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Abstract 
Biorefineries strive to maximise product mix and value while contributing to the bioeconomy. 
Circularity and waste valorisation are some important but often neglected concepts in this 
context. As such, biogas solutions in biorefineries could be a key technology to improve 
sustainability. This study has, through a literature review and investigation into three Swedish 
case studies, analysed this relationship between biogas solutions and biorefineries by 
assessing the added value and development potential to which biogas solutions may 
contribute. This analysis across agricultural, forest, and marine sectors indicates that biogas 
solutions contribute with several added values, including through making the biorefinery 
more sustainable and competitive. The study also shows that biogas solutions can be an 
enabler of biorefinery development through making the system more resilient and versatile, as 
well as through improving the value of the product portfolio. 
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1. Introduction 
Biorefining, as per the International Energy Agency (IEA), is the “sustainable processing of 
biomass into a spectrum of marketable products (food, feed, materials and chemicals) and 
energy (fuels, power, heat)” (Sonnenberg et al., 2007, p. 2).  It is also a concept growing in 
prominence and importance, driven by industry needs for business development and resource 
efficiency, as well as policies promoting the sustainable use of biomass. In particular, 
biorefineries are believed to play an important role in the move towards a bioeconomy, in 
which renewable and biobased materials replace fossil products (Sauvée and Viaggi, 2016). 
Biorefinery development could consist of dynamically growing networks of already existing 
industries rather than building completely new biorefinery complexes (Ersson et al., 2015). 
Already in the European Union (EU) today it is increasingly common for biofuel industries to 
diversify into biorefineries (de Jong et al., 2013). However, to live up to their potential, it is 
important that biorefineries have an energy recovery step in their processes (Wagemann, 
2012). As sustainability performance of a biorefinery is heavily linked to product portfolio 
and the minimisation of waste generation, this energy recovery step, as well as any possible 
end-of-stream material recovery and reuse, becomes important to consider in relation to 
biorefinery success and development.  
 
In this regard, biogas solutions can contribute to better sustainability performance of a 
biorefinery, as biogas solutions enable the conversion of biomass into energy carriers and 
digestate through the anaerobic digestion (AD) process. Energy carriers can be used for heat 
and electricity, for vehicle fuel, or for substituting natural gas in a gas grid. Digestate can be 
used as a biofertiliser, allowing for nutrient recovery and subsequently, a potential increase in 
feedstock production in either agricultural or forest activities (Langeveld et al., 2010).  
 



This enables upcycling in the biorefinery system, in which lower valued biomass moves to 
higher values (Martin and Parsapour, 2012). This stands in contrast to the traditional 
cascading pyramid representation of the biorefinery, where for each step in the production 
process, value decreases and volume increases (Langeveld et al., 2012). Whereas the 
traditional model only allows for single, downward directionality, incorporating upcycling 
into this representation allows for the possibility of bi-directionality. As such, this provides a 
framework for understanding how processes like biogas solutions contribute value and 
support the biorefinery system’s business, leading to further development of the biorefinery 
(Figure 1).  
 

 
 
This framework also can be used to consider the possible drawbacks to the anaerobic 
digestion process. Depending on raw material and upgrading technology, biogas quality may 
be insufficient for replacing natural gas (Eriksson, 2010). Instable digestion may also result in 
an unreliable gas supply, again preventing fuel substitution and minimising value (Wang et 
al., 2011). In areas where biogas solutions exist far from a market, storage and logistics may 
also impact the upcycling and valorisation potential of this product. However, maximising 
internal biogas use, as well as promoting use of other anaerobic digestion products like 
digestate may ease this concern. Of course, digestate quality can also be a limiting factor in its 
application, but as biorefineries mainly use pure and well-defined raw materials, this problem 
can frequently be handled through conventional quality control mechanisms (Al Seadi and 
Lukehurst, 2012). 
 
While other energy recovery solutions, such as incineration in a combined heat and power 
(CHP) plant, may make more sense when handling certain wastes, particularly those with 
lesser moisture content, an analysis of the function of different waste treatment methods by 
Mountraki et al. (2016) suggests that biogas solutions are the most versatile method. This is 
due to their ability to handle substrates with various dry solid matter content, biochemical 
oxygen demand (BOD), chemical oxygen demand (COD) and nutrient values as well as their 
cost efficiency which is stressed by the authors (Mountraki et al., 2016). For these reasons, as 
well as the combined waste treatment and energy recovery abilities of biogas solutions, 
coupled with their capacity to generate new products in the form of biogas and digestate, 
biogas solutions are interesting to assess from a biorefinery perspective. Furthermore, while 
previous articles have discussed biorefineries using biogas production as a treatment, the role 
which biogas solutions play in a biorefinery’s development potential has seldom been 
explored.  

