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A significant amount of plant-based by-products and wastes are generated annually in
Finnish agriculture, but their use in energy production and nutrient recycling remains
underutilized. The aim of this thesis was to assess the technical potential of major field
biomasses for producing biogas, energy, and nutrients. Biomass volumes were estimated
based on crop statistics, residue-to-product coefficients, and data provided by the Biomass
Atlas database. In addition, three scenarios were developed to evaluate how collection rates
influence the achievable potential.

The results indicate that field biomass has a considerable underutilized potential. In the
realistic scenario, the biomethane potential from biomass corresponds to Finland’s current
biogas production, while the theoretical maximum approaches Finland’s 2030-2035 biogas
production estimates. The nutrient potential shows substantial amounts of nitrogen and
potassium, suggesting that these biomasses could reduce dependence on imported fertilizers.
The findings also highlight that logistics, collection costs, and the maintenance of soil
organic matter are key factors affecting the realizable potential. Overall, the study
demonstrates that plant-based side streams can play a significant role in advancing Finland’s
renewable energy production and nutrient cycling. More efficient utilization of these
biomasses could strengthen energy self-sufficiency, enhance nutrient recycling, and support
agricultural sustainability.
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Suomen maataloudessa syntyy vuosittain merkittivd médra kasvipohjaisia sivutuotteita ja
jatteitd, joiden hyodyntamistd energiantuotannossa ja ravinnekierrityksessa ei ole vield tay-
sin hyddynnetty. Tdmén diplomityon tavoitteena oli arvioida suurimpien peltobiomassojen
teknistd potentiaalia biokaasun, energian ja ravinteiden tuotannossa. Biomassojen maérat ar-
vioitiin satotilastojen, sivuvirta-kertoimien ja Biomassa Atlaksen tarjoamien aineistojen pe-
rusteella. Lisdksi laadittiin kolme skenaariota, joiden avulla arvioitiin keruuasteen vaikutusta
saavutettavaan potentiaaliin.

Tulokset osoittavat, ettd peltobiomassoilla on huomattava hyodyntdméton potentiaali. Rea-
listisessa skenaariossa biomassoista saatava biometaanipotentiaali vastaa tdméanhetkistd
osuutta Suomen nykyisestd biokaasutuotannosta ja teoreettinen maksimi ldhestyy Suomen
vuosien 2030-2035 biokaasun tuotannon ennusteita. Ravinnepotentiaalin perusteella bio-
massoissa on huomattavia méarid typped ja kaliumia, mika voi tdydentdd kierrdtysravintei-
den tarjontaa ja vidhentd4 riippuvuutta tuontilannoitteista. Tulokset korostavat myos, etté lo-
gistiikka, keruukustannukset ja maaperan orgaanisen aineksen ylldpitdminen vaikuttavat rat-
kaisevasti potentiaalin toteutumiseen. Tutkimuksen perusteella kasvipohjaiset sivuvirrat ja
jatteet ovat merkittdvassé roolissa Suomen uusiutuvan energian ja ravinnekierron kehittdmi-
sessd. Biomassojen nykyistd tehokkaampi hyddyntdminen voisi tukea energiaomavarai-
suutta, parantaa ravinnekiertoa ja edistdd maatalouden kestavyytta.
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K Potassium
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N Nitrogen
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1 Introduction

The global population continues to increase annually and is projected to hit 9 billion by 2050.
One of the most essential sectors to meet the growing demand is agriculture. Agricultural
production has played a significant role in human societies for decades, providing a wide
range of foods, feeds, and other agricultural products. However, as agriculture seeks to meet
the expanding dietary needs, it places a burden on the environment and climate. The issues
associated with agriculture include biodiversity loss, water overuse, and greenhouse gas
(GHG) emissions. Currently, food and agricultural processes across the entire value chain
account for one-third of all generated anthropogenic GHG emissions. (Mladenovi¢ et al.

2025, 1-2.)

As agricultural production expands, the generation of plant-based by-products and waste
streams also increases. According to 2020 estimates, agricultural crops generated more than
5.2 billion tons of waste globally. Due to increased production, the amount of generated
waste increased by almost 441 million tons between 2020 and 2022. (de Oliveira et al. 2025,
5.) However, due to low resource efficiency, some of the generated residues are
underutilized or unmanaged. Emissions generated from crop residues and food waste have
increased, mainly due to ineffective or unavailable residue management practices. In Europe,
food and agricultural practices are shaped by policy developments aimed at sustainability,
climate mitigation, and resource efficiency, including the European Union’s (EU) Farm to

Fork Strategy as part of the Green Deal. (EEA 2022.)

The concept of circular economy has been seen as a promising strategy for achieving
sustainable development, restoration, and regeneration of agriculture. The concept of
circular agriculture integrates sustainable food production with sustainable environmental
management. It addresses waste-related issues by converting waste, a source of pollution,
into various raw materials for energy and agricultural uses, as well as a revenue stream.
Highlighting that a most crucial component of the circular economy and sustainable
management of agricultural lands is to develop and design novel processes that utilize

biomass-based waste for energy. (Pomoni et al. 2024, 113-114.)

The principles of the circular economy have been examined in relation to the use of

agricultural residues. However, Scarlat et al. (2019) indicated that sustainable straw
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extraction rates are between 25% and 75% of total crop production, while existing data
points to a lower rate of 25% to 30% post-harvest, considering other potential uses. (Scarlat
etal. 2019, 260.) It has been estimated that, for EU27 countries, the sustainable removal rate
for wheat, rye, and barley straw is 40%, while for maize, sunflower, and rice it is 50%

(Pomoni et al. 2024, 113).

According to Scarlat et al. (2019), agricultural crop residues offer opportunities for
bioenergy and bio-based material production. Traditionally, agricultural residues have been
used as a feed or animal bedding. Straws are often left in the field from crop residues to
enhance soil quality by preserving soil organic matter and boosting productivity. It has been
shown that crop residues are a significant source of organic carbon, and they play a vital role
in maintaining soil nutrient cycles. (Scarlat et al. 2019, 258.) Agricultural residues, such as
vegetables, roots, and tubers, can be used to produce biofertilizers, reducing reliance on

chemical fertilizers (Zambela et al. 2025, 7).

In Finland, recent studies have examined the utilization of agricultural side streams and
residues. In these studies, the primary focus has been on circular bioeconomy and renewable
energy production. Previous research has shown that most underutilized grasses, straw, and
crop residues can be used to produce biogas and recycled fertilizers, highlighting the role of
anaerobic digestion (AD) in supporting renewable energy generation and nutrient recycling.
(Winquist et al. 2023, 8.) Koppelmaéki et al. (2021) emphasize that improving circularity
requires connecting biomass, nutrient, and energy flows across multiple scales of the food
system. (Koppelméki et al. 2021, 1-2.) Whereas Eloranta et al (2025) demonstrate the
importance of efficient logistical routing of agricultural side-streams for enabling biogas

production (Eloranta et al. 2025, 1-2).

However, previous studies have primarily focused on individual residues or specific
technologies, while integrated assessments that combine utilization practices, energy
recovery, and nutrient recovery across multiple agricultural residue streams remain scarce
in the Finnish context. This research gap is particularly evident in studies examining Finnish

agricultural residues at the national scale.

The objective of this study is to evaluate the current utilization of plant-based wastes and

by-products in Finland and to assess their technical and theoretical utilization potential for
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energy and nutrient recovery under different scenarios: current, realistic, and theoretical

maximum.
The research questions of this study are:

1. What quantities of agricultural plant-based wastes and by-products are generated
annually in Finland, and which streams are the most significant?

2. What are the current utilization practices of these residue streams?

3. What is the theoretical and technical utilization potential of the selected agricultural
plant-based residue streams?

4. What are the key barriers and enabling factors affecting the utilization of these

residue streams?

The scope of this thesis is limited to plant-based agricultural residues and by-products that
are generated mainly during primary production and harvesting. The assessed residues
include cereal straws, potato and sugar beet tops, and stems of peas and broad beans. The
selected waste streams are farm-level losses of potatoes and carrots. The study’s
geographical focus is limited to Finland. Residues from animal production, horticulture, food

processing industries, and forestry are excluded from this study.
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2 Agricultural Plant-Based Wastes and By-products

High demand and intensive farming methods have increased agricultural food production
worldwide, leading to greater waste generation. Additionally, regarding waste generation,
estimates indicate that nearly 25% of the world’s agricultural residues are burned directly in
the field. Agriculture is the second-largest source of human GHG emissions, accounting for
19.9%. The energy sector is the only sector that surpasses agriculture in GHG emissions, at
68.1%. However, creating a resilient, sustainable, and low-carbon economy is more
challenging because agricultural expansion has entered environments such as tropical

rainforests and various other natural habitats. (de Oliveira et al. 2025, 5-6.)

2.1 Origin and Classification

Agricultural residues generated during agricultural practices can be categorized into two
main categories: crop residues and agro-industrial residues. Crop residues (e.g., straw, tops,
stems, roots, and leaves) refer to the inedible parts of crops that are generated on the farm
and are usually left in the field after harvesting. Agro-industrial residues are materials
produced when a crop is transformed into another product, such as bagasse, husks, or seeds.
(Santana-M¢ridas et al. 2012, 448.) According to Lal (2005), the term “crop residue” has a
broader definition, which includes residues generated during crop handling and processing

(Lal 2005, 577).

In addition to agricultural residues, the definitions and concepts of food waste and loss from
fruits and vegetables are not always clearly defined, as no universal definition is used in
practice. Due to a lack of standardization, authors have used multiple definitions, creating

methodological issues for comparison and data analysis. (Bancal & Ray 2022, 5.)

The European Commission states that “waste means any substance or object which the
holder discards or intends to discard or is required to discard” (Directive 2008/98). In
contrast, the Food and Agriculture Organization of the United Nations (FAO) has defined

food loss and food waste as follows:
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“Food loss is the decrease in the quantity or quality of food resulting from
decisions and actions by food suppliers in the chain, excluding retail, food
service providers and consumers. Food waste is the decrease in the quantity
or quality of food resulting from decisions and actions by retailers, food

services and consumers.” (FAO 2019, 5.)

In addition to the FAO definitions, food loss and waste originating from plant products not
intended for human consumption are not considered food loss or waste (FAO 2019, 6).
Therefore, the non-edible residues, such as straw, stems, and tops, are typically considered

as a separate category of agricultural residues rather than food loss or food waste.

In Finnish context, the Waste Act uses the same definition of “waste” as the European

Commission. However, the Waste Act has defined by-products as follows:

“A substance or object is not waste but a by-product if it results from a
production process the primary aim of which is not the production of that
substance or object and: 1) further use of the substance or object is certain; 2)
the substance or object can be used directly as is or without any further
processing other than normal industrial practice; 3) the substance or object is
produced as an integral part of a production process; and 4) the substance or
object fulfils all relevant product requirements as well as environmental and
health protection requirements for the specific use and, when assessed overall,

its use will not endanger or harm health or the environment.” (Waste Act

646/2011)

Different crops, regions, and communities may experience varying levels of supply chain
losses. Although efforts are made in developing countries to maximize the utilization of food
produced, a considerable amount is still lost due to factors such as poor storage
infrastructure, insufficient technology, or lack of awareness. Modern technologies and
effective storage and transportation methods reduce agricultural losses in developed nations.

(Shahbazi et al. 2025, 3.)

In this study, the term “agricultural residues” is used as an umbrella term to describe both
agricultural plant-based wastes and by-products generated from cereals, roots, and

vegetables.
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2.1.1 Crop Residues

Global agricultural production has expanded since the 1960s due to intensive agricultural
practices and rising food demand, and crop residue production has increased during the same
period, as seen in Figure 1. Annual crop residue production has been estimated at 5 billion
tons. The three main contributors are Asia with 47%, America with 29%, and Europe with
16%. The two remaining continents, Africa and Oceania, account for 7% and 1% of the
world’s total production. (Shinde et al. 2022, 1-2.) Harvest residues from agriculture include
crop residues, which are the remaining plant parts, such as straws, leaves, stalks, stover, and
husks, which are often left in the field after harvest. The mentioned residue streams have
high availability and therefore can be converted into different products. (Phiri et al. 2024, 2—
3)

Global Crop Residue Production

6000
5280

5000 4764
3810

4000 3401
- 2869
S 3000

2288
2000 1589
1000 IIII
0
1960 1970 1980 1990 2000 2010 2020

Figure 1. Global crop production during 1960—-2020 (Modified from Shinde et al. 2022, 2).

Crop residues generated during production are usually estimated with the residue-to-product
ratio (RPR). According to Morato et al. (2019), “RPR is occasionally called the straw-to-
grain ratio for grain crops or the straw-to-stalk ratio when the stalk is the main product”. To
determine the RPR, the masses of the leftover residues and the harvested crop are used to

calculate the ratio between them. However, the RPR for each crop varies because the local
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environmental conditions, crop yields, and harvesting technologies affect the determination.

(Morato et al. 2019, 16—-17.)

Cereal crops (e.g., wheat, maize, rice, and barley) generate the largest residue volumes
globally due to their extensive cultivation and production volumes. Other important crop
residues include legumes, oil crops, sugar crops, and tuber crops. In 2020, nearly 85% of
global crop residues came from wheat, maize, rice, sugarcane, soybean, and barley. (Shinde
et al. 2022, 2.) Cereals are consumed most widely across the world and are harvested on
80% of the world’s arable land. In addition, almost 50% of the world’s population needs
cereals for food supply purposes. (Kr et al. 2021, 2048.) Crop residues are regarded as an
important source of both essential and trace nutrients, significantly contributing to soil
organic carbon. Crop residues supply nitrogen (N), phosphorus (P), potassium (K), and other
nutrients that improve soil quality and productivity. (Shinde et al. 2022, 2.) The major crop
residue categories and their relative contribution to global residue generation are

summarized in Table 1.

Table 1. Global crop residue production during 2020 in Mt (Shinde et al. 2022, 2).

