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INTRODUCTION 
 

Following the principle of a circular bioeconomy, by-products and biowaste from industry or 
human consumption must be considered as feedstock for industrial processes. However, 
currently most of these side and waste streams are used for low-value applications only, such 
as for energy generation in incineration facilities or anaerobic digestion plants (AD), as fodder 
in livestock industries or as fertilisers in agriculture. 
 

Therefore, responding to the need to improve resource efficiency, economically viable links 
between biowaste generation and possible pathways for upcycling back into the industry must 
be identified and respective technologies must be developed to convert biowaste into higher 
added value products.  
 

In this context, the main objective of the EU funded research project VOLATILE was to 
develop a biotechnological approach to convert different types of solid and sludgy biowaste 
(municipal/industrial) into precursors for other applications and processes. In the VOLATILE 
process, a mixture of different bacteria and microorganisms is using the biowaste as food and 
converting it into so called “volatile fatty acids” (VFA). The volatile fatty acids and the 
microorganisms are then separated using membrane filtration allowing only the volatile fatty 
acids to pass. These pure and cleaned volatile fatty acids, can then in turn be used as carbon 
source for different bioprocesses and can be converted into higher added-value bio-based 
products. Specialized bacteria can transform volatile fatty acids into PHA 
(Polyhydroxyalkanoates), a biodegradable polymer that can be transformed into bioplastics and 
used for packaging materials as alternative for fossil-based plastics. Some yeasts are able to 
convert the volatile fatty acids into single cell oil which can be used in oleochemical 
applications such as soaps. Finally, versatile heterotrophic microalgae turn volatile fatty acids 
into health-promoting Omega-3 fatty acids. 
 

Beside the technical developments, the project assessed the current state-of-the-art related to 
biowaste valorisation to establish a benchmark where the innovative volatile fatty acid platform 
could be integrated in existing value chains. This was supported by sophisticated agent-based 
modelling of different test cases related to wastewater and municipal biowaste treatment as well 
as comprehensive assessment and analysis of legislation at national or European level to 
identify hurdles and bottlenecks for the integration of the VOLATILE approach. 
 

As standardised rules for biowaste upcycling will strongly support the exploitation of 
VOLATILE results, the partners initiated a CEN workshop which could be successfully 
finalized with a CEN workshop agreement providing support for interested stakeholders to 
assess their test case. 
 

Also, circular bioeconomy approaches favour regional implementation as biomass dependent, 
Europe-wide solutions are needed. The different aspects of the VOLATILE value chain were 
at the forefront of the selection of the 21 project partners, from nine European countries. This 
cooperation was only possible due to the funding provided by the European Horizon 2020 
research programme. Therefore, the partners of the VOLATILE project would like to thank for 
the support received by the programme. 
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Figure: VOLATILE Consortium at wastewater treatment plant 
 
 
 
 
 

 

Thomas Dietrich Filip Velghe 

Coordinator VOLATILE Project Technical Manager 

Bianca Pop 

VOLATILE Innovation Manager

 
 

   
   



 

7 
 

VOLATILE –TOWARDS BIOWASTE UPCYCLING 
T. Dietrich a, F. Velghe b, B. Pop c, M. C. Villaran a 
a TECNALIA, Basque Research and Technology Alliance (BRTA), Parque Tecnológico de Álava, 

Leonardo Da Vinci 1, 01510 Miñano, Álava, Spain 
b OWS NV, Dok Noord 5, 9000 Gent, Belgium 
c TRITECC SRL, STR COSMINULUI 8, 400642 Cluj Napoca, Romania 
Corresponding author: thomas.dietrich@tecnalia.com  
 

Abstract 
Resources in general are not infinitely available, and also renewable resources if consumed 
outside their normal replacement cycles become scarce. Therefore, the establishment of a 
circular bioeconomy must respect natural systems and replacement cycles of organic carbon 
thereby reducing environmental pressure of human consumption. Upcycling of side and 
biowaste streams towards added value compounds represents hereby a critical aspect reducing 
land system change and fertilizer use for biomass supply for the bioeconomy. The development 
of a Volatile Fatty Acids Platform (VFAP) represents an important cornerstone for the 
upcycling of heterogenous municipal biowaste streams. 
 

Keywords: Volatile Fatty Acids, Circular Bioeconomy, Municipal biowaste 
 

1. INTRODUCTION 
Current economic behaviour follows a linear approach from taking a resource, making a 
product, using and disposing it. Thereby one could assume that resources are infinite available 
and not considering medium- or long-term environmental impacts or sustainability criteria 
beyond economic performance. However, all resources are finite, non-renewable petrochemical 
feedstocks as well as renewable biomass resources if used outside of their biological limits. 
Furthermore, environmental burden should not be outsourced to following generations – to our 
children and grandchildren. Therefore, resource efficiency, considering natural balances and 
replacement cycles, are crucial to establish sustainable societies reaching ecological and 
economic stability. Already in 1972, the Club of Rome established that resources are limited, 
and a transition of the economy from growth (linear) to global equilibrium (circular economy) 
is needed keeping in mind the basic material needs of each person to ensure equal opportunities 
of each individual to develop its full human potential (Meadows, et al. 1972). However, it 
needed three decades more before this was taken more seriously and was more broadly accepted 
by policymakers leading for example to the implementation of a strategy for life sciences and 
biotechnology (COM(2002) 27 final), a biomass action plan (COM(2005) 628 final, 2005) the 
thematic priority in FP7 (2007-2013) on Food, agriculture and biotechnology to strengthen the 
knowledge base and to deliver the innovations and provide policy support for building and 
developing a European Knowledge Based Bio-Economy (KBBE) as well as the European 
Green Deal (COM(2019) 640 final). 
Despite these efforts, sustainable use of biomass could be substantially enhanced if also 
biowaste would be properly upcycled beyond energy and compost. Landfill directive 
1999/31/EC aimed mainly at the reduction of emissions at landfill sites avoiding decomposing 
of biowaste. Also, the directive does not prescribe specific treatment options, biogas and 
compost production are preferred in the context of proper biowaste management, forgetting that 
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agricultural biomass production requires land use, fertilisers and energy. According to the 
agriculture, forestry and fishery statistics, European farms used in 2016 around 39% of the total 
European Union land area for agricultural production (EC, 2018). However, agricultural 
expansion and intensification lead to land-system change, thereby contributing to global 
environmental changes. This undermines long-term human well-being and sustainability. 
Therefore, Rockström et al (2009) propose as planetary boundary that no more than 15% of the 
global ice-free land surface should be converted into cropland. Furthermore, Ahmed et al (2020) 
calculate that over a 20-year time frame, agriculture accounts for around 20% of global 
greenhouse gas emissions. Especially the use of fertilisers produces 80% of global nitrous oxide 
(N2O) emission, a 264 times more powerful greenhouse gas than carbon dioxide (Ahmed et al, 
2020). 
 

Therefore biomass / biowaste management must be improved significantly with the aim to keep 
biomass in the economy following a circular approach. The main hurdle on current 
developments is the focus on homogenous biomass conversion. Heterogenous biomass streams 
are mainly used for bioenergy and compost production which should be only the last option if 
no other strategy is feasible under sustainability aspects (environmental, social, economic). 
Therefore, new and innovative conversion options for heterogenous biomass / biowaste sources 
are needed to be transformed into added value compounds under circularity aspects. 
 

2. VOLATILE strategy 
Anaerobic digestion is an established and proven technology for the treatment of different kind 
of solid (heterogenous) biowaste from multiple sources and consists of several consecutive 
steps, breaking down complex organic matter into biogas (methane). 
 

 
Figure 1: Stages of anaerobic digestion 

(modified from McCarty, 1982; Miyamoto, 1997; Bauer et al, 2018) 
 

Based on anaerobic digestion, the European funded H2020 research project VOLATILE (grant 
agreement Nº 720777) aimed successfully at the re-direction of anaerobic digestion towards the 
recovery of volatile fatty acids, thereby implementing a Volatile Fatty Acid Platform 
technology.  The approach was successfully tested with different kind of municipal biowaste 
streams from Belgium, Greece, the Netherlands, Portugal and Spain. 
 

As transport of biomass/biowaste from distant places affects significantly the economic 
viability of biomass valorisation facilities, regional circular bioeconomy clusters are favoured 
for the transformation into added value compounds (Dietrich et al, 2016). Therefore, the 
implementation of circular bioeconomy clusters will help to create new local jobs and income 
opportunities for municipalities.  
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Figure 2 is showing a scheme of the biowaste up-cycling perspective using different 
technologies. Landfilling must be avoided as the biowaste will produce greenhouse gases and 
will negatively affect the environment. Composting is a controlled biological decomposition of 
organic matter / biowaste under aerobic conditions. Easily decomposable carbon sources such 
as sugars and starch are used by microorganisms as an energy source, transformed into carbon 
dioxide and released into the environment. This carbon is lost and cannot be upcycled.  
Compounds resistant to degradation represent the major part of final compost/fertiliser. A 
preliminary anaerobic step recovers the easy degradable carbon in the form of methane. The 
methane can be burned to obtain bioenergy and the carbon is again released as carbon dioxide 
and thereby lost. The resistant compounds to AD can be recovered as fertiliser via composting 
of AD sludge. However, the most appropriate way to resource/carbon efficiency would be the 
direct up-cycling of the carbon present in the biowaste. Therefore, the VFAP technology offers 
the opportunity to recover the carbon in the form of volatile fatty acids which can be used for 
diverse application. The remaining and less degradable material can be still be treated via 
anaerobic digestion or composting, increasing thereby the resource efficiency of the VFAP. 
 

 
Figure 2: Landfilling, Composting Biogas, VFAP  
 

In order to prove the application potential of VFA’s, the project VOLATILE implemented the 
following strategy to convert municipal solid and sludgy biowaste into added value compounds. 
The first step was related to the establishment of the volatile fatty acid platform technology, 
validated in lab and industrial relevant environment. The platform provided volatile fatty acids 
to be used as carbon source for added value fermentation approaches. The project successfully 
demonstrated the potential use of volatile fatty acids (VFA) to produce single cell oil (SCO) for 
oleochemical applications, the transformation of VFA into polyhydroxyalkanoates (PHA) for 
material use as well as the conversion of VFA into long-chain polyunsaturated Omega-3 fatty 
acids. 
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Figure 3: Municipal biowaste derived added value compounds produced in VOLATILE 
 A: VFA derived Omega-3 rich algae oil, B: VFA derived PHA films, C: SCO derived soap 
 

Beside optimisation and up-scaling of fermentation protocols using VFAs as carbon source, 
down-stream processing and application development was successfully implemented. The 
technical developments were accompanied by sophisticated agent-based modelling to assess 
aspects such as stakeholder behaviour, separate biowaste collection and attitude towards VFAP 
as treatment option. The developed agent-based model was integrated into a web-based decision 
support tool accessible via the project website. The tool allows interested stakeholders to 
analyse the potential of a VFAP at a specific test case. 
 

Furthermore, to facilitate later VFAP implementation and to support standardisation in the area 
of sustainable biomass / biowaste use, the project initiated a CEN workshop to develop a 
procedure for evaluating if the use of a Volatile Fatty Acid Platform technology for a given 
type of biowaste at a given location is economically and ecologically reasonable 
(EvaVOLATILE). The workshop could be successfully finalized with the CEN Workshop 
Agreement (CWA 17484: 2020). The CWA is openly accessible via the CEN/CENELEC CWA 
download area (https://www.cencenelec.eu/research/cwa/pages/default.aspx). 
 

 
Figure 4: General VOLATILE approach  
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As legal aspects strongly affect the implementation of biowaste treatment / transformation 
technology, the project assessed EU related legislative barriers and stimuli to VFA based value 
chains (VOLATILE – D2.2, 2017) and prepared an outlook on future legislation which could 
affect biowaste derived volatile fatty acid value chains (VOLATILE – D2.6, 2020). 
 

Finally, based on the VOLATILE developments, policy recommendations towards sustainable 
bioconversion of municipal solid and sludgy biowaste were prepared (VOLATILE – D 7.9, 
2020). 
 

3. VALUE CHAIN & VOLATILE CONSORTIUM 
3.1 Municipal biowaste & VFAP 

The implementation of the innovative and multidisciplinary VOLATILE concept to transform 
biowaste into a feedstock for other industries required the cooperation of different partners with 
complementary expertise in various fields of research and technology. Based on a first 
assessment in VOLATILE, it was calculated that more than 100 Mio tonnes of different type 
of solid and sludgy biowaste is available in the EU to be transformed / upcycled via the VFAP 
(VOLATILE – D1.1, 2017). Therefore, the participation of waste treatment facilities combined 
with a technology provider for anaerobic digestion were crucial to assess the potential of 
different type of municipal biowaste streams and to implement and validate the volatile fatty 
acid platform (VFAP). Table 1 summarizes the VOLATILE partners actively involved in 
biowaste treatment, anaerobic digestion or as technology provider. 
 

Table 1: Biowaste Treatment partners & Technology provider 

Biowaste Treatment Type of Biowaste Technology provider 

STAMOU (Greece) Sludgy waste food production

OWS 
(Belgium) 

Anaerobic digestion 
(AD) 
Volatile Fatty Acid 
Platform (VFAP) 

AQUAFIN (Belgium) WWTP sludge

TWENCE (Netherlands) Municipal solid biowaste

FERROVIAL (Spain) Municipal solid biowaste

IGEAN (Belgium) Municipal solid biowaste

RESIDEL (Portugal) Municipal solid biowaste

AQUASERV (Romania) WWTP sludge

AIVE / IDELUX (Belgium) WWTP sludge, Municipal solid biowaste

 
The validation of the VFAP in the relevant environment offers the opportunity to provide new 
carbon sources for fermentation in form of volatile fatty acids. Current heterotrophic 
fermentation approaches for added value compounds rely mainly on agricultural products such 
as sugar, starch or vegetable oil as carbon source. Therefore, sustainability aspects for 
fermentative produced products such as bioethanol or biobased polymers must be carefully 
assessed in terms of agricultural land use for carbon source production as it represents a critical 
aspect in terms of planetary boundaries as established by Rockström et al (2009). Currently 
around 12% of ice-free land is used as cropland and should not exceed more than 15%. 
Therefore, further expansion of agricultural land must be critically assessed to avoid negative 
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impacts on regional or on world level. Taking into account that in 2016 around 39% of the total 
European Union land area was used for agricultural production (EC, 2018) and that the EU 
depends strongly on agricultural imports (Fuchs et al, 2020) it is clear that new innovative 
circular approaches are needed to reduce agricultural land use for the production of biobased 
compounds. Environmental burden should not be outsourced on global scale or to next 
generations. 
 

Therefore, indigenous sources such as biowaste derived VFA could be used to establish a 
sustainable circular bioeconomy taking also into account the “finite” nature of renewable 
resources favouring up-cycling of biowaste derived carbon into added value compounds. 
 

3.2 Omega-3 Fatty Acids 
One example for finite renewable resources are fishery products. Overfishing brought several 
marine species near to collapse. Therefore, current production volumes cannot be increased. In 
order to feed the growing world population, aquaculture is considered as alternative. 
Nevertheless, fish aquaculture strongly depends on marine feedstocks coming from capture 
fishery converted in fish meal and fish oil. These feedstocks are needed for feedstuff production 
to produce aquaculture fish products with similar nutritional characteristics as fish from capture 
fishery. As fish meal and fish oil production are directly linked to capture fishery, the 
production volumes remained more or less constant in the last 30 years as shown in figure 5 
(A), resulting to an enormous price increase due to rising demand by aquaculture industry 
(figure 5, B). 
 

 
Figure 5: World production of fish and World prices for fish meal and fish oil 
 A: World production of fish from capture versus fish meal and fish oil production 
 B: World production of fish from aquaculture versus fish meal and fish oil prices 

Dataset: OECD-FAO Agricultural Outlook 2020-2029 

 
This demand led to the replacement of fish oil with alternative terrestrial sources thereby 
affecting the nutritional value of the resulting fish products. Sprague et al (2016) could show 
that health promoting Omega-3 fatty acids in Scottish aquaculture salmon reduced significantly 
from 2006 to 2015 requiring double portion sizes, as compared to 2006, in order to satisfy 
recommended EPA and DHA intake levels. 
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However, Omega-3 fatty acids are essential compounds in human nutrition. Stark et al. (2016) 
concluded that blood levels of EPA+DHA vary across the globe, with most countries having 
levels that are considered low to very low. These low Omega-3 blood levels are associated with 
an increased risk in cardiovascular related mortality. In 2019, Tocher et al, reported that a 
significant gap between supply and demand of Omega-3 fatty acids exists affecting health and 
well-being of growing world population. Therefore, new Omega-3 sources are needed to supply 
the growing demand. Production with microalgae, the primary producers of Omega-3, 
represents an interesting alternative. Especially heterotrophic production must be considered 
due to higher volumetric yield and not requiring huge land area for photobioreactors. However, 
current production strategies use primary agricultural products contributing to the before 
mentioned negative environmental impacts. Volatile fatty acids are considered as a promising 
carbon source for the production of long chain Omega-3 fatty acids with heterotrophic 
microalgae (Chalima et al, 2017, Chalima et al, 2019) thereby closing the carbon cycle from 
primary food consumption to heterogenous bio-residues to health promoting food and feed 
additives. The VOLATILE project successfully transformed municipal biowaste into Omega-3 
rich microalgae oil (figure 6). 
 

