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Abstract 10 

Small-scale anaerobic digestion (SSAD) is a promising technology for the treatment of 11 

livestock manure and the organic fraction of municipal wastes, especially in low population 12 

communities or in stand-alone waste treatment facilities. SSAD systems can transform organic 13 

matter into biogas (a mixture, mainly composed of carbon dioxide and methane), making the 14 

technology suitable for a variety of applications in energy, agriculture and, potentially, the 15 

emerging bio-products and bio-processes sector. Small-scale farming processes can further 16 

exploit the portable and flexible options made available by implementing SSAD systems to 17 

effect on-demand conversion of organic waste streams to useful heat (and, potentially, 18 

electricity), with significant economic benefits accruable (especially when such energy carriers 19 

are exported). SSAD is particularly applicable to the European agricultural sector, where the 20 

average individual farm sizes and land productivities are currently insufficient to meet the 21 

feedstock requirements of medium and large-scale plants. Despite the apparent benefits of 22 

SSAD, the technology is still not well utilised. Much of the research previously conducted has 23 

focused on large-scale systems. 24 

This study explores the current status of SSAD technology in Europe by identifying process 25 

design and operational characteristics, influential EU policies, the recent progress related to 26 

SSAD, and the issues encountered. The study sheds light on an area with limited research by 27 

providing an overview of the technology’s present status in Europe by identifying areas of 28 

future study. 29 
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Highlights: 1 

 Small-scale anaerobic digestion; a promising renewable energy technology for rural 2 

agricultural industries.  3 

 Beneficial for its capability to produce bio-energy, bio-fertiliser, and mitigate 4 

emissions. 5 

 Items related to plant design, energy utilisation, policy implications, and limiting 6 

barriers were examined.  7 
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 22 

1.   Introduction 23 

A recent increase in the implementation and use of anaerobic digestion (AD) systems 24 

globally has been observed, mainly due to the need for more renewable energy production and 25 

for sustainable waste reduction solutions. The growth and development of AD has been 26 

primarily driven by the immediate threat of climate change and the need for the increased use 27 

of non-fossil fuel sources to meet global domestic, industrial and commercial energy 28 

requirements. In response to addressing the pressing climate change impacts, the European 29 

Commission adopted a long-term vision to achieve a climate-neutral Europe by 2050 [1], 30 

requiring the rapid transformation of the European Union’s (EU) biggest greenhouse gas 31 

(GHG) emitting sectors, including: energy supply (24.9%); transport (18.1%); industry 32 

(16.5%); residential/commercial (11.2%); and agriculture (9.9%) [2]. Of the renewable energy 33 

technologies available, AD is especially promising for the mitigation of GHG emissions 34 

resulting from both the energy and the agricultural sectors. The technology is particularly 35 

applicable to the agricultural sector as manure management alone accounts for 31% of the GHG 36 
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emissions and nearly all ammonia (NH3) emissions released from the production of livestock 1 

in the EU‐28 [3]. Unlike other renewable technologies, AD can uniquely capture harmful 2 

methane (CH4) and nitrous oxide (N2O) emissions released from manure, while simultaneously 3 

producing renewable bioenergy [4–6].  4 

AD is a natural process that uses microorganisms to biodegrade material over four stages 5 

(hydrolytic, fermentative, acetogenic and methanogenic) in the absence of oxygen, producing 6 

a CH4 rich gaseous output known as biogas. In dealing with agricultural wastes, these systems 7 

reduce waste loads, generate bio-energy and produce nutrient-rich fertilisers (in digester 8 

effluents) (Fig. 1). Other benefits include the reduction of odours, pathogen loads, and GHG 9 

emissions stemming from agricultural processes.  10 

 11 
Fig. 1. Schematic of farm-scale anaerobic digestion plant  12 

 13 

At present, the EU is the global leader in the production of electricity derived from biogas, 14 

with an installed capacity of 9,985 MWe across 17,662 plants [7]. International and national 15 

climate change reduction and energy supply targets have been the leading drivers in the 16 

technology’s deployment, attracting extensive investment from public and private institutions 17 

[8]. Even accounting for the recent growth, the technology is still underutilised, with the 18 

potential biomass resources from the agricultural sector far exceeding current use [9]. Slow 19 

adoption can be partly attributed to the concentration on large-scale AD systems across Europe, 20 
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where the location of such centralised facilities has been dependent on the availability of large 1 

quantities of biomass feedstock. However, smaller available biomass quantities in stand-alone 2 

agricultural environments, which are outside the catchment area, or where the cost of supplying 3 

such agricultural wastes, by-products or biomass to the centralised AD plants cannot be 4 

justified, are largely not captured in bioenergy (including AD) conversion schemes. This is a 5 

significant issue because the average individual farm holding in the EU-28 consists of only 6 

16.1 ha (i.e. insufficient to meet the feedstock requirements of centralised AD plants) [10]. 7 

Small-scale anaerobic digestion (SSAD) is a promising technology to overcome this 8 

barrier, as, deal with smaller organic feedstock sources. Despite the apparent benefits of SSAD, 9 

the technology is still not well utilised, with much of the research to date focused on large-10 

scale systems [11–20]. To bridge this research gap, this study presents a comprehensive review 11 

of SSAD technologies across Europe, in order to evaluate the technologies potential in 12 

producing renewable energy from feedstock sourced from small to medium agriculture 13 

environments. The following objectives were set: (i) review the current state of the art of plant 14 

design and operating characteristics; (ii) identify suitable commercial applications for the 15 

utilisation of bioenergy; (iii) examine the influence of government policy on the technologies 16 

deployment, and (iv) summarise the major challenges limiting widespread adoption to date. 17 

The ultimate aim of this study is to provide an effective guide to allow academics, decision 18 

makers, and operators gauge the technology.  19 

 20 

2.   Methods and Materials 21 

2.1 Review Methodology   22 

A comprehensive evaluation of the scientific literature was undertaken to provide a 23 

thorough understanding of the development and current status of SSAD technologies across 24 

Europe. The studies were sourced largely from international databases and information sources 25 

such as Web of Science, Science Direct, Scopus, Springer, Emerald and Elsevier. These 26 

databases were searched for relevant articles, book-chapters and conference proceedings. 27 

Furthermore, technical reports and statistics were retrieved from official international 28 

databases including Eurostat, International Energy Agency, and European Biogas Association. 29 

The decision to include or exclude studies was based on the SSAD classification criteria 30 

described in the following sub-section. Fig. 2 provides an illustration of the screening process 31 

used to construct the literature database. Irrelevant studies are those that fell outside the criteria 32 

described in Section 2.2. Of the items examined, a total of 86 studies met the requirements, 33 
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sourced from scientific articles (57 research papers and reviews – 66.3%), technical documents 1 

and reports (27 documents – 31.4%) and book chapters and indexed conference proceedings (2 2 

documents – 2.3%). A detailed breakdown of the studies used to build this literature database 3 

is provided in Appendix A.  4 

 5 
Fig. 2. Flow chart of the screening process used for the literature database 6 

 7 

2.2 Classification of Anaerobic Digestion Plants   8 

AD plants can typically be categorised by their feedstock input quantities, gas outputs, or, 9 

where a further energy conversion is available, the electrical or thermal output of the integrated 10 

combined heat and power (CHP) unit  [21]. The terms “micro”, “small”, “medium”, and “large” 11 

scale anaerobic digestion plants have been widely used in the research literature without a 12 

quantitative basis for the ranges covered by such labels [22–26], with different countries 13 

creating their own classifications [27–29]. These classifications in the European context have 14 

been tied to FIT payments, which are based on the quantity of electricity generated by the plant. 15 

FIT’s are national policy mechanisms that provide payments and long-term contracts to 16 

renewable electricity producers, proportional to the amount of power generated. The payments 17 

are often dependent upon the size of the plant in terms of installed electrical capacity, reflecting 18 

the higher generation costs associated with small and medium sized projects [27]. Table 1 19 

displays a sample of the various classifications used in the EU for AD plants, with no unifying 20 

definition apparent. This study builds on the various definitions identified in the literature and 21 