Crops Africa | America Asia Europe Oceania

Cereal Corn 90.53 582.09 365.31 123.94 0.48
Rice 56.83 57.17 1014.92 6.10 0.09
Wheat 37.85 176.73 521.88 382.53 22.40

Legumes Soybeans 3.44 305.82 33.56 10.63 0.02
Chickpeas 16.86 5.13 31.63 - 0.02

Beans 7.07 8.11 11.88 0.38 0.10

QOil crops Seed cotton 7.25 28.09 87.10 1.67 0.56
Rapeseed 0.31 32.21 37.04 35.55 345

Sunflower 2.47 4.98 6.09 36.68 0.01

Sugar crops | Sugarcane 23.92 252.31 183.11 - 8.09

Sugar beet 4.19 8.22 11.55 39.27 -

Tuber crops Potato 6.56 11.23 44.65 26.92 0.41
Sweet potato 7.20 0.95 13.99 - 0.23

TOTAL 263.17 | 1440.83 | 2325.67 627.12 32.41
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According to FAO statistics, the most produced cereal crops in 2024 were corn (1 218 Mt),
rice (820 Mt), and wheat (798 Mt). For legume crops, the most produced crop was soybeans
(397 Mt), sugarcane was the most produced sugar crop (1 939 Mt), and potatoes were the
most produced tuber crop (390 Mt). (FAO 2026.) It is difficult to estimate the annual
availability of crop residues for potential utilization because residue production depends on
cultivated crops, soil conditions, farming practices, and climate, all of which vary by

location. (Scarlat et al. 2019, 260.)

Crop residues have been recognized as feedstocks for bioenergy and other utilization
possibilities. However, they are critical for soil carbon dynamics and nutrient recycling in
agroecosystems. Agricultural residues are also characterized by their low bulk density, low
moisture content, fibrous texture, low ash melting point, and high volatile matter
concentration. (Hoang et al. 2024.) Crop residues mainly consist of cellulose, hemicellulose,
and lignin, with minor amounts of inorganic ash and organic compounds such as proteins
(Chen et al. 2025). For instance, legume residues contain high levels of protein, fiber,
bioactive compounds, and minerals, particularly nitrogen. Considering both economic and
ecological benefits, legume crops emerge as a promising approach to promote sustainable
agriculture. Legume crop residues, which are rich in nitrogen, can be used as organic
fertilizers or for renewable energy production. Additionally, by increasing microbial activity
and strengthening soil structure, adding them to the soil might improve soil health. (Zambela

etal. 2025,9.)

2.1.2 Fruit and Vegetable Wastes

Fruits and vegetables are essential components of a healthy diet as they supply important
nutrients, vitamins, and dietary fibers. Their high perishability results in estimated supply
chain losses of 25-50%, mainly during the pre-consumption stage, such as spoilage.
Vegetable and fruit wastes are generated from residues such as roots, stalks, and leaves. Fruit
and vegetable wastes have high moisture content, which can reach up to 90%, making them

suitable for microbial degradation, such as in anaerobic digestion. (Chen et al. 2025, 4.)

Sapna et al. (2024) have categorized total post-harvest losses and waste by the stage of the
supply chain in which they occur. Harvesting accounted for the largest share of total losses

(38%), followed by processing and packaging (19%), handling and storage after harvest
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(15%), distribution (19%), and during consumption (9%) (Sapna et al. 2024, 2). In contrast,
Gustavsson et al. (2011) express food losses and waste as percentages of the material
entering each stage of the production supply chain rather than percentages of total
production. For tubers and roots, losses expressed as weight percentages range from 6—20%
during agricultural production and 7-19% during post-harvest handling and storage. Losses
of fruits and vegetables during agricultural production are between 10% and 20%, whereas
post-harvest handling and storage losses range from 9% to 10%. (Gustavsson et al. 2011,

26-27.)

On-farm losses often depend on the type of fruit or vegetable, geography, and commodity,
but certain categories are often highlighted as key factors. Unsuitable harvest timing is often
driven by farmers, who may harvest prematurely due to weather or market price uncertainty.
Unexpected climate and environmental factors may lead to excessive or insufficient rainfall
or insect and pest infestations, resulting in losses during pre-harvest and harvesting. Harvest
and handling practices may leave portions of the crop unharvested. Some farmers may even
leave the entire crop unharvested if the cost of transporting to market is too high relative to

market prices. (FAO & CIRAD 2021, 11.)

Mechanical and microbial decomposition of fresh fruits and vegetables can result from poor
handling practices. Complex handling and improper harvesting equipment can cause
bruising, increasing the likelihood that the product comes into contact with soil and leading
to microbial contamination. Losses can occur even when the product is fit for human
consumption due to incorrect weight, inappropriate form, size, or texture, or obvious
mechanical or microbiological flaws. However, legal criteria vary globally, and their
absence can influence whether a product is accepted for human consumption. (Bancal & Ray

2022, 19-21.)

2.1.3 Agro-Industrial Residues

Agro-industrial residues from plants include processing wastes from the food, starch, and
sugar manufacturing industries. These residues include peels and pomace from fruits and
vegetables, starch residue, molasses, and deoiled seed cake from oilseed crops. One of the
major agro-industrial residues is sugarcane bagasse. The fibrous residue that remains after

sugarcane is crushed and its juice removed is known as bagasse. (Pattanaik et al. 2019, 105.)
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In 2023, approximately 540—585 million tons of bagasse were produced as a by-product of
1.95 billion metric tons of sugarcane. Most sugarcane bagasse is produced in Brazil, India,
and China, collectively representing 80% of the world’s supply. (Ndikumana et al. 2025.)
Cereal bran, generated during the milling process, is the primary by-product of cereal
milling. Before milling cereals into flour and other products, they undergo grain screening.
In the process, seeds from cereals that do not meet the grading specification are screened

out. (Skendi et al. 2020, 4.)

Fruit and vegetable processing industries generate substantial amounts of biodegradable
residues that can serve as valuable feedstocks for the production of bioenergy or bioproducts.
Citrus fruits like oranges, lemons, limes, and mandarins are among the most widely produced
worldwide. The production of citrus fruits is estimated at 109 million tons annually. In the
processing industry, the primary by-products are peels, internal tissue, and seeds, making up
nearly 50% of the fruit. (Ueda et al. 2022, 5.) In 2021, approximately 93 million tons of
apples were produced globally, of which 30% were processed into cider, juice, and dried
products. According to estimates, the processes mentioned produce 30% of the waste as

pomace. (Plakantonaki et al. 2023, 9.)

2.2 Current Utilization Practices

Current utilization for agricultural residues focuses on recovering value while minimizing
environmental burdens associated with waste accumulation and disposal. Agricultural
residues can be used in various ways, such as energy production, nutrient recycling, and
material applications in agricultural systems, depending on their properties and availability.

(Ogbu & Okey 2022.)

2.2.1 Open Burning

In some farming communities, the burning of agricultural residues remains to be a harmful
tradition. After harvest, the burning of residues can release nutrients into the soil and help
control potential pathogens. (Phiri et al. 2024, 6.) However, it often negatively impacts soil
health and contributes to air pollution. Quite often, farmers burn residues as it is a low-cost

solution, and the resulting ash helps to prepare subsequent crops and eradicate weeds and
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pests. Burning crop residues releases large quantities of air pollutants, including soot, NOx
(nitrogen oxides), SO, (sulfur dioxide), and PAHs (polycyclic aromatic hydrocarbons). Of
the pollutants listed, nitrogen oxides and sulfur dioxide are crucial for forming nitrate and
sulfate particles and for contributing to smog and ground-level ozone. Moreover, these

pollutants pose dangers to local air quality and public health. (Lackner & Besharati 2025, 6.)

2.2.2 Composting

In contrast to burning agricultural residues, composting is a more environmentally friendly
option. For generations, composting has been a traditional practice among farmers
worldwide. In several sustainable agricultural practices, particularly in organic farming,
compost has been used to enhance soil conditions and mitigate potential plant diseases and
pest insect infestations. Agricultural residues have been collected in piles to decompose
naturally, making them suitable for further agricultural applications. (Lackner & Besharati

2025, 13.)

Composting of plant- or animal-based materials occurs through regulated biodegradation
under aerobic conditions. During the process, organic matter breaks down into small,
biodegradable components that can later be used to boost crop growth and yields. Fruit and
vegetable waste, together with cereal straw, are the most frequently used feedstocks among
agricultural residues. Moisture, temperature, particle size, pH, C/N ratio, and aeration are
essential parameters influencing the rate of decomposition and composting. (Koul et al.

2022, 4.)

Agricultural residues can be composted using various methods, including vermicomposting
and microbial-enriched composting. In vermicomposting, earthworms help decompose
organic materials by consuming and digesting them, producing nutrient-rich vermicompost.
Earthworms have a beneficial effect on soil microbial populations by introducing beneficial
microbes into the soil through their guts. In contrast, microbial-enriched composting uses
the activity of specific microorganisms to accelerate the breakdown of organic materials. In
this process, specific microbial strains can be used to expedite composting. Additionally,
beneficial microorganisms may outcompete and reduce pathogenic microbes, thereby

lowering the risk of disease transmission through the compost produced. However,
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vermicomposting has higher nutrient bioavailability, which is caused by earthworms’

influence on nutrient mineralization. (Phiri et al. 2024, 7.)

2.2.3 Soil Enrichment

The most traditional and modern applications of agricultural residues are soil conversion and
enrichment, which is why some residues are left in the field, intentionally or unintentionally.
Typically, crop residues remain in fields to enhance soil functions such as preventing
erosion, maintaining soil organic matter, and recycling nutrients. However, a fraction of
residues is composted or converted into bio-fertilizers. Additionally, circular economy and
bioeconomy models suggest that in-situ integration of crop residues and minimal- or no-till

cultivation practices should be considered. (Ogbu & Okey, 2023.)

To ensure organic carbon and nutrient recycling in soils, different agricultural residues can
be used through surface retention. In addition, mulching crop residues on the soil helps
improve the efficiency of agricultural inputs and increase soil productivity. At first, it may
hinder intercultural operations, but as degradation progresses, it helps maintain soil health.
It has been observed that even the slightest amounts of crop residues have beneficial effects

on soil moisture conservation and on reducing soil erosion. (Shinde et al. 2022, 4-5.)

If crop residues are managed using in-situ processes, straw, stubble, or leftover crops are
applied to the field and mixed into the topsoil with tillage. The main purpose of this type of
process is to achieve faster degradation and to minimize the amount of crop residues on the
surface. Spreading crop residues into the field can be done with a mechanical straw spreader
attached to a combine harvester. However, differences in lignocellulosic content and nutrient
levels across crop residues can affect the rate of soil decomposition. Other elements, such as

soil type and climate, can influence how long decomposition takes. (Shinde et al. 2022, 5.)

However, removing crop residues such as straw from the field has commonly been observed
to reduce soil carbon, but this effect appears to be quite minor and rarely statistically
significant. The low impact can partly be explained by the fact that straw is only part of the
residue remaining in the soil, as straw is removed, roots and stubble remain in the field.
(Lang et al. 2021, 5.) Removing straw residues can worsen soil erosion by wind and water,

reducing crop yield and agronomic productivity. Straw contains carbon and other important
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plant nutrients, such as N, P, and K. Removing straw from the fields removes these nutrients,
which may need to be replaced through additional fertilization. (Lal 2008, 753.) According
to Kasurinen et al. (2021), the removal of one kilogram of straw from the field results in
nitrogen removal of 6 grams, phosphorus removal of 1 gram, and potassium removal of 15

grams. (Kasurinen et al. 2021, 17.)

2.2.4 Animal Bedding and Feed

Crop residues, especially straw, have a high capacity to absorb water, which is why straw is
often used as animal bedding to keep animals clean and comfortable. In addition, crop
residues help to collect dung and droppings. Efficient use of crop residues as bedding
materials keeps them circulating in the system until they are returned to the fields, along

with manure. (Shinde et al. 2022, 3.)

Agricultural residues could serve as a source of animal feed. When processed and treated,
agricultural residues can efficiently reduce livestock farmers’ costs and promote circular
economy principles. In developing countries, crop residues such as straw are quite often used
as feed for domestic animals. (Phiri et al. 2024, 7.) According to Shinde et al. (2022), rice
straw has the lowest protein content but the highest crude fiber content, which is why

leguminous crops should be favored as feed (Shinde et al. 2022).

Esparza et al. (2020) have stated that using fruit and vegetable residue as feed should be
approached with caution, as not all animals can tolerate all residues. There is also a risk that
the residues contain toxic compounds, which can transmit diseases to animals or disrupt
nutrient balance. As transportation and conservation costs are considered, using residues as
feed might be unfeasible. However, using residues for animal feeding under controlled
conditions is more advantageous than other alternatives, such as anaerobic digestion or

landfilling. (Esparza et al. 2020, 4.)

2.2.5 Energy Production

Agricultural residues serve as a practical renewable energy source for the production of
power and heat in the form of green electricity and thermal energy. The ideal applications

include combined heat and power (CHP) systems or the injection of methane into the gas
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grid as synthetic natural gas (SNG). (Lackner & Besharati 2025, 16.) Using agricultural
residues as a feedstock for energy development and utilization is gaining increasing interest
as petroleum resources and the environment deteriorate. Agricultural residues represent a
significant renewable energy resource with the potential to help address future energy
shortages and replace fossil fuels. To support decarbonization efforts, bioenergy plays a
critical role as a low-emission fuel. As bioenergy is versatile, solid bioenergy and biogases
can be used to generate power and heat in various industries. With only minor modifications,
many liquid biofuels could be easily integrated into existing oil distribution systems, making

them suitable for vehicle applications. (Phiri et al. 2024, 8.)

Agricultural residues offer significant potential for bioenergy production through several
pathways, including biogas, bioethanol, and biodiesel (Shinde et al. 2022, 4). Biogas can be
obtained through anaerobic digestion, and a wide range of feedstocks can be used. The AD
process produces digestate as a by-product, which can be applied to agricultural fields.
Agricultural residues, such as cereal straws, tend to have high lignocellulosic content, which
can hinder efficient biogas production and require additional pre-treatment steps. (Phiri et

al. 2024, 9.)

