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Introduction
This project assess innovative
biomethane systems, such as
multiphase digestion and in-situ
biological methanation. This is
carried out through detailed system
analysis including energy and carbon
balances, laboratory, assessment
and general life cycle analyses.

Biological methanation

Life cycle assessment

This biological methanation project focuses
on efficient digestion systems and upgrading
of biogas with external hydrogen from
surplus electricity as described in the
Sabatier equation.

The experiment is compared to a series of
thermophilic high organic loading rate grass
digesters without hydrogen injection, using
the experimental outline indicated below.

Lab experiment
In addition to the daily feedstock, the
necessary quantities of hydrogen are
injected into a modified 5-litre lab scale
reactor.

2-stage digestion
The purpose of this study is to investigate
the methane potential in a 2-stage
fermentation process based on food waste.

The gained data are further subjected to life
cycle assessment including detailed carbon
and
energy
balances.
In
addition,
performance indicators of the biological
methanation process will reveal the efficiency
of this upgrading system.

Outlook
In a next step, the experiment will be
gradually extended and will combine in-situ
and ex situ biological methanation at lab
scale.
The system comprises an upstream
acidifying hydrolysis reactor, producing
hydrogen and carbon dioxide. The second
methane reactor is dominated by the
methanogenic phase, generating high
concentrations of methane.
Key findings:
¾Trace element supplementation is essential
¾ 2-stage outperforms 1-stage digestion
The diagram below illustrates the energy
yields of bespoke systems at gradually
increased loading rates (OLR) at 16 days
retention time. The efficiencies are compared
to a 16 days single-stage reactor, batch test
(BMP) and the theoretical Buswell maximum.

A gas pump recirculates the produced biogas
and hydrogen mixture to enhance contact
phase and retention time for the Sabatier
reaction. The carbon dioxide is thereby
upgraded to biomethane as described in the
Sabatier equation.

In a future outlook this data will be
implemented in a model of a full scale biogas
plant as shown in the subsequent flow chart.
In this scenario, the storage capability of
biogas with the associated external hydrogen
functions as a "battery" of the electricity grid.

4 H2 + CO2 → CH4 + 2 H2O
The final success of the upgrading process
is determined by a gas chromatograph. As a
consequence the methane production
theoretically almost doubles and carbon
dioxide is successfully removed.

Summary
¾ Specific methane yield of 2-stage
outperforms 1-stage digestion
¾ Trace element supplementation
essential for high performance and
stable fermentation
¾ In-situ
biological
methanation
increases biomethane yield and
allows upgrading of biogas
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1. Introduction
¾
¾

¾

¾

¾
¾
¾

Ireland’s agricultural land utilization

Ireland has 4.2 million ha of agricultural land.
8%
1.7 M t grass dry matter per annum (DM/a) is
available in excess of livestock requirements
11%
(McEniry et al., 2013).
This can be increased to 12.2 M t DM/a by more
intensive grassland management (McEniry et al.,
81%
2013).
10% of the Ireland’s grassland area could fuel up
to 55% of all passenger cars with compressed
Crops, Cereals & Horticulture Rough Grazing Grassland
biomethane (Wall et al, 2013).
In 2010 there were 1. 07 M dairy cows in Ireland. The slurry they produced during the 20 week
winter storage can provide 7.07 M t DM/a (Wall et al., 2013).
Long term mono-digestion of grass silage can suffer due to a deficiency in essential nutrients.
Addition of slurry to grass silage can provide these essential nutrients.
Co-digestion of silage and slurry may produce synergistic effects providing a higher biogas yield
compared to mono-digestion of silage or slurry.

4. Co-digestion of different slurry types with grass silage of
different growth stages
¾

In-progress – Results would be availabe few weeks
Growth Stage 1

Growth Stage 2

Specific methane yields for codigestion. G – Grass Silage, S –
Slurry (Wall et al, 2013)

2. Objectives
¾
¾
¾

Identify the optimal crop growth stages to produce grass and legume silages, and the optimal
mixture with cattle slurry, for biomethane production.
Identify the optimal slurry type, and the optimal mixture with grass silages harvested at different
growth stages, for biomethane production.
Undertake a full inventory of a farm scale anaerobic digester producing biogas from grass silage
and cattle slurry.

5. LCA of anaerobic digester (to be built at Teagasc Grange)
3. Co-digestion of grass and red clover silages of different
growth stages with cattle slurry

¾
¾
¾

150 kWe
Grass silage and cattle slurry as feedstocks
Similar to AD plant in Drumlee, Ballymoney, Northern Ireland

Materials & Method
Growth Stage 1

Growth Stage 2
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RESULTS
INTRODUCTION
Changes in substrate composition as a
means to achieve a more efficient
utilization of existing biogas facilities may
induce shifts in viscosity of the process
liquid and, consequently, problems with
inadequate
mixing,
heat
transfer,
breakdown of stirrers, or foaming, leading
to deteriorations in overall process
performance (Nordberg and Edström,
2005; Lindmark et al., 2014).
Currently the total solids (TS) content is
considered to be the most important
process parameter affecting viscosity and
is also used to predict it (Tang & Zhang,
2014). Despite this, there have been some
indications that the relationship between
TS and viscosity cannot be applied
generally (Björn et al., 2012b). This study
was carried out in order to evaluate the
effects of several commonly monitored
operational and process parameters as
well as to elucidate the potential effects of
different substrate types on anaerobic
sludge viscosity.

28 Mesophilic 5 L CSTR
Grouping based on
substrate type

Table 1. Type of feedstocks and operational conditions of sampled mesophilic (37qC)
laboratory-scale biogas reactors. OLR = organic loading rate; HRT = hydraulic retention time;
TS = total solids; VS = volatile solids.

