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Abstract

While a rich body of literature has looked at greenhouse gas emissions in biogas production systems

and the potential impacts of biogas production on food supply, broader issues relating to the eco-

nomic, environmental and social pillars of sustainability need to be carefully considered. Drawing

upon experiences from European countries, we identify key outcomes associated with large-scale

implementation of biogas and biomethane production. Topics of particular interest include policy

instruments, farm intensification, and supply chain risks. We conclude by recommending policy

directions for countries such as Ireland that are at earlier developmental stages for biogas and

biomethane deployment.
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1. Introduction

Biogas is a versatile fuel that can be produced from a wide range of organic substances. As a

by-product generated during the process of anaerobic digestion (AD), biogas consists of approxi-

mately 60% methane (CH4), 40% carbon dioxide (CO2), and other trace substances [1].1 Biogas

can be combusted in boilers to produce heat, or used in combined heat and power (CHP) plant gas

engines generating both heat and electricity. By removing CO2 and other impurities, the upgraded

biogas, namely biomethane, has similar chemical properties to fossil gas and thus can be fed

directly into the existing gas grid, transported via tankers to large off-grid users, or dispensed

as a vehicle fuel at fuelling stations.2 Biogas generated from organic wastes, such as food scraps,

industry by-products and animal manure, helps meet broader waste management, agricultural

and environmental policy goals. These organic wastes are typically available to AD plants at low

prices or a negative price in the case of food waste and other organic wastes diverted from landfill.

Energy crops have also been used to produce biogas to increase renewable energy output and to

reduce greenhouse gas (GHG) emissions in the energy sector.

As an alternative to fossil gas, biogas has received increasing attention in recent years, as

reflected in accelerated growth in biogas production worldwide. In the decade to 2016 global

production of biogas has grown almost three-fold reaching 61 billion m3 (Table 1). Europe is the

world leader in biogas production, accounting for more than half of global production, followed

by Asia with a 30% share (Figure 1). The European Union (EU) legislative framework surround-

ing biogas has played an essential role in shaping the industry. A wide spectrum of legislation

is involved regarding climate change, energy security, waste recycling, and Health and Safety.

Primary, overarching legislative frameworks include: the revised Renewable Energy Directive (EU)

2018/2001, the Waste Framework Directive (2008/98/EC), and the Animal By-products (ABP)

Regulations (1069/2009).

The development of biogas and biomethane across European countries is at very different

stages, reflecting differences in national legislative frameworks, as well as agricultural structures

and approaches to waste management. A review of experiences across countries provides insight

into the challenges countries face in developing a biogas production sector, and provides lessons to

countries at earlier stages of development. While a rich body of literature has looked at the GHG

emissions associated with biogas production [e.g. 6] and the potential impacts of biogas production

1Anaerobic digestion (AD) is a sequence of biological processes where microorganisms break down biodegraded
organic material in the absence of oxygen [2].

2For more technical details please see [3].
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Table 1: Global biogas production

Biogas (Billion m3) Biogas (Billion (EJ))

2000 13.2 0.28
2005 23.1 0.50
2010 38.7 0.84
2015 60.0 1.30
2016 60.8 1.31

Source: International Energy Agency (IEA) Key
World Energy Statistics [4].

Figure 1: Biogas production in continents in 2016

Source: World Bioenergy Association [5]
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on food supply [e.g. 7], broader issues relating to the economic, environmental and social pillars of

sustainability need to be carefully considered. This research contributes to a growing literature that

considers such issues [e.g. 8–11]. Drawing upon experiences from European countries, we identify

key outcomes associated with large-scale implementation of biogas and biomethane production.

Among the countries considered, Germany is leading in terms of AD deployment by a substantial

margin, while the biogas industry in Ireland is relatively nascent in its development. Ireland is

included because it is a country with a large animal herd and a high technical potential for energy

crop cultivation [12–15]. The extensive outdoor farming system puts Ireland in an unique place in

developing AD as it is a promising pathway to achieve GHG emissions reduction and sustainable

farming simultaneously.

The focus of this research is to yield useful lessons for countries such as Ireland that are

at earlier developmental stages for the biogas and biomethane industry. In order to do so we

document a wide range of EU policies and legislative developments regarding biogas production

and utilization. Cross-sectoral unintended consequences are then discussed, particularly regard-

ing policy instruments, farm intensification and supply chain risks. A better understanding of

international experiences is necessary to help improve the efficiency of policy incentives and also

avoid undesired outcomes. We conclude by highlighting where policies can address some of the

risks and by sharing the key learnings for countries seeking to expand biogas industry in order to

reduce their GHG emissions.

The rest of the paper is organized as follows. Section 2 overviews the development of biogas

and biomethane in Europe. Section 3 documents policies and support schemes that relate to biogas

and biomethane deployment. Section 4 focuses on emerging issues associated with large-scale

biogas deployment, including a discussion of policy lessons. Section 5 presents some conclusions.

2. Biogas and biomethane development in the EU

Biogas production in Europe has increased by more than 700% since 2000. Despite a recent

slowdown in the growth of biogas, the EU 28 countries produced 16.8 Mtoe (million tonnes of oil

equivalent) biogas in 2017, accounting for approximately 7.4% of total primary renewable energy

production (Figure 2). Meanwhile, European biomethane has also been increasing significantly,

with annual production rising from 700 Gigawatt Hours (GWh) in 2011 to above 17 Terawatt

Hours (TWh) in 2016. The total number of biomethane installations reached nearly 500 by the

first quarter of 2017, while in 2011 there were only 187 in Europe.
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Figure 2: Evolution of biogas production in the EU 28 (1990-2017)

Source: Data collected from Eurostat.

