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Executive summary

Green gases have a key role in the energy mix for the energy transition

It is generally acknowledged that the energy transition requires green gases, and particularly biomethane, in order
to decarbonize all sectors.

Biomethane is obtained by upgrading biogas produced by transforming biomass such as agricultural residues,
biowaste or forest wood through anaerobic digestion or pyrogasification processes. This raises the question of
availability of adequate biomass in the long run.

Another important aspect for biomethane is whether it will become economic to replace natural gas for decarbonized
uses. With current LCOE of biomethane around 90 €/ MWh in Europe, this raises the question of how production
costs could decrease in the long run.

Spatial distribution of biomethane potential and costs in 2050

The study provides a geographical view on the potential of biomethane production and costs at the 2050 horizon,
in the EU and 10 neighbouring countries. Biomethane production units located near existing gas networks collect
the biomass resources available locally to produce biomethane. The cost of the value chains is then estimated. For
each European region (NUTS-1), this information is aggregated in a supply curve, summarizing the regional
potential for biomethane and the associated cost curve.

Europe and neighbouring countries have a large potential of biomass available for
producing biomethane

The study shows that biomass is largely available in some countries such as France, Germany or Spain. Outside
the EU, Turkey has a large potential as well. Although there are uncertainties, the potential of biomass available in
2050 in EU27+10 could allow to produce over 1700 TWhunv of biomethane. The study shows that the among all
the biomass available, intermediate energy crops, if developed, could provide a large share, around 26% of the
total. The study also shows that the use of wood from forest growth could boost the potential in 2050.
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Figure 1: Biomethane potential 1G+2G per country in 2050 [TWh]
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The cost of 1G biomethane could decrease below 70 €2019/MWhnunv in average in 2050

The study shows that the cost of 1G biomethane injected into networks could be below 70 €2019/MWhnny in average
in 2050, with 60% of the identified potential having a lower cost. This is obtained through a detailed modeling of the
value chain to produce biomethane, from feedstock available locally to the injection into networks, through
production units. Attaining such figures will require significant cost reduction in digesters. In particular, increases in
the average size of digesters compared to today are a key element for the decrease of costs for 1G biomethane.
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Figure 2:LCOE of 1G biomethane injected into gas networks for EU27+10 in 2050
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Introduction

Green gases to support the energy transition

If Europe wants to adhere to its commitment of limiting global warming to an increase of two degrees, the power sector
will have to evolve almost zero carbon emissions in 2050. This entails a very large share of renewables in the electricity
mix. At the same time, renewable technologies have seen sharp reductions in their cost and future cost reductions are
expected. This makes a future with 100% or almost 100% renewable electricity an increasingly realistic prospect.

Nevertheless, some sectors such as industries requiring high-temperature heat or aviation cannot be electrified.
Moreover, the power system requires flexibility, which can be provided by gas-fired power plants. For these uses, the
pathway to decarbonization relies on green gases (biogas, synthetic gas, hydrogen). Many recent studies (CEER, Gas
for Climate, ADEME, ...) highlight that a decarbonized gas system should support the decarbonization of the economy.

A share of these uses could be fulfilled by biomethane, (IEA, 2020) has estimated that the sustainable worldwide
feedstock potential for biogas and biomethane production could cover around 20% of today’s gas demand. Moreover,
in term of GHG emissions, the use of biomethane would allow to avoid around 1000 Mt of GHG emissions' in 2040.

The production of biomethane depends on the availability of feedstock such as agriculture residues, manure. The
amount of biomethane that can be produced within Europe, and at which cost, is at the core of the present study.

Estimating the potential and cost of biomethane within Europe

The objective of this report is to study the geographical distribution of the potential and the costs of biomethane in
Europe (EU-27 + 102) in 2050.

A geographical assessment of the biogas potential is first done based on the estimation of the availability of different
feedstock which can be used and on different assumptions such as competitive uses or mobilization factors. Maps with
the distribution of each feedstock’s potential are obtained and the results aggregated to obtain regional (NUTS-1)
potentials.