Group
Agricultural waste
(AW)
Co-digestion (CD)
Forestry waste (F)
Food waste (FW)
Paper mill waste (PM)
Sewage sludge (SS)
Total:

No. of
reactors

OLR range
(gVS/l/day)

HRT
range
(days)

TS
range
(%)

VS range
(% of TS)

pH
range

8

2.5 – 7.0

10 – 20

1.6 – 7.7

76 – 84

7.2 – 7-9

10
2
4
3
1
28

2.1 – 6.7
3.5 – 4.5
5.5 – 8.2
3.0 – 3.7
2.0
2.0 – 8.2

16 – 31
20
10 – 20
6 – 11
23
6 –31

2.4 – 12
6.7 – 7.7
3.7 – 5.3
2.6 – 11
2.6
1.6 – 12

41 – 83
87 – 93
59 – 80
54 – 62
70
41 – 93

7.1 – 8.0
7.2 – 7.6
6.7 – 8.0
7.3 – 7.6
7.4
6.7 – 8.0

Viscosity analyses

METHODS

CONCLUSIONS

The viscosities of reactor fluids sampled
from 28 mesophilic 5L laboratory-scale
semi-continuous stirred tank reactors
(CSTRs; 4 L working volume) for biogas
production were investigated. The reactors
were grouped into six categories based on
their feedstock (Table 1), covering sewage
sludge (SS), agricultural waste (AW), codigestion (CD), forestry waste (F), food
waste (FW), and paper mill waste (PM).
Process performance of the reactors was
monitored on a regular basis by measuring
biogas production and methane content,
volatile fatty acid (VFA) concentrations, pH,
total solids (TS), and volatile solids (VS).
At the time of sampling for viscosity
analysis, the studied CSTRs were
operating at stable conditions to ensure
that no potentially adverse effects on
viscosity were caused by process
disturbances, which might override its
relationships with the examined process
and operational parameters. A rotational
rheometer was used for apparent viscosity
analyses in accordance with the three-step
protocol described by Björn et al. (2012a).
The obtained viscosity values at shear
rates of 20 s-1, 100 s-1, 300 s-1, and 800 s-1
in interval 1 were selected for further
analyses.

The results show that viscosities of
reactors digesting different substrates may
differ considerably but the variation within
each group tends to be higher than
between groups. The reactors exhibiting
the highest limit viscosities were F2
(spruce-based waste; 125 㼼 21 mPas),
CD9 (food waste + glycerol + frying oil +
fatty acids; 68 㼼 10 mPas) and FW4
(milled cereal; 60 㼼 0 mPas), while the
ones exhibiting the lowest limit viscosities
were PM1a (fiber sludge + biosludge;
3㼼0), PM2a (fiber sludge + biosludge;
3㼼0), and CD7 (fish sillage + soap +
glycerol + bleaching clay; 5㼼0 mPas) (Fig.
1c) .
TS was the only parameter among those
monitored in this study which was
significantly correlated to viscosity at all
selected shear rates (Pearson correlation
coefficients of 0.5 – 0.7, p <0.01).
Differences in TS could thus partially
explain the observed differences among
the majority of the reactors. Nevertheless,
for several cases no such relationship was
found: for example the F1 reactor,
digesting forestry waste residue, had a
substantially lower viscosity than F2 (just
9㼼2 mPas), although it had a slightly
higher TS content (Figure 2). Thus, in
cases like this TS cannot be seen as the
driving force behind the observed
differences in viscosity.

Figure 1. Viscosity values for the studied biogas reactors at shear rate 20 s-1 (a), 100 s-1 (b), 300 s-1 (c),
and 800 s-1 (d). Cases where data was available for more than one point in time for the same reactor
are marked with lowercase letters in the order of sampling. Note: Y axis scales were adjusted in
relation to the maximum values and are thus different for each plot.

TS concentration is currently considered to
be the key performance parameter
affecting viscosity in CSTR biogas
reactors. Our results suggest that in
addition to TS, other factors affecting the
viscosity of sludge in anaerobic digesters
should be identified and taken into account
when designing reactors for biogas
production from organic wastes. This will in
turn allow for development of more
accurate models for viscosity prediction
and their further implication for reactor
design and operation. Thus, our next step
will be to investigate the specific
characteristics of individual substrates
used during AD, as well as parameters,
which are known to influence the viscosity
in biogas reactors, e.g. nutrient deficiency
and reactions by the microorganisms
leading to changes in the amount and
characteristics
of
extra
polymeric
substances and soluble microbial products.
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Figure 2. Relationship between limit viscosities (shear rate 800 s-1) of the studied
biogas reactor fluids and TS. The colours correspond to those on Figure 1 (grey
= agricultural waste, orange = co-digestion, green = forestry waste, light blue =
food waste, yellow = paper mill waste, dark blue = sewage sludge).

Björn, A., Segura de La Monja, P., Karlsson, A., Ejlertsson, J.,
Svensson, B.H. 2012a. Rheological characterization. In: Sunil
Kumar (Ed.), Biogas. Chapter 3 (63-76). Tech publisher, Rijeka,
Croatia. ISBN 979-953-307-221-9.
Björn, A., Karlsson, A., Shakeri Yekta, S., Danielsson, Å., Ejlertsson,
J., Svensson, B.H. 2012b. Rheological characteristics of reactor
liquid from 12 full-scale biogas reactors. International Conference
on Applied Energy (ICAE 2012), in Suzhou, China, 5– 8 July
2012.
Lindmark, J., Thorin, E., Bel Fdhila, R., Dahlquist, E. 2014. Effects of
mixing on the result of anaerobic digestion: Review. Renewable
and Sustainable Energy reviews 40, 1030-1047
Nordberg, Å., Ekström, M. 2005. Co-digesting of energy crops and
the source-sorted organic fraction of municipal solid waste. Water
Science and Technology 52(1-2), 217-222.
Tang, B., Zhang, Z. 2014. Essence of disposing the excess sludge
and optimizing the operation of wastewater treatment:
Rheological behavior and microbial ecosystem. Chemosphere
105, 1-13

Development of macroalgae as a substrate
for biogas production
Ometto Francesco*, Berg Andreas and Ejlertsson Jörgen

Project status
The aim of the project is to develop technical and logistical guidelines for biogas production from marine
macroalgae. In particular, the feasibility of a full scale system for anaerobic co-digestion of macroalgae
with municipal wastewater (WW) sludge is explored. The impact of the process condition (mesophilic
and thermophilic) on the algae digestion is investigated at increasing sludge:algae ratio to identify
optimal digestion condition.