In addition to energy production, agricultural residues can be used to produce biochar
through pyrolysis. Biochar can help to contribute to carbon sequestration and improve soil
quality by enhancing nutrient retention and reducing nutrient leaching. (Shinde et al. 2022,
4.) Production of biofuels from agricultural residues helps eliminate the need to grow energy
crops solely for energy production, which helps to protect valuable farmland (Phiri et al.

2024, 8).

2.3 Future Utilization

Agricultural residues are increasingly seen as valuable biomass resources rather than waste
streams. Future utilization pathways could go beyond current practices, focusing on
renewable energy production, bio-based products, and other circular economy approaches

made possible by technological advancements. (Nath et al. 2023, 37-38.)
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2.3.1 Production of High-Value Biochemicals

Agricultural residues are gaining recognition as valuable raw materials for producing high-
value biochemicals and fine chemicals. Traditionally, fine chemicals and industrial
compounds have been produced from petroleum-based feedstocks through conventional
chemical synthesis processes. These methods have enabled large-scale industrial production,

but they are also associated with environmental concerns, such as toxic waste generation and

GHG emissions. (Jayakumar et al. 2023, 361.)

Fine chemicals can be produced from agricultural residues derived from carbohydrates,
proteins, and lipids. High-value biochemicals can be obtained through biochemical,
thermochemical, and chemical conversion pathways. In biochemical conversion pathways,
enzymes and microorganisms hydrolyze lignocellulosic biomass into fermentable sugars,
which can be fermented into organic acids or other chemicals. Thermochemical conversions,
such as pyrolysis and gasification, utilize high temperatures to produce products, including
bio-oil and syngas. Chemical conversion pathways convert biomass-derived cellulose and

hemicellulose into industrially valuable compounds. (Jayakumar et al. 2023, 365.)

Lignocellulosic biomasses such as wheat straw contain fermentable C5 and C6 sugars that
can be converted into various platform chemicals, including succinic acid, lactic acid,
furfural, and hydroxymethylfurfural (5-HMF). Lactic acid has gained attention in the
industry among these basic chemicals because of its uses in food, pharmaceuticals,
cosmetics, and biodegradable plastics. However, efficient biochemical production from
lignocellulosic biomass requires effective pretreatment and delignification to improve sugar

availability and conversion efficiency. (Blasi et al. 2023, 16-18.)

2.3.2 Advanced Biomaterials and Biopolymers

Agricultural residues are becoming a promising, eco-friendly alternative for material design,
as they are widely available and naturally decompose. Researchers are increasingly focusing
on the use of biodegradable fibers and agricultural residues to produce a range of
biomaterials. Agricultural residues are also commonly used in producing biopolymers and
nanocomposites. The residues can be used to produce nanomaterials for a variety of uses,

from polysaccharides to silica-based chemicals. (Phiri et al. 2024, 9.)
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Cellulose is a widely available, renewable, non-toxic material derived from polysaccharides.
The most commonly used cellulose derivatives include methylcellulose (MC),
hydroxypropyl methylcellulose (HPMC), and carboxymethyl cellulose (CMC). Among
those, CMC has been reported to exhibit remarkable film-forming properties via thermal
gelatinization with water-soluble polymers. Starch from wheat and potatoes has been shown
to exhibit thermoplastic properties. However, the structure and composition of starch
determine its efficiency as a raw material for bioplastics. Pectin derived from agricultural
processing residues such as citrus peels or apple pomace is widely used in biodegradable
films, edible coatings, and food packaging due to its gel-forming and stabilizing properties.

(Ortega et al. 2022, 875.)

Agricultural residues are being more frequently utilized to create biodegradable bioplastics
and biocomposites, offering an eco-friendly alternative to petroleum-based plastics.
Polylactic acid (PLA) is the most prevalent biodegradable bioplastic, produced from lactic
acid via fermentation or chemical synthesis. PLA has good biodegradability,
biocompatibility, and high strength, which is the reason it has different applications in
packaging and biomedical products. However, one of the biggest barriers to the commercial
adoption of PLA is its cost relative to other starch-based blends. Because of this, PLA is
increasingly being developed as a mixture blend with more affordable biodegradable
polymers or natural fillers, improving cost efficiency and material performance. (Ortega et

al. 2022, 876-877.)

During recent years, agricultural residues have gained attention as renewable feedstocks for
advanced nanomaterials. Various nanostructured materials, including nanofibers and
nanoscale composites, can be produced from agricultural residues due to their structure and
functional properties. These materials have potential applications in packaging,
environmental protection, electronics, and biomedical engineering. Furthermore, the
conversion of agricultural residues into nanomaterials provides a sustainable, cost-effective

approach to value-added utilization of residues. (Zhou et al. 2023, 322-323.)

As agricultural residues are a source of cellulose, they can be used to produce nanocellulose.
Biodegradability, ultralight structure, biocompatibility, superior mechanical properties, and
the wide surface area of nanocellulose have attracted increased attention in recent years.
These qualities make nanocellulose a viable material for use in biomedical engineering,

biodegradable packaging, and reinforcing materials. (Zhou et al. 2023, 327.) However, the
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use of nanocellulose and nanocrystalline cellulose is limited by cost and availability (Ortega

et al. 2022, 875).

2.3.3 Extraction of Bioactive Compounds

Agricultural residues are increasingly recognized as valuable sources of bioactive
compounds obtainable through extraction. In contrast to conventional petroleum-based
synthesis, these compounds can be directly obtained from residues and utilized in food,
pharmaceutical, cosmetic, and nutraceutical industries. (Jayakumar et al. 2023, 368.)
Bioactive compounds obtained from agricultural residues include phenolic compounds,
polysaccharides (cellulose, hemicellulose, and lignin), carotenoids, proteins, and terpenoids.
However, the chosen extraction method and the recovery rate depend on the type of residue

and the targeted compound. (Ogbu & Okey 2022.)

During recent years, advanced extraction technologies have gained increasing attention for
the recovery of bioactive compounds from agricultural residues. Conventional extraction
methods, including liquid-liquid and solid-liquid techniques, have been used in biotechnical
and pharmaceutical processes to extract and recover valuable ingredients. Advanced
technologies such as microwave-assisted, ultrasound-assisted, supercritical fluid, and
enzyme-assisted extraction have been extensively studied because of their higher extraction

efficiency. (Santana-M¢éridas et al. 2012, 451-452.)

Agricultural residues are rich in bioactive compounds with various industrial uses. For
example, carrot root residues contain hydroxycinnamic acids and anthocyanins that contain
antioxidant properties, while wheat straw contains xylose and polyphenols that can be
utilized in the food industry. In addition, lignin obtained from straw residues is being
explored as a renewable source for value-added products. Potato leaves also contain valuable

compounds, such as solanesol, with potential pharmaceutical applications. (Santana-Méridas

et al. 2012, 453.)
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2.4 Energy Recovery Technologies

Agricultural residues can be used to produce sustainable bioenergy. Many technologies have
been proposed to produce bioenergy from agricultural residues. Conversion technologies can
be classified into biochemical and thermochemical processes. To select the most suitable
conversion process, feedstock properties, logistics, and pretreatment technologies need to be
considered. (Jeguirim & Limousy 2018, 541.) Anaerobic digestion and alcoholic
fermentation can be categorized as biochemical processes. In contrast, thermochemical
methods include gasification, pyrolysis, direct liquefaction, and supercritical fluid
extraction. The primary processes for energy recovery are anaerobic digestion, pyrolysis,

and gasification. (Ahmad et al. 2016.)

2.4.1 Anaerobic Digestion

Agricultural residues typically contain high levels of organic matter and moisture, making
them suitable for energy recovery or for producing valuable biochemicals via anaerobic
digestion. Anaerobic bacteria decompose organic materials in the absence of oxygen during
decomposition. The AD process occurs in four stages: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis, as illustrated in Figure 2. The main products of AD from
agricultural residues are biogas (methane (CH4) and carbon dioxide (CO3)) and digestate.
(Kumar et al. 2023, 76—77.) Methane typically accounts for 55-65% of the gas volume, and
carbon dioxide for 35-45%. Higher CO; levels in biogas can reduce fuel quality, requiring
purification to improve it. (Singh et al. 2022, 4.) Feedstocks containing high moisture levels,
where the moisture content is over 30 %, a C/N ratio lower than 30, and rich cellulose and

hydrocarbon content are preferred for biochemical degradation (Pattanaik et al. 2019, 107).
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Figure 2. The description of the AD process (Modified from Kumar et al. 2023).

Complex molecules such as proteins, lipids, and polysaccharides are broken down into
soluble organic compounds, including fatty acids and amino acids, during the hydrolysis
phase. Acidogenesis converts the components formed during the hydrolysis phase into
volatile fatty acids (VFAs), along with other compounds (NH3 (ammonia), H> (hydrogen),
and CO») and by-products, produced by acidogenic bacteria. During acetogenesis, organic
acids and alcohols are converted into acetic acid, CO2, and H». The last step in the process
involves methanogenesis, where two groups of bacteria produce methane. The first group
produces CH4 and CO; from acetic acid, and the second group produces methane using H»

and CO,. (Nazari et al. 2021, 77.)

To ensure optimal performance of AD technology, several factors must be considered, for
example, temperature, pH, and the carbon-to-nitrogen (C/N) ratio. These factors affect both
the quality of the biogas generated and the efficiency of biogas digesters. The methanogenic
bacteria that produce biogas function best at pH 6.6—8.0. (Obileke et al. 2021, 198-199.) The
typical temperature ranges for AD systems are 50—60°C for thermophilic, 30—40°C for
mesophilic, and 15-25°C for psychrophilic systems. The AD process can be applied to
lignocellulosic biomass. However, its limitation lies in a long retention time of 20-30 days
and a low organic dry-solids degradation efficiency of 30-50%, primarily because of

inefficient hydrolysis. (Nazari et al. 2021, 77.) In mesophilic systems operating at lower
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temperatures, digestion occurs more slowly and produces less biogas. However, mesophilic
systems are more attractive than thermophilic systems as they have lower energy costs.

(Meegoda et al. 2018, 8.)
2.4.2 Gasification

Agricultural residues undergo gasification at temperatures ranging from 700°C to 1400°C
when oxidizing agents are present. As illustrated in Figure 3, the gasification process
involves using gaseous agents like oxygen and air to turn the feedstock into syngas. In the
process, feedstock is converted into gaseous products, mostly Hz (18-20%) and CO (carbon
monoxide) (18-20%), with small traces of CO2 (8-10%), H>O vapor, and CHs (2-3%).
(Kumar and Gupta 2023, 166.) Before feeding the feedstock into the gasifier, the moisture
content should be less than 10-20% (Nazari et al. 2021, 73). Gasification can be performed
using various agents, such as steam, depending on the desired final product and its intended
purpose. When producing chemical products, a mixture of steam and air should be used. A
steam gasification agent is preferable when hydrogen is the primary product of the process.
(Rabeti et al. 2023.)

Gasifying [

Agents

Agricultural Gasifier |__,| GasCleaning |— (:}?s . —"
Waste Conditioning
CHP
Char, Ash

Figure 3. The description of the gasification process (Modified from Kumar & Gupta
2023).

Gasification involves four processes: drying, pyrolysis, combustion, and reduction. The

drying stage is part of the pretreatment process, during which moisture is removed from the



30

feedstock. During this stage, the system is heated to 100-200°C, without causing thermal
decomposition of the feedstock. Drying the feedstock prevents fluidization and
accumulation, thereby improving digestibility. The pyrolysis step happens within a
controlled temperature range of 200°C to 700°C. without oxygen, enabling feedstock
decomposition. Oxidation of the feedstock occurs during combustion at 700—1500°C, where
H>0, CO», and CO are produced. The solid residue reacts with the products of the deduction
step, yielding methane, hydrogen, carbon monoxide, and other products. (Awogbemi et al.
2024, 7.) The process temperature influences devolatilization at all stages and the
composition of the product gas. As the temperature rises, a greater portion of biomass is
transformed into gaseous products due to its high volatile content, which enhances the

conversion of solids into gas at elevated temperatures. (Shahbaz et al. 2020, 3.)

The output of the gasification process is affected by particle size, moisture content, and
biomass feedstock type. Feedstock with high cellulose and hemicellulose content improves
the yields of gasification products. Particle size needs to be considered, as large particles
entering the process may create resistance to heat transfer, leading to incomplete
devolatilization and higher residue tar yields. Higher syngas efficiencies and lower tar yields
in the residue can be achieved with smaller particle sizes. (Siddiqui et al. 2025, 22614—
22616.)

2.4.3 Pyrolysis

Agricultural residues can be processed through pyrolysis, a method that thermally
decomposes them in the absence of oxygen to generate renewable fuels. The process yields
three primary products from feedstock decomposition: liquid bio-oil, solid biochar, and
gaseous outputs. Bio-oils can be used as fuels, such as for heat and power generation in
furnaces and gas turbines. Additionally, bio-oils contain components that can be separated
and used in the pharmaceutical, food, and fertilizer industries. Gases generated by pyrolysis,
including CO, CHa4, CO», and H», can be used to power equipment such as gas turbines and
steam cycles. Biochar is the solid fraction of the process, and it can be used as a fertilizer, in

wastewater treatment, and as a bio-adsorbent. (Tagade et al. 2021, 2)

Pyrolysis is categorized as slow, fast, or flash depending on the process temperature and

residence time. The optimal pyrolysis temperature for agricultural residues ranges from
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300°C to 700°C, since cellulose and lignin pyrolyze at around 350°C. Slow pyrolysis can
take several hours or even days to complete, which produces biochar as the primary product.
The heating and breakdown of biomass occur at temperatures between 300 and 600°C. Other
products produced are bio-oil accounting for 25-35% and syngas for 20-30%. (Tagade et
al. 2021, 2.)

