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Abstract

The development of liquefied biogas has grown alongside the increasing demand for renewable fuels.
Liquefied biogas production uses cryogenic heat exchangers to effectively liquefy biomethane.
However, previously conducted studies have revealed that trace amounts of mercury may cause liquid
metal embrittlement on aluminium alloys, potentially causing material damage and catastrophic
accidents. The distribution of mercury and the influence of substrate and gas upgrading technology on
mercury concentration remain unknown within biogas production processes, emphasizing an important
knowledge gap.

This master’s thesis was conducted in collaboration with St1 Biokraft and investigates the occurrence
of mercury across six biogas production facilities and aims to contribute to the understanding of mercury
behaviour in biogas systems. The study examines substrate, digestate and biomethane to assess mercury
input and output of the process. Mercury in biomethane was collected using mercury sorbent traps-EPA
Method 30B and analysed using Atomic Fluorescence Spectrometry, whilst samples of substrate and
digestate were analysed with Inductively Coupled Plasma Mass Spectrometry. To enable comparable
analysis, the study also evaluated different gas upgrading technologies and included facilities using
pressure swing adsorption and amine scrubbers for the removal of contaminants from biomethane.

The results showed that mercury was detected in biomethane at each facility, and every detected value
was below the industrial limit of 10 ng/m?®. Mercury was also detected in some of the substrate and
digestate samples. However, no clear correlation was observed between Hg concentrations in substrates,
digestates and biomethane or between gas upgrading technologies. Elevated mercury concentrations
were observed on a wet weight basis in dry digestion systems and substrates with higher total solids
content, suggesting Hg distribution within particulate and organic phases. However, the correlation
declined when concentrations were expressed on dry weight basis. The results presented in this report
are based on a screening principle that indicates that Hg distribution within biogas production processes
is complex and further studies are necessary to better understand the mechanism of mercury.



Acronyms and Abbreviations

AD — Anaerobic Digestion

AFS — Atomic Fluorescence Spectrometry
ALS — ALS Scandinavia AB

DMHg — dimethyl mercury

Hg — Mercury

Hg" — Elemental mercury

IVL — IVL Swedish Environmental Research Institute AB
LBG - Liquefied biogas

LME - Liquid metal embrittlement

LNG - Liquefied natural gas

LOD - Limit of detection

LOR - Limit of reporting

MeHg — Methyl mercury

MONG — Matter organic non glycerol
MU — Measurement uncertainty

PBM — Particulate bound mercury

PSA — Pressure Swing Adsorption

TS — Total solids

VS — Volatile solids
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1 Introduction

Today, more than ever, the significance of alternative fuels to reduce greenhouse gas emissions and
enhance energy density is expanding. In 2025, the international energy agency presented the global
energy review of 2024, showcasing growing demands of energy consumption and all-time high levels
of energy sector carbon emissions. However, the same report, presented data highlighting the role of
renewable gases, such as biogas, as an up-and-coming alternative to the global energy mix [1]. The
rapid expansion of renewable energy systems pushes the demand for alternatives that are technically
and operationally comparable to fossil fuels, especially in sectors such as heavy-duty and maritime
transport, where high energy density and process stability are indispensable. One of such substitutions
is liquified biogas (LBG), posing as a high-value alternative to fossil-derived fuels.

By cooling biomethane obtained from the production of biogas to -160°C, the gas is liquefied into LBG
and attain comparable energy characteristics as liquified natural gas (LNG) [2]. In the liquefaction
process of LNG, which is liquified methane derived from fossil sources, trace levels of mercury (Hg)
have shown to cause liquid metal embrittlement (LME), subsequently destroying the aluminium based
cryogenic heat exchanger and posing significant risks to process safety through gas leakage [3].
Mercury is a naturally occurring element in the environment, and that is further released through
anthropogenic activities such as waste combustion, resulting in widely spread distribution of Hg in the
environment [4]. Consequently, there is the possibility of mercury occurring in the biogas production
stream through accumulation in substrates. As the production of LBG increases, so does the usage of
aluminium cryogenic heat exchangers.

Whilst LME and trace contaminant related corrosion has been observed and documented in LNG
production, limited knowledge exists within the biogas production. In 2021, IVL Swedish
Environmental Research Institute (IVL), conducted an initial screening on behalf of St1 Biokraft (then
named Scandinavian Biogas Fuels AB), to measure the concentration of Hg in surrounding air and
upgraded biogas. The results indicated that whilst Hg was present in upgraded biogas, the concentration
was below the limit of which was deemed damaging for the heat exchanger [5]. St1 Biokraft also
conducted Hg measurements on upgraded biogas in 2023, which showed a tenfold higher Hg
concentration at the facility using fish related waste compared to the facility using food waste as main
substrate source [6]. These results raised questions concerning mercury distribution in the biogas
process stream and whether substrate type influences Hg concentration in the gas stream. Previous
studies have also been conducted on the effects of gas upgrading technology on organic contaminants,
but the distribution of mercury and the influence of substrate and gas upgrading technology on mercury
concentration remain unknown [7].

However, without sufficient knowledge of mercury occurrence and distribution in biogas systems,
undetected concentrations of trace contaminants may cause material damage, affecting process safety
and economic stability due to repair costs and production shutdown. To further reduce the risk of
mercury induced damage, additional treatment steps involving carbon activated mercury traps can be
introduced in the biogas process [8]. To ensure safe and stable biogas production processes, it is
necessary to thoroughly investigate the occurrence of mercury in the biogas process chain. By
conducting a screening of mercury within the production, valuable insight can be gained that effectively
affect the development of LBG production systems.



1.1 Aim and Research Questions

Previous studies have suggested potential effects of substrate composition and the type of upgrading
technology applied on mercury concentration in biomethane, but corresponding empirical evidence is
currently lacking. The aim of this thesis is to assess Hg concentration across production process of LGB
from different substrates. The thesis seeks answer to the following research questions:

1. How does the substrate composition used in biogas production influence mercury concentration
in biomethane?

2. How does biogas upgrading technology influence mercury concentration in biomethane?

3. Is there a correlation between mercury concentration in substrate, digestate and biomethane?



2 Theory

This chapter presents theory relevant to the investigation of mercury in biogas production processes and
its potential role in liquid metal embrittlement. It provides an overview of the production of biomethane,
gas upgrading and liquefaction technologies, as well as the occurrence of mercury in the environment,
including process systems and the mercury related damage to industry material.

2.1 Overall production of Liquefied Biogas

Biogas mainly consist of methane and carbon dioxide and is produced through the anaerobic digestion
(AD) of substrates such as food waste, slaughterhouse waste, chicken manure and other organic residues
[9]. In AD, microorganisms, in the absence of oxygen, catalyse the degradation of organic material in
four subsequent steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis. Hydrolysis is the
first step in which complex organic polymers are enzymatically cleaved by hydrolytic microorganisms
into smaller components such as sugars, amino acids and long chain fatty acids (LCFAs). The products
are then able to be utilized by acidogenic microorganisms which enables the production of volatile fatty
acids (VFAs) and other intermediates essential for biogas production. Acetogenic microorganisms
subsequently convert the products of acidogenesis into acetate and hydrogen. Methanogenesis marks
the final stage and includes the conversion of acetate, hydrogen and carbon dioxide to produce methane
and carbon dioxide [10].