 
Figure 6: Transformation of VGF waste into Omega-3 rich microalgae oil 
 A: VGF waste, B: Microalgae fermentation using VFA rich effluents of VFAP as carbon source 
 C: Microalgae biomass, D: Microalgae oil extraction 
 
 

3.3 Polyhydroxyalkanoates 
Almost in all sectors of our life, plastics have been playing an increasingly important role in the 
last decades. In 2019, the European plastic industry provided more than 1.56 million direct jobs 
and produced around 57.9 million tonnes of plastics (PlasticsEurope, 2020). Taking into 
account that the majority of plastics used today are derived from non-renewable petrochemical 
base materials and are not biodegradable shows the urgent need for the supply of new 
innovative bioplastics. Polyhydroxyalkanoates (PHA) are biologically synthetized polyesters 
(biobased) that are fully biodegradable (VOLATILE – D4.6, 2020). However, at present food 
grade agricultural products such as refined sugars are used as carbon source for PHA production 
accounting for as much as 40-50% of total production costs and contributing to negative effects 
and emission of agriculture due to land use and fertiliser application. 
In 2020, biobased plastics accounted for around 1.74 Mio tonnes globally requiring 0.7 Mio ha 
of land (European Bioplastics Association). However, biobased plastics are intended to take 
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over market shares from fossil-based plastics. In 2019, global plastic production volume was 
estimated at 368 Mio tonnes. The increasing share of biobased plastics on total plastic market 
will most likely increase also pressure on agricultural production systems and competition 
between food production, biofuels and biomaterials. Considering that growing world 
population will require also more food production, the use of agricultural area must be carefully 
assessed. Rockström et al (2009) established as planetary boundary for land use that not more 
than 15% of planetary ice-free land should be used as cropland. In 2017, around 12% of global 
total land was already used for permanent crops and arable land (UN data). The land system 
boundary was further developed by Steffen et al. (2015) defining that not more than 75% of 
originally forested land cover should undergo land-system change. Unfortunately, this 
boundary reached already the zone of uncertainty with 62% and further deforestation should be 
avoided. Furthermore, the perturbation of the nitrogen and phosphorous cycle mainly arising 
from fertiliser application in agriculture is already beyond the zone of uncertainty and 
represents a high risk for safe operation mode of our planet (Steffen et al., 2015). 
 

Therefore, circular approaches are favoured to produce biobased materials, reducing thereby 
negative effects of agricultural production (fertiliser use, land-system change). Bioplastic 
production relying on side and waste streams as feedstock must therefore be favoured. Up-
cycling of for example municipal biowaste towards bioplastics offers a huge potential. The 
implementation of the Volatile Fatty Acids Platform will transform municipal biowaste into a 
resource. The VOLATILE project successfully developed an innovative fermentation approach, 
transforming biowaste derived VFA into biodegradable biopolymer PHA (VOLATILE – D4.6, 
2020). The exploitation of the VOLATILE concept will affect positively social aspects by 
creating regional bioeconomy clusters (employment), environmental protection by decoupling 
agriculture from biomaterial production as well as economic performance by creating new 
income opportunities for municipalities.  
 
 

3.4 Single Cell Oil 
Oleochemical industry requires a constant supply of agricultural feedstocks such as vegetable 
oil to produce many versatile products for our daily life. This led to a significant increase of 
agricultural area used for oil crop production. In 1990 around 185 Mio ha were used, reaching 
nearly 325 Mio ha in 2019. This is mainly related to increased food use but also to competition 
for biofuels and other applications. Food use increased its amount 7 times from 1990 to 2020 
whereas 45 times more vegetable oil is used for biofuels or other uses. In 1990 more than 92% 
of vegetable oil was used for food applications which was reduced to around 65% in 2020 
(OECD-FAO Agricultural Outlook). 
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Figure 7: Oil crops harvested area over time (left) – Use of Vegetable oil (right) 
 Dataset: FAOSTAT – Oil crops harvested area 

Dataset: OECD-FAO Agricultural Outlook 2020-2029 on vegetable oil 

 
As further increase of agricultural area is not an option due to negative effects of agricultural 
emissions and land-system change to feed the industry with oleochemical feedstocks, new 
supply chains must be established using indigenous resources with low use of agricultural area 
in order not to compete with the food chain and to improve environmental sustainability. Single 
cell oil from oleaginous species (e.g. yeasts) offer an interesting alternative as it is known that 
they can grow on dark fermentation effluents such as volatile fatty acids as carbon source. 
During the VOLATILE project, the partners started with an extensive screening of potential 
oleaginous yeast strains (Miranda et al., 2020). Afterwards fermentation strategies were 
implemented (Bettencourt et al., 2020) and single cell oil obtained. The application potential in 
for example soaps could be successfully proven. 
 

 
Figure 8: Transformation of VGF waste into SCO and soap 
 A: VGF waste, B: VFA rich effluent of VFAP, C: Cleaned VFA effluent, D: Yeast fermentation 

using VFA rich effluents as carbon source, E: SCO extraction from yeast biomass, E: biowaste 
derived soap 

 
4. CONCLUSIONS 

Circular economy concepts are aiming at the re-definition of growth beyond economic 
performance. One key aspect is the decoupling of economic activity from the consumption of 
finite resources by closing cycles between production and consumption. Side and waste stream 
must be upcycled and fed back in the economy in order to reduce environmental pressure. 
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The H2020 funded research project VOLATILE successfully showed that municipal sludgy 
and solid biowaste streams can be transformed into feedstocks (VFA) for different industrial 
sectors such as oleochemicals, biomaterials or food and feed ingredients. 
Therefore, the project contributes to the establishment of a circular bioeconomy, designing out 
waste and keeping organic carbon in use. The implementation of the VOLATILE concept at 
industrial level will help to regenerate also natural systems as it reduces the pressure for primary 
agricultural raw materials and agricultural area. 
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Abstract 
The project VOLATILE aimed at the development of an innovative Volatile Fatty Acid 
Platform for the bioconversion of municipal solid biowaste fraction and sludgy biowaste from 
other industries to be integrated in anaerobic digestion facilities. Key information needed to 
successfully exploit and implement the Volatile Fatty acid Platform is the availability of 
feedstocks for 3rd generation biorefineries. Therefore, the partners made an in-depth study on 
municipal solid biowaste and sludgy biowaste from wastewater treatment plants in the 
European Union. 
 

Keywords: Municipal biowaste, Circular Bioeconomy, Volatile Fatty Acid Platform  
 

1. INTRODUCTION 
The successful implementation of circular biorefinery concepts relies on technologies able to 
transform versatile biomass sources into building blocks or added value compounds as well as 
on the availability of feedstocks. The amount and quality of biomass available defines the scale 
of possible operations as well as economic feasibility. 
As feedstock and transport costs represent a large part of operating costs of a biorefinery, the 
availability of suitable feedstocks in a certain distance to the biomass transformation facility is 
crucial to implement economic viable strategies. The use of 1st generation feedstocks for 
biorefinery purposes such as starch or sugar cane may create conflicts with the use for food or 
feed applications. Therefore, biorefineries using 2nd generation feedstocks were developed 
relying on biomass feedstocks that are more widely available but that are not in direct 
competition with food uses. However, also the use of these kind of biomass has to be carefully 
assessed as land-system change to produce this kind of biomass may have negative effects on 
the environment. Therefore, 3rd generation biomass sources are attracting attention, including 
organic side and biowaste streams of our economy. 
One interesting feedstock for the volatile fatty acid platform is represented by municipal solid 
and sludgy biowaste which can be treated by anaerobic digestion. In 2018, EU28 generated 
more than 251 Mio tonnes of municipal waste and around 98.4% were treated (figure 1) 
(Eurostat, 2021). Around 17.3% were recycled by composting and digestion representing 
around 42.8 Mio ton of biowaste.  
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Figure 1: Municipal waste treatment in percent of treated waste 

 
Despite all efforts to reduce this, the majority of EU countries still landfilled approximately 
23% of their municipal waste in 2018 (Eurostat, 2020). 
 

The European Environmental Agency considers that around 34% of municipal waste represents 
biowaste (EEA, 2020). This represents an abundant resource with an unexploited economic 
potential. The European Compost Network concludes that up to 50% of municipal solid waste 
is organic and should be considered as feedstock for the circular bioeconomy (Siebert et al, 
2019). Based on these assumptions the following amount of municipal biowaste can be 
estimated: 
 

 MSW generated in EU28 34% Biowaste (EEA, 2020) 50% Biowaste (ECN, 2019)

2018 251,879,000 tonnes 85,638,860 tonnes - 125,939,500 tonnes

 
In order to analyse the potential of the innovative volatile platform (feedstock supply) in more 
detail, the VOLATILE partners performed an in-depth desk study for organic waste amounts 
in the individual EU-28 countries and the EU in total. In the country reports the most important 
information on total production of organic waste fractions (such as OF-MSW, VGF waste or 
sludge) is presented. Furthermore, the collection methods and treatment techniques are 
discussed using a SWOT-analysis (VOLATILE – D1.1, 2017). 
 

2. BIOWASTE POTENTIAL OF MUNICIPAL SOLID WASTE 
Municipal solid waste consists of everyday items that are discarded by the public including 
kitchen and garden waste. In 2018, 491 kg per capita were discarded in EU28 (Eurostat). 
Considering that 34% of municipal solid waste represent biowaste, the VOLATILE partners 
assessed the biowaste potential of EU-28 for each country individually (VOLATILE – D1.1, 
2017). Looking at the collected data (summary in table 1), there is a total available organic 
waste potential of approx. 97 million tonnes annually. Through different types of collecting 
systems three types of organic waste are registered; subdividing the total potential as follows: 
 

 Vegetable and Green Fraction (VGF waste) ~ 17 million tonnes 

 Green waste ~ 19 million tonnes 

 Organic Fraction Municipal Solid Waste ~ 61 million tonnes 
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Currently there are six mature technologies/strategies on the market to treat this kind of 
municipal waste. These are landfilling, incineration, mechanical-biological treatment (MBT), 
industrial composting, home composting and anaerobic digestion.  
Generally organic municipal waste is treated by incineration or MBT in the north/west of 
Europe. In the other regions of Europe, a large fraction of waste is still landfilled, which 
presents a major opportunity for improvement. As landfilling of biowaste has a high negative 
environmental impact, it is important to collect and treat municipal bio-waste separately. In 
landfills, biowaste produces the powerful greenhouse gas methane during decomposition and 
degradation. 
 

The separately collected organic waste is generally composted or anaerobically digested. In 
countries with a well-developed collection system for separate food waste and garden waste, 
AD is the preferred option for treating food and kitchen waste, while composting is preferably 
used for garden and other green waste.  
 

Table 1: Overview of country data of annual potential municipal biowaste 
(VOLATILE – D1.1, 2017) 

  (data are only given if available) 

 

VGF waste Green waste

Austria 508 428 253 1,189

Belgium 311 578 966 1,855

Bulgaria 775 775

Croatia 28 91 326 445

Cyprus 58 179 237

Czechia 891 1,032

Denmark 643 693

Estonia 96 113

Finland 341 341

France 12,700 17,600

Germany 4,569 5,095 5,000 14,664

Greece 209 1,937 2,146

Hungary 880 1,380

Ireland 194 25 122 341

Italy 3,900 2,100 9,000 15,000

Latvia 376 423

Lithuania 576 708

Luxembourg 134 204

Malta 128 128

Netherlands 1,346 1,962 1,300 4,608

Poland 5,940 7,690

Portugal 2,364 2,364

Romania 2,879 2,879

Slovakia 212

Slovenia 90 199

Spain 540 242 7,937 8,719

Sweden 729

UK 640 4,459 5,137 10,236

> 60,629 > 96,911

50

COUNTRIES
Separate collected Organics [kt]

OF waste [kt] TOTAL [kt]

141

17

4,900

500

47

132

70

1,750

212

109

729

36,281
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Furthermore, Siebert et al (2019) conclude that besides the huge amount of municipal biowaste, 
more than 40 million tons of commercial and industrial bio-waste is available with similar 
characteristics to be treated in anaerobic digestion plants and could be therefore be used as 
feedstock for a Volatile Fatty Acid Platform. 
 

3. WASTEWATER TREATMENT SLUDGE 
Besides the analysis of the municipal biowaste potential, the VOLATILE partners studied also 
the availability of wastewater treatment sludge as feedstock for 3rd generation biorefineries 
transforming biowaste into volatile fatty acids. Wastewater treatment is a complex process and 
includes four main process steps as can be seen in Figure 2. 
 
 

 
Figure 2: General scheme of wastewater treatment (Bauer et al, 2018). 

 
 
During the primary treatment suspended solids in the raw wastewater are settled creating the 
primary sludge. Furthermore, the excess biomass from the biological treatment (activated 
sludge treatment) contributes as secondary sludge to the total sludge volume created during 
wastewater treatment. 
 
During the test study performed in VOLATILE, EU-28 country analysis was also performed 
for sewage sludge. Looking at the collected data, there is a total of approximately 9 million 
tonnes of sewage sludge dry matter available per year. Given sufficient quality and 
biodegradability of the sludge biomass, this resource constitutes a second organic resource with 
an unexploited economic potential. 
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Table 2 Overview of the country reports collected data for sludge *data only given if available or 
applicable (VOLATILE – D1.1, 2017) 

 

The deliverable D1.1 (VOLATILE – D1.1, 2017) provides further information on country level.  
 

4. CONCLUSIONS 
Based on the feedstock analysis it can be concluded that more than 100 Mio ton of municipal 
solid and sludgy biowaste is available to serve as raw material for the circular bioeconomy 
using a volatile fatty acid platform as transformation technology. Considering that in 2018 
(EU28) only approximately 42.8 Mio ton were treated by composting or digestion, this 
illustrates an untapped potential to create new regional jobs in biowaste transformation by 
setting up new treatment routes and facilities. The European Compost Network concludes that 
between 2.2 (urban) to 7.2 (rural) jobs could be created by treating 10,000 ton of currently not 
exploited biowaste (ECN, 2016). 
 

Austria 235,000 N/A

Belgium 175,000 35%

Bulgaria 60,000 0%

Croatia 32,000 N/A

Cyprus 20,000 0%

Czechia 13,000 0%

Denmark 130,000 4%

Estonia 19,000 87%

Finland 141,000 0%

France 1,100,000 N/A

Germany 1,803,000 N/A

Greece 174,000 0%

Hungary 225,000 N/A

Ireland 65,000 0%

Italy 1,000,000 38%

Latvia 23,000 4%

Lithuania 45,000 7%

Luxembourg 8,000 0%

Malta 10,000 0%

Netherlands 317,000 45%

Poland 540,000 6%

Portugal N/A N/A

Romania 173,000 N/A

Slovakia 57,000 N/A

Slovenia N/A N/A

Spain 1,131,000 N/A

Sweden 270,000 70%

UK 1,500,000 66%

9,266,000

COUNTRIES
Sewage sludge      

[tonnes dry matter]

Anaerobically 

digested *
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Abstract 
This paper gives an overview on the important markets: food, feed, bio-based products and 
energy directly addressed by the EU Bioeconomy Strategy and considers the situation of 
biomass production and organic waste. Drivers and obstacles are pointed out with regard to 
growing markets and sustainability matters. It discusses core issues of the EU legislative 
frameworks in pursuing the route from waste to final applications and refers briefly to the 
historical and global development of the bioeconomy. 
 

Keywords: resources, products, law 
 

1. INTRODUCTION 
Efforts to pave the way for a bioeconomy at the international scale were already made almost 
three decades ago. The bioeconomy and the replacement of fossil carbon resources in the 
context of the Agenda 21 which resulted from the World Earth Summit in Rio de Janeiro in 
1992 and its update at the World Summit in Johannesburg in 2002 were pointed out by Kamm 
& Kamm (Kamm B. & Kamm M., (2004)). A great impact has been accomplished, and in the 
meantime, as shown in Figure 1, more than 50 countries distributed all over the Earth’s 
continents are reported to deal with the bioeconomy or similar approaches (Bioökonomierat, 
2020) (EC, 2020e). 

 
Figure 1: Bioeconomy activities from a global perspective 

Source: European Commission (EC, 2020e) and Bioökonomierat (Bioökonomierat, 2020) (modified) 
Map: www.freeworldmaps.net (modified) 
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To foster the Bioeconomy has a long tradition in the EU, and EU Framework Programmes in 
Biotechnology and Life Sciences are established by the European Commission (EC) since 1982 
(Patermann, C. & Aguilar, A., (2018)). A Life Sciences and Biotechnology Strategy was 
adopted in 2002 (EC, 2002), and the concept of the Knowledge-Based Bioeconomy (KBBE) 
was presented in 2007 (Patermann, C. & Aguilar, A., (2018)). 
 

In 2012, a definition has been introduced for the bioeconomy in the EU and its markets: “the 
production of renewable biological resources and the conversion of these resources and waste 
streams into value added products, such as food, feed, bio-based products and bioenergy” by a 
first dedicated strategy at the EU level (EC, 2012). Concerning the spectrum of markets 
addressed by the update of the strategy at 2018, it is slightly modified and supplemented to 
“food, feed, bio-based products, energy and services (except biomedicines and health)”. On the 
input side, it is now explicitly referred to the term organic waste (EC, 2018a).  According to the 
EC and the Green Deal (EC, 2019a), the bioeconomy is contemplated as a strategic economic 
orientation (Ronzon, et al., 2020). 
 

Various approaches are documented to estimate and calculate the availability of biomass from 
a global perspective and concerning the EU (Scarlat, et al., 2015), (Camia, et al., 2018) 
(Ronzon, et al., 2015), (EC, 2019b), and in pursuing sustainability, waste resources gain more 
and more importance for the bioeconomy. In this respect, it is referred to key data of biowaste, 
as it is legally defined in the EU (EU, 2018a) and its role also in the context of municipal waste.  
 
Prior to analysing the market sectors, the added value of the bioeconomy and ten of its most 
important sectors is depicted (Ronzon, et al., 2018). For this work, markets of food, feed, bio-
based products and energy will be included. With regard to bio-based products, an emphasis is 
placed on chemicals, plastics, packaging and fertilisers while analysis on energy focuses on 
bioenergy. 
 
Even though there are strong policy endeavours on deployment of the bioeconomy, and for 
example, an evolvement of a regulatory framework for bio-based and biodegradable plastics is 
announced by the Green Deal (EC, 2019a), there are manifold legal aspects which are either 
supportive or would need to be harmonised (VOLATILE D2.6, (2020)). In particular, novel 
value chains starting from organic waste to be transformed into substances, materials and 
products towards a circular bioeconomy are of specific interest from the legal perspective. Thus, 
they are highlighted in this paper. 
 