Biomethane cost projections are then estimated by locating biomethane production units which can collect the
feedstock around them. Depending on feedstock type and distance, the cost of producing and injecting biomethane
into the grid can be computed. The biomethane production obtained with these units and the associated cost of the
value chains allows to define a supply curve for each region (NUTS-1).

Structure of the report

This report is organized in 2 chapters. After introducing the context and the objectives, the evaluation of the feedstock
potential in the geographical scope defined is presented in chapter 1. In chapter 2, the cost of biomethane is discussed
and the hypotheses used in the study from feedstock cost to unit cost are exposed. Chapter 2 also covers the
methodology for the localization of the units and provides the results of the study.

' Avoided emissions include emissions generated by the use of natural gas rather biomethane and also methane emissions that would have
occurred during feedstock decomposition.

2EU 27 + Albania, Iceland, Macedonia, Montenegro, Norway, Switzerland, Liechtenstein, Turkey, United Kingdom, Serbia
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1 Geographical assessment of biomass potential

1.1 Biomethane production is part of a circular economy

Biogas production is based on the transformation of feedstock through specific technologies. It is part of a circular
economy (see Figure 3) and offers the following services:

e Waste management solution
e Production of energy
e Production of digestate (fertilizer)

Agricultural,
Manure, ...
7 t
Return to the soil Anaerobic
for agriculture digestion
Digestate Biogas

Figure 3: lllustration of biogas in circular economy with Anaerobic digestion

Figure 4 presents the biogas/biomethane production process.

A large set of feedstocks can be used to produce biogas. Following the stricter rule for being labeled sustainable,
feedstocks used to produce biogas will increasingly come from residues and waste, generated by animals or humans,
which are for the moment not or partially valorized. Waste are an interesting opportunity for the sector of biomethane
production and have a great potential which is for now underused. (IEA, 2020) estimate that in 2018, the amount of
feedstock used allow to produce only 5% of today’s biomethane production potential.

The choice of the production pathway to use to produce biogas depends on the type of feedstock processed. In the
report, the focus is put on two technologies: anaerobic digestion and pyrogasification (see Figure 3). Anaerobic
digestion usually relies on feedstocks such as agriculture residues and pyrogasification uses woody biomass. More
details are provided later on the precise list of feedstocks considered in the scope of this study.

The biogas produced from the feedstock transformation is composed of around 50 to 70% of methane, the rest being
CO2 and other gases. It can be used to produce heat or electricity, or upgraded through a purification process to remove
the CO2 and obtain biomethane, a gas which has similar properties to natural gas and which can be injected into
existing gas grid. Other products are generated when producing biogas: digestate from anaerobic digestion and char
from pyrogasification. The first one can be valorized as a fertilizer allowing to reduce the use of chemical ones. In this
report, the focus is made on the production of biomethane.
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Figure 4: Conversion pathways considered in the study

Nowadays, anaerobic digestion is the process which is the more widely installed whereas pyrogasification is still in its
infancy. In 2020, the European Biogas Association (European Biogas Association, 2020) has identified up to 729
biomethane plants (the number of plants producing biogas, e.g. which do not upgrade the biogas in biomethane, is
much higher) in Europe®. Several researches and experimentation are ongoing for pyrogasification which aim to
improve the process. An example of such experimentation is the Gaya project in France®.

1.2 Biomethane production relies on various waste categories

In this report, the feedstocks considered are those used by the two aforementioned technologies. They are classified
according to two categories: first generation (1G) and second generation (2G).

First generation of feedstocks contains agricultural residues, intermediate crops residues, biowaste, industrial waste,
manure and green waste.

e Agricultural residues are cereal straw, cane and fane left after harvesting the following crops: wheat, barley,
rice, rye, oat, sunflower, sugar beet, rapeseed, potato

¢ Intermediate energy crops are crops which are cultivated between two main crops as a soil management
solution in order to protect the soil during winter or to avoid soil erosion.