The development of biogas and biomethane across European countries is at very different stages

in terms of production scales, feedstocks consumed and consumption pathways. Table 2 presents

biogas production and utilization in 12 Member States with the highest biogas production. These

12 countries account for approximately 95% of total production in EU 28. Germany produced

7,845 ktoe biogas in 2017, more than double the amount produced in the UK in second place.

On the utilization side, about three-quarters (75.6%) of biogas produced in the EU 28 is used as

a transformation input to be converted into other energy fuels. The rest of biogas produced is

delivered to end-user sectors including agriculture and forestry, industry, transport, commercial

and public services, and households.

The distribution of biomethane production is shown in Table 3. In the first quarter of 2017

biomethane was produced in 497 plants in 16 European countries. Germany (194), United

Kingdom (85) and Sweden (63) lead biomethane plant deployment in Europe. Comparing country

rankings in Table 2 and 3, Italy is third placed in terms of biogas production while its biomethane

sector remains relatively less developed, ranking only tenth in Europe. On the other hand, Sweden

is third placed in biomethane production – more than 60% of biogas produced in Sweden in

2017 was upgraded into biomethane and used to fuel vehicles (Table 2). In terms of feedstock,

biomethane originates in different European countries from a wide range of diverse substrates,
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as illustrated in Table 3. Existing data shows that by the first quarter of 2017 the majority of

biomethane plants in Europe utilize energy crops as their main substrate. 3

Biogas and biomethane sector in Ireland is at the initial stage of development with just 38

biogas plants in 2018, one biogas upgrading plant with grid injection, although other projects are

underway [16–18]. In 2017, primary production of biogas in Ireland was 54.6 ktoe, more than 80%

of which was utilized as transformation input in electricity and heat generation.

Table 2: Biogas production and utilization (2017)

Country Primary production
Transformation input in End-user consumption in

Electricity & heat generation Industry Transport Others

Germany 7845 5796 66.21 38.29 1362
UK 2733 2230 45.70 0 244.0
Italy 1898 1849 18.58 0.0239 22.71
France 899.5 593.6 128.2 0 142.4
Czechia 607.7 449.2 7.223 0 151.3
Denmark 389.0 167.4 39.34 0.333 56.19
Netherlands 320.8 138.0 16.70 0 90.82
Poland 280.6 196.6 14.56 0 68.59
Spain 261.4 201.0 39.98 0 13.23
Austria 246.1 197.1 36.70 0.273 11.95
Belgium 224.3 130.0 31.64 0 62.08
Sweden 177.8 13.23 2.771 111.1 32.65

EU 28 16826 12718 498.8 150.4 2365

Source: Eurostat. Unit: ktoe. Transformation input covers all inputs into the transformation plants
destined to be converted into derived products. Transformation is only recorded when the energy
products are physically or chemically modified to produce other energy products, electricity and/or
heat. Other end-user sectors include Commercial & public services, Households, Agriculture & forestry.

3This may change in the future as the recast of the Renewable Energy Directive (RED II) sets sustainability criteria
for biomass and biogas for heating, cooling and electricity generation for the period 2020-2030. This is discussed further
in Section 3.2.
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Table 3: Biomethane installation (2017 Q1)

Country Biomethane Plants
Main feedstocks

AGR MSW ENC FAB LAN SGW NA

Germany 194 8 11 164 6 2 3
UK 85 85
Sweden 63 1 1 2 59
Switzerland 31 3 10 2 15 1
France 30 19 4 1 3 3
Netherlands 26 4 3 4 4 2 9
Denmark 22 20 1 1
Austria 15 1 7 3 4
Finland 12 2 7 2 1
Italy 7 2 3 1 1
Norway 4 1 1 2
Luxembourg 3 1 1 1

Europe 497 62 47 169 14 7 34 164

Source: Authors’ elaboration based on the European Biomethane Map 2018. Main
substrates include AGR (Agricultural Residues, Manure, and Plant Residues), MSW (Bio-
and Municipal Waste), ENC (Energy Crops), FAB (Industrial Organic Waste from Food
and Beverage Industries), LAN (Landfill Wastes), SGW (Sewage Sludge, Gas and Waste),
and NA (No Information).
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3. Drivers of biogas and biomethane development

Over the expansion period of biogas and biomethane, EU legislation on environmental issues

such as waste management [e.g. 19, 20], water quality [e.g. 21] and nutriment management [e.g.

22, 23] have improved the economics of AD as a waste management option. The legislation focused

on increasing the quantity of renewable energy and reducing GHG emissions has helped this

further, with some countries providing substantial fiscal support for renewable energy output.

In this section we outline major EU legislation and policies that influence the development of

biogas and biomethane industry. The schematic presented in Figure 3 highlights the dominant EU

legislative instruments in chronological order.