2. METHODOLOGY 
The methodology used to prepare this paper comprises a review of literature, including not only 
peer-reviewed documents but also “grey” literature, such as books and reports on projects and 
conferences. Furthermore, citations were directly made from legally binding and non-binding 
sources. This paper focuses on drivers and obstacles concerning the markets of the bioeconomy 
and those derived from policy and legislation. While section three reflects an approach on the 
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availability of biomass, section four deals with specific bioeconomy markets, and section five 
is devoted to policy and legislation affecting the bioeconomy. Taking into account global, 
European and national activities towards a transition into a sustainable and circular 
bioeconomy, this work, which mainly addresses the European point of view, can be just a 
spotlight on boosting or hindering factors relating thereto. Considering the specific issues of 
material and energy use of a certain feedstock, conclusions are made in section six. 
 

3. TOWARDS SUSTAINABLE CARBON SOURCES 
Today, the resource fundament of the global economy is mainly built by crude oil, natural gas 
and coal to meet the demand of energy and carbon for industrial (Kircher M., 2019) and other 
sectors, such as private consumption. With regard to a reported global crude oil production of  
98 million barrels in 2019 (EIA, 2020) and a current low price phase (Worldbank, 2020), in 
principle, there are no accelerators on the search for alternatives. Nonetheless, due to the 
significant environmental impact (Kircher M., 2019) and growing awareness on the finiteness 
of the “fossils”, the pressure to prepare phasing-out scenarios increases. Consequently, light is 
shed on novel solutions, such as biological resources. To substitute the traditional feedstock 
with these resources, the availability of biomass is a key prerequisite. At the global level, Scarlat 
et al. (Scarlat, et al., 2015) reported around 14.98 billion tonnes. In the EU, the annual 
production is estimated on around 2 billion tonnes, (Ronzon, et al., 2015), (Scarlat, et al., 2015) 
and the following types and quantities of biomass were produced from 2012-2015 (Table 1) 
(EC, 2020b). 
 
Table 1: Biomass production in the EU-28 by type from 2012 and 2015 (1000 tonnes) 

Biomass type 2012 2013 2014 2015 

Agri biomass – economic1 456 407 471 928 515 269 477 580

Agri biomass – residual 1 394 859 436 856 452 697 434 728

Fisheries biomass 2 1 350 1 459 1 527 948

Algae biomass2 79 143 n/a n/a

Forest biomass1 n/a 511 544 n/a n/a

Waste biomass1 91 435 n/a n/a n/a
1 dry matter 2 fresh matter  

Source: Own depiction based on European Commission - Knowledge for Policy, Topic Biomass (EC, 2020b) 
 

Agricultural biomass dominated the scene with around 850 to 950 million tonnes annually. An 
amount of about 91 million tonnes of waste biomass containing around 12% food waste, 25% 
green waste from gardens and parks, and almost 63% of biodegradable waste other than “green 
waste” is reported for 2012 (EC, 2020b). 
 

Commonly, there is a clear distinction between biomass from agriculture and forestry and the 
legally defined term biowaste (EU, 2018a) while the latter does not cover the former (EUBIA, 
2020). Regarding biowaste, the annual quantity generated in the EU is estimated to be in the 
area from 118 to 138 million tonnes (EC, 2010), and 83 kg biowaste were recycled per capita 
in 2017 (Eurostat, 2020).  Municipal waste is composed of around 50% biowaste (ECN, 2019) 
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and from around 249 million tonnes in 2017, just 17% were composted (Figure 6) (Eurostat, 
2019). Contemplating the data, there will be a huge potential for further biowaste valorisation 
in the EU. 
 

4. SEIZING AND ANALYSING MARKETS 
Following the route from resources to food, feed, biobased products (chemicals, plastics, 
packaging, and fertilisers) and energy, data are analysed to define markets and their relevance 
for the bioeconomy. 
 

4.1 Added value of the ten most important bioeconomy sectors in the EU 
By including the estimations of the tertiary sector, a total added value of €1.5 trillion is 
published for the EU-27 (2020) (Fritsche, et al., 2020) while €614 billion have been achieved 
by the primary and secondary sector employing 17.5 million people in 2017. From ten 
bioeconomy sectors, the manufacturing of food, beverages and tobacco as the first, agriculture 
as the second and bio-based chemicals, pharmaceuticals and plastics belonging to the third, are 
identified as being the most relevant by representing about 75% of the total added value of the  
€614 billion (Figure 2) (Ronzon, et al., 2018), (EC, 2020f). 
 

 
Figure 2: EU-27 (2020) - Bioeconomy added value by sectors 2017 (Mn €) 

Source:  European Commission (EC, 2020f) and Ronzon, et al. 2018 (Ronzon, et al., 2018) (modified) 

  
4.2 Food and beverages – How to respond to a growing market? 

The food and beverage sector is the biggest manufacturing sector in the EU not only in terms 
of  €1.2 trillion turnover and added value (around €236 billion in 2019) (FoodDrink Europe, 
2020) but also with its workforce encompassing 4.4 million people (Ronzon, et al., 2018) and 
4.72 million in 2019 (FoodDrink Europe, 2020). For the upcoming years (2020-2025), a set of 
alterations covering, inter alia, exogenous and vertical factors has been detected by the ECSIP 
Consortium (EC, 2016), which will influence the perspectives of the bioeconomy. From the 
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factors affecting the food industry from outside, the growth of population at the international 
level will bring additional need, particularly outside of Europe. An increasing income in the 
developing countries can lead to demand on high quality products (EC, 2016) and more protein 
intake (Kircher M., 2019). Both could result in additional export (EC, 2016), which is estimated 
from €90 billion to €110 billion (EC, 2020c), (FoodDrink Europe, 2020) and could be further 
addressed by the Bioeconomy and its research. Costs for inputs, such as raw materials, affecting 
the supply chain (EC, 2016) can be seen as an important opportunity for bioeconomy research 
as well.  
 
In addition, dietary food supplements containing substances, such as minerals, vitamins and 
poly-unsaturated fatty acids are of interest for the biotechnological processes based on waste 
resources. The dietary food supplements market which provides also options for Novel Food is 
valued on $140 billion (globally in 2018) (CISION, 2020) and around $15 billion in Europe in 
2019 (Fortune, 2020). 
 
 4.3 Feed – the main biomass uses and how to address compound feed? 
To generate a value of annually €130 billion from animal production, an amount of 450 million 
tonnes of feed is required by approximately 5 million farmers in the EU. In addition, ten million 
tonnes of feed are purchased by 70 million EU households for pet nutrition (EC, 2020d). 
 
Feed and animal bedding take the lion’s share (43%) in biomass consumption in the EU which 
was estimated on a total 1.2 billion tonnes in 2019 while around 1 billion was sourced from the 
primary sector (EC, 2019b). 
 
The compound feed market has an estimated global value of $528 billion in 2020 (Market Data 
Forecast, 2020) and a production volume of around 164 million tonnes in the EU in 2019 
(FEFAC, 2020a). Since using nutrients and additives, such as volatile fatty acids, this market is 
of specific interest for biotechnological approaches using secondary resources. 
Encouragements for the bioeconomy in the feed and feed compound areas are inter alia the 
Feed Sustainability Charter of the FEFAC (Federation of European Feed Manufacturer’s 
Federation) (FEFAC, 2020b), dietary habits like proteins from meat and new products helping 
to improve feed conversion ratios (Global Market Insights, 2020). 
 

4.4 Chemicals and the sustainability aspect 
From a global sales of chemicals of €3,347 billion, the EU takes the second position achieving 
€565 billion after China (€1,198) in 2018, and with €158.3 billion in 2017, it takes the main 
part as regards exports to other areas in the world including intra-EU trade (CEFIC, 2020). 
Concerning bio-based chemicals, Spekreijse et al. (Spekreijse, et al., 2019) have conducted a 
study with details of the segment “chemicals” of the EU bio-based products sector. Ten 
chemical product categories and their applications which are reflected in Figure 3, are presented 
in the report. 



 

30 
 

 
Figure 3: Estimations on bio-based chemicals markets and applications 

Source: Own depiction based on Spekreijse et al. (Spekreijse, et al., 2019) 

 
As it is calculated, the ten product categories achieve an annual turnover of around €9.17 billion. 
According to the SWOT analysis of the study, high research activities, as well as properties like 
biodegradability, more safety, lower toxicity and less greenhouse gas (GHG) emissions are 
considered to be beneficial for future development and commercialisation of the bio-based 
chemical industry. Apart from sometimes higher cost of, for example, biomass materials in 
comparison with fossil-based counterparts or new or less mature technologies, more efforts on 
purification processes of bio-based products, and quality deviations of some bio-based products 
are considered as weaknesses. Less consumer awareness on bio-based products except of bio-
based plastics and bio-lubricants and land use are identified as drawbacks as well while legal 
measures to introduce biodegradable products could support their launch on the market. 
(Spekreijse, et al., 2019). 
 
Since biomass is estimated to build globally 10-13% of chemical raw materials, sustainability 
has to be respected in particular according to resources traditionally used for food and feed 
markets (Kircher M., 2019) (Pietrowsky, et al., 2015). 
 

4.5 Plastics – Moderate increase of the bioplastic capacities 
Worldwide, the production of plastics reached 359 million tonnes while the EU contributed 
with more than 17% or 61.8 million tonnes in 2018 (Plastics Europe, 2019). Global production 
capacities of bioplastics are expected to increase by around 12% from a total of 2.152 million 
tonnes in 2020 to 2.426 million tonnes in 2024 (European Bioplastics, 2020a). More details are 
depicted in Figure 4. The main capacity is located at Asia (45%), for Europe it is about 25% 
and for America 30% (European Bioplastics, 2020a) 
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Figure 4: Estimations on development of bioplastics production capacities 2020-2024 

Source: European Bioplastics (modified) (European Bioplastics, 2020a) 
 
However, various estimations and forecasts exist. The IfBB – Institute for Bioplastics and 
Biocomposites projects a capacity of 4.35 million tonnes for 2023 for “new economy plastics” 
including bio-based and biodegradable plastics (IfBB, 2019), and a global amount of 3.8 million 
tonnes of bio-based structural polymers is reported by the Nova Institute for 2019 (Nova, 2019). 
 
Following European Bioplastics, a high consumer acceptance is documented for these 
materials.  Furthermore, less dependence from fossil resources and the effects of climate change 
support the acceptance of bio-based plastics (European Bioplastics, 2020a). The first bacterial 
derived plastic: polyhydroxybutyrate was already discovered by Maurice Lemoigne in 1925 
(Seva Nayak, D. & Singh, B., 2018). Nowadays, a technological maturity is attested to the 
materials. Depending on the material, life cycle analysis has proven clear benefits of bioplastic 
against traditional products (European Bioplastics, 2020a).  
 

4.6 Packaging as the most relevant bioplastics application 
For 2019, the global packaging market was valued at $917 billion  (Smithers, 2020). Flexible 
(16%) and rigid (30%) packaging are the most important market segments for bio-based 
plastics. If considering the biodegradable plastic sector, the flexible ones reach already 43% 
while the rigid types attain 16%. A total of 1.14 million tonnes of packaging constituting 53% 
of the entire bioplastics market is indicated for 2019 (European Bioplastics, 2020b). Due to 
environmental benefits and depending on the material, specific biodegradability properties, 
packaging is an excellent market opportunity for the bioeconomy. 
 

4.7  Fertilisers market – the challenge of imported nutrients 
A global value from around $155 billion to $200 billion is reported for the mineral fertilisers 
market (World Fertilizer Magazine, 2019), (Global Market Insights, 2019). In 2018, the 
production covered 250.9 million tonnes of nutrients at the international level while 18.1 
million tonnes were generated in the EU-28. A consumption of 20 million tonnes and net 
imports are documented for the EU (Fertilisers Europe, 2020). To address these nutrient imports 
and to fill the gap display a chance for the bioeconomy since the legal terms for the use of 
anaerobically or aerobically treated organic waste are newly defined in the EU in 2019. 
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Moreover, the global market value of organic fertilisers is estimated to be in the range of $4.512 
billion (P&S Intelligence, 2020) and $6.7 billion (2018) (Cohererent, 2018), and a growing 
demand is projected for Europe from $2.451 billion in 2016 to $3.260 billion in 2023 (Allied 
Market Research, 2018). Among the opportunities for organic fertilisers are precision farming 
better product quality, specific agriculture (e.g. flowers, viticulture), nutrient loss in soil and 
organic farming conditions (ECOFI, 2020). 
 

4.8 Energy – Renewables conquered Europe 
The evolvement of renewable energy markets is a success story in the EU, e.g. raising from 
8.5% in 2005 to 17% in 2015 at the gross energy consumption. Bioenergy consumption is 
expected to reach 12% at renewable energy sources (RES) use of 2020. Electricity from RES 
has reached 397 GW in 2015 while 30 GW were gained from biological resources. Biogas takes 
a share of 20% of the global “biopower” and 4% of the heat production. The EU was the 
frontrunner in biogas electricity worldwide in 2015 producing 58 TWh from 80 TWh  
(Figure 5) (Scarlat, et al., 2018). More than 18,000 biogas plants and 1,600 biomethane plants 
were reported for Europe by the European Biogas Association (EBA) in 2018. Taking into 
account 6.000 biogas sites in 2009 (EBA, 2019), their number tripled within ten years. 
 

 
Figure 5: Share of EU at global biogas electricity production 2014 

Source Own depiction based on Scarlat et al. (Scarlat, et al., 2018) 
 
More than 119 million cbm of bioethanol were globally produced in 2016 (UFOP, 2018) and 
around 5.5 billion litres for fuels in the EU-28 in 2019 (USDA, 2019). As regards biodiesel 
production for transport, the EU is the world leader with more than 12 million tonnes out of a 
total of 34 million in 2016 and according to estimations of USDA, around 14 billion litres were 
produced in the EU in 2019 (USDA, 2019). Even though rape seed oil was the dominant 
feedstock for biodiesel, waste materials could already contribute by 15% in the EU in 2015 
(UFOP, 2018). Biodiesel dominates the RES for transport sector in the EU (USDA, 2019) 
(USDA, 2020). 
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The market developments and achievements of RES and bioenergy are very encouraging for 
further efforts on establishing a bioeconomy in Europe and worldwide. The need of clean 
energy and properties of certain materials (e.g. less toxicity) vote for the Bioeconomy while on 
the other hand, COVID-19 leads to less transport (USDA, 2020) and may trigger supply chain 
interruptions. 
 

5. STARTING FROM WASTE - legal aspects of the EU Bioeconomy  
Due to the complexity of the bioeconomy, it is affected by an array of legal areas and sources, 
respectively. This paper concentrates on legal aspects of value chains starting from biowaste 
(EU, 2018a) and biodegradable waste (EU, 1999) as legally defined at the EU level. 
 

 5.1 Facets of waste legislation 
By introducing a mandatory separate collection of biowaste for the entire EU as of July 2023, 
a strong push signal was sent towards valorisation of this resource and advancing the 
bioeconomy. Furthermore, EU Member States could allow “similars to biowaste” to be 
collected with biowaste if, e.g. standards of compostable packaging are met (EU, 2018a), which 
is a positive impulse for bio-based products with biodegradable characteristics. The waste 
hierarchy has been established as a priority order and reprocessing of waste into substances, 
materials and products fits into the category recycling. From the EU legal point, there is no 
difference between recycling for the original purpose or other purposes (EU, 2008), as such no 
preference is expressed by this term for a possible added value of bio-based products on the 
basis of waste. In order to enable a smooth functioning of supply chains, end-of-waste criteria 
must be defined and met. To date, these criteria are legally elaborated for certain metal scraps 
and glass cullet at the EU scale, and case-by-case decisions will be needed as long as they are 
not nationally available for a waste type or decided for the whole EU territory (Johansson, N. 
& Forsgren, C., 2020). This complicates the transformation routes from biowaste to bio-based 
secondary resources. A strong reduction of biodegradable waste in landfill to 35% compared to 
data of 1995 was already legally decided more than 20 years ago (EU, 1999), and a target of 
10% for municipal waste was set by 2035 (EU, 2018a). The difference on landfill and municipal 
waste management between 1995 and 2017 in the EU is shown in Figure 6 (Eurostat, 2019). 
On the other hand, more specific targets for biodegradable waste types, e.g. for sludges from 
wastewater treatment and coupling them to specific treatments, such as anaerobic digestion, 
could further support to build up the bioeconomy. 
 

 
Figure 6: EU municipal waste management in 1995 and 2017 

Source: Own depiction based on Eurostat (Eurostat, 2019) 
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5.2 Finding the right slots for food  
General rules on the entire food and feed chain ensuring safety and high quality are laid down 
in Regulation (EC) No 178/2002 (EU, 2002). But a specific reference to food resulting from 
recovery of biowaste or follow up processes therefrom is not given in this legal source.  If the 
food was not significantly placed on the market before 15th May 1997 and integrates 
microorganisms, fungi or algae for its development (de Boer, A. & Bast, A., 2018) as under use 
for biotechnological valorisation of organic waste (VOLATILE D2.6, (2020)), the stipulations 
for Novel Food come into play. Whereas an explicit authorisation by the EU is necessary, 
Member States can restrict the marketing of them (EC, 2020a), and as such affect the 
bioeconomy market. 
 
 5.3 Feed materials – between opportunities and limitations 
The catalogue of feed materials has been altered at several times since 2010, and more recently 
conditions for the use of polyhydroxy butyrate based on Ralstonia eutropha have been added 
(EU, 2017). This measure provides a new opportunity for bio-based products. However, 
Regulation (EU) No 568/2010 formulates a prohibition on the use of wastes from WWT for 
feed purposes “irrespective of any further processing” and “solid urban waste, such as 
household waste” (EU, 2010). These rules would need to be examined with regard to the 
fostering of waste-based bio-refinery processes. 
 