The process aims to maximize the production of methane, which is the energy-containing component
in biogas, whilst maintaining a stable and even production. The microorganisms in the reactor are
dependent on factors such as chemical and organic composition of substrates, temperature, pH, nutrient
availability, as well as retention time. Co-substrates, such as glycerol, may also contain organic impurity
fractions known as matter organic non-glycerol (MONG), which includes fatty acids, glycerides and
free fatty acids [11]. A large imbalance in substrate composition may alter process condition,
subsequently effecting product yield and the viability of the microorganisms [9]. Thus, making
knowledge of substrates especially important. Besides biogas, AD also yields digestate, a residual
product obtained from the material digested by microorganisms. Digestates contains water, organic
matter, organic carbon, as well as micro- and macronutrients, with varying concentrations depending
on substrate composition and reactor conditions. Due to the mineralization of nutrients, digestates can
be used as biofertilizer and is therefore commonly applied in agricultural industries [12].

Biogas production involves various substrates and microbial communities, and the raw gas produced in
the reactor rarely consist of solely methane and carbon dioxide but also contain other contaminants such
as hydrogen sulphide, nitrogen, water or volatile organic compounds (VOCs) [13]. To upgrade the raw
biogas to a higher grade biomethane, methods such as pressure swing adsorption (PSA) and chemical
(amine) absorption are common techniques. These upgrading techniques are essential before gas can be
used and further processed into high-value fuels [14].

One of such high-value fuels is Liquefied Biogas (LBG) derived from the production of biomethane.
By cooling biomethane, in the liquefaction process, to -160°C, a more energy dense fuel can be
produced, effectively prolonging vehicle autonomy [2]. For a schematic overview of the production
process of LBG, see Figure 1.
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Figure 1. Schematic overview of the production of Liquefied Biogas. Created in Lucidchart.

2.2 Biogas Upgrading and Liquefaction Technologies

Raw biogas produced during AD typically contain 40-75% methane and 25-55% carbon dioxide [15].
The process of biogas enrichment to > 97% biomethane, enables its use as a high-value fuel equivalent
to natural gas [16]. By increasing methane concentration, the calorific value and combustion efficiency
can be enhanced, whilst transportation and storage costs are decreased. Removal of impurities can not
only benefit final product, but also the effectiveness and safety of the production process. To evaluate
the performance of upgrading technologies, descriptive terms such as energy penalty, methane purity
and methane losses are used. Energy penalty is defined as the amount of energy required to convert
biogas into biomethane, whilst methane purity is the percentage of biomethane in the upgraded gas
stream. During upgrading technology, some methane is co-absorbed with carbon dioxide and thus
released during separation. The amount of methane before upgrading technology and after is defined
by the term methane loss [15].

2.2.1 Pressure Swing Adsorption

Pressure Swing Adsorption (PSA) to thoroughly upgrade raw biogas into high purity biomethane is an
industrially relevant technology commonly used in biogas production processes. PSA works by
selectively separating carbon dioxide (CO;) from biogas through adsorption onto porous materials,
under high pressure, while methane passes through the column. The adsorbent material typically
includes carbonaceous materials such as activated carbon, or non-carbonaceous materials such as



zeolite. When the bed material is saturated with CO,, the pressure is decreased to desorb CO, which is
pumped out. Subsequently, a portion of upgraded gas is used to empty the column, ensuring all CO; has
desorbed before the next cycle begin [15], [17].

The results of PSA reveal high purity biomethane of approximately 98%, though a methane loss of 4%
has been observed, due to absorption by the adsorbent surface. PSA does however offer benefits of
selectively separating other contaminants than carbon dioxide, such as hydrogen sulphide, nitrogen and
oxygen [13].

2.2.2 Amine Absorption

In contrast to PSA, amine absorption technology uses absorption systems with chemical separation to
selectively remove carbon dioxide and hydrogen sulphide from biogas. Raw biogases interact with an
aqueous amine solvent, in which carbon dioxide and hydrogen sulphide reacts reversibly with the amine
and is absorbed into the liquid phase, whilst methane remains unreacted and in the gas stream [17]. The
amine solvent is reused in a continuous cycle by removing carbon dioxide through a heated desorption
column to drive the reaction backwards. Amine absorption offers high purity biomethane and low
methane losses due to chemical selection instead of physical separation [18].

Common amines used for gas separation are methyl diethanolamine (MDEA), diethanolamine (DEA)
and monoethanolamine (MEA), with a combination of MDEA and piperazine (PZ), known as activated
MDEA (aMDEA), being the most widely applied industrial system [17].

2.2.3 Liquefaction of Biomethane

The production of LBG is beneficial due to its significantly higher volumetric energy density compared
to compressed biomethane (CBG). The liquefaction process reduces the volume of biomethane so that
1 Nm? of gaseous biomethane corresponds to 1.7 litres of LBG, yielding more than double the
volumetric energy density in comparison to CBG at 250 bars [17]. The production process includes
cooling of upgraded biogas to cryogenic temperatures to liquify biomethane. Methane has a boiling
point of -161.50°C, in which at lower temperatures the chemical is liquified [19]. When biomethane is
cooled it is crucial for the gas to be highly upgraded as impurities such as water, carbon dioxide and
hydrogen sulphide all have higher boiling points than methane (Figure 2) [17]. The presence of
contaminants which may solidify at cryogenic temperatures, can cause operational difficulties and
damage to valves, metering points or heat exchangers [20].

Commercial techniques for effectively liquefying biomethane are Reverse Brayton cycle, Lynde cycle
or heat exchange with liquid nitrogen [21]. Even though the refrigerating mechanism differs, these three
methods all include the use of cryogenic heat exchangers which is an important component that enables
cooling of incoming gas streams [17], [21]. In both LBG and LNG production, aluminium plate-fin heat
exchangers (PFHEs) are commonly used due to their good thermal conductivity and corrosion
resistance [22]. However, materials with aluminium alloys also pose potential sensitivity to trace
contaminants such as mercury, emphasising gas purification upstream of liquefaction [23], [24].
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Figure 2. Boiling point at atmospheric pressure for pure gases [17], [25].

2.3 Mercury (Hg)

Mercury is naturally occurring in the environment but is also released through activities such as coal
combustion, waste incineration and manufacturing processes. Hg can be transported through
atmospheric, aquatic and terrestrial path, resulting in a widespread release of the heavy metal. An
articles Atmospheric Chemistry and Physics (2025), states that mercury exists in the environment in
foremost three forms: elemental mercury (Hg’), gaseous oxidized mercury (GOM) and particulate
bound mercury (PBM). Hg? is highly volatile and has a degradation time of approximately 8 months,
whereas oxidized forms of mercury such as Hg?" are more reactive and thus shorter lived [4], [26].

Studies have shown total Hg levels in marine fish varying from 0-18 000 pg/kg and levels of
methylmercury (MeHg) varying from 0-16 000 pg/kg [27]. Hg has also been detected in other foods
such as fungi and sugar-based products. However, the general conclusion indicated by a study written
by the committee of FAO/WHO (2011) was that the total Hg concentrations in foods other than fish,
was generally low [28]. In 2023, a study investing heavy metal content in substrates in agricultural
biogas plants reported generally low Hg concentrations in bovine slurry, maize silage and cattle manure
feedstock, as well as digestate. Additionally, the study suggested that the input of Hg into the biogas
process was strongly associated with plant-based substrates, such as maize silage, rather than bovine

slurry [29].