Materials and Methods
1. BIOMASS

2. SUBSTRATE

Saccharina latissima Algae were blended
was cultivated and to homogeneous size
harvested in Norway.
≤ 1cm2. The
Mixed ww sludge was sludge:algae ratio
collected every 2
was fixed at 80:20
weeks (Table 1).
and 50:50 for 3 HRT.

Biomass characteristics
3. DIGESTION

4. OPERATION
&
MONITORING

5L reactors
at 37㼻C and 52㼻C
in duplicate, with
online measurement
biogas production.

Constant SLR 2.1
gVS/L with a HRT 19d.
Analysis: pH, VFA,
ammonium, TS, VS,
conductivity, biogas
composition.

S. latissima had a
10% TS content (50%
ash)
with
a
biomethane potential
(BMP), performed in
320ml
bottles
at
37㼻C for 60 days,
equal
to
240㼼5
ml/gVSadd. The ww
sludge, instead, had a
BMP value of 360㼼9
ml/gVSadd, at 5% TS
with an ask content
around 20%.

Tab.1 –
Algae and
ww sludge
elemental
compositi
on. All
data
reported
in term of
mg/kg TS.

Element

S. latissima

ww sludge

Al
Sb
As
Ba
Pb
B
P
Fe
Cd
Ca
K
Co
Cu
Cr
Hg
Mg
Mn
Mo
Na
Ni
Se
Ag
S
Ti
V
W
Zn

63
0.99
68
14
0.5
120
2400
230
0.91
16000
64000
2.5
3.0
2.5
0.05
8200
4.4
0.99
48000
2.5
0.99
0.99
11000
5
5
1
38

12000
0.99
2.2
120
9.2
25
19000
33000
0.43
15000
2100
2.5
170
8.1
0.24
1500
130
4.4
980
10.0
0.99
1.3
7900
130
7.3
1.1
360

Digestion performances
Optimal digestion performances where obtained when digesting a 50:50 sludge:algae mixture. The
mesophilic condition allowed an average methane production of 88 ml/g•d of dry algae, while 98 ml/g•d
were obtained at thermophilic condition, equal to 70% and 80% of the batch digestion value,
respectively.
A) 30

Nml Biogas/gVSadd·h

BMP value
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sludge:algae
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0
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B) 30
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sludge:algae
100:0

sludge:algae
80:20

sludge:algae
50:50

0
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120
140
days

160

180

200

220

¾ pH: the average value
remained constant over
time (pH 7.5 at 37㼻C and
pH 8 at 52㼻C);
¾ VFA:
no
significant
accumulation was detected;
¾ Ammonium: the average
value increased with the
algae
addition
to
a
maximum of 1400 (37㼻C)
and 1800 (52㼻C) mgNH4N/l;
¾ Solids: TS increase from
2.7% (65%VS) before algae
addition, to 3.5% (58%VS)
and 4.5% (44%VS) after
80:20 and 50:50 period,
respectively,
in
both
systems;
¾ Conductivity: increased over
time with the algae addition
(Fig.1B)
¾ Biogas composition: CH4
(55-57%) and CO2 (30%)
constant over time. H2S
increased from 1-2 ppm to
3500ppm during the 50:50
sludge:algae ratio.

Fig. 1 – A) Biogas production (average of duplicate) at mesophilic (grey) and
thermophilic (black) conditions, respectively; B) Conductivity variation over time.

Conclusions
9 Wastewater sludge is an optimal
complementary
co-substrate
for
efficient algae biomass digestion;
9 Algae biomass significantly impacts on
the quality of the digestate;
9 Thermophilic condition allows higher
(+7%) methane yields;

Future work
Current work is evaluating the impact of
higher algae loading (20:80 sludge:algae)
on the reactors performance. In addition, a
microbial community analysis will verify
potential microbial community adaptation
to the algae feedstock.
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Introduction
Introd
Biogas is a promising renewable energy source due to its methane content.
t t M
Methane
t
itself
H and
HS
ammonia
seems to have high energy and heating potential. Its heating value was estimated as
higher (55.5 MJ/kg) compared to diesel and wood (Fountoulakis and Manios 2009).
1
2
Another advantage of biogas production is the possibility of the use of many different
organic wastes as a substrate in the process (Amon et al. 2007; Li et al. 2011).
3
2
Biogas is produced in the anaerobic digestion process that consists of 4 stages:
H and CO
Acetate
hydrolysis, acidogenesis, acetogenesis and methanogenesis (fig. 1) (Li et al. 2011). Each
4
stage is conducted by specific microbial community able to interact with each other in
Biogas –
mainly
syntrophic manner (Weiland 2010; Worm et al. 2010). The last step can be carried out by
methane
hydrogenotrophic (CH4 production from H2 and CO2) or acetotrophic (CH4 production from
Fig. 1. Diagram showing the biogas production process. Designation: 1 – hydrolysis, 2 –
acetate) methanogens (Garcia et al. 2000). It has been already proved that there is
acidogenesis, 3 – acetogenesis, 4 - methanogenesis
syntrophy between some particular methanogens and some groups of bacteria (Stams et
al. 1992).
The project assumption is that there might be a syntrophic relationship (based on H2 partial pressure) between some fermentative hydrogen-producing bacteria and
hydrogenotrophic methanogens. In addition, hydrogenotrophic methanogens were proposed by Ziganshin et al. (2011) to give lower methane yields compared to
acetoclastic methanogens. Thus, gene-monitoring specific for the particular hydrogen-producing bacteria (being in correlation with hydrogenotrophic Archaea) will
bring the information about the methane yield (low specific gene abundancy – high methane yield). The project will bring a robust molecular biology technique of
monitoring the methane production in anaerobic digesters.
2

