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Kurzfassung
Die vorliegende Arbeit umfasst Studien zur Untersuchung technischer und ökologischer
Aspekte bei der Nutzung von Restbiomassen in den Nutzungspfaden Energieerzeugung und
Aktivkohleproduktion. Im Mittelpunkt der jeweiligen Untersuchung stand das Verfahren zur
integrierten Erzeugung von Festbrennstoff und Biogas aus Biomasse (IFBB) und dessen
Einfluss auf technische und ökologische Aspekte bei der Verwertung von Restbiomassen.
Im

Zuge

von

Naturschutz-

und

Landschaftspflegemaßnahmen

auf

extensiv

bewirtschafteten Grünlandstandorten und Grünflächen fallen europaweit Restbiomassen an.
Die Verwertungswege beschränken sich in den meisten Fällen auf die Kompostierung oder
andere Entsorgungsoptionen. Die Nutzung von Restbiomasse zur Deckung vorhandenen
Energie- und Materialbedarfs würde nicht nur einen effektiven Nutzungspfad darstellen,
sondern auch fossile Ressourcen ersetzen. Daher könnte die Nutzung von Restbiomasse
entscheidend dazu beitragen, die Ziele der EU im Rahmen der Richtlinie für erneuerbare
Energien und der Bioökonomie-Strategie zu erreichen. Das IFBB wandelt Biomasse durch
Maischen und mechanische Trennung in nutzbaren Festbrennstoff und eine energiereiche
Presssaft um. Nach der mechanischen Abtrennung wird ein fester Brennstoff mit einer
geringeren Schadstoffkonzentration und ein flüssiger Brennstoff, der Biogasanlagen
zugeführt werden kann, gewonnen. Die Wirksamkeit von IFBB wurde im Labor- und
Prototypenmaßstab nachgewiesen, so dass die erste Studie dieser Arbeit darauf abzielte, die
Eigenschaften von Brennstoffen zu untersuchen, die durch einen IFBB-Prozess im
kommerziellen Maßstab gewonnenen wurden. Die Reduktion von N, S, Cl, K und Asche war
bei der Prozessierung in einer kommerziellen IFBB-Anlage höher, was zu einem qualitativ
besseren Festbrennstoff im Vergleich zum Prototyp-Maßstab führte. Aufgrund der
reduzierten Konzentration dieser schädlichen Elemente, lagen die Emissionen von NOx und
SOx deutlich unter den deutschen Grenzwerten.
Extensives Grasflächen, in denen sich invasive Pflanzenarten ausgebreitet haben,
produzieren ebenfalls potenzielle Restbiomassen, die vielfach in montanen Gebieten ganz
Europas zu finden sind. Diese Flächen müssen für den Erhalt der Biodiversität und
Ökosystemdienstleistungen geerntet werden, und die so gewonnene Biomasse steht für die
Energiegewinnung zur Verfügung. Das IFBB und die anaerobe Vergärung (AD) sind auch
hier zwei potenzielle Techniken zur Wandlung von Restbiomasse in Brennstoffe. Daher
wurden in der zweiten Studie die Umwelt- und Primärenergiebilanzen dieser Technologien
untersucht und verglichen. Obwohl die (Treibhausgas) THG-Emissionen und der
Primärenergieverbrauch

für

IFBB

höher

waren,

führte

eine

bessere

Energiewandlungseffizienz des IFBB zu höheren THG- und Primärenergieeinsparungen im
Vergleich zur AD. Einsparungen für THG und Primärenergie konnten durch den Ersatz
netzgebundener Wärme- und Stromquellen mit Brennstoffen aus IFBB und AD erzielt
werden. Außerdem wurde festgestellt, dass die Presskuchentrocknung der THG- und
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Primärenergie-intensivste Prozess im IFBB-System ist. Die mit der Presskuchenproduktion
verbundenen

THG-Emissionen

könnten

jedoch

durch

den

Einsatz

alternativer

Energiequellen gesenkt werden.
Die Filterung mit Aktivkohle (AC) wird in Kläranlagen als zusätzlicher Schritt zur
Entfernung von organischen Mikroverunreinigungen aus dem Abwasser eingesetzt. Das
derzeit verwendete AC wird jedoch überwiegend aus fossilen Quellen gewonnen und muss
über weite Strecken transportiert werden. Demgegenüber könnten Restbiomassen, die an
Kläranlagen geliefert würden, als Rohstoff für die Herstellung von AC dienen. In der dritten
Studie wurden daher die Umwelt- und die kumulierte Energiebedarfsbilanz des Einsatzes
von Aktivkohle sowohl aus Restbiomassen als auch aus fossilen Quellen zur Entfernung von
Mikroverunreinigungen in der Kläranlage Baden-Baden untersucht und verglichen. Die
Bilanzen der THG Emissionen und den kumulierten Bedarf nicht erneuerbarer Energien, die
durch den Einsatz von Restbiomasse-Aktivkohle erzielt wurden, waren im Vergleich zur
fossilen Aktivkohle niedriger. Die Nutzung der Abwärme aus der Pyrolyse und dem
Aktivierungsprozess der Biomasse sowie die Stromerzeugung des BHKW aus Methan der
Pressflüssigkeit trugen wesentlich zur Erreichung der niedrigeren Bilanzen bei. Ein
zusätzlicher Vorteil der Produktion und Nutzung von AC aus Restbiomasse in der
Kläranlage Baden-Baden war ein geringeres soziales Risiko. Die Herstellung von AC aus
Restbiomasse mittels IFBB und einer hochmodernen Pyrolyse- und Aktivierungsanlage in
Kombination mit einer energetischen Verwertung würde somit die Rohstoffautarkie der
Kläranlagen unterstützen und eine nachhaltige Alternative zur Beseitigung von
Mikroverunreinigung im Abwasser darstellen.
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Abstract
This thesis covers studies carried out to investigate the technical and environmental
aspects of utilising residual biomasses. The utilisation pathways include energy generation
and activated carbon production. The role played by integrated generation of solid fuel and
biogas from biomass (IFBB) in influencing the technical and environmental aspects of
utilising residual biomasses was the focus of the respective studies.
Residual biomasses from less intensively managed grassland sites and green spaces are
harvested for nature conservation and landscape management. These biomasses are
generated across Europe and the utilisation pathways are limited to composting or disposal
in most cases. Utilising residual biomass to fulfil energy and material demand would not only
provide an effective utilisation pathway, but also substitute fossil-based resources presently
used to fulfil the demand. Therefore, utilising residual biomasses could be crucial in
achieving targets set in the EU renewable energy directive and Bioeconomy strategy. IFBB
converts biomass into a useful solid fuel and an energy-rich press fluid through mashing and
mechanical separation. After mechanical separation, a solid fuel that has a lower
concentration of harmful elements and a liquid fuel that can be co-digested in biogas plants
are obtained. The effectiveness of IFBB has been proven on a laboratory and prototype scale,
thus the first study in this thesis aimed to investigate the properties of the fuel obtained using
a commercial scale IFBB process. The reduction of N, S, Cl, K and ash was higher using
commercial scale IFBB, thereby resulting in a better solid fuel compared to prototype scale.
As a result of the reduced concentration of the harmful elements, emissions of NOx and SOx
were well below the German threshold limits.
Extensive grasslands affected by species invasion are also a potential residual biomass
that can be found in mountainous areas across Europe. These need to be harvested for
maintaining biodiversity and ecosystem services, and the residual biomass thus obtained can
be used for energy generation. IFBB and anaerobic digestion (AD) are two potential
techniques to convert the residual biomass into fuel. Therefore, the environmental and
primary energy balances of using these techniques were investigated and compared in the
second study. Though greenhouse gas (GHG) emissions and primary energy usage was
higher for IFBB, the better energy conversion efficiency for IFBB resulted in higher GHG and
primary energy savings compared to AD. The savings for GHG and primary energy could be
generated from replacing grid based sources of heat and electricity sources using the
respective fuels obtained from IFBB and AD. Additionally, presscake drying was found to be
the most GHG and primary energy intensive process in the IFBB system. However, the GHG
emissions associated with presscake could be lowered using alternative energy sources.
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Activated carbon (AC) treatment is used in wastewater treatment plants for removal of
organic micropollutants (OMPs) from wastewater. But AC used presently is mostly derived
from fossil-based sources and needs to be transported across long distances. Residual
biomasses that were delivered to the wastewater treatment plants were used as a raw material
to produce AC. The third study investigated and compared the environmental and
cumulative energy demand balances involved in the usage and production of AC from
residual biomass-based and fossil-based sources for micropollutant removal at the BadenBaden WWTP. GHG and non-renewable cumulative energy demand balances achieved using
residual biomass AC were lower compared to the fossil AC. Utilisation of waste heat from
pyrolysis and activation process of the biomass as well as the electricity produced from the
CHP using press fluid methane played a key role in in achieving the lower balances. A lower
social risk was an additional advantage of using residual biomass AC produced at the BadenBaden WWTP. Hence, producing AC from residual biomass using IFBB and a state-of-the-art
pyrolysis and activation unit combined with energy recovery would aid WWTPs to become
self-sufficient in terms of raw materials and provide a sustainable alternative for
micropollutant removal at WWTPs.
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1.General introduction

The rise in anthropogenic greenhouse gas (GHG) emissions has resulted in an increase
in global annual temperatures over the past century (IPCC, 2014). As of 2017, the warming
reached approximately 1 ℃ higher than pre-industrial levels, with a forecasted rise of 0.2 ℃
each decade (Allen et al., 2018). Extreme weather; sea-level rise; and biodiversity loss are
few consequences of global warming, and these pose a threat to both human well-being and
the natural ecosystem (Hoegh-Guldberg et al., 2018). Mitigating the rise in anthropogenic
GHG emissions is key for sustainable development of the society and as a global effort to
mitigate GHG emissions the Paris agreement on climate change was adopted (UNFCCC,
2015). To limit the rise in global temperature below 2 ℃ as required by the Paris agreement,
the European Union (EU) has committed itself to reduce the GHG emissions by at least 40
% with respect to 1990 levels and increase the share of renewable energy sources to 32 % of
final consumption by 2030 (European Commission, 2014). Further, a long term target of
achieving net-zero GHG emissions by 2050 has been set by the EU. Increasing the EU’s share
of affordable, reliable and sustainable energy sources would also pave the path to reach the
sustainable development goals (SDGs) set by the United Nations (United Nations, 2015).
To achieve these targets, steps to reduce GHG emissions must be taken up by all sectors
of the economy. Especially the energy sector, which is of central importance in economic
development. But consumption and production of energy account for almost 54 % of EU’s
total GHG emissions (EEA, 2019). At present, 42.3 % of energy needs in the EU are fulfilled
using solid fossil fuels, natural gas and crude oil (Eurostat, 2019a). Decoupling energy sector
growth from GHG emissions would be a step towards complying with the Paris agreement
and it can be achieved by lowering the dependence on fossil resources to cope with the evergrowing energy demand. Combustion of fossils releases carbon accumulated in the earth’s
surface over millions of years into the atmosphere as carbon dioxide which is a greenhouse
gas that leads to rising in global temperatures (Zecca and Chiari, 2010). Moreover,
biodiversity which plays a crucial role in the functioning of the ecosystem is directly
impaired by fossil extraction activities and infrastructure (Butt et al., 2013). The shift from
fossil to renewable resources is necessary to sustainably meet the energy and material
demand of the future generations as the use of renewables such as wind, solar and biomass
for energy generation results in much lower emissions of GHGs (Arent et al., 2011).
1
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Biomass-based resources have the potential to replace fossils and mitigate global
warming, as CO2 emitted during the conversion of biomass is considered biogenic in nature,
and the emissions would be captured back from the atmosphere in the re-growth period of
the biomass (Cherbunni et al., 2011). Using biomass as an energy source would not only
lower GHG emissions but also lower the EU’s external dependence on energy sources. This
may be beneficial for maintaining energy security in the EU as currently more than half of
the resources used for energy production is dependent on imports (Eurostat, 2019b).
This had prompted the implementation of initiatives such as Renewable Energy
Directive (Directive 2009/28/EC-RED) which set a target for 20 % of the energy consumption
to have renewable sources by 2020, this was modified to 32 % by 2030 (2018/2001/EU). To
achieve this target, member states relied mostly on solid biomass fuels for heat and liquid
biomass fuels for transport as these were relatively cheap and were compatible with existing
infrastructure compared to solar and wind (Kettunen et al., 2018). The ability to store
biomass with only minor energy losses and be able to use it according to the demand made
it a stable energy source with respect to fluctuating production of energy from wind and
solar. The intensive growing of conventional energy crops such as maize for energy
generation escalated the burden on agricultural land as it was estimated that 20-25 % of the
total agricultural land would be needed to grow energy crops to meet the future energy
demand, this would compete with the need for land to feed the growing population.
Moreover, displacement of present agricultural activity for growing energy crops led to
the conversion of additional land; in most cases forests (Ladanai and Vinterbäck, 2010),
resulting in GHG emissions and impacting biodiversity (Fritsche et al., 2010). To overcome
this obstacle, an amendment was adopted which limited the indirect land use consequences
from the use of crop-based bioenergy sources by promoting the use of wastes and residues
for energy generation (EU Directive 2015/1513). For biomass to be effective at reducing GHG
emissions, it must be produced in a sustainable way. Biomass production involves a chain
of activities ranging from the growing of feedstock to final energy conversion. Residual
biomass produced from marginal lands could be a potential low GHG feedstock that can be
used to fulfil energy and material requirements in the EU.
Biomass generated from marginal lands, nature conservation areas and invaded
grasslands can be regarded as residual biomass (Elbersen et al., 2012) as they are not
produced for usage, rather generated as a result of conservation and management activities.
Less intensively managed grasses and other non-woody biomass growing on these sites can
be a potential residual resource which may have an increased availability in the future due
to the decrease in the number of grazers kept outside stables and low nutritional values of
the biomass (Hamelin et al., 2019). Management of grasslands by harvesting the biomass
improves biodiversity by reducing the oversupply of nutrients to the dominant species.
Further, the costs involved in conservation and management could be reduced by
effectively utilising the harvested biomass.
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Utilising the harvested residual biomass from the aforementioned sites across the EU
for energy generation would result in the availability of approximately 400 PJ year-1
(Elbersen et al., 2012; Meyer, 2015), which could replace 4 % of the solid fuel demand and
0.4 % of the total energy consumed in the EU (Eurostat, 2019c). Within the scope of the EU
Bioeconomy strategy, in addition to using residual biomass as a source of sustainable
energy, the use of residual biomass to fulfil material demand was key to follow the
cascading of uses as emphasised in the strategy (Keegan et al., 2013). Residual biomass can
be an alternative resource to produce materials that are conventionally manufactured using
fossil-based resources (Arevalo-Gallegos et al., 2017; Lozano and Lozano, 2018). Utilising
these residual grass-based biomasses for energy generation can avoid the drawbacks
associated with indirect land-use changes arising from conventional energy crop-based
biomass feedstocks (Weiss et al., 2012). Yet there is underutilisation of residual biomass as
energy feedstock because of technical difficulties involved in using these for conventional
energy conversion processes such as direct combustion and anaerobic digestion. The
presence of ash and elements such as N, S, Cl and K in residual biomass hinders combustion
efficiency of the system. Therefore, to effectively utilise residual biomass it needs to be
converted into a feedstock with lower concentration of these problematic substances
(Obernberger and Thek, 2004).
Integrated generation of solid fuel and biogas from biomass (IFBB) lowers the
concentration of problematic substances by mashing the residual biomass feedstock
material with water and subsequent mechanical separation (Richter et al., 2009; Wachendorf
et al., 2009). This transfers the substances that hinder the thermal utilization of the feedstock
into a liquid fraction (press fluid) that can be utilised in an anaerobic digester to generate
methane (Hensgen et al., 2014; Richter et al., 2011). Therefore, the solid fraction (press cake)
containing lower amounts of the problematic substances can be used as a fuel for energy
generation (Bühle et al., 2012) or as a feedstock for material production (Siegmeier et al.,
2019). Previous studies have tested the IFBB technique using multiple residual biomass
feedstocks such as; semi-natural grassland biomasses from extensively managed grasslands
(Bühle et al., 2014; Hensgen et al., 2014); roadside verges (Piepenschneider et al., 2015);
mountainous grasslands dominated by invasive plant species (Hensgen and Wachendorf,
2016); grass cuttings from sports fields (Nitsche et al., 2017b); horse husbandry residues
(Nitsche et al., 2017a); urban leaf litter (Piepenschneider et al., 2016). Despite the
heterogeneous material properties of the residual biomasses tested in these studies, IFBB
was found to be effective in reducing the concentration of problematic substances and
producing a solid fuel combustible in biomass boilers. However, these studies were mainly
focussed on the energetic utilisation of press cake and press fluid produced, and the IFBB
process was carried out either at a laboratory or prototype scale.

3

General introduction
For practical utilisation of residual biomass as a substitute to fossil-based resources,
research focussing on the commercial-scale application of the IFBB process needs to be
carried out. Most of the above mentioned residual biomasses are handled at municipal
waste management facilities either by either composting it or using it as a feedstock in
anaerobic digesters (BMU, 2018). Implementing the IFBB process to handle heterogeneous
residual biomass at waste management facilities could result in better energetic and
economical utilisation of residual biomass (Blumenstein et al., 2012; Bühle et al., 2012). In
addition to the residual biomasses identified above, biodegradable household wastes (Biowastes) are also handled at waste management facilities, with adequate pre-treatment this
can be used to produce a press cake and press fluid using IFBB. Due to the availability of
residual biomasses, waste management facilities are a potential location to implement IFBB
at a commercial-scale. The press cake and press fluid produced using IFBB can be used to
fulfil both the material and energy needs at the waste management facilities.
In some cases, wastewater treatment plants (WWTPs) are located along with or in close
vicinity of these waste management facilities. WWTPs across Germany plan on
implementing an additional treatment step for the removal of organic micropollutants
(OMPs). Due to its toxic nature, the presence of OMPs in treated sewage water affects the
aquatic environment as well as human health (Xu et al., 2019). Additional treatment using
activated carbon is an option for the removal of harmful OMP, which are difficult to remove
using conventional 3-step. Activated Carbon presently being used at WWTPs are produced
from fossil coal-based sources and needs to be transported over large distances. Due to fossil
origins, there are large amounts of GHG emission and other environmental and social
impacts associated with the extraction of the raw material (Carrington and Pereira, 2011;
Goswami, 2015). As more wastewater treatment plants implement the additional treatment
step, the demand for activated carbon is set to increase. Therefore, it is critical to identify an
alternative activated carbon with lower GHG emissions.
Residual biomass that is readily available at WWTPs can be used as a feedstock to
produce activated carbon (Yahya et al., 2015). Production of activated carbon using biomass
feedstocks was found to have lower GHG emissions compared to coal-based activated
carbon (Kim et al., 2019). Using residual biomasses readily available at WWTPs for activated
carbon production would be advantageous due to the residual nature of the feedstock.
Further, the production and usage of the activated carbon would take place in proximity,
avoiding the need for transportation. The ability of IFBB to reduce problematic substances,
especially the ash content, would aid the utilisation of IFBB press cake as a feedstock for
activated carbon production. Therefore, investigations need to be carried out to compare the
sustainability aspects of residual biomass-based activated carbon with coal-based activated
carbon.
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Research objectives
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2.Research objectives
This thesis aims to widen the knowledge of the technical and environmental feasibility
of using the IFBB system to convert residual biomass for energy and material production
especially on a commercial scale. To use IFBB as a comprehensive system to handle biomass
generated in rural and urban areas, further studies involving the technical and
environmental aspects needed to be carried out using more biomass.
The first study aimed at understanding the effect of an upscaled IFBB unit on the
reduction rate of harmful elements present in the biomass raw material. The elemental
composition of both raw material and solid fuel was analysed to examine the effect of
upscaling the IFBB process on reduction of elements. Further the quality parameters of solid
fuel from the commercial-scale plant were investigated using ash melting behaviour and
emission characteristics. These investigations assisted to broaden the knowledge on the
usability of semi-natural grassland for energy production at a commercial scale.
The second study focused on assessing environmental impacts and energy usage of two
different energy conversion systems for handling mountainous grassland biomasses that
were invaded by L. polyphyllus. Life cycle assessment (LCA) was used to determine and
compare the environmental and energy balances between IFBB and anaerobic digestion
systems to identify the better option. Processes in the IFBB system with high environmental
impacts were identified and alternative scenarios were investigated to reduce these impacts.
The better option could be used as a potential solution to handle invaded mountainous
grasslands across Europe.
To investigate the material utilization of residual biomass, it’s potential as an alternative
feedstock for activated carbon production was analysed in the third study. The
environmental and energy balances for the production and usage of activated carbon
produced using residual resources were estimated using LCA and the results were
compared with conventionally produced activated carbon. Additionally, social risks linked
to the production processes were also identified to better understand the sustainability of
using the alternative residual biomass-based activated carbon.
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Figure 2.1. Overview of the studies illustrating the material and techniques involved in the studies, the
overlapping boxes indicate the common parameters in the studies.
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3.Solid Fuel Production from Semi-Natural
Grassland Biomass-Results from a
Commercial-Scale IFBB Plant
Abstract: Biomass-based energy accounts for a notable share of renewable heat and
electricity generation in Germany. Due to limited alternative uses, biomass obtained from
management of semi-natural grasslands is a potential feedstock. Technical and
environmental limitations exist in using this biomass for combustion, due to the presence of
harmful elements. Converting biomass using integrated generation of solid fuel and biogas
from biomass system (IFBB) produces a solid fuel with lower concentrations of harmful
elements and a press liquid usable for biogas generation. In this study, solid fuel generation
with a commercial scale IFBB unit was investigated. The concentration of harmful elements
such as N, S, Cl, and K in the solid fuel was significantly reduced compared to the original
biomass silage. Emissions during combustion of the solid fuel briquettes were below
German legal thresholds. Elemental concentration of solid fuel obtained from commercial
scale process had a significant improvement in removal rate of harmful elements than the
prototype. Hence, the limitations of using semi-natural grassland biomass as an energy
source were overcome. The commercial scale IFBB plant could be used in practice to handle
large volumes of green residual biomass by converting it into a solid fuel with favourable
fuel properties.

3.1. Introduction
The energy transition “Energiewende” in Germany aims to mitigate climate change by
replacing fossil fuels and to realize a stable energy supply that is both economically feasible
and environmentally friendly (BMBF, 2017). Bioenergy involves mainly biogenic solid fuel
(e.g., firewood), biogenic liquid fuel (e.g., ethanol) and biogas, which account for 27 % and
86 % of renewable-based electricity and heat generation, respectively (AGEE-Stat, 2017).
While politics focused on only electricity in recent years, the generation of renewable heat is
now increasingly supported. Mitigation of climate change is less effective when landintensive bioenergy feedstocks are used, leading to detrimental climate effects and negative
7

Solid Fuel Production from Semi-Natural Grassland Biomass-Results from a CommercialScale IFBB Plant
impacts on the ecosystem and biodiversity (Creutzig et al., 2015). Further, the increasing
demand for land for non-food purposes in the present scenario where food and feed demand
are expected to increase could be a threat to food security (OECD, 2009). Enlarging the
biomass base with residual biomass and strictly cascading the use of biomass can help in
reducing the competition with land for food (Hauser and Wern 2016). Therefore, potential
biomass sources for bioenergy in the future should minimize conflict with food and feed
production and have low negative impacts on the environment, i.e., water bodies,
atmosphere, and biodiversity (BMU, 2009).
In the early half of the 20th century, low-intensity land use had led to species-rich and
biodiverse grassland areas in Europe, but in the latter half of the century, biodiverse but
unproductive habitats and their associated species rapidly declined as a result of
intensification and abandonment (Pullin et al., 2009). The change of support mechanisms
and other economic pressures had led to abandonment, resulting in the build-up of mature
and senescent plant material with high fibre content and low nutritional value due to the
lack of management (Donnison and Fraser, 2016). In addition to maintaining biodiversity,
semi-natural grasslands contribute to the ecosystem by carbon sequestration, regulating soil
erosion and water flow (Burrascano et al., 2016). Hence, maintaining semi-natural
grasslands using proper management techniques is necessary (Prochnow et al., 2009b).
Large quantities of grassland biomass that is generated as a result of management across
Europe and in other parts of the world are often underutilized (Valin et al. 2015) or even
regarded as waste and left on the field to decompose (Corton et al., 2016).
Alternatively, grassland biomass can be utilized as a feedstock for energy generation
(Heinsoo et al., 2010; Tilman et al., 2006; van Meerbeek et al., 2015) through combustion
(Prochnow et al., 2009a) or anaerobic digestion. But, in its original form, biomass from seminatural grassland is neither a favourable substrate for anaerobic digestion because of the low
methane yield due to its lignin content (Manning et al., 2015; Richter et al., 2009), nor is it a
suitable solid fuel for combustion due to environmental, technical, and logistical issues
(Runge et al., 2014). The presence of harmful elements such as nitrogen (N), sulphur (S), and
chlorine (Cl) in grassland biomass, has an influence on emissions (Obernberger et al., 2006)
and also affects ash melting behaviour due to potassium (K), sodium (Na), and magnesium
(Mg) contents (van Loo and Koppejan 2008). The concentration of N in fuel has a direct
influence on the NOx emissions (Sommersacher et al., 2012) and S plays a role in the
formation of SO2 (Huyghe et al., 2014). Furthermore, S also influences corrosion processes in
boilers. Cl affects the metal components in the furnace and boiler due to corrosion through
chloride salts and HCl formed during combustion (Riedl-Narentenau and Obernberger,
1996). Cl along with K results in severe ash slagging, fouling, and high-temperature
corrosion (Shao et al., 2012).
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The integrated generation of solid fuel and biogas from biomass (IFBB) process aims to
improve the fuel quality of semi-natural grassland biomass by removing significant
amounts of elements which are detrimental to combustion (Wachendorf et al., 2009). This
process consists of mixing the ensiled grassland biomass with water at a defined
temperature for a defined period of time. The resulting mash is then mechanically separated
into a solid fuel that is used for combustion and a press liquid that is used for anaerobic
digestion (Richter et al., 2010; Richter et al., 2009). The solid fuel thus obtained was shown
to have a lower concentration of elements such as K, Cl, N, and Mg (Hensgen et al., 2012;
Wachendorf et al., 2009). The potential of the IFBB technique to provide a solid fuel with
improved fuel quality for combustion and a press fluid to be used for anaerobic digestion
from European grassland biomass has so far been studied on a laboratory scale and a
prototype IFBB unit by references (Hensgen et al., 2012; Hensgen et al., 2011), respectively.
In both cases the solid fuel produced had low elemental concentration of unwanted elements
and ash softening temperatures were higher in the solid fuel compared to the silage (Bühle
et al., 2014). The press fluid obtained was found to be a suitable substrate with high biogas
yield (Hensgen et al., 2011) due to a higher concentration of readily digestible crude protein
and lower concentration of less digestible fibre (Richter et al., 2009). The conversion of
biomass into solid fuel and press fluid using IFBB had an energy conversion efficiency
between 44.7 % and 52.9 % depending on the system, compared to 16.9% for anaerobic
digestion of the untreated biomass (Bühle et al., 2014).
The successful implementation of the IFBB process on a laboratory and prototype scale
unit leads to the question of how the upscaling to a commercial scale IFBB unit would
influence the results in terms of concentration of elements and ash melting behaviour of the
solid fuels and the resulting emissions during combustion. The commercial-scale IFBB unit
used for this study was established 2012 in the city of Baden-Baden and is the first
commercial scale plant of its kind. Typical semi-natural grassland biomasses were collected
from 11 different areas across Europe within the interregional EU projects COMBINE
(COMBINE) and DANUBENERGY (DANUBENERGY)and tested at the plant.
The present study analyses
i)

energetic and chemical fuel properties of the fuels produced using the commercial

scale IFBB process, especially focusing on the reduction of detrimental mineral elements
from silage to solid fuel.
ii)

the combustion performance and emission characteristics of the fuels.

iii)

the ash melting behaviour of the silage and the fuels produced.