Figure 1. Cascading and upcycling in the biorefinery product pyramid. 



 
To this end, we have sought to analyse and clarify the role of biogas solutions in biorefinery 
settings in order to understand how they influence value creation. In doing so, we strive to 
provide insight into the following research questions: (1) how are biogas solutions 
characterised within biorefinery settings, (2) what are their contributions to sustainability, and 
(3) in what ways do these solutions have a potential impact on the growth and development of 
biorefineries? 
 
2. Methodology 
This work is based upon a literature study during 2016 as well as interviews with key persons 
from three Swedish biorefinery settings. The studied cases represent the agricultural, forest 
and marine sectors. Through this, the study captures each of the three residue-based 
biorefinery types as classified by the International Energy Agency (IEA) Bioenergy Task 42. 
IEA Bioenergy identifies organic, oil-based, and lignocellulosic processing residues − from 
agricultural, marine and forest sectors, respectively − as the dominant secondary feedstocks 
for biorefineries (Cherubini et al., 2009).  
 
2.1 Literature study 
An initial scientific literature search focused on waste management in biorefineries was 
performed to assess how waste streams are generally handled in existing and planned 
biorefineries. This yielded approximately 500 hits. A secondary search then narrowed the 
focus to anaerobic digestion in biorefineries to gain more insight into this particular treatment. 
Keywords used in this search included biorefin*, waste, waste management, waste treatment, 
biogas, anaerobic digestion, and sustainab*, in combination with sector-specific keywords 
like forest, pulp and paper, agricultur*, biofuel, marine, algae, and fish industry. Additional 
articles already known to the researchers were included in the review, and articles found 
discussing cases where waste was the designated feedstock of a biorefinery were excluded, as 
the interest of this study is in those biorefineries using non-waste initial feedstocks. Thirty 
references were identified for further review and analysis. 
 
Within this final literature body, discussions of added value or sustainable development 
potential attributed to biogas solutions in the biorefineries they serve were of particular 
interest. In this way, the literature study was used to identify general trends regarding the 
handling of “waste” streams and by-products in biorefinery concepts, as well as to better 
understand to what extent biogas solutions are used. We thus do not compare different waste 
treatments in this article, but rather identify added values when biogas solutions are 
integrated. The literature study therefore contributes largely to our first two research 
questions: (1) the characterisation of biogas solutions in biorefineries, and (2) their 
contribution to sustainability performance.  
 
2.2 Case studies 
The goal of these case studies was to contribute practical understanding of biorefineries, 
planned or operational, and to understand the role of biogas solutions in a few settings across 
sectors. The chosen cases were in different phases of development and have different 
incentives to implement anaerobic digestion. The case studies were based on production 
facilities and contexts where earlier studies have been performed. Thus, the cases were quite 
familiar to the authors of this paper.  
 
Our study of these contexts was performed through semi-structured interviews with 
representatives of key companies involved in the biorefinery settings, with specific questions 



posed regarding the integration and role of anaerobic digestion at their respective facility. 
Interview questions and their order were the same for all actors, but follow up questions were 
asked as deemed fitting throughout each interview. Each interviewee received the questions 
prior to the interview to be able to prepare. All interviews were held over the phone and 
recorded. The interviewers gathered information regarding the historical development, role of 
biogas solutions, and decision-making processes inherent to each biorefinery setting. 
Additionally, interviewees were asked whether they could identify any specific added value 
from their system-specific biogas solutions, and whether they could see any development 
potential attributed to these solutions. The case studies will therefore contribute to all three of 
the research questions. 
 
Three main informants, one for each sector, were selected based on their overall operational 
knowledge. In the agricultural case, the CEO of the main supplier of biorefinery substrate was 
selected for interview. This was due to his knowledge of the biorefinery’s biogas plant, and 
the fact that his company’s development heavily influences the conditions for this plant. The 
forest case informant serves as a development engineer and is knowledgeable about the 
operational aspects of the whole biorefinery as well as the AD system. The informant 
representing the marine case is a partial owner of an intermediary company in charge of a 
planned biogas plant, which when constructed, will serve several fish processing industries. 
He previously worked for one of these fish processing industries and thus has extensive 
knowledge about the involved companies as well as more high-level knowledge about the 
future biorefinery development. 
 
