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a b s t r a c t

This paper presents an overview of biogas compositions originating from agriculture and the organic
fraction of municipal solid waste. An intensive data compilation was performed from literature, plant
data from an EU project (Waste2Watts) and from sampling campaigns at 5 different anaerobic digesters
in Switzerland. Besides reporting the major components of biogas i.e. methane and carbon dioxide, the
concentration of minor components such as nitrogen and oxygen, as well as trace amounts of sulfur
compounds (H2S, mercaptans, sulfides, etc.), silicon compounds (siloxanes, silanes), ammonia, haloge-
nated compounds, and other volatile organic compounds (VOCs) are reported. These trace compounds
can present a significant challenge to the energetic use of biogas, specifically in the use of novel, high-
efficient processes such as high temperature fuel cells or catalytic fuel upgrading units. H2S and other
sulfur compounds are the major concern, as they are abundantly found in agriculture biogas; unlike
silicon compounds, which are generally exist in low or undetectable levels.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The use of biogas in fuel cells presents a promising way to
valorize biomass resources, especially at small scales (1e150 kW)
where fuel cells hold a distinct efficiency advantage over electricity
conversion via internal combustion engines. At these scales, high-
temperature fuel cells (MCFCs and SOFCs) are already commer-
cially available to be operated with natural gas (e.g., the 20 kWe
PowerPlus from Sunfire [1] or the 1.5 kWe BlueGen from Solid-
Power [2]). One of the key technical differences between natural
gas and biogas for their use in fuel cells is the different chemical
composition of biogas, both in bulk compounds and in trace
compounds.

The first industrial size biogas-fed fuel cell system in Europewas
started in 2017 in the framework of the DEMOSOFC project [3]. Two
SOFC modules, for a total power of 100 kW, were installed in the
SMAT Collegno wastewater treatment plant, in the Turin premises.
The system has now reached more than 140000 h of operation and
ier Ltd. This is an open access artic
has demonstrated the advantages of biogas and fuel cells in terms
of high electrical efficiency (>50%) and zero emissions to the at-
mosphere [4,5]. The plant concept includes a biogas cleaning sys-
tem based on adsorption on activated carbons for the removal of
H2S and siloxanes (main contaminants detected in the sewage
biogas locally produced from the wastewater treatment plant).

The major components of biogas are methane and carbon di-
oxide, where the methane fraction represents the useful energy
resource. In addition to these, biogas can contain minor amounts
(0e10%v levels) of nitrogen and oxygen, as well as trace amounts
(ppbveppmv levels) of sulfur compounds (H2S, mercaptans, sul-
fides, etc.), silicon compounds (siloxanes, silanes), ammonia,
halogenated compounds, and other volatile organic compounds
(VOCs). Additionally, biogas is much wetter than natural gas,
generally being saturated with moisture at the temperature of the
anaerobic digester (35e40 �C for mesophilic digesters, >50 �C for
thermophilic digesters) or at the temperature of the downstream
processes (e.g., a gas transfer line exposed to the ambient air after
the digester).

The trace compounds existing in biogas can present a significant
challenge to its energetic use. In particular, sulfur compounds in
concentrations of a few ppmv (or even ppbv) can significantly
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

b.d. below detection limit
DMS dimethylsulfide
FID flame ionization detector
GC gas chromatograph
ICE internal combustion engine
LOD limit of detection
LQ liquid quench sampling system
MCFC molten carbonate fuel cell
MS mass spectrometry
NG natural gas
n.m. not measured
OFMSW Organic Fraction of Municipal Solid Waste
ppmv/ppbv parts per million/billion on a volume basis
SCD sulfur chemiluminescence detector
SOFC solid oxide fuel cell
VOC volatile organic carbon
WWTP wastewater treatment plant
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degrade any catalytic process which uses biogas. This includes
novel, high-efficiency processes such as SOFCs or catalytic fuel
upgrading units. The degree towhich fuel cells are affected by these
various compound classes was recently reviewed by Lanzini et al.
[6]. According to this article, the most critical elements to be
removed from biogas are sulfur compounds and siloxanes. The
threshold tolerance limit of H2S that high temperature fuel cells can
withstand is 0.5 ppmv. Organic sulfur compounds decompose to
H2S at elevated temperatures (above 700 �C), therefore the same
threshold tolerance can be considered for these compounds.
Complete removal of siloxanes is needed as they block active pores
and reduce the performance. There is no need to remove nitrogen,
oxygen, VOCs and ammonia from biogas for direct use in fuel cells.
Nitrogen acts as a dilutant and at small concentration levels does
not affect the performance of fuel cells systems. Oxygen is a fuel
reformer and as its concentration is often very low, its impact is
negligible. Ammonia decomposes to H2 at high temperatures,
which then acts as a fuel for SOFCs.

The degree to which trace compounds exist in the biogas de-
pends on a variety of factors, an overview of which are given in
Fig. 1 using the example of biogas produced from manure. In this
example, the biomass origins can vary, even when specifying that
the primary component is manure: the manure can originate from
different livestock raised under different conditions, it may be
Fig. 1. Example of the variety of factors which affect trace biogas comp
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differently available depending on the season (i.e., whether the
livestock are kept in stalls or not). Then, co-substrates may also be
added, which could come from different origins depending onwhat
is available. The digester conditions (operating temperature,
digester type, retention time) will also have an effect. Additionally,
in-digester desulfurization methods (by micro-aeration or addition
of iron compounds) can be used to reduce H2S levels in the biogas.

