR BIOGAS & POWER TO X

X =1 Hydrogen (H,):
* We need renewable hydrogen to replace fossil hydrogen. The hydrogen molecule is ubiquitous

X =2 Methane (CH,):
« Energy consumed from natural gas grid is up to twice that from electricity grid in EU and USA

X =3 Methanol (CH;0H):
» Worldwide production of 110 million tonnes in 2021 used to make plastics, paints, cosmetics and fuels

X=4 Ammonia (NH;):
» World production 150 million tonnes; 80% used for fertiliser, 20% for plastics, fibres, explosives, nitric acid

Agriculture:
« responsible for 37% of GHG emissions in Ireland

“MaRE|

Energy - Climate- Marine
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ANAEROBIC DIGESTION PROCESS

Complex polymers
(Proteins, polysaccharides)

1.1

Monomers, Oligomers
(Sugars, amino acids, peptides)

1.2

Propionate, Butyrate,
Volatile Fatty Acids (VFA’s),
long chain fatty acids

il Acetate CH3CHOOH

_/1.2
P

CH, +2H,0

AG (kJ/reaction)
CH-,CH,OH + H,0 = CH,COO~ + H* + 2H, +5.95
2H, + O.5CO, ,
CH;COO™ + H CH, + CO, —28.35
CH;CH,OH 1.5CH,4 + 0.5CO, —87.85

Acidogenic bacteria

Hydrolytic bacteria

Fermentative bacteria

Acetogenic bacteria

Homoacetogenic bacteria

Methanogenic archaea

Hydrogenotrophic Methanogenic archaea
Acetoclastic Methanogenic archaea
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Contents lists available at ScienceDirect

Bioresource Technology

4H, + CO; — CH4 + 2H,0  AHg = —165 KkJ/mol

journal homepage: www.elsevier.com/locate/biortech

Study of the performance of a thermophilic biological methanation @msm = N 0 = nbha - Applied Energy 235 (2019) 1061-1071
system
Amita Jacob Guneratnam*, Eoin Ahern?, Jamie A. FitzGerald *“, Stephen A. Jackson ¢, Ao Xia®©, T, = =

Alan D.W. Dobson, Jerry D. Murphy ™" () '

Applied
Applied Energy ,

Reactor performance

100 0.5

5 s 'g: journal homepage: www.elsevier.com/locate/apenergy " V=
g
80 04 X
B
70 035 §
2
2 e s E Biological methanation: Strategies for in-situ and ex-situ upgrading in )
2 <
2 g anaerobic digestion S
® 40 02 §
30 0.15 E M.A. Voelklein®, Davis Rusmanis, J.D. Murphy
20 0.1 % MaREI Centre, Environmental Research Institute (ERI), University College Cork (UCC), Ireland
13 School of Engineering, UCC, Ireland
10 0.05 _:
>
0 0
w1 w2 w3 w4 W5 w6 — s — [ — —_———
Weekly data "] rH,; 54% | i_H 30% | i_n 11% |
— ) o H,: 80% €O,: 14% €0,: 9% €O,: 4%
% CH4 Volumetric productivity(L CH4/Lreactor) Loz_u’%_ | CH,: 32% _! | CH,: 61% -! I CH,: 85% E
Fig. 3. Methane composition and volumetric productivity at 65 °C (fresh inoculum) for 24 h. G“:w_ GaFow— P _G-—ﬂ- s
meter meter ::c(:rw
" r——l r—E3- T .
"Q(( Oll
i I i I u
I I 85% I I 95% I
| | + I
Gas fl
:":”“’ Stage 1 * Stage 2 Stage 3
Pump I ’“"‘P I Pump
| Gas diffuser Y l Gas diffuser Y I Gas diffuser Y
Sy el ) W | Wit ) SO L___I =
PR — i e
I —_— — H 137L/L'/DI H 5.41/L,/0 I 1.31/L,./0
H,: 471L/k/D |co 3.51/L,/0 |co 1.61/L,/0 |co 0.41/L,/0
|_C01_ gl/_l-w/o_l lcn, s21/L,/0 | | CHa: 99 L/L,/0 | | l_CH_ll_L/LiD_!