The selection of interviewees was informed by earlier contacts and studies. However, we 
acknowledge that other representatives of their companies, or representatives from other 
parties involved in the various biorefinery cases, may have different views. As such, every 
effort was made to use published company-level literature to further contribute to our 
understanding of each of these biorefinery settings. Also, earlier studies made the empirical 
material richer and more diverse. For instance, a previous interview with the individual 
mediating between the wheat processing plant and the biogas plant in the agricultural case 
served as useful secondary material, as did information from another company distributing 
biofertiliser from the biogas plant.  
 
2.3 Analysis method 
Results from the literature and case studies were collected and organised using a matrix, 
allowing for the sorting of findings based upon source (i.e., literature or case study) and 
research question in focus (i.e., characterisation of biogas solutions). In doing so, similarities 
and differences between the literature and cases, and among the cases themselves, were more 
easily identifiable. The most interesting aspects were then brought up for discussion. 
 
3. Results 
 
3.1 Literature review 
 
Agriculture 
Biogas solutions as part of biorefineries in the agricultural sector are often connected with 
biofuel industries such as bioethanol or biodiesel (Bateni et al., 2014; Martin, 2013; Wilkie et 
al., 2000; Wood et al., 2013). In these cases, biofuels are typically produced from crops such 
as wheat, maize, or rapeseed. There are also examples of more small-scale agricultural 



applications for biogas solutions based on manure and agricultural residues, but they are 
seldom in large industrial scale (Oleskowicz-Popiel et al., 2012).  
 
Biogas solutions as waste treatment can reduce chemical oxygen demand (COD) in thin 
stillage from ethanol plants and other organic wastewater streams (Wilkie et al., 2000). 
Generating methane while reducing COD and replacing natural gas with biogas are useful 
sustainability measures (Schmidt et al., 2013; Wood et al., 2013). External energy demand 
can also be reduced when wet substrates with more than 80% water content are digested 
anaerobically making the process more efficient (McKendry, 2002).  
 
Substrates from crops, manure, or industrial by-products can be used for AD, and the 
produced digestate re-circulated on agricultural fields as biofertiliser and soil conditioner 
(Bauer et al., 2007). Biogas solutions thereby represent a way to use agricultural crops and 
residues more sustainably while closing loops. Aerobic treatments are not as useful in this 
context as the sludge produced requires further treatment before it can be used as fertiliser or 
incinerated (Henze, 2008). The circularity of AD, then, can improve resource efficiency as 
well as generate higher valued products rather than waste (Pfaltzgraff et al., 2013). Fertiliser 
needs in agriculture have increased in past decades and the availability of mineral 
phosphorous is decreasing rapidly, urging a solution for future nutrient needs (Ridder, 2012). 
Furthermore, with renewable nutrients and energy as inputs for the biorefinery production 
system, carbon footprints can be reduced, as well as dependence on fossil resources. Biogas 
can be used internally as an energy carrier at a biorefinery to meet this end (Bauer et al., 
2007). 
 
Looking at social and economic value from biogas solutions in these agricultural 
biorefineries, arguments have been made that these solutions satisfy cleaner production 
demands from customers, create employment opportunities, and improve company image, 
both in the food and chemical industry (Pfaltzgraff et al., 2013). However, this development is 
hindered by several challenges, like the need for improved pre-treatment if, for example, 
straw is being considered as an AD substrate (Costa et al., 2013). 
 
Forest 
Within the forest sector, advanced biorefineries have been gaining momentum, particularly 
among the pulp and paper (P&P) industry, where pre-existing infrastructure – facilities for 
thermochemically converting wood inputs into both material and energy products – can be 
considered an enabler for more advanced biorefinery development (Huang et al., 2011). 
Additionally, forest and mill residues are considered to be among the most promising wood-
based biomass sources for such biorefinery development (Näyhä and Horn, 2012). The most 
common current use for these residues within forest biorefineries is Fischer-Tropsch diesel, 
which allows for upcycling via gasification (Näyhä and Horn, 2012). This method does not 
capture the benefits of the digestate though, as ashes lack the carbon source, nitrogen and 
microorganisms available in digestate-based biofertiliser (García-Sánchez et al., 2015). 
 
