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This article investigates how biogas technology can facilitate the deployment of municipal circular bio-economic solutions within the energy and agrarian sectors in Denmark. The emphasis is on the regional climate policy and the existing biogas technology concepts, within a decentralized energy market located in the Southern part of Zealand. The case analysis will identify how such technology can be utilized as a lever for future “extraction-activities,” as for example protein, wax, and furfural substrates. Within Falster & Lolland Municipalities, it is identified that 800.000 tons of animal manure is readily available for biogas production, just as 880.000 tons and 220.000 tons of unused beet tops and residual cereal straw could be feed to biogas facilities as for example co-silage materials. With a potential gas yield of approximately 897.000 MWh, composed by the crop residues alone, the challenge is how to utilize such resources the most efficient when addressing future needs for bio-products and high value materials and energy. Through the lens of Circular Bio-Economy this article addresses three themes, by which biogas technology can become an “engine” for future bioenergy solutions, where cascading activities and use of side-streams are developed: 1) production of biogas by means of local agricultural residues (beet tops, residual straw, and animal manure), combined with 2) “extraction-activities” as furfural and wax from straw, as well as protein from beet tops. Besides this 3) opportunities for upgrading the biogas and distributing it on a natural gas network, hereby enlarging the supply market for energy services from the biogas plant and facilitating the development of a more “integrated energy system,” currently being promoted by the European Commission. This article concludes on a step-by-step approach to utilize biomass residues more efficiently in light of the CBE concept and cascading approach, and the available biomass resources within the specific case area addressed.
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INTRODUCTION
Biogas technology has been a part of the energy supply system in Denmark since the late 1970s, where the first farm biogas plants were implemented as a result of the oil crises (Rüdiger, 2014), mainly as manure-based plants for the production of heat to the farm stable and house substituting the import of fuel oil (Beuse, 2000). Since then, the technology has developed to become very large farm biogas plants, as well as centralized biogas plants with several hundreds of livestock farmers connected to the facility, with the supply of district heating to the local community and power to the grid (Raven and Gregersen, 2007; Lybæk et al., 2013). Today, most newer biogas plants also produce upgraded biogas to the gas grid, which are distributed to households and industry sometimes over long distances (Holm-Nielsen et al., 2009; Dansk Gasteknisk Center, 2020). As of 2020, there are implemented 64 farm biogas plants and 36 centralized biogas plants in Denmark, besides 51 plants operated in connection with wastewater treatment, with an energy production of 20 PJ (Danish Energy Agency DEA, 2020a), where two-thirds of the gas is upgraded to natural gas standard (Food and Bio Cluster Denmark, 2020). The manure-based plants digest approximately 16 million tons of animal manure on an annual basis (total manure production 40 million tons), together with different types of substrates in the production of biogas, hereunder various types of sorted household waste, industrial waste, and agricultural residues (Al Seadi et al., 2013a; Food and Bio Cluster Denmark, 2020).
Traditionally, most biogas plants have been implemented in Jutland where the sandy soil and the majority of the livestock animals have been situated. But due to intensified climate policies, other parts of Denmark are looking to increase their biogas production, hereunder Region Zealand, which cover most parts of the island of Zealand except for the area around the capital of Copenhagen. Based on various EU directives (e.g., renewable energy directive, energy efficiency directive, energy taxation directive) three national political targets from the Danish “Energy Deal 2018” (Danish Ministry of Climate, Energy and Utilities, 2018) have especially been strong drivers for this change, requiring that 1) renewable energy must count for 55% of the energy supply in 2030 with special targets for power and district heating, ii) the consumption of power must be 100% renewable in 2030, and 3) at least 90% of the district heating must be renewable in 2030. Besides this, the “Climate Deal Energy and Industry 2020” also impacts the development, requiring CO2 emission reductions of 70% compared to the 1990 level (Danish Ministry of Climate, Energy and Utilities, 2020).
In Region Zealand—located on the island of Zealand in the Eastern part of Denmark—the national Danish climate targets have been adopted to strategic plans of how to reach CO2 emission reduction targets of 4.1 million tons of CO2 annually, constituting to 70% CO2 reduction within the region compared to the 1990 level. Especially four main areas are emphasized, which could lead to 3.1 million tons of CO2 reductions annually within the region (or to 77% of the target of 4.1 million to be reached by 2030). These are as follows: 1) electricity: 100% of the electricity consumption must rely on renewable energy leading to 1.3 million tons of CO2 emission reductions; 2) gas grid: increase biogas production corresponding to 0.7 million tons of CO2 emission reductions; 3) fossil fuels: substitute natural gas and oil from “oil-villages” (Dansk Energi, 2017) with renewable energy equal to a reduction of 0.8 million tons of CO2 emissions annually; 4) transport: from electric cars 0.3 million tons of CO2 emission reductions are finally expected to be achieved before 2030. Within the area of biogas specifically, the target is to reach 120 million m3 methane gas (biogas) and to achieve 711.200 tons of CO2 emission reductions by implementing new biogas capacity (Fælles Regional Energi-omstilling, 2020). Region Zealand see the biogas technology as pivotal for the transitions of the energy supply, due to the three aspects presented in the following.