Table 1, to propose a unifying range to classify AD plants. To support the proposed range, 22 

further clarification with reference to the industry and literature is provided in the following 23 

sub-sections. 24 
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Table 1. National FIT payment categorises. Adapted with permission from Pablo-Romero, M. del P. et al. (2017) ‘An overview of feed-in tariffs, 

premiums and tenders to promote electricity from biogas in the EU-28’, Renewable and Sustainable Energy Reviews, 73, pp. 1366-1379. Copyright 

2017 Elsevier. 

Countries Contract Duration Determining factors of the prices Payment for biogas 

Croatia 14 years The tariff for plants using biogas 

generated from plant and animal origin, 

crops and organic residues, sewer and 

landfill gas, and biodegradable waste 

varies depending on the plant’s capacity 

Capacity ≥ 300 to < 400 kW: €ct 19 per kW h 

Capacity ≥ 400 kW to < 1 MW: €ct 16.5 per kW h 

Capacity ≥ 1 MW to < 2 MW: €ct 16 per kW h 

Capacity ≥2 MW to < 5 MW: €ct 15 per kW h 

France 15 years The tariff is dependent upon the plant’s 

energy performance and capacity 

Capacity of ≤ 150 kW: €ct 9.745 per kW h 

Capacity ≥ 2 MW: €ct 8.121 per kW h  
Plants with an energy performance of at least 70% may 

have a bonus of €ct 4, also applied for plants using a 

share of 60% or higher of livestock manure.  

Hungary Not greater than the term of 

amortisation of the plant. 

Payment rates subject to the plant’s 

capacity and the time period in which 

the electricity was generated (peak, 

valley, and deep-valley periods) 

Capacity of ≤ 150 kW: €ct 9.745 per kW h 

Capacity ≥ 2 MW: €ct 8.121 per kW h  

Plants with an energy performance of at least 70% 

may have a bonus of €ct 4, also applied for plants 

using a share of 60% or higher of livestock manure. 
Luxembourg 15 years  Payment rates reliant on the nominal 

electricity capacity of the plant 

Capacity ≤ 150 kW: €ct 14.7 per kW h 

Capacity > 150 kW to ≤ 300 kW: €ct 13.7 per kW h 

Capacity > 300 kW to ≤ 500 kW: €ct 12.7 per kW h 

Capacity > 500 kW to ≤ 2.5 MW: €ct 11.7 per kW h 
United Kingdom 20 years The tariff applied is subject to the 

installed capacity of the plant    

Capacity ≤ 250 kW: €ct 8.83 per kW h 

Capacity > 250 kW to ≤ 500 kW: €ct 8.15 per kW h 

Capacity > 500 kW: €ct 8.4 per kW h 
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2.2.1   Micro-scale AD (CHP electrical output < 15 kWe) 1 

The application of micro-scale anaerobic digestion systems is considered to be limited to 2 

treating smaller organic waste quantities, with the biogas generated used for local heating and 3 

domestic purposes. This study uses Walker et al.'s (2017) interpretation of micro-scale 4 

anaerobic digestion as a plant with a CHP electrical capacity ranging between 5 to 15 kWe, or 5 

equivalent. This range is comparable to other research studies in the area of micro AD [24,26].  6 

 7 

2.2.2  Small-scale AD (CHP electrical output between > 15 and < 99 kWe) 8 

SSAD installations are generally used to serve farm-scale applications and have a 9 

significant net energy (heat and power) output based on the biomass available in such farm 10 

environments. To further illustrate this scale, the estimated energy production from the EU-11 

28’s average farm holding of 16.1 hectares via growing and digesting of maize would be 12 

between 431 to 586 MWe annually [10]. This corresponds to a CHP electrical capacity of 49 13 

to 67 kWe. This assumption is based on a methane yield of 7,500 to 10,200 m3/ha, an energy 14 

density of CH4 of 10.49 kWh/m3, a CHP electrical efficiency of 40%, and an operating time of 15 

85% [30–33]. Based upon these figures and other literature, a CHP electrical capacity ranging 16 

from 15 to 100 kWe has been deemed appropriate to define SSAD [34]. 17 

 18 

2.2.3  Medium-scale AD (CHP electrical output between > 100 and  < 299 kWe) 19 

Medium-scale AD systems include plants that fall between the spectrum of small-scale 20 

plants described above and large utility systems. Medium-scale AD plants in this study have 21 

been defined as systems with a CHP electrical capacity ranging from 100 to 300 kWe, which is 22 

an energy output that could meet small community demands (i.e. 15 to 20 households) [35,36]. 23 

 24 

2.2.4  Large-scale AD (CHP electrical output > 300 kWe)  25 

An extensive analysis of the industrial and research literature on AD systems showed that 26 

plants with an electrical output of >300 kWhe or feedstock consumption exceeding 5,000 27 

tonnes per annum have typically been classified as large-scale systems. Recent large AD 28 

installations in France have involved by plants of greater capacity, with the installations having 29 

an average plant capacity of 115,400 tonnes annually [8]. Large-scale plants are typically more 30 

complex to maintain and operate, but benefit from greater economies of scale [8]. 31 

 32 

  33 
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3. Process Design Characteristics and Operational Performance Considerations 1 

 2 
Although all SSAD systems perform the same basic function, their designs can vary widely, 3 

depending on geographical location, the available feedstock, climatic conditions and the overall 4 

intent of the reactor-use, i.e. for reduction of the organic load, energy production or reduction 5 

of bacterial content [37,38]. These systems can be broken into three main categories: passive 6 

systems, low-rate systems, and high-rate systems. This section describes digester types for each 7 

category, with the current practical application further illustrated through European case 8 

studies.  9 

 10 

3.1 Passive System 11 

A passive system is defined as a plant where a biogas recovery unit is added to an existing 12 

manure or waste digestion treatment component [39]. This system typically incorporates little 13 

to no mixing or supplemental heating. The temperature profile generally follows seasonal 14 

patterns, operating in psychrophilic and mesophilic temperature ranges [40]. Since methane 15 

production reduces significantly at temperature levels below 20°C, these units are typically 16 

located in warm regions [39]. A covered lagoon digester is an example of a passive system.  17 

 18 

3.1.1 Covered Lagoon Digester 19 

A covered lagoon digester is simply a manure lagoon with an impermeable cover (Fig. 3). 20 

The system uses two lagoons operating in series. The liquid level in the first lagoon remains 21 

constant, while the level in the second lagoon may rise or fall, depending on the farm’s storage 22 

requirements. The stable conditions in the first lagoon promote the breakdown of the substrate, 23 

with the biogas produced usually captured under a flexible cover and removed via a collection 24 

system. This configuration has the added benefit of acting as a manure storage mechanism until 25 

land application. 26 

Properly designed covered lagoon digesters can produce biogas from dilute wastes with a 27 

total solids concentration of <0.5 - 2% [41], such as flushed manure and dairy parlour 28 

wastewater [42–44]. A pre-treatment separation unit is used to prevent coarse solids, such as 29 

silage fibres and hay, from entering the lagoon. If such solids are not separated, they float to 30 

the top and form a crust, resulting in reduced biogas production and eventual infilling of the 31 

lagoon [42]. Excessive amounts of water from these flushing systems dilute the manure and 32 

reduce the organic loading rate (OLR).   33 
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Covered lagoon digesters are one of the most common systems used globally for the 1 

processing of manure slurries and agriculture residues, particularly in North America [42,45]. 2 

Although these installations are the cheapest AD system available, they are not typically used 3 

in Europe, as they require warm climates to maintain a sufficient digester temperature for 4 

methanogenic bacteria to thrive [45]. 5 

 6 

Fig. 3. Schematic drawing of a covered lagoon digester 7 

 8 

3.2 Low-Rate Systems 9 

A low-rate system is defined as a system where feedstock is held in a digester for an 10 

extended period of time (typically 10 to 30 days) to maximise biogas yield [40]. These systems 11 

can operate in both the mesophilic (25 - 40° C) and thermophilic (50 - 65° C) temperature range 12 

requiring the use of supplementary heating, often in the form of heat exchangers, to maintain 13 

the desired temperature [40,42,43]. Unless there is a legal requirement for the pasteurisation of 14 

manure to achieve a reduction in bacterial load, the mesophilic temperature range is normally 15 

selected for farm applications [46]. The mesophilic temperature range can often provide 16 

satisfactory degradation with the added benefit of having a reduced energy demand in 17 

comparison to thermophilic systems [46]. Three types of low-rate systems are described here: 18 

garage-type; plug-flow; and complete mix. 19 

 20 

3.2.1  Garage-Type Digester 21 

A garage-type digester uses a dry fermentation process operating in batch mode, often in 22 

combination with a tank containing percolation fluid (a microbial rich fluid resulting from the 23 

feedstock-microbial community interaction during the anaerobic digestion process) as seen in 24 