3.1. Environmental drivers

The Nitrates Directive gives an indirect impetus for AD uptake because farmers are encouraged

to adopt manure treatment systems [25]. The digestate output from AD plants can serve as a more

effective fertiliser than raw manure and slurry plus it is a less costly substitute for manufactured

fertiliser. In comparison with mineral fertilisers and untreated slurry, digestate has a high fertiliser

value because of its larger share of available nitrogen, phosphorus, potassium and micro-nutrients,

although quality varies largely depending on feedstock, AD process and treatments [26]. Because

of the nutrient concentrations, a farm that fertilises with digestate can often get the same fertilising

effect with 10-20% smaller dose [27].

Representing about 40% of the total EU annual budget, the Common Agricultural Policy (CAP)

provides subsidies and support to farmers, and sets out the rules for the common agricultural

market. Bioenergy is the renewable energy most evidently connected with rural areas. During

the funding period 2007-2013, the supply of bioenergy from agriculture and forestry and the

use of bioenergy on farms and in rural areas were specifically encouraged by CAP through its

rural development measures. Types of operations supported include: biogas production in AD

plants using animal waste, perennial energy crops, processing of agricultural and forest biomass

for renewable energy, and installations and infrastructure for renewable energy using biomass

[28]. These operations are no longer emphasized in the current CAP period 2014-2020. Facilitating

the supply and use of renewable sources of energy is covered under Priority 5: Resource-efficient,

Climate-resilient Economy [29].

The Waste Framework Directive (2008/98/EC) enshrines a principle aiming to move waste

away from landfill and towards treatment options, including AD, which are better for the envi-
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Figure 3: EU legislation and policies related to biogas and biomethane production

Source: Authors’ elaboration based on CRE [24].
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ronment than disposal. The separate collection of biowaste with a view to its biological treatment

is also encouraged by this Directive. The objective of landfill diversion is also a requirement of

the Landfill Directive (1999/31/EC). ABP Regulation lays down health rules regarding ABP and

derived products not intended for human consumption. Movement, processing and disposal of

ABP such as manure, catering wastes and post-AD digestate are all subject to ABP Regulation.

Other EU strategies that encourage the uptake of AD for the benefit of waste management include

the EU Thematic Strategy on the Prevention and Recycling of Waste (2005), Roadmap to a Re-

source Efficient Europe (2011) and Circular Economy Package (2017). In particular, the Circular

Economy Package (2017) sets new targets on biowaste collection by 2023, providing opportunities

for agricultural residues to be used for AD. The multiple functions of AD in the circular economy

are discussed in depth in IEA Bioenergy Task 37 [30].

3.2. Energy drivers

The Renewable Energy Directive (RED) establishes the overarching policy framework for the

production and promotion of energy from renewable sources in the EU. RED II came into force

in December 2018. An updated binding renewable energy target for the EU for 2030 is set at

a 32% minimum of final energy consumption, with a clause for a possible upwards revision

by 2023. Notably, RED II increased the sustainability criteria versus RED for biofuels used in

transport and bioliquids, and solid and gaseous biomass fuels used for heat and power. A 70%

GHG saving threshold is introduced for bioenergy pathways in electricity, heating and cooling

sectors. This implies that, under current cultivation practices, energy crops can only make up to

30% of the feedstock with the rest to be animal manure [15, 31]. The potential of energy crops will

be therefore limited by GHG saving criteria under current cultivation practices and there is likely

to be a change of the crop mix towards sustainable species.

The EU Effort Sharing Decision establishes binding GHG emission reduction targets concerning

mostly non-ETS sectors, such as transport, buildings, agriculture and waste. Biogas production

plays a role in helping to achieve emissions reduction in all these sectors. The Climate and Energy

Package (2020) is a set of binding legislation regarding emissions reduction, renewables and energy

efficiency, to ensure the EU meets its climate and energy targets by the year 2020. The EU 2030 Cli-

mate and Energy includes targets and policy objectives for the period 2021-2030. The Alternative

Fuels Infrastructure Directive sets out minimum requirements for the building of alternative fuels

infrastructure, including refuelling points for compressed natural gas (CNG) that biomethane can

benefit from. Furthermore, in order to comply with the climate commitment made at the COP21

in Paris, the EU will need to effect an energy transition in all sectors to achieve climate neutrality
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goals by 2050. The Energy Roadmap 2050 (COM/2011/885) explores the transition of the energy

system, which accounts for more than 75% of the EU’s GHG emissions, through four main routes

to a more sustainable, competitive and secure energy system in 2050. In general, all these binding

targets will have positive impacts on fostering large-scale take up of biogas and biomethane in the

next decade.

While Member States are subject to binding targets under EU legislation, national governments

can decide individually on which support policies to implement. This has led to a wide range of

support schemes in the EU. To provide an aggregated overview of available options for countries

that are interested in developing biogas industry, we summarize a range of support schemes

in Table 4 including both financial and non-financial activities that favour biomethane/biogas

development in selected European countries. These countries are leading the biomethane industry

in Europe and include Germany, UK, Sweden, Switzerland, France, Netherlands, and Denmark.

Ireland is also included for the purpose of reference. Legislative information summarized in

the table is mainly sourced from IEA Bioenergy Task 37 [1], SEAI [14], IEA Bioenergy Task 37

[16], Strauch et al. [32], BIOGAS3 Consortium [33], Agency [34], RES LEGAL Europe [35]. Table

4 shows that the support schemes share some design features but vary from country to country.

Importantly, these schemes have been evolving as the renewable market develops.