“Production and distribution of energy in the form of gas” is important in the future. It will substitute the use of oil and natural gas for individual heating and hence lower the current demand from 235 million m3 to 90 m3 million biogas (83 million m3 methane). But, as the heavy transport sector converts to gas, and the need for gas from biogas and other green gasses increases, biogas—as a stabilizing energy carrier—will also increase due to a higher integration of fluctuating energy sources, as, e.g., wind and solar. Thus, besides 25.6 million m3 biogas (methane) used for Combined Heat and Power (CHP), plus the existing upgrading capacity of 54.7 million m3 biogas (methane), Region Zealand need to deploy new biogas capacity equal to 120 million m3 biogas (methane) over the next years. Two biogas plants are hence scheduled to be implemented within Lolland and Falster Municipalities. These plants are expected to be able to sustain the natural gas network within Region Zealand, which has and still poses heavy sunk costs connected to the distribution of energy and will hence utilize and benefit from the large investments in this infrastructure (Dansk Gasteknisk Center, 2019; 2020).
“Increases in the capabilities of integrating fluctuated energy sources” is another important factor that Region Zealand emphasis in connection with biogas. It is for example suggested that the existing gas network is converted from the present “natural gas system” to a comprehensive “regional integrated green gas supply network,” where various energy producers can feed in their renewable energy, as, e.g., hydrogen made from wind turbine electricity (PtX) (Fuel Cell Bulletin, 2020), as the gas network will be able to contain up to 20% hydrogen. Various energy producers and consumers will thus benefit from the biogas and other green gasses stored and distributed in the gas pipe network (Fælles Regional Energi-omstilling, 2020). Such “integrated energy systems” are also emphasized by the EC in their communication “Powering a climate-neutral economy: An EU Strategy for Energy System Integration” (2020), in which they propose to develop “energy system ‘as a whole,’ across multiple energy carriers, infrastructures, and consumption sectors” (European Commission, 2020).
Finally, Region Zealand also emphasize “contributing to the agricultural sector’s climate actions” being a basically agrarian region. 7.1 million tons of CO2 emissions are caused by agricultural activities in Denmark annually, where this figure is 1.3 million in Region Zealand. The scheduled expansion of biogas with 120 million m3 will lead to 782.500 tons of CO2 emission reductions, and account for 389.100 tons of the CO2 emission reduction targets posed on the agricultural sector within the Region. Hence, by achieving the planned biogas capacity of 120 million m3, around one-third of the reduction targets can be achieved (Fælles Regional Energi-omstilling, 2020). This is due to the fact that the biogas technology not only produces renewable energy, which substitutes fossil fuels, but also reduces leakages of methane from farm manure storage tanks, and due to the fact that lower quantities of methane losses occur when distributing the manure on the soil due to the more plant accessible fertilizer (Jørgensen, 2009; Al Seadi et al., 2013b).
As illustrated in the previous, Region Zealand plan to benefit highly from biogas technology to provide a carbon neutral energy supply, which is flexible and integrates future fluctuating energy sources, just as the technology will assist the agricultural sector in achieving its climate targets. This article thus investigates whether or not this part of Denmark holds sufficient biomass resources, to be used as feedstock for biogas production, to sustain such ambitions. It further investigates, how the biomass resources should be utilized the most efficient in which type of technology application. Analysis of how mature and reliable biogas technology, prepared to be utilized for gradually more complex bio-products in the future, will hence be emphasized. This is especially important in the light of growing pressure on bio-resources for energy production and various bio-services (Gylling et al., 2012; Malico et al., 2019). Focus will also be on what type of bio-products or “building blocks,” which can be produced, at the suggested biogas plants at Lolland & Falster Municipality, when looking at the available biomass residues. Thus, this article access by which steps such resources could be utilized for bio-products and higher value materials and energy, and correspondingly, according to which methods. This is emphasized by drawing on knowledge obtained from the research project: “BioBIGG - Bioeconomy in the south Baltic Area: Biomass-based Innovation and Green Growth,” financed by Interreg South Baltic and Region Zealand, emphasizing biomass resources and potential biogas systems within this specific geographical area.
This article now proceeds with an outline of the methodologies applied in this study starting with a presentation of the Circular Bio-Economy concept and cascading approach adopted as theoretical frameworks in this research. It then continues with a presentation of the production of wax, furfural, and proteins as important future bio-products, to facilitate a better understanding of the result section presented later in this article. Finally, the article elaborates on the data retrieval, including the case study area composed by Lolland & Falster Municipalities within Region Zealand.