 5.4 Chemicals - how to pass the entrance to secondary resources? 
According to ECHA, all forms of recovery processes are considered as manufacturing processes 
if they result in substances, mixtures or articles which have ceased to be waste (ECHA, 2010). 
The REACH Regulation itself, which applies also to isolated intermediates, gives no indication 
on end-of-waste-criteria. Even though in some cases (e.g. for food, feed, medicinal products), 
certain exemptions from some Titles of REACH could be possible (EU, 2006), this legal act 
constitutes one of the most critical gateways if waste will be transformed to enter the market in 
terms of the bioeconomy. 
 
 5.5 Reducing plastic pollution – Is there a legal role for biomaterials? 
Considering that 5 to 13 million tonnes of plastic end up in the oceans worldwide every year 
(EC, 2018b), significant prohibitions and restrictions for single-use plastics were legally passed 
in the EU. Currently, bio-based and biodegradable plastics are encompassed by the new law 
(EU, 2019a), which, indeed, does not favour the bioeconomy. An excerpt on products to be 
prohibited by July 2021 is presented in Table 2. For biodegradable plastics, an assessment on 
scientific and technical progress is planned by the European Commission by 2027 (EU, 2019a). 
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Table 2: Examples of single-use plastics prohibited as of July 2021 

Requirement Examples of single-use plastics products covered 

Art. 5 
Products to be prohibited 

in the Member States 
as of 03.07.2021 

(Excerpt) 

Cotton bud sticks, unless they are for used for medical devices

Cutlery including spoons, forks, knives, and chopsticks 

Plates 

Straws, unless they are used for medical devices 

Beverage stirrers

Sticks for balloons including mechanisms relating thereto 
Source: Own depiction based on Directive (EU) 2019/904 (EU, 2019a) 

 
 5.6 Appreciation for biodegradable packaging 
Following the amended Packaging Directive, at least 65% of the packaging waste and 50% of 
the plastic waste have to be recycled by 2025. A clear statement is provided that biodegradable 
packaging waste could be counted as recycled if aerobically or anaerobically treated and leading 
to a substance, material or product (EU, 2018b). This will foster acceptance of bio-based 
packaging complying with biodegradability standards. 
 
 5.7 Fertilising products - New routes for biodegradable waste but without mulch films 
With view on biodegradable waste valorisation, a new concept has been introduced by the 
Fertiliser Products Regulation. If undergone aerobically or anaerobically treatment and in 
accordance with the quality requirements, biowaste and sewage sludge can be converted into 
fertilising products. Criteria for the application of biodegradable mulch films will be defined 
by the European Commission by 2024 (EU, 2019b) which postpones the market entrance of 
bio-based products with properties suitable for this purpose.   
 
 5.8 Sustainable bioenergy and how to integrate material priorities 
Apart from manufacturing of goods, the bioeconomy includes also the energy sector. Legal 
provisions on production of renewable energy are strongly oriented at sustainability criteria and 
the 40% GHG emissions reduction target of the Paris Agreement (EU, 2018c). Renewable 
energy sources (RES) have been lifted up and should achieve 32% in the gross energy 
consumption and 14% in the transport sector by 2030 while e.g. biowaste counts double to 
achieve the targets if deployed for transport (EU, 2018d). A specific sub-target is set for certain 
organic waste (e.g. biowaste) which need to achieve 3.5% of the “transport target”. Depending 
on the calculation method and technology, GHG emission savings for biogas up to 84% are 
legally defined for this RES. Targets on RES vary significantly within the EU countries, and 
the commitments of Member States on these targets in 2020 compared with 2005 are laid down 
in Figure 7 (EU, 2018d). 
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Figure 7: National RES shares 2005 and targets 2020 in % in the EU 

Source: VOLATILE D2.6 (VOLATILE D2.6, (2020)) based on (EU) 2018/2001 (EU, 2018d) 
 

Obviously, the bioeconomy could benefit from RES targets as it is expressed by the 
aforementioned and estimated bioenergy rate of 12% by 2020 (Scarlat, et al., 2018). On the 
other hand, targets do not exist for prioritising of materials from bio-based feedstock, e.g. by a 
committed cascading principle or minimum contents of bio-based carbon in materials. To 
further boost materials from renewable resources, legal preferences on “material against energy 
use” of bio-based feedstock could be supportive. 
 

6. CONCLUSIONS 
A multitude of deployments for the bioeconomy is offered by growing markets thus far for the 
sectors food, feed, bio-based products and energy scrutinized in the scope of this work. If value 
chains are derived on the basis of waste and cover one or both, gaining materials and energy, 
legal adaptions would be required. In particular, if revolutionary concepts are presented, e.g. 
those of the VOLATILE project www.volatile-h2020.eu, tailor-made solutions would be 
necessary to trigger investments in technologies valorising organic waste and representing a 
blue print not only for the bioeconomy but also for the circular economy. 
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Abstract 
To match the growing problem of dealing with urban biowaste generation (household organics, 
sewage sludge, food waste…) and the increasing demand for bio-based raw materials, the 
VOLATILE project partners joined their efforts to develop a Volatile Fatty Acid Platform 
(VFAP) based on the conversion of urban biowaste with the aim of producing novel materials 
and chemicals (Polyhydroxyalkanoates (PHA), a bio-based, biodegradable bioplastic; Single 
Cell Oil (SCO), a sustainable alternative for plant and animal oils; omega-3 Fatty Acids 
(omega-3 FA), a nutraceutical with many health benefits). In this part of the research, the focus 
was on changing the well-known process of anaerobic digestion to exclude the final conversion 
step to methane, and to maximize the production of volatile fatty acids (containing 2-6 carbon 
atoms). This objective was reached by first characterizing > 40 different urban biowaste streams 
from seven countries after which several process parameters were optimized at lab scale to 
reach maximal VFA production. In a next step, a membrane filtration cascade (microfiltration, 
ultrafiltration, nanofiltration and reverse osmosis) was designed to recover, purify and 
concentrate the VFA from the reactor effluent. The lab scale findings were then translated to a 
TRL 5 pilot plant located at the Twence Waste Treatment Facility in the Netherlands. 
 

Keywords: Volatile fatty acid platform, membrane filtration, pilot 
 

1. INTRODUCTION 
As long as man has lived, he has produced organic waste. But since the industrial revolution, 
population numbers have started to increase substantially and more and more people started 
living in cities, leading to a strong increase and concentration of organic waste production, up 
to a point where it became an environmental and sanitary burden. At the moment, over 100 
million tonne or urban biowaste (i.e. household organics and sewage sludge) is produced 
annually in the European Union (EU-28). The cheapest way of dealing with this organic waste, 
at least on the short term, is landfilling. But on the long term, landfilling only brings negative 
aspects: ineffective use of valuable land area, leaching of often toxic compounds to the soil, 
surface waters and deep ground waters and gaseous emissions (CO2, CH4, N2O, NH4…) to the 
air. To remediate these harmful effects, costly measures are needed, yet no economic benefit is 
to be gained. Therefore, landfilling of municipal organic waste is to be reduced to 35% of the 
1995 levels by 2016 (or 2020 for some countries) according to the Landfill Directive 
(1999/31/EC). Since many decades, composting has been recognized as a valuable alternative 
to treat urban biowaste. During the composting process, the organic matter is aerobically 
stabilized in a relative short timeframe (8-12 weeks), yielding a stable compost that contains 
most of the nutrients and stable organic carbon and can be used as a soil improver or slow 
release fertiliser. Despite its positive effects, the economic value of compost is low, and the 
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composting process requires a net energy input. Urban biowaste treatment was further improved 
by the introduction of anaerobic digestion, a technology developed in the ‘70s of the previous 
century but gaining more and more popularity since the 2000s. With this technology, the 
biowaste is converted anaerobically to produce biogas (CH4 and CO2), making this process 
energy positive, i.e. there is a net production of renewable energy. The remaining digestate still 
contains nearly all of the nutrients and can also be used as fertiliser, either directly, but mostly 
after a final composting step (which only takes 2-4 weeks to produce a mature compost due to 
the prior anaerobic treatment). At the moment, anaerobic digestion is regarded as state-of-the-
art technology to treat urban biowaste but is nevertheless reaching its limits.  
 

In view of a circular economy approach, only recovering energy and nutrients is no longer 
enough. This is where the VOLATILE project partners joined forces to develop a novel 
platform technology to turn heterogenous biowaste into building blocks for the bioeconomy. 
The basis for this novel platform technology is anaerobic digestion. In anaerobic digestion, 
urban biowaste is converted through 4 different steps, which typically occur simultaneously in 
one reactor (Figure 1). In the first step, organic particles are hydrolysed into their water-soluble 
building blocks (carbohydrates to sugar, fats and oils to fatty acids and proteins to amino acids) 
by extracellular enzymes. These building blocks are further converted in the acidogenesis 
phase, producing C3-C6 organic acids (76% of the COD), acetic acid (20% of the COD) and 
gas (mainly CO2 and H2; 4% of the COD). The C3-C6 organic acids are further degraded in the 
acetogenesis phase to acetic acid (± 2/3 of the C3-C6 COD) and CO2/H2 (± 1/3 of the C3/C6 
COD). In the final step, methanogenesis, methane is produced through two pathways: 
acetoclastic methane production converts acetic acid into CH4 and CO2, whereas the 
hydrogenotrophic methane production combines CO2 and H2 to form CH4 and H2O. By 
blocking this final methanogenesis step, a volatile fatty acid (C2-C6) build-up is expected, 
together with the net production of H2 gas. 
  
 

 
Figure 1: The four phases of anaerobic digestion and the distribution of COD content throughout 

the conversion steps (after Appels et al.) 
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2. VFA PRODUCTION 
Before starting the production of volatile fatty acids (VFAs) from urban biowaste streams, a 
good characterization of these products was obtained to assess their potential as raw material. 
In total, 43 different waste samples were collected from 9 VOLATILE partners either producing 
or treating these waste streams in their facilities. As VFAs are the precursor to biogas 
production, the biogas potential of these waste streams was determined as a qualitative 
estimation of the VFA potential. Additionally, the heavy metal content was determined to assess 
possible barriers in using these products in the VFA Platform, and the macro- and micronutrient 
concentration was evaluated as these are determining the growth conditions of the VFA 
producing bacteria. 
 

The 43 waste samples were divided over 7 categories: VGF waste (source separated household 
organics), OF-MSW (organic fraction obtained after mechanical treatment of mixed household 
waste), food waste (separately collected organic waste from the food and catering industry), 
green waste (source separated garden waste), roadside grass (grass from roadside and landscape 
maintenance), WWTP (waste water treatment plant) sludge before AD (secondary sludge or a 
mix of primary and secondary sludge from municipal WWTP) and WWTP sludge that has been 
anaerobically digested. 
 

Based on the biogas potential (Figure 2) and the heavy metal content (Figure 3), the food waste 
samples show the highest potential for usage in a VFA Platform due to their high biogas 
potential and relatively low heavy metal content. On the downside, some of the micronutrients 
in the food waste samples are present at concentrations below the optimal range to allow a 
stable anaerobic digestion process.  
 

Also, the VGF waste and OF-MSW show a high biogas potential and could therefore be 
regarded as having a high potential for VFA production. Contrary to the food waste samples, 
both types are characterized by a good macro- and micronutrient content which will improve 
the growth conditions of the VFA producing microbiome.  
 

Finally, also the WWTP sludge before AD still shows a moderate biogas potential and has 
optimal macro- and micronutrient levels which could justify the use of this product in a VFA 
platform. Unfortunately, this biowaste category contained the highest levels of several heavy 
metals, which could hamper the final application. The green waste, roadside grass and WWTP 
sludge after AD had a too low biogas potential and therefore seem less suitable for VFA 
production. 
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Figure 2: Range, average and median for the biogas production potential of all tested samples 
 

 
Figure 3: Range, average and median for the heavy metal content in all tested samples (1: VGF 

waste; 2: OF-MSW; 3: Food waste; 4: Roadside grass; 5: Green waste; 6: Sludge before 
AD; 7: Sludge after AD) 
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In a next phase, a laboratory test method (Volatile Fatty Acid Production Potential Test) was 
developed that yields, in a relatively short time interval (typically 11 days) information about 
the maximum VFA potential, organic matter to VFA conversion rate, VFA spectrum and the 
gas production (CO2/H2). The method is based on existing protocols to determine the maximum 
biogas potential of a substrate but is altered to suppress methanogenic activity and instead 
favour acidification and acetogenesis. The test method was developed and optimized with > 60 
samples of urban biowaste and WWTP sludge, collected during two sampling campaigns from 
VOLATILE project partners. The same sample categories as defined before were used to 
aggregate all tested samples 
 

The tests revealed that food waste showed the highest VFA potential, followed by VGF waste 
and OF-MSW, and secondary WWTP sludge with the lower potential. Digested WWTP sludge 
and roadside grass showed a low VFA potential and are deemed unfeasible at the moment to 
be integrated in a VFA platform (Figure 4). These results also indicate that the biogas potential 
is a good indication for a first evaluation of the suitability of a given substrate for VFA 
production (as the products with the highest biogas potential also resulted in the highest VFA 
potential). Another important conclusion from these extensive tests is that, under identical 
process conditions, the chemical composition of the biowaste determines the VFA spectrum 
that is obtained (Figure 4). On average, OF-MSW results in a slightly higher share of acetic 
acid compared to VFG waste, which is compensated by mainly a lower valeric and caproic acid 
content. Food waste has on average the lowest yield in acetic acid, but a highest yield in valeric 
and caproic acid. Propionic acid and butyric acid showed the least variation between these three 
waste categories. Also remarkable is that WWTP sludge, both before and after anaerobic 
digestion, are the only waste category that also led to the production of substantial amounts of 
the iso-forms of butyric and valeric acid. 
 

 
Figure 4: Average VPP max (green circle), average BPP (red square) and VFA spectrum 

composition for the six waste stream categories 
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Next, a pre-treatment step was developed and tested to separate the heterogeneous bio-waste 
streams in a fraction for VFA recovery and a residual fraction to be used for biogas production, 
integrating material and energy recovery. The optimized pre-treatment process was able to 
retain 93% of the maximum VFA potential in an easy treatable (liquid) matrix and a secondary 
stream which still contained 48% of the biogas potential of the untreated waste (Figure 5). 
 

 
Figure 5: VFA and biogas potential after pre-treatment of bio-waste 

 

3. VFA PURIFICATION AND CONCENTRATION  
VFAs are promising feedstocks for multiple industrial applications. However, beside VFA 
generation via dark fermentation, sustainable downstream processing and VFA recovery and 
purification needs special attention. Especially for the use as carbon source for fermentation, it 
is necessary to purify and concentrate the VFA rich effluent from dark fermentation.  
 

Considering the complex physicochemical nature of biowaste and resulting dark fermentation 
effluents, the separation of VFAs is not a straightforward process (Atasoy et al., 2018). VFA 
rich effluent is a mixture of soluble organic compounds such as carbohydrates, proteins, fats as 
well as salts and heavy metals in addition to VFAs and high amounts of particulate and 
suspended matter (Yin et al., 2016). 
 

In order to recover the VFAs from the fermented broth different membrane technologies have 
been deeply studied such as electrodialysis (Baroi et al., 2015, 2017; Dai et al., 2019; Jones et 
al., 2015, 2017), pervaporation (Cheng et al., 2017; Choudhari et al., 2015; Fasahati & Liu, 
2015; Işiklan & Şanli, 2005) as well as other technologies as distillation or vacuum distillation 
(Li et al., 2015).  
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Within the VOLATILE project pressure driven membrane technology was selected due to its 
numerous advantages. It is easy to scale-up and integrate into an already developed industrial 
process and it is expected to successfully filtrate and remove non-desirable substances from the 
VFA rich stream. VFA separation and concentration can be achieved through a sequential 
process of filtration: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse 
osmosis (RO). The cascade scheme is shown in Figure 6. 
 

 
Figure 6: Sequential process of VFA membrane filtration 

 
In a first step, a clarification of the dark fermentation effluent is performed using microfiltration 
to remove particulate matter and suspended solids. This procedure was followed by UF and NF 
steps. UF process retains macromolecules (proteins, polysaccharides, etc.) while NF leads to a 
permeate free of sugars and bigger molecules. Ceramic membranes were selected for processing 
the VFA fraction along the filtration cascade processes with pore sizes in a range from 70 nm 
to <1 nm.  
 

Ceramic membranes belong to the group of inorganic membranes, more specifically the 
ceramic membranes for liquid filtration belong to the oxide ceramic membranes and are mainly 
made of aluminium oxide, zirconium oxide or titanium oxide. Compared with other typical 
membranes for liquid filtration, ceramic membranes provide a lot of advantages such as high 
chemical resistance (pH-value 0–14), thermal resistance as well as resistance against biological 
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attacks and microorganisms. They are less susceptible to biological degradation and have easy 
handling and storage. These characteristics facilitate effective cleaning with acidic or alkali 
solutions, indicating ceramic membranes as ideal candidates for processing complex effluent 
streams of sludge nature such as biowaste treatment sludge. 
 

After sequential filtration steps it was possible to reduce the solids content up to 75% while 
maintaining more than 95% initial VFAs in the permeate stream. 
 

After purification of the effluent a concentration step was implemented using reverse osmosis. 
Higher VFA concentrations are needed to be used as efficient carbon feed for fed-batch 
fermentation. RO removes water and allows to obtain a clean solution with the desired VFA 
concentration. A polyamide membrane was selected to develop the RO process, with a high 
rejection value and resistant to low pH values. Along the project a six times concentration factor 
was reached through the RO process. 
 