Hg binds strongly to organic matter, particulates and sulphides, resulting in Hg reservoirs in aquatic
systems and soils. These reservoirs serve as long-term mercury sources, whilst providing anaerobic
conditions beneficial for microbial methylation of oxidized mercury to MeHg, a highly neurotoxic
formation that may enter and accumulate in the fatty tissues of organisms. Redox transformation of Hg
in anaerobic environments could produce volatile Hg compounds, underscoring the importance of
understanding mercury in biogas production systems [4]. The volatile specie Hg’, may be formed
through microbial reduction of Hg?', potentially distributing Hg in the gas stream of the process.
Additionally, further methylation of Hg may lead to highly volatile, dimethylmercury (DMHg) and
elevated levels of DMHg have been reported in municipal waste landfill gas, indicating that volatile
organic mercury species may form under anaerobic conditions [30]. The current knowledge of mercury
in the biogas production process remains limited. Within the industry, the maximum allowed Hg
concentration in the digestion chamber is 2 mg/L and in biomethane the limit value for Hg is 0.01 pg/m?
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[8], [27]. In Figure 3, the potential pathway of mercury that will be studied in this master’s thesis is

visualized.
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Figure 3. Overview of the potential pathways for mercury in liquid biogas production. Created in Lucidchart.

2.4 Effects of Hg on Aluminium Alloys

Mercury accumulation during liquefaction of gas can result in degradation of the material in process
equipment. Even at trace levels, Hg can have damaging effect on aluminium (Al) alloys, a material
often used in cryogenic heat exchangers for the liquefaction of methane. There are three different
mechanisms of which Hg react with Al: amalgamation, amalgam corrosion and liquid metal
embrittlement [23], [24].

Amalgamation caused by the interaction of Hg and Al is the process of which Hg is adsorbed on exposed
Al surface. This results in a local weakening of bonds at the Hg-Al interface, effectively producing a
liquid alloy-like phase through atomic diffusion. Normally, aluminium is protected by a thin oxide
layer, hindering liquid Hg from reaching the metal. However, gaseous Hg has the ability to breach the
barrier, accumulate and initiate the process. Subsequently, amalgam corrosion, which is an
electrochemical corrosion, can occur when Hg come in contact with aluminium amalgamation and
moisture, producing hydrated alumina, hydrogen gas and free mercury. The reaction is possible if
moisture is present and the surface tension is reduced. On the other hand, in the process of liquefying
methane, water is removed upstream of the cryogenic heat exchanger, reducing the risk of amalgam
corrosion. Liquid metal embrittlement is on the contrary, a phenomenon not dependant on moisture to
occur. LME is a damaging mechanism effecting alloys in reaction to certain liquid metals. Liquid Hg
has this damaging effect when reacting with aluminium alloys, causing decreased ductility and
embrittled material. In the production of LNG, trace levels of Hg have proven to cause LME in
cryogenic heat exchangers. In order for Hg to react with Al, the oxide barrier of Al must be breached.
This can either be done by gaseous Hg as previously mentioned, or sufficient mechanical stress. Under
conditions where the temperature is above -38,86°C and the pressure is similar to 101 kPa, Hg remains
liquid, enabling permeation along grain boundaries, stimulating accelerated formation of fractures and
propagation [23], [24], [31].

Over the years, several accidents caused by mercury induced LME has occurred within the LNG
industry [27], [32]. In 2004 a fire caused by a gas leakage occurred at an LNG plant in Australia.
Investigations later revealed the underlying cause to be Hg accumulation and LME rupture of the inlet
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nozzle of the cryogenic heat exchanger [32]. Similar risks may arise in LBG production if Hg is present
in the gas stream, underscoring the importance of mercury removal upstream of the liquefaction process.



3 Methodology

In the following chapter, the methodology of this master’s thesis is described. It includes the selection
of facilities, sampling of Hg from biomethane, substrate and digestate, as well as subsequent laboratory
analyses, enabling Hg investigations in biogas production processes.

This master’s thesis is in collaboration with Stl Biokraft, a company at the forefront of biogas
production. The project is directed to St1 Biokraft biogas producing facilities with the overall aim of
analysing mercury occurrence in the biogas process stream. By measuring Hg concentrations in
substrate, digestate and upgraded biogas, a comparative analysis between facilities with different
substrate composition and gas upgrading technology will be conducted. The objective is to assess
whether these factors potentially influence Hg concentration in upgraded biomethane thus enabling an
evaluation of their relevance in reducing the risk of LME.

It is noteworthy that this study is limited to measurements of total Hg concentrations and does not
distinguish between the chemical forms of mercury. Additionally, due to limited sampling, the analysis
should be regarded as an initial screening and not as a fully comprehensive mass balance of the system.

3.1 Facility Survey

To enable the identification of potential correlation between substrate composition, upgrading
technology and mercury distribution in the process chain, an inventory of biogas-producing facilities
operated by St1 Biokraft was conducted, see Appendix A. Furthermore, a list of the chosen facilities
for the study was then compiled (Table 1). The list served as the basis for facilities sampled in the study
and included five Swedish biogas facilities and one Norwegian. Facilities with similar setups were
included and the selection was done based on the following criteria:

(1) Active production of biomethane.

(i1) Stable process planned to be operated under normal operating conditions, with no
prearranged changes to installations, feedstock, or other process steps.

(iii)  The gas upgrading technology used is either PSA or an amine scrubber.

(iv) Possibility to acquire sampling of dried and upgraded biomethane.

W) Possibility to acquire sampling of substrate composition or digestate.

(vi) Availability of personnel and on-call engineers for on-site presence at the facility.



Facilities that did not fulfil the criteria were excluded from the project to enable credible comparative

analysis.

Table 1. LBG producing facilities operated by St1 Biokraft included in the analysis of mercury in the biogas production

system.

Facility

Bjuv

Falkenberg

Hogbytorp

Monsteras

Skogn

Sodertorn

Substrate composition

Slurry of food waste,
liquid cow and pig
manure, slaughterhouse
waste

Slurry of food waste,
liquid cow and pig
manure, slaughterhouse
waste, some fish
residues

Mixture of food waste,
horse manure, crushed
garden waste

Liquid and solid cow
and pig manure

Slaughterhouse waste
Chicken manure

Category 2 Salmon
silage

Fish sludge

Slurry of 85 % food
waste, glycerol,
chicken manure

Brown grease

Gas

upgrading
technology

PSA

Amine
scrubber

Amine
scrubber

Amine
scrubber

Amine
scrubber

PSA

Reactor
conditions

Wet digestion

Mesophilic

Wet digestion

Mesophilic

Dry digestion

Thermophilic

Wet digestion

Mesophilic

Wet digestion

Mesophilic

Wet digestion

Mesophilic

Approximate
Retention
time

24 days

25-28 days

3343 days

30 days

14 days

27 days

Amine
scrubber
Polish

No

No

No

Yes

Yes

Yes +
mercury
trap on
incoming
grid gas and
gas trailer

For each facility, the process specifications were documented, see Table 1. This included reactor type
and temperature, retention time and the presence of polishing steps. For production processes using dry

digestion, sampling and measurement of Hg in substrate was not reasonable due to inconsistent

substrate feeding of the reactor. Analysis of such substrate would thus not provide a representative
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picture of the feed flow. Sampling was instead taken of digestate to enable reliable assessment of Hg
distribution in the process. The facility at S6dertdorn was set to be a reference plant where sampling
occurred at three separate occasions. The first occasion (O1) week 1 of sampling, the second occasion
(02) week 4 and the third occasion (O3) during the final week of sampling at week 8. This was to be
able to observe potential variation over time.