Most countries reviewed in Table 4 implement a form of Feed-in Tariffs (FiTs) and/or Feed-in

Premiums (FiPs). Several studies consider FiTs to be the most frequent measure to support elec-

tricity generation from renewable energy sources [36, 37]. Under the fixed payment scheme of

FiTs, generators receive a fixed amount per unit of electricity generated or biomethane injected

regardless of the costs of generation or market prices. Table 4 shows that FiPs are less frequently

used than FiTs. They are employed in Germany, France, Netherlands and Denmark. Under the

FiPs a fixed amount is added to the market price and the overall price is hence less predictable

than under the FiTs [38]. Germany used FiTs for biogas upgrading based on the 2012 Amendment

of the Renewable Energy Sources Act (EEG 2012) [39]. A bonus of €0.01-0.03 per kilowatt hour

(kWh) was paid for processing and feed-in of biomethane depending on the production scale.

The scheme was abolished during the 2014 amendment (EEG 2014) [40]. In the UK, biomethane

production is all gas-to-grid due principally to the Renewable Heat Incentive that operates in a

similar manner to FiTs [41].

Alternatively, some countries use a quota or green certificate scheme instead of FiTs or FiPs.

Producers of electricity from biogas in Sweden receive electricity certificates and sell them within

the Norway-Sweden Green Certificate Scheme for renewable electricity. Buyers of the certificate

12
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may include electricity suppliers, certain electricity consumers and energy-intensive companies

who are obliged to acquire a certain number of certificates according to their electricity sales or

consumption level [42]. It is common that countries have a combination of support measures. For

example, the UK has both FiTs and a quota scheme, namely the Renewable Obligation Certificates.

Under the scheme electricity suppliers must prove a certain percentage of electricity supplied to

final consumers from renewable sources including biogas from AD. The quota scheme can also be

applied to the transportation sector to promote the substitution of fossil fuel with biofuel. Biofuel

quota schemes exist in Germany, UK, France, Netherlands and Denmark.

On the demand side, tax exemptions are often used to complement other types of incentive

schemes. Seven out of eight countries in our review have employed tax-based incentives such

as tax exemptions and tax credits to promote the utilization of biogas. Tax exemption as a fiscal

adjustment is highly flexible, as it can target specific renewable technologies and impact market

participants selectively [43]. In France, lowering the tax on biofuels made them competitive

compared to high-taxed fossil fuels. In Ireland and Netherlands companies receive tax relief if

they invest in renewable electricity projects and equipment [44]. Carbon taxation is sometimes

also considered as an instrument to help to promote renewable energy. A carbon tax would

help stimulate market penetration of biofuels significantly when it is applied to fossil fuels, and

additionally if the tax revenue is used to finance the biofuel subsidy [45].

In recent years biogas support schemes in Europe have followed several notable trends. Sup-

ports for biogas and biomethane have declined over time [46, 47]. For example, FiTs for electricity

generation from biogas was first introduced in 2000 when the Renewable Energy Sources Act

(Erneuerbara-Energien-Gesetz, or EEG) came into force. Biogas development has expanded since

then and experienced exponential growth until 2012-2014, after which there were recent EEG

2012 and EEG 2014 period as tariff reductions [48]. Competition between technologies has been

introduced in support schemes. The EEG 2017 changed the funding for RES from a fixed tariff to a

tender system, a support scheme widely used for wind power and photovoltaics [49]. Accordingly,

plants have to participate successfully in tendering procedures to qualify for their funding in the

scope of the EEG. This has resulted in cost reductions for many of the technologies supported [50].

Attribute subsidies are used by governments to guide specific future development of the sector.

Bioenergy supports often vary according to facility scales and feedstock types. A significant feature

of the EEG 2012 comparing to the EEG 2009 is the bonus payment for manure and biowaste

digestion. Meanwhile, the EEG 2012 also limits the use of maize and corn up to 60%. Later in 2017,

despite the shift to a tender system, biowaste-based biogas plants and small scale manure-based

plants remain independent from the tender system and are covered by a tariff structure determined
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by EEG 2014. Similarly, small-scale farm-based AD plants receive an advanced tariff in France and

Netherlands. In general, bioenergy supports across countries are becoming increasingly similar in

terms of policy types, with FiTs playing a dominant role [51–53].

Figure 4: Evolution of biogas development in Germany

Source: Data collected from Eurostat. Information on policy instruments collected from IEA and IRENA [54] and IEA
Bioenergy Task 37 [16]. EEG: Renewable Energy Sources Act (Erneuerbare-Energien-Gesetz, EEG).
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4. Emerging issues and new developments

In this section we discuss a wide range of issues relating to the large-scale implementation

of biogas production. Each sub-section concludes with a discussion of social, environmental or

economic implications for future biogas development in countries aiming to develop a biogas

sector, often using Ireland as a case study.

4.1. Specialisation

4.1.1. Policy supports for technologies & biogas end-uses

A package of support schemes can be designed in favour of one specific technology or end-user

sector. Among the reviewed countries, the Swedish support system shows a clear emphasis for

promoting green transportation. Using biogas for transportation purposes is considered to be

associated with the greatest climate benefit [55]. On the supply side, the Swedish support system

supports not only biogas production, but also end-use infrastructure (e.g. filling stations, vehicles).