NB: the choice has been made to exclude energy crops from the scope of the study. This practice
was widely used in some countries such as Germany. The RED Il directive specifies that biomass
for sustainable biogas production is grown should not replace crops for human or animal food.

o Biowaste residues are the organic fraction of waste such as paper and cardboard wastes, household and
similar wastes.

¢ Industrial waste from agroindustry are residues/by-products after processing olives and grapes, sugar beets,
potatoes, fruits, citrus in oil and wine industries, sugar industries, but also residues from milk and meat
industries.

e Livestock manure from poultry, cattle, pig, sheep and goat.

o Green waste are roadside vegetation residues such as grasses or leaves.

Second generation of feedstocks contains forest residues, forest wood and pruning:

3 18 countries producing: Austria, Belgium, Denmark, Estonia, Finland, France, Germany, Hungary, Iceland, Ireland, Italy,
Luxembourg, Netherlands, Norway, Spain, Sweden, Switzerland, United Kingdom
4 Pyrogasification example research : https://www.grdf.fr/english/what-we-do/renewable-gases/pyro-gasification

P
CNGic



o Forest residues are residues from forest harvesting operation such as thinning, cleaning or felling of forest
stands.

e Forest wood are stemwood referring to commercial and pre-commercial thinning.

e Pruning of permanent crops are residues from pruning operation of permanent crops for olive plantation,
vineyards and fruit and berry plantations.

1.3 Estimating the geographical distribution of biomass potential

The methodology used to assess the technical potential of the biomass which can be used to produce biomethane is
inspired by the paper (N. Scarlat F. F.-F., 2019). It is determined in two stages, see Figure 5.

In a first stage, the theoretical potential of biomass is evaluated using a geographical analysis. Geographical databases
on soil utilization are crossed with statistics to assess the spatial distribution of the biomass and then the theoretical
potential. This potential refers to the total potential of feedstock.

In a second stage, the theoretical potential is reduced to obtained the technical potential of biomass, using assumption
such as global mobilization hypothesis, competitive uses or soil protection rules. Indeed, not all the biomass can be
collected or used to produce biomethane. A part of it already has an intended use: fodder and bedding for animal,
remain on the soil for ecological purposes such as soil management solution (maintain the soil organic matter or protect
the soil from erosion) or to provide habitat to animal (forest residues). Feedstocks exploited for biomethane production
should not compete with these intended uses. In the study, the assumptions considered relies on literature review and
on expert knowledge.

Geographical database
(agriculture, pastures, Resolution - 1x1km Resolution: 1x1km
forest, etc.)

Spatial distribution Theoretical potential (t)
Statistics
(crop yields, livestock
heads, etc.)
Assumptions
(competitive uses, global Cut-offs (%)

mobilisation, etc.)

Resolution: 1x1km

Figure 5: General methodology for spatial assessment of theoretical and technical biomass potential

More detailed descriptions of the methodology per type of biomass is given in annex 3.2.

Percentage of dry matter content and methanogenic power used in the calculation for each type of feedstock are
stored in Table 1.
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Dry matter Methanogenic power Methanogenic power

content [%]*  [m3cH4 /tbm] © [m3CH4 /tMB)’
Wheat Agriculture 0,87 221
Barley Agriculture 0,88 221
Spring_Barley Agriculture 0,88 221
Winter_Barley Agriculture 0,88 221
Maize Agriculture 0,63 243
Rice Agriculture 0,86 221
Rapeseed Agriculture 0,88 253
Sunflower Agriculture 0,88 253
Rye Agriculture 0,86 221
Sugarbeet Agriculture 0,23 179
Oats Agriculture 0,88 221
Intermediate crops Agriculuture 0,30 230
Sugarbeet Industrial waste agriculture 35
Potatoe Industrial waste agriculture 50
Grape Industrial waste agriculture 83
Olive Industrial waste agriculture 82
Adult cattle Industrial waste livestock 90
Calve and young cattley Industrial waste livestock 90
Pig Industrial waste livestock 90
Sheep Industrial waste livestock 90
Grass Green waste 0,35 93,00
Fruit and berry plantations Pruning 261,682243
Olive plantations Pruning 261,682243
Vineyards Pruning 261,682243

