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•  Marine	and	renewable	energy	research,	development	&	innovaJon	hub	

•  SFI	research	centre	coordinated	by	the	Environmental	Research	
InsJtute	at	University	College	Cork	with	partners	across	6	academic	
insJtuJons		

•  Headquartered	in	the	ERI	Beaufort	Building	on	the	IMERC	campus	in	
Cork	Harbour	which	also	houses	the	Lir	NaJonal	Ocean	Test	Facility	

“MaREI:	Unlocking	the	poten5al	of	our	marine	and	energy	resources	through	
the	power	of	research	and	innova5on”	

We	combine	the	experJse	of	a	wide	range	of	research	groups	and	industry	partners	
with	the	shared	mission	of	solving	the	main	scienJfic,	technical	and	socio-economic	

challenges	across	the	marine	and	energy	spaces.		



The	ERI	is	UCC’s	flagship	InsJtute	for	environmental,	marine	and	energy	research		
bringing	research	teams	from	across	science,	engineering,	business	and	humaniJes		
to	address	global	environmental	challenges	in	a	mulJ-disciplinary	approach			

Environmental	Research	InsJtute	(ERI)	

.		

Research enabling a low carbon and 
resource efficient future 

	
• 		300	researchers	from	10	schools	and	3	centres		
				Marine	Renewable	Energy	Ireland	(MaREI)	
				Aquaculture	and	Fisheries	Development	Centre	(AFDC)		
				Centre	for	Research	on	Atmospheric	Chemistry	(CRAC)	
	
• 		150	acJve	research	projects	with	€44	M	of	funding	
	
• 		7000	m2	of	offices,	laboratories	and	workshops	in		
				two	dedicated	research	buildings	on	UCC	campus	
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Technical	Reports	Triennium	2013	-	2015	

1.  A	perspecRve	on	algal	biogas,	
2.  Nutrient	recovery	by	biogas	digestate	processing,	
3.  A	perspecRve	on	the	potenRal	role	of	biogas	in	smart	energy	grids,	
4.  Pretreatment	of	feedstock	for	enhanced	biogas	producRon,	
5.  Process	monitoring	in	biogas	plants	
6.  Source	separaRon	of	municipal	solid	waste	
7.  Sustainable	biogas	producRon	in	municipal	wastewater	treatment	

plants	
8.  Exploring	the	viability	of	small	scale	anaerobic	digesters	in	livestock	

farming	
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Technical	Reports	Triennium	2016	-	2018	

1.  Food	waste	digesRon	systems.	
2.  InternaRonal	approaches	to	sustainable	anaerobic	

digesRon	
3.  Grid	injecRon	and	greening	of	the	gas	grid	
4.  The	role	of	biogas	in	the	circular	economy	
5.  Validity	of	BMP	results	
6.  Methane	emissions	
7.  Biomethane	as	a	transport	fuel	
8.  Sustainable	Bioenergy	Chains	(CollaboraRon	with	Task	40)		
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Green	Gas	in	Ireland	

Major	demand	for	Green	Gas	is	from	Foreign	Direct	Investment	(MulR-naRonals)	
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  Green gas roadmap

Green Gas Forum
Green Gas Green Deal (deal 33)  
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Murphy, J.D (2015) A bioenergy model for Ireland: greening the gas grid. Engineers 
Journal available In: 
http://www.engineersjournal.ie/bioenergy-model-ireland-greening-gas-grid/ 
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Why should agricultural sector 
do anything about biofuels? 
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Ireland’s	Energy	Low	Carbon	Pathway 
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But	80%	CO2	reducJon	=	50%	GHG	reducJon 
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German approach to carbon capture in agriculture 
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Grass is a perennial 
Grass lands sequester carbon 
Grass can be outside food fuel debate 
Grass is ligno-cellulosic?  
Grass is a second generation gaseous biofuel which can be used in NGV vehicles 
Natural Gas Grid can be distribution system. 
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Grass to transport fuel 

harvest silage storage 

macerator 
Source: energiewerkstatt, IEA  and personal photos 

anaerobic  
digester 

weigh bridge 

Biogas service station Scrubbing & 
storage 
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Pathways for use of biogas 
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Maize Grass 
Methane yield m3 . ha-1 5,748 4,303 