To gain insight into upscaling effects related to the IFBB procedure, fuel data from the
commercial scale were compared with those from the prototype scale.
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3.2. Materials and Methods
3.2.1. Commercial Scale Plant
The commercial-scale IFBB unit used for this study is capable of handling 12,000 tons of
fresh biomass per year which consists, among others, mainly of green cut, wood,
brushwood, grass, and tree leaves. This unit is part of the municipal sewage plant of the
Baden-Baden city Environment Technique in south-west Germany, the plant has a capacity
of 200,000 population equivalents. The presence of green areas and forests, in and around
the city leads to the high availability of biomass feedstock. In addition to this, the biomass
from various nature conservation areas is also handled at this facility. In the past, biomass
that arrived at the facility was composted but this was no longer feasible as the costs of
producing a high-quality compost were rising, whereas the demand for compost did not.
Hence, the IFBB process was implemented on a large scale to convert the biomass into a
solid fuel that is either combusted on-site or compacted into briquettes for storage and
transport before combustion. The press fluid obtained is fed into the hydrolysis stage of a
biogas plant to produce biogas for heat and electricity generation. The solid fuel and
briquettes produced had a density of 600 kg m−3 and 1000 kg m−3, respectively. In BadenBaden, the loose solid fuel is combusted in a biomass boiler (ALA-TALKKARI-Veto 500)
with a capacity of 2x420 kW. The heat produced is used for internal needs of the plant, such
as heating of digesters and buildings and drying of press cake and wood chips.
Test material from the different regions was delivered to the Baden-Baden facility in
silage bales weighing approximately 500 kg. The operational flow of the process to produce
solid fuel from biomass at the Baden-Baden unit is depicted in (Figure 1). Upon reception,
the silage bales were inserted into a bale dissolving unit (Arjes-VZ 750D, Germany) to loosen
the compacted silage. The silage was then passed through a 90-kW cross flow shredder
(MEBA-UNI-CUT®Bio-QZ 1200, Germany) that crushed the silage using rotating metal
chains to obtain a homogeneous short fiber length, which was required to process the silage
in forthcoming steps. Then, the crushed silage was compacted by a bale press and
enwrapped with foil. With the help of a band conveyor, the silage was transported into a 25
m3 mashing tank for hydrothermal conditioning. The hydrothermal conditioning process
involved the mixing of silage with cleaned water from the sewage plant for 40 min. Even
though higher mashing temperature aids in better removal of unwanted elements from the
press cake, the mashing was done using tap water at 10 ℃. Heating was not possible due to
the high energy demand to warm the large quantity of water used for the commercial scale
process. The quantity of water used was proportional to the dry matter (DM) content of the
silage, to achieve a fluidic mash with a DM content of approximately 3–5 % that could be
easily pumped. The mash was then passed through a 60-kW screw press (FAN
SEPARATOR, Germany), the resulting press fluid was directed to a 2000 m³ anaerobic
digester and the solid fuel obtained was transferred into a band dryer (NEW eco-tec).
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The dried solid fuel which contained around 90% DM was compacted into briquettes
using a 50-kW briquette press (Mütek-MAP 750, Germany).

Figure 3.1. (Top) Layout of the commercial scale IFBB process at Baden-Baden, the processes involved
are illustrated using rectangles and raw materials, intermediate and end products are illustrated in
round forms. (Bottom) Overview of the Commercial scale IFBB unit at the sewage water treatment
plant in Baden-Baden based on Google maps image.

3.2.2. Grassland Biomass
Botanical determination was conducted on three random study areas of 5 m x 5 m which
were established at each of the 11 grassland sites. Vegetation was mostly dominated by
grasses and sedges but with distinct differences in the botanical composition (Table 3.1, for
botanical details see Table A1). The test material included grassland silages from Belgium,
roadside maintenance cuttings from France, and wetland vegetation from Wales. Further
silages originated from typical floodplain areas across Central Europe (Table 3.1). Green cut
and grassland biomass that was deposited at the Baden-Baden municipal plant was also
included for the comparison between prototype and commercial-scale plant. As this sample
was a mix of various residual biomass from the Baden-Baden region, data on the
composition of vegetation was not available.
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Table 3.1. Vegetation data for the grassland sites used for the study, along with regions, harvest date,
and DM yield.
Reference

DM Yield

Dominant Species

Country (Region)

Harvest Date

AC

Agrostis capillaris, Holcus lanatus

Slovakia (Žilina)

22.06.2013

5.66

AE

Arrhenatherum elatius

Belgium (West Flanders)

05.06.2013

1.70

AM

Agrostis x murbeckii

France (Côtes-d’Armor)

n.a

n.a

AS

Agrostis stolonifera,Phragmites australis

Austria (Neusiedler See)

21.06.2013

8.56

BS

Bromus erectus, Ahrrenatherum elatius

Czech Republic (Zlin)

20.06.2013

2.75

CD

Carex disticha, Phragmites australis

Germany (Freising)

27.06.2013

3.21

DC

Deschampsia cespitosa

Wales (Caernarfon)

27.08.2013

2.51

JE

Juncus effusus, Carex spec.,

Slovenia (Pomurje)

24.07.2013

5.28

PA 1

Phalaris arundinacea

Austria (Waldviertel)

11.09.2013

n.a

PA 2

Phalaris arundinacea, Carex riparia

Poland (Wielko-Polska)

18.06. 2013

10.98

PS

Phragmites australis, Carex elata

Italy (Mantova)

05.07.2013

11.76

Code

(t·ha−1)

n.a. not available.

3.2.3. Chemical Analysis and Heating Value
Silage samples for the chemical analysis were taken after opening and chopping the
silage bales, the press cake samples were taken after mashing, pressing, and drying. Eight
silage and 8 press cake samples from the DANUBENERGY project, 3 silage and 3 press cake
samples from the COMBINE project, and 1 silage and 1 press cake sample from BadenBaden were taken to be tested, with 3 replicates of each sample amounting to a total of 36
silage and 36 press cake samples which were used for this study. The analysis of mineral
content in the silage and solid fuel was carried out using X-ray fluorescence spectroscopy
by an accredited external laboratory. Carbon (C), Hydrogen (H), and N content in samples
were measured using 150 mg of dried material in an elemental analyzer (Vario MAX CHN
Elementar Analysensysteme GmbH, Hanau, Germany). Using data from the above analysis,
the higher heating value (HHV) was calculated using the following equation (Friedl et al.,
2005).
HHV (MJ·kg−1) = 3.55C2 − 232C − 2230H + 51.2C × H + 131N + 20600
The lower heating value (LHV) was calculated from HHV by deducting the latent heat
of vaporization, where 8.937 is the mass share of hydrogen in a water molecule and 2.2 is
the enthalpy of water vaporization, C, H, and N are carbon, hydrogen, and nitrogen in the
press cake expressed in %DM.
LHV (MJ·kg−1) = HHV − (8.937 × H/100) × 2.2
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Corrosion index (2S/Cl) was used to identify the risk of corrosion and was calculated
according to reference (Sommersacher et al., 2012).
3.2.4. Combustion and Ash Melting Test
Combustion tests were carried out with the solid fuels AC, AE, AM, CD, DC, and PA2
in the form of compacted briquettes. The tests were conducted on a test bench with an
ÖKOTHERM - compact plant C1L (ÖKOTHERM, Germany) with a nominal output of 120
kW in accordance with the DIN EN304 (DIN, 2004) criteria. The boiler output was adjusted
continuously between 30–100 % of the nominal load. For each fuel type, the tests were
carried out in three phases; heat-up phase, partial load (50 % nominal output), and full load
(100 % nominal output). The heating system is stoker-fired and has a cooled combustion
cavity; automated lambda control was also included. The experimental procedure was
carried out in accordance with DIN EN 303-5 (DIN, 2012). The gas and particulate matter
(PM) emissions were tested using a standardized emission test section installed in the
exhaust line. The levels of O2, CO2, CO, NOX, and SO2 in the exhaust were detected using an
ecom-J2KNpro (Ecom, Germany) compact analyser. The amount of fuel used was
determined by weighing hourly over the test period, the power and efficiency were
calculated in accordance with DIN EN 0304 + A.7 A.8 (DIN, 2004). The removal of ash was
carried out by an ash pusher into a collection tray.
For the ash melting test, 30 g of biomass was ground with a cutting mill and incinerated
in a muffle furnace at 550 ℃. The material was annealed for 1 h at 700 ℃ for full incineration;
the ashes produced were compacted into a cylindrical form of 3 mm diameter and 3 mm
height. The ash melting behaviour was tested using a hot stage microscope (Hesse
Instruments, Germany) connected to a CCD camera. Automatic contour recognition and
evaluation of the silhouettes were used to identify characteristic temperatures at softening,
spherical, hemispherical, and flowing point of the ashes according to DIN 51730 (DIN,
2007a), ISO 540 (ISO, 2008), CEN/TS 15404 (DIN, 2007b), and CEN/TS 15370-1 (DIN, 2006).
The temperature inside the microscope was increased at a rate of 10 K·min−1 and images
were captured every minute. When the software had difficulties in identifying the form,
manual identification was used. In some cases, the form could not be determined neither
automatically nor manually; this difficulty mainly occurred for the spherical and
hemispherical stage.
3.2.5. Prototype Plant
For the comparison of commercial (Figure 1) and prototype (Figure 2) plants, data on
elemental reduction originates from reference (Hensgen et al., 2012) and data on ash melting
behaviour was provided by reference (Bühle et al., 2014). Data for the above studies involved
grassland biomass samples from a total of 18 sites in Estonia, Germany, and the United
Kingdom. The conversion of biomass samples to solid fuel was done in a prototype scale
IFBB unit which could handle 300 kg per day (for details see (Hensgen et al., 2012). Unlike
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the commercial scale unit, the silage to water ratio during the mashing stage was held
constant at 1:8 and the mashing time was 30 min with a water temperature of 25 ℃. The
process parameters are summarized in (Table 3.2), the parameters given below show the
variation in operating conditions for the prototype and commercial scale.

Figure 3.2. (Left) Layout of the prototype scale IFBB plant, 1. Biomass storage tank, 2. Hydrothermal
conditioning, 3. Screw press, 4. Mash water tank, 5. Press fluid storage, 6. Digester, 7. Biogas burner,
8. Press cake dryer, 9. Briquette press. (Right) External image of the prototype unit fitted inside two
shipping containers.
Table 3.2. Comparison between the process parameters for prototype and commercial scale plants.

Silage throughput
Briquette output
Silage batch size
Conditioning temperature
Conditioning time
Silage to water ratio

kg·day
kg·day−1
kg
°C
min
−1

Prototype
300
90
20
25
30
1:8

Commercial
40000
8400
500-3500
10
40
1:15

3.2.6. Statistical Analysis
Statistical analysis was carried out using R software package (R Core Team, 2017). The
datasets were checked for normal distribution using the Shapiro–Wilk normality test and
were verified visually. Since most of the datasets were not normally distributed, differences
between the silage and solid fuel in terms of elemental concentration and ash melting
temperatures were tested using Wilcoxon rank sum test, which was also used for
comparisons between prototype and commercial scale units. Effects of silage and press cake
chemistry on the ash softening and flowing temperature were tested using multiple linear
regression modelling with interactions, considering the principles of hierarchy and
marginality in the development of models (Connolly and Wachendorf, 2001).

3.3. Results
3.3.1. Elemental Concentrations
A significant reduction in the elemental concentration caused by dewatering of silage
was observed for almost all elements, except for Na (Table 3.3). The rate of reduction varied
14

Solid Fuel Production from Semi-Natural Grassland Biomass-Results from a CommercialScale IFBB Plant
from 24.73 % for Ca to 89.42 % for Cl. The mean reduction of Cl was in the range of removal
rate of Cl from biomass after washing and mechanical separation confirmed by similar
studies (Khalsa et al., 2016) . K and S was reduced by 88 % and 62 %, respectively, in this
study, which were above the reduction rates of 84 % and 55 % observed by reference (Khalsa
et al., 2016). According to reference (Obernberger and Thek, 2004), there would be a
corrosion risk by Cl only if the concentration is above 0.1 %DM. Most of the solid fuel
samples had a Cl concentration below this threshold. During combustion, S present in the
biomass fuel forms alkali sulphates and gaseous SOx. Due to cooling of flue gas in the boiler,
these sulphates condense at the heat exchanger. The concentration of S in the solid fuel was
lower than 0.09 %DM, which was slightly below the guiding value for unproblematic
combustion of 0.1 %DM (Obernberger et al., 2006). A perception of the actual high
temperature corrosion risk can be obtained by using the molar 2S/Cl ratio (Sommersacher et
al., 2012).
Table 3.3. Ultimate analysis, heating values, elemental concentration and corrosion index for silage
(SI) and solid fuel (SF), along with the reduction rate (RR) from silage to solid fuel for test materials
processed in the commercial-scale pilot plant (see Table 3.1). The values in parentheses denote an
increase in concentration from silage to press cake.

DM

%FM

LHV
Ash

N

S

Cl

K

Ca

Mg

P

%DM

%DM

%DM

%DM

%DM

%DM

%DM

%DM

SI

AC

AE

AM

AS

BS

CD

DC

JE

PA 1

PA 2

PS

Mean

55.18

66.01

27.32

31.67

82.54

62.23

38.42

66.32

56.35

39.54

44.11

55.91

SF

31.51

28.20

29.43

77.00

24.55

33.25

32.46

26.61

30.25

31.68

29.67

29.93

SI

17.12

17.55

16.67

17.47

17.32

17.26

17.81

17.33

16.70

17.54

17.48

17.30

SF

17.69

17.69

17.56

17.80

17.69

17.65

17.84

17.78

17.55

17.94

17.82

17.72

SI

9.89

7.40

13.96

5.69

7.23

8.49

7.07

7.91

11.80

7.22

7.88

8.59

SF

3.59

3.88

4.40

3.59

3.76

4.74

3.54

4.42

4.52

3.54

3.74

3.97

RR

63.70

47.57

68.48

36.91

47.99

44.17

49.93

44.12

61.69

50.97

52.54

51.64***

SI

1.40

1.58

1.79

0.96

1.16

1.50

1.64

1.09

1.52

1.23

1.07

1.36

SF

0.68

0.89

0.66

0.73

0.76

0.96

0.79

0.86

0.70

0.70

0.58

0.76

RR

51.43

43.67

63.13

23.96

34.48

36.00

51.83

21.10

53.95

43.09

45.79

42.58***

SI

0.16

0.18

0.20

0.29

0.14

0.17

0.23

0.15

0.17

0.28

0.23

0.20

SF

0.06

0.07

0.06

0.09

0.06

0.08

0.08

0.07

0.07

0.09

0.07

0.07

RR

62.50

61.11

70.00

68.97

57.14

52.94

65.22

53.33

58.82

67.86

69.57

62.50***

SI

0.22

0.45

1.24

0.44

0.21

1.01

0.86

0.50

0.54

0.61

0.64

0.61

SF

0.04

0.04

0.11

0.04

0.03

0.06

0.11

0.05

0.04

0.08

0.05

0.06

RR

81.82

91.11

91.13

90.91

85.71

94.06

87.21

90.00

92.59

86.89

92.19

89.42***

SI

2.81

0.95

1.96

0.65

2.08

1.33

1.02

1.86

1.16

0.82

1.15

1.44

SF

0.32

0.08

0.22

0.09

0.25

0.17

0.16

0.20

0.11

0.11

0.10

0.16

RR

88.61

91.58

88.78

86.15

87.98

87.22

84.31

89.25

90.52

86.59

91.30

88.39***

SI

0.64

0.54

0.69

0.33

0.87

0.86

0.41

0.54

0.45

1.17

0.90

0.67

SF

0.53

0.43

0.33

0.32

0.81

0.60

0.35

0.61

0.34

0.41

0.44

0.47

RR

17.19

20.37

52.17

3.03

6.90

30.23

14.63

(12.96)

24.44

64.96

51.11

24.73***

SI

0.16

0.21

0.18

0.34

0.15

0.26

0.23

0.19

0.21

0.24

0.20

0.22

SF

0.06

0.06

0.04

0.09

0.08

0.08

0.08

0.07

0.05

0.05

0.05

0.06

RR

62.50

71.43

77.78

73.53

46.67

69.23

65.22

63.16

76.19

79.17

75.00

69.08***

SI

0.33

0.27

0.26

0.1

0.22

0.18

0.21

0.17

0.19

0.18

0.12

0.20

SF

0.05

0.05

0.06

0.04

0.08

0.06

0.05

0.05

0.06

0.04

0.04

0.05

RR

84.85

81.48

76.92

60.00

63.64

66.67

76.19

70.59

68.42

77.78

66.67

72.11***
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Na

%DM

2S/Cl

SI

0.01

0.37

0.29

0.19

0.01

0.09

0.42

0.02

0.04

0.08

0.05

0.14

SF

0.05

0.07

0.07

0.06

0.06

0.05

0.01

0.05

0.05

0.04

0.04

0.05

RR

(400)

81.08

75.86

68.42

(500)

44.44

76.19

(150)

(25)

50

20

(59.91)

SI

1.61

0.91

0.35

1.45

1.52

0.37

0.58

0.67

0.71

1.03

0.82

0.91

SF

3.14

4.08

1.22

5.57

4.60

2.58

1.64

3.37

3.81

2.32

2.95

3.20

*** p < 0.001 ** p < 0.01 * p < 0.05.

A ratio above 4 would indicate a minor risk and above 8 would indicate negligible risk.
The 2S/Cl ratio for the solid fuel samples had an average of 3.27±1.18 compared to silage
values of 0.92 ± 0.40. So, the corrosion risk was comparatively lower for the press cake, but
the data still indicate a minor corrosion risk. A much higher 2S/Cl ratio of 11.9 was reported
for mechanically leached solid fuel from grass by reference (Khalsa et al., 2016), which can
be explained by the lower removal rate of Cl and the higher removal rate of S in the BadenBaden plant.
Considering the factors influencing the removal rate, previous studies showed that the
removal of Cl from silage was better at lower hydrothermal conditioning temperatures
(Richter et al., 2010; Wachendorf et al., 2009). This contrasted with the influence of
temperature on the removal of other soluble elements. The improved removal of Cl at lower
temperatures may be explained by the dissolution of a majority of Cl in the form of Cl− at
lower temperatures and by the competition among other ions for entry into water (Deng et
al., 2013). Moreover, studies have suggested that hydrothermal conditioning temperature
has a negligible effect on removal rates of soluble elements from grass silage (King et al.,
2012) and that the effect of temperature varies with the type of biomass (Deng et al., 2013).
The silage samples had DM contents between 26.55 % and 83.56 %, higher DM content
resulted in more water being used during the mashing process. Dry matter content and the
initial concentration of elements in silage could have an influence on the reduction rate of
the respective elements, this influence was reported for Cl by reference (Tonn et al., 2011).
In contrast to other elements, the concentration of Na during dewatering of silage
increased in some of the samples. A similar increase in Na during treatment of biomass by
washing was reported by reference (Carrillo et al., 2014). Externally introduced Na from the
water used for hydrothermal conditioning may be a reason for this. The mean ash content
in the solid fuel was 3.97 ± 0.43 %DM with a reduction of 51 % from the silage. Despite the
ash content being relatively lower than in other herbaceous fuels, the reduction rate was in
the range reported by reference (Khalsa et al., 2016).
3.3.2. Ash Melting
As the elements affecting ash melting temperatures in biomass fuels are water-soluble
(Vassilev et al., 2014), hydrothermal conditioning and mechanical separation were expected
to increase the ash melting temperature from silage to solid fuel. Ash softening temperature
(AST) in the solid fuel varied from 1050 ℃ to 1370 ℃ (Table 3.4) and the mean values were
in the range of lignite and higher than for most of the herbaceous biomass fuels (Vassilev et
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al., 2014). It was found that AST was mainly influenced by K and Ca, the former had a
negative influence (Bühle et al., 2014), which was also observed (R2 = 0.23) in this study. Ca
had a positive influence (R2 = 0.33) on AST for silage, whereas in the case of solid fuel the
influence was not significant. The increase in AST from silage to solid fuel was not significant
even though there was a mean increase of 63 ℃. This is in line with observations by reference
(Piepenschneider et al., 2016) who found an increase of 12 ℃, which was also not a significant
increase.
Table 3.4. Mean ash softening and flow temperature for silage (SI) and solid fuel (SF).
Ash Softening Temperature

Ash Flowing Temperature

℃

AC
AE
AM
AS
BS
CD
DC
JE
PA 1
PA 2
PS
Mean

SI
1070
1040
1080
1023
1163
1153
1067
1027
1157
1167
1157
1100

℃

SF
1050
1097
1143
1370
1170
1147
1077
1147
1183
1230
1180
1163

SI
1260
1290
1300
1243
1307
1280
1217
1213
1377
1247
1297
1275

SF
1297
1277
1353
1467
1277
1290
1273
1260
1423
1377
1400
1336

A similar trend was observed for ash flowing temperature (AFT). A correlation between
the AST and AFT was observed for solid fuel (R2 = 0.40), which, according to reference
(Vassilev et al., 2014), implies that the major processes responsible for the ash melting
behavior are similar. The silage ash showed a much weaker correlation (R2 = 0.11) between
AST and AFT.
3.3.3. Combustion and Emission
Mean lower heating value increased by 0.43 MJ kg−1 (2.5 %) due to dewatering of silage,
which is less than the increase found by reference (Khalsa et al., 2016) (10 %) and (Nitsche et
al., 2017b)(5 %). Ash content in the fuel has a negative correlation to the heating value
(Demirbas, 2002) and the strength of this relation depends on the type of biomass used,
varying from R2 = 0.45 in rice straw to R2 = 0.88 in wheat straw (Jenkins et al., 1996). A
negative relation between heating value and ash content was also found in the present study,
but it was not strong (R2 = 0.53). In the combustion tests, all briquetted fuels ignited easily
with the hot air automatic ignition and a full flame in the combustion chamber could be
observed within 15 min. Due to destabilization of pressed fibres in the briquettes during
transportation, some flying sparks could be observed. However, the sparks had no influence
on the dust content in the flue gas, as they burned in the upper part of the boiler. Flying
sparks were relatively lower in the partial load operation than in the full load, because of
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the lower air velocity from the blower. Due to the presence of higher N content in grassland
biomass fuels (0.4 to 3.6 % DM) (van Loo and Koppejan, 2008), compared to solid fuels from
other biomass sources, such as wood chips (0.1 to 0.9 %DM) or bark (0.1 to 0.5 %DM) (van
Loo and Koppejan, 2008), the NOx emissions tend to be higher (Nussbaumer, 2003). A
positive linear relationship between the fuel N content and the NOx emission was observed
(R2 = 0.89) (Figure 3), implying that the reduction in N content in the solid fuel with the IFBB
process (42 %±10 %) reduced the potential for NOx emissions. In all cases, NOx emissions at
full load were below the threshold of 500 mg m−3 flue gas (Carvalho et al., 2013). The higher
values of emissions during partial load combustion can be attributed to the incomplete burnoff in the combustion zone.
The quality of combustion could be indicated by the amount of CO emitted, with a lower
emission indicating a higher conversion of C into CO2, resulting in complete combustion
(van Loo and Koppejan, 2008). CO emissions at full load were highest at λ between 1.5 and
1.6 and decreasing gradually with increasing values of λ, similar to the findings of reference
(Carvalho et al., 2013) for Miscanthus. CD was an exception, as it had highest CO emission
at λ between 2.5 and 3. This information is particularly relevant for combustion chambers
without automated λ control systems. Although SO2 emission was influenced by fuel S
content, fuel S is not completely converted into SO2. A fraction of S remains in the ash and
some is emitted as salts at lower temperatures (van Loo and Koppejan, 2008). Lower SO2
emission was observed with partial load due to a lower operating temperature. Even though
the IFBB process reduced the ash content in the press cake, PM was higher in some cases
(Table 3.5). PM in the flue gas is a result of incomplete combustion and, hence, is in most
cases higher with partial load than with full load combustion. The use of electrostatic
precipitators (Khalsa et al., 2016) and dust filters, which is common nowadays, can further
reduce PM (Sanz et al., 2015). Hence, the IFBB solid fuel can be considered an appropriate
fuel for industrial application.
Table 3.5. Mean values of CO, NOx, SO2, PM, and excess air fuel ratio (λ) emissions during
combustion of solid fuel briquettes at partial load (60 kW) and full load (120 kW).

AC

mg m−3

NOx
Partial
Full
Load
Load
357.20
352.32

CO
Partial
Full
Load
Load
36.20
627.35

SO2
Partial
Full
Load
Load
34.91
2.91

PM
Partial
Full
Load
Load
55.38
103.48

(λ)
Partial
Full
Load
Load
2.9
1.9

AE

mg m−3

567.65

404.03

276.49

52.88

16.23

58.41

35.04

37.24

3.1

AM

mg m−3

348.53

353.33

337.20

75.38

20.57

41.41

65.13

43.18

2.9

2

CD

mg

m−3

438.20

467.71

497.00

173.87

26.04

40.73

65.72

49.58

3.7

2.6

DC

mg m−3

399.62

405.60

407.46

38.21

10.99

58.53

77.88

50.77

3

1.8

mg m−3

359.41

349.52

169.26

94.56

48.31

70.82

26.08

30.30

2.8

1.7

PA2
Legal threshold

a

500

250

350

1.8

50

a—Emission thresholds in Germany for combustion with fuel input between 0.1–1 MW for non-wood biomass at
11% O2 (48.BImSchG, 2002).
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Analysis of greenhouse gas (GHG) emissions generated during the production and use
of semi-natural grassland fuels with IFBB technology was not covered in this study.
However, it has been found that there is GHG savings of almost 3 t CO2 eq ha−1 for the
prototype scale and a saving of almost 44 GJ ha−1 through the substitution of fossil fuel-based
energy (Bühle et al., 2012). The GHG emissions can be attributed mainly to the heat,
electricity, and fuel input during both the field operations and the IFBB process steps.

Figure 3.3. Correlation between mean values for NOx emissions and N concentration in the fuel and
for SO2 emissions and S concentration in the fuel.