4. UPSCALING 
As a final step in the development of a biowaste based VFA  Platform, the lab scale experiences 
were scaled up to a 5 m³ pilot VFA production reactor which was integrated with a 150 m³ AD 
reactor at the facilities of Twence in the Netherlands (Figure 7). From June to August 2020, 8 
production runs were performed using the available food waste as input. Due to the COVID-19 
restrictions at that time, the pilot could only be operated from Monday to Friday, and hence the 
residence time was lower than in the corresponding lab trials. Nevertheless, the VFA yield 
obtained at 5 m³ scale was comparable to the yields obtained in the lab, albeit slightly lower on 
average (Figure 8). The output of the last 2 VFA production runs was used to also validate the 
membrane purification and concentration at a larger scale (Figure 9). During these trial runs, ± 
1000 L of fermentation effluent from the VFA pilot reactor was purified and concentrated to ± 
200 L of RO concentrate, which was further used as input for pilot scale production of PHA, 
SCO and omega-3 fatty acids. 
 

 
Figure 7: The VOLATILE pilot VFA production reactor 
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Figure 8: VFA yield of Twence food waste at lab scale (green, HRT of 11 days) and pilot scale 

(blue, HRT of 4 days); pilot run 2 (red) was stopped at an HRT of 2 days due to technical 
issues 

 

 
Figure 9: Validation of centrifugation, ultra- and nanofiltration and reverse osmosis at pilot scale 
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5. CONCLUSIONS AND FUTURE CHALLENGES 
During the 4 years of VOLATILE research, strong progress has been made in the development 
of a VFA platform using heterogenous biowaste as sole input stream. First of all, a reliable test 
protocol has been developed at lab scale to determine the VFA potential and expected 
composition of a given input stream. Next, the VFA production was successfully integrated 
with anaerobic digestion at lab scale, maximizing the combined production of chemical 
building blocks and biogas. In parallel, a membrane filtration cascade was optimized to purify 
and concentrate the VFAs from the reactor output. Finally, the lab results obtained during the 
first 3 years of the project were validated at pilot scale during the final project year, resulting 
in a TRL5 technology. 
 

Despite the successes that were obtained during the VOLATILE project, new challenges lay 
ahead. A further upscaling to TRL7 is needed, but more importantly is to gain deeper insights 
in the biological process control to improve the stability of the VFA spectrum, and even to steer 
this VFA spectrum towards the desired composition for specific applications. 
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Abstract 
Most of the plastics currently used worldwide are produced from non-renewable and non- 
biodegradable sources. In an effort to reduce the impact of the plastics in the environment, 
alternative production methods and end-of life management have been studied for decades now. 
Several microorganisms have the ability to naturally produce plastics, using different substrates, 
which are biodegradable and biocompatible in certain conditions. In this work, the production 
of polyhydroxyalkanoates (PHA) using either commercial volatile fatty acids (VFA) or VFA 
produced from waste, has been demonstrated for a Paraburkholderia strain, in fed-batch 
fermentations. The effect of different feeding strategies, namely a pH-STAT and pulses/pre-
programmed feed rates, as well as different feed profiles and composition has been assessed. 
Overall, a feeding strategy by pulses, using a balanced feed profile to avoid both carbon 
limitation and excessive accumulation of VFA, in combination with a feed supplemented with 
citric acid, resulted in relative improved results specially regarding PHA concentration, content 
in cells and productivity. 
 

Keywords: VFA, PHA, Paraburkholderia, fed-batch, co-polymer 
 

1. INTRODUCTION 
In the last decades plastics have been playing an increasingly important role in almost all sectors 
of our life, with innovative applications being developed as stand-alone products or as parts of 
other devices. However, the vast majority of the currently used plastics depend on non-
renewable fossil resources and are not biodegradable. Although a significant effort has been 
made in the recent years to find solutions for this waste, the toll of fossil fuel-based plastics to 
the environment is still dramatic, with a current estimate that 1200 million metric tonnes of 
plastic will be in landfill or the environment by 2050 (Geyer at al., 2017). 
 

One promising alternative to the traditional plastics are biopolyesters such as 
polyhydroxyalkanoates, produced by naturally occurring microorganisms which have 
physicochemical properties similar to conventional plastics. However, contrary to the latter, 
PHA are biodegradable and/or bio compostable given the appropriate conditions (Szacherska 
et al., 2021). 
 

Despite the advantages of the bio-based plastics, their current high production cost when 
compared to the fossil fuel alternative has been hampering the efforts for a large-scale PHA 
production and widespread use of the more environmentally friendly plastics. Further, most 
current production processes implemented commercially use sugars or oils as main carbon 
source, competing with food and feed uses. One way to reduce the production cost and improve 
the sustainability of production is to replace refined sugars with carbon sources derived from 
existing wastes or side-streams, namely VFA obtained from the treatment of household and/or 
agro-industrial wastes (Hasan et al., 2015), contributing for the transition to a circular economy. 
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The biosynthesis of PHA is achieved under controlled conditions in bioreactors, by inducing a 
nutrient limitation such as nitrogen, or phosphorous, with excess carbon (Steinbüchel at al., 
2001). The production of PHA is regulated by several mechanics, namely at the enzymatic 
level, in which citrate synthase could be a control point for PHA production (Kessler at al., 
2001). In the tri-carboxylic acid (TCA) cycle, citric acid is an intermediary resulting from the 
reaction of acetyl-CoA with oxaloacetate catalysed by citrate synthase. Furthermore, Passanha 
et al. (2013), described the importance of magnesium in the ability of several gram-positive and 
gram-negative bacteria to sustain growth and phosphate is a well-known key component in 
essential anabolic processes, such as the production of nucleic acids and phospholipids 
(Oliveira-Filho et al., 2020). 
 

This work aimed at demonstrating that optimization of biomass and PHA production conditions 
is key to improve process productivity in fed-batch fermentations using VFA to feed the culture. 
The effect of different feeding strategies was tested (pH-STAT, pulses/pre-programmed feed 
rates), as well as different feed profiles, when feeding by pulses/pre-programmed feed rates was 
implemented. In addition, the effect of changing the feed composition was also assessed, 
considering the relevance of citric acid, phosphate and magnesium in metabolic processes either 
associated with PHA and biomass production. 
 

2. MATERIALS AND METHODS 
Paraburkholderia was maintained cryo-preserved at -80 ºC in 30 % glycerol. The fed-batch 
fermentations were carried out in 3 L BioFlo 115 fermenters (Eppendorf, Germany) equipped 
with dissolved oxygen probes and pH electrodes. Fermentations were controlled at 30 ºC and a 
fixed air flow of 1 vvm.  Initially the dissolved oxygen was controlled at 20 % of the maximum 
oxygen saturation by varying the stirrer speed between 200 and 1200 rpm. pH was controlled 
at 6.45 by automatic addition of a base (NH4OH or NaOH) and acid, that could be H2SO4 or a 
solution of VFA in the case of a pH-STAT fermentation strategy was being implemented. When 
a feed strategy by pulses/pre-programmed feed rates was implemented, an external peristaltic 
pump was used to feed the VFA solution into the fermenter. The VFA were either a mixture of 
commercial VFAs (39 % acetic acid, 30 % propionic acid, 20 % butyric acid and 10 % valeric 
acid) or VFA produced by anaerobic digestion of waste (OWS, Belgium) and concentrated by 
Tecnalia (Spain) with an average composition of 41 % acetic acid, 24 % propionic acid, 22 % 
butyric acid, 9 % valeric acid and 3 % caproic acid. The latter was used in fed-batch 
fermentations in which the feed strategy was tested (pH-STAT or by pulses/pre-programmed 
feed rates) while the former was used to assess the role of changing the feed profile and 
composition in biomass and PHA productions. 
 

The initial medium was inoculated with 5 % inoculum. The inoculum for each fermentation 
was produced in shake flasks, incubated at 30 ºC and 150 rpm, in an orbital shaker (50 mm orbit 
diameter). 
 
Throughout the fermentations, samples were collected and analysed. Growth was assessed by 
the measurement of the optical density at a wavelength of 600 nm in a spectrophotometer 
(Shimadzu UV-1700, Japan) after appropriate dilution using reverse-osmosis (RO) water. In 
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addition, the cell dry weight (CDW) was determined by transferring a known volume of sample 
into a dry microtube. After two washing steps with RO water, the pellet was allowed to dry at 
70 ºC until no variation of weight was measured. 
 

PHA concentration and monomeric composition were obtained by gas-chromatography 
coupled with mass spectrometry (Shimadzu GCMS-QP2020, Japan), using a ZB-5MS plus 
column and helium as carrier gas. 
 
 

3. RESULTS AND DISCUSSION  
3.1 Effect of different feeding strategies – pH-STAT and Pulses/Pre-programmed feed 

rates 
The optimization of the process productivity and product quality is dependent on multiple 
factors such as the cultivation regime and process design, which have to be adapted to the 
physiological and kinetic particularities of the biological system, as well as the substrate used 
(Koller, 2018). 
 

When the substrate is fed using a pH-STAT strategy, the VFA are automatically added as agent 
to control the pH at the desired set-point. This means that low amounts of VFA are added to the 
culture at once and only when they are needed, avoiding accumulation of VFA, which are 
detrimental to the culture due to their toxicity (Koller, 2018). On the other hand, the supply of 
carbon is always limiting, leading to lower productivities and limiting the PHA accumulation 
potential since carbon is not in excess. 
 

Figure 1 shows the maximum results obtained for the fermentations using different feeding 
strategies. The pH-STAT strategy resulted in a significant improvement in terms of biomass 
and PHA production when compared to the strategy in which VFA were fed by pulses/pre-
programmed feed rates. In the pH-STAT, an automatic addition of VFA is triggered whenever 
the pH rises above the set-point due to the uptake of VFA, thus supplying more carbon to the 
culture when needed. Contrarily, a feeding strategy by pulses/pre-programmed feed rates 
require an optimization of the feed rates to take into account the VFA consumption rates, also 
to accommodate any changes in the culture metabolism. In this fermentation there were periods 
in which carbon was limiting, certainly affecting the culture performance. 
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Figure 1: Comparative maximum results obtained in fed-batch fermentations using a pH-STAT 

or pulses/pre-programmed feeding rates as feeding strategies, using as feed VFA 

produced from waste. The decrease (d) or increase (i) in the production of biomass 
(CDW) and production of PHA (concentration, cell content and productivity) are 
shown. 

 

Another important parameter to consider is the monomeric composition of the polymer, as it 
affects the final mechanical properties of the polymer and consequently its intended application. 
A polymer mostly composed by hydroxybutyrate will be brittle. As the hydroxyvalerate (HV) 
content increases the resultant polymer will be more elastic in nature (Singh at al., 2015). In 
both fermentations, a copolymer of P(3HB:3HV) was obtained, although the feeding strategy 
by pulses/pre-programmed feed rates resulted in a polymer with higher content of 
hydroxyvalerate, far more versatile than the homopolymer PHB. Figure 2 shows an 
improvement of 41 % in the HV content in the fermentation in which VFA were added by 
pulses/pre-programmed feed rates. 

 
Figure 2: Comparative monomeric composition of the PHA obtained in fed-batch fermentations 

using a pH-STAT or pulses/pre-programmed feed rates as feeding strategies, using as 

feed VFA produced from waste. The decrease (d) or increase (i) in the 
hydroxybutyrate (HB) and hydroxyvalerate (HV) monomers content are shown. 
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3.2 Effect of different feed profiles 
Despite the overall best results observed in the pH-STAT feeding strategy, the polymer 
resulting from a fermentation fed by pulses/pre-programmed feed rates was richer in HV. Thus, 
optimization of the feed profiles was carried out in order to improve biomass and PHA yields 
and productivity. Two feed profiles were tested, one of which was less conservative (Feed 
profile 1) than the other (Feed profile 2). By better responding to the culture demand for carbon, 
through avoiding carbon limitation but also excessive accumulation of VFA, it was possible to 
improve both biomass and PHA production, as shown in Figure 3. 

 
Figure 3: Comparative maximum results obtained in fed-batch fermentations fed with a mixture 

of commercial VFA by pulses, with different feed profiles (Profile 1 and Profile 2). The 

decrease (d) or increase (i) in the production of biomass (CDW) and production of 
PHA (concentration, cell content and productivity) are shown. 

 

However, the PHA content and productivity decreased, as a result of the more conservative 
feed rates imposed. On the contrary, the HV content was favoured by the more conservative 
feed, as Figure 4 shows, although the differences were not as substantial as the ones observed 
in fermentations using different feeding strategies. 

 
Figure 4: Comparative monomeric composition of the PHA obtained in fed-batch fermentations 

fed with a mixture of commercial VFA by pulses, with different feed profiles (Profile 1 

and Profile 2). The decrease (d) or increase (i) in the hydroxybutyrate (HB) and 
hydroxyvalerate (HV) monomers content are shown. 
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3.3 Effect of different feed composition 

Using the same feeding strategy, solutions of commercial VFA were supplemented either with 
citric acid or with KH2PO4 and MgSO4 and their effect in biomass and PHA accumulation was 
assessed. Figure 5 shows the effect of changing the feed composition. 
 

 
Figure 5: Comparative maximum results obtained in fed-batch fermentations fed with a mixture 

with different feed compositions (VFA+citric acid or VFA+KH2PO4+MgSO4). (Profile 

1 and Profile 2). The decrease (d) or increase (i) in the production of biomass (CDW) 
and production of PHA (concentration, cell content and productivity) are shown. 

 
 
Supplementing the feed with phosphate and magnesium showed only improved results 
regarding biomass accumulation, confirming their role in metabolic processes associated with 
cell growth. Overall, the citric acid had a major impact in the performance of the culture, 
particularly in the PHA content in cells, with an improvement of 45 %, thus supporting the 
results obtained by Lee (1995) for a Cupriavidus necator strain cultivated in nitrogen-limited 
media. In these conditions, the NADPH/NADP and NADH/NAD ratios and the intracellular 
concentrations of NADH and NADP were higher than those found under nitrogen sufficient 
conditions, resulting in the inhibition of citrate synthase, thus funnelling the carbon to PHA 
instead of being directed to the tricarboxylic acid cycle. By supplementing the culture with 
citrate, a bypass to the reaction of oxaloacetate and acetyl-CoA allows closing the loop in the 
TCA cycle maintaining the culture ability to sustain growth while producing PHA, hence 
explaining the results obtained. Figure 6 shows that no significant changes were observed 
regarding the polymer monomeric composition. 
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Figure 6: Comparative monomeric composition of the PHA obtained in fed-batch fermentations 

fed with a mixture of commercial VFA by pulses, with different feed compositions 

(VFA+citric acid or VFA+KH2PO4+MgSO4). The decrease (d) or increase (i) in the 
hydroxybutyrate (HB) and hydroxyvalerate (HV) monomers content are shown. 

 
 

4. CONCLUSION 
The effect in biomass and PHA production of different feed strategies using VFA as feed, 
including the implementation of different feed profiles and feed compositions, have been 
successfully demonstrated in this work for fed-batch fermentations. Overall, improved biomass 
and PHA production were reached by implementing a feed regimen using pre-programmed feed 
rates, in which the feed profile implemented avoids significant accumulation of VFA. 
Moreover, supplementing the VFA stream with citric acid resulted in improved PHA 
production, namely PHA cell content, concentration and productivity. This work shows that the 
optimization of PHA production is a complex process which involves multiple variables, some 
of which were not addressed. Nonetheless, it validated the use of VFA from waste as a possible 
inexpensive carbon source for the sustainable production of PHA, eventually allowing closing 
the loop in the circular economy concept for biopolyester production. 
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Abstract 
The use of waste as a resource is a cornerstone of the transition from a linear to a circular 
economy. A technology that allows the utilization of various organic wastes is the production 
of volatile fatty acids (VFAs) via anaerobic digestion (AD). The produced VFAs can 
subsequently be used as substrate for the biotechnological production of various materials. 
Amongst others, lipids can be produced from VFAs by some yeasts. Although most of the 
described processes for the production of these so-called single cell oils (SCOs) are based on 
the utilization of various sugar rich substrates, AD derived VFAs are also an attractive carbon 
source. While literature on VFA-derived SCOs mostly focuses on a few selected oleaginous 
yeast strains, this work demonstrates the SCO production potential of two yeast strains, 
Apiotrichum brassicae V134 and Pichia kudriavzevii V194 that have only recently been 
described as oleaginous. For this purpose, a pH-stat fed batch process using a mixture of acetic, 
propionic and butyric acid as carbon source was implemented. This way, high volumetric SCO 
productivities of 0.245 g/Lh and 0.386 g/Lh could be demonstrated for strains V134 and V194 
respectively. Maximal SCO concentrations reached were 16.2 g/L and 25.5 g/L, respectively. 
It could thus be shown, that both strains are well suited for the VFA based SCO production, 
increasing the range of strains available for this application.  
 

Keywords: volatile fatty acids, lipids, fed-batch process 
 

1. INTRODUCTION  
One of the main challenges of this century will be the transition from a linear economy – ‘take, 
make and dispose’ – to a circular economy due to the finite nature of natural resources available. 
A major factor in implementing a circular economy is the sustainable use of waste as a resource. 
The concept of such ‘waste biorefineries’ can be employed to produce biofuels, bioplastics, 
platform chemicals or other materials (Mohan et al., 2019). A technology that can be used for 
the transformation of a wide range of organic wastes to the platform chemicals acetic acid, 
propionic acid and butyric acid is anaerobic digestion (Bettencourt et al., 2020; Llamas et al., 
2020a). These VFAs can for instance be used as substrate for the biotechnological production 
of polyhydroxyalkanoates by bacteria (Cerrone et al., 2014), omega 3-fatty acids by microalgae 
(Chalima et al., 2019) or lipids by so called oleaginous yeasts (Kolouchová et al., 2015). The 
lipids produced by these yeasts are similar in composition to various plant oils and can thus be 
used in a similar fashion. For these yeasts, the lipids act as storage compound for carbon and 
energy. The SCO is usually accumulated when carbon is available in excess but other nutrients 
like nitrogen or phosphorous are limited. Given the right conditions, SCO contents above 70% 
of the yeasts dry cell weight (DCW) have been reported (Beopoulos et al., 2011). While ample 
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literature is available on the production of SCO using various sugars, sugar containing 
hydrolysates or glycerol (Papanikolaou and Aggelis, 2011), literature on the utilization of VFAs 
for SCO production is somewhat scarce. In available literature the focus is mainly put on batch 
cultivation of a few selected strains like Cryptococcus curvatus, Cryptococcus albidus or 
Yarrowia lipolytica (Fei et al., 2011; Llamas et al., 2020b; Park et al., 2017). This work, 
however, aims to demonstrate the suitability of the two recently described oleaginous yeast 
strains Apiotrichum brassicae V134 and Pichia kudriavzevii V194 for VFA based SCO 
production. To allow for high volumetric lipid productivities a pH-stat fed-batch approach is 
proposed in this work.  
 