GJ . ha-1 217 163 
Process energy demand for digestion GJ. 

ha-1 33 24 

Energy requirement in cropping GJ. ha-1 17 17 
Total energy requirement GJ. ha-1 50 41 

Net energy yield GJ.ha-1 167 122 
Output (GJ.ha-1) 

Input (tot. Energy) 4.3 4.0 

Net energy yield per hectare of crops 
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24 

60% savings rqd. 
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Economic viability of biogas from energy crops 

1 m3 CH4  =  10 kWh   =  1L diesel equiv 
9.9 c/ kWh  =  99 c / m3 CH4  
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Biofuel Obligation Certificates (BOCs) and 
REHEAT 

Natural gas is sold at ca. 29c/L of diesel equivalent   29 c /L 
 
Required subsidy for renewable heat    70 c /L 

     
2 BOC’s are available if the fuel is 2nd generation or residue 
 
1 BOC is valued as the difference in price between 1L of  
imported diesel and 1L of biodiesel. Trades between 15 - 35 c/l. 
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Co-digestion of grass and slurry 
 

 IEA Bioenergy Task 37 



Grass %VS Slurry %VS 
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107 m3 CH4 t-1 Grass Silage  v. 16 m3 CH4 t-1 Dairy Slurry 
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170 digesters treating 10,000 t a-1 of grass and 40,000 t a-1 of dairy slurry 

1.1 % Grassland in Ireland 

Scale of Grass Biogas industry 
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Higher Grass Silage Input 

Higher Dairy Slurry Input 

R1 R2 R3 R4 + R5 & R6 

Grass 
%VS 

Slurry 
%VS 

R6 100 0 

R5 80 20 

R4 60 40 

R3 40 60 

R2 20 80 

R1 0 100 

Continuous digestion of grass and slurry 
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Increased gas production with increased grass 
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3.5 OLR 
HRT 21 days 

12%  
decrease 
in SMY 

Reduction in yield of mono-digestion at high OLR 
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Trace element analysis 
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Demand Driven Biogas 
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Thermal production  
of Biomethane 

CO + 3H2  =  CH4 + H2O 
CO2 + 4 H2= CH4 + 2H2O 
2CO + 2H2 = CH4 + CO2 

Typically ca. 65% energy efficiency  

Gas upgrading 
Removal of CO2 
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Plant Size MW 50 

Land area (ha) 6800 

Number of plants required 11 

As a % Energy in Transport 5.5% 

As a % of agricultural land 1.7% 
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The potential of algae blooms to produce renewable gaseous fuel

E. Allen a, J. Browne a, S. Hynes a, J.D. Murphy a,b,⇑
a Environmental Research Institute, University College Cork, Cork, Ireland
bDepartment of Civil and Environmental Engineering, University College Cork, Cork, Ireland

a r t i c l e i n f o

Article history:
Received 27 February 2013
Accepted 13 June 2013
Available online 11 July 2013

Keywords:
Macro-algae
Biomethane
Gaseous biofuels

a b s t r a c t

Ulva lactuca (commonly known as sea letuce) is a green sea weed which dominates Green Tides or algae
blooms. Green Tides are caused by excess nitrogen from agriculture and sewage outfalls resulting in
eutrophication in shallow estuaries. Samples of U. lactuca were taken from the Argideen estuary in West
Cork on two consecutive years. In year 1 a combination of three different processes/pretreatments were
carried out on the Ulva. These include washing, wilting and drying. Biomethane potential (BMP) assays
were carried out on the samples. Fresh Ulva has a biomethane yield of 183 L CH4/kg VS. For dried, washed
and macerated Ulva a BMP of 250 L CH4/kg VS was achieved. The resource from the estuary in West Cork
was shown to be sufficient to provide fuel to 264 cars on a year round basis. Mono-digestion of Ulva may
be problematic; the C:N ratio is low and the sulphur content is high. In year 2 co-digestion trials with
dairy slurry were carried out. These indicate a potential increase in biomethane output by 17% as com-
pared to mono-digestion of Ulva and slurry.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction

This paper investigates the potential to convert Ulva lactuca (a
sea weed commonly known as sea lettuce) into biomethane, a
renewable gaseous fuel. Annually, large amounts of U. lactuca are
washed up on shorelines where it decomposes, generating malo-
dours, and reducing the amenity of the bay. Green Tides (blooms
of U. lactuca) occur in shallow estuaries or bays, which are subject
to eutrophication from excess run off of nitrogen (Pedersen and
Borum, 1996) from non-point sources (septic tanks and spreading
of slurries on agricultural land) and point sources (sewage out-
falls). Mono-digestion of U. lactuca is difficult due to the high sul-
phur content and the low C:N ratio (Allen et al., 2013). The C:N
ratio was assessed at less than 10:1, which is significantly less than
the ideal range of 20:1–30:1 (Murphy and Thamsiriroj, 2012).

1.1. Worldwide use of algae

Algae may be split into two groups: micro-algae and macro-al-
gae. Both algae types were investigated as potential fuel sources
during the oil crises of the 1970s in Japan and the USA (NREL,
1998). However over the last 15 years research is dominated by
micro-algae biodiesel (Singh et al., 2011) whilst research on diges-
tion of digestion of micro-algae is very limited partly due to the
poor returns in biomethane production (Mata et al., 2009).

Research on macro-algae (or sea weed) receives less attention.
Digestion of macro-algae has been shown to produce significant
levels of biomethane (Ostgaard et al., 1993). Macro-algae may be
harvested from natural stocks (cast sea weed) or cultivated (Rob-
erts and Upham, 2012). The FAO (2002) reported that there was
approximately 1.29 million wet tonnes of macro-algae harvested
from natural stocks; this is about 1/8th of the 10.1 million wet ton-
nes of marine biomass cultivated (with a net value of $6 billion). In
2010 the FAO (2010) reported a harvest of 1.5 million wet tonnes
from natural stocks and 15.4 million wet tonnes cultivated.

Ireland, Denmark, France, Italy and Japan suffer greatly from
Green Tide and the associated deposition of U. lactuca (sea lettuce)
on the shore line. Anaerobic digestion of this resource is beneficial
to the marine environment and a source of third generation renew-
able gaseous biofuel.

1.2. Macro-algae as a source of gaseous biofuel

Biofuels from sugars, starches and oil crops may be considered
first generation biofuels. Biofuels from lingo cellulosic biomass and
residues are considered second generation. Biofuels from algae, are
considered third generation. There is a significant call to limit the
production of first generation biofuels; second generation biofuels
from lignocellulosic biomass (such as willow or Miscanthus) re-
quire agriculture land and are as such, still an issue in the food fuel
debate (Smyth et al., 2010). The energy balance of micro-algae bio-
diesel (due to the need to separate the lipids from the micro-algae
solution) is poor (EASAC, 2012).

0956-053X/$ - see front matter ! 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.wasman.2013.06.017

⇑ Corresponding author at: Department of Civil and Environmental Engineering,
University College Cork, Cork, Ireland. Tel.: +353 21 490 2286.

E-mail address: jerry.murphy@ucc.ie (J.D. Murphy).

Waste Management 33 (2013) 2425–2433

Contents lists available at SciVerse ScienceDirect

Waste Management

journal homepage: www.elsevier .com/locate /wasman
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What is the gross energy yield of third generation gaseous biofuel
sourced from seaweed?