Anaerobic digestion (AD) also has increasingly been included in forest-based biorefineries, 
where it may play a variety of roles. Frequently, AD is viewed as an energy solution, with 
methane production serving as a revenue stream, or with generated sludge enabling heat and 
electricity production (Joelsson et al., 2015; Lee et al., 2014; Lin et al., 2013). In such 
discussions, AD may be viewed as one of many biofuel production options, but one which 
also leads to more efficient wastewater treatment operation. This increased efficiency can be 
achieved, for example, through wastewater recovery and system energy cost reduction (Berni 



et al., 2014; Sharma et al., 2015). There are of course cases where the biorefinery is non- 
profitable but it seem to depend on what products are produced and what selling price is set 
on the products (Nitzsche et al., 2016). 
 
In reviews of P&P wastewater treatment methods, anaerobic digestion has continuously and 
consistently been discussed as a viable biological process with advantages over conventional 
aerobic treatment techniques. Such advantages include sludge volume reduction, lower 
chemical consumption, and operational simplicity, as well as simultaneous energy production 
and savings (Kamali and Khodaparast, 2015; Thompson et al., 2001). Also, economic 
comparisons suggest that anaerobic treatments are preferable when there is the possibility for 
internal use of the gas produced, if soil conditions are poor for aerobic treatments, if the 
temperature of the substrate is high (meaning less cooling is required) or if there is a lack of 
land to implement aerated treatments (Rantala and Väänänen, 1985). Furthermore, waste 
treatment via AD also enables the production of soil conditioner or biofertiliser from digestate 
(Berni et al., 2014; González-García et al., 2011; Meyer and Edwards, 2014). 
 
Additionally, interesting connections are apparent between AD inclusion in forest-based 
biorefineries and the extension of biorefinery feedstocks. In particular, the ability to use 
digestate from AD as a source for microalgae growth, and subsequent harvesting of high 
value algal lipids, poses a unique development possibility (Kouhia et al., 2015; Polishchuk et 
al., 2015). In several instances, the forest-based biorefinery literature also highlights that the 
presence of an AD system opens new opportunities for expanding waste sources and streams 
for co-digestion (Chinnaraj et al., 2011; Kemppainen et al., 2012). In regards to biorefinery 
expansion, anaerobic digestion’s ability to stabilise sludge is also discussed as an opportunity 
for further sludge-based refining, and more generally as a method for diversification of P&P 
mills. As such, AD can be viewed as an enabler for entry into new markets (Bayr et al., 2013; 
Greenbaum, 2005; Kamali and Khodaparast, 2015). In moving towards a circular 
bioeconomy, AD’s role in generating value from residues is also seen as an important step 
towards the complete utilisation of feedstock and towards waste reduction (Kemppainen et al., 
2012). 
 
Marine 
The literature regarding marine biorefineries and biogas solutions is mainly focused on algal 
biomass and in particular microalgae (Andersson et al., 2014; Barbot et al., 2015; Bravo-Fritz 
et al., 2016; Collet et al., 2011; Mussgnug et al., 2010). Algae is versatile as it can be used for 
extraction of proteins, polysaccharides, pigments, minerals and other products (Cardoso et al., 
2014). In algal biorefineries, heat and power can be produced and digestate recirculated to the 
algae farm. Carbon dioxide (CO2) may also be extracted from the raw gas for use in algae 
growth (Collet et al., 2011). It is important to extract high value products before letting waste 
be used for energy purposes, but synergistic effects regarding value creation and waste 
management can be revealed when biorefinery concepts are developed (Mussgnug et al., 
2010). Algae production in combination with biogas solutions is a promising match in this 
regard as AD can contribute nutrients and carbon dioxide, which are required for growing 
algae (Costa et al., 2013). 
 
Studies also suggest that algal bioenergy is going to expand in the future (Costa et al., 2013). 
Algal-based industries will therefore start moving towards a diverse range of products from 
algal biomass (Cardoso et al., 2014). Using algal biomass for such bioenergy and biomaterial 
production, as compared with land-based biomass, offers several benefits to a biorefinery with 
biogas solutions. There is no competition with food crops for the land or fresh water resources 



(Daroch et al., 2013). There are also potentially higher biogas yields related to algal 
feedstocks than to many other AD feedstock options, during optimal conditions algae has 
almost five time higher methane yields than maize (Murphy et al., 2015). Additionally, 
studies suggest that marine biorefineries can reduce costs, increase their efficiency and 
competitiveness within the industry, as well as improve flexibility in their product mix 
(Vanegas Ramirez, 2015; Langlois et al., 2012). 
 