2

Polymers (lipids,
proteins,
polysaccharides)

Mono- and
oligomers (long
chain fatty acids,
sugars, amino
acids)

2

Aims

Volatile fatty
acids

Short-chain
volatile fatty
acids

2

Methods
454-pyrosequencing (bacterial and
archaeal 16S investigation) and
processing results in QIIME

The study on the
possible shifts in
microbial community
as a result of various
reactor performance –
especially in terms of
feedstock

The investigation of
possible syntrophy
between candidate
division hydrogenproducing bacteria
and hydrogenotrophic
methanogens and its
influence on methane
yields by using
metagenomic tools

The development of
robust technique
(targeting the
biomarker – gene of
candidate division
bacteria) to monitor
methane yields in
anaerobic digesters

DNA
extraction –
Power Soil
DNA Isolation
Kit (Thermo
Scientific)

Collection of a sample
– high methaneyielded two-stage
pilot-scale mesophilic
anaerobic digester
(AFBI, Hillsborough);
from some lab-scale
digesters

CloneJET
PCR Cloning
Kit (Thermo
Scientific)

PCR with mbacmcrA and mcrArev; msar and
mcrA-rev (SYBR
Green approach)
PCR with Mlas and
mcrA-rev primers

Amplicon
purification –
GeneJET
Gel
Extraction
Kit (Thermo
Scientific)

Cloning the plasmid with an
insert into E.coli competent cells

qPCR optimization

Sanger sequencing of plasmids

PCR with Mlas,
mbac-mcrA
(TaqMan probe)
and mcrA-rev;
Mlas, msar
(TaqMan probe)
and mcrA-rev
(TaqMan rpobebased approach)

PCR with plasmids and some
sets of primers

Results
454-pyrosequencing of the sample revealed that the most abundant
group of bacteria was Firmicutes (especially order Clostridiales). The most
dominant
Archaea
were
Euryarchaeota
(especially
order
Methanosarcinales). More details on fig. 2 and fig. 3.

k_Archaea;p_Crenarchaeota;c_MCG;o_pGrfC26
k_Bacteria;p_WWE1
k_Bacteria;p_Proteobacteria
k_Bacteria;p_Firmicutes

The sequenced plasmids (with
a mcrA insert):
Methanosarcina thermophila,
Methanobrevibacter sp. D5
and Methanobacterium
petrolearium
The plasmids - used as a
standards in PCR – nonspecific amplification of
negative control (containing
DNA from Methanosarcina or
Methanobacteriales)
More standard plasmids will be
tested in order to check the
specificity of the amplification
of different sets of primers
Fig. 5. The results after PCR with
plasmid standards and two sets of
primers (Steinberg and Regan 2009)

k_Bacteria;p_Fibrobacteres

qPCR programme:
95㼻C 10min
95㼻C 40sec
36
56㼻C 30sec cycles
72㼻C 30sec

qPCR MIX:
•0.2 μM of each primer
•5 μL 2xSYBR Green/ROX
MIX (Thermo Scientific)
•1 μL DNA
•H2O up to 10 μL

Fig. 4. The optimized qPCR programme and mix for
mcrA_1035 and mcrA_1538 primers (Pereyra et al. 2010)

Target group

Size of
product
(bp)

Methanobacteriaceae mcrA

466-472

Methanosarcina

490

k_Archaea;p_Euryarchaeota;c_Methanobacteria;
o_Methanobacteriales;f_Methanobacteriaceae;
g_Methanobrevibacter
k_Archaea;p_Euryarchaeota;c_Methanomicrobia;
o_Methanosarcinales;f_Methanosarcinaceae;
g_Methanosarcina

Fig. 2. The chart showing the
abundancy of bacterial phyla in the
sample from anaerobic digester

Fig. 3. Pie chart indicating the proportion between
different species of Archaea in anaerobic digester

qPCR optimization for primers mcrA_1035F and mcrA_1538R
was done (SYBR Green approach; fig. 4). Optimization of qPCR
of some sets of primers (targeting different groups of
methanogens) is conducted (TaqMan probes usage) (Steinberg
and Regan 2009) (tab. 1.; fig. 5).

Tab. 1. Some of used sets of
primers
Name (for
primer,
TaqMan
probe, rev
primer)
Mlas
mbac-mcrA
mcrA-rev
Mlas
msar
mcrA-rev

k_Bacteria;p_Bacteroidetes

k_Archaea;p_Euryarchaeota;c_Methanobacteria;
o_Methanobacteriales;f_Methanobacteriaceae;
g_Methanobacterium

Lab-scale 1 L digesters are being designed and constructed at
the moment (fig. 6).
Fig. 6. Lab-scale 1L reactor

Conclusions
nclusions
i
and
d fu
ffuture
tur plans
The pyrosequencing results indicate that the most abundant Archaea
haea in the AFBI digester iis Methanosarcina which is classified as aceticlastic methanogen group.
The predominance of such methanogens with simultaneous absence
off particular
division bacteria in the digester characterized by high methane
b
ti l candidate
d
production is in agreement with our hypothesis. In contrast, hydrogenotrophic methanogens predominance with the presence of particular candidate division
hydrogen-producing bacteria would be connected with non-optimal digester performance. However, the hypothesis still needs confirmation by investigating
samples (by 454-pyrosequencing and qPCR) from other full- and lab-scale (under construction) reactors.
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Introduction
The aim of this project is to develop an innovative online-measurement system for biogas plants. The system will use new MEMS based
spectroscopic sensors and will perform measurements of anaerobic digester substrates and the produced biogas. Machine learning methods will
be applied to the measured spectral data to estimate the concentrations of various process parameters from the measurements. At present, work
is being performed using a spectrometer for the estimation of methane concentration and relative humidity in the gas phase.