MATERIALS AND METHODS
Circular Bio-Economy
The European Union strongly emphasizes the concept of bio-economy and member state countries, and other countries around the World have adapted this concept in their biomass policies nationally (Fund et al., 2018). The definition of BE is “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 bio-energy” (European Commission (EC), 2012). The concept has however received critique for not being circular and sustainable and merely applying business-as-usual (Hetemäki, et al., 2017; Pfau et al., 2014), where circular economy (CE) is defined as “minimizing the generation of waste and maintaining the value of products, materials and resources for as long as possible.” Thus, the two concepts above have been merged by the EU to Circular Bio-Economy, and the European Commission have stated that BE to a larger extent must have a circular focus to become fruitful (European Commission (EC), 2018).
The CBE concept is thus relatively new and the role of the concept in a future green transition is not fully defined or exemplified at the local and regional levels (Stegmann et al., 2020). This research will contribute to the lack of knowledge of how to adopt and apply this concept in a local context emphasizing the opportunity for using biomass residual from the Danish agricultural sector to speed up the pathway for green transition. By using cereal and beet tops residues, as well as animal manure, it illustrates and exemplifies how to utilize biomass residues from the agricultural sector, which otherwise could be wasted. The article will highlight how these residual waste streams can be valorized and utilized, by producing nutrients, renewable energy, and bio-products through upgrading and cascading methods (Sirkin, 1990; Sirkin and ten Houten, 1994). Such contributions are, according to Stegmann et al. (2020), underrepresented in the current CBE literature.
The thinking of this approach is depicted in Figure 1, showing the CBE system (green part of the triangle), “disrupting” the traditional carbon cycle system with a long timeframe (gray part of the triangle). The orange arrows illustrate the focal point of investigation in this article—a future green transition pathway—in which upgrading and cascading production methods (orange bend arrows) are intensified and developed further within the energy sector using agricultural residues. This is facilitated by the biogas technology that acts as an “engine” for CBE activities within the local community. Enhancing the biomass carbon cycle system, by using residues from the agricultural sector currently being treated as waste, to provide bio-product extraction activities and upcycled materials and energy, is thus the overall emphasis of this article. These resources must be utilized more efficiently, together with other local natural resources such as for example solar and wind energy, as well as geothermal energy, however not being a part of this investigation.
[image: Figure 1]FIGURE 1 | Future Green transition pathway adapting a CBE approach through upgrading and cascading production methods, which “disrupt” the traditional fossil fuel carbon cycle. Data adopted from: IPCC et al. (2013).
Resource cascading—normally just referred to as cascading—is a central method for optimizing the use of resources in the CBE. Cascading can be described as the use of outputs from one process, as an input to a sequential process at another level in the cascade chain, with the aim of extending the overall utilization time and maintaining the resource quality (Sirkin, 1990). At every level in the cascading chain, three options need to be the addressed 1) Upgrade or upcycle the resource to a higher level in the same cascading chain or in a new cycle, 2) Cascade the resource to a next (lower) level in the cascading chain, or 3) Maintain the resource quality at the same utility level (Sirkin and ten Houten, 1994). This study mainly provides suggestions of how to apply upgrading/upcycle to higher levels—or to new cycles—in the cascading chain, thus being option number one.
When applying the cascading concept to the utilization of cereal straw and beet tops, bio-products will provide an upgrading of the agricultural residues to a higher level, just as the production of upgraded biogas will enable cascading of the generated energy to new and higher cycles, compared with the production and utilization of traditional biogas only. Also, upcycling of manure and crop residues as fertilizer will for example happen, as the substrate becomes a higher value digestate when leaving the reactor tank due to a mineralization of the substrate (Jørgensen, 2009). Thus, maintaining the quality of the resources at the same utility level is, as mentioned, not pursued in this case, as the analysis mainly is connected to upgrading/upcycling. An example could however be to utilize cereal straw as building materials, and hence make use of the residual straw for energy services when these buildings are demolished.
Below, the article shortly introduces wax and furfural that potentially can be extracted as bio-products from straw, as well as introduces, how proteins can be extracted from the green top of sugar beet, here relying on Danish experiences with grass clover.