The goal of this article is to present an overview of biogas
compositions that can be expected from biogas originating from
agriculture and organic fraction of municipal solid waste. To the
best of our knowledge, this is the first scientific publication of
collected data specifically on the trace compounds from these
biogas sources. There is only scarce information available on the
concentration of mercaptans, organic sulfur compounds and ter-
penes in particular. These contaminants are often found in low
concentrations and do not need to be removed for traditional
biogas engine applications (because of the higher tolerance limits)
but are essential to be known for fuel cell applications, which have
a much lower tolerance limit and where gas cleaning units must be
designed taking into account all possible detrimental contami-
nants. Data collection is done by drawing upon available reports in
the scientific and technical literature, site data from the EU project
Waste2Watts [8], and sampling campaigns undertaken at three
biogas production sites in Switzerland as part of a national project.
The EU project Waste2Watts aims at designing innovative and low-
cost cleaning solutions for fuel cells running on biogas, and a
database on biogas composition is indeed fundamental in order to
develop flexible gas cleaning solutions.
2. Methodology

The methodology for this article can be divided into two ap-
proaches: data collection and sampling campaigns. Data for landfill
gas trace compounds has previously been compiled into a publicly
available database from several plants by Papadias and Ahmed at
Argonne National Lab in 2012 [9,10]. Therefore, the exercisewas not
repeated here for landfill gas, and the data from Papadias and
Ahmed was used directly. Although wastewater biogas is not a
focus for this project, compiled information also exists for these
gases from Papadias and Ahmed. However, there is currently a lack
of summarized data available for biogas composition from agri-
cultural and waste digestion. The lack of information especially
affects non-H2S contaminants, which are usually found in very low
concentrations and are negligiblee in terms of contaminatione for
traditional biogas engines. On the contrary, these contaminants
could be, even at ppbv level, detrimental for a fuel cell system.

The data compilation focused on plants processing agricultural
ositions, using manure biogas as the case study (Courtesy of [7]).
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and food/municipal/industrial waste. This data was collected into a
database inspired by the landfill gas database of Papadias and
Ahmed [9,10]. The literature and plant reports surveyed are sum-
marized in Table 1, and overall represent data from more than 25
plants, to which data from sampling campaigns at 5 different
anaerobic digesters in Switzerland are added. The complete survey
including the bulk composition, sulfur, organosilicons, oxygenates,
paraffin, aromatic and cyclic compounds can be found in an Excel
database included as Supplementary Information.

The sampling campaigns were conducted at several Swiss
biogas production plants processing manure with various amounts
of co-substrates. In these sampling campaigns, bulk gas composi-
tion and trace contaminants were measured. The bulk compounds
CH4, CO2, O2, and N2 in the biogas weremeasured offline by GC-TCD
from samples of biogas collected in gas cylinders. The biogas was
dried by passing through a cold solvent system, and was then
compressed to 7 bar into sample gas cylinders. In order to avoid
contamination from ambient air, the cylinders were filled with
argon prior to sampling, and during the sampling campaign were
purged twice with biogas before taking the biogas sample on the
third filling process.

The trace compounds H2S and NH3weremeasured on-site using
colorimetric indicators, which are commercially available from
Dr€ager [11]. Repeat measurements were performed, at least twice
per sampling point, and more often if significant variability was
observed. Other trace compounds were measured offline, by first
sampling the biogas using a liquid quench (LQ) sampling system,
which concentrates condensable trace compounds from the biogas
into a liquid solvent [12,13]. By varying the ratio of biogas flow to
solvent flow (“gas/liquid ratio”), the degree to which the trace
compounds are concentrated in the solvent is varied. For each
sampling point, a minimum of three samples were taken and
analyzed. The analysis and quantification was done using a GC-SCD
Table 1
Overview of data collected in this document for biogas composition from agricultural and
as Supplementary Information.

Label Description

Ag01 Farm mesophilic biogas plant in Laukaa, Finland, processing cow manure an
Ag02 Mesophilic digestion plant in Germany, processing pig and cowmanure, waste

waste
Ag03 Mesophilic anaerobic digestion plant in Germany, processing grass/maize
Ag04 Aggregate of 12 dairy manure biogas sites in the United States.
Ag05 Anaerobic co-digester in the Netherlands, processing >50% manure, <50% w
Ag06 Anaerobic co-digester in the Netherlands (different from Ag05), processing >5

industry.
Ag07 Farm-based mesophilic anaerobic digester in Switzerland (“Ag-Cow”), 100%

Ag08 Farm-based mesophilic anaerobic digester in Switzerland (“Ag-Mix”). Primar
vegetable and green waste.

Ag09 Farm-based anaerobic digester in Lithuania, 90% Manure þ slaughterhouse,
Waste01 Thermophilic co-digestion plant in Finland, processing sludge from wastewa
Waste02 Mesophilic wet fermentation plant in Germany, processing 45% glycerine, ~4

manure
Waste03 Thermophilic dry fermentation plant in Germany, processing 87% biowaste fro

Waste04 Mesophilic wet fermentation plant in Germany, processing a broad variety o
the percentages change continuously.”)

Waste05 Anaerobic digestion plant in Italy, processing the organic fraction of municip
Waste06 Anaerobic digestion plant in Austria, processing biowaste, food waste, comm
Waste07 Anaerobic digestion plant in the UK, processing 100% food waste.
Waste08 Anaerobic digestion plant in the UK, processing food waste.
Waste09 Mesophilic anaerobic digester in Switzerland (industrial-scale)

Waste10 Mesophilic anaerobic digester in Switzerland (industrial-scale)

Waste11 Biogas sample taken from the combined biogas production of (1) Ag/Waste-
thermophilic batch-type anaerobic digester.