Figure 3.2. Experimental and modelled output of a small lab scale continuous ex-situ biological methanation process
(adapted from Voelklein et al., 2019)




UPGRADING BIOGAS TO BIOMETHANE IN BIOLOGICAL METHANATION SYSTEMS

(LHZ/L\'R/d)
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B8 CASE STORY: BIOCAT, AVED@RE, DENMARK

Alkaline Electrolysis Cell
Electrolyser

ZHzO = 2Hz A Oz
H2 LHV of 3kWh/m? or 33.33kWh/kg

1 MW electrolyser using 1000 kWh of
electricity per hour

1000 kWeh at 60% capacity = 600 kWh
=200 m? Hz /h

Methanation reactor

4Hz a7 COz = CH4 + 2HzO

125 m3 raw biogas/h
75 m3 CHs/h & 50 m3? CO;/h

75 m* CH4 from biogas plus
50 m3 CH4 from biological methanation

facility




. MAKE HYDROGEN AT A WASTEWATER TREATMENT PLANT

Contents lists available at ScienceDirect ‘

Advances in Applied Energy

P " ) / | |
journal homepage: .com/locate/adapen | - 8,500 t DS/a - .
18 number 8MW Turbines @ 57%
. 426,000 PE capacity factor and 10% curtailment
) ) ) 776,000 m°C0,/a
Operatlon of a circular economy, energy, environmental system ata !

wastewater treatment plant = 3
w
ELECTROLYSER

3,103,000 m*H,/a G
65,000 miCH,Ja R o o cuo 3
v 6&8 GWh/a
10,904.000 m*H,/a

—

Y

Curtailed electricity from a 144 MW offshore wind farm 1210 KICO,e/a

can supply a 10MW electrolyser. ‘00 o
10 MW electrolyser can supply O, to a 426,400 person
wastewater treatment facility.

22% of produced H, is used for methanation of CO, from
sludge digestion.

Pure O, aeration can reduce emissions by 40% at the
WWTP.

Excess H, and biomethane can fuel 390 heavy goods
vehicles.

Note : ktCO,e/a refers to the emission offset of replacing Diesel HGVs with CBG or CHG trucks and the wastewater treatment emission savings.




.GREENING THE GAS GRID IN DENMARK

Denmark intends decarbonising the gas grid with 72PJ of renewable gas by 2035 leading to 100% green gas
Already at 39% substitution of natural gas; Addition of Power to CH, (biomethanation) would see 65% green gas

GREENING THE GAS GRID
IN DENMARK

s Figure 3: Holsted Biogas Plane,
producing 20.7 million m’ gas /
year Soarce Nature Energy

Price guets and
o S o sEEEENER

Tl e

Al © 7 " R —

Total gas consumption in Denmark . Total potential of green gas in Denmark

Figure 1: Gas consumption and potential of green gas in
Denmark (from Green Gas Denmark)




INCREASE ROLE OF BIOMETHANE TO FUEL HEAVY TRANSPORT

A\ —

IEA Bioenergy

shnology Collaboration Programme

Perspectives on biomethane as a
transport fuel within a circular economy,
energy, and environmental system

IEA Bioenergy: Task 37
December 2021

Technology Collaboration Programme

bylea

Figure 28. A truck filling liquid biomethane, at a filling station that has been
establish as part of the cooperation between Tekniska Verken and Toyota

Green bags with food waste from
Material Handling Manufacturing Sweden. Source: Svensk Biogas

the municipalities are sorted optically.

20 GWh of biogas-terived energy
powers vehicles such as buses, cars,
refuse-collgction vehicles and trucks

Food waste
from restaurants.

Figure 31. Double decker buses fueled by biomethane in Bristol;
photo from Jon Craig, Jon Craig Photography, courtesy of JBP Bristol.

Waste from the
food industry.

100,000 tonnes of wet and
problematic waste can be freated.

Figure 27. Illustration of biogas solutions in and around
Linkoping, where the municipally owned utility Tekniska
Verken has a central position.

Illustration: Mattias Schldger.

o saRiE :
Figure 34. A long distance coach powered by liquid biomethane operating the Stockholm-
Oslo route. This is based on collaboration between Scania, mobility provider Flixbus and gas
supplier Gasum. Scania CV A8,




DECARBONISATION PATHWAYS IN FOOD AND BEVERAGE INDUSTRY

371 (2022) 133¢

Journal of Cleaner Production
Contents lists available at ScienceDirect

Journal of Cleaner Production

LL\L\ “_]{ journal homepage: www.elsevier.com/locate/jclepro

Assessing decarbonisation pathways in the food and beverage sector: A
multi-criteria decision analysis approach

Richard O'Shea ™", Richen Lin ¢, David M. Wall»", Jerry D. Murphy "

* MaREI Centre, Environmental Research Institute, University College Cork, Cork, Ireland
® Civil, Structural, and Environmental Engineering, School of Engineering, University College Cork, Cork, Ireland
€ Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, School of Energy and Environment, Southeast University, Nanjing, 211189, China

.