On the demand side, exemption from a variety of taxes (e.g. energy and carbon dioxide taxes,

vehicle tax) has also driven growth in biogas for transportation. Larsson et al. [56] summarise 12

policy instruments related to biogas in the transport sector in Sweden and we mark them in Figure

5 which shows the evolution of biogas production in Sweden. The instruments implemented since

2006 appear to have delivered substantial positive impact on biogas production and utilization

in Sweden but there is no single ”silver bullet” measure, rather on-going supports continually

evolving. At present, two-thirds of Swedish biogas production is upgraded and used for road

transport with the volume of sales having increased five-fold since 2006 [57]. This has made

Sweden a leader in biogas fuelled transport globally.

Denmark, on the other hand, has a long and well established technological practice for manure

and organic waste digestion (Figure 6). The Biomass Agreement (1993) set targets for the first time

specifically for biomass-based energy. The Green Growth Agreement launched in 2009 set the goal

that 50% of the livestock manure in Denmark be used for green energy in 2020 and other supports

include tax equalization between vegetable biomass and livestock manure, and modification of the

Waste Incineration Directive [54]. An additional benefit using agricultural feedstocks in Denmark

is the reduction in artificial fertiliser use, with manufactured fertiliser reduced by approximately

50% compared to 1985 levels without any nitrogen deficiencies [27]. Raven and Gregersen [58] cite

three enablers for the development of biogas plants in Denmark: a bottom-up approach stimulated

a broad interaction and learning process; a rich social network and long-term support; dedicated
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Figure 5: Evolution of biogas development in Sweden

Source: Data collected from Eurostat. Information on policy instruments collected from Larsson et al. [56]. A: Local
Investment Programme (LIP) to support all parts of the biogas chain (1998-2002); B: Reduction of fringe-benefit
tax to support alternative vehicles (2002-); C: Climate investment programmes (KLIMP) similar to LIP (2003-2008);
D: Full exemption for biogas used for heating and motor vehicles from energy and carbon dioxide tax (2004-); E:
Carbon-differentiated vehicle tax (2006-), and Act on obligation to provide renewable fuel (2006-); F: Exemption from
congestion fees in Stockholm (2007-2008), and Clean car bonus (2007-2009); G: Rural Development Programmes
to support farm-scale biogas production (2009-2013); H: Exemption from vehicle tax during five years (2010-), and
Investment support for projects regarding production, infrustructure and use of biogas (2010-); I: Special clean car
bonus (2012).
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policy supports, the existence of district heating systems, and farmer cooperation within small

communities.

On-farm AD plants in Denmark also accept source-separated organic household wastes, under

the condition that it is traceable and cleansed from impurities in a pre-processing facility before

it enters the digester. Most of the centralized biogas plants located in rural areas now co-digest

manure with food waste and other feedstocks. The inclusion of waste food feedstocks is supported

by waste sector policies of high landfill and incineration taxes, plus the prohibition of landfilling

of biodegradable municipal waste since 1997. The Danish government has a target to reuse 50% of

household waste by 2022. Similar to the Swedish case, success has been achieved through constant

evolution of legislative drivers and policy supports. What is also evident is that it is not a single

sector issue but rather a collaborative engagement across sectors (i.e. waste, agriculture, energy,

environment), which delivers multiple benefits not just GHG emissions reduction.

Figure 6: Evolution of biogas development in Denmark

Source: Data collected from Eurostat. Information on policy instruments collected from IEA and IRENA [54] and IEA
Bioenergy Task 37 [16]. A: Biomass agreement (1993, revised in 1997, 2000) mandated the use of certain amounts of
straw and wood chips for energy, with targets met in 2009; B: Landfill ban on biodegradable municipal waste (1997); C:
Subsidies for Renewable Electricity Generation (2004); D: Energy Agreement (2008); E: Promotion of Renewable Energy
Act, and Feed-in premium tariffs for renewable power (2009); F: Green Growth (2009) with the objective to treat 50%
livestock manure in biogas plants by 2020; G: Energy Agreement (2012).
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4.1.2. Learning: setting an overarching policy ambition

With an appropriate policy goal, a range of stakeholders can cooperatively work toward a

shared ambition. Countries developing their biogas sector, such as Ireland, might also consider an

enhanced support scheme targeting a specific type of feedstock, technology or end-user. Following

the Swedish example is one option for Ireland, with potential economic and competitive benefits

compared to other options [59, 60]. However, using biomethane for transport requires substantial

investment in infrastructure and vehicles [61]. Such a policy move would also directly compete

with existing policy supports for electric vehicles, which fits within the wider context of car

manufacturers pivoting towards electric vehicles. Similar to other countries Ireland has already

provided supports for using biomethane in transport and is developing a national CNG refuelling

network intended primarily for commercial vehicles including trucks, buses and vans.4 With such

a network under development there is a strong economic and environmental case for earmarking

biogas/biomethane production for transport use [59, 60] and enveloping biogas/biomethane plans

within transport goals and policy.

Another option for an overarching policy ambition follows the Danish approach using anaero-

bic digestion as a means to manage wastes from the agricultural and food sectors. Following the

Danish approach is also consistent with an ambition to use biogas for transport. There are several

potential synergies from following the Danish example. From the perspective of biogas producers,

it closely establishes biogas production within the agricultural sector, which is important to help

build trust and networks along the supply chain. From the farmers’ perspective, it is a prospective

new income source, which is a significant benefit in Ireland where farm incomes are heavily reliant

on direct income supports [62]. Furthermore, agriculture in Ireland is suspected of being the main

cause of pollution in rivers [63] and anaerobic digestion affords a means to more effectively manage

nutrient loadings. And not least, the agriculture sector is the largest source of GHG emissions

within Ireland [63], accounting for one-third of total national emissions in 2017. Agriculture

needs to share the burden of GHG emissions reductions and advocating biogas production as an

agricultural policy goal has merit that transcends the sector itself.