Waste12 Anaerobic digestion plant in Italy, 2015e2016
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(for sulfur-containing compounds) and GC-FID (for carbon-
containing compounds). Certain samples were also analyzed by
GC-MS to identify unknown compounds.

2.1. Sampling campaigns

The plants visited for biogas sampling are listed in Table 2 with
key descriptions of the process specifics. The choice of plants was
focused on manure-based systems, with increasing amounts of co-
substrates (organic waste based) going down the table. The in-
digester desulfurization methods used are also listed. These vary
from plant to plant, with some using addition of gas phase air,
others using addition of gas phase O2 (reducing the N2 impurities
associated with air injection), others using addition of iron com-
pounds in solution, and in the Ag/Waste-A and Ag/Waste-B case,
using a mixture of desulfurization techniques.

3. Results

3.1. Gas composition: bulk, H2S, NH3

Bulk gas compositions at each of the sites sampled are shown in
Table 3. Methane content at these sites was between 53 and 58% by
volume. Despite significant variation in manure origin and co-
substrate content, there was not a large difference in methane
content between these sites.

In Table 3, we see the effect of the in-situ desulfurization
strategy reflected in the nitrogen and oxygen contents of the
biogas. For Ag-Cowand Ag-Mix, a continuous injection of air is used
for in-situ desulfurization. By contrast, the Ag/Waste-A and -B di-
gesters use injection of pure O2 and air simultaneously (as well as
addition of FeCl2). Pure O2, while markedly more expensive than
direct air injection, allows in-situ desulfurization without
waste substrates. The complete data set can be found in the Excel database included

Source

d confectionary by-products. Rasi et al., 2007 [14]
from sugar factory, grapes, malt grain, salad, vegetable Rasi et al., 2011 [15]

Rasi et al., 2011 [15]
Saber & Cruz 2009 [16]

aste from agriculture products and industry. Internal data
0% manure, <50% waste from agriculture products and Internal data

cattle manure, from a dairy farm. Internal data (sampled by
authors)

ily chicken and cattle manure (>80%), and some Internal data (sampled by
authors)

10% crops Internal data
ter and biowaste. Rasi et al., 2011 [15]
0% fatty sludge from biodiesel production, 15% cattle Salazar Gomez et al., 2016

[16]
m residential areas, 10% green/garden waste, 3% husks. Salazar Gomez et al., 2016

[17]
f wastes (“the substrate composition is very broad and Salazar Gomez et al., 2016

[17]
al solid waste. Internal data
ercial waste and sewage sludge Internal data

Internal data
Internal data
Internal data (sampled by
authors)
Internal data (sampled by
authors)

A (Waste09); (2) Ag/Waste-B (Waste10); (3) a Internal data (sampled by
authors)
Internal data



Table 2
Description of the origin biogas samples taken during the sampling campaigns.

Label Description In-digester desulfurization

Ag-Cow Anaerobic digester processing dairy cow manure only, with no
co-substrates.

Air addition (micro-aeration)

Ag-Mix Anaerobic digester processing primarily chicken and cattle
manure, and some vegetable and green waste.

Air addition (micro-aeration)

Ag/Waste-A Mesophilic anaerobic digester processing a mixture of pig and
cow manure (~40%) as well as waste from the food, dairy and
beverage industry.

Air addition, O2 addition, and addition of Fe(Cl)2 solution

Ag/Waste-B Mesophilic anaerobic digester processing the same feedstock as
Ag/Waste-A (two parallel digesters).

Air addition, O2 addition, and addition of Fe(Cl)2 solution

Waste-Mix Biogas sample taken from the combined biogas production of
(1) Ag/Waste-A; (2) Ag/Waste-B; (3) a thermophilic batch-type
anaerobic digester processing municipal green waste, horse/
chicken/cow manure, garden waste, food waste, and industrial
by-products.

Iron hydroxide addition in the thermophilic digester.

Table 3
Composition of bulk gases, H2S, and NH3 at the biogas sites surveyed. “b.d.” ¼ below detection limit; “n.m.” ¼ not measured.

CH4 (v%) CO2 (v%) N2 (v%) O2 (v%) H2S (ppmv) NH3 (ppmv)

Ag-Cow 54.9 39.0 5.0 0.9 400e1000 30e53
Ag-Mix 53.0 43.3 3.2 0.4 4e10 b.d. (<0.25)
Ag/Waste-A 57.7 40.8 1.2 0.3 18 70
Ag/Waste-B 56.9 41.3 1.3 0.5 2 70
Waste-Mix 57.2 42.3 n.m. 0.2 60 n.m.
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increasing the N2 content in the biogas. When upgrading of biogas
to biomethane is the end goal, N2 content must be kept low to meet
natural gas pipeline specifications, and this is often a reason for
using pure O2 rather than air. The N2 content in the biogas in Ag/
Waste-A and -B is correspondingly lower than at the other sites,
and the O2:N2 ratio is also higher.