Bio-Products: Extraction of Wax, Furfural, and Protein
Wax from straw: Waxes are a broad term and cover substrates as fatty alcohols, fatty acids, sterols, wax esters, alkanes, etc. Waxes can be produced from biomass residues such as palm leaves and cereal straw and are extracted from the greasy content on the cereal straw surface (Bulushi et al., 2018), and can serve various purposes as for example food supplements, cosmetics, flavorings, fragrances, and coatings (Sin et al., 2014). Wax made from biomass residues (natural wax) can substitute environmental unfriendly petroleum-based (fossil fuel) wax, which currently are limited in production scale (Bulushi et al., 2018). Natural wax can be extracted from cereal straw, by using supercritical CO2 acting as an extract-fluid/solvent (Hyatt, 1984; Hunt et al., 2010), which facilitates extraction and fractionation of wax from biomass, and can be carried out in an internal one step process (Deswarte et al., 2006; Sin, 2012). This method is thus a viable alternative to more traditional methods applying organic solvents, which are prohibited in substrates used in, e.g., cosmetics and food supplements, due to the fact that no solvent residues are produced when using supercritical CO2 (Hunt et al., 2010; Sin et al., 2014). According to Attard et al. (2015), Attard et al. (2016) is the use of supercritical CO2 as a first step in applying a bio-refinery where upcycling of downstream residues—thus low-value cascading’s (see Figure 2 further below)—can be applied.
[image: Figure 2]FIGURE 2 | Circular Bio-Economy (CBE) principles adopting Cascading of biomass residues.
Furfural from straw: Furfural are regarded as important future bio-products and thus a platform for green chemicals and biofuels (Li et al., 2016), and can be utilized as a “biobased alternative for the production of everything from antacids and fertilizers to plastics and paints” (Biomass Furfural, 2021). Traditional furfural is made from fossil fuel petroleum products where natural furfural is made from lignocellulosic comprising of lignin, hemicellulose, and cellulose. Xylose or xylan (hemicellulose) are often utilized to produce furfural using an acid catalyst, whereby hydrolysis of xylan into xylose appears, and a successive dehydration of xylose (pentose) then leads to the production of furfural. Xylan is found in lignocelluloses biomass, as for example cereal straw, maize cob, rice husk, bagasse, etc. (Matsagar et al., 2017). It is important to separate, hence pretreat, the lignocelluloses to be able to extract the content of hemicellulose, which then enables this substrate to be converted into C5 sugars and then finally into furfural. The production of furfur is, as mentioned, a chemical platform—or building blocks—for producing various other types of green chemical and products and can also be facilitated by using supercritical CO2 (Sangarunlert et al., 2008). Hence, as for the case of wax, supercritical CO2 can be utilized as a solvent to extract furfural instead of environmental unfriendly mineral acid, where the recyclability of this solvent also is a major advantage.
Protein extraction from beet tops: Today, it is possible to use different technologies to extract edible protein concentrates from biomass residues to be used as food and fodder, in this case also from the green tops of sugar beet (Beta vulgaris L.). Experiments show that proteins can be extracted and fractionated from sugar beet tops by using a wet process to obtain two types of leaf protein concentrates. One, obtained by heat coagulation of the green juice with protein contents of approximately 34%, and another, obtained from the brown juice with protein contents of 44%, in both cases the results depend on the temperature and time used for extraction (Jwanny et al., 1993). Another method applied is to utilize enzymes to facilitate the process of extracting protein (Akyüz and Ersus, 2021).
Beet tops has historically been utilized for animal feed, but nowadays mostly left on the field to decompose or in some cases plowed into the soil for fertilizing, which is the same situation for residual straw (BioBIGG, 2020a). Literature state that beet-tops hold a protein content of 19–23% (dry matter, DM) (Akyüz and Ersus, 2021). Little knowledge, however, exists on the extraction of proteins specifically from beet tops, whereas protein extraction—from within a Danish context—mostly has revolved around grass clover and extraction of proteins by a screw-pressers. This knowledge can most likely be transferred to extraction of proteins from beet-tops (University of Århus, 2015). Below, the article shortly presents the methods of extracting protein from green stuff, here exemplified by grass clover for animal fodder.
Newer research highlights (University of Århus, 2015; Santamaria-Fernandez et al., 2019; Frandsen, 2020) that the fiber/pulp fraction (70% of the DM)—when feeding green stuff to a screw-presser—can be utilized for dairy cattle fodder and might thus improve the economy of utilizing green stuff, such as grass clover and beet tops, as protein fodder. Owing to a splitting up of the green fibers within the screw-presser, the cattle tend to be able to utilize the energy in the processed green stuff—the fiber/pulp—better than ordinary green fodder, which they normally are feed by. A study further suggests that dairy cattle increase their milk yield production by as much as 37% when feed by fiber/pulp from green stuff, compared to ordinary non-processed green stuff (Damborg et al., 2019).
From the screw-presser, a juice (30% of the DM)—being rich in proteins—is also extracted, which can be heated and turned into fodder pellets (25% of the DM), and usually utilized for one-stomach livestock animals. The remaining part (5% of the DM), which is a brown juice, can be utilized for biogas production, hence another upcycling in the cascading chain as far as energy production. See Figure 3 above:
[image: Figure 3]FIGURE 3 | Process of screw-pressing green stuff with high protein content as beet tops, grass-clover, etc. with output of 1) fiber/pulp for dairy cattle and 2) protein pellets for one-stomach-only livestock. Data from: (University of Århus (2015); Santamaria-Fernandez et al. (2019); Frandsen (2020).