Fig. 4 [47]. The digester uses a compact garage shaped design, allowing the feedstock to be 25 

added or removed batch-wise [21]. To shorten the start-up process, the feedstock is inoculated 26 
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with digestate before each feeding cycle to guarantee optimal conditions for methanogenic 1 

bacteria [48–50]. The fermentation process lasts between 4 - 5 weeks with the percolate circuit 2 

run continuously, or periodically, depending on the plant’s desired output [51]. Garage-type 3 

digesters can operate in the mesophilic or thermophilic temperature range, with the temperature 4 

maintained through an integrated system used to heat the walls and floors of the digester [51]. 5 

These digester types are suitable for the treatment of feedstock streams with a high total solids 6 

(TS) content (TS > 15%) [52,53]. Garage type digesters can accept material with a greater level 7 

of impurities, as it requires no mixing of the feedstock [51]. These impurities can be harmful 8 

to other digester types, due to clogging of pumps and stirrers. During the last decade, numerous 9 

garage-type digesters have been approved and constructed across Europe, primarily, in 10 

Germany [54,55]. 11 

12 

Fig. 4. Schematic drawing of a garage-type digester 13 

 14 

3.2.1.1       Example of Garage-type Digester for SSAD Use - Thierry de Pas (Bois-Guilbert, 15 

France) 16 

Thierry de Pas farm specialises in breeding Icelandic horses in Bois-Guilbert, France. The 17 

farm consists of 226 hectares, where 98 hectares are used for grassland, with the remaining 18 
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land used for the cultivation of crops in rotation (wheat, maize, rapeseed, etc.) [24]. The stable 1 

holding includes approximately 150 adult animals and roughly 50 foals.  2 

In 2013, Thierry de Pas began operating a small-scale mesophilic dry percolation-based 3 

digester on the farm, but, due to unexpected start-up problems, the plant only began operating 4 

at full power in February 2014 (Plate. 1). The farm collaborated with local partners to increase 5 

the organic input streams to the digestion facility. The added feedstock included the organic 6 

fraction of roadside management and communal kitchens’ waste [24]. 7 

The plant uses a mesophilic dry digestion process, which consists of six modular digestion 8 

containers with an individual reactor volume of 30 m³ [24]. Each container is gas-tight with 9 

the necessary water connections, heating and gas collection equipment integrated into the 10 

digester’s walls. To maintain a desirable microbial community, percolate is re-circulated at 250 11 

l/h [24]. The residence time of the biomass is 25 to 30 days, with the biogas captured and stored 12 

in a gas balloon. The electrical power of the CHP system is 50 kWe, with a yearly net electricity 13 

production of 253 MWe [24]. Heat and electricity are utilised on-site, when possible. The on-14 

site heat use is 425 MWth, where the heat is partially used in a drying installation for hay, wheat 15 

and other agricultural products. The substitution of electricity for on-site demand and the 16 

subvention for the production of bioenergy amounts to approximately €45,500/year. 17 

Substitution of heat produced by the system amounted to revenue of €49,000/year from the 18 

displacement of gas and heating oil [24]. 19 

 20 

Plate 1. Thierry de Pas plant. Reprinted with permission from De Dobbelaere, A. et al. (2015) 21 

‘Small scale anaerobic digestion: Case studies in Western Europe’, Copyright 2015 Enerpedia. 22 

 23 

 24 
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3.2.2  Plug-Flow Digester 1 

The plug-flow digester concept consists of a rectangular tank that operates by horizontally 2 

displacing old substrate with new substrate, removing the need for mixing (Fig. 5) [56]. New 3 

material added to the digester tank displaces an equal portion of old material, which is pushed 4 

out the discharge point [57]. There is typically no intermediate mixing of the tank contents in 5 

the vertical direction of the tank contents. Therefore, as new feedstock enters, it pushes material 6 

through the digester as a “plug”, resulting in the oldest material being driven out, ensuring all 7 

substrate has the same hydraulic retention time. An expandable external gas collector (located 8 

on the digester roof) captures the produced biogas [42,43,53]. 9 

 10 
Fig. 5. Schematic drawing of a plug-flow digester 11 

 12 

3.2.3  Complete Mix Digester 13 

A complete mix digester, also called a continuously stirred tank reactor (CSTR) [38], in its 14 

basic form consists of a round insulated tank made from reinforced concrete or steel, with 15 

supplementary heating and mixing to achieve an active mass of microorganisms (Fig. 6) 16 

[45,56]. Incoming substrate displaces an equal volume of mass from the digester. Biogas 17 

production is sustained by adjusting the volume entering the digester to maintain a 20 to 30 18 

day retention time [39]. Complete mix digesters are flexible in terms of the variety of wastes 19 

they can treat, accepting wastes with total solids concentrations ranging from 3 to 10%, such 20 

as dairy manure, processing waste and swine manure [38,44,56,58]. The contents of the reactor 21 
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can be intermittently or continuously mixed to keep the solids in suspension. The types of 1 

mixing systems that can be incorporated include mechanical propellers, circulation liquid, or 2 

gas recirculation [42]. The performance of a complete mix digester may be improved by the 3 

use of a two-phase configuration rather than a single phase [59–61]. In this configuration, the 4 

feedstock is broken down by fermenting bacteria in the first phase with the methanogens 5 

converting organic acids to biogas in the second phase [39].  6 

 7 
Fig. 6. Schematic drawing of a complete mix digester 8 

 9 

3.2.3.1        Example of Complete Mix Digesters for SSAD Use - Agri-Food and Biosciences 10 

Institute AD plant (Large Park, Hillsborough, Northern Ireland)  11 

In 2006, the Agri-Food and Biosciences Institute (AFBI) was formed as a merger between 12 

the Agricultural Research Institute of Northern Ireland and Northern Ireland’s Department of 13 

Agriculture and Rural Development - Science Service, with the purpose of carrying out 14 

research for private companies, public bodies, and government departments (Plate. 2) [62]. The 15 

farm in which the Institute is based covers 310 ha, primarily grassland used for the production 16 

of dairy, beef, pig, and sheep [62,63]. Most of the livestock on the farm are dairy cows, 17 

comprising of 340 adult cows and 180 young-stock [64]. 18 

AFBI commissioned a 600m3 mesophilic SSAD system on its farm in 2007, with the 19 

primary motivation being for research purposes. The operating temperature range is 37°C, with 20 

an average HRT of 28 days [65]. Digester mixing is achieved via biogas recirculation, through 21 
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18 ports on the bottom of the tank [65]. A liquid recirculation system was later added to the 1 

primary digester, to improve mixing and prevent floating layers developing at the surface of 2 

the tank. Biogas is stored in a gas holder (capacity 200 m3), with the gas utilised in a heat only 3 

120 kW boiler and a Tedom 95 kWe CHP unit [63]. The electrical power produced by the CHP 4 

unit is sold to the national grid. The thermal energy produced is used in AFBI’s offices and 5 

buildings to provide space heating and hot wash-water.  6 

 7 
Plate 2. AFBI AD plant (Large Park, Hillsborough, Northern Ireland) 8 

 9 

3.3 High-Rate Systems 10 

High-rate systems are defined as systems where the low energy density fraction of the 11 

feedstock liquid stays in the digester for a short period of time, whereas solids are held for 12 

longer [39]. This provides a greater concentration of microorganisms in the reactor per unit of 13 

volume than would otherwise have been possible, thus reducing retention times (< 10 days) 14 

[66]. Advantages include the promotion of high biogas production, due to the retention of 15 

methanogenic-forming bacteria, with the added benefit of having a smaller reactor size. Two 16 

examples of high-rate systems are given here: Fixed Film Digesters; Induced Bedded Reactor.  17 