Fast pyrolysis is an effective thermochemical process that produces biomass-derived fuels.
This method offers a shorter retention time and higher product recovery compared to slow
pyrolysis. Fast pyrolysis yields 20% biochar and 20% syngas as secondary products.
(Gabbane et al. 2020.) The process takes place at temperatures ranging from 450°C to 800°C,
with a residence time of 0.5-10 seconds, resulting in bio-oil as the main product.
Furthermore, flash pyrolysis is considered a modern technology that functions at
temperatures of 800°C—-1000°C, with a residence time of under 0.5 seconds. When the rapid-
heating method is used with a short residence time, the bio-oil yield is high. However, higher

bio-oil yields lead to lower biochar yields in the process. (Tagade et al. 2021, 2.)

Tagade et al. (2021) noted that pyrolysis is among the most practical, cost-effective, and
environmentally sustainable methods for converting biomass into energy. Furthermore,
using thermochemical processes to convert lignocellulosic agricultural residues allows for
lignin decomposition without needing extra preprocessing steps. Pyrolysis has become a
popular method among thermochemical pathways because it is flexible and can produce

three different forms of energy. (Tagade et al. 2021, 2.)

The yield and performance of pyrolysis depend on factors like temperature, ash content,
particle size, and moisture. High moisture content affects the pyrolysis process by promoting
incomplete combustion due to lower furnace temperatures. The moisture content of
agricultural residues for pyrolysis should be below 10%. If the moisture content is higher,
more energy is consumed during the process, affecting the overall energy balance. Higher
ash content of residues can lead to fouling and slagging in the process, resulting in

operational problems. (Tagade et al. 2021, 3-4.)
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3 Current Situation in Finland

Finland is considered one of the world’s northern agricultural countries, where cultivation
of arable crops forms the basis of domestic food production. Farmers produce various grains,
oilseeds, and protein crops under northern conditions, with research and environmental
considerations in mind. Domestic fields supply raw materials for the table, feed, and

industry, while also ensuring supply security and supporting rural vitality. (MTK 2026.)

3.1 Agricultural Production Structure

In 2025, there were 39 825 agricultural and horticultural enterprises in Finland. Compared
to 2024, the number of farms decreased by 3%. Crop production accounted for 74% of all
farms as the main production line, while 19% were classified as livestock producers.
Horticulture farms accounted for 4% of farms, while the rest were classified as mixed farms.
(Luke 2026b.) In 2025, approximately one million hectares of arable land in Finland were
used to grow cereal crops, and a third of the field area was used for fodder grass (Luke 2025).
The Natural Resources Institute Finland (Luke) estimates that the 2025 cereal harvest will
reach 3.4 million tons, about 4% above the average of the past decade. Table 2 shows the

estimated production volumes for the most produced crops during 2024-2025. (Luke 2026a.)

Table 2. The most produced crops in Finland during 2024-2025 (Luke 2026a).

Mass [million kg]
Crop 2025 2024
Oats 11243 1207.5
Barley 12144 1165.4
Wheat 975.2 750.7
Rye 84.8 43.5
Rape and Turnip Rape 61.1 49.1
Potatoes 551.0 553.1
Sugar Beet 684.5 666.6
Peas 91.4 103.0
TOTAL 4 789.6 4538.9
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During recent decades, potato cultivation in Finland has been concentrated in the western
coastal regions. Approximately two-thirds of the potatoes cultivated for food are produced
in the Ostrobothnia region. Ostrobothnia accounts for 62% of the cultivation area for food-
industry potatoes, with slightly over 20% in Aland and 12% in Satakunta. In 2024, 42% of
starch potato cultivation occurred in Satakunta and South Ostrobothnia. Southwest Finland
accounts for three-quarters of early potato production. Northern Ostrobothnia accounts for
70% of the certified seed potatoes. Sugar beet is now cultivated on around 680 farms. In
2024, the production area was 39% in Southwest Finland, 31% in Satakunta, and 12% in
Héame. (MTK 2025.)

Figure 4 shows how the utilized agricultural area in Finland is concentrated in southern and
western provinces, especially in Southwest Finland, Southern and Northern Ostrobothnia,
and Hame. (Luke 2026b.) Farmlands in Finland reach up to 60° north latitude, crossing
beyond the Arctic Circle. Despite its short growing season, Finland can still produce food
that meets high safety standards. On the southwestern coast, the growing season lasts 185

days, while in Lapland, it is less than 105 days. (MTK n.d.)

[]z14090ha
[]=62807ha
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[ > 165853 ha
W > 196350 ha
W >291238ha

Figure 4. Agricultural land used in Finland by region, preliminary data for the year 2025
(Modified from Luke 2026b).
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3.2 Main Agricultural Plant-Based Wastes and By-products

The Ministry of Economic Affairs and Employment of Finland (TEM) estimates that Finland
generates 23.0 million tons of agricultural by-products annually that are suitable for biogas
production and nutrient collection, including 15.5 million tons of manure from farmed
animals. The remaining 7.5 million tons include 2.8 million tons of cereal straw, 3.4 million
tons of silage, and 1.2 million tons of biomass from buffer zone vegetation and nature
management fields. In the cereal straw estimate, 20% of the cereal straw has been excluded
because it is used as bedding material. (TEM 2020, 14.) In addition to TEM data, the
Biomass Atlas database provides detailed information on biomass from the agricultural,
forestry, municipal, and industrial sectors in Finland. The purpose of the service is to provide
information on the overall potential and distribution of accessible biomass. Another
application is to assist in renewable energy planning and to facilitate environmental and

crop-specific analyses. (Lehtonen et al. 2024, 2-3.)

Agricultural biomass is usually divided into two categories: “Main yield” and “Side stream
potential”. Main yield indicates the primary product, which includes grain, seed, tuber, roots,
or harvested biomass. Side-stream potential refers to by-products such as straws, stems, or
tops from seeds, grains, tubers, bulbs, and root crops. Biomass from green fallows, buffer
zones, and nature management fields is categorized as side streams because it is not currently
used for food or feed. (Lehtonen et al. 2024, 4.) The potential field side streams in total solids

are presented in Table 3.
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Table 3. Potential biomass residues in 2024 (Modified from Luke n.d.a).

Biomass Type Amount Unit
Buffer Zone Vegetation 21518 trs/a
Cereal Straw 2918 166 trs/a

Potato Tops 137 699 trs/a

Green Manuring Sward 18 358 trs/a
Green Fallow 304 108 trs/a

Stems from Peas & Broad Beans 98 647 trs/a
Steams of Oils Crops 83 813 trs/a
Straw of Herbage Seed Crops 46 091 trs/a
Sugar Beet Tops 51275 trs/a
TOTAL 3679 675 trs/a

Previous studies have reported estimated loss percentages for agricultural production,
covering the primary stage, including postharvest handling and storage. For example, losses
for root crops (potatoes) are approximately 10%, while those for carrots and turnips are 26%.
Fruit and vegetable losses vary widely, from 1% in a greenhouse to 10—-26% in open fields.
(Hartikainen et al. 2018, 508.) While combined with the crop production information in
Table 2 in Section 3.1, these percentages indicate that a significant amount of plant-based

biomass is lost or remains underutilized.

3.3 Current Utilization

According to Winquist et al. (2018), only 7% of agricultural biomass is currently used in
biogas production. While the exact yearly straw collection in Finland is not known, the
potential for side-streams each year can be estimated. (Winquist et al. 2018, 10.) Armio et
al. (2014) indicate that only 10% of crop residues are collected for further use, such as
bedding and energy generation. Manni et al. (2023) reported that 24% of straw is used as
bedding material. However, a more recent study done by Lang et al. (2021) suggested that
only a small part of the annual straw biomass is utilized. Straw is commonly used as bedding
material in animal housing, so most of it returns to the field mixed with manure. Chopped
straw typically does not obstruct the growth of the subsequent crop, which is why it is most

common to leave it in the field. (Léng et al. 2021, 5.) However, it is estimated that collecting
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50% of the straw from fields can be sustainable for bioenergy production, provided that the

remaining 50% is left in the fields. (Ling et al. 2021, 15).

As mentioned, most of the straw is often chopped right in the field. The modifications to the
combine harvester allow you to choose whether to chop the straw in the field or leave it
intact for future harvesting. Small quantities of straw are utilized for energy generation.
Sward is currently unused because green fallow and nature management fields are

maintained to keep the land suitable for cultivation and support ecosystem services. (Luke

n.d.b.)

Hartikainen et al. (2020) note that Finnish farmers rarely measure the food waste they
produce in primary production. However, they possess a good understanding and knowledge
of losses occurring during harvest and post-harvest activities. (Hartikainen et al. 2020, 424.)
Joensuu et al. (2020) found that 11% of carrots, 1% of food potatoes, and 7% of white
cabbage are left in the field. Another use included composting/bio-waste, feed, and other
purposes, which were not specified in the study. Composting represented 5% of the carrots

and 1% of the potatoes. (Joensuu et al. 2021, 24622.)

However, there has been news coverage of renewable energy projects planned for the
coming years that will use agricultural residues. For example, CH-Bioforce Oy is a
biorefinery in Raisio, which produces hemicellulose, dissolving pulp, and lignin from straw.
The annual amount of straw used in production is 20 000 tons. (Macon 2023, 9, 23.) Another
example is a biogas plant in Nivala that will produce liquefied biomethane from local
agricultural side streams. Research has been conducted on potential feedstocks in Nivala and
the surrounding areas under two scenarios. In the scenarios, the biogas plant would use 400
000-800 000 tons of feedstock, with straw contributing 15 000—18 000 tons, silage 60 000—
66 000 tons, and biomass from buffer zone vegetation and nature management fields 4 000—

4 500 tons. (VARELY 2023, 1-3.)

3.4 Comparison to Europe

In 2025, agriculture contributed 1.3% to the EU’s gross domestic product (GDP). A million
small farms in the EU’s agricultural sector form a crucial part of the economy. Of the total

agricultural output, 49% contributed to crop production, 13% to vegetable and horticultural
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plants, and 10% to cereals. (Eurostat 2026.) In contrast, Europe is a producer of a wide range
of different fruits, nuts, and berries, with Italy, Poland, and Spain among the main producers.
However, for vegetable production, Italy, Spain, and the Netherlands are the main three

producers. (Eurostat 2025.)
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Figure 5. Share of arable land by crop categories in selected EU countries in 2020

(Modified from EUROSTAT 2023).

However, the diversity of agricultural production across the EU contributes to significant
variation in the types and quantities of agricultural residues. As shown in Figure 5, cereals
are the dominant crop category in many member countries, especially in Eastern and Central
Europe. However, in some countries, such as Ireland and Malta, the focus is more on fodder
crop production. Eurostat (2023) reports that in 2020, cereal crop production occupied 50%
of the arable land in the EU, underscoring its significance as a key source of agricultural
residues throughout Europe. By contrast, fodder crop production made up one-fifth of the
total, while other crop production combined with industrial crop production contributed to a

quarter of the total. (Eurostat 2023.)

The EU leads globally in biogas production, with an expected annual growth rate of 9%.

Agricultural substrates, such as residues, are used as feedstocks in 28% of EU biogas plants.
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For example, in Germany, biogas production heavily relies on energy crops as feedstock,
whereas in France, 71% of biogas plants use agricultural residues, excluding energy crops.
(Borawski et al. 2024.) In addition, the use of agricultural waste and residues is widespread
in European countries such as Denmark, Greece, Luxembourg, and Cyprus. (Pavici¢ et al.

2022).

Climate conditions and climate change significantly influence agricultural productivity,
since different crops have varying climate suitability. Due to climate change, northern and
continental Europe are expected to see positive effects on agricultural production, whereas
western and southern Europe are expected to see negative effects, and the continental north
is expected to see little to no influence. Recent studies have shown that maize is the most
affected crop in Europe by climate change, with substantial yield reductions of -4% to -22%
across most producing countries. Cool-season Cs crops, such as wheat and rye, could benefit
from climate change because of higher expected CO> levels. In contrast, C4 crops like corn
and sorghum might be negatively affected since their physiology responds less to changes

in CO,. (EASAC 2022, 14.)

The European agricultural sector is transitioning towards a more sustainable and resilient
production system due to climate change, environmental regulations, and circular economy
objectives. Future agricultural development in Europe is expected to emphasize sustainable
farming practices, technological innovations, and improved utilization of renewable biomass
resources. As a result, agricultural residues are anticipated to play an increasingly important
role in bioenergy, biomaterials, and other high-value applications in the EU bioeconomy.

(EC 2025, 14.)
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4 Methodology

This chapter describes the methodology used to assess the availability and utilization of
potential agricultural residue streams in Finland. The analysis for potential feedstocks is
based on statistical data from Luke and the Biomass Atlas database. To assess the residue

composition and conversion properties, literature-derived parameters are used.

At first, the availability of selected residue streams was estimated using annual harvest data,
RPR ratios, and Biomass Atlas data. The biomass quantities from harvest data were
converted to total solids (TS) to ensure consistency across different feedstocks. To estimate
biogas, energy, and nutrient potentials, literature-derived values for volatile solids (VS),
methane yields, nutrient content, and lower heating values (LHV) were used. The
calculations of biogas, energy, and nutrient potentials were performed for three utilization
scenarios: baseline, realistic, and theoretical maximum. The following sections describe in
detail the data sources, feedstock properties, calculation methods, and scenario assumptions

applied in this study.

4.1 Data and Feedstock Properties

This section describes the data sources and key properties of the selected biomass feedstocks
used in this analysis. The data include crop production volumes, biomass availability, and
chemical properties required to estimate biogas, energy, and nutrient potentials. The
considered properties in this study include moisture, total solids (TS), volatile solids (VS),
methane yield, and nutrient content (N, P, and K). These parameters are crucial for assessing
the technical potential of biomass in biogas and energy generation, along with nutrient

recycling.