4The network is co-financed by the EU’s Connecting Europe Facility, see https://ec.europa.eu/inea/en/connecting-
europe-facility.
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4.2. Intensive farming

4.2.1. Nutrient management and changing farming practices

The Nitrates Directive gives an indirect impetus for AD uptake because farmers are encouraged

to adopt manure treatment systems [25]. The digestate output from AD plants can serve as a more

effective fertiliser than raw manure and slurry plus it is a less costly substitute for manufactured

fertiliser. In comparison with mineral fertilisers and untreated slurry, digestate has a high fertiliser

value because of its larger share of available nitrogen, phosphorus, potassium and micro-nutrients,

although quality varies largely depending on feedstock, AD process and treatments [26]. Because

of the nutrient concentrations, a farm that fertilises with digestate can often get the same fertilising

effect with 10-20% smaller dose [27].

At present, anaerobic digestion does not change the legal definition of livestock manure and

AD digestate is treated the same as other fertilisers. This implies digestate follows the application

restrictions in the same way as artificial fertilisers and untreated manure. The European Biogas

Association suggests that AD digestate should be treated differently as animal manure, as a large

part of the “slow release” organic nitrogen is mineralized and converted into “quick release”

mineral nitrogen, predominantly the nitrogen content of the ammonium ion [64]. If application

requirements were eased for digestate spreading, farm systems could become more intensive,

availing of less restrictive digestate application rates and expanding supply of slurry feedstock to

biogas plants. Where herd size increases or more animals are housed indoors for manure collection

there is a potential direct impact on GHG emissions. Stored manure (e.g., in tanks, lagoons etc.)

decomposes anaerobically and can produce a significant quantity of methane, whereas when

manure is deposited on pastures it tends to decompose under more aerobic conditions and less

methane is produced. So any biogas supports may need to be designed to avoid such indirect

impact on GHG emissions.

The net impact of biogas production on GHG emissions may be more nuanced than indicated

by typical life cycle assessment. Countries will be interested in the net impact on aggregate

national emissions not just the supply chains associated with biogas production. For example, if

feedstock production entails a transition from extensive to intensive farming operations or land

use changes, the baseline level of emissions may also change. If marginal or extensively farmed

lands are intensively cultivated, for example with higher fertiliser use or grasslands ploughed,

the net impact on aggregate national emissions may be less than envisaged. Policy supports for

biogas need to be cognisant indirect impacts along the supply chain that reduce the aggregate net

emissions reductions associated with biogas production.
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4.2.2. Learning: Interface across policy domains

Biogas production and utilization involves a range of sectors. Cooperation in policy interactions

across multiple domains plays an important role in biogas sector development. Supportive policies

in one sector could become ineffective when combined with policies in other sectors. Hence,

special attention should be devoted to the coherence between policies and instruments across

different sectors, especially at local level [65]. The utilization of post-AD digestate offers the

possibility to recycle nutrients from waste back to the food chain. Limited availability of land for

digestate spreading may be a particular issue for large food waste digesters. The wider adoption

of digestate for landspreading requires the development and adoption of digestate standards for

various end-use purposes.

Many biodegradable feedstocks are classified as ABP and subject to ABP Regulations. For the

purpose of preventing animal disease, rules are set in terms of building structure and design,

size restriction of feedstock, heat treatment of feedstock/digestate, among others. These ABP

requirements are designed for animal and human health protection but add a significant level of

complexity and capital cost to the development of biogas plants. Biogas production, particularly

anaerobic digestion, is reliant on the agri-food sector for feedstock but the regulatory framework

surrounding use of ABP severely limits its operation and potential. It is arguable in the context of

water quality challenges, as well climate policy ambitions, that the agri-food sector will become

more reliant on the biogas sector for its future growth and sustainability. The regulatory frame-

work surrounding ABP, while protecting animal and human health, must also be cognisant of the

symbiotic relationship of the two sectors.

4.3. Supply chain risks

4.3.1. Seasonality, trade, and storage

Production of biogas requires feedstock inputs, and seasonality plays a role in feedstock supply.

For example, a prolonged drought and heat wave in Ireland in summer 2018 resulted in low grass

biomass production. This implies a potential supply chain risk and the biomass sector should

be prepared for the possibility of more frequent summer droughts in the future. Selecting grass

species with high soil holding capacity and the ability to maintain growth under drought and flood

conditions is a potential solution [66]. However, while various grass feedstock types may be more
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resilient to weather stresses there is a corresponding difference in biogas yield per unit input [67].

Grass or maize silage supply also experiences seasonal fluctuations with lowest stocks in the late

spring, early summer period and depending on the severity of winter weather, farmers’ stocks can

be completely exhausted. A viable biogas sector dependent on feedstock from the agricultural

sector needs guaranteed feedstocks and not to be reliant on surpluses from the agricultural sector.