 18 
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3.3.1 Fixed Film Digester 1 

The basic fixed-film digester design consists of a reactor that contains a bio-reactive 2 

medium, which increases the surface area for microbes to grow and propagate (illustrated in 3 

Fig. 7). This reduces the hydraulic retention time (HRT) while maintaining a reasonable level 4 

of biogas production. Immobilisation of the relevant AD bacterial flora as a biofilm prevents 5 

washout of the slower growing cells, providing a biomass retention time that is independent of 6 

the hydraulic retention time. The high microbial biomass per unit volume in the reactor allows 7 

for shorter hydraulic retention times, typically in the range of 2 to 6 days [21,67]. The main 8 

disadvantage of the fixed film digester is that feedstock with a high solid content can clog the 9 

medium [68]. To avoid this, the feedstock is typically passed through a solid separator, to 10 

remove particles before entering the digester. The efficiency of the digester is dependent on the 11 

solid separator, with the influent concentration needing to be adjusted to maximise the 12 

separator’s performance (usually to 1-5 % TS). As a consequence, some potential biogas yields 13 

are lost due to the removal of carbon-rich solids to meet the size requirement. Fixed-film 14 

digesters are smaller in size than conventional digesters, a key consideration when land 15 

availability is limited [68]. 16 

 17 
Fig. 7. Schematic drawing of a fixed-film digester 18 

 19 

3.3.1.1       Example of Fixed Film Digesters for SSAD Use - Van der Schans SSAD plant 20 

(Dan Eelder, Netherlands) 21 

The Van der Schans family based in Den Eelder, Netherlands, have a dairy farm consisting 22 

of 150 ha grassland and 70 ha maize [24]. In 2014, the farm began operating a fixed film SSAD 23 
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plant which digests 7,500 m³ of dairy slurry, in addition to a small amount of wastewater from 1 

the milking parlour activities [24]. The vertical tank reactor has a volume of 130 m³ with a 2 

residence time of 8 - 12 days. The system uses a 65 kW CHP unit, to supply 40 to 50% of the 3 

electrical demand of the site, with the thermal heat generated used to maintain the reactor 4 

temperature at 40 °C [24]. The plant CHP system generates 500 MWh of electricity and 1 GWh 5 

of heat annually [69]. The digestate produced is partially used on the farm crops and grassland 6 

with the remainder sent to a composting plant, where it is pasteurised and exported.  7 

The investment cost of the plant (including pre/post-treatment, and storage of the digestate) 8 

was €300,000, plus €150,000 for the CHP unit. The operational cost of the plant is between 9 

€15,000 and €20,000 a year. This cost covers the maintenance of the CHP unit, biogas storage 10 

installation and labour, which consists of 0.5 hours per day. There is no additional cost 11 

associated with processing the digestate [24]. The revenue generated by the plant includes 12 

electricity production for proprietary use; its value is €40,000 per year (depending on the tariff). 13 

The operating grant and subventions provide €110/MWhe, which amounts to €52,800/year 14 

[24]. The estimated payback period is 6 to 8 years. No revenue has been generated from the 15 

production of heat, as it is fully utilised to maintain the reactor’s temperature. 16 

 17 

Plate 3. Den Eelder biogas plant. Reprinted with permission from IEA Bioenergy Task 37. 18 

(2017) ‘Biogas in society - Den Eelder Farm’, Copyright (2017) International Energy Agency 19 

(IEA) Bioenergy 20 



17 

 

3.3.2 Suspended Media Digesters 1 

Suspended Media digesters use a constant upward flow of liquid to suspend microbes 2 

resulting in smaller particles being washed out while retaining larger particles in the digester 3 

(shown in Fig 8) [39]. Microorganisms form biofilms around the larger particles, increasing 4 

the volume of methanogens within the reactor [39]. The two most common Suspended Media 5 

digesters are the Up-flow Anaerobic Sludge Blanket (UASB) and the Induced Media Digester, 6 

with the key distinction between the two being the dry matter content of the applicable 7 

feedstock. UASBs are suited to dilute waste streams (< 3% TS) [39], whereas Induced Media 8 

Reactors operate most efficiently with highly concentrated waste streams (6 – 12% TS) [39,70]. 9 

 10 

Fig. 8. Schematic drawing of Induced Media Digester 11 

 12 

3.4 Overview of SSAD System Characteristics and Application 13 

Although all AD systems perform the same basic function (holding the organic matter in 14 

the absence of oxygen, providing conditions for methanogens to cultivate), the case studies 15 

explored in this chapter have demonstrated the wide variety of plant design configurations and 16 

applications available (Table 2). The case studies explored have confirmed that the selection 17 

of the SSAD plant design needs to be farm-specific, with key considerations including 18 

feedstock availability, climatic conditions, and investment available. 19 
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Table 2. Characteristics of digester types suitable for on-farm SSAD systems [39,41,71,72] 

AD Categories Passive System Low-Rate Systems High-Rate Systems 

Digester Types Covered Lagoon 
Garage-Type 

Digester 
Plug-Flow Digester 

Complete Mix 

Digester 
Fixed Film Digester 

Induced Blanket 

Digester 

Up-flow Anaerobic 

Sludge Blanket 

Digestion Vessel 
In-ground clay or 

synthetically lined storage 
Above ground 

Rectangular in-

ground tank 

In/above ground 

tank 
In/above ground tank 

In/above ground 

tank 
In/above ground tank 

Temperature 

Range 
Psychrophilic/ Mesophilic Mesophilic Mesophilic 

Mesophilic / 

Thermophilic 
Thermophilic Thermophilic Thermophilic 

Ease of operation 

& maintenance 
Low Medium Low Medium High High High 

Supplemental heat No Yes Yes Yes Yes Yes Yes 

Total solids 

concentration 
0.5 – 2% 15 - 50% 11 – 14% 3 – 10% 2 – 4% 6 – 12% < 3% 

Solids 

characteristics 
Coarse Fine to coarse Coarse Medium to coarse Fine Medium to coarse Fine 

Hydraulic 

retention time 
30-45 days < 14 days 15 – 20 days 20 – 30 days 3 – 5 days 3 – 5 days 3 – 5 days 

Optimum climatic 

conditions 
Warm climates All climates All climates All climates All climates All climates All climates 

Advantages 

- Low capital and 

maintenance costs 

- Easily applicable to 

hydraulic flushing 

- Low maintenance 

requirements 

- High organic 

dry material is 

applicable 

- Can operate in 

aerobic and 

anaerobic 

conditions 

- Operation and 

maintenance 

relativity simple 

- Energy crops are 

applicable 

- Provides good 

mixing of substrate 

in the reactor 

- Adequate solids 

degradation 

- Highly Efficient 

- Bacteria is retained 

by the bed 

- Small reactor size 

- Low retention time 

- Reduced need 

for solid 

separation 

- Fast hydraulic 

retention time 

- Efficient process 

- Bacteria is retained 

Disadvantages 

- Low biogas yields 

- Bacteria wash-out if 

short-circuiting occurs 

- Highly dependent on 

ambient temperature 

- Large area required 

- Solid settling issues 

- Requires 

stackable 

material 

- Difficult to 

operate 

- Relativity 

expensive 

- Substrate does not 

mix longitudinally 

- Low biogas 

production 

- Difficult to 

remove settled 

solids 

- Periodic cleaning 

is required 

- Retention time 

not guaranteed 

- Bacteria wash-out 

if short-circuiting 

occurs 

- Capital and 

energy costs is 

relatively 

expensive 

- Difficult to operate 

due to the increased 

mechanical 

components 

- Periodic cleaning is 

necessary 

- It is necessary to 

replace the film 

periodically 

- Relativity 

Expensive 

- Complex 

operation 

- Does not accept 

fat 

- Relativity Expensive 

- Complex operation 

- Does not accept fat 
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4.   Relevant applications for the utilisation of bioenergy 1 

4.1 Background  2 

Biogas generated through AD can be used to substitute natural gas and fossil fuels for a 3 

variety of applications, depending on its quality. Its composition typically consists of 50–70% 4 