The following subsections present the data sources, biomass estimation methods, and

feedstock properties used in the calculations.
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4.1.1 Data Sources and Biomass Estimation

The residue streams considered in this study were selected for their national significance,
availability and potential for energy use. Cereal straws, potato and sugar beet tops, and stems
of peas and broad beans form the largest and most evenly produced residues in Finland. This
makes them primary to research on bioenergy and nutrient recycling. In addition, these
residue streams are logistically collectible and there are established processing methods for
them. The calculations were based on Luke’s harvest estimates and data from the Biomass
Atlas database. To get a fair comparison of the potential residue streams, harvest estimates
from 2024 were used in this study. The estimated biomass quantities form the basis for

upcoming potential calculations.

The potential cereal straw generation was calculated using the residue-to-product ratio from
the most produced crops. The residue masses derived from the RPR approach are expressed
as fresh mass. Table 4 provides the yields of the main crops and the RPR factor used to
estimate the amount of generated residues. For cereal crops, the term “Rapeseed” is used
later on in the calculations to express rape and turnip rape. The yields used to estimate the
residue potential for potatoes and carrots in 2024 were 551.02 million kilograms and 76.00
million kilograms. In this study, the term “potato and carrot residues” represents the fraction
of the yield that is unsuitable for production due to size or other factors. In addition, potato

tops are the inedible fraction of the yield.

Table 4. The selected cereal crops and their RPR ratios.

Cereal Crop Mass [million kg] ! RPR?
Oats 1207.5 1.1
Barley 1165.4 1
Wheat 750.7 1.1
Rye 435 1.2
Rape and Turnip Rape 49.1 1.3
References: ! Luke 2026a; % Scarlat et al. 2019, 261

From the Biomass Atlas database, biomass quantities for potato and sugar beet tops and

stems, and for peas and broad beans, were directly used. The biomass generation of cereal
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straw and oil crop stems from the Biomass Atlas was used as a comparison to the residue
generation value calculated using RPR. The values adapted from the Biomass Atlas were
already calculated in tons of dry matter. Table 5 presents the dry-matter masses in tons and
the percentage of dry matter used. The dry matter content of peas was 85%, and 89% for
broad beans (Luke n.d.a.).

Table 5. The selected biomass streams and their total solid contents (Luke n.d.a).

Biomass Type Mass Ts
[trs/a] [%o]
Cereal Straw 2918 166 86
Potato Tops 137 699 33
Stems from Peas & Broad Beans 98 647 85-89
Steams of Oils Crops 83 813 91
Sugar Beet Tops 51275 21

The Biomass Atlas database has estimated biomass potentials by using standardized
coefficients, such as the harvest index. These coefficients were already applied to the

reported biomass values and were not used directly in the calculations of this study.

4.1.2 Feedstock Properties

The feedstock properties used in this study include moisture, total and volatile solids content,
methane yield, and LHV. The TS and VS values were selected from the literature that were
widely reported to be used and comparable compositional parameters for these residue flows.
The selected values are based on studies in which these residue streams have been analyzed

and are commonly used in potential calculations.

The TS values allow biomass to be converted to a uniform dry-matter basis. While the VS
values describe the biodegradable fraction that is directly linked to the methane production
potential. The use of these parameters ensures that the calculation framework is consistent,
reproducible, and compatible with previous studies. The parameters used for cereal crops

are presented in Table 6.
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Table 6. The moisture, total solid and volatile solid contents for the selected cereal crops.

Biomass TS Moisture Content VS

[%] [%] [% of TS]
Wheat Straw ! 93.5 6.5 89.6
Oat Straw 2 86.6 13.4 81.2
Barley Straw ! 92.0 8.0 87.0
Rapeseed Straw 2 90.0 10.0 82.5
Rye Straw ! 94.7 5.3 90.5

References: ! Alvaro et al. 2023, 2; 2 Lehtomaki 2008, 543

Asseen in Table 6, the TS and VS content of the selected cereal straw types remain relatively
similar. The moisture content is relatively low across all straw types, ranging from
approximately 5% to 13%, indicating that the biomass is also suitable for thermal conversion
processes. The VS content is consistently high across the feedstocks, suggesting that a large

fraction of the biomass is biodegradable and thus suitable for biogas production.

Table 7 presents methane yields and lower heating values for cereal straws obtained from
various literature sources. These parameters were used to estimate the biogas and energy
potential of the selected cereal straw streams. The methane yields were expressed as cubic
meters of methane per ton of volatile solids, and the lower heating values on total solids
basis. The methane yields for cereal crop straws ranged from 196 to 320 m* CH4 per ton of
VS, indicating moderate variation among the straw types. From the selected literature
sources, oat straw had the highest methane yield, while barley straw had the lowest methane
yield. Despite variation in methane yields, the reported yields are relatively similar across

all straw types. The reported LHV values on the TS basis are quite similar across all straw

types.
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Table 7. Methane yields and lower heating values of the selected cereal crops.

Biomass Methane Yield LHV1s
[m? CHa/tvs] [MJ/kg]
Wheat Straw !2 290 16.6
Oat Straw %3 320 16.7
Barley Straw *3 196 16.5
Rapeseed Straw 3-° 240 16.4
Rye Straw ’ 304 17.6
References: ! Chandra et al. 2012, 1472; 2 Purié et al. 2014, 143;
3 Lehtomiki et al. 2008, 545; * Zhang et al. 2021, 25; ° Varhegyi et al. 2009,
648; ® Karaosmanoglu et al. 2000, 337; 7 Fjertoft et al. 2019, 88

To estimate the methane yield from potato residues, the methane content of biogas was
assumed to be 60% (Kahiluoto et al. 2011, 1987). The mass distribution between pea and
broad bean stems was not known, so the TS and VS content, as well as the methane yield,
were calculated as averages. The reported TS and VS contents for peas were 60.4% and
56.0%, and for broad beans, 79.6% and 76.3%. The methane yields were 177 m* CHy4 for
peas, and 202 m* CH4 for broad beans. (Ervasti et al. 2025, 142.) Based on the literature
values, average TS (70.0%), VS (94.3%), and methane yield (190 m* CH.) were used in this
study.

Table 8 summarizes the chosen literature values for TS, VS, and methane yields for the other
selected residue streams. Although TS values are presented for all biomass types, they were
used only in calculations that required dry-matter conversion. The biomass streams listed in
Table 5 were used directly without conversion, as they were already reported in tons of total
solids. Table 8 shows that the TS content of different biomass streams ranges from 11% to

90%. In contrast, the VS content stays relatively consistent across all biomass streams.
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Table 8. The total and volatile solids contents and the methane production potentials of

root, tuber, and leguminous crops.

Biomass Moisture Content TS VS Methane Yield
[%] [%o] [% of TS] [m3 CHa/tvs]
Potato Residues ! 78.0 22.0 90.0 420
Tops of Sugar Beet 2 88.4 11.6 85.0 340
Carrot Residues >4 89.0 11.0 90.0 241
Stems from Peas & Broad Beans ° 30.0 70.0 94.3 190

References: ! Kahiluoto et al. 2011, 1987; 2 Lehtomaki et al. 2008, 543; 3 Pabon-Pereira et al. 2020, 4;
4 Gioulounta et al. 2023, 12; ° Ervasti et al. 2025, 142

As shown in Table 8, methane yield varies more among wet residue types from 190 to 420
m? CHa/tys. Potato residues exhibited the highest methane yield, at 420 m*> CH4 per ton of
volatile solids, highlighting their significant potential for biodegradation. In contrast, stems
from peas and broad beans have the lowest methane yield of 190 m* CHa per ton of volatile
solids. Compared with Table 7, methane yields vary among the selected residue types, which

emphasizes how different biomass streams are suitable for biogas production.

4.1.3 Nutrient Content

For the nutrient potential of the selected biomass streams, nitrogen (N), phosphorus (P), and
potassium (K) concentrations were chosen for further review. The nutrient potentials were
derived from different literature sources and are presented in Table 9. For pea and broad
bean stems, N, P, and K concentrations were calculated as averages. According to Ervasti et
al. (2025), the N-P-K concentrations for peas are 10.1-1.5-11.1 g/kg and for broad beans
11.4-0.9-6.6 g/kg (Ervasti et al. 2025, 142). These concentrations were converted into

percentages of total solids.
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Table 9. Nutrient potential of N-P-K for the selected biomass streams.

Biomass N[%of TS] | P[% of TS] | K[% of TS]
Cereal Straw ! 0.6 0.1 1.5
Stems of Oil Crops ! 1.6 0.1 1.0
Potato Residues >4 1.5 0.2 1.4
Vegetable Tops ! 2.2 0.1 4.8
Tops of Sugar Beet > 2.2 0.3 3.3
Stems from Peas & Broad Beans ° 1.1 0.1 0.9
References: ! Riithimiki et al. 2014, 8; 2 Kahiluoto et al. 2011, 1987; 3 Lehtomiki et
al. 2008, 543; * Vos & Van der Putten 2000, 93; ° Ervasti et al. 2025, 142

To estimate the nutrient potential in carrot residues, the nutrient concentration of vegetable
tops was used as an approximate value. The nutrient content of oil crop stems was used for
the rapeseed residue stream. To calculate the nutrient potential for the cereal straw streams,
the N-P-K content was assumed to be the same for all the cereal crop straws. The nutrient
potential of the biomass streams differs mainly in their nitrogen and potassium levels. Cereal
straws contain the lowest levels of nitrogen and phosphorus nutrients. However, their
potassium levels are elevated. In contrast, residues derived from roots contain higher levels
of nitrogen and potassium, indicating higher potential for nutrient recovery. Overall,
potassium exhibits the widest variation in concentration, whereas phosphorus stays

relatively low across all biomass streams.

4.2 Calculation Framework

This section describes the calculation framework used in this study to estimate the biogas,
energy, and nutrient potentials of the selected biomass streams. The calculations were carried
out starting with biomass availability, proceeding through conversion to total solids (TS) and
volatile solids (VS), and then estimating methane production, energy output, and nutrient

recovery from field residues and digestate.

Calculations were made using the same parameters as shown in Section 4.1. To consistently
compare different residues, all residues were first converted to the TS base. The values were

then further converted to the VS base to identify the biodegradable fraction relevant to biogas
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production. All percentage-based parameters in the equations are expressed as decimal

fractions for consistency.

Fresh residue masses were first converted into TS using residue-based TS contents from
Tables 7 and 8. The resulting TS quantities were then used to estimate combustion potential
and evaluate nutrient quantities associated with the residue remaining in the field and in the

digestate. The estimated biomass fraction was calculated using the following equation:

Mrs = Myesigue X (1 — Wh20) = Myesigue X TS (D

Where mrsis the mass of total solids (kg), mesiaue 1 the mass of the used residue, 7 is the

total solid content, and wz20 is the moisture content.

The volatile solids (VS) fraction was used to represent the organic, biodegradable fraction

of the biomass. The mass of volatile solids was calculated with the following equation:

mVS == mTS X VS (2)

Where mysis the mass of volatile solids (kg), mrs is the mass of total solids (kg) and VS is

the volatile solids content.

After the VS fraction of the selected biomasses was calculated, methane yield, energy

content, and nutrient concentrations were applied to estimate the respective potentials.

4.2.1 Biogas Potential

To calculate the methane potential from AD, cereal straws, potato and carrot residues, sugar
beet and potato tops, and pea and broad bean stems were selected. The methane potential
was calculated based on the VS content of selected biomass fractions and the specific
methane yield. The approach assumes complete conversion of volatile solids into biogas
under optimal anaerobic digestion conditions. Using Equation 2, the TS mass was first

converted to VS using the literature values from Tables 6 and 8.

After the mass fraction of TS was calculated, the methane production was estimated using

the following formula:
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Vena = Mys X Xcpa 3)

Where Vcuy is the produced volume of methane (m?), mys is the amount of residue in volatile
solids (t), and xcuy is the methane yield (m® CHa/tys). The estimated biogas potential was
later used to assess the potential for electricity generation, which is discussed in the next

subsection.

In addition to the biomethane production, the mass of digestate generated during anaerobic
digestion was calculated. Digestate from AD is a nutrient-rich by-product that can be
returned to the farms. The methane concentration in biogas was assumed to be 60% for every
fraction (Kahiluoto et al. 2011, 1987). The biogas density was assumed to be 1.15 kg/m?
based on a composition of 55-70% CHs and 30-45% CO; (Teferra & Wubu 2018).

The calculation framework for digestate is based on that in anaerobic digestion some of the
organic matter in the residue is converted into CH4 and CO: but most of the mass remains
as liquid or solid digestate. In the equation, the digestate mass is obtained by subtracting the
mass of the input biomass fraction that exits the process as biogas. The amount of biogas is
calculated from methane production and biogas density. The mass of digestate was

calculated using the following equation:

VCH4-
mdigestate = Myesidue — < X pbiogas) (4)
fCH4

Where maigesiare 18 the mass of digestate (kg), 7 esiaue 15 the mass of the feedstock (kg), Very
is the methane yield (m?), fcps is the methane fraction in biogas, and ppiogas is the density of

biogas (kg/m?).
4.2.2 Energy Potential

The energy potential was calculated from the biogas potential by multiplying the methane
volume by its lower heating value. The lower heating value of methane was assumed to be
35.82 MJ/m? (Jiang et al. 2012, 210). CHP production was assumed for biogas utilization.

Therefore, separate conversion efficiencies of 30% for electricity and 60% for heat were
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applied (Havukainen 2014, 41). The calculated electricity and heat potential represent

theoretical CHP energy output and do not account for additional process losses.
The heat and electricity potential from biogas was estimated using the following equation:

Ebiogas = Vena X LHVepy X1 (5)

Where Ebpiogas 1s the energy contained in biogas in (MJ), Vcpy is the produced volume of
methane (m?), 7 is CHP conversion efficiency used for either electricity or heat production,

and LHVcp4 is the lower heating value of methane (MJ/m?).