The chosen facilities were analysed based on similarities in substrate composition and upgrading
technology to enable reliable comparison. However, as this project was conducted within the framework
of a master’s thesis, there were practical restrictions. The project was limited by the access to process
areas and equipment due to restrictions in trained personnel as well as safety regulations. Subsequently
lowering the number of included facilities. Additionally, the number of samples per facility was both
constrained by time and the availability of analytical resources, which may affect the representativity
of the results obtained by this project. To visualize the process and the location where sampling
occurred, an overview of each facility can be observed in Appendix B.

3.2 Hg measurements in Biomethane

To sample mercury in biomethane, EPA Method 30B sorbent traps supplied by OHIO LUMEX were
used (Figure 4) [33] . The sorbent traps were filled with activated carbon that absorbs Hg when gas
flows through the trap. To ensure protection of instrumentation, the gas must be dry. The traps were
thus set up downstream of gas upgrading technology and drying units. For safety reasons and to ensure
a stable flow rate of maximum 3 L/min, sampling was conducted at an outlet with the lowest possible
pressure, ranging from 50 mbar to 20 bar, depending on facility construction. The mass flow meter TSI®
4100 series) was used to confirm the right flow rate, ensuring stable and representative sampling
conditions for when setting up the sorbent trap. During the sampling period of approximately 18-24 h,
biomethane continuously flowed through the trap accumulating Hg for subsequent laboratory analysis.
During sampling, the test set up was periodically monitored to ensure continuous flow and safe
procedure. The initial flow rate and the flow rate at inspections, as well as start and stop times were
noted [5], [34]. For an example of the experimental set up, see Appendix C. After sampling, the sorbent
traps were sent to [IVL for mercury analysis. To measure the amount of Hg that had latched on to the
activated carbon during the sampling event, IVL first used nitric acid and hydrochloric acid for
digestion, followed by the addition of ferric chloride. The acid digestion included measurements of
blank samples. Atomic Fluorescence Spectrometry (AFS) was then used to determine mercury
concentration. This methodology did not distinguish between the forms of mercury detected [35]. The
mass flow meter used for determining flow rate was calibrated to standard air at 21.11°C and 101 kPa
[36]. To estimate the actual biomethane flow, a methane gas correction factor (GCF) of 1.34 was applied
to obtained average flow, see Appendix D [37] .
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Figure 4. Mercury Sorbent Traps - EPA Method 30B, supplied by OHIO LUMEX. Used for sampling of mercury in
biomethane [33].

3.2 Hg measurements in Substrate and Digestate

Sampling of substrate was acquired to determine Hg concentrations coming into the system. Substrate
recovery occurred downstream of pre-treatment and upstream of reactor feeding. For production
systems where substrates were co-digested, sampling was performed at the mixed feedstock stream.
However, where substrates were fed through separate inlet streams, for example brown grease and
slurry at Sodertorn, samples were collected from each inlet point. Digestate recovery occurred at the
digester outlet to acquire a well-mixed sample and to determine Hg concentrations coming out of the
system. At facilities using dry digestion, where the sampling of substrate would not be representative
of the input to the digester, two separate samples of digester would be obtained instead. One sample
was acquired early in the process and one after digestion. All samples were collected in airtight plastic
containers and chilled before transport to analysis. See Table 2 for sampling at each facility. Substrate
and digestate samples were frozen and sent to ALS Scandinavian AB (ALS) for mercury analysis in 60
ml bottles. Depending on the physiological conditions of the samples they were digested accordingly
and Hg content was then determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
Measurements were performed against blank samples and calibration standards were included in each
run. This methodology did not distinguish between the forms of mercury detected [38].
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ALS report results based on the limit of detection (LOD) and limit of reporting (LOR). LOD is defined
as the lowest concentration at which an analyte can be reliably detected, and LOR is the lowest

concentration at which the laboratory can report a numerical value with analytical certainty [38].

Table 2. Substrate and digestion samples taken at each facility with respective digestive method conducted before ICP-MS.

Facility Substrate and digestate samples Digestive method
B Slurry B-SFMS-29mod, B-VKSPEC
uv
) Digestate B-SFMS-29mod, B-VKSPEC
Slurry B-SFMS-29mod, B-VKSPEC
Falkenberg ;
Digestate B-SFMS-29mod, B-VKSPEC
From digesters D1, D2, D3:
Hogbytorp Feedstock at ~4,5 days into the chamber | B-SFMS-29mod, B-VKSPEC
Discharge after digestion chamber B-SFMS-29mod, B-VKSPEC
. . Liquid manure B-SFMS-29mod, B-VKSPEC
Monsteras -
Digestate B-SFMS-29mod, B-VKSPEC
Cat2 salmon silage B-SFMS-29mod, B-VKSPEC
Skogn Fish sludge B-SFMS-29mod, B-VKSPEC
Digestate B-SFMS-29mod, B-VKSPEC
Three separate occasions O1, 02, O3:
Slu (O1) I-SFMS-E2d, (02)-(03) B-SFMS-
Ty 29mod, B-VKSPEC
. . Brown grease I-SFMS-E2d
Sodertom (O1) I-SFMS-E2d, (02)-(03) B-SFMS
Digestate 29mod, B-VKSPEC
Brown grease O2 included fish oil and
slurry O3 included MONG.

3.2.1 Total Solids and Volatile Solids

To characterize the dry matter content and organic fraction of the collected substrate and digestate
samples, total solids (TS) and volatile solids (VS) were analysed. To ensure proper practice and
standardized methodology, the analysis was carried out in accordance with the Swedish standard, SS
28113 [39]. Prior to determination, the samples were homogenized to obtain results accurately
reflecting the overall composition and duplicates of every sample measurement were made. Substrate
and digestate samples were added and weighed in previously weighed porcelain crucibles. Depending
on sample origine, the crucibles were dried in an oven at 105°C for 20 hours or in an oven at 70°C for
48 hours. After drying, the crucibles were placed in a desiccator to cool before being weighed on
previously used scale. The remaining sample weight represented the fraction of TS, whilst the loss of
mass during drying correlate with the loss of water. TS was calculated using the weight of the dried and
non-dried sample as well as the weight of the crucible (Equation 1).

TS = Mmrs — Mcruicible (Equation 1)

msample

Subsequent TS determination, the dried samples were transferred to a muffle furnace set at 550°C for 2
hours. After combustion, the crucibles were placed in a desiccator to cool before being weighed. The
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remaining residue in the crucible after combustion represented the ash content, as the organic matter
was volatilized. VS content was calculated as the fraction of TS during combustion (Equation 2).