Theory
The MEMS based spectrometer performs measurements in the region of 3μm - 3.7μm. In this region, both methane and carbon dioxide will
absorb light. Furthermore, water is also absorbent in this region. The light passing through the measurement cell will experience attenuation
dependant upon the wavelength and gas composition. From this absorption profile, an estimation of the biogas composition will be made. For
infrared absorption to occur, It is necessary that either a dipole moment is present, or that asymmetric vibrations occur as a result of IR radiation
[1]. Neither of these are true for N2, O2, and H2, and hence it is expected that these gases will have no effect on the measured output, and so
this work is focusing on the measurement of CH4, and CO2.

Laboratory Testing
Laboratory testing has been performed with the MEMS sensor to asses the variation of the
measurement results based on differing gas compositions and relative humidity. In order to vary
the gas composition, the measurement chamber was flushed with one type of gas, and then a
second gas was introduced using a gas syringe through a bung. To increase the relative humidity,
the gas was bubbled through water in a closed chamber, and the resulting gas was used for
testing. For this reason, it was difficult to closely control the relative humidity, and measurements
were made with either dry gas, or gas near saturation. All measurements were performed at room
temperature.
The laboratory testing showed that the sensor is sensitive to methane, and that CO2 and relative
humidity also produce a smaller variation in the output. Furthermore, the variation with methane
concentration appears to be linear, with a clear absorption profile visible, as shown in Figure 1.
The absorption profile for CO2 is much more flat over the entire range of wavelengths measured
by the spectrometer. In Figure 2, the changes due to relative permittivity to spectra for CO2 and
CH4 can be seen.

Figure 1 – Methane absorption profile for
differing concentrations

Figure 2 – CO2 and CH4 spectra for dry gas,
and nearly saturated gas.

Pilot Scale Biogas Digester Monitoring
The gas spectrometer has been installed on a pilot scale digester, and is presently collecting
spectral data continuously. The installed gas spectrometer can be seen in Figure 3. The equipment
fitted inside the enclosure can be seen in Figure 4. In addition to the gas spectrometer, there is a
further gas measurement unit, which performs measurements of Methane, Carbon Dioxide, H2 and
H2S concentration, with measurements being performed approximately once per hour. Once data
has been collected, machine learning techniques will be applied in an attempt to estimate the gas
concentrations from the spectral data.
Figure 3 – Installed gas spectrometer

Potential Issues
There is a potential anticipated problem with the pilot scale plant testing, which is that the biogas is much
warmer than room temperature, and so it is expected that moisture will condense in the glass measurement
chamber, resulting in dispersion and diffraction of the infrared beam. If this is found to be a problem, two
possible solutions for this issue would be either first cooling the gas, or alternatively to heat the glass
measurement chamber. An additional challenge would be the measurement of H2S, laboratory testing has not
yet been performed and so it is not yet known if the concentrations are sufficient for detection with this
measurement setup.

References
[1] Smith, B.C., 1998. Infrared Spectral Interpretation: A Systematic Approach. CRC Press.

Figure 4 – Inside enclosure showing
electronics and MEMS spectrometer.

Combined H2S and CO2 Removal Processes For
Upgrading Biogas
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Research Aim
•

•

Specific Objectives

Development of energy efficient, scalable processes for hydrogen

•To design and operate the studied BTF, comprising the start up of the system , its operational

sulphide (H2S) removal in biogas using Sulphide oxidizing bacteria

optimization and long term operation

Test the Bioreactor (Bio trickling filter) for optimized bacterial
activity

•To study the behaviour of the microbial population using FISH analysis.
•To study the behaviour of the system along with combined CO2 removal process.

Start up and Initial operation

Experimental conditions
Experiment

[H2S] ppm

[H2S] LR (Loading Rate)
g S- H2S m-3.h-1

EBRT (Empty
retention time) s

1

1000

14.285

250

2

1000

28.571

126

3

1000

57.42

62

4

1000

85.713

43

bed

Results
Graph 1:Effect of Gas contact time,
Dissolved Oxygen, Removal efficiency

Graph 2: Preliminary analysis on sulphate
production

Figure 1: Biotrickling filter set up and monitoring

Graph 3: Elimination Capacity (EC) and
Removal Efficiency (RE) versus
Loading Rate (LR)

Fresh sludge inoculation

Inoculum recirculation for 24 hrs without gas feeding

H2S inlet concentration was set to 1000 ppm during 20 hrs
pH value (2-1.6), Temperature 23 C, Trickling liquid velocity
180 ml.min-1

Sampling Sampling
frequency

Analysis performed

Gas

10 seconds

Concentration change
inlet and outlet

Liquid

20 minutes

SO42-

Microbiological FISH analysis

Biotrickling filter (BTF) performance calculations
Operation of BTF is normally characterised by Loading

Characterization of Microbial population was

Rate(LR) and Empty Bed Retention Time (EBRT)

performed using FISH analysis

LR = [(Qbiogas +Qair in)*Cin] / V
EBRT = V / (Qbiogas +Qair in)
Reactor performance can be described by Removal Efficiency

Use of alpha – proteobacteria probe showed
more stable population of oxidising bacteria
as shown in the figure 2

(RE) and Elimination capacity (EC)
RE = [(Cin – Cout) / Cin] * 100
EC = [(Qbiogas +Qair in) * (Cin –Cout)] / V