CH4, 30–50% CO2 and trace amounts of hydrogen sulphide (H2S), NH3, nitrogen (N2), and 5 

hydrogen (H2). Choosing an appropriate biogas utilisation method for a site is of crucial 6 

importance to plants’ financial viability, with the technology’s selection process generally 7 

being dependent on local circumstances. Furthermore, the political framework conditions of 8 

the given site or application environment can heavily influence the technology selection 9 

process from both a financial and operational perspective.  10 

Biogas can be cleaned or upgraded to a higher heating value, therefore meeting the 11 

requirements of various gas appliances. This process involves the removal of trace gases, which 12 

can corrode equipment due to the presence of H2S and water. In practice, the majority of 13 

operational plants use the biogas generated on-site to meet local heating and electricity needs. 14 

Cleaned biogas (H2S<100 ppm) is suitable for local application such as cooking, burning in 15 

boilers, or generating electricity and heat via CHP units [73–75]. Therefore, the storage 16 

requirements in these circumstances are temporary in nature and used to compensate for the 17 

lag between production and consumption peaks. Biogas can be further enhanced by upgrading 18 

to biomethane (>97% CH4) through the removal of impurities (CO2, H2S, and H2O) [76,77]. 19 

These utilisation pathways typically include injection into the natural gas grid (H2S<4ppm) or 20 

the conversion into a vehicle transportation fuel (H2S<16ppm) [78]. Fig. 9 illustrates the biogas 21 

cleaning and upgrading processes needed for standard applications.  22 

 23 
Fig. 9. Biogas cleaning and upgrading processes for various applications 24 
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4.2 Production of heat and steam 1 

The generation of thermal (heat) energy using biogas can be accomplished through the use 2 

of a boiler or internal combustion engine. Typically, the heat generated is utilised to maintain 3 

the digester at its desired temperature and for on-site applications. However, difficulties can be 4 

encountered in matching energy production to consumption for these local applications, 5 

particularly for farms, where consumption patterns are seasonal. Modified or specially built 6 

boilers can be used for the combustion of biogas by adjusting the air to gas ratio [42]. The 7 

process involves gas being combusted in a burner with the resulting heat used to warm water. 8 

The advantage of this method is that the quality of the gas can be relatively low, requiring an 9 

H2S level of below 1000 ppm, a gas pressure of 8 to 25 mbar, and maintaining a dew point of 10 

150°C to prevent condensation [75]. Efficient gas boilers are rarely used alone, as the potential 11 

revenue stream from electricity generation is significantly higher than from alone heat.  12 

 13 

4.3 Combined heat and power (CHP) 14 

One of the most widely used biogas utilisation technologies for SSAD plants is CHP, 15 

mainly because of its cost-effectiveness and reliability. CHP systems operate by converting 16 

chemical energy (biogas) into electrical and thermal (heat) energy. The conversion 17 

technologies that are commercially available to achieve this include internal combustion 18 

engines, spark-ignition engines, and gas turbines [45]. Of the conversion processes available, 19 

the most commonly used is the internal combustion engine. However, gas engines have shown 20 

promise in recent times as they do not require a high-quality gas, have relatively low 21 

maintenance costs and have comparable efficiencies to other engines [79]. One of its major 22 

advantages in comparison to other available technologies is the lack of complexity i.e. no gas 23 

upgrading required, nor does it need a large infrastructure network. To prevent corrosion in 24 

these systems the concentration of H2S should be maintained below 100 ppm, and water vapour 25 

removed. Securing a connection to the national grid for the sale of electricity generated is often 26 

a key component in the financial viability of these systems, sometimes making it unviable. 27 

Another consideration is the utilisation of excess thermal energy generated after the plant’s 28 

own consumption has been met. A recent study of AD plant operators found that the utilisation 29 

of excess thermal energy is only 56% on average [80]. However, finding a suitable application 30 

can prove difficult as SSAD plants are often located in rural agricultural environments. 31 

Successful utilisation methods include space and water heating of residential and office 32 

buildings, heating of piggery houses, and drying processes (i.e. wood chips) [81–83].  33 
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4.4 Biogas upgrading to biomethane for use in natural gas grids and vehicle fuels 1 

Since many SSAD plants are often situated in rural standalone environments finding a 2 

suitable energy utilisation method is often difficult. A possible process to overcome this barrier 3 

is the upgrading of biogas to biomethane which presents a range of new technological 4 

opportunities including the use of biomethane in the natural gas grid and natural gas vehicles 5 

(NGVs). The preferred end-use of biomethane is typically site-specific, with the selected 6 

process based on the investment available, the site’s national framework, and the CH4 and 7 

impurities specifications [73,83].  8 

In order for biogas to be injected into the natural gas grid, it must be upgraded to comply 9 

with stringent gas purification requirements. These specifications can change depending on the 10 

location of the site with many countries in Europe having established their own national 11 

standards [84,85]. The reasoning for these requirements is to prevent the injection of poor-12 

quality gas which could subsequently result in considerable damage to the network’s 13 

infrastructure. Several solutions are commercially available for the upgrading of biogas to 14 

biomethane, which include water scrubbing, pressure swing adsorption, amine scrubbing, and 15 

membrane technologies. Generally, the integration of these technologies on SSAD plants is 16 

financially unviable, mainly because of the competitiveness of other gas suppliers combined 17 

with the high investment and maintenance costs incurred.  18 

An alternative use of biomethane is for fuel for specially built or modified vehicles 19 

configured to operate on natural gas. Over 1 million NGVs are operating on biogas globally, 20 

which demonstrates the capacity of the technology at large scale [75]. NGVs available include 21 

cars, buses, and trucks, with the majority of vehicles being retrofitted with the addition of a gas 22 

supply system and gas tank. The reliable provision of high quality upgraded biomethane is vital 23 

to the technology’s application as high contaminant levels can extensively damage the engine 24 

of the vehicle [86]. Overall, the overwhelming barrier to these technologies is the expenditures 25 

involved in the upgrading of biogas as presented in Table 3.   26 
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Table 3. Technical availability and maintenance costs of biogas upgrading technologies. 1 

Adapted with permission from Khan, I. U. et al. (2017) ‘Biogas as a renewable energy fuel–A 2 

review of biogas upgrading, utilisation and storage’, Energy Conversion and Management, 3 

150, pp. 277-294. Copyright 2017 Elsevier. 4 

Technology 
Technical availability 

per year (%) 

Maintenance cost 

(€/year) 
Cost (€/m3) 

Pressure swing adsorption 94 56,000 0.26 

High pressure water 

scrubbing 
96 15,000 0.15 

Organic physical scrubbing 96 39,000 - 

Chemical scrubbing process 91 59,000 - 

Membrane separation 98 25,000 0.22 

Cryogenic separation - - 0.40 

 5 

4.5 Third Generation Utilisation Routes 6 

In addition to the more established biogas utilisation methods previously discussed, third 7 

generation utilisation routes have gained significant research attention as they can potentially 8 

solve other goals via anaerobic digestion, such as fuel generation, energy storage and chemical 9 

production. One such method includes the capture and storage of excess electrical energy via 10 

the combination of hydrogen production through electrolysis and the application of the Sabatier 11 

process to achieve the methanation of the CO2 content of the biogas outputs into methane. This 12 

significantly increases the overall methane yield from the SSAD systems, which is also of a 13 

higher energy value and quality to be injected directly into the gas grid or used in natural gas 14 

applications. A case study demonstrating this technology’s potential application was presented 15 

in Jürgensen et al. [87], where it was reported that the 480 mainly small-scale biogas plants in 16 

Northern Germany could potentially utilise up to 0.7 TWh of available surplus electricity and 17 

produce 100,000 m3 of upgraded methane (at standard temperature and pressure) annually. 18 

Another promising technology that has recently gained considerable attention is biomass 19 

gasification, which is an efficient means for the utilisation of dry biomass, such as solid 20 

digestate, forest waste, or short rotation coppice [88]. The process involves the heating of 21 

biomass in various fluids to a temperature in the range of 850 to 1,300°C with the gaseous 22 

mixture released undergoing a methanation process. The final step is to produce and purify (via 23 