Marine biorefinery concepts have been less studied among the fish industry, but methane 
potential from fish waste has been assessed several times as having a high development 
potential (Kafle et al., 2013; Mshandete et al., 2004; Navickas et al., 2013). Additionally, new 
regulations in the European Union regarding unwanted catch favour the development of 
biorefineries and biogas solutions. These regulations prevent throwing fish back to sea, and 
also limit their use for human consumption (Weissenberger, 2013). This opens new 
opportunities for fodder or biogas production. However, biogas solutions are not a common 
waste treatment in the fish industry since fish waste is more commonly upcycled to fodder or 
oils (Antelo et al., 2015). What is left after these processes, though, could be treated by AD 
and again upcycled to more valuable products rather than sending the biomass for incineration 
or landfilling (Antelo et al., 2015). Biogas solutions are useful for wet substrates especially 
and development within this sector shows great potential (McKendry, 2002). The wet 
substrates are also a possible drawback if distances become too long as the cost for 
transportation increases (Bravo-Fritz et al., 2016). 
 
 
3.2 Case studies 
 
As discussed in Chapter 2, our analysis of biorefinery contexts was concentrated within the 
residue-based biorefinery settings as profiled by IEA Bioenergy Task 42. While the 
biorefineries profiled in our case studies are not exclusively residue-based, the anaerobic 
digestion system in focus relies on residues in each context. Therefore, we have classified 
each of the cases in both primary and secondary feedstock settings (Figure 2).  
 
Agriculture 
The agricultural case consists mainly of a potable ethanol producer, a CHP plant and a biogas 
plant with anaerobic digestion. The ethanol plant started its business in the 1980s, and its 
substrate deliveries to the biogas plant started in 2012. The ethanol plant does not only 
produce potable ethanol but also starch, syrup, gluten for industry, and fodder, with a system-
wide goal of increasing the value from wheat as an input. The by-product, stillage, which 
today is digested in the biogas plant, is the same by-product used as fodder. Thus, this by-
product is upcycled via two different techniques in this biorefinery setting.  
 
The biogas plant is situated 3 km away from the ethanol producer and is owned by a different 
company. The stillage from the ethanol plant is co-digested with food waste from other 
industries in the area, as well as with some agricultural residues. According to IEA’s 
classification system, this case is classified as a three-platform (C5 sugar, C6 sugar, and 
biogas) biorefinery for the production of biomethane, fertiliser, animal feed, food, and 
bioethanol from starch crops (see Figure 2a). The AD system can be viewed as a one-platform 
(biogas) biorefinery for biomethane and fertiliser production. The largest product volumes are 
ethanol and stillage, while starch and gluten are the highest valued products.   
 



Produced biogas is upgraded and used as vehicle fuel, while digestate is sold and used by 
farmers in the region. The relationships between the actors build on conventional business 
agreements and these actors do not define or brand themselves as a biorefinery network. The 
ethanol plant benefits from this relationship mainly through income from the biogas plant in 
return for the substrate they provide. This business agreement also has solved a problem for 
the ethanol plant as the fodder market is saturated and expanding that market is not possible at 
the moment. One additional effect of the biogas solution in this setting is that it has enabled 
more organic farming in the region. 
 
Development of this system is driven by economic reasons. The ethanol plant needs the 
biogas plant to expand its production since fodder markets are limiting. The biogas plant also 
depends on income from sales of biomethane and biofertiliser, which substrate from the 
ethanol plant enables. Having both fodder and biogas possibilities available increase the 
resilience of the biorefinery production system and the flexibility of the individual actors. In 
the future, the fodder market might be further developed, enabling increased fodder 
production and potentially less need for a biogas plant. However, having two different 
markets for stillage will continue to provide value and security for the ethanol producer. 



Figure 2. System diagrams for the biorefinery settings studied according to the IEA’s biorefinery classification system. (a) Agricultural case: 
Classified as a three-platform (C5 sugar, C6 sugar, and biogas) biorefinery for biomethane, fertiliser, animal feed, food, and bioethanol from starch 
crops. Zooming in on the organic residue portion of this biorefinery (see dotted blue border), the AD system can be viewed as a one-platform (biogas) 
biorefinery for biomethane and fertiliser. (b) Forest case: Classified as a four-platform (lignin, C5 sugar, C6 sugar, and biogas) biorefinery for 
electricity and heat, bioethanol, and biomaterials from lignocellulosic crops. Zooming in on the residues from the lignocellulosic processing portion of 
this biorefinery, the AD system can be viewed as a one-platform (biogas) biorefinery for electricity and heat. (c) Marine case: Classified as a two-
platform (oils and biogas) biorefinery for electricity and heat, fertiliser, animal feed, chemicals and building blocks, and food from marine biomass. 
Zooming in on the oil based residue portion of this biorefinery, the AD system can be viewed as a one-platform (biogas) biorefinery for biomethane 
and fertiliser.   