2. MATERIALS AND METHODS 
2.1 Yeast strains 

Using a high-throughput Nile red fluorescence assay Miranda et al. (2020) screened 366 yeast 
isolates for their ability to produce SCO with acetic acid as carbon source. Apiotrichum 
brassicae V134 and Pichia kudriavzevii V194 were identified as the most promising strains in 
this screening. DNA sequences of both strains V134 and V194 are deposited in the NCBI 
GenBank database. The respective accession numbers are MN913458 and MN913463 
(Miranda et al., 2020). Cultures of both strains were maintained on a yeast extract, peptone, 
dextrose (YPD) medium supplemented with glycerol (20% v/v) as cryo-culture (–80 °C). YPD 
medium contained 5 g/L yeast extract (Ohly KAT; Ohly, Hamburg, Germany), 10 g/L peptone 
from casein (Casein Peptone E1 19546; Organotechnie, La Courneuve France) and 20 g/L 
glucose. 
 

2.2 Temperature optimum of selected strains 
Both yeast strains were cultivated in 300 mL baffled shake flasks containing 100 mL of YPD 
medium. The medium was autoclaved at 121 °C for 30 min. Glucose was autoclaved separately 
as a 200 g/L stock solution. Each shake flask was inoculated with 50 µL of cryo-culture (V134 
OD600: 35; V194 OD600: 27). Shake flasks were incubated in a rotary shaker at 130 rpm for 40 
h. Temperature was controlled either at 20 °C, 25 °C, 30 °C, 35 °C or 40 °C. Cultivation at each 
temperature was performed in triplicate.  

 

2.3 Cultivation of selected strains in bioreactor 
For cultivation of both strains a lab-scale parallel bioreactor system (DASGIP; Eppendorf, 
Hamburg, Germany) was used. The reactors were equipped with a temperature probe, a pH 
electrode (405-DPAS-SC-K8S, Mettler Toledo, Columbus, USA) and a dissolved oxygen (DO) 
sensor (VisiFerm DO ECS 225 H0, Hamilton, Bonaduz, Switzerland). DO was maintained 
above 20% of the maximum oxygen saturation at the given conditions by varying the stirrer 
speed between 400 and 1600 rpm. Aeration was kept constant at 35 L/h. pH was maintained at 
6 by automated addition of either 2M NaOH or a VFA solution (95 g/L HAc, 45 g/L HPr, 50 
g/L HBu). Using this pH-stat fed batch system VFA concentration in the reactor was kept low, 
while ensuring constant supply of substrate. Temperature was maintained at 30 °C. Each reactor 
was initially filled with 500 mL of medium containing 10 g/L of peptone from casein and 5g/L 
of yeast extract. 100 µL of antifoam (Glanapon DG160; Bussetti, Vienna, Austria) were added 
to the reactor at the beginning of all fermentations.  Reactors were inoculated with 50 mL of 
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pre-culture (V134 OD600: 30; V194 OD600: 25). This pre-culture was prepared in 300 mL 
baffled shake flask containing 100 mL YPD medium. These flasks were inoculated with 500 
µL cryo-culture and incubated in a rotary shaker for 24h at 30 °C and 130 rpm.  
 

2.4 Analytics – Biomass 
When cultivated in shake flasks, growth was only assessed by measuring OD600. For cultivation 
of the yeasts in bioreactors, a defined amount of sample was centrifuged at 2750 rcf for 7 min, 
the pellet was washed twice in RO-H2O, frozen at –80 °C and subsequently freeze dried (Alpha 
2-4 LSCplus; Christ, Osterode am Harz, Germany) for 24 h at 0.5 mbar. Based on the pellets 
weight, the DCW concentration in the fermentation broth was calculated. The supernatant was 
used for subsequent determination of VFA concentration, Total-Kjehldal Nitrogen (TKN) and 
phosphate concentration.   
 

2.5 Analytics - VFAs 
VFA concentrations in feed and fermentation broth were measured by HPLC analysis (Agilent 
1100, Santa Clara, USA). Samples were diluted to appropriate concentrations and Carrez-
precipitation was performed. A CARBOSep COREGEL 87H3 (Transgenomic, Omaha, USA) 
was used for separation, column temperature was set to 65 °C. 5 mM H2SO4 was used as mobile 
phase. Flow rate was set to 0.9 mL/min. Refractive index detection combined with an external 
calibration were used for quantification of all analytes.  
 

2.6 Analytics – FAME 
Determination of the SCO content of the yeast biomass was based on a one step method for 
simultaneous hydrolysis of the cell biomass and acid catalysed methylation of the fatty acids 
described by Meesters et al. (1996). The fatty acid methyl esters (FAME) were analysed using 
a GC-FID system (7890B; Agilent, Santa Clara, USA). For separation, a HP-88 column (length: 
100 m, inner diameter: 250 µm, film thickness 0.2 µm; Agilent, Santa Clara, USA) was used. 
Carrier gas was H2. Flowrate was kept at of 2 mL/min. Column temperature was 120 °C 
initially. Subsequently temperature was increased to 230 °C in several steps. Using an internal 
standard and an external calibration with a 37 component FAME mix (Supelco CRM 47885; 
Sigma-Aldrich, St. Louis, USA) FAME amounts were quantified. Furthermore, recovery was 
determined using palm oil (Palm oil analytical standard, Sigma-Aldrich St. Louis, USA) 
 

2.7 Analytics – Free Ammonia and Phosphate 
TKN content of the fermentation broth was determined using an AutoKjeldahl Unit K-370 and 
a Digest Automat K-438 (both Büchi, Flawil, Switzerland). For each sample 2 mL of cell free 
supernatant were used for the determination. Total phosphorous content was determined 
photometrically using a LCK350 cuvette test kit (Hach, Loveland, USA). 
 

3. RESULTS AND DISCUSSION 
3.1 Temperature optimum of selected strains 

For both yeast strains – Apiotrichum brassicae V134 and Pichia kudriavzevii V194 – growth at 
several temperatures from 20 °C to 40 °C was assessed. Both yeast strains exhibited limited 
growth at 35 °C and no growth at all could be detected after 20 h of cultivation at 40 °C (see 
Figure 1). After 40 h of cultivation at 25 °C, an OD600 of 10.4 was reached for strain V134. For 
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cultivation at 30 °C OD600 was 11.0. While these values are quite similar, growth behaviour 
varied. When cultivated at 30 °C the OD600 reached a value of 7.6 after 16 h, whereas at 25 °C 
the OD600 was only 2.0.  For strain V194 the pattern was similar with the OD600 reaching 9.1, 
10.9 and 10.0 for cultivation at 20 °C, 25 °C and 30 °C for 40 h. Like for strain V134 growth 
however was faster at 30 °C reaching an OD600 of 7.3 in 16 h. In comparison, the OD600 reached 
at 20 °C and 25 °C after 16 h was considerably lower with values of 0.17 and 1.0, respectively. 
This data shows that both strains are able to grow in a temperature range of 20 °C to 35 °C. Due 
to the highest growth speed at 30 °C it is concluded that for both strains 30 °C is the optimal 
cultivation temperature. This temperature was thus used for subsequent experiments.  
 

3.2 Cultivation of selected strains in bioreactor 
Both strains were able to utilize the VFA mixture for growth and SCO production. In 66 h a 
DCW of 32.9 g/L could be reached for strain V134, the DCW reached for strain V194 was 40.5 
g/L (see Figure 2). All VFAs were consumed and no significant accumulation of any VFA was 
observed for strain V134. For strain V194 the concentration of HPr initially increased from 
0.48 g/L to 0.77 g/L in the first 18 h of fermentation. Subsequently the HPr concentration 
steadily decreased again, reaching a final HPr concentration of 0.24 g/L after 66 h. This suggests 
that the use of HAc and HBu as carbon source is preferred to the utilization of HPr. However, 
both strains seem to be able to simultaneously utilize all three VFAs used. If this would not be 
the case, an accumulation of HPr followed by a phase of HPr utilization would be observed, 
which is not the case. Significant amounts of SCO could be produced in both strains. After 18 
h of fermentation, the phosphorus concentration was virtually depleted by both strains while 
TKN concentration stayed between 0.3 g/L and 0.6 g/L throughout the fermentation (data not 
shown). This indicates that the observed SCO production was induced by phosphorous 
limitation, rather than nitrogen limitation. 
 

While limiting the amount of nitrogen available is a more common strategy for the induction 
of SCO production (Papanikolaou and Aggelis, 2011), it has also been shown that phosphate 
limitation can be an equally effective strategy (Wu et al., 2010). The SCO content reached a 
maximum of 0.49 gSCO/gDCW in strain V134 and 0.63 gSCO/gDCW in strain V194. Combined with 
the respective DCW concentrations this results in SCO concentrations of 16.2 g/L and 25.5 g/L 
and a volumetric lipid productivity of 0.386 g/Lh for strain V194 and 0.245 g/Lh for strain 
V134. Product yield was comparable for both strains reaching 0.184 gSCO/gVFA for strain V194 
and 0.172 gSCO/gVFA for strain V134. When compared to values reported in literature, it stands 
out that the productivities reported in this work are higher than most values reported for VFA 
based SCO production (Fei et al., 2011; Kolouchová et al., 2015; Llamas et al., 2020b; Park et 
al., 2017). This most likely is a result of the cultivation mode used. While it is the most 
commonly reported approach for VFA based SCO production, batch cultivation only allows the 
use of low VFA concentrations. This is a result of the toxic nature of VFAs at high 
concentrations and low pH values (Gao et al., 2020). Due to the low substrate concentrations 
however, only low DCW concentrations can be achieved. The possible volumetric lipid 
productivity is thus limited as well. 
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Figure 1: Time course of  OD600 over 40 h of cultivation for strain V134 (left) and V194 (right) 

at 20 °C (dark blue), 25 °C (light blue), 30 °C (green), 35 °C (yellow) and 40 °C (red). 
For 40 °C cultivation was stopped after 20 h due to a lack of observable growth. 
Cultivation at all temperatures was performed in triplicate. 

 
 

 
Figure 2: Development of DCW (grey) and SCO (red) concentration over time for strains A. 

brassicae V134 (left) and P. kudriavzevii V194 (right). Furthermore, the amount of 
VFA added to the reactor (green) is given as cumulative value. 

 
In contrast, a pH-stat fed batch process allows for the continuous supply of VFA while keeping 
the VFA concentrations in the fermentation broth low. Béligon et al. (2015) reported lipid 
concentrations of 28.4 g/L for such a pH-stat fed batch process. While the lipid productivity 
achieved is comparable with the productivities reported in this work, only acetic acid, not a 
mixture of several VFAs was used as carbon source. Chi et al. (2011) achieved an exceptionally 
high volumetric lipid productivity of 0.66 g/Lh by also using a pure acetic acid solution. While 
this is, to our knowledge, the highest productivity reported for VFAs-based SCO production, 
several other factors have to be taken into account when assessing this process. The use of acetic 
acid as sole carbon source is contrary to the concept of using waste derived VFAs for SCO 
production. VFA solutions derived from anaerobic digestion are usually a mixture of several 
VFAs, with acetic acid, propionic acid and butyric acid being the most prominent ones. This 
VFA mix can have an influence on the process performance, since acetic acid is often preferred 
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to other VFAs as carbon source (Llamas et al., 2020a). In addition, the acetic acid concentration 
of the feed used by Chi et al. (2011) is exceptionally high. While this allows for exceptionally 
high volumetric productivities, such concentrations are not reached by anaerobic digestion of 
organic wastes. Concentration of the VFAs however is – although necessary to some extent – 
an expensive process, decreasing the feasibility of the SCO production process (Strazzera et al., 
2018). 
 

4. CONCLUSIONS 
In this work, the suitability of the two novel yeast strains Apiotrichum brassicae V134 and 
Pichia kudriavzevii V194 for VFA based SCO production could be demonstrated. It was shown 
that strain V134 and V194 are both able to fully utilize a moderately concentrated VFA mixture. 
The strains respectively produced 16.2 g/L and 25.5 g/L of SCO, resulting in comparably high 
volumetric lipid productivities of 0.245 g/Lh and 0.386 g/Lh. 
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Abstract 
The establishment of a sustainable circular bioeconomy requires the effective material recycling 
from biomass and biowaste beyond composting/fertiliser or anaerobic digestion/bioenergy. 
Recently, low-cost volatile fatty acids (VFA) derived from digested biowaste attracted much 
attention due to their potential application as carbon source for the microbial production of 
functional commodities, such as bioactive compounds of high nutritional value. A highly 
industrially required compound, docosahexaenoic acid (DHA), is one of the two most known 
omega-3 fatty acids and has been found to be necessary for a healthy brain and proper 
cardiovascular function. The main DHA source is currently fish, which obtain the fatty acid 
from the primary producers, microalgae, through the food chain. Specific heterotrophic 
microalgal strains such as Crypthecodinium cohnii and Schizochytrium limanicum are known 
for accumulating high amounts of DHA, while offering the advantage of assimilating various 
carbon sources, such as glucose, ethanol, glycerol and acetic acid. Based on their ability to 
assimilate different substrates, the two strains have been successfully cultivated on a dark 
fermentation effluent, rich in VFA. The biomass produced accumulated substantial amount of 
DHA, while efficiently consuming the carbon content of the waste stream. Experimental efforts 
have succeeded in establishing the conditions for an optimized fed-batch cultivation process 
that allows bioconversion of waste-derived VFA to the maximum amount of valuable omega-
3 fatty acid.  
 

Keywords: Crypthecodinium cohnii, Schizochitrium limanicum, docosahexaenoic acid, 
fed-batch 

 

1. INTRODUCTION 
Omega-3 fatty acids (FA) comprise a group of polyunsaturated fatty acids (PUFA) well known 
for their benefits to human health. The two most examined omega-3 fatty acids are the 
eicosapentaenoic acid (EPA; C20:5) and the docosahexaenoic acid (DHA; C22:6) [1]. DHA is 
an essential nutrient for the development of the nervous and visual system during infancy, and 
therefore it is a basic ingredient of infant formulas [2]. Moreover, DHA has been proven to 
have antithrombotic and anticancer properties [3]. Owning to its benefits, coupled with the 
human’s organism’s deficiency in synthesizing high amounts of the acid, various national and 
international health authorities, such as the American Heart Association and the European 
Society of Cardiology, have recommended special uptakes of DHA, as well as EPA, on a daily 
basis [4]. 
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Under the light of these events, production of DHA supplements is a growing industrial field. 
Even nowadays, the main PUFA source is fish oil, which encloses several unappealing 
characteristics. Apart from the fish odor, the quality of the oil depends on many factors, such 
as the season and location of fishing and the degree of sea contamination. Still, fish tissue rich 
in omega-3 FA include a mixture of DHA and EPA, which, in specific applications that require 
only one of the two FA, appears as a disadvantage. Furthermore, the oceans’ fish stock cannot 
satisfy the increasing demand for omega-3 FA [5]. The presence of contaminants, like dioxins, 
polychlorinated biphenyls and heavy metals in fish oils, as a result of bioaccumulation, also 
poses a major issue [6]. An obvious solution is aquaculture, but farmed fish require a special 
diet in order to synthesize and accumulate appropriate EPA and DHA amounts. Some of the 
nutritional additives- rich in omega-3- used in fish food are krill and microalgae [7]. 
 

Microalgae are an extremely varied group of eukaryotic microorganisms found in marine and 
freshwater ecosystems. Although fish is the most common dietary source of omega-3 FA, 
microalgae are the primary natural producers of them, with the ability of accumulating total 
lipids of up to 70% of their dried biomass [8]. Crypthecodinium cohnii is a heterotrophic 
dinoflagellate marine microalgae species that is known for its ability to accumulate high 
amounts of DHA. Martek Biosciense in Maryland was the first to commercialize the production 
of DHA by C. cohnii [9, 10]. Schizochytrium limanicum, a member of the Thraustochytrids 
group, is another promising DHA source of increasing interest. S. limacinum is a unicellular 
heterotrophic protist/ microalga commonly found in marine environment and capable of 
accumulating considerable amounts of omega-3 FA, especially DHA [11]. 
 

Although the current process followed for the production of omega-3 from microalgae poses a 
solution to the increasing fish demand, it does not provide a sustainable application for the 
future. The high cost of glucose, which is the main carbon source used in the majority of the 
reports published in literature, needs to be replaced by a cheaper alternative nutrient. Research 
so far has shown C. cohnii and S. limanicum to grow well on other substrates, such as ethanol, 
glycerol and acetic acid [11, 12], which, however, in their pure, commercial form are equally 
expensive. 
 

Acetic acid is the most abundant product of dark fermentation (DF), a process that enables the 
production of volatile fatty acids (VFA) from biowaste. The procedure follows the same 
principles as typical anaerobic digestion, but the last step of methanogenesis is inhibited. That 
way the three steps of hydrolysis, acidogenesis and acetogenesis lead finally to the production 
of high amounts of VFA such as acetic, propionic and butyric acid [13, 14].  
 