3.3.4. Comparison between Commercial-Scale Plant and Prototype
In the commercial scale IFBB process (CS), most harmful elements were reduced to a
greater extent than in the prototype scale process (PT) (Figure 4). For example, the overall
ash reduction was 51.6 % in CS compared to 30.2 % in PT. Even though Cl concentrations in
the press cakes were similar for both CS and PT, the reduction rate of Cl in CS was higher
(89.4 %) than in PT (81.1 %). K was reduced by 88.5 % in CS compared to 73.7 % in PT and S
was reduced by 62.3 % in CS, which is a significantly (p < 0.001) higher reduction compared
to 34.55 % in PT. More than 90 % of the elements Cl and K in biomass are present in the form
of water-soluble free ions (Cl−, KNO3, and KCl, respectively) (Marschner and Marschner,
2012). The improved reduction rate in CS may be explained by the higher quantity of water
used and extended retention time in the mashing stage, and by the different mashing
technique itself (mixing in water in CS compared to sprinkling with water on a conveyor
belt in PT). The concentration of N in the fuel was reduced by 42.2 % in CS compared to only
17.5 % in PT. Substantial parts of N contained in herbaceous biomass can be presumed to be
firmly bound in the cell wall proteins, which is not easily mobilizable with the IFBB
procedure (Wachendorf et al., 2009). Due to lower N concentrations in the fuel the
combustion of solid fuel from CS can be expected to generate lower NOx emissions
compared to other herbaceous biomass. The difference in mean concentration of P in CS and
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PT solid fuel was low, but the reduction rate was higher for CS at 72.2 % compared to 58.2
% for PT. Concentrations of Ca in solid fuels were similar, as were the reduction rates both
for CS and PT. The presence of Ca in the solid fuel during combustion has a positive
influence on the ash melting temperature (van Loo and Koppejan, 2008), hence, the
moderately lower reduction of Ca compared to other elements is favourable for solid fuel
production. In terms of element reduction, the commercial-scale is a clear improvement
compared to the prototype scale, regardless of the variation in biomass being used.

Figure 3.4. Concentration of (a) N, (b) S, (c) K, (d) Cl, (e) Ca, and (f) Ash in the silage (P_SI) and solid
fuel (P_SF) on the prototype- scale and commercial-scale (C_SI, C_SF) plant. The corresponding
average reduction rate for elements during dewatering for the prototype (PRR) and commercial scale
(CRR) is shown in the top right corner of each plot. The dashed line in the box plots denotes the
arithmetic mean and the solid line represents the median. For prototype (P) number of observations
were n=108 and for commercial scale (C) number of observations were n = 36. Boxes represent the 25th
and 75th percentile and whiskers indicate the 10th and 90th percentile values excluding outliers.
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Ash softening temperature of solid fuel in CS was 1163 ℃ compared to 1050 ℃ in PT,
which cannot be fully attributed to scaling effects, as AST in CS silage was also higher. The
improvement in AST between silage and solid fuel for both CS and PT were similar (10 %)
and for AFT the trend was similar, with 1335 ℃ for CS and 1290 ℃ for PT, but the rate of
increase in both cases was only 3 %. While element concentrations in the silages were very
variable, the variation in the solid fuel was much smaller, proving the ability of a
commercial-scale IFBB plant to convert a very heterogeneous biomass into a more
homogeneous fuel. Nowadays, renewable energy sources such as wind and solar face the
challenge of balancing energy demand with weather dependent fluctuation of energy
production, therefore flexible power generation sources that are less dependent on weather
can be used to cope up with the electricity demand. Biogas can be used for flexible power
generation where the electricity generation can be managed to meet the electricity demand,
especially if an easily digestible substrate such as the IFBB press liquid is used for biogas
production (Hahn et al., 2015; Hahn et al., 2014).

3.4. Conclusions
Combusting green and leafy grassland biomass is not feasible due to the presence of
harmful elements (mainly minerals and N) and their effect on fuel properties, combustion
process, and emissions. The presented results from an up-scaled IFBB process confirmed
recent research on a laboratory and prototype scale: concentration of detrimental
constituents in fuels were drastically reduced compared to the parent material and ash
melting behaviour was improved in comparison to silage. Emissions during combustion
were within the stipulated thresholds, except for PM, which is of no concern, as efficient
filtering systems are common standard. The practical implementation will be facilitated, as
the fuels produced are compatible with standard biomass or wood-chip boilers.
Solid fuels, being a flexible power source that can be easily stored, may be a vital
component of a future renewable energy system that can help mitigate the fluctuations
caused by natural restrictions while generating power using solar and wind, especially in
remote locations where other energy generation options are difficult.
Therefore, using green residual biomass from grasslands and landscape management
with the IFBB technology generates an energy carrier which (i) does not conflict with other
biomass uses, (ii) mitigates CO2 emissions, and (iii) helps to preserve landscape diversity.
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4

4.Life Cycle Assessment of Bioenergy
Production from Mountainous
Grasslands invaded by Lupine (Lupinus
polyphyllus Lindl.)
Abstract: Mountainous grasslands are typically important habitats both for fauna and flora
but increasingly suffer from invasions by neophytes (i.e. Lupinus polyphyllus Lindl.) in
most German low mountain areas, which eventually threatens species richness. Regular
defoliation is required to eliminate the invasion, however, at present options to handle the
harvested biomass are limited. Integrated generation of solid fuel and biogas from biomass
(IFBB) and anaerobic digestion (AD) are two possible options to utilise the biomass and
convert it into energy. There is substantial environmental impact associated with the energy
and resource usage during conversion of the biomass into fuel and during usage of fuels
and co-products obtained. This study examines IFBB and AD to identify the best option in
terms of environmental impacts and primary energy usage, also looking at alternatives for
process parameters along the life cycle that would reduce environmental impacts. It was
found that IFBB was a better option compared to AD, as it had higher environmental and
primary energy savings across all grassland sites. Higher energy conversion efficiency of
IFBB resulted in higher greenhouse gas (GHG) and energy savings, even though the energy
usage for the processing steps were higher compared to AD. Biomass yield was positively
related to the savings, providing better GHG and energy savings for grasslands containing
invasive species. There were no savings in terms of acidification (AP) and eutrophication
potential (EP) for both IFBB and AD, however AP and EP was lower using IFBB compared
to AD. Hence, biomass originating from mountainous grasslands with lupine invasion could
be effectively utilised with IFBB, as this option had lower environmental impacts and higher
energy savings compared to AD. Biomass from non-invaded grasslands could also be
converted effectively using IFBB, hence IFBB could be used to utilize the harvested biomass
in the situation where the invasion is eliminated.
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4.1. Introduction
Mountainous grassland ecosystems across Europe have become highly biodiverse
through low intensity land use over last centuries (Habel et al., 2013) but biodiversity is
threatened by factors such as land use change, nutrient addition, climate change and species
invasion (Stevens, 2018). According to the World Health Organization (WHO) invasive
species are classified as direct drivers of biodiversity loss, which causes adverse effects on
many life sustaining ecosystem services and human health (World Health Organization,
2015). Invasive species are positively affected by higher CO2 and temperature levels
compared to the native species; this makes today’s global environmental conditions more
favourable for the dominance of invasive species (Liu et al., 2017b). The threats to
biodiversity can be managed to an extent with no fertiliser addition and lower cutting
frequency (Socher et al., 2012), cutting early controls the spread of invasive species (Brobäck,
2015). Lupinus polyphyllus Lindl. is an invader that is present in many grassland sites across
Europe and will probably be able to continue its spread in the future due to climatic factors
(Vetter et al., 2019).
Grassland biomass containing L. polyphyllus in the “Hohe Rhön” biosphere reserve
(UNESCO) is selected for this study, as the biomass needs to be regularly harvested to
contain the invasion through dispersion of seeds (Volz, 2003). Further, the presence of toxic
alkaloids in L. polyphyllus lowers the economic value of the biomass, as it is unsuitable to
be used as forage for large ruminants (Fremstad, 2010). Integrated generation of solid fuel
and biogas from biomass (IFBB) may be suitable to handle the invaded grasslands, as it was
proven to be an effective method to utilise harvested grassland biomass with varying species
composition, physical and chemical properties (Joseph et al., 2018; Wachendorf et al., 2009).
Biomass is processed using hydrothermal conditioning by mashing with water at a defined
temperature (Richter et al., 2011) and consequently it is mechanically separated into a press
cake that can be processed into a solid fuel suitable for combustion in most biomass
powered boilers, and an easily digestible press fluid that can be used to generate biogas
(Hensgen et al., 2014; Wachendorf et al., 2009).
Anaerobic digestion (AD) is also an option that could be used to handle the harvested
biomass, however the energy yield from AD is low compared to IFBB for mountainous
grassland biomass infested with L. polyphyllus. Both IFBB and AD require resources and
energy to process the biomass into fuel, which implies that lower net energy is produced
from the system (Bühle et al., 2012). The energy and resource use through the life cycle, along
with usage of the fuel and by-products generated leads to environmental impacts, therefore
a system with minimal impacts or possible environmental savings from the conventional
fuel sources they replace is preferred (Bühle et al., 2011). Conventional biomass, such as
maize for silage, used for energy production generate emissions, which occur mainly from
fertiliser application and land use change during feedstock production (Weiss et al., 2012).
Using biomass from unfertilised mountainous grassland as feedstock avoids such emissions,
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therefore energy produced from such feedstocks would have lower emissions associated
with them. Hence, it is expected that harvesting mountainous grasslands with invasive
species to produce energy can help in improving biodiversity and additionally provide an
energy source with lower environmental emissions. This study aims to investigate the
emissions and primary energy use associated with the utilisation of grasslands containing
invasive species to produce energy, focusing on the following objectives:
1.

Compare IFBB and AD systems to determine the option that has lower

environmental impacts or higher environmental savings.
2.

Identify processes with high environmental impacts and primary energy usage along

the life cycle and examine alternative options.
3.

Assess the feasibility of IFBB and AD in terms of environmental and energy savings

once the invasive species is eliminated and grasslands were retransformed into generic lowyielding vegetation.

4.2. Methodology
Life Cycle Assessment (LCA) was used as a tool to measure the environmental impacts
during all stages of the AD and IFBB energy conversion systems; this has been done
according to the ISO 14040/14044 standard. The energy conversion systems in this LCA were
modelled based on laboratory scale measurements, which were used to estimate the
inventory data for the scaled-up processes to suit the actual conditions in the study area.
4.2.1 Goal and scope
This study aims to evaluate and compare the environmental impacts and primary
energy usage that result from conversion of biomass feedstock to energy (heat and
electricity) using the AD and IFBB systems. The feedstock is biomass obtained from the
management of mountainous grasslands covered by an invasive species (Lupinus
polyphyllus). The grassland has to be harvested in order to control the invasion, which leads
to the generation of biomass that is of low value as a forage. The heat and electricity
generated is assumed to replace energy use from the district heating network and German
national grid respectively and the digestate produced is assumed to be applied on adjacent
productive lowland grasslands. It was necessary to understand the environmental
performance of the two systems to identify the better option among them; hence they were
compared in terms of the impact categories. For this comparison data derived from four
grassland areas was used. The four grassland areas consisted of two widespread
mountainous grassland types, Nardus stricta (NS) dominated grassland (matgrass meadow;
habitat type 6230) and lower mountain grassland dominated by Trisetum flavescens (TF)
(golden oatgrass meadow; habitat type 6510). Both types were investigated in their original
occurrence (NS, TF) (i.e. without L. polyphyllus) and in the invaded state (NS+L, TF+L)
(Figure 4.1).
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Figure 4.1. Vegetation of four areas used for this study, two of which were L. polyphyllus invaded (A,
C). (Photos: Damian Schulze-Brüninghoff)

This study was modelled using OpenLCA version 1.8, the input flows and emissions for
background processes were estimated using literature references. Data was collected from
15 plots of 8 x 8 m from 4 areas each and the biomass was analysed in the laboratory for
mineral content using X-ray fluorescence spectroscopy by an accredited external laboratory.
Carbon (C), Hydrogen (H), and N content in samples were measured using 150 mg of dried
material in an elemental analyser (Vario MAX CHN Elementar Analysensysteme GmbH,
Hanau, Germany). Dry matter and ash content were determined by drying the biomass
samples at 105 ℃ and 550 ℃, respectively. Processing the feedstock into press cake and press
fluid was carried out at a laboratory scale IFBB facility to determine their properties and
gather the data needed for modelling.
4.2.2 Functional unit
The functional unit chosen in this study for allocating the environmental impacts was 1
hectare of grassland that is harvested to control the invasive species. An input-based unit
was chosen because the function of the energy conversion system was to utilise the feedstock
produced from harvesting the biomass. Moreover, to compare the environmental impacts
between grasslands with and without invasive species an area-based unit was needed as the
yield varied between the areas.
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4.2.3 System boundaries and allocation
A “cradle-to-grave” approach was used including harvesting of the biomass,
processing, treatment and energy conversion as steps within the system boundary.
Converting feedstock using IFBB resulted in energy carriers which comprise solid fuel
briquettes and biogas along with digestate as a by-product. The impacts of using these fuels
to produce heat and electricity along with the application of the digestate was also included
in the system (Figure 4.2). AD and IFBB systems had similar pre-treatment steps for handling
and processing the biomass feedstock and the inputs for these steps included fuel,
infrastructure, heat and electrical energy for processing the feedstock. As the study area was
in a nutrient sensitive nature conservation area, fertiliser was not applied on the field, hence,
emissions related to fertiliser application were not considered. Digestate was considered as
co-product of digestion, so the storage and application of digestate on fields outside of the
nature conservation area was included.

Figure 4.2. System boundary diagrams for the IFBB (above) and AD (below) systems. The boxes
illustrate the main foreground processes in the system. The arrows denote the flow of raw materials,
products. Heat, electricity and digestates were considered to replace the local heat mix, grid electricity
and mineral fertilisers, respectively.

For the IFBB system, multiple outputs were produced from the mechanical separation
process. The environmental impacts were divided between press cake and press fluid, based
on their respective energy content, referred to as energy volume (Rehl and Müller, 2011).
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4.2.4 Life cycle inventory (LCI)
4.2.4.1 Biomass feedstock production
Biomass was sampled from sites located in the “Rhön” UNESCO biosphere reserve in
Germany (50°29' N, 9°56' E) on unfertilised mountainous grasslands. Emissions from land
use change were not considered, as the sites had previously been mountainous grassland
and, therefore, no land use change occurred. Four common grasslands in the biosphere
reserve were selected for this study. The characteristics of the harvested biomasses were
strongly affected by the presence of L. polyphyllus in the grassland (Hensgen and
Wachendorf, 2016) (Table 4.1).
Table 4.1. Characteristics of biomass, press cakes and press liquids from four grassland types (n=
15), including matgrass (Nardus stricta, NS) and golden oatgrass (Trisetum flavescens, TF)
meadows, either free of lupine (NS and TF) or invaded by lupine (NS+L and TF+L).
Unit

NS

TF

NS+L

TF+L

Net yield

t FM ha-1

3.2

9.4

10

12

Net yield

t DM ha-1

1.5

2.8

2.8

3.2

DM content

% FM

47.6

29.5

28.2

26.3

Volatile solids

% DM

95.5

91.5

87.7

90.1

Lupine content

% FM

0

0

34.1

43.6

C concentration

% DM

48.1

46

45

43.7

Mass flow in the press cake

% DM

89.9

77.2

70.3

78.5

Mass flow in the press fluid

% DM

10.1

22.9

29.7

21.5

t DM ha-1

1.2

2

1.8

2.3

DM content

% FM

55.4

48.5

50.8

48.9

C concentration

% DM

48

47

45.6

46.8

MJ kg-1 DM

17.7

17.3

16.9

17.4

C concentration

% DM

47.7

40.8

33.7

33.2

Methane content

% CH4

42.3

55.3

52.5

51.5

Methane yield

Ln CH4 kg VS

259.9

334.2

295.5

295.8

Volatile solids

% FM

0.6

1.44

1.3

1.3

Methane yield

Ln CH4 kg-1 VS

189.1

218.2

220.6

229.5

Volatile solids

% FM

51.3

32.2

32.9

29.9

Raw biomass

Press cake
Net yield

Lower heating value *
Press fluid

-1

AD of whole crop silage

* Calculated based on the C, H and N content (Friedl et al., 2005).
(Ln – Volume in litres at standard temperature and pressure)
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The above-ground biomass was harvested 1-2 times per year, some biomass types were
low yielding and harvesting these for the second time was not economically feasible. Postharvest, the biomass was stored by ensiling using plastic bales. Details on the processing
steps during harvesting and storage and their respective inventory data used is explained
in detail under (S1.1 and S1.3).
4.2.4.2 Feedstock processing
Two different feedstock processing systems, IFBB and AD were compared in this study
and both the systems had distinctive processing steps (Figure 4.2). IFBB used mashing and
mechanical separation to produce a press cake and a press liquid from the ensiled biomass
feedstock (Bühle et al., 2012). The press cake after further drying and briquetting was used
as a solid fuel combusted in biomass boilers to produce heat energy. Whereas the press
liquid produced was co-digested in a fixed-bed digester to produce methane. For the AD
system, shredded bales were directly co-digested to produce methane. The methane
obtained in both the systems were used to generate heat and electricity. Similarly, digestates
obtained from both systems were spread on fields outside the biosphere reserve. Details on
the IFBB and AD steps along with the inventory data used is explained in (S1.2 and S1.3).
4.2.5 Impact categories
The quantitative data collected in the LCI needed to be converted to environmental
impacts which was done with CML (baseline) impact categories. The impact categories
chosen for this study were global warming potential (GWP) with the characterisation factor
for a 100-year time horizon, acidification potential (AP) and eutrophication potential (EP) in
terms of kg CO2 eq., kg SO2 eq. and kg PO4 eq. In addition to the environmental impacts, the
primary energy demand was estimated for heat, electricity and fuel used as inputs for the
processing. Primary energy considered the natural resources, energy carriers, grid losses
and transportation necessary to produce energy, which resulted in 2.26 MJ of energy needed
to produce 1 MJ of electricity and 1.16 MJ of energy needed to produce 1 MJ of heat
respectively (IINAS, 2017).

4.3. Results
4.3.1 Global warming and primary energy usage
Greenhouse gas (GHG) balance was negative for both AD and IFBB conversion systems
across all biomass types (Figure 4.3), which means that their implementation would lead to
GHG savings. Though TF+L showed the highest GHG emissions of 1.34 t CO2 eq. caused by
energy conversion operations for IFBB, 2.73 t CO2 eq. of GHG emissions from fossil sources
were replaced, which represents the highest GHG savings of all investigated biomass types.
Contrary, though NS had an emission of only 0.47 t CO2 eq., replacement of 1.37 t CO2 eq.
resulted in substantially lower GHG savings. Given similar yields per hectare, conversion
of biomass with IFBB had higher savings compared to AD, which could be attributed to the
28

Life Cycle Assessment of Bioenergy Production from Mountainous Grasslands invaded by
Lupine (Lupinus polyphyllus Lindl.)
better energy conversion efficiency of IFBB. Differences in savings were 0.38, 0.45 and 0.47 t
CO2 eq. for NS+L, TF+L and TF, respectively. However, savings between IFBB and AD
differed stronger (0.64 t CO2 eq.) for the lower yielding NS meadow. The highest positive
balance was calculated for TF+L; 1.39 t CO2 eq. could be saved by IFBB compared to 0.89 t
CO2 eq. with AD.

Figure 4.3. GHG emissions from input processes (right) and GHG savings from replacing energy and
fertiliser production (left). The white bars show the net GHG balance for each of the options, with the
larger negative value indicating the more favourable option. Biomass types include matgrass (Nardus
stricta, NS) and golden oatgrass (Trisetum flavescens, TF) meadows, either free of lupine (NS and TF)
or invaded by lupine (NS+L and TF+L). AD: Anaerobic digestion; IFBB: Integrated generation of solid
fuel and biogas from biomass.

As GHG emissions for pre-treatment steps arise from fuel usage during field operations,
the figures for these processes were equal for AD and IFBB (Figure 4.2). Fuel usage for
baling, bale transport and shredding depended on the biomass yield per hectare. For the
lowest yielding biomass type (NS) the fuel use accounted for 73.52 kg CO2 eq., which was
15% of the total emissions for that grassland type. Fuel consumption for the highest yielding
grassland type (TF+L) accounted for 143.80 kg CO2 eq., corresponding to 11 % of total
emissions. The energy usage and, consequently, the GHG emissions for processing steps in
IFBB increased with increasing yield of biomass, as more biomass needed to be processed.
Emissions from infrastructure were generated from material and resource usage for
production, maintenance and operation of building and machinery, and contributed 5-7 %
to the total emissions.
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Primary energy required for the operation of IFBB and AD processes is displayed on the
left-hand side of Figure 4.4. The IFBB was more energy intensive and consumed almost twice
the amount of heat compared to AD. Both IFBB and AD had similar electricity consumption,
but electricity usage was distributed through the IFBB steps with press cake briquetting and
fermenter operation with the highest consumption, while electricity consumption for AD
originated mainly from the fermenter operation.

Figure 4.4. Primary energy usage for input processes (left) and savings from replacing energy and
fertiliser production (right). The white bars show the net primary energy balance for each of the options
with the larger positive value indicating the more favourable option. Biomass types include matgrass
(Nardus stricta, NS) and golden oatgrass (Trisetum flavescens, TF) meadows, either free of lupine (NS
and TF) or invaded by lupine (NS+L and TF+L). AD: Anaerobic digestion; IFBB: Integrated generation
of solid fuel and biogas from biomass.

Energy yield of grassland increased with increasing biomass yield. For TF+L IFBB
performed better than AD (31 versus 27 GJ ha-1). For the low yielding NS grassland, the
difference between IFBB and AD was substantially greater (8 GJ ha-1), which was mainly
caused by the low energy yield in NS during AD. Energy produced by IFBB replaced 52 GJ
ha-1 of primary energy from district heat mix, grid electricity and fertiliser production for
TF+L and 26 GJ ha-1 for NS.
4.3.2 Acidification and eutrophication
AD had a higher acidification potential in comparison to IFBB for all investigated
grassland types (Table A2.1). Digestate application accounts for almost 17-40 % and 70-78 %
of total emissions for IFBB and AD respectively. NH3 emission during application of
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digestate on the field was the main factor for the acidification impact for AD. With 38-58 %
for IFBB and 11-20 % for AD, emission of NOX and SOX from the combustion of press cake
and biogas was also a main contributing factor. Further emissions occur during fuel
combustion, transportations and field operations. The high yielding TF, TF+L and NS+L
grasslands had almost twice the acidification impact compared to the lowest yielding NS for
both IFBB and AD, with N in the digestate and NOx emissions being mainly responsible for
this difference. Grid electricity and heat replacement resulted in comparatively lower NOx
and SOx emissions, causing a negative acidification balance for both IFBB and AD.
The high quantities of N and P in the digestate increased eutrophication effects, with
NS+L showing the highest impact for IFBB while TF+L caused the highest impact for AD
(Table A2.2). Overall, AD had higher impacts compared to IFBB, with differences ranging
from 0.8 to 1.5 kg PO4 eq.. Disposal of ash generated from combustion of press cake resulted
in marine eutrophication mainly due to emission of phosphates into surface water (Ngatia
et al., 2019). Nitrogen based emissions from combustion of press cake and biogas
substantially contributed to terrestrial eutrophication.
4.3.3 Scenario analysis
Among the various IFBB process steps, heat demand for press cake drying was
identified as the most important cause for GHG emissions. Emissions heavily depended on
the source of heat energy used for the drying process (Figure 4.5). Compared to the German
district heating mix, which was considered as the base case scenario, the use of heat from
local biogas mix led to 9-12 % lower emissions. Heat re-use from the combustion of the
respective biomass press cake resulted in reduction of 14-21 % compared to the base case,
though the emissions were higher than in the former scenario. From all options the use of
heat from wood chip boilers generated only 0.008 kg CO2 eq. per MJ, causing the highest
reduction of 16 – 22 % in GHG emissions.
NS showed the highest relative reduction in GHG emissions for all options, which can
be attributed to the high mass flow into the press cake route (90 %). As the emissions were
allocated based on energy volume of the products after mechanical separation, the influence
when a process along the press cake route was altered, was highest for the NS biomass. For
TF+L the reduction in emissions through the use of alternative energy sources such as a
wood chip boiler led to higher positive GHG balance of 1.66 t CO2 eq. ha-1 (Figure 4.3)
compared to 1.39 t CO2 eq. ha-1.
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Figure 4.5. GHG emissions from alternative heat energy sources for the drying of press cake.
Percentage values indicate savings of GHG emissions for the respective alternatives relative to the
German heat mix as the standard source of heat. Biomass types include matgrass (Nardus stricta, NS)
and golden oatgrass (Trisetum flavescens, TF) meadows, either free of lupine (NS and TF) or invaded
by lupine (NS+L and TF+L). AD: Anaerobic digestion; IFBB: Integrated generation of solid fuel and
biogas from biomass.

Alternatives for the heat and electricity mix replaced were also investigated. It was seen
that using natural gas heating instead of the district heat mix led to an increase in primary
energy of 9 % for IFBB and 4 % for AD that can be replaced, which resulted in higher energy
savings of 14 % for IFBB and 6 % for AD. Similarly, displacing oil heating led to even higher
energy savings of 22 % and 8 %, respectively.