 
Forest 
The second biorefinery network studied exists within the pulp and paper industry and is located 
in northeast Sweden. This once traditional sulphite pulp mill now operates as a diverse 
biorefinery producing dissolving grade speciality cellulose, bioethanol, and lignin for use as 
dispersant in concrete. Biogas is also produced at the facility and used predominantly internally 
for the drying of lignin and for the generation of electricity and steam. Some steam is also used 
for district heating in the neighbourhood. Several other industrial companies act in this area and 
are also involved with further refining of forest residues, as well as the contribution of lesser 
volume waste streams to the mill’s anaerobic digestion (AD) system. Within the IEA biorefinery 
framework, this system can be classified as a four-platform (lignin, C5 sugar, C6 sugar, and 
biogas) biorefinery for electricity and heat, bioethanol, and biomaterials from lignocellulosic 
crops (see Figure 2b). Zooming in on the residues from the lignocellulosic processing portion of 
this biorefinery, the AD system can be viewed as a one-platform (biogas) biorefinery for 
electricity and heat. The largest volume and highest value product generated in this system is 
specialty cellulose.  
 
Anaerobic digestion in this community was initially built in 1985 for water cleaning purposes, 
specifically for the degradation of COD. No pre-treatment of substrate or post-treatment of 
digestate is required. Digestate sufficiently meets environmental regulations and is released 
directly into a receiving river. AD was selected as the waste treatment technology of choice due 
to its treatment efficiency coupled with its ability to generate an upcycled product from waste 
streams in the form of biogas. The addition of AD also enabled the biorefinery to increase 
production capacity, close their bleaching loop, and eliminate process water discharge into the 
neighbouring water body.  
 
Within this forest biorefinery, proper operation of the anaerobic biotreatment plant is vital. If the 
AD stands still, the biorefinery suffer a great economic loss, on the magnitude of 100,000 SEK 
per day. The biogas plant is therefore crucial for the biorefinery’s production. The gas replaces 
liquefied natural gas or light oil to feed their lignin driers, and this contributes to the mill’s 
sustainability profile and decreases dependence on fossil energy. Anaerobic digestion has also 
become an important part of the biorefinery’s environmental profile. The existence of this 
biotreatment plant has allowed for fish repopulation in the mill’s neighbouring water body where 
once this river was uninhabitable. Furthermore, AD works as a tool for fulfilling the mill’s 
mission to “make as much value out of the tree as possible.”  
 
The existence of AD at the forest biorefinery continues to enable growth and increased 
valorisation of new products. Currently, a soil improver is being developed using post-digestion 
sludge and other on-site residues, such as those from debarking, as primary components.  
 
Marine 
In the marine biorefinery case, actors are developing a biogas plant close to a large, existing fish 
processing industrial complex. This biogas plant will handle the industries’ waste and 
wastewater. Three large companies producing a variety of fish for human consumption are 
located in the existing complex. They have been active in the area for decades. At present, large 
amounts of sludge and fish waste are transported to distant biogas plants and fodder producers 



for further treatment. In addition to the aforementioned waste streams, another input to the 
biogas plant will be unwanted catch from fishermen and expired fish from vendors.  
 
The intermediary company planning the biogas plant is also involved in developing new product 
streams from waste and by-products in addition to the typical biogas and digestate. This plan 
includes the development of land-based fish and algae farming, with the goal of ultimately 
establishing a marine biorefinery. This development involves both cascading and upcycling as 
waste flows will be used for extraction of valuable products, such as special oils, vitamins, 
proteins, and enzymes after food is produced. According to the IEA classification (see Figure 2c) 
this case is a two-platform (oils and biogas) biorefinery for electricity and heat, fertiliser, animal 
feed, chemicals and building blocks, as well as for food from marine biomass. Animal feed and 
oils for digestion are produced in the largest volumes, but the most value lies in the food 
products and chemicals. Zooming in on the oil based residue portion of this biorefinery, the AD 
system can be viewed as a one-platform (biogas) biorefinery for biomethane and fertiliser. 
 