Since they are derived from biowaste, the production cost of these VFA mixtures is very low 
and their utilization for the synthesis of more expensive, high added-value products is a 
desirable step towards a sustainable and circular economy. Therefore, the valorization of waste-
derived VFA for the biomass production, as in case of microalgae, and the harvesting of their 
valuable metabolites inspires a lot of research [14, 15, 16]. The two microalgal strains seem to 
be a potential tool for the valorization of VFA towards omega-3 production, since they have 
already exhibited relatively high growth yields under pure acetic acid feed [18][19]. For the 
purposes of a research project funded by the European Commission under the Horizon 2020 
programme entitled “VOLATILE - Biowaste derived volatile fatty acid platform for 
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biopolymers, bioactive compounds and chemical building blocks” the two strains were 
successfully cultivated on mixtures of VFA, as well as on a DF effluent, derived from Vegetable 
Garden and Food (VGF) biowaste. 
 

2. MATERIALS AND METHODS 
C. cohnii ATCC 30772 was purchased and maintained according to the ATCC protocols.  Seed 
cells were maintained in batch cultures and used for inoculating fed-batch pH-auxostat 
bioreactors of 2 L total volume. The feed was either 33% v/v glacial acetic, 25% v/v butyric or 
propionic acid or a DF effluent, acidified with HCl. The DF liquid fraction from VGF waste, 
provided by Organic Waste Systems NV (OWS, Belgium) and processed by Tecnalia Research 
& Innovation (Spain). 
 

Apart from examining the ability of the strain to assimilate the various VFA, the effect of the 
culture conditions, and specifically the temperature, initial C/N ratio and nitrogen source, on 
the intracellular DHA production was also examined. The optimization experiments were 
carried out in fed-batch bioreactors of 150 mL total working volume. 
 

S. limanicum ATCC MYA-1381 was maintained by sub-cultivation on a medium recommended 
by the culture collection. Cells were grown in batch culture and were used to inoculate the 
bioreactor of 5 and 30 L total volume. The DO-stat fed-batch strategy was used in the bioreactor 
and the feed was DF effluent (20.5g/L VFA) or synthetic medium with a similar composition 
of VFA.  
 

3. RESULTS AND DISCUSSION 
3.1 VFA assimilation by C. cohnii 

C. cohnii was able to assimilate the main VFA present in a DF effluent as main carbon source 
in fed-batch cultures and produce DHA at a percentage of 33.3 ± 0.2% (w/w) of Total Fatty 
Acids (TFA) for a feed of acetic acid, 35.8 ± 0.6% (w/w) TFA for propionic and 31.1 ± 1.0% 
(w/w) TFA for butyric acid. The strain grew also on the acidified DF effluent, as well as on a 
synthetic medium mimicking the VFA composition of the effluent (Figure 1.) Although the 
total carbon content of the effluent was consumed, the low VFA concentration didn’t allow the 
application of a fed-batch cultivation process very effectively due to low pH control. A more 
concentrated effluent was examined and resulted in a bioconversion yield of 0.21 g CDW/ g 
VFA consumed. 

 
Figure 1: Final dry biomass production of the different bioreactors. 
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3.2 DHA production optimization in C. cohnii 
Optimization of temperature revealed that DHA percentage of the cells and DHA production 
are maximized at an incubation temperature of 23 ºC. The substitution of yeast extract with 
ammonium, as the nitrogen source, was deemed more economic, however it was proven to 
reduce the final DHA production by the cells in fed-batch cultures. Finally, a high initial 
availability of nitrogen with an excess of carbon increased the dry biomass production, but 
however decreased the TFA production, without effecting substantially the DHA content (per 
CDW) (Figure 2). Based on the above results we concluded that the maximum omega-3 
production is achieved with a high C/N ratio equal to 8.9, with yeast extract used as a carbon 
source, at 23 ºC. 

 
Figure 2: Dry cell concentration and FA profile of the fed-batch cultures of C. cohnii under 

different nitrogen sources and initial C/N ratios 
 

3.3 VFA assimilation by S. limanicum in bioreactors 
Biomass growth, lipids production and VFA consumption were followed during the time course 
of the cultivation. The first experiments were aimed to identify optimal concentration of VFA 
in initial media and the other conditions for fed-batch implementation. A fed-batch mode of 
operation was carried out using a C-source feeding regime based on the decrease of the stirring 
speed which occurs due to the increase of the dissolved oxygen concentration as a result of C-
source exhaustion (DO stat).  
S. limacinum assimilated as carbon source the VFA present in the effluent (VFA permeate) and 
in the synthetic medium mimicking the VFA composition of the effluent (VFA synthetic). 
Figure 3 shows the growth of S. limacinum on both medium in 5-L laboratory bioreactors 
(Biostat B) at 25 ºC: The cell growth was a little more rapid on VFA synthetic medium, resulting 
in 11,12g/l DCW at 60h, and the cultivations on VFA permeate reached 10.4g/l at 74h.  
At 70h, lipid content and the TFA are show in Figure 3. Some differences between both media 
were found, possibly due to the effect of growth speed and nutrient depletion on lipid content. 
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Figure 3: Growth and FA profile (70h) of the fed-batch cultures of S limacinum in 2L Bioreactor 

with VFA  
 
In 30L scale bioreactor (Biostat C), process optimization with DO-stat fed batch cultivations 
was realized. Concerning biomass growth registered in these trials using synthetic VFA as feed, 
the biomass accumulation was higher than in previous cultivations in 2-L bioreactors. The cell 
dry weight reached 14.6g/L in 70h (Figure 4). In Figure 4, the values and evolution for dry cell 
weight show an optimization of the process. In addition, the lipid content was increased to 
49.45% of CDW, containing a profile of TFA very similar to that obtained in 5L Bioreactor. 
 

 
Figure 4: Growth and FA profile (70h) of the fed-batch cultures of S limacinum in 5L and 30L 

Bioreactor with synthetic VFAs 
 

4. CONCLUSIONS 
During the project VOLATILE it could be successfully shown that heterotrophic microalgae 
can use biowaste derived volatile fatty acids as carbon source transforming them into added-
value compounds such as polyunsaturated long chain Omega-3 fatty acids. Furthermore, the 
availability of propionic acid in the VFA permeate leads most likely to the fact that the 
heterotrophic microalgae also accumulate odd-chain fatty acids such as C15 and C17. These 
kinds of fatty acids have wide application potential in therapeutic and nutritional industries as 
well as in chemical industry [20]. 
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Abstract 
To facilitate later Volatile Fatty Acid Platform (VFAP) implementation and to support 
standardisation in the area of sustainable biomass / biowaste upcycling, the project consortium 
initiated a CEN workshop. The aim of the workshop was to agree on a procedure which can be 
applied to evaluate if this kind of coupled energetic and material use is economically and 
ecologically reasonable for a given type of biowaste at a given location. The finalised CEN 
workshop agreement (CWA) is providing support for interested stakeholders to assess their 
respective test case accordingly. 
 

Keywords: standardisation, CWA 
 

1. INTRODUCTION 
The separation of volatile fatty acids (VFA: acetic acid among others) from the biogas process 
is currently object of research and innovation and demonstration in many European funded 
projects like VOLATILE. Since the derived technological applications are now on the threshold 
of commercialization a framework is needed for the feasibility assessment of integrating the 
VFAP technology into anaerobic digestion plants. 
 

Therefore, a CEN Workshop called “CEN/WS - Procedure for evaluating if the use of a Volatile 
Fatty Acid Platform technology for a given type of biowaste at a given location is economically 
and ecologically reasonable (EvaVOLATILE)” has been conducted from Sep. 2018 to May 
2020 and has been approved by an open, independent workshop structure within the CEN-
CENELEC system. The intension of the Workshop was to develop a simple evaluation 
methodology that allows biogas plant operators to assess whether the changeover of a given 
biogas plant to a coupled energetic and material use is ecologically and economically 
reasonable under certain conditions. The consensus document has been published as 
CEN/CENELEC Workshop Agreement (CWA 17484:2020). Responsible for the content were 
the registered participants, who are mainly actors of the entire value chain of municipal 
biowaste treatment by anaerobic digestion and related scientific research disciplines. 
 

The framework considered in the CWA has been described for managers of anaerobic digestion 
plants in general, and those treating solid and sludgy biowaste in particular. It is divided into a 
non-technical and a technical part for the introduction of criteria and dimensions necessary for 
the evaluation of feasibility and accompanied by a section of assessment methodology. 
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2. DEVELOPMENT OF THE CWA 'evaVOLATILE' 
As stated in the CEN/CENELEC Guideline "Workshop Agreements – A rapid way to 
standardization" a CEN Workshop agreement is not a full standard and shall not conflict with 
a European Standard. It is designed with a focus on R&I outcomes, meet an immediate need, 
can be quickly developed and can be used as fast track to future standardization activities. It is 
developed and agreed by the participants in a temporary working group (CEN/CENELEC 
Workshop). Stakeholder involvement is limited to those directly interested in the subject and 
in elaboration of the CWA. Once published and if the topic shows to be market relevant, the 
CWA can be used as source for a future standard (CEN/CENELEC, 2020). 
 

The process steps and timelines of initiation and development of the CWA 'evaVOLATILE' are 
depicted in Figure 1. 
 

 
Figure 1: Process steps of Initiation and development of the CWA evaVOLATILE 

 
DECHEMA as the contact point of the proposers of the CWA has prepared its proposal with 
the assistance of the CEN-CENELEC national member DIN (German Institute for 
Standardization). During the kick-off Meeting, DIN was elected as the secretariat to support the 
CWA development process. The kick-off meeting also represents the formal launch of the 
Workshop. 
 

After the kick-off meeting, the participants, wishing to continue contributing to the 
development of the draft CWAs, were requested to officially register to the Workshop. Actors 
of the entire value chain of municipal AD-driven biowaste treatment and related scientific 
research disciplines have jointly developed the CWA according to the specifications laid down 
in the Project Plan. Five additional (virtual) Workshop meetings were necessary in the 
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consensus process until the chairperson decided that an agreement has been reached amongst 
the registered WS participants on the final text of the CWA. This has finally been approved by 
the WS Secretariat in an official voting amongst the registered WS participants. As foreseen in 
the Project Plan an open commenting phase of 60 days has been launched thereafter. The 
comments were considered by the WS participants in an additional virtual Workshop meeting. 
After a final formal agreement, the CEN Workshop has completed its Project Plan and decided 
to disband itself. 
 

The consensus document (CEN Workshop Agreement), named “Anaerobic digestion plants – 
Feasibility assessment methodology for integrating a Volatile Fatty Acid Platform Technology” 
(evaVOLATILE) will be valid for 3 years (from May 2020). Afterwards the former Workshop 
participants and the relevant CEN/CENELEC technical bodies will determine whether the 
CWA shall be confirmed for another 3 years, revised, transformed into another deliverable, or, 
however, withdrawn. The CWAs maximum lifetime is 6 years. 
 

An established CWA can be proposed for transformation into a European Standard on the 
condition that it has all the characteristics of a European Standard and that the standards 
development process is correctly followed. Transformation into another deliverable may be 
proposed by anyone through a CEN/CENELEC (national) Member at any time during the 6-
year lifetime (CEN/CENELEC, 2020). 
 

3. THE CWA 'evaVOLATILE' AT A GLANCE 
The CWA's framework has been designed for managers of AD plants in general and those 
treating solid and sludgy bio-waste in particular. The document is composed of a non-technical 
and a technical part introducing criteria and dimensions necessary for the assessment of 
feasibility as well as an evaluation part. 
 

Economic criteria and arguments related to a company’s image as well as the social components 
are provided which make VFAP attractive for AD plant managers who look for new value 
chains in order to be able to continue their work in an economically viable way. Beside from 
gaining more revenue from additional high value products, the most important aspect is that 
installing a VFA platform will also boost the plant’s capacity, since the methanogenic step, 
which is now omitted or reduced, is the time limiting step of a conventional biogas plant. AD 
plant managers could make the shift from being processors of solid and sludgy biowaste and 
producers of energy, towards producers of new materials for the chemical industry, while still 
treating the waste streams and producing energy. Therefore, AD plant managers would become 
pioneers in the circular economy, giving them the image of being innovative, agile, and showing 
that their company has a vision. 
 

Many fold contextual factors like subsidies, political vision and regulatory framework are 
important to be considered for the investment decision. Therefore, a web-based decision 
support tool has been developed by the VOLATILE consortium. The VOLATILE web-based 
decision support tool (DST) is specially developed for operators of wastewater, municipal solid 
waste and biowaste treatment facilities to identify the specific local potential of the VOLATILE 
technology for their plants. Information about the free tool can be found via the VOLATILE 
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homepage ( https://www.volatile-h2020.eu ). Besides economic indicators and technical 
aspects, the decision support tool also takes into account non-technical criteria for VFAP 
technology implementation.  
 

A multi-criteria decision-making guide is provided for assessing technical criteria: In a first 
part, the quality requirements, substrate categories and availability of various bio-based raw 
materials of municipal waste streams that are suitable for anaerobic degradation are discussed. 
Secondly, the impact of an integration of a VFAP technology in AD plants is assessed. This 
part mainly focuses on the underlying microbial processes as well as biogas recovery. Thirdly, 
available VFA conversion technologies including direct application, different fermentation 
routes using VFA as substrates as well as chemical conversion routes are presented. 
Within the last section of the CWA several methods, important to assess the economic and 
ecological viability of the VFAP technology integration into existing or new biogas plants are 
introduced. This set of methods includes, inter alia, SWOT analysis, Life Cycle Assessment, 
Cost Analyses and Economic Feasibility Studies. 
 

To conclude, the CWA provides a simple evaluation methodology for biogas plant operators, 
investors, and municipalities to assess “whether the changeover of a given biogas plant to a 
coupled energetic and material use is ecologically and economically reasonable”, and as such 
could provide an important tool to help bring a novel technology to the market. 
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Abstract 
Bioeconomy is meant to reduce the dependence on natural resources, transform manufacturing, 
promote sustainable production of renewable resources from land, fisheries and aquaculture 
and their conversion into food, feed, fibre, bio-based products and bio-energy, leading to the 
creation of new jobs and industries. The utilization of production technologies for the optimal 
use of renewable resources, the reduction of pollution, and the enhancement of food security is 
needed, followed by less inputs, less environmental impact and reduced greenhouse gas 
emissions. Life Cycle Assessment (LCA) can be used to monitor, evaluate and forecast the 
environmental performance of all bioeconomy sectors. In VOLATILE project, LCA was 
applied to all the developed products, a) the Volatile Fatty Acids (VFA) produced from organic 
waste, b) the VFA produced from wastewater sludge, c) the polyhydroxyalkanoates (PHA) for 
biomaterials, d) the single cell oil for oleochemical industry (SCO), e) the omega-3 fatty acids 
produced by heterotrophic microalgae (OM3). The goal of the LCA study was the assessment 
of the environmental impacts of the whole process line used for the production of VOLATILE 
products and their comparison with current methodologies. The inputs and outputs (materials, 
energy, water, emissions to air, soil and water) for all the examined processes were collected 
from industrial scale processes or extrapolated from pilot scale. For the impact assessment, 
ReCiPe 2016 methodology was selected. VOLATILE VFA platform presented significantly 
lower footprint to all categories compared to an alternative methodology for VFA production 
from food waste, mainly due to the produced electricity credits. VOLATILE PHA, SCO and 
OM3 systems performed similarly with other examined alternative systems. VOLATILE 
technologies are new and can be further optimized leading to even improved environmental 
behavior. As a result, VFA platform can be a sustainable solution for the treatment of municipal 
solid and sludgy biowaste.  
 

Keywords: carbon footprint, sustainability, VFA platform 
 

1. INTRODUCTION 
Bioeconomy is meant to reduce the dependence on natural resources, promote sustainable 
production of renewable resources and their conversion into bio-products and bio-energy, while 
providing economy goods and services in an environmentally-friendly way. In order to achieve 
resource efficiency and increase the efficiency of biomass use, the cascading use of biomass 
and raw bio-materials in recycling and reuse is required. Biomass can be provided as primary 
material to various sectors, such as food, chemicals, energy, etc., whereas agriculture sector 
provides most of the biomass (approximately 65%) (Camia A. et al., 2018, 
europa.eu/horizon2020). Apart from the economic factors, bioeconomy also includes 
environmental and ecological aspects that have to be taken into account in order to minimize 
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and manage negative impacts. Life Cycle Assessment (LCA) is a powerful tool that can be used 
to evaluate the environmental performance of bioeconomy sectors and compare the 
environmental impacts of several products or processes. 
 

The management of municipal solid waste (MSW) is one of the major environmental challenges 
worldwide. Waste management must follow sustainable and environmentally friendly 
processes for the transition of MSW into bio-based products. Until now, landfilling and 
incineration are the most widely used waste disposal methods, while anaerobic digestion (AD) 
is gaining ground, due to the production of bioenergy (Elginoz et al., 2020). Apart from AD, 
production of volatile fatty acids (VFA) from MSW is gaining attention for proper waste 
management. VOLATILE project is dealing with the establishment of a volatile fatty acid 
platform (VFAP) based on AD for the conversion of municipal solid biowaste fractions and 
sludgy biowaste from other industries such as food industry or waste water treatment facilities 
into volatile fatty acids (VFA) and their conversion into building blocks for oleo-chemical 
industry (SCO), biopolymer PHA for biomaterial application as well as bioactive compounds 
(Omega-3 fatty acids). 
 

LCA is being used to evaluate the environmental impact of waste management systems (Sharma 
and Chandel, 2017). As a result, the objective of this study was the determination of the 
environmental performance of VFAs production from municipal solid biowaste, as well as their 
transformation into PHA biopolymers, using LCA.  
 

2. MATERIALS AND METHODS 
2.1 VOLATILE approach 

In order to evaluate the valorisation schemes that were developed in the context of VOLATILE 
project, LCA was performed. In this work, production of VFA from VGF, as well as PHA 
production were evaluated for their environmental performance. LCA study was performed on 
GaBi ts (v8.7.0.18) commercial package as a leading tool of the examined system. 
 

Production of VFA from VGF 

 
Figure 1: Process diagram for the production of VFA from VGF 
 

The first VOLATILE approach was the production of VFA from VGF. The process diagram 
was set, VGF was pre-treated and the liquid fraction went to the fermenter. The produced 
hydrolysis gas went to the AD, the liquid part was centrifuged, and the solid residue went to 
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AD as well. The liquid flow of the centrifuge went to membrane filtration in order to get 
concentrated VFA medium, the water was recycled and the digestate from AD can be used for 
composting. 
 