4.4. Discussion
4.4.1 Global warming and primary energy usage
The influence of biomass yield on GHG savings is common for energy conversion
systems using biomass, with higher yields resulting in higher savings (Thornley et al., 2015).
These savings depend mainly on the energy conversion efficiency of the respective systems,
as energy produced from the system displaces energy from conventional GHG emitting
energy sources. For most biomass types that are used for energy production, GHG emissions
related to biomass feedstock production originate from N2O emissions due to fertiliser
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application (Eggleston, 2006). Direct and indirect land use change is another common
emission source for biomass feedstocks (Weiss et al., 2012), as C is released due to change in
C stock in the soil. Since the biomass used in this study originates from mountainous
grassland that is managed without fertiliser application, there is no substantial N2O emission
resulting from feedstock production and no emissions occurred from direct or indirect land
use change. The re-growth period for grassland biomass in this study is less than 1 year,
which is beneficial for faster capture of the biogenic CO2 from the atmosphere that is released
during energy conversion of the feedstock (Cherbunni et al., 2011). This would imply that C
emitted would remain in the atmosphere for a shorter time period. In some cases feedstock
from extensively managed fields have been reported to be C negative (Elliott Campbell et
al., 2013). Hence C neutrality is assumed for this study, which implies that CO2 emissions
linked to usage of the products and co-products from biomass feedstock are assumed to be
sequestrated during the next growth period of the biomass feedstock.
NS+L and TF+L grasslands invaded by Lupine had higher biomass yields compared to
their respective non-invaded counterparts. This is on the one hand agriculturally
advantageous, as it leads to higher net energy and GHG savings irrespective of the energy
conversion technique used. On the other hand, Lupine as a leguminous plant increases the
nitrogen availability in mountainous grasslands (Davis, 1991) through their ability to fix
atmospheric nitrogen, which creates high and dense plant canopies inappropriate for the
survival of floristic and faunistic species which are to be preserved in many German
mountainous grassland areas (DeMalach et al., 2017). Therefore, individual Lupine plants
are increasingly controlled since several years (i.e. manual uprooting), but ultimate
elimination of this neophyte needs succeeding regular mowing, at least 2-3 times per year.
However, since the 2nd cut yields only low amounts of biomass, it is usually uneconomic to
harvest it for animal feeding (Jungers et al., 2013). A previous economic assessment of
energy recovery of mountainous grasslands by IFBB in comparison with dry fermentation
and hay combustion systems, beef cattle production and non-refining landscape
preservation measures, such as mulching and composting, showed that IFBB produced
highest rates of return for the invested capital (Blumenstein et al., 2012). Further, while
labour and biomass costs were critical parameters for profitability of IFBB, costs for
transportation of biomass and digestates were of minor relevance. The present study proves
that energy recovery of biomass from mountainous grasslands is environmentally beneficial
and that IFBB provides superior results compared to conventional AD, even when the yieldboosting neophyte is eliminated through control measures and a succeeding regular
management whereby the biomass yield will be falling back to a level, which is common for
typical non-invaded mountainous grasslands. Though there are additional benefits once the
invasive species is controlled and the biodiversity of the grassland is restored, these
environmental benefits of increased biodiversity cannot be quantified in LCA due to the
absence of appropriate indicators and impact categories (Winter et al., 2017).
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Like other bioenergy systems using physical conversion to produce fuel, the energy
usage for the various conversion steps in IFBB is most energy intensive (Kaltschmitt, 2017).
However, the primary energy required and GHG emissions depend on the spatial and
temporal parameters of the energy sources (Thornley and Adams, 2018). The average grid
mixes used for LCA studies from the recent years mainly depended on fossil-based sources
(Bühle et al., 2012). Contrary, our study considered that, while the German heating mix of
2010 consisted of 78 % of fossil primary energy, such as natural gas, hard coal, crude oil, etc.
(IINAS, 2017), only 70 % of the primary energy used in 2020 is from fossil sources which is
due to the increased amount of renewable sources (i.e. from wind, solar, biomass and water).
Further, though the electricity mix in 2010 and 2020 had a similar primary energy need (2.26
and 2.27 MJ per MJ of electricity produced, respectively), the proportions of main fossil
sources used in the production of electricity have changed from hard coal to natural gas over
this decade. This is reflected in changing GHG emissions between the 2020 mix (0.06 and
1.06 kg CO2 eq. per MJ heat and electricity usage respectively) and the 2010 mix (0.07 and
1.61 kg CO2 eq. per MJ) (IINAS, 2017).
For IFBB, the mass flow of mineral and organic compounds into press cake and press
fluid after mechanical separation strongly determines the energy conversion efficiency. The
mass flow of DM into the press cake generally has a positive correlation with the DM content
of the biomass feedstock (Richter et al., 2011). For the IFBB process, press cake is more
efficiently converted into energy than press fluid (Bühle et al., 2012). In this study it can be
seen that dryer biomass like that from NS proved beneficial, as more DM was directed into
the press cake, which eventually resulted in higher energy yields.
During fermentation, a fugitive CH4 loss of 2 % was assumed according to (Berglund
and Börjesson, 2006; Frank et al., 2012) and this resulted in GHG emissions in the range of
12-69 kg CO2 eq. per ha for IFBB and 198-265 kg CO2 eq. for AD. According to (Flesch et al.,
2011) fugitive losses from agricultural biodigesters are 3 %, therefore, 1 % increase from the
base case would increase the GHG emissions from methane losses between 6-34 kg CO2 eq.
and 50-132 kg CO2 eq. for IFBB and AD, respectively. Even though during combustion in the
CHP the excess CH4 is flared and released as CO2 into the atmosphere (Møller et al., 2009),
there were emissions of 3-17 kg CO2 eq. for IFBB and 25-65 kg CO2 eq. for AD (IINAS, 2017).
CO2 emissions that occur from fermentation and combustion are considered biogenic, hence
they are not accounted in this study. Assuming C neutrality can reduce the complexity in
calculations, but benefits of systems using carbon capture and storage (CCS) (Bui et al., 2018)
for the reduction of CO2 emissions from combustion are neglected. Usage of CCS is more
advantageous for IFBB as CO2 can be captured from briquette combustion, while for AD CO2
capture is only possible from biogas combustion, as the CO2 from the unconverted C content
remaining in the digestate is released during application on the field (Petersen et al., 2013)
and would be difficult to capture.
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Transport distance for feedstocks used for biogas production in Germany is in the range
of 5-25 kms (Dressler et al., 2012). According to (Bühle et al., 2012), a sensitivity analysis
revealed a minor influence of transport distance on the energy input. Feedstock
transportation in this study contributed by only 1 % to the total emissions. While the
transportation of digestate from the fermenter to the field accounted for 10-14 % of the total
GHG emissions for IFBB, this was only 2-4 % for AD. The quantity of IFBB digestate was
almost 4 times higher for NS+L, TF+L and TF, and 8 times higher for NS compared to AD,
which is due to the higher water content in the press fluid. Concentrating press fluid using
a sedimentation technique would reduce the volume by up to 60 % (Corton et al., 2014),
which would not only reduce the amount of digestate that needs to be transported, but also
the energy needed to handle the press fluid. This may further reduce the GHG emissions
related to transportation and primary energy usage for IFBB, thereby improving the primary
energy and GHG emission balance.
4.4.2 Acidification and eutrophication
Addition of SO2, NOx and NH3 to the ecosystem releases hydrogen ions, which reduces
the acid neutralising potential of the ecosystem once they start to degrade in the atmosphere
or during deposition into soil or water (Rosenbaum et al., 2018). The magnitude of N based
emission were estimated from the quantity of N in the digestate applied according to IPCC
guidelines (Eggleston, 2006). Combustion of the press cake briquette releases SO2 into the
atmosphere, which depends on the S content in the press cake (Joseph et al., 2018), as a part
of the S is converted into SO2 and the rest remains in the ash or is converted to salts
(Koppejan and van Loo, 2012). However, for the IFBB press cake briquettes the emission of
SO2 from combustion is well under the German emission limit of 350 mg m-3 (Table S1.8)
(Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit, 2002).
The impact category for quantifying eutrophication used in this study converts all N
and P related emissions into kg phosphate equivalents (Heijungs, 1992). Generally,
fertilisation during growth of bioenergy crops contributes towards nutrient contamination
of aquatic and terrestrial ecosystems due to the addition of N and P contents from mineral
or organic fertilisers (Eigner-Thiel et al., 2013). The nature conservation grassland used as a
feedstock in this study has an advantage over other bioenergy feedstocks because it is not
allowed to fertilise these areas and thus there is no eutrophication arising during feedstock
growth. For IFBB, the emission of N and P from digestate application on field could be
controlled, as these emissions depend on the quantity of the respective elements in the press
fluid and thereby in the digestate (Eggleston, 2006). Both acidification and eutrophication
are affected by the flow of elements into press fluid after the mechanical separation. The
flow of elements into the press fluid can be influenced by factors such as mashing
temperature, dry matter content (Richter et al., 2011) and scale of the conversion process
(Joseph et al., 2018). In laboratory and prototype scale studies the flow of N and P into the
press fluid were positively influenced by higher mashing temperatures ranging from 40 to
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90 ℃ , whereas for a commercial scale process there was a high flow of N and P even with
lower temperatures of 10 ℃ (Joseph et al., 2018). The flow of N and P into the press fluid
leads to a higher emission during digestate application, but since these elements are
removed from the press cake, it reduces NOX emissions during combustion of the press cake
briquettes (Höfer et al., 2017).
In comparison to the grid energy sources that are replaced, the acidification and
eutrophication impact is higher for both IFBB and AD systems. In modern high efficiency
combustion systems used by power plants that supply energy to grid, the use of flue gas
cleaning systems further lowers NOx and SO2 emissions by up to 10 times (Turconi et al.,
2013). Since biomass only contributes a negligible share of the grid energy (IINAS, 2017), the
emissions from bioenergy production, such as fertiliser application, digestate handling and
application etc., do not have significant overall acidification and eutrophication impacts.
4.4.3 Scenario analysis
After identifying the most energy intensive process in the IFBB system, which is the
drying of the press cake, alternatives were presented which can reduce the environmental
impact. Drying of the press cake consumes 25-35 % of the total primary energy used. The
press cake is partially dry at around 50 % after mechanical separation, but further drying is
necessary to make it storable, allow for compaction and maintain an efficient combustion of
the press cake briquettes. The presence of moisture in the fuel lowers the combustion
temperature, leading to an incomplete combustion and formation of higher CO in the flue
gas (Christ et al., 2017). The energy use for drying can be significantly minimised by using
natural drying using atmospheric heat or waste heat from processes (Li et al., 2012).
However, under temperate middle European weather conditions natural drying is not
feasible. Replacing district heating mix with other locally available options could help
reduce the environmental impacts of the press cake drying process (Adams, 2018). Heat
from woodchip boilers had around 85 % lower GHG emissions per MJ in comparison to
district heating mix that was dominated by natural gas (IINAS, 2017). The Eutrophication
potential (EP) and Acidification potential (AP) associated with using woodchip boiler is
higher in comparison to district heating mix, this may be due to the emission of untreated
flue gases in smaller scale combustion units. Using heat produced from the combustion of
the IFBB press cake briquettes to dry the press cake also helps to reduce the GHG emissions,
as the emission per MJ of heat produced is almost 0.02 kg CO2 eq. MJ-1 compared to 0.06 kg
CO2 eq. MJ-1 for the district heating mix. GHG emission from IFBB was found to be
influenced by the heating source used as GHG reductions of up to 22 % could be achieved
using alternative energy sources. Geographical location of the energy production could also
influence primary energy usage and emissions (Mattila, 2018).
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Hence the energy and emission balance could vary with the location of operation. IFBB
would be preferable in terms of primary energy usage and emissions for locations which
depend more on fossil energy sources, since IFBB replaces more energy than AD system,
which results in savings from lower demand for fossil energy.

4.5. Conclusions
Energetic conversion of invaded mountainous grassland biomass was found to have net
savings with regard to primary energy usage and GHG emissions in comparison to grid
electricity and district heating sources. Hence this system provides a solution to effectively
handle grasslands with invasive species, which are increasingly prevalent across Europe.
From this study it was found that IFBB provided a better option compared to AD in terms
of environmental and primary energy savings. Moreover, the flexibility to use grassland
biomass with varying species composition and physical and chemical properties makes IFBB
a preferable solution that can be used across most grasslands in Europe and the production
of storable press cake briquettes and biogas generation from easily digestible press fluid
generates interesting perspectives for a flexible renewable energy system in remote locations
(Hahn et al., 2015). The environmental impacts could be further reduced using alternative
energy sources for press cake drying, which was identified as the most energy intensive
process. The higher yield of invaded grasslands resulted in higher energy production and
GHG savings, making invaded grasslands a better feedstock for renewable energy
generation. The fact that also non-invaded grasslands with lower yields could be converted
with GHG and primary energy savings indicates that IFBB can be used over the long term,
even for the targeted situation, that the invasive Lupines were eradicated.
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Carbon from Residual Biomass used for
Micropollutant Removal at a Full-Scale
Wastewater Treatment Plant

5.

Abstract: Activated carbon (AC) used for removal of organic micropollutants in European
wastewater treatment plants (WWTPs) is usually produced from non-renewable resources
that need to be transported over long distances. Utilising local residual biomass as a raw
material may be advantageous in terms of sustainability. This study investigated the
environmental and energy balances of using biowaste and biomass from landscape
management for micropollutant removal at a commercial scale WWTP. Both residual
biomasses were processed using the integrated generation of solid fuel and biogas from
biomass (IFBB) technique to obtain a press cake that was used as feedstock for AC
production. The results showed a lower global warming potential (GWP) and cumulative
energy demand in comparison to a fossil-based conventional AC. Differences in GWP
between residual and fossil ACs were enhanced when the end-of-life incineration step was
considered, and residual AC had a lower social risk associated with its production. Energy
efficiency of AC production was substantially increased by utilising waste heat generated
in the pyrolysis process of biochar and by using electricity generated in a combined heat
and power plant using biogas from the methanation of IFBB press fluids. Converting
residual biomass into activated carbon using IFBB and a state-of-the-art pyrolysis and
activation unit along with energy recovery would aid WWTPs to become self-sufficient in
terms of raw materials and improve the sustainability of WWTPs.

5.1. Introduction
Due to its adsorbent properties activated carbon (AC) can efficiently remove organic
micropollutants (OMPs) from wastewater (Çeçen and Aktaş, 2012; Wang and Wang, 2016).
OMPs are found in sewage water treatment systems and one of the main sources are
pharmaceuticals originating from households, livestock farming and hospital effluents
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(Mansour et al., 2018). The detection of OMPs in surface waters indicates that the present
treatment at waste water treatment plants (WWTPs) is insufficient to remove OMPs
effectively (UBA, 2015), hence legal regulations are already in force in Switzerland for the
implementation of a fourth treatment stage at WWTPs (FOEN, 2015). Similarly, European
Union water framework directive (2000/60/EC) and the German federal water act
(Wasserhaushaltsgesetz, WHG) put forward legal obligations to maintain the quality of water
(UBA, 2018). The usage of powdered activated carbon (PAC) at WWTPs as an additional
treatment step is an option to effectively remove micropollutants (Boehler et al., 2012). ACs
used in European WWTPs are either manufactured from bituminous coal (Bayer et al., 2005),
which is related to substantial environmental and social impacts assosiated with the material
extraction, or from cocunut shells, which frequently originate from monocultures with
adverse environmental impacts due to land use change and the use of chemical fertilizers and
pestisides (Hartemink, 2005). A large share of these materials are produced in Asian countries
and need to be transported over long distances.
Using local residual raw materials (e.g. green cut, wood chips, fruit stones) instead,
which are plentily available across Europe (Scarlat et al., 2019), may overcome the constraints
mentioned above and provide a pathway to convert these residues into a valuable resource.
The public enterprise Eigenbetrieb Umwelttechnik in Baden-Baden, Germany, operates a
municipal WWTP and biomass recycling center on the same site. Among other things,
landscape management residues, hereinafter referred to as Baden-Baden Mixture (BM), and
household biowaste (BW) consisting mainly of kitchen and garden waste are regularly
delivered there (Table S1.1), which up to now have mainly been used for biogas and compost
production. BM and BW were pre-treated using the integrated generation of solid fuel and
biogas from biomass (IFBB) technique, which mechanically separates biomasses into a solid
and a liquid fraction (Hensgen et al., 2011; Richter et al., 2010; Wachendorf et al., 2009). The
solid fraction is released from ash and harmful elements (e.g. N, S, Cl and K) and the liquid
fraction produced can be co-digested to produce biogas that can be used as an energy source
for the IFBB process. For carbonisation and steam activation a Pyreg A500 plant (Pyreg
GmbH, Dörth, Germany) was put into operation which can handle ca. 900 t dry matter (DM)
per year.
The aims of this study were to assess the enviromental impact and energy demand
resulting (i) from the production of AC based on biomass mixture (BMC) and biowaste (BWC)
and (ii) from the usage of these AC as an additional treatment step for micropollutant removal
at a WWTP in comparison to conventional activated carbon (CC). A social risk assessment
was conducted (iii) aiming at a deeper insight into the social effects during production of
ACs. The production of AC from residual materials is well studied, however, most studies on
the related environmental impacts were based on laboratory scale data. Therefore, using life
cycle assessment (LCA) of AC production and use at a commercial scale WWTP would
increase the understanding of environmental and social impacts of this technical approach.
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5.2. Methods
5.2.1 Life cycle inventory (LCI), system boundaries and impact categories
Samples of raw and IFBB pre-treated BM and BW materials used in this study were
obtained from the WWTP Baden-Baden. Press cakes from IFBB process were converted into
ACs using a Pyreka (Pyreg GmbH, Dörth, Germany) laboratory scale pyrolysis and activation
reactor. The NORIT SAE Super (Boston, Massachusetts, USA) was used as a reference CC for
benchmarking BMC and BWC. For the LCI, material flows and process data were calculated
using data obtained from the WWTP. The datasets used for modelling the processes are
elaborated in section S2.2, and compiling was done using OpenLCA 1.9.0.
A “gate to grave” approach was used in this study considering all processes involved
from handling of the incoming raw material at the facility until the use of ACs produced.
Incineration of ACs with heat recovery was considered as an end of life option, whereas
disposal of ash generated during the incineration was not considered. The maximum annual
production capacity of 900 t (dry weight) of BM and BW input material of the pyrolysis and
activation unit was used for calculation of mass and energy balances (Figure 5.1).

Figure 5.1. System boundary diagram elaborating the BW and BM AC production at the WWTP. The
amount of input and output material and energy required for the production of the annual capacity
AC is indicated along with the diagram. The dotted lines represent the system boundary and the
processes outside the system boundary were not considered in this study.

Conversion of LCI data into environmental impacts was done with CML (baseline)
impact categories, focussing mainly on global warming potential (GWP), acidification
potential (AP) and eutrophication potential (EP) (Heijungs, 1992) in terms of kg CO2 eq., kg
SO2 eq. and kg PO4 eq., respectively. Additionally, cumulative energy demand (CED)
describing the direct energy usage as well as indirect energy and raw materials used to
produce energy was also considered (Frischknecht et al., 2007).
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5.2.2 Activated carbon production and usage
Raw BM and BW was pre-treated according to the IFBB technology approach, as
described in details by (Joseph et al., 2018). Ensiled BM and fresh BW were mashed in warm
water (40 ℃) for 15 min. Subsequently, solid (press cake) and liquid fraction was mechanical
separated by a screw press. While the liquid fraction was co-digested along with sewage
sludge to generate biogas, the press cake was used for AC production (Figure 5.1). Through
the IFBB-process, mineral and ash content of BM and BW could be significantly reduced,
which in turn improved the feedstock quality for AC production (Table 5.1). Energy and
material balances for all the processes involved in BM and BW production at the WWTP were
calculated (Table S2.2-2.5).
Table 5.1. Characteristics of Biowaste (BW) and Baden-Baden mix (BM) based materials at different
steps in the production process of activated carbon.
Unit

BM

BW

Raw material
DM content
Ash
Volatile solids
C concentration
DM flow into press cake
DM flow into press fluid

% FM
% DM
% DM
% DM
%
%

36.3
10.8
89.3
46.3
75.8
24.2

34.7
24.2
75.8
36.5
59.3
40.7

Press cake
DM content
Ash
Volatile solids
C concentration
Lower heating value
DM content after drying

% FM
% DM
% DM
% DM
MJ DM-1
%FM

55.3
6.5
93.6
47.9
18.0
85.2

52.7
10.8
89.2
43.1
16.1
85.2

Activated carbon
Ash
Volatile solids
C concentration
Lower heating value

% DM
% DM
% DM
MJ DM-1

70.7
29.3
27.9
16.7

62.5
37.5
37.9
16.7

Press fluid
DM content
Ash
Volatile solids
C concentration
Methane yield

% FM
% DM
% DM
% DM
Ln CH4 kg-1 VS

1.8
23.2
76.8
41.5
275.0

2.9
54.6
45.4
26.0
395.0

For AC production, BM and BW were pyrolyzed at 900 °C and physically activated by
adding water vapour as oxidation agent during pyrolysis, using the Pyreka laboratory-scale
reactor. This ensured a very good transferabillity of results to the full-scale Pyreg A500
reactor, which is used at the WWTP Baden-Baden (details in the Supplementary material). At
the full-scale PYREG A500 reactor, the thermal energy required for the pyrolysis process was
generated by burning the resulting pyrolysis gases. In addition, surplus heat energy from
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pyrolysis was recovered and used to supply the processes in the pre-treatment steps (Figure
S2.3). After its use for the removal of OMPs from wastewater, incineration of used ACs,
further referred as spent ACs, was assumed to be the typical end-of-life stage. The resulting
heat was assumed to offset local heat requirements and considered in the LCI.
5.2.3 Functional unit
OMPs pose an ecotoxicological risk in aquatic environments (Oldenkamp et al., 2019).
This risk was calculated according to the USEtox model (Rosenbaum et al., 2008) for selected
pollutants, which were measured in our study (Table S2.6). By using the investigated ACs for
wastewater treatment, OMPs were removed and, thus, the ecotoxicological risk in receiving
water bodies was reduced. The factors defined in the USEtox model for OMPs were
multiplied with their concentration in wastewater to calculate the mean ecotoxicity value for
all OMPs. Based on these values, the functional unit for the LCA was fixed to the required
quantity of AC to reduce the aquatic freshwater exotoxicity potential to a defined level in
terms of comparative toxic unit, ecotoxicity (CTUe L-1) per 1000 m3 of wastewater (Figure S2.2)
(Rosenbaum et al., 2008).
Performance of AC in terms of OMP removal from wastewater was measured in
laboratory experiments. For this, concentrations between 1.75 to 7 mg L-1 of AC were added
to the wastewater to evaluate the influence of the dosage on the reduction rate of OMPs. The
ecotoxicity reduction at a dosage of 5 mg L-1 of CC was used as a benchmark. The required
amount of BMC and BC to achieve the same ecotoxicity reduction was calculated used for the
LCA (Figure S2.6). Based on these data, multiplication factors for the LCA were determined
by dividing the amounts of BM and BW AC through the 5 mg L-1 of CC (Figure S2.5).
5.2.4 Social risk identification
The social risks involved in the production chain were identified based on the country
specific risk assessments adapted from (Saling et al., 2020), considering all main foreground
processes. The processes were classified into risk levels according to the intensity of social
risk in the country of production, using 11 social impact categories selected from (Goedkoop
et al., 2018) (Table S2.12). These categories were weighted according to the severity of the
social issues as estimated by INEF (Institut für Entwicklung und Frieden) (Saling et al., 2020)
(Table S2.12). Depending on the data availability, social risk scores on country level or mean
values for the 10 largest producer countries, weighted by production volume were used for
the LCA.
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5.3. Results
5.3.1 Ecotoxicity
Removal efficiency of OMPs from wastewater was higher for CC compared to BMC and
BWC (Table S2.7 and S2.8). A dosage of 5 mg L-1, CC was able to attain a calculated ecotoxicity
of approximately 55.000 CTUe L-1. To achieve the same ecotoxicity level, a dosage of 9.1 mg L1

of BWC was needed, which resulted in a 1.82-fold demand of BWC compared to CC. In

contrast, performance of BMC was significantly better (6.1 mg L-1) resulting in an equivalent
of 1.22 times CC (Figure S2.2). Based on an annual amount of wastewater of around 9,510,000
m3 to be treated and a dosage of 5 mg L-1 of CC, this resulted in a demand of approximately
48 t of CC. Considering the factors of 1.22 and 1.82 for BMC and BWC respectively, 87 t and
58 t per year was needed to achieve the same ecotoxicity level.
5.3.2 Global warming potential
The balance of GWP for BMC and BWC production (5.3 and 4.5 kg CO2 eq. FU-1
respectively) was significantly lower compared to CC (20 kg CO2 eq. FU-1) (Figure 5.2).
Considering an incineration of the spent ACs and the recovered energy obtained from it,
GWP for BMC and BWC was reduced to 2.7 and 1.3 kg CO2 eq. FU-1 respectively, whereas
this resulted in an increased GWP of 29 kg CO2 eq. FU-1 for CC. Heat usage for press cake
drying had the highest GWP for BMC and BWC (7.1 and 4.5 kg CO2 eq. FU-1 respectively).
For CC, heat usage for pyrolysis and activation was the highest contributor (14 kg CO2 eq.
FU-1). For the production of the required 58 t of BMC and 87 t of BWC, 345 and 515 t DM of
raw material needed to be processed, respectively. Hence, the GWP associated with electricity
usage in the facility was higher for BWC as for BMC. Similarly, GWP related to material
handling of press fluid digestates depended on the quantity that was transported and applied
on agricultural land, leading to higher GWP for BWC, as 6,232 t FM was handled compared
to only 4,689 t FM for BMC. Mining and transportation of hard coal for further processing led
to substantial material handling related GWP for CC. However, GWP related to infrastructure
usage was negligible when compared to the overall GWP for all 3 ACs. The total usage related
GWP was highest for CC, closely followed by BWC and much lower for BMC.
In contrast to CC, whose production only generated GWP emissions, the production of
BMC and BWC also enabled GWP savings. Heat recovered from the activation unit saved 3.4
kg CO2 eq. FU-1 for BMC compared to 5.1 kg CO2 eq. FU-1 for BWC. Electricity recovered from
combustion of press fluid-derived methane was higher for BWC and saved 5.7 kg CO2 eq. FU1

compared to 1.7 kg CO2 eq. FU-1 for BMC. Application of digestate on agricultural fields

replaced the need for conventional mineral fertilisers, thereby saving 3.3 (for BMC) and 1.9
(for BWC) kg CO2 eq. FU-1, respectively. Energy recovered from incineration of spent AC
resulted in GWP savings of 5.8 and 7.1 kg CO2 eq. FU-1 for BMC and BWC respectively. But
incineration also caused additional emissions of 3.2 (BMC) and 3.9 (BWC) kg CO2 eq. FU-1
from heat usage for de-watering and drying of spent AC sludge. For CC there was a saving
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of 4 kg CO2 eq. FU-1 including incineration, however, the benefits of incineration were
overshadowed by additional emissions of 12 kg CO2 eq. FU-1 resulting from the release of CO2
during incineration and 2 kg CO2 eq. FU-1 for de-watering and drying. Overall, GWP savings
were highest for BWC, followed by BMC and CC.

Figure 5.2. Global warming potential (GWP) generated during the production and usage of activated
carbon derived from Baden-Baden mix (BM), Biowaste (BW) and Conventional coal (CC). Each section
of the horizontal bars indicates the amount of GWP emitted or saved by the respective parameters as
indicated in the legend. (+I) denotes the inclusion of the end of life incineration stage and related effects
on the GWP were visualised accordingly, whereas (-I) indicates the case without considering
incineration. The negative values indicate GWP savings and the positive values indicate GWP
emissions, therefore a lower value would mean the option has a lower GWP.

5.3.3 Cumulative energy demand (CED)
Energy needed for operating the processes was estimated in terms of CED and classified
into renewable and non-renewable CED according to the source of energy. Energy used to
produce CC was almost completely based on non-renewable sources, whereas biomass was
the primary source of energy for producing BMC and BWC (5 % and 11 % share of nonrenewable CED for BMC and BWC, respectively). Total use of non-renewable energy was
substantially higher for CC (269 MJ FU-1) than for BMC and BWC (54 and 83 MJ FU-1
respectively) (Figure 5.3).
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Due to energy recovery and material replacement, the energy balance for BMC and BWC
further improved to 24 and 34 MJ FU-1 respectively, and the highest non-renewable CED
resulted from fuel usage for transportation of digestate (almost 60 % of the total nonrenewable CED both for BMC and BWC). While incineration as an end of life option improved
the energy balance of all three ACs, the combustion of the loaded BMC and BWC even
generated excess energy. Contrarily, the balance for renewable CED was higher for both BMC
and BWC (291 and 222 MJ FU-1 respectively) compared to 150 MJ FU-1 for CC (Table S2.11).
Heat usage for press cake drying represented almost 75 % of the renewable CED from both
BMC and BWC and it increased to 81 % when the heat required for drying AC sludge was
considered. Though overall CED was higher for BMW and BWC, almost 90 % of it was based
on renewable biomass feedstock.