In this planned biorefinery network, heat and power will be used internally by the companies 
within the network. Specifically, the heat will be used for fish and algae tanks for climate 
control. The electricity will be used in the large refrigerated storage facilities needed by the fish 
producers. The biogas plant intends to certify its digestate as biofertiliser for organic farming and 
sell it to farmers in the nearby region.  
  
Perhaps one of the most important aspects of the anaerobic digester will be the treatment of the 
water from the production processes. Today, there is pollution and eutrophication from the fish 
industries, but with AD, this will be reduced and become much cleaner when discharged to the 
sea. Another aspect emphasised by actors in the network is the role of AD in the solving of an 
infrastructure problem. Currently, extensive truck transport is required for these industries to 
dispose of their by-products and sludge at distant facilities. By having a biogas plant nearby, the 
companies can deliver these by-products there instead and reduce emissions and other unwanted 
impacts from trucks. This environmental benefit will also enable the companies in this network 
to use their biorefinery and biogas strategy for branding purposes. Reducing transports will also 
reduce costs. With these efficient infrastructure solutions, company owners are less likely to 
move production to other sites. So, the whole development holds the potential to make the 
involved companies more competitive. There is therefore a possibility for expansion of 
production and employment in the network’s facilities.  
 
In this way, the establishment of a biogas plant to treat fish waste seems to enable and trigger 
progress towards developing a marine biorefinery. The intermediary company has disseminated a 
vision of extracting as much value from the substrates as possible, which has attracted the 
interest of new companies to establish in the area. The biogas plant has further encouraged the 
involved companies to view their processes in a circular system, therefore making them more 
eager to identify opportunities for more value extraction.  
 
3.3 Synthesis 
In Table 1, the results from each sector are compiled in connection to our research questions. 
Many similarities regarding economic values and internal uses of the energy become apparent, 
but so do differences regarding valorisation and efficiency within these biorefinery settings.  



 
Table 1. Results from case studies and literature review shown regarding the characterisation, 
contribution and potential of biogas solutions in biorefineries. 

 
 

Case: 
Agriculture 

Literature: 
Agriculture 

Case: Forest Literature: 
Forest 

Case: Marine 
 

Literature: 
Marine 

RQ1. 
Characterisation of 
biogas solutions 

Biogas: 
Vehicle fuel 
 
 
 
Digestate: 
Biofertiliser 
(certified 
organic) 

Biogas: 
Replace 
natural gas 
 
 
Digestate: 
Biofertiliser 
 
 
Other: 
Wastewater 
treatment   

Biogas: Heat 
and power 
(internally)/ 
replace 
natural gas 
Digestate: 
Discharged 
 
 
Other: 
Wastewater 
treatment   

Biogas: 
Heat and 
power 
 
 
Digestate: 
Biofertiliser  
 
 
Other: 
Wastewater 
treatment   

Biogas: Heat 
and power 
(internally)  
 
 
Digestate: 
Biofertiliser 
(certified 
organic) 
Other: 
Wastewater 
treatment   

Biogas:  
Heat and power  
 
 
 
Digestate:  
Nutrients used in 
algae farms 
 
Other: Waste 
management; 
CO2 extraction 
 

RQ2.  
Contribution of 
biogas solutions to 
sustainability 
 

Economic 
value 
 
Organic 
farming. 

Reduce COD 
 
Decrease 
drying needs 
 
Increase 
employment  

Decrease 
water 
pollution 
 
Increase 
production 
 
Enable 
efficient 
process 
changes 

Reduce 
energy cost 
 
Reduce 
sludge 
volume  
 
Decrease 
needed 
chemicals 

Improve 
infrastructure 
 
Waste 
treatment 
 
Decrease 
transportation 
need  

Reduce costs 
 
Solve a fish waste 
problem 
 
Limit competition 
with food crops 
and fresh water 
use 
 

RQ3.  
Potential of biogas 
solutions to 
influence biorefinery 
growth and 
development. 