Table 1: Dry matter content and methanogenic power

1.3.1 1G: intermediate energy crops could represent a large share of the potential
Agriculture residues

The potential of biomass available in agriculture production was evaluated for the following crops: wheat, barley, rice,
rye, oat, sunflower, sugarbeet, rapeseed, potato. The main residues from these crops are straw, cane and fane.

In first stage, the spatial theoretical potential of residues is estimated using geographical information on the soil
occupation for agricultural category from Corine Land Cover (CLC) database, straw yield data (harvested production
per area of cultivation) and the Residue to Product Ratio (RPR). RPR is the ratio of the amount of residue left after
harvesting a product. For agricultural products, it refers to the ratio of straw/fane/cane after harvesting grain. Yield data
was extracted from Eurostat and Residue to Product Ratio was derived from (N. Scarlat F. F.-F., 2019), see

Table 2.

The technical potential of residues is estimated by removing competitive uses for straw such as maintaining straw on
soil for soil management solution or use to fed animals. In this study the global mobilisation rate of 50% was considered
for the residues from agriculture based on (N. Scarlat F. F.-F., 2019). The potential of biomethane production from
agriculture residues for EU 27 + 10 in 2050 is estimated at 234 TWh, see Figure 6.

5 From (JRC, 2017)

8 Extracted from (ADEME, 2018) for wheat to intermediate crops, calculated from the estimated potential of pruning feedstock of 152 PJ from
(BioBoost, 2013) for others.
7 From (Collectif Scientifique National sur la Méthanisation, 2019) for industrial waste agriculture.
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Figure 6: Theoretical poteniial of agriculture residues [MWh/km?]

Intermediate energy crops

The potential of biomass from intermediate crops was evaluated. Intermediate crops are a mix of different plants which
are planted between two main crops in order to cover the sail, for soil protection and biodiversity purposes. They are
also called cover crops. In this study, intermediate crops are assumed to be cultivated between the following main
cultures: wheat, barley, maize, sunflower, sugarbeet, rapeseed. Following (ADEME, 2018), the hypothesis is made that
intermediate crops can occupy 100% of the arable land covered by the main crops considered in the months between
cultures (e.g., September to February on fields of spring wheat).

The spatial theoretical potential of intermediate crops is estimated using a yield different from main crops: indeed, yield
for intermediate crops are lower than for main crops and also differs depending on the country. In this study, an average
yield of ca. 5 tons of dry matter/ha is considered for all intermediate crops and for all EU country. This yield was derived
from (ADEME, 2018) estimation of 50MtMS in France in 2050. We make the additional assumption that all the
intermediate energy crops available are transformed into biomethane.

The potential of biomethane production from intermediate energy crops for EU-27 + 10 in 2050 is estimated at 462
TWh in our scenario.
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Figure 7: Theoretical potential of intermediate crops [MWh/km?]

Biowaste

The scope is to evaluate the potential of biomass from biowaste regrouping paper and cardboard wastes and household
and similar wastes. It is assumed that organic waste generated are already sorted from homes since 2025.

The spatial theoretical potential of residues is estimated using data on population density extracted from JRC, on
biowaste production extracted from Eurostat and on a hypothesis on the organic fraction of waste at 52% for each CWE
EU country.

To estimate the technical potential of biowaste, an hypothesis of 35% (Eurostat) of competing use for composting
purpose was considered which left 65% of biowaste for biomethane production.

The potential of biomethane production from biowaste for EU-27 + 10 in 2050 is estimated at 106 TWh, see Figure 8.
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Figure 8: Theoretical potential of biowaste [MWh/km?]