Biogas production from wastes may also experience seasonality. The composition of food waste

in summer time is different than in winter. In general, food waste generation varies over time,

often influenced by seasonality, special events and holidays [68]. The same can be said about yard

trimmings and agriculture wastes. The landfill rate exhibits stable seasonality with a high level of

compostable garden waste arising during spring and summer [69]. In autumn there is an influx of

agriculture wastes [70]. Availability of stored animal manures is also subject to seasonal variation.

During the summer when most livestock (excl. swine) are on pasture, and manure storage capacity

is emptied in preparation for the following winter, slurry feedstock will also be in limited supply.

These variations may cause substantial changes in feedstock composition, posing a challenge for

planning and operation of a biogas plant.

If a large proportion of feedstock is sourced from abroad, a feedstock outage may happen due

to trade related issues such as limitations to free trade or fluctuations in global markets. This may

lead to serious implications for the security of a country’s energy system if biogas accounts for a

significant part of domestic energy consumption.

Finally, storage for animal slurries and post-AD digestate may represent a capacity constraint.

The agriculture sector generally has sufficient slurry storage capacity for its needs and from

which it can supply AD plants. That would continue to be the case unless digestate has to be

stored separately from raw slurries. The biogas potential of digestate is low and therefore biogas

plants will seek to avoid intake of previously used feedstock. And separately, if the regulatory

environment for digestate includes specific landspreading conditions, especially if the digestate

includes off-farms wastes, that may practically necessitate separate storage to enable compliance.

4.3.2. Learning: close integration with agriculture sector

Biogas production requires a constant and guaranteed feedstock supply, with minimal seasonal

fluctuations. Biogas technologies that optimise gas production under different conditions are

available but a broad and comprehensive collaboration between plant operators and feedstock

suppliers is needed. Specialised supply chain management could also bring a beneficial effect
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in supplying qualified feedstock all year around. Long-term contractual supplies of agricultural

and food waste feedstock would also address supply uncertainties. Nonetheless, feedstock supply

shortages have the potential to curtail the growth in the biogas sector.

An alternative approach to address the seasonality of agricultural feedstock supply would be

to match biogas production with seasonal feedstock supplies, possibly via small scale on-farm AD

plants. If the produced biogas is intended for heating uses, the biogas production period would

also match heating demand seasonality, and possibly be distributed locally. Apart from the other

development challenges for biogas, the economics of operating essentially the same production

plant on a seasonal versus continuous basis is likely to be quite difficult.

In Ireland a grass based biogas sector has been mooted [71–73] with cattle or sheep production

likely to be displaced compared to other grass based enterprises, such as dairy. The displacement of

cattle and sheep is because returns are substantially lower than other enterprises and farm families

are heavily reliant on direct income supports [62]. Consequently, the response of the agriculture

sector, and specifically beef farmers, to the demand from biogas plants for grass feedstock is critical

for the development of the biogas sector. There is a cultural hesitation among farmers to switch

their farms to non-traditional enterprises due to financial uncertainty, cultural barriers, as well as

other reasons [74]. Farmers often see their enterprise as part of their identity, for example, as beef

farmers. However, with suitable incentives and measures to ensure security of income, barriers to

enterprise switching can be overcome. For example, there are long-standing policy incentives to

increase forest cover but uptake among farmers has been substantially below target. With a strong

financial case, as well as long-term guarantees, farmers may be willing to switch (or partial switch)

enterprises [75, 76]. In Ireland this is already reflected in some areas with relatively high rates of

afforestation on farms with poor or marginal land (e.g. county Leitrim) despite local opposition.

The cultivation of energy crops on marginal land which is unsuitable for food production is

consistently proposed as a viable option [77, 78]. The term ‘marginal land’ is unclearly defined in

the literature, often resulting in divergent interpretations in practice [79, 80]. An EU funded re-

search project, SEEMLA, aims to clarify definitions and assessment methods for selecting marginal

lands, while another EU funded project ”MArginal Lands for Growing Industrial Crops” (MAGIC)

is developing best practice for growing energy crops on marginal land.5 A more basic question is

whether energy crop production should be restricted to marginal land? By default, crop yields will

be lower compared to more fertile land, meaning that the cost of the derived fuels will be higher

5See http://magic-h2020.eu/.
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than is potentially feasible. With biogas production already requiring subsidy support to ensure

cost competitiveness versus fossil fuels, limiting energy crop production to marginal lands further

hamstrings the development of a biogas sector. With lower yields on marginal lands, a specific

feedstock need will require greater land allocation. If marginal land is intensively cropped, are

there potential unintended consequences, for example, nitrogen leaching and water pollution? If

energy crops are concentrated on marginal lands there may also be a potential impact on feedstock

transport distances. Biogas plants are ideally located close to feedstocks, of which energy crops

may be just a part, but also plant location may also be influenced by proximity to biogas markets

or grid injection facilities. Limiting energy crops to marginal land may impact on net emissions

savings. In the case of Ireland the value of direct farm payments (i.e. income supports) exceeds

100% of its contribution cattle and sheep farmers’ incomes [62], which means that on average they

are unprofitable enterprises and subsidised by direct income supports. Consequently, there’s an

economic case for farmers to switch enterprise to energy crop production, which in this instance

could be grass or maize production. Furthermore, with meat production having relatively high

carbon intensity [81, 82], reducing national herd and flock sizes would reduce total GHG emissions

both in absolute terms and agriculture’s share.