Figure 2: FISH analysis from the Biotrickling filter
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Novel technologies for integrated biogas separation and compression
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Results and discussions

  

CO2 '  ! 
The separation of CO2 from CH4 
      2
should be removed because it causes pipe corrosion, reduces the heating value, takes up
         house gas, the emission of CO2 from the combustion of fossil fuel is a serious concern associ     [1, 2]

Sythesis Amine

The objectives of the present study are to develop novel range of materials and an integrated
process for separating CO2     
MDEA

  ]`  <2S, ammonia (NH3) and siloxanes)
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Carbon Dioxide

Carbon Dioxide
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Typical biogas composition

Isotherm of CO2 absorption in activated MDEA and Sythesis Amine

Biogas Seperation Technologies

Air stability

Technology

Description Process

Water Scrubbing

Halogenated compounds, sulphur compounds and ammonia can also
be removed

Chemical Scrubbing

CO2 and H2S are more soluble in solvents which results in a lower solvent demand and reduced pumping

Pressure Swing Adsorption

With PSA process, halogenated and organic silicon compounds can
also be removed[3]

Membranes

 
construction

Cryogentic Distillation

Oldest, requiring a purpose built facility beside the AD plant

"#

Thermal stability, potential high performance for CO2 uptake and negligible vapour pressure
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Isotherm of CO2 absorption in Sythesis Amine

Next step
After six days in the air process experiment, the isotherm graph shows us the air stability of ac $%& #            
Further experiments will be carried over longer timescales (7days,14days, 21days and 28days)
in order to provide data applicable to industrial processes, where amine solutions are typically
        

Methods and materials
Synthesis of alcohol amines

Reaction Mechanism

Amine

Glycidol

Primary amine

Secondary amine

The combination of a primary amine
and an epoxide would be expected to
lead to the following possibilities:

The reactions of secondary amines
with epoxide were studied initially because only two reactions were possible, the formation of tertiary amine
    '


The Alkanolamine is then dried under
high vacuum at 40-50°C for 2 to 4h or
until the residual unreacted free
   * &' 
  +$.
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Surplus electricity to biogas via hydrogen
Nikoletta Giantsiou, M.Sc.
University of Duisburg – Essen, Faculty of Engineering, Urban Water and Waste Management, Essen, Germany
Research Supervisor: Prof. Dr. – Ing. R. Widmann,, Dr. – Ing. T. Mietzel, Dr. – Ing. S. Schmuck
E-mail: nikoletta.giantsiou@uni-due.de

General
Biogas production is a mature technology. However, possible ways for its efficient utilization and upgrding are yet to be exploited. Biogas
can be upgraded to natural gas quality and be used as vehicle fuel, or it can be injected into the existing natural gas grid. By exploiting
excess wind mill production through water electrolysis H2 is produced. Hydrogenotrophic methanogenic archaea can bind H2 with CO2:
CO2 + 4H2 Æ CH4 + 2H2O
In times of surplus energy, rich in CH4 content biogas, upgraded to natural gas quality can be produced.

Objectives
- supply H2 to the organic waste feeding stream of an anaerobic digester to upgrade biogas in situ
- modify the anaerobic configuration so that H2 is used to enhance biogas efficiency
- optimize H2 consumption by the hydrogenotrophic methanogens in anaerobic reactors

Process - Experimental configuration
• Anaerobic mesophilic system consisted of a 10 L CSTR treating sewage sludge (Figure 1)
• Study under different operational conditions:
Waste characteristics
Phase #4
Phase #1

Phase #2

Phase #3

Q = 0.33 L d-1 Q = 0.38 L d-1 Q = 0.44 L d-1

effluent
recirculation
Q = 0.48 L d-1

HRT = 28.8 d HRT = 25.2 d HRT = 21.6 d

HRT = 19.6 d

Parameter
pH
TS (g/L)
VS (g/L)
% VS/TS
COD (g/L)
NH4+-N (mg/L)

Results
Phase #2
(52 – 84d)

Phase #3
(85 – 105d)

BPR
MPR

0.210
0.144

0.309
0.213

0.374
0.257

#3

HRT,

#4

OLR

3,0
2,5
2,0
1,5

4

1,0

2

0,5

0
35
30
25
20
15
10
5
0
0,6
0,5
0,4
0,3
0,2
0,1

0,0

TS feed

VS feed

TS efffluent

BPR,

10

20

30

40

50

60

70

VS efluent

MPR

80

Phase #4
(106 – 138d)
effluent
recirculation

0.467
0.321
#1

start - up

#2

Figure 1. Configuration of the system
#3

#4

Performance

-1

#2

#1

-1

start-up

Production rate, L/gVSfed

BPR, MPR Solids concentration
-1
-1 -1
(g L )
(L L d )

35
30
25
20

OLR (g VS L d )

Phase #1
(21 – 51d)

HRT (d)

Production
Rate
(L Lreactor-1 d-1)

Value
7.32
35.8 㼼 1.81
23.9 㼼 1.15
67.48 㼼 2.41
23.4 㼼 0.83
1138 㼼 263

0,55

Lbiogas/g VSfed

0,50

LCH /g VSfed

The system corresponds well. The
production rate, biogas and CH4 yield
follow the changes of HRT and OLR. It
presents:

4

0,45
0,40
0,35
0,30

• stable operation
• robust process

0,25
0,20

• CH4 ̴ 68%
• pH ̴ 7.18

0,15
0,10
0,05

90 100 110 120 130 140

Time (d)

0

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Time (d)

Figure 2. Time evolution of parameters. Left side: biogas and CH4 production rate (BPR,MPR), COD
concentration, organic loading rate (OLR), hydraulic retention time (HRT). Right side: Biogas and CH4 production
rate per g VS fed

Future steps
Inject H2 into the system.