Mys — Meruci ~
vs = s crucible (Equation 2)
Mrs — Mcerycible

3.2.2 Correlation Analysis

To investigate potential correlation between detected mercury concentration and total solids, a
correlation analysis was conducted using Spearman’s rank correlation coefficient (p). Due to the
limitations in sample size and variations in detected values, Spearman’s correlation was the chosen
method. The correlation analysis included substrate and digestate samples where Hg had been detected
and the correlation of TS and Hg concentration on wet weight basis (mg/kg) and on dry weight basis
(mg/kg TS) was analysed. Spearman’s coefficient varies from 1 to -1, where 1 equals a perfect positive
correlation and -1 equals a perfect negative correlation. Hinkle et al. (2002) proposes the interpretation
of Spearman’s coefficient (p) as follows; < 0.29 no correlation, 0.30-0.49 low correlation, 0.50-0.69
moderate correlation, 0.70-0.89 high correlation and > 0.90 very high correlation [40]. The calculations
were made in Microsoft Excel using the application’s own built-in formula.
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4 Results

This chapter presents the results obtained from the procedure explained in in previous chapter, 3
Methodology. The aim was to conduct a mercury screening in biogas production processes. The results
are presented in summary tables, as well as figures and illustrations of detected Hg in biogas processes.

4.1 Mercury concentrations measured in substrates, digestates and
biomethane

The results obtained from mercury determination in biomethane is presented in Table 3. The
measurements were conducted by IVL using dissolution from Mercury Sorbent Traps followed by AFS.
The results for all samples were below 10 ng/m* (0.01 pg/m?), which is the industry limit for Hg in
upgraded biomethane. Variations within the same facility at S6dertdrn could be observed. Sampling
after polish at Sédertérn O1 resulted in a Hg concentration of 0.36 ng/m?, whilst at Sédertérn O2 Hg
concentration upstream of amine scrubber and downstream of PSA was determined to be 0.10 ng/m®.
The highest obtained Hg concentration can be observed in the sample from Monsterds, which was
collected after amine scrubber, but before dryers, with a concentration of 2.2 ng/m°.

Table 3. Summary of detected mercury in biomethane. Mercury concentrations presented in ng/m>.

Facility Gas Upgrading Technology Detected Hg (ng/m?)

Bjuv PSA 0.079
Falkenberg Amine scrubber 0.014*
Hogbytorp Amine scrubber 0.14*
Monsteras** Amine scrubber LIS
Skogn Amine scrubber 0.19
Sodertorn Ol PSA + Amine scrubber 0.36
Soédertérn O2 PSA PSA 0.10
Sodertérn O2 Grid gas 0.04
Soédertérn O3 PSA PSA 0.19
Sodertérn O3 Grid gas 0.11

*Unstable gas flow through the sorbent trap.

**Monsterds sample identified as an outlier. Sample taken in between amine scrubber and dryers. Mercury concentration in
wet gas should be interpreted with caution.

Note: Calculations are based on flow rates from a flow meter with increased uncertainty and GCF of 1.34.

In Figure 5, the results of detected mercury in biomethane are presented and divided into correlating
gas upgrading technology. The Hg concentrations varied between facilities within both upgrading
technologies, resulting in no clear trend or consistent difference in observed Hg concentrations between
PSA and amine scrubber technologies.
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Mercury concentration in biomethane by upgrading technology
0,2

0,15
0,1
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Bjuv Sodertorn (02)  Sodertoérn (O3) Skogn Falkenberg Hogbytorp

Hg (ng/m"3)

B PSA ® Amine Scrubber

Figure 5. Mercury detected in biomethane at sampled facilities. Bars reported in corresponding gas upgrading technology.
Blue bars represent facilities using PSA, whilst orange bars represent amine scrubber. Monsterds was identified as an
outlier and thus excluded from the graph.

A summary of the results obtained from mercury determination in substrate and digestate can be
observed in Table 4. The measurements were conducted by ALS using dissolution of sample followed
by ICP-MS, and the reported measurement uncertainty (MU) was 30%. The uncertainty was calculated
using a coverage factor of 2, corresponding to an approximate confidence level of 95%. Table 47able 3
include Hg concentrations as well as the results obtained by TS and VS determination. The Hg
concentrations varied between facilities and sample types, with 8 out of 24 samples below the limit of
detection. These samples were reported as not detected (ND). The detected Hg concentrations in
substrate ranged from 0.0008-0.048 mg/kg, whilst in digestate the concentration ranged from 0.0012-
0.010 mg/kg. The highest Hg concentration in substrate could be observed in brown grease at Sodertorn
O1 with a value of 0.048 mg/kg. The result of the TS and VS determination revealed similar percentage
for the same types of substrates as well as digestates. In general, it could also be observed that samples
with higher TS percentage, had a higher concentration detected Hg. Slurry O1 at Sodertdrn were the
only occasion where Hg could be detected from all food waste slurry samples, indicating a very low
abundance of Hg in this substrate for biogas.
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Table 4. Summary of detected mercury in substrate and digestate. Mercury concentration is presented in mg/kg, mg/kg TS,

<LOR mg/kg.

Facility Sample Hg (mg/kg) = MU | 18 (mif[l;g T8)+ (f/os) (Y/f)
Bjuv Slurry <0.0011* <0.010%* 11 90
Bjuv Digestate <0.00027* <0.010%* 3 66
Falkenberg Slurry <0.0018* <0.020%* 9 84
Falkenberg Digestate <0.0011* <0.030* 4 62
Hogbytorp Feedstock D1 0.0063 +0.0019 0.0247 £ 0.0074 | 25 71
Hogbytorp Feedstock D2 0.0050 = 0.0015 0.0234 +0.0070 | 22 75
Hogbytorp Feedstock D3 0.0042 = 0.0013 0.0184 +£0.0056 | 23 68
Hogbytorp Discharge D1 0.0058 £ 0.0017 0.0282 + 0.0085 | 21 71
Hogbytorp Discharge D2 0.0060 + 0.0018 0.0273 £ 0.0082 | 22 73
Hogbytorp Discharge D3 0.0052 +0.0016 0.0248 £ 0.0074 | 21 72
Monsteras Liquid manure 0.0008 = 0.00024 | 0.0146+0.0044 | 6 81
Monsteras Digestate 0.0017 = 0.0005 0.0258 £0.0077 |7 71
Skogn Fish sludge 0.0047 £ 0.014 0.0473 +£0.014 10 80
Skogn Cat2 salmon silage | 0.0077 = 0.0023 0.0297 £ 0.0089 | 26 92
Skogn Digestate 0.0109 + 0.0033 0.271 £0.081 4 57
Sodertérn Slurry O1 <0.0050* <0.038* 13 92
Sodertérn Slurry O2 0.0078 + 0.0023** | 0.059 + 0.018** | 13 90
Sodertorn Slurry O3 <0.0011* <0.007* 15 88
Sodertorn Brown grease O1 0.048 £ 0.014 0.054+0.016 88 99
Sodertorn Brown grease 02 0.0090 £+ 0.0027 0.0096 = 0.0029 | 94 99
Sodertdrn Brown grease O3 <0.009* <0.0095* 94 99
Sodertdrn Digestate O1 <0.0060* <0.16* 4 74
Sodertérn Digestate O2 0.0012 £+ 0.0004 0.031 £0.0093 4 71
Sodertorn Digestate O3 0.0012 £+ 0.0004 0.0259 £ 0.0078 | 5 70

*Mercury not detected. Values below both LOR and LOD.

**The reported value for Hg detection in slurry O2 at Sédertorn, was initially reported as LOR, < 0.02 mg/kg TS, however
Hg was detected above LOD, 0.059 + 0.018 mg/kg TS.