Across all sites, the H2S content varied from 2 ppmv to 1000
ppmv. Even at a single site, large variations could be observed. At
the Ag-Cow site, six H2S measurements were taken over the course
of one sampling day, and results varied between 400 and 1000
ppmv. The two wet digesters processing ~40% manure also had
different measured H2S contents (18 ppmv and 2 ppmv), despite
processing the same feedstock under the same conditions, possibly
indicative of different biology in-digester. Finally, although all sites
used some form of in-situ desulfurization technique, the resulting
H2S content was still very variable. These results should not be used
to compare H2S results directly in order to make conclusions about
the effectiveness of different desulfurization techniques on H2S
reduction; the other system variables are far too different. A sys-
tematic lab-based study would have to be done with the same
feedstock in similar digesters with different desulfurization tech-
niques to isolate these effects; this is beyond the scope of this paper.
Nevertheless, it is important to report the variability in H2S content
that can exist site-to-site and even within a single day at a single
site, in order to inform the operators of downstream biogas con-
version systems (engines, fuel cells, methanation reactors, or
otherwise) that this variability is to be expected in real systems
even when in-digester desulfurization is used.

3.2. Trace compound measurements

A set of 21 sulfur compounds which could be expected in biogas
were selected to calibrate the GC-SCD results and thus quantify the
concentration of the compounds in the gases sampled. A set of 4
carbon-containing compounds (alpha-pinene, para-cymene, limo-
nene, and siloxane D5) were also selected for quantification by GC-
1003
FID. Although terpenes are not expected to harm high temperature
fuel cells, they can affect the gas cleaning steps through competitive
adsorption or pore blockage [7]. Siloxanes are harmful to fuel cells
even at a level of 70 ppbv [18] but are usually not expected in
strictly manure-derived biogas. From the data collection per-
formed, and discussing with biogas cleaning companies, it has been
pointed out that siloxanes can be found in large agro-biogas sites,
even from manure only. In particular, if stables cleaning is per-
formed with a high level of standard detergents, which are then
partially mixed with manure, it could be that siloxanes are then
found in the biogas in low levels (as detected in the plant Ag09).
Siloxanes are indeed linked, as demonstrated in sewage biogas
applications, with the use of detergents and shampoos.

The results of this quantification are shown in Fig. 2. Shown on
the left are the quantified carbon-containing compounds. None of
the manure-based sites contained any detectable siloxanes. The
only site to contain measurable siloxane D5, at a barely detectable
value of 20 ppbv, was the Waste-Mix source, which contains some
industrial by-products which may be the origin of the siloxanes.
Meanwhile, the amount of terpenes increased clearly with the
amount of co-substrates processed. Ag-Cow, which only processes
manure, had effectively no quantifiable compounds visible on GC-
FID.

The 21 quantified sulfur compounds are plotted based on their
chemical designation. The total sulfur is therefore separated into
mercaptans (ReSH), sulfides as well as di- and tri-sulfides (R-S-R, R-
S-S-R, R-S-S-S-R), thiophenes (containing a C4H4S ring), and sulfur
heteroatoms. This category includes compounds like dimethyl
sulfoxide, which contain other atomsdusually oxygen or nitro-
gendbeyond sulfur and a hydrocarbon base. Fuel cells are equally
sensitive to sulfur atoms regardless of speciation (as noted by Madi
et al. when comparing fuel cells’ response to H2S and thiophene
[19]). However, classifying sulfur compounds in this way can be
helpful for gas cleaning design. For example, many mercaptans are
often removedwell by H2S sorbents, while volatile sulfides may not
be (e.g., as observed by Ref. [20]).



Fig. 2. Trace compounds quantified from the sampling campaigns.
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From Fig. 2, it is clear that the trends in trace sulfur content do
not necessarily follow the trends in H2S content from Table 3
(which are overlaid on Fig. 2). Although the Ag-Cow site had by
far the largest H2S content, the Ag-Mix site had the largest quan-
tifiable trace sulfur content. All sites sampled had total non-H2S
sulfur contents above the fuel cell limit of 0.5 ppmS, except for Ag/
Waste-B. Both Ag/Waste-A and Ag/Waste-B digesters had low sul-
fur content, both in terms of H2S and of trace compounds. The
three-fold in-digester desulfurization strategy used there may be a
reason for this. However, there is a lack of knowledge regarding the
effect of air/oxygen addition or iron salt addition on non-H2S sulfur
compounds, as most studies focus on the effect of these techniques
on H2S (eg. Ref. [21], for micro-aeration). One study has found that
while iron chloride successfully reduces H2S and several larger
organic sulfur compounds from biogas, the volatile compound
dimethyl sulfide is not affected [22].
3.3. Overview of bulk composition

The overview of the major gas compounds CH4 and CO2 sum-
marized from the plants listed in Tables 1 and 2, as well as the
minor compounds N2 and O2, is given in Table 4.

The range, median and mean values for CH4 and CO2 are similar
for agricultural and waste biogas. However, the range is relatively
broad, which means that biogas utilization techniques (fuel cells or
otherwise) must account for possible significant site-to-site dif-
ferences in CH4 contentdand thus in heating value. The range of
expected CH4 content in landfill gas is even wider, with older
landfills producing gas with lower CH4 fractions. In the framework
of the DEMOSOFC European project, it has been demonstrated e in
a real industrial environment e that SOFC systems can work at
different levels of CH4 without any problems and guaranteeing a
stable electrical efficiency level [5]. This is an advantage of fuel cell
Table 4
Summary of bulk biogas compositions.

%v Agricultural Waste Landfill

Range Median Mean Range Median Mean Range Mean

CH4 49e69 56 56 44e67 57 56 40e70 53
CO2 29e44 39 40 30e44 38 37 25e40 35
N2 0.6e13 3 3 0.1e6 1 1 0e17 <5
O2 0.2e3 0.6 0.6 0.1e3 0.4 0.6 0e3 <1
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systems compared to traditional biogas engines, which suffer per-
formance drop with gases of low methane content and often
require bi-fuel operation (with natural gas) in landfill gas sites.