Expand 
production for 
ethanol plant 
 
 

Using wet 
substrates 
and straw-
like 
substrates  
 
Satisfy 
customers  
 
Enhance 
company 
image 

Increase 
production  
 
Product 
valorisation 
 
Contribute to 
improved 
image 
 
Marketing 
 

Product 
valorisation 
 
Entrance 
into new 
market  
 
Enable 
simple 
operation 
 
Diversify 
product 
portfolio 

Attract new 
companies to 
expand the 
biorefinery 
 
Product 
valorisation 
  
Marketing  

Increase 
efficiency of the 
industry  
 
Promote 
competitiveness  
 
Increase product 
flexibility 

 
 
5. Discussion 
In this section, we will highlight and expand upon our main observations and findings as outlined 
in Table 1. To start, there is a wide range of uses of anaerobic digestion in biorefineries, ranging 
from common heat and power applications to less conventional carbon dioxide extraction 
methods. In this way, the positive impacts attributed to these solutions are far-reaching and 
diverse. Overarchingly though, biorefinery management seems to treat biogas solutions as a part 



of their refinery rather than as a separate waste management component, which often is the case 
for aerobic treatments and incineration facilities.  
 
Another discussion point to highlight is the relevance for producers, entrepreneurs, farmers, 
fishers and foresters to develop biorefinery networks for the transition towards a sustainable 
bioeconomy. Biogas solutions can offer a convenient energy infrastructure and a waste treatment 
method that is useful across industrial sectors that, through upcycling potential, may make them 
more competitive. Increased competitiveness may also be achieved through sustainability and 
resource-efficiency branding. Still, biorefinery concepts can develop through conventional 
business development without the actors using this specific terminology, as in the agricultural 
case studied. However, our work suggests that companies identifying themselves as biorefinery 
networks may more actively strive for further valorisation and diversification of products − 
finding new substrate streams to use in anaerobic digestion, identifying added value and 
involving neighbouring industries and communities in their efforts, as in the illustrated forest and 
marine cases.  
 
On the topic of biorefinery growth and development, the potential of biogas solutions in product 
valorisation are important in all studied sectors, although different terminology may be used in 
describing this valorisation (see RQ3 in Table 1). Combining biogas solutions and other biomass 
industries should also be explored as a way to improve overall performance, in contrast with 
independently functioning industry players (Börjesson et al., 2013; Martin, 2013, 2010). As 
biorefinery concepts are built on the ambition of creating as much value as possible from their 
raw material, we propose that biogas solutions should be viewed as an enabler for the biorefinery 
to start up and develop its production. When biorefineries can invest in new technologies leading 
to new products, they increase the value of their raw material while reducing the amount of 
substrate being eliminated at the end of the production process. Such enabling of product 
valorisation should be promoted and marketed in a suitable way since it contributes to a broader 
product portfolio and the company becomes more resilient to changes in the market (Langlois et 
al., 2012). Biorefineries with biogas solutions, then, are more dynamic systems where new 
feedstocks and industrial actors can be introduced to existing ones, and where changing market 
conditions need not herald distress (Ersson et al., 2015). 
 
Finally, another aspect to discuss, and one which is worthy of further investigation, is the 
alternative costs of not having a biogas solution within a technically suitable biorefinery. 
Reduced cost and economic value are frequently discussed, in the literature and in our cases, 
when discussing AD in biorefineries (see RQ2 in Table 1). These reduced costs are specifically 
connected to alternative treatment methods, energy sources, and revenue streams which can be 
replaced through AD incorporation. Most biorefineries require some kind of water treatment, and 
it has been argued that choosing an aerobic process will not be more economically viable than 
anaerobic treatment (Rantala and Väänänen, 1985). Furthermore, with anaerobic digestion, the 
biorefinery also has the opportunity to become more energetically self-sufficient, either through 
replacing natural gas or through heat and power generation.  The economics of an AD system 
can be improved with an integrated biorefinery producing high value products and internal 
energy, yet more research is warranted to model and assess the economic trade-offs within a 
diverse range of biorefinery systems (Suominen et al., 2014).  
 



 
6. Conclusions 
Biogas solutions are characterised by several possible uses of the treatment itself and of its 
products. Economically, the most easily identifiable contributions from biogas solutions are 
reduced and avoided energy and waste treatment costs. However our research suggests that the 
most interesting, and more impactful, contribution of these solutions lies in their potential for 
product valorisation and material upcycling. In biorefinery settings, new processes and products 
are constantly being evaluated for increased production opportunity and profitability, and this 
driver consistently motivates players across our cases studies. Further research will be required 
to determine whether this holds true for biorefineries outside the Swedish setting, but our 
research suggests that biogas solutions for wastewater treatment and energy conversion in 
biorefineries have the potential to enable business development while increasing 
competitiveness, product portfolio, and sustainability of these systems. Such biogas solutions can 
also lead to better resilience towards changes in the market and are suitable in periods of 
transition and development while new products from waste streams are developed. 
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