Fischer-Tropsch) the synthetic natural gas released (also known as syngas) which comprises a 24 

mixture of H2 and carbon monoxide (CO) [89]. Syngas can be used in numerous applications, 25 

including the generation of heat, power, and various biofuels [90–92].  26 
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5. Development and Current Status of SSAD in Europe 1 

5.1 Small-Scale Anaerobic Digestion in the EU 2 

From 2011 to 2016,  the installed electrical capacity of AD plants operating on agricultural 3 

substrates in Europe increased from 3,408 MW to 6,348 MW [7]. Even with this rapid 4 

development, the potential biomass resources from the agricultural sector in Europe far exceeds 5 

what is currently utilised in AD processes [9]. Although some European countries are 6 

characterised by already having a significant penetration and knowledge of AD system 7 

implementation (e.g. Germany, Italy, France and Denmark) [93], there is still a noticeably, low 8 

uptake of the technology in some countries with large agricultural sectors (e.g. Ireland, 9 

Bulgaria, Romania and Greece) [93]. SSAD holds promise as a technology to further expand 10 

the deployment of AD in Europe, due to its ability to operate economically in small to medium-11 

sized farms with lesser available biomass quantities [34]. These farms have been previously 12 

unable to adopt the standardised large centralised AD plant configurations typically used in 13 

Europe, due to issues related to the large feedstock quantities required, high investment costs, 14 

or uneconomical biomass transport distances.  15 

Policymakers within the EU have recognised the advantages associated with SSAD and 16 

have subsequently implemented initiatives at the EU, state, and regional level to accelerate the 17 

technology’s adoption. National biogas subsidy schemes have been shown to have a significant 18 

impact on the rate of biogas plant deployment among European countries over the past decade 19 

[21]. Countries that have implemented favourable framework conditions for the operation of 20 

biogas plants have experienced a surge in plant installations and in the number of companies 21 

to develop, construct, and service said plants [21]. Of the EU-28 countries, Germany, in 22 

particular, has oriented itself towards small-capacity plants. A sharp increase in German SSAD 23 

plant installations was observed since the German government introduced an amendment to 24 

the Renewable Energy Source Act or EEG (German: Erneuerbare-Energien-Gesetz) in 2012 25 

[94]. This amendment provided a special allowance for biogas plants with an installed electrical 26 

capacity up to 75 kW, greatly improving the economics of operating such a plant [94]. In 2016, 27 

approximately 560 small manure-based biogas plants (<75 kW) were in operation with a total 28 

installed plant capacity of 40.3 MWe producing 271.3 GWhe annually [94].  29 

The Flemish region in Belgium has experienced a rapid increase in SSAD plants in the past 30 

five years, where over eighty micro and small-scale biogas plants are active [24]. Many of the 31 

installations have been supported through the Flemish Climate Fund, which was set up to 32 

provide a financial framework for measures that support the government’s long term climate 33 
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policy [24,95]. Initial installations typically used a manure bag type digester, later replaced by 1 

a complete mix digester with the majority of installations constructed by the Belgium company 2 

Bioelectric [21,96]. 3 

One of the most impactful European initiatives focused on expanding the deployment of 4 

SSAD installations has been the Bio-Energy Farm project, funded under the Intelligent Energy 5 

Europe Programme. The project aimed to ‘open the market for small-scale digesters’ by first 6 

assessing the technology’s suitability, and then aiding in deployment [97]. The project 7 

commenced in 2010 with the objective of the first phase being to evaluate the feasibility of AD 8 

on farms. This was achieved by [98]:  9 

 Developing online and offline feasibility calculators resulting in 1,000 feasibility 10 

checks. 11 

 Providing training to farmers (approx. 75) and farmer advisors (approx. 100). 12 

 Aiding farmers in the development of business plans through workshops and face to 13 

face meetings, resulting in the drafting of 802 business plans and 32 letters of intent 14 

[97]. 15 

Phase two of the project focused on the implementation of the business plans developed in 16 

the project’s first phase. This involved following up with farmers whose business plans 17 

indicated positive results and advising on the next steps required in the implementation process. 18 

Information provided included guiding farmers with regards to permit procedures, subsidies 19 

available, the application process, manufacturing, and other related questions [97]. Phase two 20 

resulted in the installation and commissioning of 86 biogas plants with a total capacity of 14 21 

MW, producing 112 million kWh/a which equates to a CO2 equivalents reduction of 34,700 22 

tonnes [97]. The project’s final report found that small-scale farm AD is slowly becoming the 23 

new standard, where its value has already been recognised by farmers, farming 24 

association/organisations, and political bodies [97]. 25 

It is expected that the growth of SSAD installations will continue to increase in Europe 26 

over the next decade with the main drivers being the increasing demand for measures to reduce 27 

the environmental impact (e.g. GHG emissions and water quality) of residual waste streams 28 

and for renewable energy production from EU legislation [99,100]. For example, SSAD can 29 

play a significant role in the European Commission’s target of having renewable energy 30 

comprise of 27–30% of the energy supply by 2030 [101]. SSAD plants can further maximise 31 

the biomass resources available in these countries to produce renewable energy, while 32 

mitigating the environmental impact from livestock wastes. 33 
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5.2 European Regulatory Considerations and Incentives for SSAD 1 

5.2.1 Policy Background 2 

Europe generally experienced slow adoption rates of AD installations until the early 1970s 3 

and 1980s, where two global oil crises drove farmers to search for an alternative energy supply 4 

[37,102]. The further development of the biogas industry in Europe was driven by farmers 5 

concerns in relation to waste management, water quality, and eutrophication issues in Austria, 6 

Germany, and Scandinavian countries [102,103]. These plants emerged as a means to reduce 7 

net energy imports for farmers. These plants were financed primarily on energy sales with little 8 

to no national subsidies in place [102].  9 

In 1985, the first EU-wide legislation stimulus related to the deployment of AD was 10 

adopted. The legislation (EEC No. 797/85 on Improving the Efficiency of Agricultural 11 

Structures) provided a capital grant for the installation of new, or the improvement of existing, 12 

farm equipment that contributed to the reduction of farm effluent pollution [104].  13 

European policy related to AD is largely coloured by the GHG-reduction agenda, combined 14 

with the desire to increase energy security by reducing the EU’s dependence on imported fuels 15 

[103]. One of the most significant pieces of legislation for EU renewable energy policy was 16 

the “White Paper for a Community Strategy and Action Plan” which identified the need for all 17 

sectors of the economy to contribute to national targets to reduce GHG emissions. Adopted in 18 

1997 by the European Parliament and the European Council, the legislation embraced AD as 19 

one of many technologies that can be used to meet EU climate and energy targets [105]. Much 20 

of the subsequent legislation that has aided in the development of the biogas industry and the 21 

subsequent deployment of SSAD has stemmed from this primary legislation.   22 

Over the last decade, the EU has vastly improved the legal framework conditions associated 23 

with the adoption of AD, as seen in Table 4. On a long-term basis, the EU has set an ambitious 24 

goal of reducing GHG emissions by 80-95%, when compared to 1990 levels, by 2050 [106]. 25 

An important milestone in achieving this goal is the EU’s 2030 Policy Framework for climate 26 

and energy, which sets EU-wide policy objectives and targets related to energy efficiency, 27 

renewable energy, and the reduction of GHG emissions [100]. Such measures are foreseen to 28 

have a positive influence on the biogas production industry and the subsequent adoption of 29 

SSAD plants. 30 
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Table 4. European Legislation which has aided the development of AD. Adapted with permission from Wilkinson, K. G. (2011) ‘A comparison 

of the drivers influencing adoption of on-farm anaerobic digestion in Germany and Australia’, Biomass and Bioenergy, 35(5), pp. 1613-1622. 

Copyright 2011 Taylor & Francis. 

Need Legislation 

Environmental 

Climate change:  

Directive 2001/77/EC (later repealed by Directive 2009/98/EC) focuses on the promotion of electricity from renewable sources in 

the internal energy market (EC Directive, 2001; EC Directive 2009) [107] [108]. This directive sets the framework regarding how 

AD operates, providing the first legal definition of biomass (art. 2, b).  