Eoin Allen a, David M. Wall a, Christiane Herrmann a, Ao Xia a, Jerry D. Murphy a, b, *

a Environmental Research Institute, University College Cork, Lee Road, Cork, Ireland
b School of Engineering, University College Cork, Cork, Ireland

a r t i c l e i n f o
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Keywords:
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Macro-algae
3rd generation biofuels

a b s t r a c t

Seaweed may be a source of third generation gaseous biofuel, in the form of biomethane. The scientific
literature is sparse on the relative suitability of different varieties of seaweed to produce biomethane.
This paper assesses the BMP (biochemical methane potential), ultimate analysis and theoretical yields of
ten species of seaweed which may be found in commercial quantities around the coastline of Ireland.
Saccharina latissima reported the highest BMP yield (ca. 342 L CH4 kg VS!1). S. latissima if farmed, may
produce 10,250 m3 CH4 ha!1 yr!1 (365 GJ ha!1 yr!1) which is in excess of all land based liquid biofuel
systems.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Why use algae to generate gaseous biofuel?

The use of 3rd generation biofuels avoids competition between
agricultural land and energy. Algae (both macro and micro) have
been suggested as potential future sources of renewable energy in
transport in Europe. The Renewable Energy Directive [1] assigns a
weighting of two to biofuel produced from algae. Thus in calcu-
lating RES-T (renewable energy supply in transport) targets the
energy from algae biofuels may be doubled in considering the 2020
target of 10% RES-T.

1.2. Micro-algae biofuels

Much work has been published on micro-algae as a potential
source of biofuel. A disadvantage associated with production of
liquid biofuel from micro-algae (micro-algae biodiesel) is the low
TS (total solids) content of the micro-algae (0.1%e1% TS) produced
in open and closed bioreactors [2,3]. The requirement to utilise only
dry lipids in the bioesterification process leads to a requirement for

energy intensive thickening, dewatering and drying processes [4].
Prajapati and co-workers, have shown that gaseous biofuels pro-
duced by anaerobic digestion may overcome these disadvantages,
as the algae can be digested wet [5,6]. Micro-algae are rich in lipids
which leads to high theoretical SMYs (specific methane yields) as
assessed by BMP (biochemical methane potential) assay, however
these lipids can cause inhibitory conditions when digested [7].
Micro-algae have low carbon to nitrogen (C:N) ratios, high sodium
and sulphur concentrations, all of which make its digestion chal-
lenging [8]. Solutions to these problems include: co-digestion of
micro-algae with substrates rich in carbon such as cassava [9],
optimisation of microbial growth to reduce protein content and
increase C:N ratio, efficient pre-treatments and combined
hydrogen fermentation and anaerobic digestion [10].

The literature on gaseous biofuel production from macro-algae
(also known as seaweed) is less abundant than from micro-algae.

1.3. Seaweed as a source of gaseous biofuel

1.3.1. Characteristics of seaweeds
The characteristics of seaweeds are such that they have no

lignin, low levels of cellulose and low levels of lipid content [11,12].
Jard and co-workers, break down seaweeds into three broad types:
brown, red and green seaweeds. Brown seaweeds are very preva-
lent on the Irish Coast and include for Saccharina latissima, Asco-
phylum nodosum and Laminaria digitata [12,13]. Green seaweeds

* Corresponding author. Environmental Research Institute, University College
Cork, Lee Road, Cork, Ireland.

E-mail address: jerry.murphy@ucc.ie (J.D. Murphy).

Contents lists available at ScienceDirect

Energy

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

http://dx.doi.org/10.1016/j.energy.2014.12.048
0360-5442/© 2014 Elsevier Ltd. All rights reserved.
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Please cite this article in press as: Allen E, et al., What is the gross energy yield of third generation gaseous biofuel sourced from seaweed?,
Energy (2015), http://dx.doi.org/10.1016/j.energy.2014.12.048
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Specific methane yields of Seaweed 

46 

S. Polyschide 

A. Nodosum 

L. Digitata 

S. latissima 
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Seasonal Variation in composition of Laminaria Digitata 
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Seasonal Variation in biomethane yield from Laminaria Digitata 
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Seasonal Variation in A. nodosum 