For energy potential from combustion, dry biomass fractions (cereal straws) were selected
for combustion. The energy potential was calculated using the biomass’s lower heating
values on an as-received (AR) basis. First, using the LHVts and the moisture content of

cereal straws from Tables 6 and 7, the LHVar was calculated with the following equation:

LHV;g = LHVps X (1 = wypo) — (I X wyp0) (6)

Where LHV 4z is the LHV of selected residue (MJ), LHV7s is the lower heating value on a TS
basis (MJ/kg), wmzo 1s the moisture content, and / is the latent heat of evaporation for water

2.443 (MJ/kg).

Equations 6 and 7 were applied separately to all selected cereal straws for combustion. To
calculate the energy potential from combustion, electrical and heat efficiencies of 25% and
60% were applied (Salomoén et al. 2011, 4457). Additionally, in this calculation, the
electricity and heat potentials represent theoretical CHP energy outputs. The heat and

electricity production from combustion were calculated with the following equation:

Ecomp = Mar X LHV4p X1 (7)

Where Ecoms 1s the energy potential from crop residues (MJ), mur is the amount of residue
on an as-received (AR) basis (kg), LHV 4z is the lower heating value on an AR basis (MJ/kg),

and 7 is CHP conversion efficiency used for either electricity or heat production.
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4.2.3 Nutrient Potential

The nutrient potential was estimated using total solids content and nutrient concentrations
(N, P, K) reported in the literature. The total nutrient amounts were calculated by multiplying

the TS mass by the corresponding nutrient content.

The nutrient content for each nutrient was calculated with the following equation:

Mfield nutrient = MTs field X Xnutrient (8)

Where mfieid, nuriens 1s the mass of the nutrient remaining in the field (t), m7s e 1s the mass of

total solids in the field (t), and Xuusien: 1S the nutrient concentration.

Equation 8 was applied separately for nitrogen (N), phosphorus (P), and potassium (K) using
their respective concentration values. The nutrient calculations assume that all nutrients
contained in the remaining biomass are retained in the field and are potentially available for

soil nutrient cycling.

In addition, the nutrient content remaining in the digestate from the AD process was
estimated based on the nutrient content of the residues allocated to AD. It was assumed that
nutrients contained in the feedstock remain available for nutrient recycling through digestate

and can potentially be returned to agricultural fields.

The nutrient content in digestate was calculated using the following equation:

mdigestate,nutrient = mTS,AD X Xnutrient (9)

Where maigesiate,nurien: 18 the amount of nutrient in digestate (t), mrs.p is the total solids mass
directed to AD (t), and Xuumiens 1S the nutrient concentration. Equation 9 was applied

separately to calculate the nutrient levels of N, P, and K.
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4.3 Utilization Scenarios

Three utilization scenarios for agricultural residues were selected to assess their biogas,
energy, and nutrient potentials. The three different potentials allow comparison between
current utilization practices and the realistic and theoretical maximum, providing a

comprehensive understanding of possible utilization in Finland.

4.3.1 Baseline

In this research, the baseline potential represents the current utilization of agricultural plant-
based wastes and by-products. As mentioned in Section 3.3 for the cereal straw fraction, it
was assumed that only 10% of the straw is collected annually from the fields. Based on the
collected straw, it was assumed that 7% is used for biogas production, and 24% for bedding
material. The remaining 69% of the collected straw represents other current uses, such as
low-value feed or cases where the straw is not utilized despite being collected. These uses
were not included in the calculations. Since 10% of the straws were collected, it was assumed
that 90% remained in the field. In baseline potential, energy, and biogas potential are

calculated solely from the fraction of cereal straw used for biogas production.

For root crops, including potato and carrot residues, a share of total production is assumed
to remain in the field, reflecting harvesting losses and non-collected biomass. Based on a
study by Joensuu et al. (2021), 1% of the total potato production volume is left in the field,
and 11% of the carrot production volume is left in the field. The same study indicated that
5% of carrots and 1% of potatoes are directed at composting. Literature-based estimates of
composting were used to determine the share of the biomass that could be used for other
purposes. Values directed to composting were not evaluated separately but were considered

potentially available for AD under realistic and theoretical maximum scenarios.

Other agricultural residues, such as potato and sugar beet tops, and pea and broad bean stems,
were assumed to remain entirely in the field under baseline conditions. Reflecting current
agricultural practices, where these residues are typically incorporated into the soil to

maintain soil fertility and organic matter content.



51

4.3.2 Realistic

The realistic potential refers to a scenario in which a portion of the available agricultural
residues is collected and used while maintaining soil quality and nutrient availability. Scarlat
et al. (2019) estimate that the sustainable collection rate of agricultural residues ranges from
25% to 75% depending on plant species, soil characteristics, farming practices, and climatic
conditions (Scarlat et al. 2019, 260). According to the literature, excessive collection can
reduce the amount of organic matter in the soil and thus its fertility. Based on these factors,
a conservative 25% collection rate was chosen in this study to reflect realistic conditions
under which residue removal remains agronomically safe. For cereal straws, this collected
fraction (25%) was then split equally, with 50% directed to biogas production and 50% to

combustion. Wet biomass fractions were assumed to be fully directed to biogas production.

The same collection rate was applied to all the selected biomass streams under this scenario.
The remaining share of the biomass (75%) was assumed to remain on the field to maintain
soil quality and nutrient balance. For root crops, including potato and carrot residues, the
residue fraction assumed to be composted under the baseline scenario was considered fully
available for utilization in this potential scenario. This assumption was made to evaluate the
additional energy and nutrient recovery potential that could be achieved by redirecting these

streams from composting to other purposes.

The realistic scenario describes a level that is technically achievable and at the same time
sustainable for the soil. The chosen collection rate takes into account the need for soil organic
matter, nutrient cycle, and practical constraints such as harvesting conditions. Assumptions
have been conservatively formulated to ensure that removal of residues does not result in a

significant reduction of organic matter or nutrients in agricultural land.

4.3.3 Theoretical Maximum

The theoretical maximum scenario represents a theoretical upper limit of utilization,
assuming technological, logistical, and economic constraints are low. According to Scarlat
et al. (2019), the technical cultivation potential ranges from 60-75% depending on the
factors such as cutting height and harvesting conditions (Scarlat et al. 2019, 259). A

collection rate of 50% was chosen for this scenario, after a sustainable collection rate was
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also considered. Although the collection rate may not be practically achievable in all
circumstances, it serves as an appropriate upper limit for the maximum utilization potential
of residues without assuming an unrealistically high collection efficiency. The remaining
50% was assumed to be left in the fields to maintain soil quality and health. In addition to
realistic potential, this potential scenario also considered the availability of the biomass

fraction from potatoes and carrots for composting, enabling full utilization.

As in the realistic scenario, the collected cereal straw fraction was divided equally between
anaerobic digestion and combustion. In the theoretical maximum scenario, a 50% collection
rate was applied, and the collected amount was split 50% to combustion and 50% to AD.
The same assumption as in the realistic scenario was applied for potato and carrot residues:
the biomass fractions associated with composting under the baseline assumptions were
considered fully available for anaerobic digestion to evaluate the maximum recovery

potential.

4.4 Scenario Assumptions

The assumptions used for the scenarios are summarized in Table 10. The scenarios differ
primarily in collection rates and the allocation of collected biomass across production
pathways. In the baseline scenario, straw collection was assumed to remain limited, while
most of the other residues were left in the field. In the realistic scenario, 25% of the residues
were assumed to be collected, whereas in the theoretical maximum, a 50% collection rate

was assumed.

Left in the field [%] describes the proportion of the residues that are intentionally left in the
field and not collected for recovery and utilization. For potatoes and carrots, the first
percentage in the baseline scenario represents the current amounts left in the field. These
percentages are based on observations of how much of the crop remains practically in the
field in the form of e.g., tops, small tubers, and spoilage. The realistic and theoretical values
in the table describe scenarios for how much of the generated residues would remain in the

field if some were collected for utilization.
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Table 10. Summary of the scenario assumptions used in this study.
Residue Baseline Realistic Theoretical Maximum
Collection Rate [%]

Straw 10 25 50
Potato residues - 25 50
Carrot residues - 25 50

Other wet residues - 25 50
Left in the Field [%]

Straw 90 75 50
Potato residues 1 75 50
Carrot residues 11 75 50

Other wet residues 100 75 50
Allocation of Collected Biomass to Energy Production [%]

Straw to AD 7 * 50 * 50 *
Straw to combustion - 50 * 50 *
Wet biomass to AD - 100 * 100 *

*Percentages for biogas production and combustion refer to the share of collected biomass.

Collected straw was divided equally between AD and combustion in the realistic and
theoretical maximum scenarios, while wet residues were assumed to be fully allocated to
biogas production. The remaining biomass was assumed to stay in the field to support
nutrient cycling and soil quality. Wet residue fractions were assumed to be fully allocated to
AD because the high moisture content makes combustion unproductive. The 50/50 split was
chosen for cereal straws because they are technically suitable for both anaerobic digestion
and combustion. The split acts as a neural assumption that allows an assessment of the

potential of both energy production pathways without either being used as the primary one.

4.5 Limitations and Uncertainty Analysis

There are a number of uncertainties associated with this study due to both the material used
and the assumptions and methodological limitations. The amounts of residue streams are
based on Luke’s statistics and the Biomass Atlas data, which are subject to uncertainty due

to crop fluctuations and differences in data collection methods. In addition, the calculation
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method used in the Biomass Atlas differs from that of this work, which is why RPR-based

estimates and Biomass Atlas data were compared to identify potential uncertainties.

The calculations used values compiled from the literature for TS and VS contents, methane
yield, LHV potentials, and nutrient concentrations. These were assumed to remain constant
across all scenarios, although in reality, values vary with crop species, harvesting conditions,
storage, and pre-treatment. In anaerobic digestion, methane production is strongly
influenced by process conditions and input characteristics, which adds uncertainty to

estimates of biogas potential.

In addition to literature-based values, several assumptions were made regarding the
collection rates. The realistic scenario used a collection rate of 25% and a theoretical
maximum of 50%. These values are based on literature values rather than place-specific
information. For example, some biomass streams were assumed to remain in the field in the
baseline scenario due to a lack of available data. In addition, some side streams were
expected to remain in the field at baseline due to the lack of accurate data. This can lead to

some flows being either overestimated or underestimated in the calculations.

For these reasons, the results should be interpreted as indicative estimates of technical
potential rather than exact numerical values. However, the methods provide a consistent
basis for comparing different side streams and scenarios, although the actual potential that
can be exploited depends on the practical conditions and the solutions that can be

implemented.



55

5 Results and Interpretation

This chapter presents the estimated biogas, energy, and nutrient potentials obtained in this
study. The results are examined across three scenarios baseline, realistic, and theoretical
maximum. The objective was to assess how energy production and nutrient retention in soils
and digestate are affected by varying collection rates. Due to uncertainties in residue
amounts and nutrient concentrations, nutrient values are presented in rounded form. These

results are presented and interpreted in the following subsections.

5.1 Biomass Potential

The availability of residues for selected feedstocks is presented in Figure 6. From the
selected residues, cereal straw clearly dominates the total residue potential. Among the
different straw types, oats are the largest individual fraction. This is followed by barley and
wheat straw. Other residues, such as potato tops and potato residues, account for a smaller

but still significant share. Carrot residues only contribute marginally to the total biomass.
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0 200 400 600 800 1000 1200 1400
kt TS/a

Figure 6. Biomass availability by feedstock (kt TS/a).
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Figure 7 presents the comparison between the biomass potential estimated in this study and
the values reported in the Biomass Atlas database. The results show that the estimated cereal
straw potential in this study is higher than that reported in the Biomass Atlas. In contrast, the

potential of rapeseed straw is lower in this study than in the Biomass Atlas.
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Figure 7. Comparison of the estimated potentials of cereal and rapeseed straw.

The estimated cereal straw potential in this study is approximately 8% higher than in the
Biomass Atlas database. In contrast, the estimated rapeseed straw potential in this study is
approximately 36% lower than the value in the Biomass Atlas. The differences can be
explained by variations in input assumptions, such as the RPR ratios, dry matter content, and
underlying yield data. Overall, the comparison shows that the applied method provides a

reasonable estimate of straw availability.
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The baseline scenario represents the current utilization practices for agricultural plant-based

residues in Finland. As mentioned in Section 4.3.1, only a limited share of available residues

is assumed to be collected and utilized for energy production. However, most of the residues

remain in the field or continue to be used for existing purposes.

The available energy potential is primarily derived from residue streams already considered

suitable for utilization, while most of the residue streams remain in the field. Detailed values

for biogas, electricity, and heat production are presented in Table 11.

Table 11. Biogas and energy potential by biomass type in the baseline scenario.

Residue - Bi0g3as Electricity (biogas) Heat (biogas)
[million m’ CH4/a] [GWh/a] [GWh/a]

Oat Straw 2.1 6.2 12.5
Wheat Straw 1.4 4.2 8.4
Barley Straw 1.3 3.8 7.6
Rapeseed Straw 0.1 0.3 0.1
Rye Straw 0.1 0.2 0.1
TOTAL 5.0 14.8 29.6

In the baseline scenario, most of the residues and nutrients remain in the field as the

collection rates are low. As most of the nutrients remain in the fields, nutrient recovery from

digestate production remains lower.

presented in Table 12.

The nutrient quantities retained in the field are



scenario.
Residue N [t/a] P [t/a] K [t/a]
Oat Straw 6200 1 000 15 500
Barley Straw 5 800 970 14 500
Wheat Straw 4200 700 10 400
Rapeseed Straw 830 100 520
Rye Straw 270 40 670
Potato Tops 2100 280 1900
Peas and Broad Bean Stems 1 100 100 890
Sugar Beet Tops 410 30 770
Carrot Residue 20 1 45
Potato Residue 20 2 20
TOTAL 21 000 3200 45200
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Table 12. Estimated nutrient content of biomasses remaining in the field in the baseline

The production of digestate remained limited in the baseline scenario. However, the
recovered nutrients indicate that AD may support partial nutrient recirculation. The
estimated annual digestate production in the baseline scenario amounted to approximately
15 kilotons. The total nutrient recovery annually through digestate was estimated at 134 t of
nitrogen, 22 t of phosphorus, and 324 t of potassium. The detailed digestate and nutrient

recovery amounts are presented in Table 13.