Although lowamounts of N2 and O2 can come intentionally from
micro-aeration to achieve in-digester desulfurization, high values
of N2 and O2 should be treated as outliers originating from leaks or
uncontrolled operation, especially in the case of anaerobic
digesters.
3.4. Overview of trace sulfur compounds

The overview of sulfur compounds contained in biogas from
different sources is given in Table 5. These values are given in terms
of ppmv of sulfur rather than ppmv of individual compounds,
because from the point of view of fuel cells, it is the molar con-
centration of sulfur which matters, as each sulfur atom has the
ability to block a catalytic site.

From Table 5, it is clear that there are wide variation in the
content of sulfur in biogas. The median and mean (average) values
were not significantly different from source to source, although
landfill gas has a slight tendency to contain more sulfur in com-
pounds other than H2S, relative to the other two sources. However,
the main point to notice is that the sum of total non-H2S sulfur can
often be above the fuel cell limit of 0.5 ppmv, as shown in the Fig. 2.
In cases where this limit is surpassed, it will be necessary to
consider a two-step desulfurization process, one focusing on H2S
removal, and another focusing on removal or transformation of all
sulfur compounds which are not retained directly in the H2S
removal step.
3.5. Overview of trace silicon, halogenated, and organic compounds

The overview of trace silicon, halogenated, and organic com-
pounds in biogas from different sources is given in Table 6. Silicon
compounds are given as mgSi/m3

N, because the total accumulation
of Si atoms is the relevant quantity for fuel cells, as each Si has the
ability to form one SiO2. According to Madi et al. [18], at the
elevated temperatures of solid oxide fuel cells, siloxanes decom-
pose mainly to SiO2 and this compound is responsible for the
degradation in the performance of SOFCs. Volatile organic com-
pounds (VOCs) listed here included aromatic organic compounds,
cyclic organic compounds (including terpenes), higher-order al-
kanes, and oxygenated compounds (furans, esters, ethers, alcohols,



Table 5
Summary of trace sulfur compound concentrations. Note that thiols and mercaptans refer to the same compound class (ReSH).

ppmv S Agricultural Waste Landfill

Range Median Mean Range Median Mean Range Median Mean

H2S 7e6570 300 661 2e3174 250 688 0e5143 115 437
Thiols 0.1e10 0.4 1.3 0e7 0.4 0.1 0e7.7 1.3 2.2
Sulfides 0e5.5 0.2 0.8 0e6 0.2 1.5 0.1e2.6 0.27 0.49
Thiophenes 0e0.5 0.1 0.2 0e0.3 0.0 0.1 0e3.2 0.0 0.3
Others Also present

Table 6
Summary of trace silicon, organic, and halogenated compounds. Terpenes are included as cyclic organic compounds; alkanes designate higher-order linear or branched al-
kanes; oxygenated compounds include furans, esters, ethers, alcohols, and ketones.

Agricultural Waste Landfill

Range Median Mean Range Median Mean Range Median Mean

Siloxanes mgSi/m3
N <0.02 <0.02 <0.02 0e3.4 0.5 1.0 0.1e11 2.3 3.0

Aromatic & cyclic mg/m3
N 0e293 1.3 60 52e705 383 362 22e1614 323 518

Alkanes mg/m3
N 0e0.8 0.4 0.4 9e65 14 26 44e5390 174 667

Oxygenates mg/m3
N 0e49 40 30 0e276 93 116 3e157 66 67

Halogens ppmv e e e e e e 1e318 66 89
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ketones). In principle, none of these are very problematic for high-
temperature fuel cells, but they can affect gas cleaning processes,
such that a sorbent targeting H2S removal (for example) may see its
capacity reduced by the competitive effect of the VOCs.

Siloxanes are important to examine carefully, as even 70 ppbv of
siloxane D4 has been observed to cause degradation in fuel cells
[18]. For comparison with the mgSi/m3

N values given in Table 6,
70 ppbv of siloxane D4 corresponds to 0.345 mgSi/m3

N. Siloxane
concentrations are generally expected to be relatively low in agri-
cultural biogas, as indicated in this table. However, there has been
at least one instance of siloxanes being measured in biogas pro-
duced from energy crops (grass silage, grass, and maize) in lab-
based assays [23]. In that case, it was speculated that these silox-
anesmay have had their origin in the growing presence of siloxanes
in the natural environment (water, etc.).

Siloxanes are present to a greater degree in biogas from waste,
as the substrates become more varied. Many of the waste-based
biogas contained no siloxanes, especially if originating from food
wastes alone. However, of the plants in Tables 1 and 2, the waste
plant with the highest siloxane content processed 87% organic
fraction of municipal solid waste and 13% garden/green waste [17].
It is then unclear where the siloxanes would originate from in that
case. At the levels found in some waste biogas plants, and at the
levels present in most landfill gas, a solution for removal of silox-
anes is therefore needed to protect the fuel cell.

Halogenated compounds are present in measurable quantities
only in landfill gas, based on the plants surveyed. The range of
concentration of halogenated compounds found in landfill gas may
not cause a degradation of high-temperature fuel cells, as experi-
ments with 500 ppmv of HCl in a test gas had no detrimental effect
on a fuel cell stack [24].