Figure 5.3. Cumulative energy demand (CED) of non-renewable sources generated during the
production and usage of activated carbon derived from Baden-Baden mix (BM), Biowaste (BW) and
Conventional coal (CC). Each section of the horizontal bars indicates the amount of non- renewable
CED used or saved by the respective parameters as indicated in the legend. (+I) denotes the inclusion
of the end of life incineration stage and related effects on the GWP were visualised accordingly,
whereas (-I) indicates the case without considering incineration. The negative values indicate the usage
of energy and the positive values indicate the savings; therefore, a higher positive value would mean
the option saves more energy than it uses.

5.3.4 Additional environmental impacts
The acidification potential associated with the production and usage of bio-based AC
was significantly higher than for CC (Table S2.9). This was mainly caused by the SOx and NOx
emissions from the activation process, which accounted for more than 60 % of the total
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acidification potential. While NH3 emissions from the press fluid digestate application on the
field had a substantial contribution of 26 and 33 % for BMC and BWC, respectively. Almost
42 % of the acidification potential of CC was related to electricity and fuel demands during
coal mining. Further emissions associated with heat and electricity usage during drying,
pyrolysis and activation amounted to 53 % for CC.
BWC had the highest eutrophication potential followed by BMC and CC. NH3 emissions
from digestate application accounted for the largest share of total emissions both for BMC
and BWC (38 % and 50 % respectively). For CC, nitrogen (N)-based emissions for heat and
electricity generation were the highest contributors. Including the incineration of loaded ACs
reduced the acidification and eutrophication potential of all ACs (Table S2.9 and S2.10).
Environmental and energy balances were also examined at a dosage of 20 mg AC L-1,
which is the highest standard dosage used at WWTPs, and it was found that this increased
GWP balances of BMC, BWC and CC by a factor of 3.2, 3.0 and 3.55, respectively. Considering
incineration resulted in a lower GWP for BMC and BWC (6 and -4 kg CO2 eq. FU-1) but CC
had a higher GWP (107 kg CO2 eq. FU-1) (Figure S2.7).
5.3.5 Social life cycle assessment
Producing bio-based ACs at the WWTP was found to reduce social risks substantially
compared to the conventionally produced AC, as 83 % of all processes at Baden-Baden were
categorised as “low risk” in contrast to only 14 % for the production of CC (Figure S2.9). This
was mainly due to the fact that processes involved in the extraction of bituminous coal take
place in countries which usually perform poorly for almost all social impact categories (Table
S2.13). While processing, production and usage of CC took place at locations with somewhat
lower social risks, the associated use of diesel and natural gas resulted in very high to high
social risks, respectively.

5.4. Discussion
5.4.1 Ecotoxicity
Performance of BMC and BWC in terms of OMP removal from wastewater was
significantly lower compared to CC (Table S2.7 and S2.8). This may be explained by the
significantly lower specific surface area and adsorption capacity of bio-based ACs. Hence,
higher dosages of BMC and BWC were needed to achieve the same level of ecotoxicity
reduction. Removal of OMPs from effluent water mainly depends on the adsorption
characteristics of ACs used, such as specific surface area (Mailler et al., 2016). These
characteristics are highly affected by the properties of raw materials (Erdoğan et al., 2017) and
the activation process (Bergna et al., 2019). In particular the influence of the raw materials on
adsorption of OMP were not clear, although the process conditions for BMC and BWC
production were comparable (Mailler et al., 2016). However, it is remarkable that the removal
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of OMP through BMC was higher than for BWC though the specific surface area for BMC
was lower. The high ash and low carbon content for BMC and BWC may have affected the
adsorption capacity, as these properties have an influence on the pore structure
(Anisuzzaman et al., 2015). The ash content of the raw biomass was significantly reduced by
the IFBB pre-treatment, which improved the quality of the ACs (Hensgen and Wachendorf,
2018; László et al., 1997). Further improvements in biomass processing, pyrolysis and
activation can be expected to increase the adsorption capacity of activated carbons. This, in
turn, would result in a further reduction of GWP, CED and other environmental impacts
through BMC and BWC production and usage.
5.4.2 Global warming potential
The combination of raw biomass collection, processing into ACs and their subsequent
utilization at the investigated WWTP is unique. To facilitate the comparison with other
studies, all life cycle stages including production, usage and end of life were examined
individually and compared with similar studies.
Emissions during the production stage exhibited maximum contributions to GWP in the
life cycle of all ACs. To allow a comparison with other studies at this stage, the GWP
generated by producing 1 kg of the respective AC was calculated and used instead of the
functional unit. The production of 1 kg BMC and BWC resulted in emissions of 0.43 and 0.20
kg CO2 eq. respectively, which was significantly lower than those reported for AC from olive
waste cake (11.1 kg CO2 eq. kg-1) (Hjaila et al., 2013). GWP for ACs produced from
conventional raw materials was 1.15 kg CO2 eq. kg-1 for coconut shell (Kim et al., 2019), 8.4 to
11.1 kg CO2 eq. kg-1 for bituminous coal (Bayer et al., 2005; Gabarrell et al., 2012) and 2.45 kg
CO2 eq. kg-1 for regenerated AC (ROFA CARBON, 2018), which is notably higher compared
to BMC and BWC. In our study, GWP for CC production from bituminous coal (3.41 kg CO2
eq. kg-1) was significantly lower than the range reported by (Bayer et al., 2005) and (Gabarrell
et al., 2012), which can be explained by the fact, that CO2 emissions associated with removal
of fossil carbon was not considered in the production stage for this study, but rather included
in the end of life stage as CO2 emitted during incineration.
The low GWP in our study can be attributed to the efficient pyrolysis and activation
process, where the combustion of pyrolysis gas provided more heat than needed. While
pyrolysis was reported to account for 30-47 % of the total GWP (Gu et al., 2018; Hjaila et al.,
2013), it was only 7% in the present study. Further, electricity generation from the IFBB press
fluid reduced the energy demand for production and, consequently, the GWP.
The delivery of residual raw materials to the facility prevented CO2 emissions related to
transportation and extraction. Conversion factors from raw material to AC were slightly
different for BM (11 %) and BW (7 %) which was due to different physico-chemical properties,
such as dry matter and carbon content, as well as differing mass flows during mechanical
separation. With approximately 24 % the conversion efficiency from press cake to AC was
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equal for BM and BW. However, the transfer of BM dry matter into the press cake (76 %) was
considerably higher than for BW (59 %), which resulted in a lower contribution of AC
production to the entire GWP for BM, as less raw material had to be processed. On the other
side, the higher mass flow of BW dry matter into the press fluid increased GWP savings from
electricity recovery. Though the type of raw material affected the overall GWP, the impact of
the production process was much greater. Since the complete production and usage of BMC
and BWC took place at the WWTP, material transport did not contribute to the GWP.
However, emissions related to the transport of the reference CC were also neglectable (0.003
kg CO2 eq. FU-1). Nevertheless, the GWP associated with the production did not consider the
contrasting performances of ACs in terms of OMP removal. To this end an appropriate
functional unit (i.e. the quantity of AC to achieve a defined ecotoxicity level in wastewater)
was introduced which allowed determining the amounts of ACs required and, thus, a true
comparison between conventional and bio-based ACs.
Energy recovery through incineration of the spent BMC and BWC reduced the overall
GWP for these ACs, whereas the combustion of CC resulted in an increased GWP, as the
resulting CO2 emissions originated from fossil sources. Hence, using AC produced from local
residual biomasses has an advantage during incineration which is a commonly used end of
life step for ACs. OMP removal using ozonation treatment usually has a lower GWP (18 kg
CO2 eq. 1000 m-3) (Kounina and Wencki, 2015) compared to CC treatment (20 kg CO2 eq. 1000
m-3) (Baresel et al., 2019), however, the figures for BMC and BWC of 4 and 5 kg CO2 eq. 1000
m-3 respectively in our study were much lower in comparison to ozonation treatment.
5.4.3 Cumulative energy demand (CED)
The energy balance of AC production and use is decisive for the profitability of the
concept (Blumenstein et al., 2012). The CED for the production of BMC and BWC (30 and 15
MJ kg-1respectively) was notably lower than for CC (53 MJ kg-1). Our data differ widely from
results of other studies, which found CED values between 158 and 241 MJ kg-1 for woodchip
and coal-based AC respectively (Bayer et al., 2005; Gu et al., 2018). The lower CED for BMC
and BWC production in our study was mainly caused by the efficient pyrolysis and activation
processes as well as by recovered electricity from anaerobic digestion of press liquids.
Methane yield from the press fluid was considerably higher for BWC (395 Ln CH4 kg-1 VS)
compared to BMC (264 Ln CH4 kg-1 VS). However, methane content and mass flow of volatile
solids into the press fluid were highly influenced by material properties, such as dry matter
content and IFBB process parameters (Hensgen et al., 2011; Richter et al., 2009). Even if the
overall CED was lower for production of BMC and BWC, the share of non-renewable CED
was higher than for CC. As these energy sources are based on depletable resources
(Arvidsson and Svanström, 2016), additional research is needed to improve the sustainability
of alternative AC production. Among others, this may include the substitution of diesel for
transportation and processing through biofuels.
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5.4.4 Additional environmental impacts
Emissions of NOx, SOx and NH3 damages land ecosystems by affecting plant health and
change in soil pH (Rosenbaum et al., 2018). Though the emission of NOx and SOx from the
activation process were the largest contributors towards acidification, they were still below
the German limit of 350 mg m-3 (Bundesministerium für Umwelt, Naturschutz und
Reaktorsicherheit, 2002). Mass flow of N during mechanical separation into press cake and
fluid caused N emissions in the following stages, i.e. NOx emissions during pyrolysis of the
press cake and activation of the resulting biochar (Zhan et al., 2018) as well as NOx and NH3
emissions from the field application of digestates originating from the anaerobic digestion of
press fluids (Eggleston, 2006). Recent research showed that the flow of elements during
mechanical separation was influenced by the raw material properties, process parameters
(Richter et al., 2011) and scale of the conversion process (Joseph et al., 2018). The modification
of these factors would affect the flow of elements and, thus, reduce the acidification and
eutrophication potential. Further reduction is possible through the use of precision
application techniques for digestates (Nicholson et al., 2018) and advanced flue gas cleaning
systems (Turconi et al., 2013).
5.4.5 Social risk assessment
For estimating the social risks associated with AC production, available average values
on country level were used, as data from producers were not existent or not representative
(Saling et al., 2020). Our results indicate that risks could be reduced when all processes take
place in countries with a low risk level or when materials from countries with a lower
associated social risk were used. To this end, materials need to be labelled appropriately.
The local production and use of AC from residual biomass in industrialized countries
like Germany, would affect economic activities in the current production countries. Possible
losses of employment could, however, be offset by investments in alternative employment
opportunities for people working in fossil-based sectors (Sparkes, 2008). Due to a lack of
revenue, this may lead to a further deterioration of the social situation in the developing
countries. Regardless of this, socially responsible investments would help to improve the
social conditions and certification of socially compatible production processes may contribute
to a higher demand of products with lower social impact (Goedkoop et al., 2018).
Nevertheless, the conducted social risk assessment for AC production contained global and,
therefore, inaccurate data. Hence, only social hotspots in the production process on country
level could be identified (Saling et al., 2020). However, our findings may serve as a starting
point for further investigations on the exact sources of social risk at a sector and company
level.
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5.5. Conclusion
Using ACs produced from local residual biomasses for the removal of OMPs at a largescale WWTP was found to have lower environmental impacts in terms of GWP and CED
when compared with conventional ACs. The novel concept was found to be flexible in terms
of raw material, though both BM and BW used in this study had distinctive properties. The
IFBB step significantly reduced the ash content of feedstocks for AC production and the
generated press fluids further improved energy generation and material replacement. Thus,
IFBB was a crucial step in utilising residual biomass for AC production. On-site production
and use of the AC enabled a significant reduction of monetary and environmental costs
compared to systems based on conventional ACs. The lower OMP adsorption performance
of BMC and BWC could be overcome by using higher dosages of AC without hazarding GWP
and CED advantages. Performance of BMC and BWC is expected to be increased by further
process optimization, which would render the novel system attractive for WWTPs that
currently use conventionally produced AC.
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6.

6.1 Technical assessment of the commercial-scale IFBB
The limitation of utilising extensively managed (extensive) grassland biomass for
combustion was overcome by converting it into a solid fuel using the integrated generation
of solid fuel and biogas from biomass (IFBB) (Bühle et al., 2014). However, analysing
attributes of the solid fuel produced using the commercial-scale IFBB was necessary to
understand its applicability as a replacement for conventional fuels used in boilers.
Therefore, the investigations in chapter 3 were focused on the reduction characteristics of
harmful elements and the associated combustion parameters of the solid fuel obtained.
The challenges associated with combusting solid fuels derived from extensive
grasslands on a commercial scale were mainly linked to the elements N, S, Cl, and K, which
were present in higher concentrations in grassland biomass (Prochnow et al., 2009a)
compared to other biomass fuels (Teixeira et al., 2012). Multiple factors such as physical
characteristics, uptake of compounds due to growing conditions, distance from sources of
pollution and date of harvest were responsible for the concentration of elements in the
harvested biomass (Vassilev et al., 2010). From the aforementioned factors, harvest dates
could be influenced, and a delayed harvest date would lead to translocation of elements
such as K and Cl to the below-ground biomass and lead to removal by leaching (Landström
et al., 1996). However, relying on a delayed harvest for the reduction in elemental
concentration would result in a lower biomass dry matter yield (Lewandowski and Heinz,
2003), this would reduce the energy yield and thereby limit the practicality of using
extensive grassland biomass for energy generation.
Using IFBB effectively reduced the concentration of harmful elements and produced a
solid fuel from biomasses having distinctive initial elemental concentration and harvest
dates (Table 3.1 and 3.3). The removal characteristics of elements during the IFBB was
influenced partly by the process parameters such as the quantity of water used for mashing
and by the initial biomass element concentration, and dry matter content. Therefore, using
IFBB enabled the grassland biomasses to be harvested for energy production at flexible dates
that could be chosen to maximize yield and economic feasibility.
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The harvested biomass could be ensiled and stored to overcome the seasonal
restrictions associated with the availability of grassland biomass, this further aids the
practical applicability of using extensive grassland biomass.
Using biomass as a source of energy in a renewable energy system would not only
provide a low-cost alternative fuel compared to fossil sources but also help in providing a
flexible supply of energy. In the EU, the use of biomass for energy generation in the future
would mainly be limited by its costs and availability (Zappa et al., 2019). To overcome these
limitations, demand needs to be met using alternative low-cost biomass resources that are
available locally, rather than relying further on imports from outside the EU. To maximise
the energy yield from the available biomass feedstocks, efficient conversion systems are
necessary. Extensive grassland biomass can be converted into energy using IFBB and
anaerobic digestion (AD), however, the energy conversion efficiency of IFBB is higher
compared to AD (Hensgen et al., 2014). The estimated gross energy yield from using
extensive grassland biomass available in the EU would increase from 400 PJ year-1 using AD
(Meyer, 2015) to almost 800 PJ year-1 using IFBB. Even the net energy yield was higher for
IFBB compared to AD (Figure 4.4), further improving the economic benefits of using IFBB
as a preferable energy conversion option (Blumenstein et al., 2012). Therefore, in the future,
the IFBB system would play an important role to effectively utilise locally available residual
biomasses such as extensive grassland biomass for energy generation.
One of the main limitations of the commercial-scale application was the high volume of
water needed to maintain the fluidity of the mash during the mashing stage, especially for
biomass with a higher dry matter content (chapter 3). The availability of water and energy
needed to handle the high volume of water would be a limiting factor for the commercialscale application of IFBB in some locations. The press fluid produced from the commercialscale IFBB process would also have a high water content, leading to a higher energy demand
related to handling. Moreover, the increase in water content of the press fluid proved to
significantly reduce the methane yield (Corton et al., 2014). Similarly, handling the highly
diluted digestate that is generated after digestion of the press fluid would also require
energy for transport and application of digestate on the field. Concentrating the press fluid
using sedimentation to reduce the volume of water (Corton et al., 2014) could be a possible
solution to overcome the above-mentioned difficulties associated with the press fluid. But
further investigation is necessary to determine the applicability of press fluid concentration
on a commercial scale.
Unlike the laboratory and prototype scale IFBB processes (Bühle et al., 2014), the fresh
matter weight of the biomass did not play a role in estimating the quantity of water used for
the mashing stage in the commercial-scale IFBB process. Rather the dry matter content of
raw biomass was used to estimate the quantity of water added, in order to achieve a fluidic
mash composed of 3-5 % DM. Therefore, this approach was more effective in achieving a
fluidic mash which was necessary for better removal of elements and for better handling of
the mash during mechanical separation.
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In urban areas, considering the availability of residual biomass and water, municipal
waste management facilities in the proximity of wastewater treatment plants are optimal for
practically implementing the IFBB approach. Pre-processing steps of the IFBB such as
shredding, ensiling and storage could take place at the waste management facility where the
biomass is received. The main in IFBB steps such as mashing, mechanical separation, and
press cake drying would take place at the wastewater treatment plant due to the availability
of resources. Water used for the mashing stage could be extracted back from the press fluid
using sedimentation and treated on-site for re-use. Also, the energy demand for the IFBB
process could be met using biogas generated at the wastewater treatment plant. The press
cake obtained could either be briquetted and stored for energy generation or be used as
feedstock for material utilisation. Implementing the IFBB system to produce energy would
require a higher investment and operating cost compared to other biomass energy sources
(Siegmeier et al., 2019). To improve the profitability of the system, IFBB press cake and press
fluid could be used to produce material with a better economic value. Further, material
utilisation of the biomass supports the cascading of resources as emphasised in the EU Bioeconomy strategy.
In past years, multiple studies were conducted to assess the technical feasibility of
producing activated carbon (AC) from residual biomass feedstocks (Schröder et al., 2011;
Yahya et al., 2015), indicating the need for a low-cost alternative to conventionally used AC.
Residual biomasses have lower economic value and limited utilisation pathways compared
to conventional raw materials such as coal or coconut shells. Moreover, the availability of
residual biomass locally avoids the costs related to transportation, further reducing the cost
associated with the production of AC from residual biomass. AC produced using residual
biomass is estimated to cost around 600 Euro ton-1, which is significantly lower compared to
conventional AC that costs 1500-2000 Euro ton-1 (Gelsenwasser). In chapter 5, it was found
that using residual biomass AC, a dosage of was 1.2 to 1.8 times the dosage of conventional
AC was needed to match the organic micropollutant (OMP) removal performance. Even
considering the higher quantity needed, using residual biomass AC would be a more
economical option for OMP removal at wastewater treatment plants. Improvement in the
OMP removal performance of the residual biomass AC would reduce the quantity required,
which would further reduce the costs. The removal performance depends on the
characteristics such as BET surface, pore size and pore volume (Ioannidou and Zabaniotou,
2007; Mailler et al., 2016), these characteristics are influenced mainly by feedstock
characteristics and pyrolysis and activation parameters (Bergna et al., 2019). The presence of
lignin and cellulose in the biomass feedstock promotes the formation of micropores and
mesopores respectively (Xue et al., 2018). In general, a feedstock with high carbon content,
low volume to weight ratio, low ash, and mineral content is preferred (Ukanwa et al., 2019).
Processing residual biomass into press cake using IFBB makes it a better feedstock for AC
production by increasing the carbon content and reducing the ash and mineral content.
Therefore, commercial scale IFBB is a key step in using residual biomass for AC production.
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Due to the high cost, conventional ACs are utilised only for specific industrial
applications and their usage for agricultural and environmental remediation applications
are limited. In contrast, the comparatively lower cost of residual biomass AC would broaden
its usage in applications where cost is a limitation. The cost residual biomass AC can be
widely used for applications such as CO2 capture, energy storage, soil amendment and
remediation, and also other applications that can benefit from the adsorption properties of
AC (Tan et al., 2017). However, further research is necessary to improve the AC
characteristics of residual biomass AC by varying the IFBB process parameters and the
pyrolysis and activation parameters. Producing and testing the performance of AC with
variable process parameters could not be carried out in chapter 5 due to financial limitations.
Application of the IFBB system in rural areas, where economies of scale limit the
availability of large scale or dedicated machinery, existing infrastructure would need to be
utilised (Bühle et al., 2012). The mashing step can be carried out in an existing tank fitted
with stirrers and the mechanical separation can be carried out using dewatering equipment.
Moreover, the solid fuel obtained can be easily combusted in most biomass boilers and the
emissions during combustion were under the regulated threshold limits. Therefore, modern
combustion equipment with emission reduction devices is not necessary, which can be
difficult to access in rural and remote locations where this system is intended to be used.
Similarly, the press fluid obtained can easily be co-digested at fermentation units that are
present in most rural locations. Such small to medium scale decentralised systems for
handling the residual biomass generated would be more appropriate in rural areas.

6.2 Environmental aspects of energy and material production using IFBB
The studies in this thesis investigated the balances of environmental impacts and energy
usage involved in converting residual biomass into feedstock material using IFBB for energy
generation and activated carbon production. The environmental impacts caused by
greenhouse gas (GHGs) emissions were of particular interest because maintaining a net-zero
CO2 eq. is a prerequisite to limiting the rise in global average temperatures to below 1.5 ℃
(Fuglestvedt et al., 2018). Therefore, investigating the GHGs were necessary to identify the
processes that were responsible for the emissions and the process that would reduce GHGs
by replacing the emitting process. A balance could be obtained by summing the amount of
GHG emitted and removed by the processes in a system, this indicated whether using the
system results in net CO2 eq. emissions or savings, this can be used to assess the “climate
friendliness” of using the system. Similarly, investigating the usage and savings of energy
in the system was necessary, as it influenced the environmental impacts as well as economic
aspects of using the system (Blumenstein et al., 2012; Thornley and Adams, 2018). Therefore,
using a system with higher net energy balance and lower GHG balance would improve the
sustainability of the system.
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Life cycle assessment (LCA) is a standard tool to measure the environmental and energy
balances (ISO 14044, 2006), but the outcomes of the study depended on the methodological
parameters that were selected (Cherubini, 2010). Studies that investigated the role of
methodological parameters revealed that the selection of functional unit had an influence
on the result, this influence was especially clear for agricultural-based LCAs because the
results depended on the functional unit being area or mass-based (Foteinis and
Chatzisymeon, 2016). Allocation method selection is important when investigating systems
that produce multiple products because the environmental impacts would need to be
distributed among the products and the end result of the system was seen to vary with the
allocation method selected (Luo et al., 2009). The selection of impact assessment
methodology as well as the data sources used also affected the results of the LCA (Renou et
al., 2008).
Results from the LCA studies could be used to quantify the environmental and energy
impacts and savings from each process step in the production system. Therefore, the
processes having a significant influence on the environmental and energy balances could be
identified and alternatives can be used to improve the balances of the system. For example,
in both LCA studies, drying of press cake was found to be the most energy-intensive process,
which results in higher GHG emissions based on the source of energy used. Therefore, the
advantages of using this system to handle residual biomass would further increase by using
it in locations where heating sources with lower environmental impacts are available. The
environmental impacts of using biomass as feedstock can only be understood completely by
considering effects associated with land cover, land use, and land management; commonly
termed as land-use change (LUC) impacts (Qin et al., 2017). LUC alters the C and N cycles
in the ecosystem through land conversion and intensive management activities (Chum et
al., 2011; Eggleston, 2006), this results in the release of GHGs into the atmosphere. Therefore,
including LUC impacts would lead to a higher GHG balance for feedstock harvested from
intensively managed land that has undergone changes in the usage pattern of the land
(Searchinger et al., 2008). Moreover, land use and land-use change impacts also extend to
effects on soil quality, biomass yield and biodiversity (Milà i Canals et al., 2007).
The residual nature of the biomasses used for the studies in this thesis had several
advantages in terms of land-use change impacts amounting to a lower GHG balance (Tonini
et al., 2016). Since the biomasses were either obtained from less intensively managed
mountainous grasslands or from green cut and landscape management residues, the
impacts associated with fertiliser usage were avoided. Conversion using IFBB reduced the
technical difficulties involved in the energetic and material utilisation of residual biomass
by lowering the concentrations harmful elements and ash, therefore IFBB was necessary to
take advantage of the carbon-negative energetic potential of residual biomasses which
previously had very limited applications. To carry out a comprehensive assessment, the
land-use impacts of applying press liquid digestates generated during IFBB were included
in the scope of the studies.
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The emission of CO2 resulting from the combustion of fuels and materials investigated
in this thesis were regarded as biogenic (Cherbunni et al., 2011), which implied the emitted
CO2 would be captured during the re-growth of the plant. The short re-growth of the
grassland biomasses was advantageous for the faster removal of emitted CO2 from the
atmosphere (Liu et al., 2017a). Therefore, CO2 emitted during combustion and incineration
steps were excluded from the GHG balance as they were assumed to be biogenic. Converting
residual biomass into the necessary feedstocks consumed energy for the process steps, and
the selection of energy source used influenced the environmental impacts and cumulative/
primary energy demand (CED) of the system. The energy sources used for the studies in this
thesis were selected to represent the site-specific conditions accurately. Using energy
sources that were biomass-based had advantages in terms of CO2 emissions because of the
biogenic assumption, but the eutrophication and acidification potentials were higher due to
land-use impacts, the sources used also affected the share of renewable and non-renewable
CED. With this background, both LCAs carried out in this thesis were designed to use
consisted of parameters and assumptions to obtain an even-handed comparison between
the systems being studied.
GHG and the primary energy balance of bioenergy systems are usually dependent on
the DM content and biomass yield (Thornley et al., 2015). Therefore, testing the IFBB system
using biomass feedstock comprising of different combinations of DM content and biomass
yield in the first LCA study broadened the understanding of the system’s applicability in
handling heterogeneous mountainous grasslands. The favourable balances even for low
yielding biomass; that is commonly unusable for bioenergy production, is an advantage for
the applicability of this IFBB system.
Harvesting biomass from invaded grassland sites would eliminate invasive species and
in non-invaded grassland sites, harvesting would limit the presence of invasive species, in
both cases harvesting leads to biodiversity improvements. In addition to the elimination of
invasive species, extensive management practices also result in biodiversity improvements
(Plantureux et al., 2005). However, using the present LCA methodologies, quantification of
biodiversity benefits is difficult. Although some studies suggested methodologies to assess
the biodiversity impacts and benefits, there was no uniformity in the approaches used
(Lindner et al., 2019; Winter et al., 2017). Moreover, the data collection methods mentioned
in these methodologies were time and resource-intensive. Therefore, biodiversity aspects
could be assessed in future LCA studies to broaden the understanding of managing
grassland sites using biomass harvesting.
Investigating the sustainability aspects of ACs, social risks associated with conventional
AC production were avoided using the residual biomass-based ACs produced using the
technique used in chapter 5. The social risks involved were identified using an approach
that was independent of a functional unit and only a limited number of processes were
considered (Saling et al., 2020). Identification of the most relevant steps is necessary;
however, this may be subjective and therefore the selection of the processes would need to
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be similar for the systems that are compared. This approach only provides an overview of
the social risks in a system, but it can be used as a first step for decision making. The
utilisation of residual biomass-based ACs for other industrial applications would reduce the
social risks associated with the respective applications.
The advantages in terms of environmental and energy balances from using residual
biomass for energy and material generation have been discussed. The ability to remove
harmful elements using the IFBB system allowed residual biomass to be effectively utilised,
and the higher energy yield compared to anaerobic digestion was advantageous for
obtaining a better environmental and energy balances.