Directive 2004/8/EC promotes cogeneration/CHP by providing a framework for the technology to supply the useful heat demand in 

the internal energy market [109]. 

 In 2005, the European Commission issued the “Biomass Action Plan” which identified biomass as a key element in energy 

policy [110].  

 In 2007, the EU Treaty of Lisbon set out “An energy policy for Europe” which provided legal solidarity in matters of 

changes to the energy policy and energy supply within the EU [111]. 

 In 2009, the Climate and Energy Package was promulgated in which the key objectives for 2020 are: [99].  

o A reduction of GHG emissions by 20% based on 1990 levels.  

o Increasing the proportion of energy consumed in the EU derived from renewable resources by 20%. 

o A 20% improvement in energy efficiency.  

Water quality:  

Nitrates Directive 91/676/EEC concerned with the protection of water against pollution caused by nitrates from agricultural sources 

Agriculture 
Nutrient management:  

National Emissions Ceiling Directive 2001/81/EC, works to control ammonia emissions. 

Health 

Health and hygiene:  

Regulation (EC) no. 1774/2002 of the European Parliament states the health-related rules concerning animal by-products not 

intended for human consumption. 

Waste reduction, 

recovery and 

recycling 

Waste disposal legislation and policy:  

The Landfill Directive 1999/31/EC was introduced to reduce landfill disposal by regulating waste management in EU states  

The Waste Framework Directive 2008/98/EC introduces regulations for separate waste collections and environmentally sound 

recovery of organic wastes [112]. This framework defines wastes which among other things apply to feedstock such as the residues 

of agri-processing and food. 

The Packaging and Packaging Waste Directive 2015/720 sets out recycling and recovery targets and deadlines for the EU Member 

States. 
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5.2.2 Incentives Offered 1 

To overcome the cost barrier associated with many renewable energy technologies, 2 

European countries have established a variety of national and state policy incentives 3 

targeted at lowering the construction and/or operating cost of a renewable energy 4 

installation, as seen in Table 5. Such mechanisms are fundamental to the economic 5 

success of many renewable energy-producing projects, as they provide long-term 6 

financial certainty, a key criteria in gaining investment [113,114]. Nicolini & Tavoni 7 

(2017) found that a 1% (c€) increase in the incentive (tariff) led to an increase in 8 

incentivised renewable generation of 0.4–1%. Regarding the use of biogas, European 9 

governments have been global leaders in adopting policies and promoting mechanisms 10 

for the adoption of the technology [116]. This is highlighted in Germany, where the EEG 11 

Act, particularity the 2004 amendment, resulted in the doubling of the total number of 12 

biogas plants between 2006 and 2011 [117,118]. In 2017, the EEG act was amended to 13 

replace the previous set tariffs with an auction system in an effort to control costs.  The 14 

construction of new biogas plants has begun to stagnate in recent years, increasing by 15 

only 1.11% (+122 new plants) in 2017 in comparison to the 8.24% average annual growth 16 

between 2008 and 2013 [119,120]. The goal of the most recent amendment is to slowly 17 

eliminate government support for biogas over an eight-year period [121]18 
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Table 5. Range and types of incentives used to accelerate the deployment of SSAD in the EU. Adapted with permission from Lukehurst & Bywater 1 

(2015) ‘Exploring the viability of small-scale anaerobic digesters in livestock farming’, Copyright 2015 IEA Bioenergy. 2 

Incentive 

Type 
Incentive Details 

Electricity-
related 

Feed-in tariffs (FIT) 

 

Basic rates/kWe 

 

 
 

 

 
 

The ‘virtual power 
plant’ 

 

Commercial spot 
market sales at auction 

 

Electricity certificates 

The FIT rates paid by country vary widely [29] 

 

Index-linked guaranteed price over a defined period. Banded in relation to the kWe capacity with a higher level for smaller plants; e.g. UK £0.1013 /kWh for <250 

kWe, Austria 0.1950 €/kWh for < 250 kW and a minimum of 30% manure; Denmark 0.056 €/kWh -minimum 50% fresh weight manure; France 0.1182-0.2110 €/kWh 

for 
AD plants; German tariff before July 2014, 0.25 €/kWh for < 50kWe and; post-July 2014, 0.2373 €/kWh for <75 kWe only and must use 80% fresh weight of manure; 

Ireland 0.15 €/kWh for <500 kWe; Switzerland 0.28 CHF/kWh for <50 kWe; the Netherlands 0.07 €/kWh increases in 6 phases to 0.15 €/kWh (not kWe capacity 

limited). 
 

Swiss innovation that serves 65 farmers who are already linked to a sales cooperative, manages small outputs, sells certificates, etc. through an intelligent control system 
with modern technology [122].  

 

Competitive bidding at auction can double or triple a wholesale price where electricity is exported to the grid. Although better suited to the larger producers, power 
purchase companies can act as a co-operative for sale of block supply from some small producers 

 

The specific incentive names vary from country to country, the number issued/MWh varies; purchased by users who cannot meet the statutory obligation for carbon 
reduction. Bidding process/auctions, e.g. average price range 170-220 SEK/MWh in Sweden; £42/MWh in the UK. 

Supplement 

examples 

Heat to increase CHP 

efficiency  

 
 

Agricultural bonus 

including manure 

Conditions attached to encourage the beneficial use of heat; e.g. Switzerland 0.025 CHF/kWh for <50 kWe added to base rate tariff, but non-detachable from the CHP; 

UK 

£0.076 
 

Germany: Before July 2014, no bonus for <75 kWe plants; for <150 kWe 0.06-0.08  €/kWh; post-July 2014, basic bonus only dependant on crop and manure mix; Post-

July 
2014, no bonus (See above) Switzerland 0.18 CHF/kWh for <50 kWe Norway 250NOK/dry tonne manure 

Non-CHP 

incentives 

Heat only 

 

 

Bio-methane feed into 

the gas grid 

E.g. £0.076 for producers with <200 kWth capacity, applies to domestic and business consumers in the UK; Ireland 0.11 €/kWh for non-CHP application for <500 kWth; 

Netherlands total budget sum available 

 

Varies between countries; e.g. Sweden tax exemptions and consumption incentives; UK £0.068/kWh for gas to the grid: voluntary support programme by Swiss Gas 

Association to achieve 399GWh biomethane in 6 years; for the Netherlands (see Persson and Baxter (Eds), page 42, 2015) 
Tax 
incentives 

 Used to encourage biogas energy, e.g. exemption from carbon and energy taxes; value-added taxes on renewable electricity sales; priority allocation for parking places, 
etc.  

Investment Grants and loans  

Some governments offer up-front payments, e.g. in Sweden up to 45%; France 38% for demonstration plants; England and Wales, up to £30,000 for feasibility studies 

and loan for up to 50% capital cost (England only) capital grant for a demonstration plants in the UK. 
Also offered by companies with an emphasis on clean water/manure management; From EU via Common Agricultural Policy Regional 

Environment Manure linked 
Package of grants, loans and energy payments to reduce water pollution, e.g. Norway manure payment 250 NOK /tonne TS not tied to CHP; See also Development 

programmes (van Nes, 2006) and http://www.snvworld.org 

3 
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Vast differences can be seen in the support mechanisms for SSAD within EU 1 

countries, where some countries provide special support schemes dedicated to small-scale 2 

energy production (Denmark, United Kingdom, Luxembourg) [24], others make no 3 

distinction between plant sizes, and others have little or no supports in place. These 4 

supports, where available, have been shown to have had a significant impact on SSAD 5 

deployment, as countries with little or no supports exhibit low installation rates. Countries 6 

with a simplified planning procedure also showed a significant increase in adoption levels 7 