Having outlived the theoretical lens and presented the bio-products etc., being the main focus of this article, next is to present the data retrieval methods applied in this study, here also emphasizing our case study area.
Data Retrieval
The data retrieval in this article is based on case study analysis, journal articles, and various literature studies. This will be detailed below.
Case Study Research
Within the Southern part of the island of Zealand, East Denmark, two municipalities are situated: Lolland & Falster Municipalities. The two municipalities are mainly rural areas with various agricultural activities, hereunder the cultivation of cereal straw and sugar beet, of which the latter is intensively grown mainly for the local sugar industry. The area does not hold as much livestock as in the Western part of Denmark with more sandy soil. Unused agricultural residues are available within the municipalities, here emphasizing cereal straw and beet top residues. Also, un-digested animal manure is available, which all together could be utilized for energy production and bio-products in the future. The energy systems within the two municipalities are primarily based on collective district heating systems based on biomass (wood chips and straw), waste incineration, individual oil and gas boilers (which must be phased out), renewable energy from on-shore and off-shore wind turbines, as well as solar heaters. An extension of the natural gas pipelines from central Zealand is planned to be implemented in Lolland & Falster Municipalities within the near future, emphasized later (Gaarsmand and Kjær, 2019).
Two biogas plants are scheduled to be implemented within Lolland & Falster Municipalities, hence investigated in this article, with point of departure in the technology’s capability to become a lever for future bio-product “extraction-activities” (here wax, furfural, and proteins), as well as higher value materials and energy output. Emphasis here is specifically on the Abed Biogas Plant, located in Lolland Municipality, as being representative for the two biogas plants placed in an area with no natural gas network. Political discussions, however, have been ongoing for several years now of whether or not to connect this area of Denmark to the natural gas network that exists in the remaining part of the region. This has, as of February 1, 2021, been politically approved at a cost of 792 million DDK (106 million Euro) (Danish Ministry of Climate, Energy and Utilities, 2021), and more than 40 larger industries within the area—hereunder Nordic Sugar—have shown interest, where 15 industries already have signed “letters-of-interest” in purchasing gas from the coming gas network (SEAS-NVE, 2021).
Literature
Peer review articles, scientific reports, policy papers, and background literature, in general, have been utilized to qualify this article. This is for example literature from International Panel of Climate Change (IPCC), the European Union (EU), and the European Commission (EC) on climate change impacts and policies, as well as CBE initiatives. Besides this, data from the BioBIGG internal work reports have been utilized, e.g., mapping agricultural residues within the case area studied, as emphasized below. Furthermore, journal articles have been assessed to qualify statements further and to outline the CBE and cascading approach, as a theoretical framework in this article.
Databases and Statistics
Extensive data collection regarding biomass resources, as manure, residual straw, and beet tops, has been exercised as a precondition for this research paper and collected in the publications “Biomasse Potentialer” (Gaarsmand and Kjær, 2019) and “Biomass and innovation potential of residues, by-products and other sustainable feedstock for biobased products in four South Baltic Area regions” (Prade et al., 2019). Reference to this work thus provides condensed data and information, collected from agricultural databases, statistical information from, e.g., “Danish Statistic’s,” as well as various data from Danish governmental organizations, farmers organization, etc. on the amount and availability of biomass resources within Region Zealand. Besides this, data extraction from the “Technology Catalog” (Danish Energy Agency DEA, 2020b) has been utilized to calculate energy yields and estimate energy efficiencies, etc.
RESULTS
In the following, the results of this research project’s mapping of agricultural residues within Region Zealand, as well as the potential energy output from the two biogas plants scheduled to be implemented within Lolland & Falster Municipalities, are presented. Following that, a presentation of the technical concepts of the biogas plant at Lolland Municipality (the Abed Biogas Plants) is outlined, to access, whether CBE and cascading activities could be added to the existing design. This is in order to utilize the biogas plant as an “engine” for present and future production of bio-products and higher value materials and energy. Emphasis of the “engine” is, first, to apply solutions relying on internal technology and resources, as existing biogas technology and applicable technical solutions revolving around these, and to utilize readily available biomass residues from within the community. Second, in a later stage, utilization of other more advanced technical applications and additional biomass residues, from within or outside the community, can be “imported” to develop the production of bio-products and hence building blocks even further. Finally, the article presents a step-by-step approach of how to utilize the biomass residues identified, more efficiently, in a process where the biogas plant becomes an “engine” in which gradually higher cascading levels (upscalings) are achieved.