Industrial waste

The scope is to evaluate the potential of biomass from agro-industrial co-product after processing agricultural products
in oil and wine industries, sugar industries, but also co-products from milk and meat industries. In France, 85% of the
agro-industrial co-products are generated in industries for fruits and vegetables, meat, milk and beverage®. Currently,
these co-products are already well valorized by using them for produce feed for animal, fertilizers, or used as raw
material for cosmetics and pharmaceutics. The industrial waste can be categorised in two groups: residues from
products coming from agriculture and residues from products coming from livestock. The method used to evaluate the
potential is different for the two groups.

The spatial theoretical potential of industrial waste from processing agricultural products relies on spatial data of the
following crops: sugar beet, potato, grape, olive, grape, fruit and citrus. This spatial data is obtained with the CLC
database. It is assumed that the industries using these products are installed not far from the field, so the residues
obtained after processing these crops are located not far from the field. Yield data from Eurostat are retrieved in order
to obtain the yearly mass of residues.

To estimate the technical potential, the global mobilisation rate in Table 5 is considered. This mobilization rate is
obtained by taking into account the availability of each type of waste and after considering potential competing uses.

In this study, industrial waste from processing livestock products covers the following co-products: meet co-products
such as fat, bones and blood from adult cattle, Calve and young cattley, Pig, and Sheep; and milk lacteroserum co-
product from dairy cows.

The spatial theoretical potential of these co-product is estimated using data on livestock population, on the amount of
co-product per head for each type of livestock, on the amount of milk production per head for each dairy cows.

8 https://www.in-alim.fr/valorisation-coproduits-agroalimentaire/
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The technical potential is estimated by using mobilization assumptions available in Table 6. Based on (ADEME, 2018)
assumption, this study has considered that 100% of these co-products will be used to produce biomethane, except for
Lactoserum for which a mobilization rate at 10% is considered because there already exist several competing use for
this product.

The potential of biomethane production from all industrial waste for EU-27 + 10 in 2050 is estimated at 40 TWh.

<=0 MWh
_10-10Mwh
110 - 100 MWh

100 - 200 MWh
1 200 - 350 MWh
[ 350 - 500 MWh
Il 500 - 1000 MWh
Il >1000 MWh

Figure 9: Total theoretical potential of industrial waste [MWh/km?]

Livestock manure

The scope is to evaluate the potential of biomass from livestock manure. The study focuses on manure from poultry,
cattle, pig, sheep and goat.

The spatial theoretical potential of manure is estimated using data on livestock population, livestock density, number
of days spend by livestock in stable, quantity of dejection per livestock per year (see Table 4). A distinction is made in
calculation between liquid and solid manure.

To estimate the technical potential, the competitive uses of manure was considered which are usage as fertiliser in
agriculture allowing to avoid other types of fertilizer. A mobilization rate of 50% was considered based on (JRC, 2015).
The potential of biomethane production from livestock manure for EU-27 + 10 in 2050 is estimated at 208 TWh (70
TWh for liquid manure and 139 TWh for solid manure), see Figure 10.
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Figure 10: Totam theoretical potential of manure [MWh/km?]

Green waste

The scope is to evaluate the potential of biomass from green waste. The study focuses on grasses or leaves left on
road after roadside management.

The spatial theoretical potential of green waste is estimated using data on road network to retrieve the number of
kilometers of road in non-urban area, and the yield of grass per kilometer, equal to 5.6 t/km. The former data is obtained
from open data on world roads (Center for International Earth Science Information Network (CIESIN)/Columbia
University and Information Technology Outreach Services (ITOS)/University of Georgia, 2013)°. The latter value was
retrieved based on data from (ADEME, 2018).

To estimate the technical potential, the competitive uses of green waste was considered. Currently, there is no
valorisation for these residues, thus a global mobilisation rate of 100% is considered for this biomass. The potential of
biomethane production from green for EU-27 + 10 in 2050 is estimated at 105 TWh.