3.6. Discussion

Some key limitations exist when considering data of trace
compounds in biogas. First, available data is often scarce and
generally incomplete. Although standard compounds (CH4, CO2, O2,
N2, and H2S) are often measured online at biogas plants, trace
compounds typically require a dedicated sampling and off-line
measurement campaign, which can be expensive. Therefore, data
is limited to point measurements, which only represent a snapshot
in time.
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Moreover, biogas sampling for off-line analysis can result in at
least two losses of information: first, there may be losses in sam-
pling and in sample storage, and second, it is likely that not all
compounds which reach the analyzer are identified and quantified.
This can be illustrated by the example of the sampling campaigns in
the biogas labeled Ag-Cow and Ag-Mix in Table 2.

It is known that no single sampling technique will be enough to
sample all biogas contaminants fully [25]. In particular, high boiling
point compounds are often not trapped well by gas-phase sampling
because they have a tendency to adsorb on the walls of the sam-
pling vessel; meanwhile, solvent- or sorbent-based sampling
methods may not trap low boiling point compounds fully. The LQ
sampling system used for the field sampling campaigns in Section 2
captures awide range of boiling points due to its trapping system at
2 bar and �20 �C. However, we do not attempt to quantify trace
compounds with boiling points lower than dimethyl sulfide's
(38 �C) using this system, and even dimethyl sulfide is only trapped
in the solvent at 50e80% depending on the set-point of the sam-
pling system. The sampled values therefore represent minimum
values.

After the biogas has been sampled and the sample has been
stored correctly, the analysis is usually focused on a certain, non-
exhaustive, set of compounds. Fig. 3 shows the GC-FID and GC-
SCD chromatograms used to quantify the data from the sites Ag-
Cow and Ag-Mix, reported in Fig. 2. A significant effort was
placed during these sampling campaigns to identify and quantify as
many trace sulfur compounds as possible, as these are the primary
contaminants in agricultural biogas which are relevant for fuel
cells. Nevertheless, some sulfur compounds remained unidentified
and therefore unquantified. The same is true of any other sampling
campaign: certain compounds will be emphasized during analysis.

It is therefore important to understand, when looking at an
aggregate of biogas trace compound data, that the data listed can be
considered a minimum value at the time of sampling, where the
concentrations can change day-to-day or even hour-to-hour, and
where some losses will occur in sampling, sample storage, and
analysis.

4. Conclusions

An intensive data compilation was performed from literature
and plant data from the EU project Waste2Watts, representing 27



Fig. 3. GC-FID (carbon-containing compounds) and GC-SCD (sulfur-containing compounds) chromatograms of the biogas sampled at Ag-Cow and Ag-Mix.
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plants either reported individually or grouped, to which data from
sampling campaigns at 5 different anaerobic digesters in
Switzerland were added.

Bulk analysis of the biogases shows that the range, median and
mean values for CH4 and CO2 are similar for agricultural and waste
biogas. However, the range is broad at ~45e70% CH4, which means
that biogas utilization techniques (fuel cells or otherwise) must
account for possible significant site-to-site differences in CH4
content. Landfill gas CH4 content can be even lower. Low amounts
of N2 and O2 can come intentionally frommicro-aeration to achieve
in-digester desulfurization, but high values of N2 and O2 should be
treated as outliers originating from leaks or uncontrolled operation,
especially in the case of anaerobic digesters. Increasing the amount
of food/greenwaste co-substrates in anaerobic digestion of manure
results in an increased content of VOCs in the biogas, of which a
significant fraction is present as mono-terpenes.

Trends in trace sulfur content do not necessarily follow the
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trends in H2S content e biogas with the highest H2S content may
not contain the highest trace sulfur, and vice versa. Even when in-
digester desulfurization is used, the total sulfur content is still too
high for fuel cells. In many cases, the sum of all trace non-H2S sulfur
content is also too high for a fuel cell, under the assumption that 0.5
ppmv total sulfur is the maximum allowable limit. In those cases,
this means that sulfur removal techniques must focus not only on
H2S but also on removing trace organic sulfur.

Silicon compounds generally exist in low or undetectable levels
in agricultural biogas. They do exist above 70 ppbv of siloxane D4,
which has been shown to degrade fuel cell output [18], in some
waste biogas. Most landfill gas contains siloxanes significantly
above this value. This means that siloxane cleaning can generally be
avoided when using agricultural gas, and in some waste biogas
uses, but must be used in other waste biogas cases and for landfill
gas.

When looking at data for trace biogas compounds, it is
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important to remember that the data represents a minimum value
at the time of sampling, where the concentrations can change day-
to-day or even hour-to-hour, and where some losses will occur in
sampling, sample storage, and analysis.

CRediT authorship contribution statement

Adelaide Calbry-Muzyka: Conceptualization, Methodology,
Investigation, Writing e original draft. Hossein Madi: Writing e

review & editing. Florian Rüsch-Pfund: Methodology, Conceptu-
alization, Validation.Marta Gandiglio: Validation, Resources. Serge
Biollaz: Conceptualization, Supervision.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgement

J€org Schneebeli is gratefully acknowledged for assistance in gas
sampling and detection. The owners and operators of the biogas
sites visited are gratefully acknowledged for their helpful collabo-
ration and support.

The research leading to these results has received funding from
the Swiss Innovation Agency lnnosuisse and is part of the Swiss
Competence Center for Energy Research SCCER BIOSWEET.

Furthermore, the activity was part of the Waste2Watts project:
this project has received funding from the Fuel Cells and Hydrogen
2 Joint Undertaking under grant agreement No 826234. This Joint
Undertaking receives support from the European Union's Horizon
2020 research and innovation programme, Hydrogen Europe and
Hydrogen Europe research. The authors would like to acknowledge
financial and other support from the Swiss Federal Office for Energy
(SFOE), FOGA and the ESI Platform.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.renene.2021.09.100.