20 μm

20 μm

Figure 3. Combination of probes ARCH915
(Cy-3) and EUB338 (6-FAM). Left side: merged
channels, Right side: detected Archaea

- Volume corresponding to ratio 4H2:CO2
- Monitor CH4 yield
- Evaluate system’s robustness and energy efficiency
- Identify hydrogenotrophic methanogenic archaea

Outcome
The expected outcome of this project is to establish
an efficient process which will contribute to the:
 increase of net CH4 production

 conversion of the excessive renewable energy into a storable gas
 decrease of biogas upgrading costs

Figure 4. Typical morphology (filaments) of
Methanosaetaceae detected with probe
ARCH915 (6-FAM) and MSMX860 (Cy-3)

Biogas conversion to syngas: comparison between thermo- and plasma-catalytic
systems
Fabio De Rosa - ESR 5.2
School of Chemistry and Chemical Engineering, David Keir Building, Queen’s University Belfast, e-mail: f.derosa@qub.ac.uk, phone; +44(0)28 9097 4462
Supervisors : Prof David Rooney, Prof Alex Goguet, Dr Beatrice Smyth, Dr Geoffrey McCullough

2.Methodology: thermodynamic analysis

1.Introduction: biogas exploitation roadmap
Heat & Power (ICE)
- CO2, H2S scrubbing
- Surplus energy exploitation (i.e.
wind)
H2O→H2+O2 (water electrolysis)
CO2+H2 →CH4+H2O (Sabatier)
Gasoline, diesel, methanol (FT process)

Aim: find the optimal theoretical conditions for biogas reforming to syngas in thermocatalytic systems, using thermodynamic simulations (ASPEN Plus), Multi Criteria
Decision Making (MCDM) techniques and Particle Swarm Optimization algorithm (PSO)

Heat & Power (Fuel Cell)
Syngas (CO + H2) is the required feedstock

2.Experimental: kinetic analysis (ongoing)
ASPEN Plus model for the reforming reactions

Aims:
 Novel catalysts preparation (Ni@SiO2 core@shell, LaNiO3 perovskite);
 Catalysts testing in the thermo-catalytic system;
 Kinetic modelling of simulated biogas reforming reactions.

Structure of an ideal perovskite A2+B4+X3
with X=O2- (left hand side A2+ in origin; right
hand side B4+ in origin) [1]

Schematic of the MCDM model

Catalyst preparation

Different core-shell nanostructures: a) core
with modified surface and attached
nanoparticles; b) particle a after reduction
of metal species on its surface [2]

Experimental rig set-up

Thermo-catalytic reactor configuration

Outcomes:
9 Understanding of the mechanism of reaction;
9 Validation of the MCDM+PSO modelling;
9 Actual best-case scenarios for biogas
reforming reactions (optimized system).

Example of multi-criteria analysis

Block diagram of the complete model

3.Experimental: plasma system development (ongoing)

Outcomes:
9 Theoretical best-case scenarios for biogas reforming
reactions;
9 Energy involved with each process.

4.Final assessment (ongoing)
Targets and future work:

Aims:
 Optimal power supply analysis (pulsed vs AC);
 Catalyst preparation and testing (LaNiO3@SiO2);
 Development of correlations between plasma/catalyst parameters;
 Development of apparent rates of reaction.

 Compare the performances of the plasma-catalytic and the optimized
thermo-catalytic systems for biogas reforming;
 Spectroscopic analysis at Diamond Light Source (Synchrotron in the
Oxfordshire);
 Running experiments using real biogas (H2S in the feed);
Plasma-induced reactions

DBD plasma characteristics:
• Non-thermal plasma (TൎTroom);
• Low-energy requirements;
• Product distribution far from thermodynamic;
• Oxidative character towards soot precursors;
• No sulphur poisoning;
• Near-instantaneous response;
• Small-sized reactor.

Plasma: the 4th state of matter

Outcomes (current challenges in the field):
9 Better understanding of plasma chemistry
and synergistic effect with catalyst;
9 Maximization of energy efficiency for
industrial application.
Dielectric Barrier Discharge (DBD)
plasma configuration with a solid
catalyst

DBD plasma-catalytic reactor snapshots

[1] - B.J. Jankiewicz, D. Jamiola, J. Choma, M. Jaroniec - Advances in Colloid and Interface Science 170 (2012) 28–47
[2] - J. Richter, P. Holtappels, T. Graule, T. Nakamura, L. J. Gauckler - Chemical monthly (2009) 140:985-999

 Scale-up of the plasma-catalytic system to meet industrial
applications (liquid fuel and hydrogen production).

M.Sc. Christian Jenne
University Duisburg-Essen (UDE), Facility of Engineering
Institute of Product Engineering, Transport Systems and Logistics Department
Keetmannstraße 3-9, 47058 Duisburg, Germany
E-Mail: christian.jenne@uni-due.de
Phone: 0049 - 203 379 7044
Research supervisor: Prof. Dr.-Ing Bernd Noche

(Source: http://www.closedloopsystem.com/biomenthation.html., March 2015)

Fuel price comparison between different fuel types with
retail price indication. When fuel is converted into kWh a
straight price comparison can be made. The cheapest
fuel type in this comparison chart is CNG with a saving
of 38.8% in comparison to Petrol fuel.
(Source: Own table and price data collection from German average fuel price in March 2015)

(Source: http://www.ngvaeurope.eu/get-directions, Feb. 2015)

Research supported by EU Marie Curie ITN ATBEST
project (Advanced Technologies for Biogas
Efficiency, Sustainability and Transport)

Applications of Biogas in Chemical Energy Storage and
Liquid Fuel Production
Rawan Hakawati - ESR 5.4
Supervisors: Prof.David Rooney, Dr.Beatrice Smyth, Dr.Geoffrey McCullough
II. Experimental - Commercial Catalyst
Testing Results using a Mass Spec

I. Project Road Map
AD for renewable
energy production,
waste management and
green house gas
reduction in Northern
Ireland

Biogas
Reforming~ at
1bar

Fischer Tropsch
Synthesis ~at 20
bars

Liquid Fuel
Production (LFP)

*Can we achieve
LFP at lower
pressures?