PHA production 
The next VOLATILE approach was the production of PHA. There are two stages, the 
fermentation stage where raw PHA is produced and the extraction stage where the purified PHA 
is produced. 
 

 
Figure 2: Process diagram for the production of PHA 

 
2.2 Life-Cycle Assessment 

LCA implementation includes four steps: a) Goal and Scope Definition, b) Life-Cycle 
Inventory, c) Life-Cycle Impact Assessment and d) Life-Cycle Interpretation (ISO 
14040:2006). 
 

Goal and Scope Definition: The goal of the LCA study was the assessment of the environmental 
impacts of the process line used for the production of VFA platform from VGF or the 
production of PHA. The functional unit selected was 1.0 kg of product. The examined systems 
were defined as all relevant life cycle stages and processes involved in the production of final 
products. Allocation of resources was based on the income that results from the selling of final 
products. Thus, products with no or low value (compost, pellets, etc.) have not been assigned 
any impact. 
 

Life-Cycle Inventory: The inputs and outputs (materials, energy, water, emissions to air, soil 
and water) for all the examined processes were collected from: directly measured data by 
VOLATILE consortium partners, through completion of questionnaires, specific data from 
GaBi database, literature data, calculations based on specific formulas taken from literature or 
simulations. The data were taken from industrial scale processes or extrapolated from pilot 
scale. 
 

Life-Cycle Impact Assessment: ReCiPe 2016 (H) methodology has been selected. 
 

Life-Cycle Interpretation: Results were then interpreted in order to obtain the “hotspots”.  
 

3. RESULTS AND DISCUSSION 
VFA from VGF 
The processes that were included in the LCA analysis were: a) Pre-treatment, b) Fermentation, 
c) Post-Treatment, d) VFA recovery, e) Other processes (AD, Composting, Biogas production). 
The analysis was performed either taking into account the impact of VGF or not. Each process 
formed a plan or a unit process on GaBi ts (v8.7.0.18). Figure 3 presents the flow diagram for 
producing VFA from VGF waste, without taking into account biowaste impact. 
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Figure 3: Plan for the production of VFA from VGF in GaBi software without the VGF impact 
 

 

 
Figure 4: Environmental footprint for VFA production from VGF, without the impact of waste 

 
 
In Figure 4, the percentage contribution of the different processes is presented. The higher 
percentage of footprint is attributed to the processes of compost and cogeneration (other 
products, more than 90% in climate change). Composting has significant contribution to several 
impact categories, due to the high impact of emissions produced. If emission preventing 
measures (e.g. biofilters) are used the footprint of the final product is presented in the Figure 5. 
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Figure 5: Environmental footprint for VFA production from VGF (no emissions from composting 

process – impact of VGF waste is taken into account) 
 

The production of VFA using VOLATILE platform, from VGF (without the impact of the 
biowaste), was compared with an alternative methodology for VFA production from food waste 
presented by Elginoz et al., 2020. Indicative impact categories are presented in Figure 6. 
VOLATILE VFA platform presents significantly lower footprint to all categories, mainly due 
to the produced electricity credits. 
 

 
Figure 6: Comparison of several environmental impact categories for the production of VFA 

(without the impact of VGF) of VOLATILE VFA production system to an alternative 
system. 
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PHA production 
The processes that were included in the LCA analysis were: a) Extraction, b) Fermentation, c) 
VFA production (with and without the impact of VGF). Figure 7 presents the process diagram 
for producing PHA, without taking into account the impact of biowaste. 
 

 
Figure 7: Plan for the production of PHA in GaBi software without the VGF impact 

 
In Figure 8, the percentage contribution of the different processes is presented. Most of the 
impact comes from the bleaching agents and sugar. 
 

 
Figure 8: Environmental footprint for PHA production, without the impact of waste 

 
Sensitivity analysis was performed for the variation of sugar consumption. The effect of 
different sugar consumption (±10%) on environmental impact was examined. Indicative impact 
categories are presented in Figure 9. The variation of sugar changes the impact categories less 
than 4%, apart from human toxicity, land use, metal depletion and marine eutrophication (less 
than 8%). 
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Figure 9: Several environmental impact categories for the production of PHA, without the impact 

of carbon source for various sugar consumption 

 

The production of PHA using VFA platform was also compared with current methodologies 
used for PHA (or PHB) production from sugar cane (Harding et al., 2007), glycerin by-products 
(Leong et al., 2017) and wastewater sludge (Gurieff and Lant, 2007). 
 

 
Figure 10: Comparison of several environmental impact categories for the production of PHA 

(without the impact of VGF) of VOLATILE PHA production system to an alternative 
system 

 
 

4. CONCLUSIONS 
VOLATILE VFA platform presents significantly lower footprint to all categories compared to 
an alternative methodology for VFA production from food waste, mainly due to the produced 
electricity credits. VOLATILE PHA systems performs similarly with other examined 
alternative systems. The VOLATILE technologies are new and can be further optimized leading 
to even improved environmental behavior. VOLATILE technologies are new and can be further 
optimized leading to even improved environmental behavior. 
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Abstract 
While the attention to the circular economy is increasing, little research has been done to 
explore the socioeconomic mechanisms underlying the adoption of circular economy 
technologies. Against this backdrop, in this research, we aim to derive plausible adoption 
scenarios at both company and ecosystem levels for circular economy technologies. In doing 
so, we rely on the case of the waste-treatment plant industry using VOLATILE project data. 
The circular economy technology in this project is the Volatile Fatty Acid Platform (VFAP), 
which is about the introduction of a valorisation process technology for the production of high-
end products at waste-treatment plants. We analyse our case deploying business modelling and 
agent-based modelling. Our results show the important role of gate-fee, cost of investment, 
subsidies, technology improvements, pilot installations and social pressure in the adoption of 
VFAP. 
 

Keywords: circular economy, valorisation technologies, socioeconomic analysis, waste-
treatment industry  

 

1. TRANSITION TOWARDS A CIRCULAR ECONOMY 
The circular economy has been introduced as a solution to environmental degradation resulting 
from the current linear take-make-dispose model (EC, 2014). Its focus is on closing material 
loops and increasing resource efficiency, which could lead to environmental sustainability as 
well as new economic opportunities (Moreau et al., 2017). In this respect, the waste treatment 
sector is of high importance and has a lot of potential for the circular economy. By re-using and 
recycling products and materials, the amount of waste and emissions can be reduced as well as 
the amount of primary resources needed (Korhonen et al., 2018). Consequently, adopting 
circular economy practices in waste treatment plants can reduce resource and energy costs as 
well as costs due to environmental legislation (e.g. landfilling taxes) (Korhonen et al., 2018). 
Nowadays, anaerobic digestion is a prominent organic waste treatment practice. It can be seen 
as a part of a circular economy system since it deals with problems of waste management and 
emissions (renewable energy with low carbon footprint) as well as (local) energy demand 
(replacing fossil fuels) (Gutberlet et al., 2020; Pan et al., 2015). Most often, residues can be 
composted and used for soil improvement. Therefore, anaerobic digestion is already a suitable 
waste management practice. However, the waste hierarchy described in the European 
Commission’s 2008 waste framework directive (2008/98/EC) requires waste management to 
go a step further. Rather than just recovering energy from waste, materials should be recycled 
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where possible. Therefore, there is a need for new technologies to recycle organic waste in a 
sustainable manner. 
 

With this context, in this paper, we aim to investigate scenarios, which foster the adoption of 
circular economy technologies in the waste-treatment industry. In doing so, we rely on the 
VOLATILE project data (H2020 VOLATILE, 2020), which includes collected socioeconomic 
information about waste-treatment plants with regard to an innovative circular economy 
technology. During the VOLATILE project, an innovative technology was developed aiming 
to transform existing waste treatment plants into providers of volatile fatty acids (VFAs), which 
could be used for the production of four high-end products (VOLATILE products); purified 
acetic acid (AA), polyhydroxyalkanoates (PHA), single cell oils (SCO) and polyunsaturated 
fatty acids (PUFA). The technology aims to achieve higher levels of resource efficiency, by 
creating more value with the same input. That value is both environmental and economic. 
Nonetheless, the adoption of such technology contains risk-taking and positive evaluations of 
economic feasibility, which decision-makers at the waste-treatment plants face. 
 

In the later sections, we show the used methodology, data analyses approach and results which 
provide plausible scenarios fostering the economic feasibility and reducing the adoption risk of 
VFAP. 
 

2. DATA, METHODOLOGY, ANALYSIS 
We rely on the VOLATILE project data: both qualitative and quantitative data were gathered. 
The qualitative data were obtained, mainly through semi-structured interviews with the 
business cases of the consortium and technology experts along with knowledge from project 
meetings. The quantitative data used in this analysis come from techno-economic analyses 
carried out in other work packages of the VOLATILE project as well as internet documents, 
specialised press and handbooks. 
 

Analysing the collected data, we focused on the two levels of business and the ecosystem to 
come to a conclusion about the economic feasibility and potential for adoption of the VFAP. 
 

Business level. We use business modelling to analyse the proposed VOLATILE products on 
their value proposition, with a special focus on customer and market, and on their cost structure 
and revenue streams. Firstly, adding value is the purpose of every organization. In the context 
of a business, the focus is put on providing economic value. The end result of the value 
proposition evaluation is a clear description of the VOLATILE product, its value in relation to 
the market in which it can be sold and its value in comparison to directly competing products. 
The current market price and/or the price of direct competing products will lead to a price 
estimation of the VOLATILE products. A second item in the business model analysis is an 
assessment of the cost structure and revenue stream analyses conducted in the VOLATILE 
project. 
 

Ecosystem level. We use agent-based modelling (ABM) (Wilensky & Rand, 2015) to 
investigate the socioeconomic conditions necessary for the adoption of the VFAP. ABM is a 
strong tool to simulate and investigate complex social systems, where multiple heterogeneous 
hierarchical interacting units exist (Holland, 2014). Using this method and relying on the 
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collected data in the VOLATILE project, we have developed a model, where agents are waste-
treatment plants of different kinds simulated in a community network. Agents face the problem 
of whether to adopt VFAP technology. They make the adoption decision based on the economic 
feasibility assessment and the social pressure (i.e. number of adopting neighbours of an agent). 
In this way, we analyse the socioeconomic conditions at an ecosystem level for industry wide 
VFAP adoption. 
 

3. RESULTS 
3.1 Business modelling 

The business modelling results show the importance of attention to the structure of the targeted 
markets for VOLATILE products and the gate-fee required for a plausible VFAP adoption 
scenario. In this respect, Table 1 describes the market opportunity for each VOLATILE product. 
 

Table 1: Market size, commodity price and supporting movements for each investment scenario 

Scenarios  

Market size 
(# investments needed 
to reach 5% of the 
target market) 

Estimated 
price 
(euro/kg) 

Supporting movements  

VFA investment - 0.2 – 1.25 - 

Combined VFA- 
AA investment 

275 0.75 - 

Combined VFA-PHA 
investment 

5 4 
Trend toward biodegradable 
packaging and discussions around 
plastic soup and micro-plastics 

Combined VFA-SCO 
investment 

4,100 0.6-0.7 
Global trend against palm oil and calls 
for alternative sources 

Combined VFA-
PUFA investment 

70 1.7 
Global trend against overusing fish oil 
/ fishing and calls for alternative 
sources 

 
Table 1 puts forward that each of the end products has a lot of potential for a waste treatment 
company to invest in, albeit each for its own reasons. For example, the size of the PHA market 
is rather small: 5 companies investing in this technology would make up for 5% of production 
in the market. In this market, a company that aims to invest and grow, can accumulate 
significant market power but that also comes with more risk. The size of the SCO market, on 
the other hand, is rather large. A company that enters this market, faces a lower risk that changes 
in the market will have a large effect on it. The large market size also signifies that there is 
enough demand for this product already to make investments to produce more. How markets 
will evolve in the future is difficult to quantify, which is why the supporting movements’ 
column is included in Table 1. There is a trend towards biodegradable plastics, and there are 
trends against palm oil and overfishing favouring VOLATILE products.  
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Furthering the business modelling analysis, we identified the level of gate fees required for each 
scenario in order to reach the break-even point, where the revenue generated from the 
VOLATILE products reaches and equals the cost of production. Currently, the VFAP is not yet 
at the same technology readiness level (TRL) as biogas or composting. For these mature 
technologies, there are subsidies in place, that do not yet exist for the VFAP. Since it is 
important to follow EU legislation regarding the waste management hierarchy and the ban on 
landfilling, early innovators may need to find additional income to make the VFAP work. For 
waste treatment plants, increasing gate fees could be an effective way to obtain the needed 
funding to adopt the VFAP while continuing to make this new practice become more profitable. 
The average gate fee calculated based on all of the business cases involved in the project, is ca. 
44.7 euro/ton. Moderate to significant increases in gate fees are needed to break even when 
producing each of the VOLATILE products. This increase needed ranges from ca. 16 to 39 
euro/ton. However, when the technology evolves further, this could be reduced. 
 

3.2 Agent-based modelling 
The ecosystem level is analysed through an agent-based model. With this model, we attempt to 
gain insight into the drivers and barriers for technology adoption in the waste treatment sector. 
Therefore, we simulated waste treatment plants with different characteristics (types of waste, 
public/private, volumes of waste). The waste treatment plants exist in a network with 
neighbours that they can observe as a representation of changes in the sector and society. In this 
model, waste treatment plants make their decisions on two broad parameters. First, they make 
economic calculations: potential cost and revenues, gate fees and return on investment to learn 
about the economic feasibility of investment in the VFAP. Secondly, they base their decisions 
on social reasoning. They pay attention to how many of their neighbours are adopting the 
VFAP. This is a representative for – not only knowing what companies in their region are doing 
– but also for institutional change, changes in market demand, and all societal changes that 
could affect which technology a company would desire to invest in. 
 

Four relevant scenarios for the sector wide adoption of the VFAP were considered in this 
analysis: 
  

1) Increase in cost of investments and role of subsides.  
2) Increase in gate-fee.  
3) Increase in the attention to social reasoning while reducing the attention to 

economic reasoning.  
4) Increasing the number of installed pilots while increasing the attention to social 

reasoning.  
 
Figure 1 shows the results from Scenario 1. These results suggest that the roles of investment 
costs and subsidies are straightforward and linear. The higher the cost, the lower the eventual 
adoption rate. The higher the investment subsidies, the higher the eventual adoption rate.  
  

 



 

93 
 

 
Figure 1: Effect of costs and subsidies 

 
Figure 1.a depicts higher average adoption rates when investment costs are lower. The variation 
portrayed by the boxplots shows the impact of subsidies on that adoption rate. Figure 1.b. 
suggests that insufficient subsidies have the potential to reduce adoption rates, while higher 
subsidies can increase adoption rates. 
 

Continuing with the ABM analysis, Figure 2 shows the results from Scenario 2. An increase in 
gate fee leads to higher adoption rates, up to a certain point. The higher the gate fee, the higher 
the adoption rates.  

 
Figure 2: Gate fee effect 

 

Notably, the effect of gate fee increase on adoption is mostly visible from ca. 40 ca. 80 euro per 
ton. Below this range, the effect is minor, and above this range, there is a plateau effect. 
 

Furthermore, the results from Scenario 3 are shown in Figure 3. 

 
Figure 3: Covariation of attention to economic and social reasoning 
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Scenario 3 represents a covariation between social and economic reasoning because both of 
these parameters are considered in the decision-making model of treatment plants and their 
combined effect influences adoption rates. Figure 3.a shows the higher the attention to 
economic reasoning, the higher the adoption rate in 25 years. The variation in this graph 
demonstrates the change in the level of attention to social reasoning. Similarly, Figure 3.b 
shows that increasing attention to social reasoning increases adoption rates, however, only up 
to a certain point. After ca. 0.6, a plateau is reached. Therefore, after this point, other factors 
need to be changed in order to increase adoption rates (e.g. gate fee). 
 

Moreover, Figure 4 shows the results of Scenario 4. With this scenario, we attempt to gain 
insight into the covariation effect of pilots and social pressure stimulating the environment into 
adopting the technology. 
 

 
 

Figure 4: Covariation of increase in the number of pilots and attention to social reasoning 

 
Figure 4.a puts forward that a higher percentage of installed pilots leads to higher eventual 
adoption rates. However, when the attention to social reasoning is very low, pilots do not have 
their desired effect. Moreover, the results from Figure 4.b show the effect of an increase in the 
attention to social reasoning while increasing the ratio of installed pilots. This result suggests 
that the effect of attention to social reasoning, in the presence of an increase in the pilot ratio, 
fosters the VFAP adoption rate. Thus, having more or few pilots in a network with significant 
social reasoning has the potential to increase or decrease adoption rates, as it pressures the 
agents into considering the technology. 
 

4. CONCLUSIONS 
Investment in a circular technology such as VFAP opens a venue to new markets with certain 
sizes, for waste treatment companies. However, such technology adoptions require careful 
investment assessment together with business modelling. Moreover, improvements in VFAP 
technology is an important factor as it will result in higher yields and more profitable scenarios. 
Such improvements could be reached through pilot installation, where plants could assess and 
improve the scalability of the technology. Currently, gate-fee plays a crucial role in VFAP 
adoption. Nevertheless, its effect is visible in a certain range (moderately low to moderately 
high). That is, in order to support the adoption of VFAP technology, a minimum and a 
maximum level of increase in gate fee should be considered. 
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At a more network level, social pressure in the form of peer pressure or movements in society 
has a strong effect on the VFAP adoption pattern. But similar to the gate-fee effect, the social 
pressure effect disappears after a certain degree. Therefore, in order to achieve higher levels of 
VFAP adoption, social-pressure needs to be accompanied by other economic factors such as 
gate-fee, pilot installations and subsidies. 
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