Mapping Agricultural Residues
Within Region Zealand approximately 7.3% of the arable land is cultivated with beet, which equals approximately 35.000 acres. The amount of sugar beet tops to reach 170.000 tons of Dry Matter (DM), with an average of 5 tons per acres, is identified (BioBIGG, 2020a). Besides this, 2.8 million tons of animal manure are produced on an annual basis within Region Zealand, of only which a minor part is being digested on the existing biogas plants, thus approximately 240.000 tons (Gaarsmand and Kjær, 2019). Cereal straw (winter wheat and other cereals) covers approximately 71% of the arable land and take up 310.000 acres at Region Zealand, providing cereal crop yields of approximately 1.4 million tons per year. It is estimated that approximately 35% of the residual straw currently left on the farmland are collected and utilized for combined heat and power production (CHP) on decentralized CHP plant within the Region (BioBIGG, 2020b). Small fractions are also utilized for animal bedding materials, fodder and in individual straw fired farm boilers, but the largest part is yet to find other means of usage, as simply decomposing on farmland.
Within Falster & Lolland Municipalities specifically, it is identified that 800.000 tons of animal manure are readily available for biogas production, within a distance of 30 km from the two suggested plant location sites. Besides this, 880.000 tons of unused beet tops and 220.000 tons of residual straw from the community are assessed to theoretically be feed to the biogas facilities. For the planned biogas plants within Lolland & Falster Municipalities, the following biomass resources have been estimated to be readily available: The full manure potential equal to 800.000 tons; 230.000 tons sugar beet tops; 100.000 tons of residual straw, thus approximately 1.130.000 tons (Gaarsmand and Kjær, 2019; Prade et al., 2019).
Energy Production and Technical Plant Specifications
The potential gas yield from the two biogas plants that are scheduled to be operated as manure-based biogas plants, mixed with green substrates to utilize the available biomass resources from the community, is assessed as follows. The total energy output from the two plants is estimated to be 40 million m3 biogas (methane) which equals 397.000 MWh (estimated by the lower calorific value of 9.94 kWh/m3 (Danish Energy Agency DEA, 2020a). The fertilizer yield is assessed to reach 5.500 tons of nitrogen (N) and the total greenhouse gas (GHG) reductions to 169,220 tons of CO2 eq. (Prade et al., 2019). The technical specifications related to the plant layout at the Abed Biogas Plant are exemplified in Table 1.
TABLE 1 | Technical concept-Example of Abed Biogas Plant (Lolland Kommune, 2020).
[image: Table 1]The biogas concept presented above is, as mentioned earlier, one of two plants schedules to be implemented within Lolland & Falster Municipalities. The technical concepts rely on mature and reliable biogas technology that has been operated in a Danish context for several years (Holm-Nielsen et al., 2009; Jørgensen, 2009; Food and Bio Cluster Denmark, 2020). As seen from the technical concept in Table 1, Lolland Municipality emphasize on upgrading biogas to natural gas standards, as a consequence of the natural gas pipeline that will be in operation in 2024 (SEAS-NVE, 2021). It is also clear that the municipality plan to use a little more than half of the biomass residues that was found appropriate, hence 600.000 tons annually.
There are, however, no current plans of applying solutions that emphasize the production of bio-products in the technical concept presented, nor any plans of how to utilize the specific residues from the local area more efficiently than simply as a bio-substrate to be mixed with manure. In the following, the article discusses how the biogas plant can be optimized, applying the normative lens of CBE adopting applicable cascading opportunities offered by the specific context. This is detailed in the following.
Biogas as “Engine” for Bio-Products and Higher Value Materials and Energy
Below, it is identified how bio-product “extraction-activities” for cereal straw and beet tops can be obtained when connecting and integrating such resources to a biogas “engine” technology, where various cascading’s move the system to a higher level. The approach is, as mentioned, to look at options for extracting protein from beet tops, and furfural (from C5 sugars) and wax (fatty alcohols, alkanes) from residual straw (Sin, 2012; Matsagar et al., 2017), as well as to obtain higher value of materials and energy. The notion of using the biogas technology as an “engine” is understood as the technology’s capability to become a “hub” for activities, like thermal, mechanical, biological, and chemical treatment, enabling production of bio-products and higher value materials and energy. “Engine” is thus interpreted as biogas technology being a “multiple treatment/production facility.”
As illustrated in Figure 2, the aim is to develop a method in which biomass residues and side streams are utilized efficiently, and where the development of the system happens in steps according to whether or not they can be deployed based on internal CBE processes at the initial stage, without drawing on “imports” of other types of external biomass resources or highly advanced and costly technology. Having developed such internal CBE processes, emphasis could then be to develop CBE processes relying on additional residues and the production of other types of bio-products. This is emphasized in the following and depicted in Figure 2, showing the cascading chain.