Catalyst is key!

Aims:
1. Reduce methane selectivity in FT
2. Achieve high selectivity of C5-C15 at low
pressures (thus boosting production of
liquid fuels)
3. Ramp up the pressures and study the
gradual effect on the production of liquid
fuels in terms of selectivity and conversion
4. Minimize FT operating pressure, thereby
minimizing compression energy
5. Assess different catalysts for optimal
selectivity

Self Preparation: Co Catalyst20%Co/Al2O3 by wet impregnation
VS
Commercial FT catalyst
A Gas Chromatogram (GC) is more suitable
for the analysis

• Signal due to mass 15 (methane) largest of the
hydrocarbon signals
• Fragments due to formation of higher
hydrocarbons
• C3-C5 detected; C-C coupling products
• Rig is Operational!

Developing strategies to facilitate integration
of biogas into the existing gas infrastructure
Laura Gil-Carrera, Ian Kilgallon
Gas Networks Ireland, Gasworks Road, Cork, Ireland

Available/Potential Resources for Sustainable Biogas Production
Biogas Potential 2014 – Waste Sources

Significant Indigenous Green Gas Resources
Waste to Gas:
Could supply over 12% of current Irish Natural Gas Demand
50 % waste sources are off-Grid

Sources

%

m3

Off Grid Farms

34.8

138,882,804

Off Grid Landfill

20

80,000,000

Food Industry Waste

14.4

57,675,000

“Brown Bin” Waste
Sewage

23.3
2.5

112,950,000
10,000,000

Road map – Power to Gas and Algae development

Direct Green Gas Grid Injection - Specification for design and operation
•
•
•
•
•

GNI Function :

Biogas from 3 Anaerobic Digesters
Initial capacity :11 GWh – biomethane:140 m3/h
Sludge from WWTP and Food/Drinks Industry
Transmission Grid Injection
Transport and commercial CHP demand –
market industry process development

• Monitor gas quality and reject gas that does
not meet connection agreement requirements
• Add propane if required to meet minimum Cv
• Odorise and meter the gas
• Compress the gas to Tx Network pressure

Mobile
Upgrading Plant

Off-Grid Green Gas Mobile Solutions - Economical and Technical Analysis
Production & Cleaning - Upgrading

Transport

•
•
•
•
•
•
•
•
•

•
•
•
•
•

Small scale farm AD, landfill & WWTP (3-5 plants)
Cluster raw biogas production < 275 m3/h
Low pressure biogas storage on site required
Distance between plants 30-60 km
Small scale membrane technology < 300 Nm3/h
Small scale PSA technology 50- 200 Nm3/h
Integrated Compressor
Mobile 20 foot standard container
Estimated Upgrading CAPEX € 0.3 -1 mill

Mobile biogas
upgrading plant

Centralized
Upgrading Plant

Production & Cleaning - Upgrading
•
•
•
•
•



Small scale farm AD, landfill & WWTP
Dryer and rudimentary upgrading on site required
Transport by pipeline (PE) pressure 200 mbar - 2 bar
Flexible Upgrading Technology
Upcoming :
9 Cluster biogas production threshold ?? m3/h
9 Optimal distance between plants ?? km
9 Estimated Upgrading CAPEX € ??

Operating Cost
Cleaning & Upgrading
Injection/Pressurization
Electricity
Labour
Insurance
Mobile-Transport
Total Annual Opex
Annual Opex/Site

w

Centralized Injection
ection /CBG
BG
G fil
ffilling
illi
il
ling
li
ng st
s
station
tati
tati
ta
tio
on
Centralized
biogas
upgrading
plant

•
•
•
•
•

Gas quality control
rol
Compressor Units
Open third party access
Open competitive market
Estimated capital cost : € 2 mill

Guidelines for connection

Economic Viability
E

Capacity – MWh
Capital
Biogas Storage
Cleaning & Upgrading
Gas Conditioning – Compression
Biomethane Storage
Trucks
Grid Connection Contrib’
Total Capital Investment
Capital Investment/Site

Steel or composite vessels
Transport pressure 220-250 bar
Total capacity 2500 - 5200 Nm3/truck
Trucks run on biomethane, reducing operational cost
Estimated capitall cost : € 0.1 - 0.22 mill/storage unit
un

Decentralized

Mobile Sol’n

Mobile Sol’n

1 plant
8,000
€
40,000
520,000
252,000
220,000
110,000
342,000
1,484,000
1,484,000

5 plants
16,000
€
360,000
1,005,000
405,000
220,000
220,000
342,000
2,552,000
510,400

3 plants
10,000
€
275,000
520,000
308,000
220,000
220,000
342,000
1,885,000
628,333

€
20,000
50,000
100,000
70,000
100,000
24,100
364,100
364,100

€
30,000
50,000
150,000
140,000
120,000
41,800
531,800
106,360

€
30,000
50,000
120,000
120,000
110,000
41,800
471,800
157,267

• IGEM/TD/16 is the Biomethane Injection standard being used in UK as
guidance for the development of the interim GNI standard / specifications.
• Design options indicate that Propane infusion needs to be incorporated into
the compression/injection infrastructure.
• Propane - cost plus premium charging should apply (charged directly to the
Biogas Producer / Supplier) and thus also act as incentive for producer to
have high methane content in output.
• Methane lower limit – for Tx injection sites, a guideline lower limit of 97.8%
methane is proposed.
• Wobbe Index tolerances will be addressed by the Gas Quality Committee.
• EU M/475 EN Standard for Biomethane Grid Injection ongoing with CEN.