[ System Boundary | Electricity

w— Natural Gas
Biogas
Steam

Steam

System

&O—

“Ad

1

1 | istillery
1

1

1

1

1

I [: -

1 Anaerobic Digestion

! C.--; Biogas Feedstock

‘ § L it VA

o o < o o o < < o -l 3

Fig. 2. Energy system schematic. CHP: Combined heat and power. ORC: Organic rankine Cycle.GT: Gas turbine. Hrsg: Heat recovery steam generator. MVR: Me
chanical vapour recompression.

Table 2

Decarbonisation pathways.

Pathway Rationale Component Technologies Pathway abbreviation
New Boilers CHP ORC GT HRSG Anaerobic Digestion Heat Recovery 38 kv
1 Efficient steam X Boiler
2 Power generation X CHP ORC
3 Power generation X CHP GT
4 Heat recovery X X 38 kV - MVR
5 Biogas X Biogas only
6 Efficient steam X X Boiler - CHP ORC
Power generation
7 Efficient steam X X Boiler - CHP GT
Power generation
8 Efficient steam X X Boiler - Biogas
Biogas
9 Efficient steam X X X Boiler — 38 kv- MVR
Heat recovery
10 Power generation X X CHP ORC - Biogas
Biogas
11 Power generation X X CHP GT - Biogas
Biogas
12 Power generation X X CHP ORC - MVR
Heat recovery
13 Power generation X X CHP GT - MVR
Heat recovery
14 Heat recovery X X X 38 kV MVR - Biogas
Biogas
15 Efficient steam X X X Boiler -~ CHP ORC - MVR
16 Power generation X X X Boiler - CHP GT- MVR
Heat recovery
17 Efficient steam X X X X Boiler - 38 kV - MVR - Biogas
Power import
Heat recovery
Biogas
18 Efficient Steam X X X Boiler - CHP ORC - Biogas
19 Power generation X X X Boiler - CHP GT - Biogas
Biogas
20 Efficient Steam X X X X Boiler - CHP ORC - MVR - Biogas
21 Power generation X X X X Boiler -~ CHP GT - MVR - Biogas

Heat recovery
Biogas

@ CHP ORC: Combined heat and power organic Rankine cycle.
Y GT HRSG: Gas turbine with a heat recovery steam generator.

To achieve GHG emissions savings greater than 67%,
biogas from the anaerobic digestion of distillery feed

products is required.



POWER TO METHANOL (CH,OH)

A chemical process for

synthesising and distilling

methanol requires renewable

hydrogen, biogenic CO; and
---------- ) water vapour.

: : Use renewablé electricity
— Carbon dioxide used in the : :
3CH4 + COZ + 2 H 20 - 4 CH 30 H production of green methanol : fie = 000 to split water into hydrogen
must be biogenic. This may be : : - and oxygen. In a circular economy
sourced from a biomass power : l H i oxygen should be valorised.

CO +2 H, = CH;0H o fom s ermentton @ &

processes.

Worldwide production of methanol is 110
million tonnes

We need renewable hydrogen (such as from
offshore wind) and “climate neutral” CO,

Direct Air Capture of CO, is expensive

Methanol which is a liquid

We need biogenic CO, (from biogas or o kg e U0
distilleries)

Ideally hydrogen is produced
directly from additional new
renewable electricity sources.

compared to hydrogen. It can
be used for dispatchable energy.

Worldwide production of methanol

in chemical processes is of the order

of 110 million tonnes per annum. In a

net zero world this must be decarbonised.
Green methanol will be also used as a liquid
low carbon fuel especially in the marine sector.

“MaRE|

Energy - Climate- Marine Figure 5.1. Green Methanol production system, adapted from:
https://www.iberdrola.com/documents/20125/2056775/metanol-verde-infografia-EN.pdf




. GREEN AMMONIA FROM GREEN HYDROGEN AND NITROGEN (FROM AIR)

Haber Bosch Process used to react
Hydrogen (typically from natural gas) with
Nitrogen (from air) at high temperatures &
pressure over an iron catalyst to produce
NH;

World production of NH3 150 million
tonnes.

Produces 430 million tonnes of CO, when
produced from natural gas

Green NHs; is both a carbon free fuel and a
source of fertiliser

b 5 S N AR ’_ L r S RUR TR /g i A e A ;.' s FtN M AN
?\ (_',.‘ : ".'f.v_""f ‘n ‘., ‘M.':'.'.‘ :. ,_‘.-' W 1-"' .' e ' ': e v ; “ ‘ ’: e . ‘ 2 ) ! 5 .-' x.
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3 it: Si !
E I Credit: Siemens Ener:

Energy - Climate- Marine Figure 5.2. Green Ammonia Production System, from (Boerner, 2019)
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