The lower step (1) in the cascading chain is the recirculation of nutrients, such as nitrogen, phosphorous, and potassium, which is pivotal to sustain farmland fertility and hence the cultivation of crops etc. This is based on the agricultural sectors production of animal manure, where this substrate is recirculated as a fertilizer. At this level, however, it is possible not only to utilize the nutrients in the animal manure, but also to include local waste streams such as various crop residues to provide valuable soil nutrient, in this case straw and beet tops. The biomass resources (manure and crops residues) should preferably not be utilized as fertilizer on farmland being un-digested, emphasized in the following step. Hence, the next step (2) includes the benefits of the biogas technology as far as mineralization of nutrients, odor reduction, and the ease of distributing the digestate on farmland after the substrate has been digested and thus becomes more liquid (Jørgensen, 2009; Al Seadi et al., 2013b). This step increases the cascading value of both manure and biomass crop residues. Thus, higher value materials are obtained.
In step (3) the substrate—and consequently gas production from the reactor tanks—is additionally utilized for renewable energy production as Combined Heat and Power (CHP), which faces out/reduces the consumption of fossil fuels within the local energy system, hereby increasing the level of cascading even further (upcycling). In Step (4) some, or all, of the biogas is upgraded to bio-methane, by the extraction of the content of CO2. This enables the bio-methane (upgraded biogas) to be distributed to other parts of Region Zealand through the natural gas network, and hence to supply more flexible and higher value energy services with better storage options as a benefit (Dansk Gasteknisk Center, 2019; 2020; SEAS-NVE, 2021). This is also in line with the EC’s ambitions of developing more integrated energy systems within the EU (European Commission, 2020). Thus, higher value energy services are obtained. The scheduled biogas plant at Abed entails until step (4).
In step (5) the use of the biomass residues, and the production of CO2 from the upgrading of biogas, now enables the use of straw and beet tops residues in a completely other order, which increases the cascading value of the entire process. It is suggested to utilizing the straw for extraction of bio-products, as for example wax and furfural, where the processed/extracted residual straw are feed to the biogas plant as feedstock afterward (see Figure 4). This process can be applied as an internal process using the extracted CO2 from the upgrading of biogas, as supercritical CO2 (scCO2), a solvent, to extract furfural and wax. Being an internal process, not relying on outside “import” of highly advanced technology, such bio-products could be produced before other types of bio-products. During the extraction of wax and furfural the residual straw undergoes a pretreatment in which it becomes highly appropriate for biogas production. Hence, it turns to a higher value substrate in the cascading process, with gas yields surpassing the level of the non-processed straw residues. As a consequence of this, expenses connected to previous pretreatment technologies of straw, such as macerator, choppers etc. might be avoided (Møller and Nielsen, 2016). Synergies will hence be obtained.
[image: Figure 4]FIGURE 4 | Internal use of straw residues, supported by well-known and mature biogas technology using supercritical CO2 from the internal process of upgrading biogas, including producing wax and furfural. 100 tons of residual straw equals 1/100 of the amount that will be digested at Abed Biogas Plant. (Sources: Sin et al., 2014 (i); Møller and Nielsen, 2016 (ii); Matsagar et al., 2017 (iii); Bulushi et al., 2018 (iv); Dalvand et al., 2018 (v); Lybæk et al., 2020 (vi); Biomass Furfural, 2021 (vii)).
Besides recirculation of nutrients (step 1), digestion of manure and biomass residues within the biogas technology (step 2), renewable energy production as CHP to local community (step 3), upgraded biogas to the natural gas network within Region Zealand (step 4), and furfural and wax extraction from straw (step 5), the next step (6)—in this specific case—is to utilize the residual beet tops for production of proteins before feed to the biogas plant. Thus, the green top can be used for high value protein extraction for human and animal feed, by using a screw-pressers, as exemplified earlier in this article (see Figure 2). By extracting the protein from beet tops the crop is utilized at the highest cascading level as possible, where the remaining residues can be utilized together with straw for biogas production, preferably as silage materials, emphasized shortly below. The brown juice from the protein production can, however, be feed directly to the biogas plant, also pointed out earlier in Figure 2.
To move the use of beet-tops and straw to an even higher cascading level, as far as gas yield, the protein extracted beet tops can be mixed and stored as silage together with residual straw, as the straw stabilizes the beet tops whereby the gas yield increases, as opposed to a separate storage and silage. Besides this, the green beet tops will soften the lignin content in the straw, whereby microorganisms within the reactor tank have better access to the hemicelluloses (Møller and Nielsen, 2016; Lybæk et al., 2020). Data regarding the use of straw for the production of wax and furfurals, as well as pretreatment costs and gas yield etc. connected to the use of residual straw at the Abed Biogas Plant, are exemplified in Figure 4.
Applying any further steps in the cascading chain could be to produce second-generation bioethanol with the use of enzymes, which however require the implementation of additional technology and facilities. Such extraction-activity should however happen before any residual substrates are feed to the biogas plant as feedstock. Another option is to include additional types of biomass residues from the local community than those presented previously. This could for example be forest wood waste for the production, e.g., polymers, which again will require implementation of new advanced technology and facilities. Besides this, methanization of CO2 can be applied if sufficient quantities are available, using hydrogen (H2) from the production of wind and solar energy, and hence strengthen a more integrated energy system within Region Zealand. The latter suggestions require highly advanced and expensive technologies but could be viably in a later stage of the production of bio-products/building blocks.