6.3 Heterogeneous biomass feedstocks processed using IFBB
Residual biomasses available across Europe is expected to have a substantial role in
supplying feedstock for sustainable Bioeconomy pathways, as they do not interfere with
food and nutritional security (European Commission, 2018). For thermal utilisation of these
biomasses, especially the ones with low carbon, high mineral, and ash content, converting
them into a feedstock with desirable properties is necessary. Most biomasses tested in the
scope of this thesis had the above-mentioned characteristics, and the IFBB process was able
to produce a feedstock that was utilisable for both material and energy generation.
Investigating multiple biomasses including semi-natural grasslands, invaded mountainous
grasslands, landscape management residues and biodegradable household wastes
(biowastes) in the scope of this thesis enabled to further establish IFBB as a process able to
handle heterogenous biomasses. However, the heterogeneity of the biomasses is limited to
certain physical characteristics of the raw biomass. Biomasses having a high lignin content
cannot be processed optimally using IFBB as the mechanical separation process would face
technical difficulties. But in most cases, biomass with higher lignin content would already
contain a low concentration of harmful elements and therefore avoiding the need to be
processed using IFBB (Magdziarz and Wilk, 2013).
With the possibility to be converted into feedstock for material and energy generation
using IFBB, further residual biomasses available across Europe that are compatible with
IFBB need to be identified. In the scope of this thesis, biowaste was found to be a suitable
feedstock for AC production. Utilising 90 Mt of biowaste generated in Europe annually
(Hamelin et al., 2019), approximately 7 Mt of AC with a lower cost and environmental
impact could be produced. Ideally, only 14 Mt of the generated biowaste would be needed
to fulfil Europe’s estimated future AC demand of 1 Mt in 2025 (Freedonia, 2012). Therefore,
the remaining biowaste could be used for producing compost, biochar or energy generation.
Similarly, alternative residual biomasses need to be identified and sustainable utilisation
pathways for these biomasses should be implemented.
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Invasive aquatic biomass is becoming more common in Europe’s coastal areas mainly
due to the rise in water temperatures, its removal from water bodies is necessary to avoid
environmental and logistical issues (Yan and Guo, 2017). Removing this residual biomass
and converting it into a feedstock for material or energy generation using IFBB would
increase its economic value and thereby compensate for the removal costs.
Utilisation of residual biomasses studied in the scope of this thesis for material and
energy generation using IFBB was found to be a relatively sustainable utilisation pathway.
This could support in achieving some of the targets specified by the United Nations under
the 2030 global agenda for sustainable development (SDGs). Providing a sustainable
utilisation pathway for the biomass harvested for ecosystem conservation and invasive
species elimination would support targets 15.4, 15.5 and 15.8 under SDG 15 which
emphasises on terrestrial ecosystem protection and halting biodiversity loss. Converting
residual biomass into material and energy feedstock re-uses wastes and reduces dependence
on natural resources, which supports targets 12.2 and 12.5 under SDG 12 that focuses on
sustainable consumption and production. Since the energy feedstock obtained would be an
affordable and reliable source of renewable energy, target 7.2 under SDG 7 that aims at
increasing the share of renewable energy in the mix can be supported. Further utilising the
activated carbon produced can be used to improve the water quality supporting target 6.3
under SDG 6.
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7.Conclusion and outlook
Based on the technical and environmental assessment of residual biomasses used in the
scope of this thesis, it can be concluded that:
i.

Harmful elements like N, S, Cl and K and ash that are usually present in high
concentrations in the raw residual biomass were reduced more effectively using the
commercial-scale integrated generation of solid fuel and biogas from biomass (IFBB)
in comparison to the prototype scale. A lower concentration of these elements and a
reduced ash content improved the fuel properties of the solid fuel produced from
residual biomass, hence allowing it to be combusted in existing biomass boilers. As
a result of the low harmful element concentration in the solid fuel, the emissions of
NOx and SOx resulting from combustion were well below the German threshold
levels. Residual biomass with heterogeneous physical characteristics and chemical
composition could be converted into a solid fuel with desirable properties, making
the commercial-scale IFBB a flexible system capable of converting a large variety of
residual biomass. Further investigation is necessary to identify the factors
influencing the flow of elements from the raw residual biomass to the solid fuel, this
would further help to influence fuel properties through controlling the
concentration of elements.

ii.

Mountainous grassland biomasses dominated by invasive species that were
harvested as a part of biodiversity management was found to be favourable for
energetic conversion due to the net GHG and primary energy savings. Conversion
of residual biomasses into energy using IFBB yielded better GHG and primary
energy savings compared to anaerobic digestion mainly because of the higher
energy conversion efficiency. Press cake drying was identified as the most energy
and GHG emission-intensive process in the IFBB system but the use of alternative
energy sources with a lower GHG emission potential could lower the emissions
associated with press cake drying. Moreover, using IFBB to convert low yielding
non-invaded mountainous grasslands that would be dominant in the area once the
invasive species is eliminated, also resulted in net GHG and primary energy savings.
Therefore, IFBB could be used as a long-term option to handle invaded grasslands,
especially in remote mountainous areas as the system can be implemented using
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existing farm infrastructure with minor modifications. Furthermore, IFBB generates
a press cake that can be briquetted and easily stored, making it a potential
component for flexible energy generation. Further research needs to be carried out
to effectively handle press fluid generated from IFBB because reducing the
emissions and energy usage associated with handling and application press fluid
digestate could improve the GHG and primary energy balance of the IFBB system.
iii.

Using activated carbon (AC) produced from biodegradable household wastes and
landscape management residues for micropollutant removal at a wastewater
treatment plant had lower GHG emissions and non- renewable cumulative energy
demand in comparison to the use of fossil-based activated carbon. IFBB was crucial
in the conversion of residual biomass into AC because there was a reduction in ash
and other harmful elements and hence a feedstock better suited for AC production
was obtained. Furthermore, electricity recovered using the press fluid generated
from IFBB, along with heat recovery from the PYREG activation unit, resulted in
GHG and energy savings thereby improving the respective balances. Implementing
this system at the wastewater treatment plant in Baden-Baden, where the residual
biomass was readily available proved to be advantageous in terms of reduced
material transportation and handling as the AC production and usage took place
inside the premises of the wastewater treatment plant. Residual biomass-based AC
had a lower micropollutant removal performance compared to the fossil-based ones,
this required a higher dosage of the former to match the micropollutant removal of
the latter. However, even after factoring the GHG emissions and energy usage as
well as the respective savings associated with the higher quantity used, the residual
biomass AC had better environmental and energy balances. The balances further
improved for residual biomass AC by considering the energy recovery from the
incineration of the spent AC, whereas for fossil AC the balance of GHG further
worsened as the CO2 emitted during incineration was included. Further research
focussing on controlling the residual biomass AC properties and thereby improving
the micropollutant removal performance would reduce the higher dosages needed
at present, which would make the system more economically and environmentally
beneficial.

iv.

Residual biomass including Semi-natural and mountainous grasslands, landscape
management residues and biodegradable household wastes were found to be
suitable for material or energy production. The comparatively lower land use and
land-use change impacts associated with the use of residual biomass over
conventional crop-based biomass further improves the prospect of using residual
biomass. An effective utilisation strategy for handling the residual biomasses across
Europe would result in its effective conversion into useful resources, which could
partly replace the fossil-based sources presently used. Therefore, the use of these
residual biomasses to meet the material and energy demand would support the
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implementation of the targets set in the EU Renewable Energy Directive and the
Bioeconomy strategy. The role of IFBB as a flexible system capable of handling
heterogenous biomasses and improving their energy conversion efficiency and
material properties would indeed be useful for the effective utilisation of the
residual biomass. Identifying additional residual biomasses in the future that can be
converted into energy and material would further reduce the dependence on fossilbased resources.
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8.Summary
The energetic potential of residual biomass was investigated previously for grassland
biomasses, mostly from semi-natural grassland sites and converted into fuel using IFBB on
a laboratory or prototype scale. Building on the knowledge obtained on improved energy
conversion efficiency and fuel properties from using IFBB, this thesis investigates the
improvements in fuel properties resulting from upscaling the IFBB process to a commercial
scale. A high concentration of ash, N, S, Cl, and K in the solid fuel was detrimental to its
energetic utilisation. Therefore, a higher reduction rate of these elements and ash, with the
use of a commercial scale IFBB indicated an improvement in solid fuel properties. As a result
of the higher reduction rate, emissions of NOx and SOx associated with the combustion of
the solid fuel were below the respective German threshold values of 350 mg m-3. Hence,
using IFBB to produce a consumable solid fuel proved to be an effective alternative to handle
residual biomass generated from grassland sites.
Environmental and energy balances of converting residual biomass into fuel using IFBB
was investigated using mountainous grassland biomasses. Four biomass types were used
for this study, which included two grassland types and their respective counterpart affected
by species invasion. The four grassland biomasses possessed heterogenous biomass yield,
chemical and physical composition, which was used to study the influence of the biomass
properties on the environmental and energy balances. The energy produced was assumed
to offset the need for grid-based energy sources and the GHG and primary energy savings
were included in their respective balances. The results were compared to converting the
biomass using anaerobic digestion (AD), to identify the better alternative. There was a
higher net saving in GHG emissions and primary energy for IFBB, making it a better
alternative compared to AD. A higher energy conversion efficiency of IFBB compared to AD
proved to be advantageous in improving the savings. Comparing the different biomass
types, biomasses with a higher yield positively influenced the GHG and energy savings.
This was advantageous for biomasses affected by invasive species which had a
comparatively higher yield. However, using IFBB resulted in higher net primary energy and
GHG savings over AD for both the invaded and non-invaded biomass types.
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In addition to investigating energy generation using residual biomasses converted with
IFBB, the environmental and energy balances were calculated for using the converted
residual biomasses for activated carbon (AC) production. AC is a necessary component for
the removal of micropollutants present in the effluents from wastewater treatment plants.
The wastewater treatment plant used in this study had residual biomasses including
landscape management residue and household biodegradable wastes delivered to be
processed. The delivered residual biomass was treated using IFBB before being processed
into AC and used onsite for micropollutant removal. The removal performance of the ACs
was measured using the ecotoxicity level of the treated water. This was used to estimate the
quantity of the respective ACs needed to achieve an optimal level of ecotoxicity. According
to this estimation, a higher quantity of residual biomass-based ACs was required in
comparison to fossil-based AC.
However, using the residual biomasses for micropollutant removal had significantly
lower GHG emissions and energy usage compared to the conventionally used fossil-based
AC. Including incineration as an end-of-life option for the used AC generated heat energy,
that offset the need for heat from grid-based sources and thereby resulted in GHG savings.
However, GHG emissions from the release of CO2 during incineration of fossil-based AC
overshadowed these savings, resulting in much higher GHG emissions than the base case.
On the contrary, for residual biomass-based AC, the overall GHG emissions further reduced
as the CO2 emissions from combustion were considered biogenic and not included in the
GHG balance. Additionally, a social risk assessment comparing the residual biomass-based
AC produced at Baden-Baden with the imported fossil-based AC, the results revealed a high
social risk associated with using the latter.
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9.

Zusammenfassung

Das energetische Potenzial von Restbiomassen wurde in früheren Studien für
Grünlandaufwüchse überwiegend naturnaher Grünlandstandorte durch die Erzeugung
von Festbrennstoff über das Verfahren zur „Integrierten Produktion von Festbrennstoff und
Biogas durch Biomasse“ (IFBB) auf Labor- oder Prototypebene untersucht. Aufbauend auf
dabei gewonnene Erkenntnisse zur Verbesserung von Energieumwandlungseffizienz und
Brennstoffeigenschaften durch IFBB, untersucht diese Arbeit, ob sich aus der Hochskalierung des IFBB-Verfahrens und damit technischen Adaption auf einen kommerziellen
Maßstab eine weitere Qualitätssteigerung ergibt. Eine hohe Konzentration von Asche, N, S,
Cl und K im festen Brennstoff beeinträchtigt dessen energetische Nutzung. Daher zeigte eine
höhere Reduktionsrate dieser Elemente bei Verwendung des IFBB-Verfahrens im
kommerziellen Maßstab eine Verbesserung der Festbrennstoffeigenschaften. Aufgrund der
höheren Reduktionsraten lagen die mit der Verbrennung des festen Brennstoffs
verbundenen NOX und SOX-Emissionen unter den jeweiligen deutschen Schwellenwerten
von 350 mg m-3. Das IFBB-Verfahren in kommerziellem Maßstab erwies sich zur Herstellung
eines nutzbaren festen Brennstoffs daher als wirksame Alternative zur Verwertung von auf
Grünlandstandorten gewonnenen Restbiomassen.
Die Umwelt- und Energiebilanzen der Produktion von Brennstoff aus Restbiomasse
mittels IFBB wurden am Beispiel von Grünlandbiomassen montaner Standorte untersucht.
Vier Biomassetypen, bestehend aus zwei Grünlandtypen jeweils mit und ohne invasiven
Pflanzenarten im Aufwuchs, wurden in dieser Studie untersucht. Sie wiesen einen
heterogenen Biomasseertrag sowie eine heterogene chemische und physikalische
Zusammensetzung auf, anhand dessen der Einfluss der Biomasseeigenschaften auf die
Umwelt- und Energiebilanzen untersucht werden konnte. Die erzeugte Energie sollte den
Bedarf an netzbasierter Prozessenergie ausgleichen, daher wurden diese THG- und
Primärenergieeinsparungen in die jeweiligen Bilanzen einbezogen. Die resultierenden
Bilanzen wurden verglichen mit der traditionellen Umwandlung von Biomasse in einer
Biogasanlage unter Verwendung des anaeroben Aufschlusses (AD), um die bessere
Alternative zu identifizieren. Für das IFBB-Verfahren lagen Nettoeinsparungen bei
Treibhausgasemissionen und Primärenergie höher als bei der AD und wiesen es als bessere
Alternative aus. Ursache war eine höhere Energiewandlungseffizienz von IFBB im Vergleich
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zu AD. Beim Vergleich der verschiedenen Biomassetypen wirkten sich Biomassen mit
höherem Flächenertrag positiv auf die Treibhausgas- und Energieeinsparung aus. Dies war
vorteilhaft für Biomassen, die von invasiven Arten betroffen waren, und dadurch einen
vergleichsweise höheren Ertrag zeigten. IFBB führte jedoch gegenüber AD bei allen
untersuchten Biomassetypen zu höheren Netto-Primärenergie- und Treibhausgaseinsparungen.
Neben den Untersuchungen zur Energieerzeugung aus Restbiomassen über das IFBBVerfahren, wurden Umwelt- und Energiebilanzen auch zur Herstellung von Aktivkohle
(AC) unter Einbindung von Pyrolyse und Kohleaktivierung berechnet. AC ist notwendiger
Bestandteil für die Entfernung von Mikroverunreinigungen im Zuge der Reinigung von
Abwässern in Kläranlagen. Die in dieser Studie untersuchte Kläranlage war Teil eines
Entsorgungsbetriebes, an den unter anderem Restbiomassen aus der Landschaftspflege und
biologisch abbaubarer Haushaltsabfälle zur Aufbereitung angeliefert wurden. Diese
Restbiomassen wurden vor der Verarbeitung zu AC mit IFBB behandelt und die AC vor Ort
zur Entfernung von Mikroverunreinigungen im Abwasser verwendet. Die Entfernungsleistung der AC wurde über das Ökotoxizitätsniveaus des behandelten Wassers gemessen.
Dabei wurde ermittelt, wie groß die notwendige Menge der untersuchten AC sein muss, um
ein optimales Maß an Ökotoxizität zu erreichen. Die Ergebnisse zeigten, dass im Vergleich
zu fossilen AC eine höhere Menge der auf Biomasse basierenden AC erforderlich war.
Die Verwendung der AC aus Restbiomassen zur Entfernung von Mikroverunreinigungen zeigte jedoch eine signifikant geringere Treibhausgasemission und einen
geringeren Energieverbrauch im Vergleich zu der herkömmlich verwendeten fossilen AC.
Die Berechnung schließt die Option ein, dass am Ende der Lebensdauer der verwendeten
AC, dieselbe verbrannt wird, deren Wärmeenergie, netzbasierte Quellen ausgleicht und
damit Einsparungen an Treibhausgasen bewirkt. Die THG-Emissionen aus der Freisetzung
von CO2 bei Verbrennung fossiler AC überschatteten diese Einsparungen durch einen viel
höheren THG-Ausstoß als im Basisfall ohne Verbrennung der AC. Im Gegensatz dazu
verringerten sich die Treibhausgasemissionen bei auf Biomasse basierender AC durch die
Verbrennung der Rest-AC zusätzlich, da diese CO2-Emissionen als biogen angesehen und
nicht in der Treibhausgasbilanz einbezogen wurden. Darüber hinaus ergab eine soziale
Risikobewertung im Vergleich von der in Baden-Baden produzierten Rest-Biomasse-AC mit
importierter fossiler AC, ein höheres soziales Risiko bei Verwendung der letztgenannten.
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Table A1.1. Detailed botanical parameters of the samples including the dominant species,
species coverage and species number for each region.
Species Coverage (%)
Species

AC

AE

AM

AS

BS

CD

DC

JE

PA1
PA2

PS

Agrostis capillaris,
Holcus lanatus,
Achillea millefolium
Alopecurus pratensis,
Arrhenatherum elatius,
Holcus lanatus
Agrostis x murbeckii,
Holcus lanatus,
Anthoxanthum
odoratum,
Galium spec.
Agrostis stolonifera,
Phragmites australis,
Bolboschoenus
maritimus
Bromus erectus,
Medicago falcata,
Centaurea scabiosa
Carex disticha,
Phragmites australis,
Holcus lanatus
Deschampsia cespitosa,
D. flexuosa,
D. flexuosa,
Carex leponina,
Juncus acutiflorus
Juncus effuses,
Carex species,
Alisma Plantagoaquatica
Phalaris arundinacea,
Urtica dioica
Phalaris arundinacea,
Carex acutiformis,
Carex gracilis
Phragmites australis,
Phalaris arundinacea,
Typha latifolia

Species Number

DM
(%
FM)

FM
(t·ha−1)

G

S/R

L

H

T

G

S/R

L

H

T

28.50

20.33

109.50

2.67

14.33

107.17

233.67

11

2

6

32

51

28.29

6.19

105.33

0.00

3.67

20.97

129.97

5

0

2

12

19

-

-

80.07

0.00

0.02

49.03

129.10

9

0

1

17

27

51.33

16.93

68.07

21.53

0.07

18.20

107.87

4

9

1

8

22

24.85

11.00

22.87

1.87

51.40

40.07

116.20

11

2

12

26

51

36.00

8.84

20.00

85.33

4.73

12.73

122.80

7

3

3

11

24

49.00

5.23

75.80

79.87

37.00

26.80

219.47

6

6

2

8

22

32.50

16.23

3.23

75.33

0.00

35.93

114.50

3

5

0

9

17

-

-

84.33

0.67

0.00

24.00

105.00

3

2

0

3

8

41.49

26.40

41.53

48.00

1.33

13.20

104.07

10

12

2

16

40

39.18

30.67

51.67

61.00

0.00

9.00

121.67

3

3

0

6

12

G—grasses, Sedges/Rushes—S/R, L—Legumes, H—Herbs, T—Total.
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Table A2.1. Balance of acidification potential in (kg SO2 eq.) for emissions from input
processes and credits from replaced systems for IFBB and AD.

Emissions

Credits

NS+L_

NS+_

NS_

NS_

TF+L_

TF+L_

TF_

TF_

IFBB

AD

IFBB

AD

IFBB

AD

IFBB

AD

Heat usage

0.4

0.2

0.2

0.1

0.6

0.2

0.5

0.2

Electricity usage

0.4

0.3

0.2

0.1

0.6

0.4

0.5

1.1

Fuel usage

1.6

0.9

0.6

0.4

1.7

1.0

1.4

0.8

Combustion

3.7

2.6

3.1

1.1

5.7

2.9

5.3

1.6

Digestate handling

3.9

9.1

1.3

6.1

1.7

11.0

2.7

10.8

Infrastructure

-0.1

-0.1

-0.1

-0.1

-0.2

-0.1

-0.1

-0.1

Heat production

-2.4

-0.9

-1.6

-0.4

-2.9

-1.0

-2.6

-0.8

Electricity production

-0.4

-1.2

-0.1

-0.5

-0.1

-1.4

-0.5

-1.6

Fertiliser production

-1.3

-1.0

-0.6

-0.3

-1.4

-0.7

-1.1

-0.5

5.9

9.8

3.2

6.6

5.6

12.3

6.0

11.5

Balance

Table A2.2. Balance of Eutrophication potential in (kg PO4 eq.) for emissions from input
processes and credits from replaced systems for IFBB and AD.

Emissions

Credits

NS+L_

NS+L_

NS_

NS_

TF+L_

TF+L_

TF_

TF_

IFBB

AD

IFBB

AD

IFBB

AD

IFBB

AD

Heat usage

0.07

0.04

0.03

0.02

0.09

0.04

0.08

0.03

Electricity usage

0.07

0.05

0.03

0.02

0.08

0.06

0.07

0.05

Fuel usage

0.33

0.18

0.14

0.10

0.38

0.21

0.31

0.18

Combustion

0.53

0.19

0.49

0.08

0.92

0.22

0.80

0.17

Digestate handling

1.30

2.64

0.45

2.08

0.69

3.13

0.79

2.87

Infrastructure

0.00

0.01

0.00

0.00

0.00

0.01

0.00

0.01

-0.43

-0.16

-0.29

-0.07

-0.54

-0.18

-0.47

-0.15

-0.06

-0.19

-0.01

-0.08

-0.01

-0.22

-0.06

-0.20

-0.19

-0.14

-0.09

-0.04

-0.21

-0.10

-0.17

-0.07

1.62

2.62

0.75

2.11

1.40

3.17

1.34

2.89

Heat production
Electricity
production
Fertiliser production

Balance
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S1 Supplementary material for chapter 4
S1.1 Biomass feedstock production
Feedstock was stored in plastic bales for ensiling. Water evaporation losses during field operations
was estimated to be 7% of FM (Blokhina et al., 2011). Further losses were estimated depending on DM
of the silage (Table S1.4).
LCI data for the field operations were based on the AGRIBALYSE® dataset as the scope was in the
European region, which included processes such as mowing, tedding and baling (Colomb et al., 2015).
The operational parameters for the field equipment were based on literature data and can be found in
(Table S1.1-S1.3). For all biomass types, mowing and tedding had similar inputs as they were based on
time per hectare of operation. The number of bales per hectare were estimated using the quantity of
fresh matter that needed to be ensiled, this was used to model the inputs for the baling step. In addition
to the fuel and machinery, the plastic film used for baling was also considered based on the number of
bales (Cascini et al., 2013). The bales were loaded onto a trailer and transported to the processing
facility which was assumed to be at a distance of 20 kilometres from the fields.

S1.2 Feedstock processing
The processing of the feedstock started with shredding of the Bales which loosened the ensiled
biomass for further steps. This process was modelled based on AGRIBALYSE® dataset (Colomb et al.,
2015). As the study compared two energy conversion routes, the systems were modelled separately for
AD and IFBB (Figure 4.2). Following the IFBB route (Bühle et al., 2012) the loosened silage was mashed
in a mixing tank with tap water at 10 ℃. The quantity of water used was usually four times the FM
weight of the biomass, but in exceptional cases (NS), where dry matter content was extremely high,
water usage was up to eight times the weight. Mashing lasted for 20 mins and was conducted with
stirring and pumping units with a power rating of 4 x 10 kW and 22 kW respectively (Table S1.6).
The mash with a DM content of 3-5% was then processed in a screw press to be mechanically
separated into press cake and press fluid. The energy requirement for the separation process was
estimated to be 147 MJ t-1DM (Bühle et al., 2011). The press cake had a moisture content of
approximately 50% which needed to be lowered to produce a storable fuel and attain better combustion
performance. Hence, a band dryer was used to reduce moisture content to approximately 15%. The
heat required to reduce moisture was estimated with a dryer energy efficiency of 2.6 MJ kg-1 H2O
(Svoboda et al., 2009). (Table S1.5).
The dried press cake was compacted using a 50-kW briquette press to produce a solid fuel and
energy required for milling and briquetting were accounted based on the quantity of DM processed.
A stoker-fired boiler suited for biomass was used to combust the solid fuel. The handling of grate ash
was neglected in the balance, as the replaced district heating and grid systems also neglected the
handling of the generated ash. The emission performance of the solid fuel was based on measured
values from a 440-kW unit with a combustion efficiency of 93 %. Auxiliary input and emission data are
presented in (Table S1.8).
Heat output generated from the boiler was assumed to replace heat from district heating network.
The press fluid obtained from the screw press was co-digested with manure in a fixed-bed digester,
with an operating temperature in the mesophilic range (30-40 ℃) and hydraulic retention time of 14
days. The heat required to maintain a constant operating temperature, as well as auxiliary electricity
and infrastructure were based on the energy content of the methane produced (Whiting and Azapagic,
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2014). The biogas was piped into a storage tank before being passed on to a combined heat and power
(CHP) plant with a capacity of 40 KWel working at 7500 full load hours a year. A heat and electricity
conversion efficiency of 50 % and 35 % respectively was assumed (FNR, 2017b). Data from the
laboratory trials were used to estimate the methane yields and press fluid properties (Table 3.1).
The digestate was pumped from the bottom of the digester and stored in a covered tank which
prevented emission of methane (Holmgren et al., 2015). The digestate was transported over a distance
of approximately 20 kilometers outside the biosphere reserve area to be applied on the field with a
trailing hose attached to a tractor. Inventory data used for estimating the field emissions and energy
use was based on (Pehme et al., 2017) (Table S1.7, S1.8). Conventional mineral fertilisers commonly
used were replaced and the quantity displaced was estimated using the N, P and K content in the
digestates.
In the AD system, the shredded silage bales were co-digested with manure directly in a biogas
digester at a ratio of 65:35. The hydraulic retention time is 35 days with an operating temperature in
the mesophilic range. Methane yields and LCI are presented in (Table 3.1) and (Table S1.6). A CHP
plant with a capacity of 150 kWel was operated to combust the generated methane, digestate application
was carried out in the same manner as above (Table S1.7, S1.8).