Tabassum, M., Xia, A., Murphy, J.D. (2016) Impact of seasonal polyphenol variation on biomethane 
production from brown seaweed Ascophyllum nodosum Bioresource Technology (In Press) 
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Long term digestion of seaweed 

Mono-digestion of L. digitata: SMY and FOS:TAC with increasing organic loading rate 
 

Tabassum, M., Wall D., Murphy, J.D. (2016) Third generation gaseous biofuel generated through  mono- 
and co-digestion of natural and cultivated seaweeds, with dairy slurry Bioresource Technology (In Review) 
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Higher methane yields after ensiling 
can compensate for silage 
fermentation losses. 
 
No losses in methane yield occurred 
during 90 day storage for 4 of 5 
species. 
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Curtailment and storage of variable renewable electricity 

60 

Wind capacity as a proportion of minimum demand in summer 2020 
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P2G: Electrolysis followed by Methanation 

 
 

61 

Electrolysis:  Electricity converted to H2  at 70- 90% η 
 
Methanation:  4H2 + CO2 = CH4 + 2H2O   at 80– 90%η  
 
Overall:  55 - 80% η  

   

2 MW Power-to-Gas unit (Falkenhagen, Germany). 
Hydrogen is injected into the grid without methanation Windmill at a biogas facility. (Source: Xergi) 
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Resource of Power to Gas 

3.5.3. Biofuel obligation certificate
There is a Biofuel Obligation Certificate (BOC) system in place in

Ireland operated by the National Oil Reserves Agency (www.nora.
ie). There are three aspects of this scheme that support the sale
price of gaseous fuel from non-biological origin (P2G): the cost of
the certificate itself; the eligibility to receive two certificates; and
the gas to liquid conversion factors.

! The certificates trade within a wide range (V0.13e0.36). The
value of the certificate will (by market forces) be less than the
difference in cost of one litre of imported ethanol and biodiesel
with 1 L of imported petrol and diesel. As of 2014 this differ-
ential is of the order of V0.38/L. This obviously varies by type
and source of biofuel.

! Biofuels produced from specific feedstocks are eligible to receive
two BOCs. These include biodegradable waste, residues, non-
food cellulosic materials, ligno-cellulosic materials, and algae.
These substrate/biofuel systems equate to those that may be
considered at 2 times their energy content for the purposes of
meeting the 2020 Renewable Energy Directive target [14]. Thus
as per Section 1.4 renewable gaseous fuels from non-biological
origin (P2G) systems should also receive two BOCs.

! Gaseous fuels with an energy value in excess of 35 MJ/mn
3 are

liable to a conversion factor of 1.5 when converting a unit vol-
ume of gas to a unit volume of liquid transport fuel (http://www.
nora.ie). Thus gaseous fuel from P2G systems is liable to receive
3 BOCs or V0.39e1.08 per mn

3 methane.

3.5.4. Revenue from sale of renewable gaseous fuel as a transport
fuel

In Ireland natural gas sells at V0.03/kWh. If we consider that
methane has an energy value of 37.7 MJ/mn

3 (10.4 kWh/mn
3) then

this equates to V0.29/mn
3. To this the BOC revenues may be added.

Thus the revenue from 1 mn
3 of methane from a P2G system, when

sold as transport fuel, is in the range V0.68/mn
3e1.37/mn

3. If the
midpoint of this range is chosen then the revenue is of the order of
V1.03/mn

3 or over V1/L diesel equivalent.

3.5.5. Financial viability
Using the “ex-situ” process the benefit of P2G includes for a

saving of V0.13e0.31/mn
3 through substitution of a conventional

biogas upgrading system [29]. To this must be added the return
on gas as a transport fuel. Thus in total the methane from a
P2G system has a potential financial benefit in the range
V0.81e1.68/mn

3.
Benjaminsson et al. [28] previously estimated a production cost

of V1.40e1.47/mn
3 CH4 produced via P2G using two different bio-

logical processes [28]. These values assume that excess heat
generated in the process can be sold. As such, the P2G process could
be financially viable should the higher values be obtained with the
BOCs. With modest advances in process efficiency and operational
know-how, as well as cost reductions according to economies of
scale as the systems become more widely used, the process may
very soon become quite attractive.