Thus, the important aspect here is to apply a method, which step-by-step increases the use of side streams, and constantly seeks to upcycle biomass residues to bio-product and achieve higher value materials and energy. The extraction activities must be applied before other types of activities, as for example biogas production. Thus, the hierarchy of using the biomass residues for bio-products must thus be prioritized, before using it as feedstock for the production of biogas. Moreover, biomass residues from within the local community should, hierarchically, be utilized before “imports” of other types of biomass from outside the area to enhance the circularity within the local community. Finally, priority should be given to develop internal CBE processes, which the existing biogas technology can enable and sustain, before later on emphasizing on development of processes that entails implementation of more advanced and costly technologies and facilities.
DISCUSSION
The step-by-step approach developed in this article proposes that mature and reliable biogas technology becomes an “engine” for an efficient use of biomass for production of bio-products. Such bio-products have previously been tried to be produced on very advanced bio-refineries in a Danish context, but with little success and large economic costs as a consequence. Three biorefineries connected to the Danish energy company Ørsted have for example been terminated, being “Inbicon” (Larsen et al., 2012) and “Pyroneer” (Viader, 2016) both emphasizing biomass residues, as well as “REnescience” (Global Recycling, 2021) focusing organic waste from households. Besides this, the Maabjerg Bio-Refinery project were never really initiated due to political, regulatory, and economic restrictions (Lybæk et al., 2020), despite large fundings and high ambitions. This article therefore suggests developing smaller and simpler “bio-refineries” based on the concept of mature and reliable biogas technology, which enables and becomes an “engine” in a gradually expanded production of biorefinery products. In this way the production of bio-products, thus building blocks, happens gradually and might enable, economically and technically, that the ambitious climate targets formulated by Region Zealand can become reachable.
The production of “building blocks,” as suggested above, has also recently been included in a new Danish governmental action plan emphasizing a “National Bioeconomic Strategy” (Ministry of Food, Agriculture and Fisheries of Denmark, 2020). Focus is on the role of biomass, such as crops, biomass residues, and side streams etc., where waste materials according to the strategy must play a vital role in the Danish economy. New investigations will show how land use, biomass, and bio-refining can provide socioeconomic gains for the future. Legal requirements will for example be formulated for the sustainability of wood biomass usage, and with the “National Bioeconomic Strategy” a “green billion” (13,33 million Euro) has been channeled to research and development of a green transition pathway. The funds will be used to, e.g., promote bio-economic potentials, including testing, development, establishment, and demonstration of technical solutions in the field of biorefining (Ministry of Food, Agriculture and Fisheries of Denmark, 2020). Thus, other types of biorefineries might emerge in the future, which emphasize less on more advanced solutions in the initial stage, but mature and reliable existing solutions and techniques, which immediately can be adopted as an “engine” in the production of bio-products and higher value materials and energy.
CONCLUSION
This article exemplifies how residual biomass from within Region Zealand can be utilized efficiently for bio-products and in the achievements of higher value materials and energy. Emphasis has been on a biogas plant in Lolland Municipality, the Abed Biogas Plant, and the utilization of manure, straw, and beet top residues generated within the local community, as feed stock for the biogas plant. A step-by-step approach has been developed, which can facilitate a more efficient use of such resources. Within Denmark as a whole (Wittrup and Jeppesen, 2020), and Lolland & Falster Municipalities exemplified here, residual straw and beet tops are highly available. However, emphasis should not only be on these specific agricultural residues, but also on other agricultural residues, and residues from the forestry sector, as well as from the industry and household sector, where large unused potentials of organic waste materials and residues exist (Gaarsmand and Kjær, 2019; Prade et al., 2019). In the specific contexts addressed, the biomass availability must be mapped, and the energy system accessed, to decide how the step-by-step approach should be utilized the most appropriate for production of bio-products (building blocks), and higher value materials and energy.
At the global level it is favorable to implement the proposed system, given the specific context, as environmental benefits will be achieved at several levels. First, the biomass will be utilized more efficiently, as wax and furfural—valuable industrial resources for, e.g., pharmaceutical products—will be extracted before the biomass residues are used for energy purposes. Efficiency in biomass utilization gradually becomes more important, as our energy supply and materials use are converted into renewable energy and bio-degradable products based on various sorts of biomass. Second, production of wax and furfural currently relies on petroleum-based products, which harm the environment significantly (Matsager et al., 2017). The production is currently limited, however, but the request for these products is high. Thus, a larger production of natural furfural and natural wax, from the biogas system proposed in this article, will provide environmental benefits and increase the production of these materials for producing “building blocks,” as well as resources for the industry.
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