[123].  8 

One of the most effective and widely used incentives are Feed-in Tariffs (FITs), which 9 

offer fixed prices guaranteed by the national government for each kilowatt (kW) 10 

generated and used for self-consumption, or exported to the national grid. The primary 11 

benefit of such incentives is the financial certainty they provide, often ensuring a project 12 

will be financially sustainable into the future. To account for the economics of scale, FITs 13 

typically have different tariff bands in recognition of the greater proportional costs 14 

associated with smaller installations [124]. Table 6 describes the various European tariff 15 

rates and conditions applicable to manure-based SSAD units. 16 

 17 

Table 6. FIT incentives which would apply to manure-based SSAD units. Adapted with 18 

permission from Lukehurst & Bywater (2015) ‘Exploring the viability of small-scale 19 

anaerobic digesters in livestock farming’, Copyright 2015 IEA Bioenergy. 20 

Country Limits Rate Plant capacity 

Norway  Enshrined in law with the 

annual rate negotiated between 

Government and farmers 

250 NOK/t TS 

manure 

Not limited  

Switzerland  Linked to electricity 0.18 CHF/kWh <50 kW 

England 

and Wales 

Use of heat from CHP Heat 

only non-CHP 

0.075 £/kWh  <250 kW 

Ireland 

(non CHP) 

Not specifically for manure 0.11 €/kWh < 500 kW 

Germany Linked to electricity Must 

include fresh weight manure: > 

80% 

0.2373 €/kWh <75 kW 

Austria Must include minimum 30% 

manure 

0.1950 €/kWh basic 

tariff 

<250 kW 

Denmark  Must include minimum 50% 

manure 

0.056 €/kWh basic 

tariff 

 

Italy  Special tariff for plants using 

>80% manure  

0.25 €/kWh [125] Italy  

Sweden   0.26 €/kWh  <50 kWe [126] 

 21 
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6.  Barriers and Issues Limiting Small-Scale Anaerobic Digestion 1 

Implementation  2 

6.1  Access to Finance   3 

One of the major barriers experienced by developers of SSAD plants is accessing 4 

capital from financial institutions, particularly for countries with immature markets (such 5 

as Romania, Greece, and Ireland) as the number of reference case studies is limited [113]. 6 

Consequently, financial institutions have had little to no experience or expertise 7 

processing such applications, which has increased the technology’s perceived risk. 8 

Bywater (2011) discusses the first-hand difficulties SSAD developers have experienced:  9 

“We have had chats with bank managers who say that they will not fund the plant 10 

without equity and are asking for the farming business to cover the whole costs, 11 

assuming the digester does not produce any income at all. There are not many farming 12 

businesses who can service large loans at 6%. Banks are looking for 100% security. 13 

Unachievable for about 99% of farmers.” 14 

Conversely, a lack of understanding of the type and level of information financial 15 

institutions require to evaluate a potential project can make financiers reluctant to invest 16 

due to the perceived risk [113]. As a result, loans that are offered can come with pre-17 

conditions that require high-guarantees such as long-term agreements for feedstock 18 

supply [127]. 19 

 20 

6.2  Technology and Expertise  21 

The relatively small number of SSAD case studies and companies in the marketplace 22 

has been problematic for developers, as it limits the number of expert stakeholders that 23 

can be contacted or referred to in the event of an issue occurring. Furthermore, due to the 24 

difficulty in accessing information, developers and operators have been trained to 25 

different degrees, leading to variations in ability and skill to design, build, and operate 26 

such systems [114,128]. Unfortunately, this has, in some cases, led to poorly constructed 27 

and maintained plants, which have been abandoned due to breakdowns, design errors, 28 

and equipment failures [114,128].  29 

Issues often arise in the early stages of a plant’s operation due to the difficulties in 30 

designing and estimating a plant’s eventual operating conditions. For example, a SSAD 31 

plant located in Hogryd, Sweden experienced a range of start-up problems including 32 

clogging of pipes, sedimentation, and a thick crust developing within the digester [129]. 33 
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In addition, the estimated electricity demand of the plant (60 MWh/yr) was far lower than 1 

the actual demand (163 MWh/yr) requiring additional steps to be taken [129]. 2 

Other technical difficulties can be in securing a grid connection, where regulatory 3 

constraints, standby charges, and licensing fees can be prohibitively complicated and 4 

expensive, leading to excess biogas being flared [114,130]. Grid connections are typically 5 

designed for large-scale exporters and are not always capable of integrating smaller 6 

projects [113]. Costs can vary dramatically depending on the plant’s proximity to an 7 

electric substation and the station’s capacity. 8 

 9 

6.3 Policy Framework and Support Schemes 10 

Policy framework and support schemes refer to the existence, stability, and reliability 11 

of government legislation and incentives for biogas plants. Concerns associated with 12 

these policies vary from country to country but have mainly centred on the unreliability 13 

of such policies due to continued revision. Issues experienced include the increased 14 

difficulty in gaining investment, as banks often request long-term assurances and non-15 

fluctuating income streams [114]. For example, in the Netherlands there has been 16 

uncertainty regarding the viability of the support schemes beyond 2020, and there has 17 

also been a lack of support for new plants in Italy [127]. 18 

Furthermore, some countries within the EU have regulated the use and disposal of 19 

digestate due to the presence of manure in the substrate, with no distinction between 20 

small-and-medium-sized AD plants. This has resulted in plants being treated equally in 21 

terms of security and sanitation, thus requiring the same studies and facilities despite the 22 

differences in risks [21]. Additionally, the digestate generated cannot be used as a mineral 23 

fertiliser, even when the liquid portion is separated from the solids. Therefore, farmers 24 

must comply with the same regulations established for the disposal of manure, such as 25 

developing a plan for spreading and spreading distances [21].  26 

 27 

6.4  Perception and Public Awareness  28 

The limited expertise and information regarding SSAD systems have had negative 29 

consequences for a range of shareholder groups. The general public has frequently 30 

associated SSAD plants with the negative implications of waste treatment facilities [21]. 31 

For example, in France opposition has often been based on fears regarding odour 32 

nuisance, risk of explosion and other perceptions association with waste treatment plants, 33 
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leading to a "not in my backyard" mentality. Therefore, potential neighbours are wary 1 

when there is a proposed biogas plant project in the region [131]. 2 

A lack of understanding has also been an issue in planning authorities, who have 3 

subsequently taken precautionary measures, leading to the uneven treatment of the 4 

technology [114]. Many governments have clearly stated their support for AD, but civil 5 

servants operating in the relevant departments have in some cases not been informed or 6 

given guidance regarding their deployment [114].  7 

In recent years, the public perception of the bioenergy industry has worsened in some 8 

EU countries because of the perceived financial burden of renewable energy for energy 9 

consumers [127], consequently leading to a lack of political will to develop the local 10 

biogas industry such as in Republic of Ireland, Slovakia, Czech Republic, Slovenia, and 11 

Estonia. In addition, the public perception of biogas plants in Germany has worsened in 12 

recent years due to media coverage and public petitions [132].  13 

The negative public perceptions cited are likely to lessen if the deployment of SSAD 14 

plants increases, consequently allowing all stakeholders to become more knowledgeable, 15 

as more systems pass through the development cycle and public awareness of the 16 

technology grows [113]. 17 

 18 
Fig. 10. Overview of key issues slowing the development of SSAD 19 
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7.  Conclusions and Outlook 1 

This study reports on the current status relating to SSAD technology in Europe and 2 

its capacity to produce renewable energy from feedstock sourced from small to medium 3 

agriculture environments. The results of this study are summarised as follows: 4 

1. The literature explored has demonstrated SSAD systems to be effective in a wide 5 

variety of plant configurations and financially sustainable for various bioenergy 6 

utilisation applications. However, in-depth preliminary investigations are 7 

necessary before implementation as the plant’s configuration is often site-specific.  8 

2. The study found that the national support framework was a significant factor in 9 

the rate of SSAD adoption within European countries, where improved conditions 10 

significantly increased uptake rates.  11 

3. The findings showed that the overriding obstacle hindering adoption was the high 12 

upfront investment costs combined with the limited case studies available 13 

resulting in investors feeling uneasy regarding the technology’s profitability. It is 14 

likely that these concerns will begin to lessen as more plants pass through the 15 

development cycle.  16 

Over the next decade, continued growth is expected in the adoption of SSAD 17 

installations across the European agricultural sector. Anticipated drivers of expansion 18 

include a growing interest in renewable energy sector investments, rapid technology 19 

advancement, and the increasing emphasis on reducing the environmental impact of 20 

agriculture waste streams within the EU. Going forward, it is hoped that the insights 21 

presented in this review will guide AD operators, academics and policy makers to better 22 

gauge the technology’s applicability and potential.  23 
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