The results on the primary axis presented in Figure 6, illustrate Hg concentrations (mg/kg TS) in
feedstock taken at ~4.5 days retention time and in discharge at 33+3 days retention time of the digesters
(D1-D3) at Hogbytorp. The Hg concentrations in feedstock and discharge were relatively similar for all
three digesters respectively. However, consistently elevated Hg levels can be observed for discharge

compared to feedstock.
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Detected Mercury at Hogbytorp

D1 D2 D3

H Feedstock at ~4,5 days retention time in the digester
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u Discharge at 33+3 days retenion time in the digester

Figure 6. Mercury detected at Hogbytorp. Mercury concentration of feedstock and discharge shown in mg/Kg TS and the
three digesters denoted as D1, D2 and D3. The blue bars represent the samples taken from digesters at "4.5 days retention
time and the orange bars represent the samples taken from digesters at 33+3 days retention time.

The correlation between total solids and detected mercury is illustrated in Figure 7. The same sample
results are used in both charts, however mercury in chart A is expressed in wet weight (mg/kg) and
chart B is expressed in dry weight (mg/kg TS). For mercury concentration expressed in mg/kg, a
positive trend could be observed, where higher TS values generally corresponded to higher Hg
concentrations. However, when Hg concentration was expressed as mg/kg TS, no clear correlation
could be observed. The spearman correlation value indicated a moderate positive correlation for graph
A (p=0.53) and a low negative correlation for graph B (p = -0.33) according to the classification set
by Hinkle et al (2002).
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Figure 7. Correlation between TS (%) and mercury (Hg) concentration in substrate and digestate expressed in A) wet weight

(mg/kg) and B) dry weight (mg/kg TS).

In Figure 8, a representative overview of daily Hg mass flow at Sodertérn during sampling occasion 1
and 2 is presented. The illustration includes detected mercury load in substrates (O2), digestate (02),
biomethane from PSA (O2) and after polish (O1). The estimated Hg loads are calculated based on
average daily process values for month 1 and month 2. Calculations are presented in Appendix E.
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Mercury detection at Sodertérn
Occasion 1and Occasion 2
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Figure 8. Mercury mass flow at Sédertérn for occasion 1 in green and occasion 2 in red. The obtained values are based on
daily average process values for month 1 and month 2 of substrate, digestate and biomethane production. Created in
Lucidchart.
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5 Discussion

In the following chapter, the results of this master’s thesis are discussed. The discussion focuses on the
occurrence and potential mechanism of Hg and the three research questions are discussed and evaluated.
The discussion is supported by tables and figures from chapter 4 Results, as well as related studies. The
chapter also provides insight into potential future research aimed at further understanding mercury
behaviour within biogas production processes.

5.1 Mercury detection

This study aimed to investigate the occurrence of mercury in biogas production processes. The results
indicate that Hg levels in biomethane are generally low in comparison to regulatory limits of 10 ng/m?>.
Mercury concentration in digestates were reported below the permitted level of Hg in natural fertilizer
of 2 mg/kg and Hg levels in slurry substrates were not detectable, except Sodertdrn slurry O1, which
measured 0.078 mg/kg in food waste slurry, which is slightly higher than previously measured average
of 0.012 mg/kg in bovine slurry [29]. Liquid cow and pig manure from Monsterds was determined to
0.0146 mg/kg TS which is within the range measured at previous studies where pig manure was detected
in levels of <0.01-0.11 mg/kg TS [41]. The obtained values are all below the regulatory limits and pose
limited risk in initiating material damage according to previously established standards. However,
previous studies have been conducted on the toxic effect of Hg in biogas production, revealing that Hg
has an inhibitory effect on methanogenic bacteria, effectively reducing the production of methane at
certain concentrations [42]. It is thus still necessary to try and regulate the amount of Hg introduced to
the system.

Mercury was detected in all biomethane samples (Table 3), suggesting that Hg coming into the system
may end up in the upgraded gas. Nonetheless, no correlation between the amount of incoming Hg and
Hg in biomethane could be observed. Since this master’s thesis measured total Hg and did not
differentiate between Hg species, limited conclusions could be drawn regarding the mechanism of
mercury in biogas processes. Studies have indicated that volatilization of Hg’ may potentially transfer
mercury from solutions or particulates to gaseous phase in certain anaerobic conditions, which could
explain the occurrence of Hg in biomethane [43]. However, in anaerobic digestion systems, studies
have shown that Hg speciation is greatly affected by the chemistry of sulphur. The insoluble compound,
HgS, can be formed by the reduction of sulphate into S* reacting with Hg?". This mechanism may
reduce the bioavailability of Hg and reduce microbial formation of MeHg. Previous studies on sludge
anaerobic digestion, suggest that the cycling of Hg in anaerobic digestion is thus related to physico-
chemical impacts, partially influenced by the presence of sulphur, rather than purely microbial activity
[44], [45]. In addition to the Hg speciation transformation, the occurrence of Hg in biogas may depend
on the physical transport of PBM or non-volatile Hg species, such as HgS or organic mercury. Aerosols,
formed during anaerobic digestion, may contain Hg species that effectively end up in the gas system.
Similar aerosol associated transport of particulate bound Hg has been observed in atmospheric systems
[25].

The results obtained at Sodertérn revealed a higher concentration of Hg in biomethane downstream of
the polishing unit than both after the production plant’s PSA upgrading technology and in biomethane
from the gas grid network (Table 3). Contrary to the acquired results, it is reasonable to assume a
decrease in Hg concentrations as gas passes through upgrading steps. However, these samples were
collected at separate occasions, with weeks apart, which limits the ability to compare the results. The
amount of Hg in biomethane might have been influenced by variations in operational conditions, gas
composition as well as Hg fluctuations in the process stream, effectively resulting in higher Hg
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concentrations at sampling occasion 1 (O1). The input from trailer gas might also influence the total
mercury concentration determined after polish. Previous studies have also shown that filter material
with activated carbon can desorb previously bound Hg molecules under certain operational conditions,
effectively releasing them back into the gas stream [46], [47]. The elevated Hg at concentrations at
Sodertdrn O1 can thus not conclusively be connected to the polishing step itself. The illustration in
Figure 8 also suggests that even low Hg concentrations in substrates can result in mercury being
detected in biomethane. Even though the calculations are estimates based on spot testing and monthly
production values, the results still illustrate how Hg could end up downstream of gas upgrading
technology. Additionally, there’s an analytical uncertainty to the method that needs to be taken into
consideration when interpreting these results. To get a full understanding of Hg behaviour throughout
the upgrading process, simultaneous sampling both before and after each treatment step should be
conducted to produce more comparable results.

Mercury concentration in biomethane at Monsterds was determined to 2.2 ng/m*® and was the highest
measured concentration out of all samples. In comparison to the next highest concentration, 0.36 ng/m?)
measured after polish at Sodertdrn (O1), the Monsteras result was approximately six times higher (Table
3). The result is still considered low in terms of regulatory limits, but the difference is noteworthy. The
sample taken at Monsterds was in-between amine scrubbers and dryers, suggesting the presence of
residual water vapour, amines or other particulate matter in the gas, as opposed to samples taken of dry
gas after amine scrubbers. This hypothesis suggests that wet gas could lead to elevated Hg levels due
to the presence of particle associated Hg and Hg associated with residual moisture that has not yet been
removed [25]. It would therefore be appropriate to view the Monsterds results as an outlier when
comparing the results, and to repeat sampling after dryers. Additional sampling at Mdnsterds was
unfortunately not possible within the scope of this master’s thesis.