The issue of sufficient storage capacity will only be clear when there is clarity on the regulatory

environment surrounding the uses of AD digestates from different feedstocks. If existing storage

capacity and its on-farm configuration is not adequate this would represent a significant barrier

for the use of animal slurry in biogas production.

5. Conclusion

The objective of this research is twofold. First, to draw lessons from the European experience

in biogas development that may be particularly useful to countries that have policy ambitions to

increase biogas/biomethane production. An improved understanding of prior experiences with

policy measures promoting biogas/biomethane deployment will contribute to the efficacy of future

policy initiatives. Second, to broaden the policy and assessment discussions surrounding the merits

of promoting biogas/biomethane production, including highlighting potential risks associated

with such policies. There is a strong case to be made for continued growth in biogas/biomethane

production, not least for the benefits associated with displacing fossil energy GHG emissions. But

critical review of policy measures supporting biogas production have largely focused around just a

few issues. These issues include the net GHG emissions associated with biogas production and

the potential impact and sustainability of biogas production on food supply and prices. However,
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there are broader issues related to economic, environmental and social pillars of sustainability

that merit more detailed consideration.

Beyond the mechanism of delivering financial support, devising an overarching ambition for

the sector may be equally important. Without a clear vision, projects will be developer lead and

there is no certainty that an integrated and cohesive sector will emerge. Denmark and Sweden

represent good role models in this regard championing both the biogas sector as a means to manage

agri-foods wastes and biogas for use in transport.

A critical risk for the biogas sector is securing adequate and consistent quality feedstock, as

well as, outlets for post-processing by-products (e.g. digestate from anaerobic digestion). For the

sector to expand project developers need to build trust with the farming sector. Long-term supply

contracts are a means to reduce uncertainty, which will help farmers consider adapting their

businesses to supply feedstock crops, as well as, animal manures and slurries. The development

by government of an overarching vision for biogas/biomethane, as noted above, with the biogas

and agriculture sectors working together can help foster a shared vision and mutual trust. The

regulatory framework surrounding feedstock containing ABP, which is critical for protecting

animal and human health, must reflect the symbiotic relationship between the two sectors. If

biogas supply chain leads to a substantial change in agricultural practices, policy supports need to

be cognisant indirect impacts that hamper the ability to reduce GHG emissions associated with

biogas production.

Expansion of the biogas sector needs to be resilient to the impact of climate and weather

variability on feedstock quantity and price. In years of high feedstock prices, possibly reflecting

quantity shortages, biogas plants face a double risk. Interruptions to feedstock supply and or po-

tentially uncompetitive feedstock prices will threaten their financial sustainability. It is difficult to

physically hedge against such risks but close integration with the agricultural sector and controlled

expansion is important. It will be particularly risky for biogas plants if their feedstock supplies are

farm surpluses (i.e. surplus to the farmers’ own needs) rather than an integral output of farming

operations. Therefore, close business relationships with contracted supply chains will be important.

Finally, biogas production should be viewed as an opportunity for the agricultural sector, not a

threat. Feedstock supply represents a potential new income source, while processing manures and

slurries into AD digestate has the potential to provide a lower cost alternative to artificial fertilisers.

Associated increases in land or fodder prices also benefit recipient farmers. Farm incomes are
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low and some types of farm enterprise are generally not profitable, specifically cattle and sheep

production. Switching to more profitable enterprises and at the same time directly addressing

two significant challenges facing the agricultural sector, namely curtailing GHG emissions and

limiting nutrient emissions to water, is an opportunity to be embraced.
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[41] Horschig, T., Adams, P.W., Röder, M., Thornley, P., Thrän, D.. Reasonable potential for GHG savings by anaerobic

biomethane in Germany and UK derived from economic and ecological analyses. Appl Energ 2016;184:840–852.

[42] Hustveit, M., Frogner, J.S., Fleten, S.E.. Toward a model for the swedish-norwegian electricity certificate market.

In: European Energy Market (EEM), 2015 12th International Conference on the. IEEE; 2015, p. 1–5.

[43] Held, A., Ragwitz, M., Gephart, M., de Visser, E., Klessmann, C.. Design features of support schemes

for renewable electricity. European Commission, DG ENER 2014;URL: https://ec.europa.eu/energy/sites/

ener/files/documents/2014_design_features_of_support_schemes.pdf; accessed date 1 June 2019.

[44] SEAI. Accelerated capital allowance. Sustainable Energy Authority of Ireland 2018;URL: https://www.seai.ie/

energy-in-business/accelerated-capital-allowance/; accessed date 1 June 2019.

[45] Timilsina, G.R., Csordás, S., Mevel, S.. When does a carbon tax on fossil fuels stimulate biofuels? Ecol Econ

2011;70(12):2400–2415.

[46] Torrijos, M.. State of development of biogas production in Europe. Procedia Environ Sci 2016;35:881 – 889.

[47] Scarlat, N., Dallemand, J.F., Fahl, F.. Biogas: developments and perspectives in Europe. Renew Energ

2018;129:457–472.

[48] Daniel-Gromke, J., Rensberg, N., Denysenko, V., Stinner, W., Schmalfuß, T., Scheftelowitz, M., et al. Current

developments in production and utilization of biogas and biomethane in Germany. Chem-ing-tech 2018;90(1-

2):17–35.
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