% Great Britain is modeled with greater accuracy than other European countries in this source, which results in a greater potential.
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Figure 11: Theoretical potential of roadside vegetation [MWh/km?]

1.3.2 2G: the use of wood from forest growth could boost the potential

Forests represent a high potential for biomass. In this study, the spatial potential of wood biomass is evaluated focusing
on forest residues, forest wood and on pruning residues.

To evaluate the potential of wood biomass, it was mandatory to have assumption on the evolution of wood stock in the
future years. The model EFISCEN (European Forest Information SCENnario) has been used to retrieved projection of
stemwood removal volume and projection of extracted residues volume for 2050, based on EFISCEN projections for
each country going until 2030.
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Figure 12: Projections of stemwood removal and extracted residues volumes?’

Forest wood
Forest wood refers in this study to stemwood, which are commercial and pre-commercial thinning.

The technical potential of stemwood was estimated by using geographical information on the soil occupation for forest
category from CLC database, assumption of evolution of stemwood coming from EFISCEN model. We make the
assumption that current uses of wood (such as construction or energy) are kept at the same volume, and that the
additional stemwood from the growth of forests is used to produce biomethane.

The potential of biomethane production from forest wood for EU-27 + 10 in 2050 is estimated at 439 TWh.

Forest residues

The scope covers forest residues such as residues from forest harvesting operation as thinning, cleaning or felling of
forest stands.

The technical potential of forest residues was estimated by using the same methodology than for forest wood, using in
this case assumption on the evolution of forest residues from EFISCEN.

The potential of biomethane production from forest residues for EU-27 + 10 in 2050 is estimated at 123 TWh.

9 Projections to 2050 based on EFISCEN projections from 2010 to 2030.
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Figure 13: Theoretical potential of forest wood [MWh/km?]

Pruning

The scope is to evaluate the potential of biomass from pruning operation. Pruning is a practice corresponding to the
selection and the removal of certain part of a tree or a plant such as roots or branches. The objective of pruning
operation is to remove part which are not necessary for growth in order to encourage growth and flowering. The study
consider pruning residues from fruit and berry plantations, olive plantations and vineyards.

The potential of biomethane production from pruning residues for EU-27 + 10 in 2050 is estimated at 36 TWh.
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Figure 14: Theoretical potential of pruning [MWh/km?]

1.3.3 The available biomass potential could represent over 1700 TWh of biomethane

The total potential of biomethane in EU 27 + 10 has been estimated to more than 1700 TWh, with more than 1100
TWh from 1G biomass and roughly 600 TWh from 2G biomass. The breakdown of this potential per type of feedstock
is given in Figure 15 and the potential per country is displayed in appendix O Table 7.This potential is estimated in the
case of a high scenario for intermediate crops (full development of intermediate crops with a mobilization rate at 100%)
and also for wood biomass (no competing uses, 100% additional wood for 2G biomethane). Results display that these
two types of feedstock could provide a large share of the potential in 2050 representing 26% of total from intermediate
crops and 25% for forest wood.
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Figure 15: Biomethane potential 1G+2G per feedstock category in 2050 [TWh]

70% of the potential is located in less than one third of the countries (see Figure 16). France and Germany are the
countries with the highest potential. The share of intermediate crops and 2G potential is high in each countries.
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1.3.4 The estimated potentials are in line with existing studies

Benchmark of biomass potential in other studies
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The biogas potential estimated with this methodology is in line with the potential estimated by (IEA, 2020). The
potentials estimated by the (JRC, 2015) are much higher, even in their low scenario, as they include biomass for
other bioenergies, not considered in the scope of the current study.
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2 Biomethane production cost

The biomass potential identified in the previous section has to be transformed into biomethane. Anaerobic digestion or
pyrogasification plants have to be built, and the biomass collected and transported to the plants. This results into costs
dependent on the geographical location and the type of biomass available to produce biomethane.
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Figure 17: B