4. Conclusions

Use of a PLEXOS model has shown that as P2G systems assist in
reducing wind curtailment levels, the electricity required to pro-
duce hydrogen may be significantly cheaper than market prices.
P2G systems also require cheap sources of CO2. Use of biological
methanation systems removes the requirement for traditional
biogas upgrading (saving 25% of the capital cost of a biomethane
system) whilst providing the required CO2. The optimal model of a
P2G system is suggested whereby biological methanation at a
biogas facility is used to produce renewable gaseous transport fuel
at times of low electrical demand.

Ireland is at an early stage in constructing biogas plants. A
mature biogas industry would allow production of biomethane to
satisfy 10% of energy in transport. An associated biological P2G
system would allow an 83% increase in methane output. Allowing
weightings from the Renewable Energy Directive the combined
output of methane would facilitate close to 38% RES-T in Ireland.
The Biofuel Obligation Certificates system, as operated in Ireland,
would allow financially viable methane be produced.

Table 2
Total potential of renewable gas in Ireland as a renewable transport fuel.

Agricultural slurries Slaughter waste OFMSW Grass Total

RES-T from anaerobic digestion of selected substrates
Feedstock (Mt/a)a 2.79 0.21 0.22 4.16 7.38
CH4 yield (mn

3/t)a 17.8 86 68 107.6 71.9
CH4 from AD (Mmn

3/a)a 49.76 18.08 14.98 447.59 530.41
Practical resource from AD (PJ/a)b 1.88 0.68 0.57 16.07 19.20
Percentage of energy in transport (%)c 1.00 0.36 0.30 8.55 10.21
RES-T from AD (%)d 2.00 0.72 0.60 17.10 20.42
RES-T from biological Power to Gas
% CO2 in biogas 45 45 35 45 e

CO2 from AD (Mmn
3/a) 40.71 14.79 8.07 366.21 429.78

H2 required (Mmn
3/a)e 162.85 59.16 32.26 1464.84 1719.13

Electricity required to provide H2 (PJ/a)f 2.63 0.95 0.52 23.63 27.73
Energy from Power to Gas (PJ/a)g 1.58 0.57 0.31 14.18 16.64
CH4 from Power to Gas (Mmn

3/a) 41.72 15.16 8.27 375.32 440.47
Percentage of energy in transport (%) 0.84 0.30 0.17 7.54 8.85
RES-T from Power to Gas (%)h 1.68 0.6 0.34 15.08 17.7
RES-T from renewable gas
RES-T from AD and P2G (%) 3.68 1.32 0.94 32.18 38.12

a From Singh et al. [16] and Wall et al. [17].
b Energy value of CH4 taken as 37.8 MJ/mn

3.
c Energy in transport in 2020 expected as 188 PJ in Republic of Ireland.
d Residues and grasses are allowed a weighting of 2 in Renewable Energy Directive.
e H2 required at 4 times the volume of CO2.
f Energy value of H2 taken as 12 MJ/mn

3. Electricity converted to H2 at 75% efficiency.
g Overall electricity to H2 efficiency of 60% (80% * 75%).
h Power to Gas allowed a weighting of 2 in RED.

E.P. Ahern et al. / Renewable Energy 78 (2015) 648e656 655
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H2: energy Density 12.1 MJ/mn
3 :  CH4: Energy density 37.6 MJ/mn

3 

Sabatier Equation:  4H2 + CO2 = CH4 + 2H2O
   

Gaseous biofuel from non-biological origin 

Source of CO2 from biogas:  
Mix biogas (50% CH4 and 50% CO2) with H2; generate double the CH4 
(1 mol CO2 generates 1 mol CH4).  
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