Table 13. Estimated digestate production and nutrient recovery in the baseline scenario.

Recovered Nutrients

Digestate
Residue N P K
[kt/a]
[t/a] [t/a] [t/a]
Barley Straw 5.7 45 8 113
Oat Straw 5.3 48 8 121
Wheat Straw 3.1 32 5 81
Rapeseed Straw 0.3 6 1 4
Rye Straw 0.2 2 <1 5
TOTAL 14.6 134 22 324
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Potassium was the most abundant nutrient fraction recovered, followed by nitrogen and
phosphorus. Compared with nutrient quantities remaining in agricultural soils under the
baseline scenario, nutrient recovery via digestate remains relatively low under the

assumption of limited residue collection.

5.3 Realistic Scenario

The realistic scenario reflects increased residue utilization, as the collection assumptions are
considered more achievable than in the baseline scenario. Higher collection rates expand the
amount of residues available for energy production and nutrient recovery while still retaining

a substantial share of residues within agricultural systems.

Under a realistic scenario, methane and energy production increase substantially as a larger
share of agricultural residues becomes available for anaerobic digestion. Among the
included residue streams, cereal straws contribute the largest share of biogas production
potential due to their greater availability. Other residue streams provide smaller
contributions and remain secondary under current utilization assumptions. Detailed values

for methane production and energy generation are presented in Table 14.

Table 14. Estimated biogas production and energy potential from AD in the realistic

scenario.
Residue Biogas Electricity (biogas) Heat (biogas)
[million m* CHa/a] [GWh/a] [GWh/a]
Oat Straw 37.4 111.5 223.1
Wheat Straw 25.1 74.9 149.7
Barley Straw 22.9 68.2 136.4
Rye Straw 1.7 5.1 10.1
Rapeseed Straw 1.4 4.2 8.5
Potato Tops 13.0 38.8 77.7
Peas and Broad Bean Stems 4.7 14.0 28.0
Sugar Beet Tops 3.7 11.1 221
Potato Residue 0.2 0.7 1.4
Carrot Residue 0.1 0.2 0.4
TOTAL 110.1 328.7 657.5
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Combustion further increases the achievable energy recovery in a realistic scenario. As
combustion was limited to drier residue streams, energy production concentrated in cereal
straw fractions. Compared with anaerobic digestion, higher total energy output is produced,

particularly through heat generation. Detailed combustion results are shown in Table 15.

Table 15. Estimated energy production from combustion in the realistic scenario.

Residue Electric;t();f V(;l(l)/lzlbustion) Heat[((c;(;,nl:)/:]stion)
Oat Straw 162.7 390.4
Barley Straw 151.6 363.8
Wheat Straw 110.0 264.1
Rapeseed Straw 8.0 19.3
Rye Straw 7.5 18.0
TOTAL 439.8 1 055.6

Increased residue utilization reduces the amount of nutrients remaining in the field compared
to the baseline scenario. However, the amount of nutrients remains within agricultural
systems due to partial residue retention. The estimated nutrient quantities remaining in the

field are presented in Table 16.

Table 16. Estimated nutrient potential by biomass type in the realistic scenario.

Residue N [t/a] P [t/a] K [t/a]
Oat Straw 5200 860 12 900
Barley Straw 4 800 800 12 100
Wheat Straw 3500 580 8700
Rapeseed Straw 690 90 430
Rye Straw 220 40 560
Potato Tops 1500 210 1500
Sugar Beet Tops 850 120 1300
Peas and Broad Bean Stems 810 40 670
Carrot Residue 14 1 33
Potato Residue 15 2 13
TOTAL 17 600 2700 38100
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The increased residue collection led to higher digestate production and nutrient recovery
from AD than in the baseline scenario. Although digestate does not fully replace the nutrients
remaining in field residues, the recovered nutrients indicate potential to support nutrient

cycling alongside energy production. Detailed digestate and recovered nutrients are

presented in Table 17.

Table 17. Estimated digestate production and nutrient recovery in the realistic scenario.

Residue Digestate Recovered Nutrients
[kt/a] N [t/a] P [t/a] K [t/a]
Barley Straw 101.9 804 134. 2010
Oat Straw 94.4 863 144 2157
Wheat Straw 55.2 579 97 1 448
Rapeseed Straw 53 115 14 72
Rye Straw 33 37 6 93
Potato Tops 79.4 516 69 482
Sugar Beet Tops 53.9 282 39 423
Peas and Broad Bean Stems 19.3 271 12 222
Carrot Residue 2.9 7 <1 16
Potato Residue 2.3 9 1 8
TOTAL 417.8 3484 516 6931

The realistic scenario underscores the significance of soil organic matter and carbon storage
in sustainable residue use. With only 25% of residues collected, the majority stay in the field
to help preserve soil structure, retain water, and sequester carbon. This approach promotes
the long-term health of the soil, which is especially crucial in Finland, where soil carbon
levels are often low (Luke 2023). The realistic scenario thus represents a balance between

energy production and soil sustainability.

5.4 Theoretical Maximum Scenario

The theoretical maximum scenario represents the highest assumed rates of residue collection
and utilization considered in this study. In this scenario, the maximum collection and

utilization rates are applied to evaluate the maximum achievable energy and nutrient
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recovery potential. This scenario does not represent current practices but illustrates the

potential outcomes under extensive residue utilization.

The contribution of residues remained unchanged from previous scenarios. The only
assumption that changed was the collection rate. However, higher residue utilization
expanded the overall energy recovery potential. Detailed production quantities are presented

in Table 18.

Table 18. Biogas and energy potential by biomass type in the theoretical maximum

scenario.

Oat Straw 74.7 223.1 446.1
Wheat Straw 50.2 149.7 299.4
Barley Straw 45.7 136.4 272.9

Rye Straw 34 10.1 20.3

Rapeseed Straw 2.8 8.5 17.0
Potato Tops 26.0 77.7 1554
Peas and Broad Bean Stems 9.4 28.0 56.1
Sugar Beet Tops 7.4 22.1 44.2
Potato Residue 0.5 1.4 2.7
Carrot Residue 0.1 0.4 0.9
TOTAL 220.3 657.5 1314.9

Combustion increases the total achievable energy recovery under maximum-utilization
assumptions. As mentioned in Section 5.3 above, energy potential was focused on drier
residue streams. The higher heat output in this scenario highlights the suitability of drier
residue fractions for thermochemical conversion rather than AD. Detailed results are

presented in Table 19.
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Residue Electrlc;g V(Jl(l)/l;llbustlon) Heat[((c}(;rvnl:)/:]stlon)
Oat Straw 325.4 780.9
Barley Straw 303.2 727.6
Wheat Straw 220.1 528.2
Rapeseed Straw 16.0 38.5
Rye Straw 15.0 36.0
TOTAL 879.7 2111.2

Higher residue utilization reduces the amount of nutrients remaining in field residues
compared to the previous two scenarios. However, substantial quantities of nutrients remain
in agricultural systems despite increased biomass extraction. The remaining nutrient

quantities in the field are presented in Table 20.

Table 20. Nutrient potential in the field by biomass type in the theoretical maximum

scenario.
Residue N [t/a] P [t/a] K [t/a]
Oat Straw 3500 580 8 600
Barley Straw 3200 540 8 000
Wheat Straw 2300 390 5800
Rapeseed Straw 460 60 290
Rye Straw 150 25 370
Potato Tops 1 000 140 960
Sugar Beet Tops 560 80 850
Peas and Broad Bean Stems 540 25 440
Carrot Residue 10 1 22
Potato Residue 9 1 8
TOTAL 11700 1800 25300

Increased residue utilization also results in the highest achievable digestate production and
nutrient recovery among the scenarios. Although nutrient recovery increases substantially,

digestate does not fully replace nutrients and organic matter retained through direct residue
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incorporation. The detailed numbers of the maximum digestate and nutrient amounts are

presented in Table 21.

Table 21. Maximum digestate production and nutrient recovery potential.

Residue Digestate Recovered Nutrients
[kt/a] N [t/a] P [t/a] K [t/a]
Barley Straw 203.7 1 608 268 4021
Oat Straw 188.9 1726 288 4314
Wheat Straw 110.3 115 19 2 895
Rapeseed Straw 10.5 230 29 964
Rye Straw 6.5 74 12 185
Potato Tops 158.8 1033 138 964
Sugar Beet Tops 107.9 564 77 846
Peas and Broad Bean Stems 38.7 543 25 444
Carrot Residue 5.8 15 1 32
Potato Residue 4.6 18 2 17
TOTAL 835.7 6 968 1032 13 861

The theoretical maximum raises the collection rate to 50%, significantly increasing energy
production while also increasing the amount of organic matter leaving the soil. Therefore,
the scenario requires that the digestate recovery compensate for the carbon and nutrients
removed from the field. Organic matter and nutrients returned to the field through digestate
are essential for maintaining the soil’s carbon balance. Which maximizes energy production
without weakening the soil’s structure or long-term sustainability for cultivation. Thus, the
scenario illustrates that a higher collection rate is agronomically acceptable only when the

nutrient cycle is closed, and organic matter is returned to the field.

5.5 Comparison of Scenarios

This section compares three scenarios to assess how increasing biomass collection levels
affect energy production, nutrient retention, and recovery through the digestion residue.
Rather than individual residues, the review focuses on how the entire system changes across

scenarios.
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A comparison of the scenarios shows a clear trade-off structure in the utilization of residues.
A realistic scenario produces less energy but retains soil organic matter better and reduces
nutrient removal. The theoretical maximum scenario significantly increases energy
production but requires effective digestate recovery to maintain soil carbon and nutrient
balance. Thus, maximizing energy production and the long-term sustainability of the soil
form a mutually limiting whole, in which the optimal solution depends on both technical and

agronomic goals.
5.5.1 Biogas Potential

Figure 8 shows that the potential of methane production increases markedly as more side
streams are collected and utilized. The results suggest that the methane potential depends on
how much biomass is recoverable and on the assumptions made about collection, rather than
on compositional differences between scenarios. The largest increase is observed between
the baseline and the realistic scenario, indicating that even moderate improvements in

collection can significantly increase biogas production in agriculture.
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Figure 8. Methane (CH.) potential by scenario.
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As mentioned before, the contributions of residue streams remained similar. The observed
increase in methane potential is driven by increased residue collection rather than changes
in feedstock characteristics. This suggests that improving residue accessibility may increase
the agricultural biogas production without requiring changes in residue composition.
Although feedstock properties such as TS and VS contents and methane yields influence the
biogas potential of individual residue streams, their effect appears to be smaller than the

collection assumptions at the scenario level.

5.5.2 Energy Potential

The comparison of energy potential across scenarios demonstrates that increasing residue
collection expands overall energy recovery (Figure 9—10). While anaerobic digestion enables
energy production from a broader range of residue streams, combustion produces
substantially higher total energy output due to higher heat generation. This suggests that total
energy recovery is determined not only by residue availability but also by the suitability of

different residue streams for each conversion pathway.
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Figure 9. Energy production from anaerobic digestion.
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Comparisons between the scenarios show significant differences in total energy production.
Under the baseline scenario, biogas-based energy production was very limited, with a total
of 15 GWh of electricity and 30 GWh of heat, as most of the biomass was left in the field
and no technical recovery was expected. In the realistic scenario, energy production
increased considerably to 329 GWh of electricity and 658 GWh of heat, which is
approximately 22 times bigger compared to the baseline. In addition, the theoretical
maximum scenario further increased energy production. A total of 658 GWh of electricity
and 1 315 GWh of heat were produced from biogas, which is about 100% more than in the

realistic scenario.

Figure 10 shows that combustion substantially increases the total energy recovery in the
realistic and theoretical maximum scenarios. Unlike anaerobic digestion, combustion was
limited to drier residue streams, which resulted in a more concentrated feedstock base but
considerably higher heat production. The higher total energy output is largely explained by
the dominance of heat generation in combustion-based pathways. In addition, the
comparison indicates that increasing residue collection expands the achievable energy output

across both conversion pathways.
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Figure 10. Energy potential from combustion across scenarios.
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In addition, in the realistic scenario, the use of combustion produced an additional 440 GWh
of electricity and 1 056 GWh of heat, which raised the total energy production to a level
clearly higher than that achievable with biogas alone. Combustion also produced 880 GWh
of electricity and 2 111 GWh of heat in the theoretical maximum scenario, which is exactly

twice as much as the realistic scenario.

Figures 9 and 10 demonstrate that the more agricultural residues are collected, the more
energy can be produced by both methods considered. However, combustion produces
significantly more energy than anaerobic digestion, especially as heat. This highlights that
dry, lignocellulosic materials, such as straw, are well-suited for thermochemical processes.
The results also suggest that it may make sense to use multiple conversion methods in

parallel to exploit the energy potential of agriculture, rather than focusing on a single option.

The results show that doubling the collection rate will increase energy production almost
linearly for both biogas and combustion technology. At the same time, increased energy
production increases the amount of organic matter and nutrients leaving the soil,
underscoring the importance of recovering digestate, especially in the theoretical maximum

scenario.

5.5.3 Nutrient Potential

Figures 11-13 illustrate how increasing residue collection changes the distribution of
nutrients between field retention and nutrient recovery through digestate. As residue
utilization increases from the baseline scenario to the theoretical maximum scenario, a
greater proportion of nutrients is directed to anaerobic digestion and subsequently recovered
in digestate. At the same time, the amount of nutrients remaining in the field decreases.
Although nutrient quantities remaining in the field residues decrease across scenarios,
nutrient recovery through digestate simultaneously increases. This demonstrates the
potential of anaerobic digestion to support circular nutrient management alongside energy
production. However, nutrient recovery through digestate does not fully replace the organic

matter and carbon inputs associated with residue retention in the field.
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Figure 11. Nitrogen (N) retention and recovery across scenarios.
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Figure 12. Phosphorus (P) retention and recovery across scenarios.