S1.3 Life cycle inventory
The calculations for energy and infrastructure used were based on the functional unit being 1 ha.
The modelling for agricultural processes were done using AGRIBALYSE, where the functional unit of
“1 hour of operation”. The machinery required per hour of operation was estimated using the machine
weight and operating lifetime (Colomb et al., 2015).
Machine Requirement (kg h-1) = Machine weight (kg)/ Lifetime (h)
Machine requirement is used to quantify the production, repair and maintenance of all machines,
fuel consumption and combustion, abrasion of tyres as well as shed or land used for parking the
machines. For field operations, machines are assumed to be attached to a 90 bhp 4 Wheel drive tractor
with a lifetime of 12000 h and weighing 4300 kg; i.e. 0.3583 kg h-1. Emissions of Cadmium, Lead and
Zinc on the field resulting from the usage of machinery are also included in the LCI.
Biomass needed to be harvested at a above ground distance of 5cm, a rotary mower with a
working width of 3m was used. Tedding is carried out reduce the moisture content of the biomass, this
is done by spreading the biomass using a tedder also with a 3m working width. A windrower is used
to form rows of biomass that can be easily collected and processed into bales using the round baler.
Table S1.1 Details on the agricultural machinery used for field operations
Process

AGRIBALYSE LCI
dataset used

Operating
time
(h. ha-1)

Operating
speed
(km. h-1)

Machine
Weight
(kg)

Lifetime
(h)

Fuel
consumption
(l. ha-1)

Mowing

Mowing, with
rotary mower
3m/hr/FR
Haying, with
tedder/hr/FR
Swath, with 9m
swather/hr/FR

0.5

6.6

643

2300

2.85

Machine
requirement
(including
tractor usage)
(kg. ha-1)
0.3189

0.5

6.6

370

3000

1

0.4816

0.18

6.2

3200

3000

2.48

0.7124

Tedding
Windrowing

* Calculated based on DM content processed.
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Baling process also included the plastic film used for wrapping. Three grades of plastic were part
of the wrapping; high density polyethylene (HDPE), low density polyethylene (LDPE) and
polypropylene (PP). The datasets used were obtained from (Plastics Europe). The LCI from plastics
Europe did not account for recycling of plastic since it was a cradle to gate LCI. Assuming that the
plastic after usage is incinerated to produce electricity, the datasets for plastic recycling ELCD dataset
generated by CEWEP - Confederation of European Waste-to-Energy Plants was used, additionally
pretreatment steps included transportation and sorting.
Table S1.2 Parameters for baling and bale transport
Process
Baling
plastic film
Plastic recycling
Transportation
Waste
inceneration
Bale Transport

LCI Dataset used

Database

Unit

Quantity

Polyethylene, LDPE, granulate, at plant - RER

Ecoinvent

kg bale-1

1.2*

Lkw-Diesel-DE-2010 2010 (System) - DE
Waste incineration of plastics (PE, PP, PS, PB), at
plant, average European waste-to-energy plant
Traktor-DE-2000-mittel (Schlepper) 2000
(System) - DE

ProBas
CEWEP

t.km ha-1
Kg ha-1

0.2**
10-21

ProBas

t.km ha-1

(FM. ha-1x20)

* Plastic usage for 4 layer wrapping on bale (Bisaglia et al., 2011)
** (Liljenström and Finnveden, 2015)

Grass bales have densities ranging from 140-146 kg DM m-3 and a volume of 1.36m3, the bale
density depended mainly on the equipment used (Lötjönen and Paappanen, 2013), for this study a
density of 141 kg DM m-3 was assumed. Number of bales produced per hectare depended on the DM
produced along with bale weight, the calculated bale weight was 192 kg DM. For the LCI of baling the
functional unit was “per hectare” with an assumption of 4 t DM. ha-1, hence for this study the operating
values were calculated with the respective DM yield of the biomass.
Table S1.3 Details on machinery usage for baling, bale transport and shredding
Process

AGRIBALYSE LCI dataset used

Baling

Baling, with round baler
(straw)/ha/FR
Traktor-DE-2000-mittel (Schlepper)
2000 (System) - DE
Trailer, < 20 t, production - FR
Crushing, with shredder or
chipper/hr/FR

Bale loading/unloading
Bale Trailer
Shredding

Operating
time
(h. ha-1)
0.38-0.8

Through
-put
4
t DM. h-1

0.20-0.41

0.26-0.55

30
bales.h-1

Machine
Weight
(kg)
1773

Lifetime
(h)
1800

Machine
requirement
(kg. ha-1)
0.51-1.07 *

4300

12000

0.07-0.14

3150
530

6000
2300

0.52
0.06-0.13

* Including tractor usage
The bales need to be loaded onto a trailer using a front loader, the loading rate is approximately
80 bales an hour. The transport distance to the storage site is assumed to be 20 km and this is done
using a trailer attached to a tractor. After unloading the bales, they are stored until they need to be
processed further using IFBB or AD systems. The average storage time was assumed at 180 days and
stored outside in vertical stack position. Shredding is a common step in both systems to shorten the
length of the grass fibers to make the processing more effective. The bale shredder first loosens the bale
before processing it.
Loses in the quantity of biomass occur during harvesting, processing and storage, the loses were
estimated using literature data. The field loses are lower for biomass with low DM content, whereas
the storage loses is higher for the same (Rotz, 1995).
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Table S1.4 Harvesting, field, storage and pre-treatment loses
Losses
Unit
Harvesting- Mowing % DM

NS+L
1

NS
1

TF+L
1

Harvesting- Tedding % DM

1

1.5

1

Harvesting- % DM
Windrowing
Baling % DM

1

3

1

0.83

0.83

0.83

Bale Storage % DM

6

2

6

Chopping % DM
Total % DM

1
10.83

1
9.33

1
10.83

TF
1 Mower without conditioner (Kaiser et al.,
2004)
1
Based on biomass DM content (Rotz,
1995)
1
Based on swath density (kg. m-2) (Rotz,
1995)
0.83
Pick-up, chamber and ejection loses are
included (Kaiser et al., 2004)
6
Spoilage, fermentation and effluent
losses are included, 4 layer film (Bisaglia
et al., 2011)
1
(Kaiser et al., 2004)
10.83

The feedstock processing step ends with the shredding of biomass silage bale, it is can then be
converted into biomass- based fuels with IFBB and AD systems. Processing of the shredded bale begins
with the mashing process; water is added to an 8500-litre tank along with biomass to be mixed using
stirrers for a time period of 20 mins. Tap water is used for the mashing step, unlike lab scale trails,
energy required to heat the water to 40 in a practical case is very high. Moreover on a large scale, the
use of tap water at 10 ℃ was found to yield good results (Joseph et al., 2018). The mean annual
temperature of the region is 4.8 ℃, hence the water temperature needed to be raised by approximately
5 ℃over the year. The quantity of water depended on the FM of the biomass.
Table S1.5 Water added to mash the biomass and water content in press cake
Unit
Water required for
mashing
Water
content in press cake

kg. ha

NS+L

NS

TF+L

TF

Remarks

-1

36.65

11.59

44.42

34.70

t. ha-1

1.49

0.81

2.05

1.80

Water used is 4 times FM quantity,
except for NS where it is 8 times
due to high DM content

Since the mash substrate quantity is higher than the tank capacity, the energy requirement was
calculated per batch of 8500 litres of substrate. After mashing, the semi liquid mash is mechanically
separated using a 25-kW screw press with a throughput of 7 t FM h-1. Drying of the press cake requires
a high amount of energy because of European climatic conditions, a band heater with maximum
temperature of 90-120 ℃ is used. Heat required to remove moisture was assumed at 2.6 MJ kg-1 H20,
along with additional energy required for auxiliary processes such as conveyer and fan operation at 25
and 13 MJ t-1 DM respectively. The combustion of the dry press cake briquette is done in a 440-kW
combustion unit with ɳ = 93 % attached to a boiler, the auxiliary energy need is assumed at 1.5 % energy
produced, emission values were estimated using measured data for press cake briquettes from an
operational plant. The press fluid is co-digested along with manure in a digester which is estimated to
be 1800 m3 in volume (Wu et al., 2016). The digestion requires auxiliary electricity for operation and
heat to maintain mesophilic temperature, this was estimated according to the biogas output (Whiting
and Azapagic, 2014), the infrastructure includes steel, concrete, plastic and insulation. The generated
biogas is carried using pipping to a combined heat and power generator of 40 kW. The emission of
CH4 from combustion of biogas was accounted using (IINAS, 2017), emission of CH4 was assumed to
be 2 % of total methane produced. N20, NOX and CO are also considered. Chopped silage is directly
added in the digester for the AD system, the generated biogas is combusted in a 120-kW CHP. The
digestate is handled similarly as above.
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Table S1.6 Material and energy consumption for processes in the IFBB system
Process

Inputs

LCI dataset used

Unit

Mashing

Electricity- Stirring

Netz-el-DE-lokal-HH/KV-2020
(System)
Netz-el-DE-lokal-HH/KV-2020
(System)
NetzFernwärme-DE-2020 (System)
Edelstahlblech 2004 (System)

Electricity- Pumping

Mechanical
Seperation

Water heating
Infrastructure- tank
with stirrer and
pumps
Electricity- Screw
press
Infrastructure

Press cake
Drying

Heat-Drying
Infrastructure
Electricity-Fans

Briquetting

ElectricityConveyer
Electricity-Milling
Electricity-Pressing
Infrastructure

Combustion

Electricity-Auxiliary
Infrastructure

Fermentation

Digestate heating
Electricity -stirring
Infrastructure
Digester
Steel
Insulation
Plastic
Concrete

Combined
heat and
power
generation

Digestate
handling*

InfrastructureLubricants

Transport
Application on field

Infrastructure-Slurry
tanker

MJ ha-1

Consumption
NSL/NS/TFL/TF
255/82/310/242

Power
Rating
4x10 kW

MJ ha-1

251/81/304/237

22 kW

MJ ha-1
kg ha-1

742/238/900/703
0.32/0.1/0.39/0.3

Netz-el-DE-lokal-HH/KV-2010
(System)

MJ ha-1

517/166/626/490

25 kW

Agricultural machinery with
electronic motor, production
NetzFernwärme-DE-2020 (System)

kg ha-1

2.1/0.7/2.5/1.9

WT-900 kg
LT- 2500 h

MJ ha-1
kg ha-1

5357/2080/7388/6
464
0.4/0.2/0.4/0.4

MJ ha-1

23/16/28/25

MJ ha-1

45/31/5749

MJ ha-1

181/124/229/197

MJ ha-1

484/331/613/525

kg ha-1

1/0.7/1.2/1.1

MJ ha-1

416/302/599/512

kg ha-1

1.3/0.9/1.6/1.4

MJ ha-1
MJ ha-1

765/134/644/687
647/114/544/581

kg ha-1

1.2/0.2/0.9/1

kg ha-1

kg ha-1

0.03/0.01/0.02/
0.03
0.08/0.01/0.07/
0.07
33.5/5.8/28.2/
30.1
0.3/0.05/0.3/0.3

kg ha-1

0.3/0.04/0.2/0.2

MJ ha-1

748/231/895/700

t.km

748/231/895/700

MJ

1.1/0.3/1.3/1

Agricultural machinery with
electronic motor, production
Netz-el-DE-lokal-HH/KV-2020
(System)
Netz-el-DE-lokal-HH/KV-2020
(System)
Netz-el-DE-lokal-HH/KV-2020
(System)
Netz-el-DE-lokal-HH/KV-2020
(System)
Agricultural machinery with
electronic motor, production
Netz-el-DE-lokal-HH/KV-2020
(System)
MetallStahl-mix-DE-2010 (System)
- DE
NetzFernwärme-DE-2020 (System)
Netz-el-DE-lokal-HH/KV-2020
(System)

MetallStahl-mix-DE-2020
(System) - DE
Steinwolle (SteineErdenSteinwolle-DE-2020)
PVC-Granulat (Chem-OrgPVCmix-DE-2020)
Beton (Steine-Erden Beton-DE2020)
Schmieröl 2004 (System)

MetallStahl-mix-DE-2020 2020
(System) – DE
Traktor-DE-2000-mittel
(Schlepper) (System) - DE
Dieselmotor-DE-Landwirtschaft2020 (Endenergie) (System) - DE
, 5,000 lt, production - FR

kg ha-1
kg ha-1

1.8 t.h-1

*(Berglund and Börjesson, 2006)
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Digestate handling involves the storage in a closed tank, afterwards the digestate is transported
in a slurry tanker to be applied on the field. A trailing hose is attached to the tanker to apply the
digestate, the values for field emissions are based on the N and DM content of the digestate (Hafner et
al., 2019; Pehme et al., 2017). The content of N, P and K does not change during fermentation, whereas
C content changes as C is degraded into CH4 and CO2, this is estimated by using C converted (Cdegraded)
during fermentation and subtracting it from C content in the substrate. Formation of NH3 and H2S
during fermentation are not considered as the quantities formed are negligible.
Cdegraded = (CH4 Nm3. ha-1x 0.717 kg CH4 Nm-3 CH4) (12.011 g mol-1 /16.04 g mol-1) + (CO2 Nm3. ha-1x
1.977 kg CO2 Nm-3 CH4) (12.011 g mol-1 /16.04 g mol-1)
(Eq. 1)
0.717 is the CH4 and 1.977 is the CO2 density respectively
VS are lost from the substrate during fermentation, hence the digestate obtained has lower
amounts of VS. The change in VS is estimated by subtracting the mass of biogas produced from the VS
mass of substrate, assuming a density of 1.15 kg.m-3 biogas.
VSdigestate (kg ha-1) = VSsubstrate (kg ha-1) - Massbiogas (kg ha-1) (Eq. 2)
Similarly, Massbiogas is deducted from the DM and FM content of the substrate to obtain the
respective digestate quantities (Pehme et al., 2017).
Table S1.7 Digestate composition and quantities
System
Digestate
parameters
FM*
DM*
C**
Mineral
content ***
N
P
K
Ash content

Unit

NS+L

NS

TF+L

TF

IFBB
AD
IFBB
AD
IFBB
AD

t
t
kg
kg
kg
kg

ha-1
ha-1
ha-1
ha-1
ha-1
ha-1

37.27
7.75
322.34
1090.03
53.51
371.88

16.11
2.16
44.51
618.26
22.07
242.74

46.17
9.45
247.12
1184.99
32.69
363.99

34.76
7.44
205.88
1247.31
62.43
471.76

IFBB
AD
IFBB
AD
IFBB
AD

kg
kg
kg
kg
kg
kg
kg

ha-1
ha-1
ha-1
ha-1
ha-1
ha-1
ha-1

27.19
40.40
7.22
4.90
31.14
16.84
345

9.21
18.38
1.43
1.88
6.35
7.03
67

19.51
44.13
4.12
5.38
21.30
19.19
315

12.41
35.16
4.20
4.36
38.58
33.30
235

* Calculated using Eq. 2
** Calculated using Eq. 1
*** No change in mineral content after fermentation (Pehme et al., 2017)
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Table S1.8 Emissions from methane, press cake combustion and digestate application.
Unit
Methane
Combustion*
CH4
N2O
NOx
SO2
PM 10
Briquette
Combustion**
CO
SOx
NOx
HCl
PM 2.5
Digestate
Application
Emissions to air
During Application
NH3-N

IFBB
AD
IFBB
AD
IFBB
AD
IFBB
AD
IFBB
AD

IFBB

IFBB

IFBB

TF+L

TF

504.70
861.02
7.12
12.14
284.58
485.50
100.26
171.05
8.97
15.30

105.62
2295.30
1.49
32.37
59.56
1294.24
20.98
455.99
1.88
40.78

538.71
1836.6
7.60
25.90
303.76
1035.59
107.02
364.86
9.57
32.63

kg ha-1
kg ha-1
kg ha-1
kg ha-1
kg ha-1

2.69
1.34
5.30
0.04
0.02

1.87
0.93
3.68
0.03
0.01

3.40
1.69
6.70
0.05
0.02

2.92
1.45
5.75
0.04
0.02

kg ha-1

0.10

0.03

0.07

0.04

0.15

0.07

0.16

0.13

2.39

0.83

1.04

1.67

5.64

3.79

6.85

6.71

0.27

0.09

0.20

0.12

0.40

0.18

0.44

0.35

0.05

0.02

0.04

0.02

0.08

0.04

0.09

0.07

g ha-1
g ha-1
g ha-1
g ha-1

kg ha-1

AD
Direct emissions
N2O-N

NS

600.14
2005.18
8.46
28.28
338.40
1130.65
119.22
398.35
10.66
35.63

g ha-1

AD
After Application
NH3-N

NS+L

kg ha-1

AD

247 mg. MJe -1
3.4 mg MJe -1
139 mg MJe -1
49 mg MJe -1
4.3 mg MJe -1

191 mg m-3
95 mg m-3
376 mg m-3
2.8 mg m-3
1.4 mg m-3

0.5% of TAN applied, for
application by trail hoses (Hansen,
2008), TAN "ex-storage" is 72% of
total N
Estimated using digestate DM and
TAN content (Hafner et al., 2019)
0.01 kg N2O-N per kg N applied
(Eggleston, 2006)

Indirect emissions
N2O-NVolatilization

IFBB

kg ha-1

AD
N2O-N- leaching
NOx-N
N2-N

IFBB
AD
IFBB
AD
IFBB
AD

kg ha-1
kg ha-1
kg ha-1

0.06

0.02

0.04

0.03

0.09
0.03
0.04
0.82

0.04
0.01
0.02
0.28

0.10
0.02
0.04
0.59

0.08
0.01
0.04
0.37

1.21

0.55

1.32

1.05

2.38

0.81

1.71

1.08

3.53

1.61

3.86

3.07

0.13

0.03

0.07

0.07

0.09

0.03

0.09

0.08

0.002 kg N2O-N per kg N applied
(Eggleston, 2006)
0.00225 kg N2O-N per kg N
applied (Eggleston, 2006)
NOX–N = 0.1 * N2O-N
(Eggleston, 2006)
According to (Hamelin et al.,
2010)for sandy soil (JB3) the N2N:N2O-N ratio is 3:1.

Emissions to water
Leaching N

IFBB
AD

Leaching P

IFBB

AD

kg ha-1
kg ha-1

12.14% of manure NH4+-N based
on model of(Simmelsgaard and
Djurhuus, 1998)
1.76% of manure P applied based
on model of (Ekholm et al., 2005)

* Emission data for biogas combustion in CHP obtained from (IINAS, 2017)
** Emission data obtained from test facility using grassland biomass with similar solid fuel properties
(DANUBENERGY, 2014).
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S2 Supplementary material for chapter 5
S2.1 Wastewater treatment plant and biomass collection site Baden-Baden
The Eigenbetrieb Umwelttechnik Baden-Baden, Germany combines a municipal
wastewater treatment plant and green cuttings and biowaste collection system at one site.
S2.1.1 Biomass collection and processing
Collected biomass types from the city of Baden-Baden includes among others commercial
green cuttings, nature conservation materials, biowaste (BW) and liquid food leftovers. While
wood-based biomass is mainly processed into woodchips, green cuttings are either used for
compost (roughly 4,000 t per year) or silage production. Grass, leaves and other soft biomass
types are also processed into silage. For silage production (5,000 t per year) biomass was
shredded, uniformly mixed and ensiled in round bales that were wrapped with plastic film
using a bale press. This allowed the material to be used without seasonal restrictions. The silage,
hereafter referred to as Baden-Baden mix (BM), was further processed using the IFBB
technology concept.
The municipal biowaste (BW) is collected weekly in the city region of Baden-Baden and
contains mainly organic waste from kitchen (Table S2.1). In total, around 7,000 t BW is collected
per year. After shredding of BW, plastics, metals and other unwanted materials were removed
using rakes and magnetic separators. This leads to a mass reduction of approximately 15 %.
Table S2.1. List of materials that can be deposited into the brown biowaste container in city of
Baden-Baden, this is used as raw material for BW. Retrieved from (https://www.badenbaden.de/buergerservice/umwelt/entsorgung/biotonne/)
Allowed materials
Egg shells
Fish, meat, bones and feathers
Flowers, potted plants and potting soil
Food leftovers
Fruit residues
Grass cutting
Hairs
Nutshells
Paper (napkins, handkerchiefs, etc.)
Reserves of canned food
Spoiled food and dairy products
Tea and coffee filters
Etc.

Prohibited materials
Ashes
Batteries
Cat litter
Diapers
Paints and varnishes
Plastic bags
Recyclable materials
Street sweeping
Tin cans
Waste glass
woody garden waste
Etc.

S2.1.2 IFBB processing
Ensiled BM and fresh BW was further processed according to the IFBB technique.
Therefore, BM and BW were conveyed into a mashing unit and mashed with warm water (40
°C) for 15 min using stirrers forming a mash composing of 6-7 % dry matter content. The mash
was then pumped into a screw press for mechanical separation of the solid and liquid fractions.
Subsequently, the moisture content of the separated solid fraction (press cake) was reduced
from 48 % to almost 15 % using a band dryer. The liquid fraction containing 3 % DM was codigested along with sewage sludge to generate biogas that was used to generate electricity and
heat. Through this pre-treatment, the mineral (e.g. N, S, Cl and K) and ash content of the
biomass could be significantly reduced, resulting in a lower ash content of the press cake. This
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in turn enabled the thermal utilization of the press cake through compliance with the German
Emission Control Act (4.BImSchG).
The dried BM and BW press cake could be further utilized either as solid fuel for energy
production or as feedstock for biochar and activated carbon production.
S2.1.3 Wastewater treatment plant Baden-Baden Sinzheim
In the municipal WWPT Baden-Baden Sinzheim, the wastewater is treated using the
activated sludge process (Tchobanoglous, 2003). The current treatment capacity is designed for
200,000 people equivalents (PE). However, only 83,000 person equivalents are permanently
connected to the treatment plant. The higher design capacity of the WWTP is a consequence of
the approximately 1,000,000 additional tourists and spa guests per year in Baden-Baden. This
results in an annual wastewater generation and treatment of approximately 9,510,000 m3. The
catchment area of the WWTP is characterized by 21 clinics and 20 spas. 63 % of the connected
population is older than 40 years. Hence, relatively high concentrations of organic micropollutants (OMPs) and in particular pharmaceutical residues, as well as cosmetic substances
and by-products can be found in the raw sewage of Baden-Baden. This and the fact that the
WWTP Baden-Baden belongs with 200,000 PE to the largest group of WWTPs in Germany (GK
5, according to (Hillenbrand et al., 2014)) are the main reasons for implementing a fourth
treatment stage for the removal of OMPs (UBA, 2018).
A three-stage wastewater treatment plant is currently in operation in Baden-Baden (Figure
S2.1). This includes a mechanical separation using a rack followed by a grit chamber and the
primary clarifier (first stage). Subsequently, carbon and nitrogen compounds are removed
biologically in the activation tank (second stage), while phosphorus is precipitated chemically
(third stage). Effluent of the secondary clarifier, where sludge and treated wastewater is
separated is discharged into the receiving water bodies.
The planned fourth treatment stage for OMP removal will be carried out with powdered
activated carbon (PAC) as adsorption medium in the effluent of the wastewater treatment plant.
Therefore, PAC will be added to the effluent of the secondary clarifier in a contact reactor in
conjunction with a flocculation agent. After a defined contact time, PAC and treated wastewater
will be separated in a sedimentation tank. For an improved OMP removal, settled PAC can be
recycled to the biological tank (Boehler et al., 2012) (Figure S2.2). Used PAC is then either
removed in conjunction with the excess sludge (with recycling) from the secondary clarifier or
directly after sedimentation (without recycling). In both cases the PAC is finally thermally
utilised, and incineration can be assumed to be the end-of-life phase.

Figure S2.1. Wastewater treatment plant at Baden-Baden
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Figure S2.2. Schematic diagram of wastewater treatment by addition of powder activated
carbon (PAC) and flocculant material (FM) into a reactor (EAWAG, 2010).
S2.1.4 Activated carbon production
On the site of the WWTP Baden-Baden, the new pyrolysis and activation reactor P500
(Pyreg GmbH, Dörth, Germany) was installed to produce activated carbon (AC) from residual
biomass. In the reactor, dried biomass is thermally treated at high temperatures in the absence
of oxygen. During this process, the volatile compounds of the biomass are transferred into the
gas phase. The arising pyrolysis gas is subsequently incinerated at 1,200 °C in a FLOX-burner.
At this temperature, harmful substances in the pyrolysis gas are decomposed and the formation
of polycyclic aromatic hydrocarbons (PAH) can be avoided. The exhaust gas is used for heating
the reactor. Additional excess heat can be decoupled with a heat exchanger and used for other
processes, such as steam production and drying of feedstock. Rotary wheel sluices at the inlet
and outlet of the reactor prevent an oxygen supply into the reactor chamber. Steam injection in
the reactor enables AC production with physical activation (Figure S1.3). Through the
combustion of the pyrolysis gas in the FLOX-burner, emissions from the reactor are in
compliance with the German Emission Control Act (4.BImSchG).

Figure S2.3. Schematic flow diagram of PYREG activation unit illustrating important process
steps along with inputs and outputs. (PYREG, Germany)
The reactor is designed for continuous operation and various feedstock types. The annual
treatment capacity is in the range of 750 to 1,000 t dry matter, which is mainly influenced by
feedstock properties, such as carbon content and particle diameter, as well as process
parameters (e.g. pyrolysis temperature and solid retention time). Through the utilization of the
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pyrolysis gas for heating the reactor and steam production, the process itself is not only selfsufficient in terms of energy but provides surplus thermal energy which can be decoupled. The
pyrolysis temperature can be adjusted between 400 and 900 °C and the solid retention time in
the reactor can be set to a defined time.
By adding steam to the pyrolysis process, a controlled oxidation of the biomass can be
achieved. This in turn results in an increased surface area of the AC and, thus, in an improved
adsorption capacity. The underlying physico-chemical activation process can be simplified
expressed by the following reaction:
C + H2O → CO + H2

(1)

Where C represents the carbon content of the biomass.
S2.1.5 Lab-scale activated carbon production
Since large amounts of biomass would be needed for AC production on the full-scale plant
P500, AC for laboratory experiments were produced with the lab-scale reactor PYREKA (Pyreg
GmbH, Dörth, Germany). This small-scale reactor worked on the same principle as the largescale plant, but the reactor was electrically heated.
Samples from raw biomass and IFBB press cake of BM and BW were obtained from the
Eigenbetrieb Baden-Baden. As the press cake was used as feedstock for AC production, raw
biomass was analysed for their physio-chemical composition and used for calculation of mass
flows. BW was dried at 105 ℃, ground in a cutting mill with a 20 mm sieve and used without
further sieving. Due to its fluffy structure, which did not permit uniform pyrolysis and
activation, the BM was pelletized before processing. For this purpose, the BM was dried at 60
℃, ground in a hammer mill and then pressed into pellets with a diameter of 6 mm. While the
BW feedstock was subsequently pyrolyzed at 900 ℃ for 10 min, BM pellets required with 30
min a longer residence time in the reactor at the same temperature for complete carbonization.
The activation was done by adding defined volumes of water vapour to the pyrolysis.