No conclusions could be drawn based on the amount of Hg in biomethane and the amount of Hg
introduced into the process, however the variability in levels of Hg between substrate type and sampling
occasion is noteworthy (Table 4). In addition to Hg having a strong affinity to organic matter, MeHg
has a strong affinity for fatty tissues suggesting that Hg levels might be elevated in fish substrates,
brown grease and MONG induced slurry. Brown grease O2 included fish oil, which with knowledge of
mercury in fish, brought the hypothesis that the Hg levels would be higher in brown grease O2 than in
O1. However, Hg detected in brown grease O1 was determined to be almost five times higher than Hg
detected in brown grease O2. The results obtained from S6dertorn occasion 3, further refuted this theory
as MONG induced slurry O3 and brown grease O3 neither showed any detectable amounts of Hg.
Similar theories were applied on samples obtained at Skogn. Hg was detected in both fish sludge and
category 2 salmon silage (Table 4), suggesting that fish-related substrates may contribute to Hg input
to the anaerobic chamber. However, the results reveal similar Hg concentrations as for samples not
containing fish products. It is noteworthy though that the concentrations detected are based on spot
testing and are not representative of the entire input.

The detected Hg concentrations in feedstock and discharge at Hogbytorp, suggests that Hg levels in
substrates of dry digestion are generally higher than that of wet digestion (Table 4). As reported in
previous studies of Hg in agricultural biogas plants, plant-based substrates may contribute more
substantially to Hg input compared to slurry-based substrates [29]. This observation could possibly be
related to Hg having a strong affinity to organic matter, particulates and sulphides, which promotes its
accumulation in the solid fraction of the substrate [4]. Since dry digestion generally contain higher total
solids (Table 4), Hg may distribute within the solid phase of substrate and digestate. This could
potentially contribute to the elevated Hg concentrations expressed on sample wet weight (mg/kg)
observed in Table 4. However, as illustrated in Figure 7 chart B, a low negative correlation could be
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observed between Hg concentration and sample dry weight (mg/kg TS). The results expressed in Figure
7 instead suggests that the relationship could potentially be associated to differences in moisture content
rather than Hg accumulation in the solid fraction alone. In Figure 6, it can also be observed that Hg
concentrations are higher in digestate at discharge, after leaving the digestion chamber, than digestate
at the beginning of the chamber. Since the retention time of reactors D1-D3 is approximately 33+3 days,
the Hg levels observed at discharge may reflect a higher Hg input to the reactors a retention cycle prior
to sampling. Another possible explanation could be that volatile or dissolved Hg previously dispersed
in the chamber have accumulated as PBM, effectively increasing the levels of Hg in the discharge.
Though thermophilic conditions in the reactors at Hogbytorp potentially facilitate some volatilization
of Hg species, the strong affinity to solid phases introduces uncertainty of such volatilization. However,
it is noteworthy that the exact mechanism of Hg in the process needs further investigations to make
reliable conclusions.

On the last sampling occasion, it was discovered that the flow meter used for ensuring the right
biomethane flow through the sorbent trap, may have displayed an incorrect value. Additional control of
the flow meter indicated that instrument displayed slightly lower values than the actual flow. These
results limit the credibility of the determined flow rates. If the flow meter was in fact faulty, and the
flow rate lower during sampling, then that means that the Hg concentrations presented in these results
might possibly be underestimated (Table 3). The calculations conducted by IVL on mercury
concentrations in biomethane were based on the flow rates determined by the flow meter calibrated to
air and additional calculations based on a standardized GCF for methane were thus necessary. The
generalisation of methane flow along with the faulty flow meter, makes it necessary to also evaluate the
concentration of Hg in each sample which is included in Appendix D.

The inclusion of blank samples and calibration standards were confirmed for samples analysed by ALS
and blank samples were included during the acid digestion by IVL. However, information regarding
laboratory blank samples during AFS conducted by IVL was not available within the scope of this
study. The potential influence of background contamination to Hg concentrations in biomethane was
thus not fully evaluated. This limitation may contribute to the analytical uncertainty of the conducted
study.

5.2 Gas Upgrading Technology

The results provided limited evidence to research question 2, “How does biogas upgrading technology
influence mercury concentration in biomethane?”, since no trend or clear difference in Hg concentration
could be observed (Figure 5). If the type of upgrading technology had an impact on Hg removal could
not be determined. The Hg concentration in biomethane vary from Sodertorn O2 and Sédertdrn O3
suggesting that operational factors may have a greater influence on Hg in biomethane than PSA or
amine scrubber. There are nonetheless theoretical differences between PSA and amine scrubbers that
might affect Hg removal. A common adsorbent used in PSA is active carbon, which is a material known
for its ability to bind Hg. It’s also the material used in specialized mercury traps that can be implemented
in the upgrading system. The use of activated carbon in PSA may thus contribute to removing Hg in the
gas stream. However, no clear reduction could be observed in this study. The main task of PSA and
amine scrubber is to remove carbon dioxide and hydrogen sulphide. However, Hg still interacts with
the sorbents. Previous studies have shown that oxidized mercury, such as Hg*", is more reactive than
Hg’, which suggests that the adsorption of Hg?" on sorbent material is more likely than elemental Hg
[47]. The theory is on the contrary that Hg® is more volatile and more likely to be found in the gas
stream. Despite theoretical differences, the relatively low measured values in comparison to background
air, suggest that both methods are effective in removing mercury.
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5.3 Future Aspects

To further develop this master’s thesis, it would be beneficial to conduct additional replicates of each
sample type, including substrates, digestates and biomethane. This would ensure the reliability and
accuracy of the results. It would also be interesting to do a full mass balance analysis and thus measure
Hg in all inlet and outlet points of the biogas system to fully get an understanding of the distribution
within the process.

To properly analyse the Hg removal efficiency of gas upgrading technology, measurements should also
be conducted on raw gas, upstream of gas upgrading technology. By sampling mercury before and after
gas upgrading technology, a comparison of the effectiveness of PSA and amine scrubber respectively,
could be performed. In this master’s thesis, a sampling method able to collect mercury from wet gas
was unfortunately not available. It should therefore be investigated how such a method could be
implemented. The methodology for the determination of flow rate should also be investigated and
developed to include a pressure regulator and a rotameter to ensure stable flow and safe procedure.

Determination of Hg in condensate water should also be included to quantify the amount of Hg removed
by respective upgrading technology. The analysis could also be broadened to facilities using water
scrubbers as upgrading technology as well as other substrate types such as primary and secondary
sludge.

The analysis instrumentation in this project did not distinguish between the forms of Hg. It would
therefore be beneficial to perform speciation analysis to further understand the behaviour of Hg within
the biogas production process.

In the context of preventing LME, an investigation of the effectiveness and necessity of mercury traps
within the production system could also be conducted. Is it a necessary investment for LBG producing
facilities or is it enough with certain types of upgrading technology?
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6 Conclusion

Mercury was detected in substrate and digestate at several of the tested facilities and was also detected
in biomethane at all facilities. However, Hg concentrations in biomethane were below the industrial
limit of 10 ng/m>, suggesting a minimal risk of LME occurrence.