References

[1] SunFire GmbH. https://www.sunfire.de/en/. (Accessed 21 April 2021).
[2] SOLIDpower S.p.A. https://www.solidpower.com/en/. (Accessed 21 April

2021).
[3] DEMOSOFC FCH-JU project. http://www.demosofc.eu/. (Accessed 21 April

2021).
[4] M. Gandiglio, A. Lanzini, M. Santarelli, M. Acri, T. Hakala, M. Rautanen, Results

from an industrial size biogas-fed SOFC plant (the DEMOSOFC project), Int. J.
Hydrogen Energy 45 (2020) 5449e5464, https://doi.org/10.1016/
j.ijhydene.2019.08.022.

[5] H. Langnickel, M. Rautanen, M. Gandiglio, M. Santarelli, T. Hakala, M. Acri,
J. Kiviaho, Efficiency analysis of 50 kWe SOFC systems fueled with biogas from
waste water, J. Power Sources Adv. 2 (2020) 100009, https://doi.org/10.1016/
j.powera.2020.100009.

[6] A. Lanzini, H. Madi, V. Chiodo, D. Papurello, S. Maisano, M. Santarelli, J. Van
herle, Dealing with fuel contaminants in biogas-fed solid oxide fuel cell (SOFC)
and molten carbonate fuel cell (MCFC) plants: degradation of catalytic and
1007
electro-catalytic active surfaces and related gas purification methods, Prog.
Energy Combust. Sci. 61 (2017) 150e188, https://doi.org/10.1016/
j.pecs.2017.04.002.

[7] S. Biollaz, A. Calbry-Muzyka, H. Madi, Cleaning Agricultural Biogas for High
Temperature Fuel Cells at Pilot Scale, SFOE, 2019. https://www.aramis.admin.
ch/Texte/?ProjectID¼40684.

[8] Waste2watts FCH-JU project. https://waste2watts-project.net/. (Accessed 21
April 2021).

[9] S. Papadias, D. D., Ahmed, Database of trace contaminants in LFG and ADG,
Argonne Natl. Lab. (2012). https://www.energy.gov/sites/prod/files/2014/03/
f10/fuel_quality_stationary_fuel_cells.pdf. (Accessed 21 April 2021).

[10] D.D. Papadias, S. Ahmed, R. Kumar, Fuel Quality Issues in Stationary Fuel Cell
Systems, Chemical Sciences & Engineering Division, 2011, p. 40.

[11] AG & Co Dr€ager Safety, Dr€ager-Tubes & CMS-Handbook Soil , Water , and Air
Investigations as Well as Technical Gas Analysis, 2001.

[12] M.D. Kaufman Rechulski, J. Schneebeli, S. Geiger, T.J. Schildhauer,
S.M.A. Biollaz, C. Ludwig, Liquid-quench sampling system for the analysis of
gas streams from biomass gasification processes. part 2: sampling condens-
able compounds, Energy Fuels 26 (2012) 6358e6365, https://doi.org/10.1021/
ef300274p.

[13] M.D. Kaufman Rechulski, J. Schneebeli, S. Geiger, T.J. Schildhauer,
S.M.A. Biollaz, C. Ludwig, Liquid-quench sampling system for the analysis of
gas streams from biomass gasification processes. part 1: sampling noncon-
densable compounds, Energy Fuels 26 (2012) 7308e7315, https://doi.org/
10.1021/ef3008147.

[14] S. Rasi, A. Veijanen, J. Rintala, Trace compounds of biogas from different biogas
production plants, Energy 32 (2007) 1375e1380, https://doi.org/10.1016/
j.energy.2006.10.018.

[15] S. Rasi, J. Lehtinen, J. Rintala, Determination of organic silicon compounds in
biogas from wastewater treatments plants, landfills, and co-digestion plants,
Renew. Energy 35 (2010) 2666e2673, https://doi.org/10.1016/
j.renene.2010.04.012.

[16] D.L. Saber, S.P. Manager, K.M.H. Cruz, P. Scientist, Pipeline quality biomethane:
North American guidance document for introduction of dairy waste derived
biomethane into existing natural gas networks: task 2. https://www.gti.
energy/wp-content/uploads/2018/09/Pipeline_Quality_Biomethane_
EXECUTIVE_SUMMARY.pdf, 2009. (Accessed 21 April 2021).

[17] J.I. Salazar G�omez, H. Lohmann, J. Krassowski, Determination of volatile
organic compounds from biowaste and co-fermentation biogas plants by
single-sorbent adsorption, Chemosphere 153 (2016) 48e57, https://doi.org/
10.1016/j.chemosphere.2016.02.128.

[18] H. Madi, A. Lanzini, S. Diethelm, D. Papurello, J. Van Herle, M. Lualdi, J. Gutzon
Larsen, M. Santarelli, Solid oxide fuel cell anode degradation by the effect of
siloxanes, J. Power Sources 279 (2015), https://doi.org/10.1016/
j.jpowsour.2015.01.053.

[19] H. Madi, Organic-sulfur poisoning of solid oxide fuel cell operated on bio-
syngas, Int. J. Hydrogen Energy 41 (2016) 12231e12241, https://doi.org/
10.1016/j.ijhydene.2016.06.014.