Figure S2.4. (left) Biomass pellets produced from residual biomass using IFBB and subsequent
drying and pelleting, used as feedstock for pyrolysis and activation. (right) Activated carbon
produced from the feedstock.
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S2.1.6 Life cycle inventory (LCI)
Table S2.2. Inventory data used to model the BWC production process, the energy used and generated are estimated using the annual production capacity of 300 tonnes of AC.
Energy used
Process

Equipment/ Resource
used

Full load
throughput
(kg hour-1)

Biomass handling
Shredding
Mashing

Front loader
Twin-shaft shredder
Mash tank with
stirrers
Segregation
Rake
Mash handling
Pumps
Mechanical separation
Screw press
Press cake drying
Belt Dryer
Heat
Motor
Ventilator
Delivery system
Pyrolysis and activation
Activation unit
Natural gas
Pulverising
Pulveriser
Biomass handling
Conveyer 1
Press cake handling
Conveyer 2
Electricity
Heat
Fuel
Sum
Energy generated
Quantity of VS in
Press fluid (t year-1)
Electricity
348

Hours year-1
Heat

Sum

7,500

Hours
year-1

kg hour-1

t FM year-1

t DM year-1

Load

Energy
rating
(kW)

Energy in
MJ year-1

10,200
40,000
5,000

Input
686
686
686

Output
686
686
686

7,500
7,500

Input
5,142
5,142
5,142

Output
5,142
5,142
5,142

Input
1,785
1,785
1,785

Output
1,785
1,785
1,785

7%
2%
14%

55
30
160

100,533
13,882
592,307

4,800
134,000
83,160

686
583
583

583
583
228

7,500
7500
7,500

5,142
4,370
1,709

4,370
4,370
1,056

1,785
1,517
1,517

1,517
1,517
900

14%
2%
6%

14
30
6

53,986
17,318
9,365

1,075

228

141

1628

1,056

900

900

141

141

50

7,500
7,500
7,500
7,500
7,500

1,056

375

900

300

21%
21%
21%
21%
100%

550
1.4
22
2
12

2,000
1,000
1,000

50
686
228

50
686
228

375
5,142
1,709

375
5,142
1,709

300
1,785
1,517

300
1,785
1,517

3%
69%
23%

19
0.7
0.7

3,147,284
7,938
124,740
12,474
324,000
78,450
12,488
13,697
4,552
1,186,748
3,147,284
178,983
4,513,014

Methane yield
(Ln CH4 kg-1VS)
395

Methane generated
(1000 Ln CH4 year-1)
1,37,460

Waste heat
generated (kW)
150

Waste heat generated
(MJ year-1)
4,050,000

Heating value
(MJ m-3 CH4)
36

Energy Output
(MJ year-1)
1,731,996

Usable heat
(MJ year-1)
2,43,0000

Electrical efficiency from CHP assumed at
35%, Heat produced from CHP used for
digester operation (FNR, 2017a)

Thermal efficiency of 60% is assumed for
recovery of waste heat from the pyrolysis
and activation unit

4,161,996
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Table S2.3. Inventory data used to model the BMC production process, the energy used and generated are estimated using the annual production capacity of 300 tonnes of AC.
Energy used
Process

Biomass handling
Shredding
Loosening

Dosing
Baling
Bale storage
Bale handling
Mashing
Mash handling
Mechanical separation
Press cake drying

Pyrolysis and activation

Pulverising
Biomass handling
Press cake handling

Equipment/ Resource
used

Full load
throughput
(kg hour-1)

kg hour-1

Hours
year-1

Front loader
Twin-shaft shredder
Defibrator with
rotating chains
Dosing unit
Bale press

10,200
50,000
5,000

Input
455
455
455

Output
455
455
455

7,500
7,500
7,500

24,000
24,000

455
437

437
437

7,500
7,500

Front loader
Mash tank with
stirrers
Pumps
Screw press
Belt Dryer
Heat
Motor
Ventilator
Delivery system
Activation unit
Natural gas
Pulveriser
Conveyer 1
Conveyer 2
Electricity
Heat
Fuel
Sum

10,200
5,000

437
437

437
437

134,000
83,160

437
437

1,075

t FM year-1

t DM year-1

Load

Energy
rating
(kW)

Energy in MJ
year-1

4%
1%
9%

55
250
90

66,748
61,446
221,207

Input
3,414
3,414
3,414

Output
3,414
3,414
3,414

Input
1,237
1,237
1,237

Output
1,237
1,237
1,237

3,414
3,414
3,277
3,277
3,277

1,237
1,237
1,237
1,188
1,188

1,237
1,237
1,188
1,188
1,188

2%
2%

12
15

6,145
7,681

7,500
7,500

3,414
3,414
3,414
3,277
3,277

4%
9%

55
160

63,615
377,526

437
217

7500
7,500

3,277
3,277

3,277
1,628

1,188
1,188

1,188
900

2%
5%

30
6

12,986
7,022

217

141

1,628

1,056

900

900

141

141

50

7,500
7,500
7,500
7,500
7,500

1,056

375

900

300

20%
20%
20%
20%
100%

550
1
22
2
12

2,000
1,000
1,000

50
455
217

50
455
217

375
3,277
1,628

375
3,277
1,628

300
1,188
900

300
1,188
900

3%
46%
23%

19
0.7
0.7

2,999,230
7,560
118,800
11,880
324,000
78,450
12,488
8,730
4,338
1,120,363
2,999,230
270,259
4,389,852
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Energy generated

Electricity

Heat
Sum

Quantity of VS in
Press fluid (t year-1)

Methane yield
(Ln CH4 kg-1VS)

Methane generated
(1000 Ln CH4 year-1)

220

275

60,500

Hours year-1

Waste heat
generated (kW)

Waste heat generated
(MJ year-1)

7,500

150

4,050,000

Heating
value (MJ m-3
CH4)
36

Energy
Output
(MJ year-1)
760,644

Usable
heat
(MJ year-1)
2,430,000

Electrical efficiency from CHP assumed at 35%, Heat
produced from CHP used for digester operation (FNR,
2017a)

Thermal efficiency of 60% is assumed for recovery of
waste heat from the pyrolysis and activation unit

3,190,644
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S2.1.7 Emissions from incineration of spent AC
CO2 emissions from incineration of spent AC based on IPCC guidelines (Guendehou et al.,
2006)
CO2 emission = (SW*dm*CF*FCF*OF) * 44/12 (Eq.1)
SW = total amount of solid waste (wet weight) incinerated or open-burned, Gg/yr
dm = dry matter content in the waste (wet weight) incinerated or open-burned, (fraction)
CF = fraction of carbon in the dry matter (total carbon content), (fraction)
FCF = fraction of fossil carbon in the total carbon, (fraction)
OF = oxidation factor, (fraction)
44/12 = conversion factor from C to CO2
Nitrogen based emissions from incineration of spent AC calculated based on (Johnke et al.,
2019)
N2O = IW*EF*10-6 (Eq.2)
N2O Emissions = N2O emissions in inventory year, Gg/yr
IW = amount of incinerated/open-burned waste, Gg/yr
EF = N2O emission factor (kg N2O/Gg of waste) for waste
10-6 = conversion from kilogram to gigagram
Table S1.4 Emissions during incineration of spent ACs estimated using quantity of spent AC (t year -1).
Incineration
emissions
CO

2*

N2O**

BMC

BWC

CC

0

0

122

0.0006

0.0009

0.0005

NOx

0.057

0.085

0.047

NH3

0.0011

0.0017

0.0009

*

Calculated using Eq. 1

**

Calculated using Eq. 2

S2.1.8 Emissions from digestate application and handling
Digestate handling involves the storage in a closed tank, afterwards the digestate is
transported in a slurry tanker to be applied on the field. A trailing hose is attached to the tanker
to apply the digestate, the values for field emissions are based on the N and DM content of the
digestate (Hafner et al., 2019; Pehme et al., 2017). The content of N, P and K does not change
during fermentation, whereas C content changes as C is degraded into CH4 and CO2, this is
estimated by using C converted (Cdegraded) during fermentation and subtracting it from C content
in the substrate. Formation of NH3 and H2S during fermentation are not considered as the
quantities formed are negligible.
Cdegraded = (CH4 Nm3 ha-1x 0.717 kg CH4 Nm-3 CH4) (12.011 g mol-1 /16.04 g mol-1) + (CO2 Nm3 ha1x 1.977 kg CO2 Nm-3 CH4) (12.011 g mol-1 /16.04 g mol-1) (Eq. 3)
0.717 is the CH4 and 1.977 is the CO2 density respectively
VS are lost from the substrate during fermentation, hence the digestate obtained has lower
amounts of VS. The change in VS is estimated by subtracting the mass of biogas produced from
the VS mass of substrate, assuming a density of 1.15 kg.m-3 biogas.
VSdigestate (kg ha-1) = VSsubstrate (kg ha-1) - Massbiogas (kg ha-1) (Eq. 4)
Similarly, Massbiogas is deducted from the DM and FM content of the substrate to obtain the
respective digestate quantities (Pehme et al., 2017).
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Table S2.5 Parameters and emissions associated with digestate handling and application in (t year -1)
Digestate properties
DM in substrate
DM in digestate
VS in substrate
VS in digestate*
C in substrate
C in digestate**
C used in Biogas
Biogas weight
Digestate quantity
N in substrate
N in digestate
Digestate emissions
During Application NH3-N
After Application NH3-N
Direct emissions N2O-N
Indirect emissions
N2O-N- Volatilization
N2O-N- leaching
NOx-N
N2-N

BM
287
161
220
94
119
60
59
126
16,260
9
5

BW
638
376
348
96
337
224
113
241
21,611
12
7

0.03
1.14
0.07

0.02
0.86
0.05

0.5% of TAN applied, for application by trail hoses (Hansen, 2008), TAN "ex-storage" is 72% of total N
Estimated using digestate DM and TAN content (Hafner et al., 2019)
0.01 kg N2O-N per kg N applied (Eggleston, 2006)

0.01
0.02
0.01
0.21

0.01
0.01
0.01
0.16

0.002 kg N2O-N per kg N applied (Eggleston, 2006)
0.00225 kg N2O-N per kg N applied (Eggleston, 2006)
NOX–N = 0.1 * N2O-N (Eggleston, 2006)
According to (Hamelin et al., 2010)for sandy soil (JB3) the N2-N:N2O-N ratio is 3:1.

* Calculated using Eq. 4
** Calculated using Eq. 3
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S2.2 Performance of activated carbon
To substitute commercial AC (CC) for OMP removal from wastewater with locally
produced ACs from residual biomass types, such as MW and BM, performance of alternative
ACs needed to be determined. Their potential to replace CC on full-scale WWTP depends
mainly on their adsorption capacity of OMPs. A low adsorption capacity would result in a
higher demand of BMC and BWC to achieve the same OMP removal as CC. To enable a reliable
comparison between the investigated ACs, the functional unit was introduced, as described in
section 5.2.3.
Since the produced ACs were supposed be used for wastewater treatment at the WWTP
Baden-Baden, performance tests wee carried out with effluent from the secondary clarifier from
Baden-Baden. This ensured a good transferability of the laboratory results into practice.
In Switzerland, where legal regulations for OMP removal from wastewater are already in force
(FOEN, 2015), twelve present lead substances (Table S2.6) are defined, which had to be removed
by 80 % from wastewater. However, only for nine of these substances were ecotoxicity factors
available (Table S2.6). Hence, these substances were used for charcterization of AC
performance.
Table S2.6 Characterisation factors for ecotoxicity in Comparative toxicological units ( CTUe)
adapted from (Emara et al., 2019)
Substance

Ecotoxicity factor

Source

Benzotriazol
Carbamazepine
Citalopram
Clarithromycin
Diclofenac

298
763
19,000
64,600
1,910

(Ortiz de García et al., 2017)
(Remy et al., 2015)
(Alfonsín et al., 2014)
(Ortiz de García et al., 2017)
(Remy et al., 2015)

Irbesartan
MCPP ( Mecoprop)
Metoprolol
Sulfamethoxazole

16,800
860
4,490
4,680

(Ortiz de García et al., 2017)
(Remy et al., 2015)
(Remy et al., 2015)
(Remy et al., 2015)

S2.2.1 Laboratory experiments
For laborartory experiments, BMC and BWC were grounded to powder (particle diameter:
< 0.45 µm) and analyzed for their potential to remove organic micropollutants (OMP) and UV
absorbance at 254 nm wavelength (UVA254) from wastewater according to German standard
methods (DVGW, 2011). In addition, the specific surface area of ACs was determined. The
comercial activated carbon NORIT SAE Super (Carbot, Boston, Massachusetts, USA) was used
as reference and for benchmarking of BWC and BMC. The surface area of the used ACs was
determined as iodine number according to DIN EN 12902:1999 (DIN, 1999). Obviously was the
significantly higher iodine number of CC (1044 mgI gAC-1) compared to BWC (279 mgI gBWC-1)
and BMC (180 mgI gBMC-1).
In two independent laboratory experiments, performance of BMC and BWC were
compared with CC. Therefore, secondary clarifier effluent from the WWTP Baden-Baden was
used to determine the removal of OMP according to German standard methods (DVGW, 2011).
To investigate the influence of different AC dosage on OMP removal, three different
concentrations of ACs (Table S2.7 and Table S2.8) were added to 200 mL of wastewater and
shaken for 24 h at room temperature. Wastewater without AC was used for measuring the initial
OMP concentration. All samples were filtered over a 0.2 µm membrane filter for analyses. The
OMP concentration were measured and the removal rates of different AC concentrations were
calculated (Table S2.7 and Table S2.8).
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The reduction of the freshwater ecotoxicity was than calculated using the measured OMP
concentrations multiplied by their corresponding ecotoxicity factor, as illustrated in Figure S2.5.
The achieved ecotoxicity reduction at a dosage of 5 mg L-1 of CC was than used to calculate the
needed amount of BWC and BMC to achieve the same reduction. With these amounts, the
multiplication factors could be calculated (Figure S2.6), which were used for the LCA. This
approach enabled a reliable comparison between the investigated ACs and solid evaluation of
their performance.
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Table S2.7. Measured concentrations of micropollutants at various dosages that were used to estimate removal rates and ecotoxicity levels for BM
(* - Value below traceable limit, therefore, the limit value was assumed as a worst case scenario)
Initial

CC

Micropollutants
Benzotriazol
Carbamazepin
Diclofenac
MCPP (Mecoprop)
Metoprolol
Sulfamethoxazol
Clarithromycin
Ibersartan
Citalopram

µg L-1
4.133
0.333
1.500
0.014
0.160
0.270
0.527
0.183
0.080

1.75 mg L-1
µg L-1
1.90
0.09
0.97
0.01*
0.01*
0.22
0.36
0.09
0.01*

BMC

Ecotoxicity (CTUe)

271580

145494

%red
54.0%
72.1%
35.3%
28.6%
93.8%
18.5%
31.6%
53.6%
87.6%

3.5 mg L-1
µg L-1
0.77
0.01*
0.49
0.01*
0.01*
0.17
0.20
0.11
0.01*

46.4%

120546

%red
81.4%
97.0%
67.3%
28.6%
93.8%
37.0%
62.0%
40.0%
87.6%

7 mg L-1
µg L-1
0.21
0.01*
0.09
0.01*
0.01*
0.09
0.06
0.05
0.01*

%red
94.9%
97.0%
93.7%
28.6%
93.8%
68.5%
88.6%
72.2%
87.6%

1.75 mg L-1
µg L-1
2.50
0.25
1.40
0.01*
0.09
0.24
0.38
0.09
0.04

%red
39.5%
25.0%
6.7%
28.6%
45.6%
11.1%
27.8%
52.5%
52.7%

3.5 mg L-1
µg L-1
1.60
0.18
1.30
0.01*
0.04
0.22
0.33
0.05
0.01*

%red
61.3%
46.0%
13.3%
28.6%
77.5%
18.5%
37.3%
74.4%
87.6%

7 mg L-1
µg L-1
0.45
0.06
0.68
0.01*
0.01
0.17
0.16
0.04
0.01*

%red
89.1%
82.9%
54.7%
28.6%
93.8%
37.0%
69.6%
76.5%
87.6%

55.6%

49382

81.8%

169801

37.5%

124245

54.3%

75888

72.1%

Table S2.8. Measured concentrations of micropollutants at various dosages that were used to estimate removal rates and ecotoxicity levels for BW, the list of
OMPs were selected according to environmental relevance.
Initial
Micropollutants
Benzotriazol
Carbamazepin
Diclofenac
MCPP (Mecoprop)
Metoprolol
Sulfamethoxazol
Clarithromycin

µg L-1
2.900
0.460
1.200
0.014
0.800
0.170
0.034

CC
2 mg L-1
µg L-1
2.20
0.38
1.10
0.01
0.42
0.15
0.04

Ecotoxicity (CTUe)

96063

76381

%red
24.1%
17.4%
8.3%
28.6%
47.5%
11.8%
-8.8%

4 mg L-1
µg L-1
1.20
0.25
1.00
0.01
0.15
0.15
0.03

20.5%

56821

%red
58.6%
45.7%
16.7%
14.3%
81.3%
11.8%
2.9%

7 mg L-1
µg L-1
0.98
0.17
0.85
0.01
0.07
0.12
0.03

%red
66.2%
63.0%
29.2%
14.3%
90.8%
29.4%
20.6%

40.9%

44628

53.5%

BWC
2 mg L-1
µg L-1
2.5
0.4
1.2
0.0
0.6
0.2
0.0

%red
14.94%
7.97%
0.00%
16.67%
26.67%
9.80%
4.90%

4 mg L-1
µg L-1
2.27
0.40
1.17
0.01
0.50
0.15
0.03

%red
21.8%
12.3%
2.8%
14.3%
37.9%
9.8%
12.7%

7 mg L-1
µg L-1
1.80
0.38
1.07
0.01
0.35
0.14
0.02

%red
37.9%
18.1%
11.1%
16.7%
55.8%
17.6%
28.4%

83677

12.9%

76883

20.0%

63560

33.8%
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Measurement of OMP concentration in
wastewater

Obtaining level of ecotoxicity by
multiplying CF with OMP concentration

Level of ecotoxcity obtained was used
for comparison with other AC

µg L-1

CTUe µg-1 x µg L-1

CTUe L-1

Addition of defined dosages of
powdered activated carbon

Assigning characterisation factors (CF)
for selected OMP

mg L-1

CTUe µg-1

Measurement of OMP concentration in
wastewater after AC addition

Identification and selection of relevant
OMPs

µg L-1

Figure S2.5 Methodology used to calculate ecotoxicity using OMP concentrations and characterisation factors defined by USEtox.

Figure S2.6 Linear regression between the estimated ecotoxicity and the varying dosage levels, which was used to calculate the multiplication factors to compare
BMC and BWC with CC.
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S2.3 Additional LCA results
Table S2.9 Balance of acidification potential for all 3 ACs including the incineration end-of-life stage (+I).
BMC

BMC+I

BWC

BWC+I

CC

CC+I

Usage
Heat

g SO2 eq. FU-1

151.56

175.46

228.57

264.23

9.16

46.21

Electricity
Fuel

-1

g SO2 eq. FU
g SO2 eq. FU-1

39.20
9.16

39.41
9.12

49.25
18.17

49.25
18.23

25.87
0.54

25.87
0.56

Infrastructure
Material handling

g SO2 eq. FU-1
g SO2 eq. FU-1

0.00
50.98

0.00
50.98

0.03
93.36

0.00
93.36

4.66
0.00

4.66
0.00

Credit
Heat
Electricity
Material replacement
Total

g SO2 eq. FU-1
g SO2 eq. FU-1
g SO2 eq. FU-1
g SO2 eq. FU-1

0.00
-27.22
-12.66
-6.09
204.93

0.00
-30.24
-12.66
-6.09
225.98

0.00
-40.61
-42.91
-10.69
295.17

0.00
-45.13
-42.91
-10.69
326.34

0.00
0.00
0.00
0.00
40.23

0.00
-2.54
0.00
0.00
74.76

Table S2.10 Balance of eutrophication potential for all 3 ACs including the incineration end-of-life stage (+I).
BMC

BMC+I

BWC

BWC+I

CC

CC+I

Usage
Heat
Electricity
Fuel
Infrastructure
Material handling
Credit

g PO4 eq. FU-1
g PO4 eq. FU-1
g PO4 eq. FU-1
g PO4 eq. FU-1
g PO4 eq. FU-1

18.38
11.58
1.72
0.00
14.33
0.00

24.97
5.01
7.48
0.00
14.33
0.00

28.09
14.55
3.43
0.01
26.25
0.00

37.94
14.55
3.44
0.00
26.25
0.00

2.37
6.18
0.17
0.08
0.00
0.00

12.33
6.18
0.08
0.08
0.00
0.00

Heat
Electricity
Material replacement
Balance

g PO4 eq. FU-1
g PO4 eq. FU-1
g PO4 eq. FU-1
g PO4 eq. FU-1

-7.58
-3.74
-1.79
32.90

-7.59
-3.74
-1.79
38.68

-11.30
-12.67
-3.23
45.13

-12.47
-12.67
-3.23
53.81

0.00
0.00
0.00
8.80

-0.66
0.00
0.00
18.02
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Table S2.11 Cumulative energy demand (CED) for renewable and non-renewable sources.

Renewable

Non-renewable

Usage
Heat
Electricity
Fuel
Infrastructure
Recovery
Heat
Electricity
Material
Balance
Usage
Heat
Electricity
Fuel
Infrastructure
Recovery
Heat
Electricity
Material
Balance

BMC

BMC+I

BWC

BWC+I

CC

CC+I

-490
-292
0
-

-792
-292
0
-

-767
-365
0
-

-1217
-365
0
-

0
0
0
-

-223
-150
0
-

397
94
-291

397
94
-593

592
318
-222

592
318
-672

0
0
0

0
0
-373

-12
-11
-29
-3

-19
-11
-29
-2

-18
-14
-56
-2

-29
-14
-56
-3

-244
-17
-6
-3

-250
-17
-6
-3

9
4
17
-24

90
4
17
51

14
12
29
-34

135
12
29
75

0
0
0
-269

68
0
0
-208

Figure S2.7. Global warming potential (GWP) generated during the production and usage of activated
carbon derived from Baden-Baden mix (BM), Biowaste (BW) and Conventional coal (CC). The dosage of
AC addition was fixed at 20 mg. L-1 Each section of the horizontal bars indicates the amount of GWP
emitted or saved by the respective parameters as indicated in the legend. (+I) denotes the inclusion of the
end of life incineration stage and related effects on the GWP were visualised accordingly, whereas (-I)
indicates the case without considering incineration. The negative values indicate GWP savings and the
positive values indicate GWP emissions, therefore a lower value would mean the option has a lower GWP.
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S4 Social risk assessment methodology and result

Figure S2.8. Flow diagram explaining the methodology used to assess the social risk in a process according to country of origin.
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Table S2.12 Impact categories and the respective weightages used for calculating the social
risk score according to INEF (Institut für Entwicklung und Frieden) adapted from (Saling et al.,
2020)
Impact category
Fair wages
No child labour
No forced labour
Freedom of association rights
Social/employer security and benefits
Worker's occupational health risks
Safety management system for workers
No discrimination
Healthy & safe living conditions
Healthy & safe products
Management of workers' individual health

Weightage /
severity
1.6
2.4
2.9
1.6
1.6
2.3
2.3
1.5
1.8
2.3
2.3

Figure S2.9 Comparison of CC, BMC and BWC according to risk level of the processes, the
number of processes and different levels of risks are illustrated along with percentage share of
each risk level indicated inside the bars.
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Figure S2.10 Flow diagram illustrating production process of CC indicating risk levels for each process step.

Figure S2.11 Flow diagram illustrating production process of BWC and BMC indicating risk levels for each process step
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Table S2.13 Estimation of risk score for each process along with the impact categories for the production of CC
Process
Sub process/
Resources

Material extraction

Processing

Production

Usage
Water
Electricity
treatment

Mining

Diesel

Electricity

Crushing and
compacting

Drying

Electricity

Diesel

Natural gas

Carbonisation

Activation

Electricity

Natural gas

Country

Weighted
by
production
volume

China

China

United States

United
States

United
States

Weighted
by
production
volume

Weighted
by
production
volume

United States

United
States

United
States

Weighted
by
production
volume

Germany

Germany

Fair wages

very high

very high

very high

medium

medium

medium

very high

high

medium

medium

medium

high

low

low

No child labour

very high

very high

very high

medium

medium

medium

very high

high

medium

medium

medium

high

low

low

No forced labour

very high

very high

very high

medium

medium

medium

very high

very high

medium

medium

medium

very high

medium

medium

Freedom of
association rights

very high

very high

very high

high

high

high

very high

very high

high

high

high

very high

low

low

Social/employer
security and
benefits

high

medium

medium

low

low

low

high

high

low

low

low

high

low

low

Workers'
occupational
health risks

very high

very high

very high

medium

medium

medium

very high

very high

medium

medium

medium

very high

low

low

Safety
management
system for
workers

very high

very high

very high

medium

medium

medium

very high

very high

medium

medium

medium

very high

low

low

No discrimination

very high

very high

very high

medium

medium

medium

very high

very high

medium

medium

medium

very high

low

low

Healthy & safe
living conditions

high

medium

medium

medium

medium

medium

high

medium

medium

medium

medium

medium

low

low

Healthy & safe
products

very high

high

high

low

low

low

very high

high

low

low

low

high

low

low

Management of
workers'
individual health

very high

very high

very high

medium

medium

medium

very high

very high

medium

medium

medium

very high

low

low

Risk score

3.85

3.60

3.60

1.90

1.90

1.90

3.85

3.49

1.90

1.90

1.90

3.49

1.13

1.13
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Table S2.14 Estimation of risk score for each process along with the impact categories for the production of BMC and BWC
Process
Sub process/
Resources

Pre-processing

Processing

Production

Loading/
unloading

Diesel

Country

Germany

Weighted by
production
volume

Germany

Germany

Germany

Germany

Fair wages

low

very high

low

low

low

No child labour

low

very high

low

low

No forced labour

medium

very high

medium

Freedom of
association rights

low

very high

Social/employer
security and
benefits

low

Workers'
occupational
health risks

Electricity

Shredding

Drying

Electricity

Biogas

Usage
Water
Electricity
treatment

Activation

Natural gas

Electricity

Germany

Germany

Weighted by
production
volume

Germany

Germany

Germany

low

low

low

high

low

low

low

low

low

low

low

high

low

low

low

medium

medium

medium

medium

medium

very high

medium

medium

medium

low

low

low

low

low

low

very high

low

low

low

high

low

low

low

low

low

low

high

low

low

low

low

very high

low

low

low

low

low

low

very high

low

low

low

Safety
management
system for workers

low

very high

low

low

low

low

low

low

very high

low

low

low

No discrimination

low

very high

low

low

low

low

low

low

very high

low

low

low

Healthy & safe
living conditions

low

high

low

low

low

low

low

low

medium

low

low

low

Healthy & safe
products

low

very high

low

low

low

low

low

low

high

low

low

low

Management of
workers' individual
health

low

very high

low

low

low

low

low

low

very high

low

low

low

Risk score

1.13

3.85

1.13

1.13

1.13

1.13

1.13

1.13

3.49

1.13

1.13

1.13
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