The results revealed no clear correlation between the substrate composition and Hg concentration in
biomethane. Nonetheless, elevated Hg concentrations on wet weight basis could be observed in
substrates and digestates with higher total solids content. However, a low negative correlation was
observed when Hg concentration was expressed on dry weight basis. This suggests that the correlation
might possibly be related to differences in moisture content rather than only Hg accumulation in the
solid fraction. The results did not indicate for any difference in Hg removal efficiency between
upgrading technologies, since the detected levels of Hg varied between facilities regardless of
technology. However, theoretical differences of PSA and amine scrubber that might influence Hg
concentration, require more extensive sampling to enable reliable comparison and evaluation. This
study detected mercury in substrate, digestate and biomethane, although did not indicate for any
correlation between Hg levels across all three measuring points.

The results obtained in this project will hopefully contribute to a deeper understanding of Hg in LBG
production within the biogas industry and to support the development of stable and safe production
processes that minimises the risk of LME. However, it is noteworthy that this study should be regarded
as a screening study and not a fully comprehensive mass balance of the system. Further research is thus
necessary to thoroughly understand the mechanism and state of mercury within biogas production.
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APPENDIX

Appendix A. Biogas producing facilities available within St1 Biokraft

Table A. List of potential facilities included in the study. Based on the selection of biogas-producing facilities within the St1
Biokraft portfolio in Sweden, Norway and Finland.

Facility Location Substrate Gas upgrading
technology
Skogn Norway Category2 Salmon silage, Fish sludge Amine scrubber
Borés Sweden Food waste Amine scrubber
Food waste, liquid cow/pig manure, slaughterhouse
Falkenberg | Sweden waste Amine scrubber
Liquid and solid cow/pig manure, slaughterhouse
Monsteras Sweden waste, chicken manure Amine scrubber
Hogbytorp Sweden Food waste, horse manure, crushed garden waste Amine scrubber
Liquid and solid cow/pig manure, slaughterhouse
Nurmo Finland waste, chicken manure Amine scrubber
Kiuruvesi Finland Liquid and solid cow/pig manure Amine scrubber
Sj6lunda Sweden Primary and secondary sludge, grease trap water/fat | PSA
Bjuv - Food waste, liquid cow/pig manure, slaughterhouse
Soéderdsen Sweden waste PSA
Bromma Sweden Primary and secondary sludge, grease trap water/fat | PSA
Primary and secondary sludge, grease trap water/fat,
Henriksdal | Sweden glycerine (when asked for) PSA
Food waste 85%, Brown grease, glycerine, chicken |PSA + Amine
Sodertdrn Sweden manure scrubber (series)
Eslov/Ellinge | Sweden Primary and secondary sludge Water scrubber
Laholm Sweden Liquid cow/pig manure, slaughterhouse waste Water scrubber
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Appendix B. Production process and location of sampling points for
cach analysed facility

Raw Biogas
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Biomethané
>97%

Storage
tank
Biomethane

Figure Bl. Bjuv. Biomethane sampling point represented by a red circle at the facility in Bjuv. Created in Lucidchart.
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Figure B2. Falkenberg. Biomethane sampling point represented by a red circle at the facility in Falkenberg. Created in

Lucidchart.
Amine /_\
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Raw Biogas scrubber Biomethane y Biomethane
>97% >97%

Figure B3. Hogbytorp. Biomethane sampling point represented by a red circle at the facility in Hogbytorp. Created in

Lucidchart.
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Figure B4. Ménsterds. Biomethane sampling point represented by a red circle at the facility in Ménsteras. Created in

Lucidchart.
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Figure B5. Skogn. Biomethane sampling point represented by a red circle at the facility in Skogn. Created in Lucidchart.
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Figure B6. Sodertérn. Biomethane sampling points represented by a red circle for the 1st, 2nd and 3rd sampling occasion at
the facility in Sodertérn. Created in Lucidchart.
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Appendix C. Experimental set up of mercury sampling in biomethane.

Figure C. Experimental set up of Hg sampling in biomethane at the facility in Bjuv. Outlet point from biomethane storage
tank with constant pressure of 4 bar.
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Appendix D. Calculated Mercury concentration in biomethane

Table D. Detected mercury in biomethane delivered by IVL corrected with gas correction factor (GFC). Table include facility,
sample location, duration of the sampling period (h), the average flow rate air (L/min), mercury concentration in each sample

(ng/sample) and mercury concentration in biomethane (ng/m>).

H H
. Average g g
Facility SamPle Duratio flow air Hg (ng/m®) | (ng/m®)
location n (h) . (ng/sample)
(L/min) Air CH
Bjuv Biomethane 21.83 23 0.32 0.11 0.079
from storage
tank
Falkenberg Biomethane to 12.38 2.2% 0.03 0.02 0.014
gas grid
network
Hogbytorp Biomethane 20.48 2.3% 0.54 0.19 0.14
after dryers
Monsteras Biomethane 20.58 2.4 8.8 2.9 2.2
before dryers
Skogn Biomethane 22.28 24 0.8 0.25 0.19
after polish
Sodertérn O1 | Biomethane 19.97 2.8 1.6 0.50 0.36
after polish
Soédertérn O2 | Biomethane 18.87 2.7 0.43 0.14 0.10
PSA after PSA
Sodertérn O2 | Biomethane 18.78 2.3 0.14 0.05 0.04
Grid from gas grid
network
Sodertérn O3 | Biomethane 19.73 2.0 0.6 0.25 0.19
PSA after PSA
Soédertérn O3 | Biomethane 19.27 1.6 0.27 0.15 0.11
Grid from gas grid
network

*Unstable gas flow through the sorbent trap.

Equation D describes how mercury concentration in biomethane was corrected with gas correction

factor 1.34 for each facility sample.




ng

Hg (sample

Hy (15)

m Duration (h) x 60 x Flow(ﬁ) x 1.34 x 1073

(Equation D)

Appendix E. Example of daily Mercury input and output at Sodertérn

Table E. Calculated mercury values per day at Sédertorn for occasion 1 and 2. Substrate, digestate and biomethane loads
based on month 1 and month 2 average per day. Mercury concentrations in biomethane after polish, after PSA, in substrates
and digestate are based on obtained results from sampling. Mercury concentration in raw biogas is based on hg difference in

substrate and digestate.

QOccasion 1
Hg Hg
Hg ng/m3 |ton/day | Nm3/day | ng/day | microg/day
Biomethane after polish 0.36 18 25000 9000 9
Occasion 2
Hg Hg
Hg ng/m3 |ton/day | Nm3/day | ng/day | microg/day
Biomethane after PSA 0.1 18 25000 2500 2.5
Hg
g/ton
ton/day WW Hg g/day
Slurry 320 0.0078 2.496
Brown grease 3.9 0.009] 0.0351
Digestate 2721 0.0012] 0.3264
Hg troduced g/day 2.5311
Hg g/day
Raw biogas based on Hg difference of substrate
and digestate 2.2047
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  T S =       m  T S −   m  c r u i c i b l e    m  s a m p l e


  V S =     m  V S −   m  c r u c i b l e    m  T S −   m  c r u c i b l e


  H g    (   n g    m 3 ) =     H g   (   n g  s a m p l e )  D u r a t i o n    ( h ) × 60 × F l o w (   L min ) × 1 . 34 ×  10  − 3  