[20] A.S. Calbry-Muzyka, A. Gantenbein, J. Schneebeli, A. Frei, A.J. Knorpp,
T.J. Schildhauer, S.M.A. Biollaz, Deep removal of sulfur and trace organic
compounds from biogas to protect a catalytic methanation reactor, Chem.
Eng. J. 360 (2019) 577e590, https://doi.org/10.1016/j.cej.2018.12.012.

[21] L. Krayzelova, J. Bartacek, I. Díaz, D. Jeison, E.I.P. Volcke, P. Jenicek, Microa-
eration for hydrogen sulfide removal during anaerobic treatment: a review,
Rev. Environ. Sci. Biotechnol. 14 (2015) 703e725, https://doi.org/10.1007/
s11157-015-9386-2.

[22] F.A.T. Andersson, A. Karlsson, B.H. Svensson, J. Ejlertsson, Occurrence and
abatement of volatile sulfur compounds during biogas production, J. Air
Waste Manag. Assoc. 54 (2004) 855e861, https://doi.org/10.1080/
10473289.2004.10470953.

[23] S. Rasi, M. Sepp€al€a, J. Rintala, Organic silicon compounds in biogases produced
from grass silage, grass and maize in laboratory batch assays, Energy 52
(2013) 137e142, https://doi.org/10.1016/j.energy.2013.01.015.

[24] H. Madi, A. Lanzini, D. Papurello, S. Diethelm, C. Ludwig, M. Santarelli, J. Van
herle, Solid oxide fuel cell anode degradation by the effect of hydrogen
chloride in stack and single cell environments, J. Power Sources 326 (2016),
https://doi.org/10.1016/j.jpowsour.2016.07.003.

[25] K. Arrhenius, H. Yaghooby, L. Rosell, O. Büker, L. Culleton, S. Bartlett,
A. Murugan, P. Brewer, J. Li, A.M.H. van der Veen, I. Krom, F. Lestremau,
J. Beranek, Suitability of vessels and adsorbents for the short-term storage of
biogas/biomethane for the determination of impurities e siloxanes, sulfur
compounds, halogenated hydrocarbons, BTEX, Biomass Bioenergy 105 (2017)
127e135, https://doi.org/10.1016/j.biombioe.2017.06.025.

https://doi.org/10.1016/j.renene.2021.09.100
https://www.sunfire.de/en/
https://www.solidpower.com/en/
http://www.demosofc.eu/
https://doi.org/10.1016/j.ijhydene.2019.08.022
https://doi.org/10.1016/j.ijhydene.2019.08.022
https://doi.org/10.1016/j.powera.2020.100009
https://doi.org/10.1016/j.powera.2020.100009
https://doi.org/10.1016/j.pecs.2017.04.002
https://doi.org/10.1016/j.pecs.2017.04.002
https://www.aramis.admin.ch/Texte/?ProjectID=40684
https://www.aramis.admin.ch/Texte/?ProjectID=40684
https://www.aramis.admin.ch/Texte/?ProjectID=40684
https://waste2watts-project.net/
https://www.energy.gov/sites/prod/files/2014/03/f10/fuel_quality_stationary_fuel_cells.pdf
https://www.energy.gov/sites/prod/files/2014/03/f10/fuel_quality_stationary_fuel_cells.pdf
http://refhub.elsevier.com/S0960-1481(21)01425-7/sref10
http://refhub.elsevier.com/S0960-1481(21)01425-7/sref10
http://refhub.elsevier.com/S0960-1481(21)01425-7/sref10
http://refhub.elsevier.com/S0960-1481(21)01425-7/sref11
http://refhub.elsevier.com/S0960-1481(21)01425-7/sref11
http://refhub.elsevier.com/S0960-1481(21)01425-7/sref11
http://refhub.elsevier.com/S0960-1481(21)01425-7/sref11
http://refhub.elsevier.com/S0960-1481(21)01425-7/sref11
https://doi.org/10.1021/ef300274p
https://doi.org/10.1021/ef300274p
https://doi.org/10.1021/ef3008147
https://doi.org/10.1021/ef3008147
https://doi.org/10.1016/j.energy.2006.10.018
https://doi.org/10.1016/j.energy.2006.10.018
https://doi.org/10.1016/j.renene.2010.04.012
https://doi.org/10.1016/j.renene.2010.04.012
https://www.gti.energy/wp-content/uploads/2018/09/Pipeline_Quality_Biomethane_EXECUTIVE_SUMMARY.pdf
https://www.gti.energy/wp-content/uploads/2018/09/Pipeline_Quality_Biomethane_EXECUTIVE_SUMMARY.pdf
https://www.gti.energy/wp-content/uploads/2018/09/Pipeline_Quality_Biomethane_EXECUTIVE_SUMMARY.pdf
https://doi.org/10.1016/j.chemosphere.2016.02.128
https://doi.org/10.1016/j.chemosphere.2016.02.128
https://doi.org/10.1016/j.jpowsour.2015.01.053
https://doi.org/10.1016/j.jpowsour.2015.01.053
https://doi.org/10.1016/j.ijhydene.2016.06.014
https://doi.org/10.1016/j.ijhydene.2016.06.014
https://doi.org/10.1016/j.cej.2018.12.012
https://doi.org/10.1007/s11157-015-9386-2
https://doi.org/10.1007/s11157-015-9386-2
https://doi.org/10.1080/10473289.2004.10470953
https://doi.org/10.1080/10473289.2004.10470953
https://doi.org/10.1016/j.energy.2013.01.015
https://doi.org/10.1016/j.jpowsour.2016.07.003
https://doi.org/10.1016/j.biombioe.2017.06.025