70

Theoretical Maximum
25300

Realistic

38100

324

Baseline
45200

0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Potassium [t/a]

B Recovered through digestate M Retained in field

Figure 13. Potassium (K) retention and recovery across scenarios.

As shown in Figure 11, nitrogen exhibits the clearest shift from field retention to nutrient
recovery via digestate from anaerobic digestion, reflecting the strong connection between
residue collection and nutrient circulation. However, the smaller contribution to nutrient
circulation happens with phosphorus, as Figure 12 shows. Even as the amount of residue
remaining in the field or in the digestate increases, the amount of phosphorus remains the
lowest. Among the three nutrients, potassium shows the highest quantities both in field

retention and nutrient recovery through digestate (Figure 13).

In all scenarios, increased residue utilization altered nutrient flows within the agricultural
system instead of removing nutrients entirely. Higher extraction rates reduced nutrient
retention in the soil, although some of the removed nutrients could be returned through
digestate after anaerobic digestion. The comparison between scenarios showed that greater
residue recovery may also reduce the amount of nutrients and organic matter remaining in
the field. Therefore, increasing residue utilization should be considered together with

maintaining nutrient availability and long-term soil fertility.

The increasing share of combustion in the utilization methods has a significant impact on

nutrient removal from agricultural soils. Unlike anaerobic digestion, where most of the
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nutrients are retained in the digestion residue and can be returned to fields, the nutrients are
mainly permanently lost in combustion. In particular, nitrogen is almost completely lost, and
the potential to recover other nutrients is also limited, as only some can be recovered through
ash. Therefore, the high energy produced in the realistic and theoretical maximum scenarios
indicates greater nutrient removal. This highlights a clear compromise: maximizing energy
production reduces the amount of soil organic matter and nutrients that return to the soil,

which can reduce soil fertility over time.
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6 Discussion and Recommendations

The results of this study show that agricultural plant-based residues in Finland constitute a
significant, but so far underutilized resource for renewable energy production through both
anaerobic digestion and combustion. In all scenarios examined, increasing the collection rate
increased both methane production and overall energy potential. At the same time, higher
removal reduced the amount of nutrients remaining in the field, highlighting the clear
contradiction between maximizing energy recovery, nutrient cycling and maintaining soil
functions. The results highlight the need to balance residue recovery with long-term soil

sustainability.

Previous research on the technical potential of field biomass has been limited, especially
with observations to scenario-based review of plant-based by-products and wastes. Although
the production potential of biogas has been assessed in several studies, there are only a few
detailed plant-specific estimates of the energy and nutrient potential of field biomasses. As
a result, this study complements existing research and provides more detailed information

on the potential for biomass utilization.

Of the selected residue streams, cereal straw had the greatest energy potential, attributable
to its high availability relative to the other residues. Both anaerobic digestion and
combustion significantly increased recoverable energy, but the results of the methods
differed. Anaerobic digestion enabled the recovery of both energy and nutrients from the
digestate, while combustion produced greater total energy, primarily as heat. This suggests
that choosing a suitable treatment method may be as important as increasing the collection
rate. This is supported by previous suggestions from Riikonen et al. (2025), who argue that
cereal straw is more suitable for combustion due to its lignin and fiber content, which reduces

its methane production potential (Riikonen et al. 2025, 9).

The results of this study are broadly consistent with previous research highlighting
agricultural residues as an underutilized resource for renewable energy production and
nutrient recovery. Winquist et al. (2023) suggested that underutilized residues, including
straw, grass, and other crops, could contribute to biogas and recycled fertilizer production.

The estimates in the same study indicated that domestic biogas production from agricultural
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biomass could theoretically cover almost the entire agricultural demand in Finland, which

was 9.3 TWh in 2020. (Winquist et al. 2023, 8.)

The biogas and nutrient potentials estimated in this study could constitute a significant
addition to Finland’s current bioenergy and nutrient cycle. Statistics Finland (2026) reports
that biogas production across all sectors in Finland in 2024 totaled 0.9 TWh. In comparison,
farm-scale biogas facilities in Finland produced 58 GWh of biogas during 2024. (Statistics
Finland 2026.) However, it should be noted that several different inputs, such as manure and
other agricultural side streams, are used in practical biogas plants. Therefore, the biogas
potential of agricultural residues assessed in this study could significantly increase the total
biogas production in Finland. In the realistic scenario, the estimated biogas production
represents a significant share of the current 0.9 TWh of production. Virolainen-Hynni
(2024) has estimated that biogas and biomethane production could reach 3 TWh in 2030 and
5 TWhin 2035 (SBB 2024, 20). This suggests that the theoretical maximum potential could
reach or exceed the estimated 4-5 TWh targets for 2030-2035 if all the possible side streams
were utilized. This indicates that plant-based agricultural residues play a clear role in

increasing Finland’s energy self-sufficiency and biogas production.

In addition to heat and electricity generation, biogas from agricultural residues offers
opportunities for biomethane production and use as a transport fuel. According to the
Ministry of Agriculture and Forestry of Finland (MMM), expanding recovery routes may
increase the total value and flexibility of agricultural biomass originating in Finland. In
addition to technical and logistical factors, policy guidance and investment incentives
influence the extent to which biogas production from agricultural residues can be
implemented. (MMM n.d.) This highlights the need to consider biogas production as part of

a broader package of renewable energy and agricultural side streams.

Beyond traditional biogas and energy production, Siipola et al. (2025) state that Finnish
agricultural residues can be used to produce technically competitive biocarbons and
activated carbons, thereby expanding their current utilization. In addition, agricultural-based
biocarbons can serve as an alternative to fossil-based carbon materials in areas such as
energy storage, water purification, and biocomposites. This significantly expands the
potential of agricultural residues and shows that they can also be used to produce high-grade

materials, not just for energy production or soil improvement. (Siipola et al. 2025, 14, 23.)
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The results of this study support this view by showing that the higher collection potential of

agricultural residues could expand their potential use in new carbon-based applications.

Salo et al. (2025) also indicated that other emerging processing opportunities complement
biochar production. The report highlights newer technologies such as hydrothermal
carbonization (HTC), gasification, and the production of bio-based chemicals as alternatives
suitable for agricultural residues. The advantage of these methods is the ability to produce
higher-grade products, such as bio-oils, synthesis gas, organic acids, and other biochemicals,
that can replace fossil raw materials in industry. According to the study, the development of
technologies is still in its early stages, but their potential is significant, especially when
residues can be combined into larger regional feed streams. (Salo et al. 2025, 10-12.) The
assessed residue and energy potentials in this study indicate that Finland already has a

regionally available raw material base that could support the emerging processes mentioned.

Salo et al. (2025) also indicated that biochar and bio-based carbon materials have significant
market and development potential in Finland, particularly regarding agricultural residues.
The study also indicated that higher-grade products, such as activated carbon, could replace
fossil-based carbon materials in industries such as battery manufacturing. Therefore,
national market developments could support the view that the potential for the utilization of
agricultural residues is expanding towards higher-value-added applications. (Salo et al.
2025, 9, 25.) The results of this study highlight the need to target the use of residues in a
sustainable and resource-efficient manner, which is also essential when the goal is to develop

the high-value carbon materials market.

The increase in the utilization rate of agricultural residues affected nutrient distribution
across different scenarios. Higher removal reduced the amount of nutrients remaining in the
field, while anaerobic digestion enabled a partial nutrient cycle through digestate. However,
nutrient recovery should not be interpreted as a complete replacement for the agronomic
activities provided by residues left in the field. Residues are an important part of soil organic
matter formation and the carbon cycle, which is why removal also affects the long-term
functionality of the soil. Therefore, increasing the utilization of residues requires accounting
for both the nutrient cycle and soil sustainability. Laurila & Saarinen (2021) stated that
certain residue flows, such as undersown crops and catch crops, and tops, have a significant
impact on soil carbon storage. If these fractions are used for energy production without

returning the biomass to the field, carbon storage may be reduced compared to normal
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processing. However, the loss of carbon storage caused by removing tops can be

compensated for by using crop rotation. (Laurila & Saarinen 2021, 15.)

The results of this study suggest that field residues contain a significant amount of nitrogen
and potassium, which can supplement the supply of recycled nutrients. According to SBB &
ProAgria (2025), the use of recycled fertilizers offers not only nutrient cycling benefits but
also climate benefits, as the manufacturing process results in lower GHG emissions than the
production of mineral fertilizers. Organic fertilizers return carbon to the soil and can offset
annual carbon losses, thereby supporting soil health and nutrient absorption. (SBB &
ProAgria 2025, 70-71.) This supports the observation of this study that the utilization of
field residues in the form of digestate can produce both nutrients and climate benefits at the

same time.

Based on this study, the utilization of agricultural residues in Finland is limited by practical
implementation challenges rather than technical factors. Although the technical potential is
significant, the actual utilization depends on collection logistics, regional differences,
economic profitability and the current practices. Therefore, future solutions should place the
emphasis on rational use of resources and viable operating models in practice. This is
especially important in Finland, where residues are scattered and weather conditions affect
collection and storage. In practice, it places greater focus on residues where generation is

high and that do not have a strong current use, as their utilization is most likely to be feasible.

The potential for utilizing agricultural residues can also be increased by examining fractions
not included in this study due to limited data. These include, for example, spoiled fodder and
other underutilized side streams. Therefore, the potential for utilization may be higher than
the estimates in this study. Riikonen et al. (2025) have estimated that approximately 3.26%
of Finland's annual silage crop production will be spoiled or go unused due to weather and
storage (Riikonen et al. 2025, 8). However, it should be noted that the utilization of
additional side streams requires the feasibility of their collection and an assessment of

potential competing uses.

Punttila et al. (2021) highlighted that the availability of agricultural residues is influenced
by a number of practical factors, such as weather conditions, timing of collection, storage
needs and variation in quality. These factors can reduce the security of the residue supply

and thereby limit its use in energy production. Therefore, efficient collection systems, careful
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logistics planning, and coordination among different operators are key to improving the
availability and utilization of residues. (Punttila et al. 2021, 44-45.) These findings also
support the findings in this study that the fragmentation and annual variation of residues

form significant practical challenges.

Although cereal straw had the highest energy potential in this study, its practical availability
may differ from theoretical estimates. In agricultural systems, straw is already used for
several purposes, including soil management, bedding, and other agricultural uses. Laurila
& Saarinen (2014) have stated that Finland does not have the same established straw market
as many other European countries, such as Denmark. In addition, residue utilization
decisions are affected by nutrient concentrations, collection costs and market conditions.
(Laurila & Saarinen 2014, 3.) Therefore, increasing residue collection rates may require
financial incentives as well as consideration of competing uses to make straw and other side

streams genuinely attractive to farmers.

Additionally, the willingness of farmers to participate is a key factor in residue collection.
The collection of residues requires additional work, the use of machinery and changes to
established practices, which can reduce participation rate without adequate incentives. In
addition, storage capacity and the storage life of residues limit practical implementation,
especially when collection occurs over a short period and in large quantities. Therefore,
technological progress alone will not be enough to increase the utilization of residues unless
it is supported by effective collection practices, adequate storage and financial incentives for
farmers. This highlights the need to consider the utilization of residues as a whole, where

technical solutions, logistics, and farmers’ motivation are closely linked.

There were several uncertainties associated with this study that should be taken into account
when interpreting the results. Biomass quantities are based on crop statistics and RPR
coefficients, and the variation between years and regions may affect the estimated potential.
The methane production potentials and nutrient concentrations derived from the literature
also contain variation, which is reflected in the calculated energy and nutrient potentials.
There is uncertainty about the collection rate because technical, financial and logistical
constraints can reduce the achievable potential. In addition, maintaining soil organic matter
limits the share of field biomass that can be sustainably harvested. For these reasons, the
results should be viewed as indicative estimates of the potential magnitude, not the exact

amount to be realized.
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Overall, the results of this study show that the utilization of agricultural residues in Finland
requires a balance of technical potential, soil sustainability, and practical feasibility.
Scenario analysis highlighted a clear contradiction between energy recovery and nutrient
cycling, and a comparison of the literature confirmed that this challenge has also been widely
identified in previous studies. At the same time, practical constraints such as scattered
residues, weather conditions, logistics and the willingness of farmers to participate proved
to be key factors determining the extent to which technical potential can be turned into actual
production. Based on these findings, the sustainable utilization of regional conditions and

operators’ motivation are intertwined.
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7 Conclusions

The objective of this study was to assess the technical potential of the plant-based
agricultural wastes and by-products of Finnish agriculture in the production of biogas,
energy and nutrients. The study achieved its goals well, the residue volumes, methane
potentials and nutrient contents of biomasses could be determined comprehensively, and the
scenarios highlighted how the collection rate affects the achievable potential. The results
show that field biomass plays a significant but so far underutilized role in strengthening

Finland’s energy and nutrient self-sufficiency.

In a broader perspective, the study shows that plant-based residues can be a significant
addition to Finnish biogas production. The biogas potential achieved in the realistic scenario
corresponds to a significant share of the total current production potential and the theoretical
maximum is approaching the national target. This reinforces the findings of previous studies
that agricultural biomasses are a central and underutilized resource. In terms of nutrient
potential, the study shows that nitrogen and potassium in biomasses can complement the
supply of recycled nutrients and reduce dependence on imported fertilizers. This is especially
significant in a situation where Finland’s nitrogen supply is almost entirely based on imports.
The results support national circular economy and climate targets and show that field

biomasses can be part of the solution to improving nutrient cycle efficiency.

In the future, research should be extended to economic reviews, regional optimization
models, and soil impact assessments. In addition, it would be necessary to study how the
collection of the field biomass can be combined with agricultural carbon sequestration

targets and how regional biogas plants can make cost-effective use of side streams.
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