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Objective of this master’s thesis is to calculate the carbon sequestration potential of willow
biochar produced on marginal lands in the Häme region. The objective is reached by defining
the amount of marginal lands available in the region and calculating global warming potential of willow biochar life cycle. Cradle-to-grave life cycle assessment is used for calculating
the GWP100. According the assessment the GWP100 is -1 875 kgCO2eq/ 1 000 kg of dry
biochar. Most of the carbon sequestrated was the result of adding the biochar into soil, but
the waste heat from the pyrolysis directed to district heating (-527 kgCO2eq) had also great
effect. Biggest emitter of the life cycle was willow cultivation phase, 212 kgCO2eq. Marginal
lands were obtained from the assessment done by forestry organization Tapio, which assessed the amount of field land outside of agricultural use and former peat production sites.
In the Häme region the total amount of marginal lands is 4 261 ha, with 40 ha of this being
cutaway peatland. With all the marginal land available the carbon sequestration potential of
willow biochar in the region is -17 968 tCO2eq/a. When this is compared to total CO2 emission of the agriculture sector on the region, 5 % of the emissions could be compensated. This
result varies depending on stability of the biochar and how well the waste heat from the
pyrolysis can be utilized. In this study the emissions from the land use changes were not
considered which might affect the results a little bit. Also, the other benefits from the biochar
application such as decreased need for fertilizer and reduced emissions from soil were not
considered. For further research the costs of biochar production and willow farming should
be assessed, since convincing farmers for willow biochar production is not just a question of
climate change mitigation but also potential mean for diversifying income and increasing
livelihood.
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1

INTRODUCTION

Year 2019 ended the warmest decade ever recorded while being second warmest year on
record. Also, the carbon dioxide (CO2) -level reached new heights in the same year. Due to
economic slowdowns and travel bans caused by COVID-19 there are predictions for 6 per
cent drop in greenhouse gas emissions (GHG) in 2020. However, this little drop won’t pause
climate change and emission levels are expected to return to higher levels. (United Nations,
2020.) In Paris Agreement ambitious goal of keeping temperature rise in 1,5 ℃ from preindustrial levels is set (UN Climate Change, 2020). Current level of warming is approximately on 1 ℃ and the goal of 1,5 ℃ is likely to be reached between 2030 and 2052 if
current rate of increase continues (Masson-Delmotte et al., 2018, 4).
Reaching the target to keep temperature rise at 1,5 ℃ requires appropriate financial flows,
new technology framework and enhanced capacity building framework (UN Climate
Change, 2020). One of the possible tools of limiting temperature rise and CO2-levels is Carbon Dioxide Removal (CDR) and negative emission technologies. CDR can be achieved by
two ways: using chemical processes to capture CO2 and storing it elsewhere or increasing
carbon sinks such as forests. Achieving temperature reduction requires that the reducing of
atmospheric CO2 is greater than the amount of CO2 entering the atmosphere. This can be
described as negative emissions. In this study process steps of growing and converting willow biomass to biochar which is then stored in soil is examined. With Life Cycle Assessment
(LCA) approach the amount of captured carbon and of total negative emissions from the
whole lifecycle of willow biochar is calculated. Defining the amount of marginal lands in
the Häme region gives us a total CDR potential of willow biochar in the region. Marginal
lands are chosen for willow cultivation sites as they do not compete with food crop production.

Biochar could also offer other benefits than just carbon sequestration. When biomass is converted into biochar, noticeable amounts of by-products such as bio-oil, syngas and heat are
produced. For example, these by-products can be then used as source of renewable energy.
The main product, biochar, can be used as soil conditioner as it can improve soil properties
while storing carbon for a long time. (Stensson, 2018, 11–12.) Adding biochar to livestock
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feed could also lead to health benefits by reducing the needed amount of antibiotics, fewer
cases of illness and higher quality of cow. These benefits cumulate throughout the lifecycle
of biochar. (Jawad, 2018, 15.) Based on these benefits a possible business model can be built
upon if there is a suitable cultivation place and feedstock for biochar.

1.1 Background
Climate change is a global problem that affect people, ecosystems and livelihoods all around
the world. It causes challenges on all dimensions of sustainability. (Masson-Delmotte et al.,
2018, V.) Temperature increasement could lead to droughts and precipitation deficits on
some regions and heavy precipitation on other regions. Both cases being problematic for
farming and food production. Raising temperature also affects crop yields. Decrease in crop
yields are predicted to take place particularly in Sub-Saharan Africa, Southeast Asia and
Central and South America with crops such as maize, rice, wheat and possibly other cereal
crops. Changes in feed quality, spread of diseases and water resource availability also affect
livestock unfavourably. Economic growth is also at risk. Largest impacts on economic
growth are predicted to be experienced in the countries in the tropic and Southern Hemisphere subtropics. (Masson-Delmotte et al., 2018, 7–9.)

In years 2007–2016 23 % of total anthropogenic greenhouse gas emissions was estimated to
originate from Agriculture, Forestry and Other Land Use (IPCC, 2019, 4). The sector has
great potential for decreasing carbon emissions and pursuing sustainable farming. One of the
possible ways for decreasing total emissions is creating new carbon sinks, which is studied
in this master’s thesis. By creating business around these new sinks other problems of agricultural sector can be tackled too. Carbon sink business enables diversification of farmers’
incomes and increased livelihood. Which further decreases vulnerability of food production
and increases food security. Creating new carbon sinks to agriculture makes the sector more
sustainable and these actions go hand in hand with some of the United Nations’ Sustainable
Development Goals (SDG), especially with SDG 2: Zero hunger, SDG 8 Decent work and
economic growth, SDG 12: responsible consumption and production, SDG 13 climate action
(United Nations, 2020b).
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In this master’s thesis focus is assessing potential for creating carbon sinks in Häme region
in Finland, where effects of climate change are not as severe as in southern countries. At
first Finnish agriculture sector might benefit from climate change due to prolonged growing
season, move of cultivation limits northwards and profitability increasement from growing
CO2 levels. Possibility of growing new crops like corn might also come profitable. However,
sharply increasing temperature might turn disadvantage over time even in Finland. Costs of
pest control are likely to raise. Warming can cause problems to seed production. In addition,
growth might be limited by the location of rainfall and low fertility of soil. Changes in natural
conditions require choosing and breeding new cultivars. Investments and other changes to
practices are required for exploitation of rising temperatures and other benefits. (SYKE,
2020.) Summarized, in short term Finland’s agriculture sector might benefit from climate
change, but in long term disadvantages might grow bigger than the advantages. That’s why
mitigating climate change is also important in northern countries like Finland. And by working locally, global benefits are also gained.

1.2 Previous studies
There are multiple LCA studies on biochar climate impacts with varying feedstocks and
regions. Usual result of the studies is that biochar in its lifecycle binds more carbon than
releases. Tisserant and Cherubini (2019) have conducted a quantitative review of LCA studies of biochar systems. The study revised 34 LCAs and in these studies the results range
from net emissions of 0,04 tCO2eq to net reduction of 1,67 tCO2eq per tonne of feedstock.
Wide range of values was result of different assumption and feedstocks used in the revised
studies. (Tisserant and Cherubini, 2019, 1, 15.) In this study the results are calculated per
ton of biochar and not per ton of feedstock, therefore results given by Tisserant and
Cherubini (2019) do not give precise prediction for the result of this study. One of the revised
studies was an LCA study by Hammond et al. (2011) where carbon abatement of 2,1–3,9
tCO2eq per tonne of biochar was achieved. In the study feedstocks assessed were different
straws, woody residues and other grown woody biomasses. Best carbon abatement was
reached with woody feedstocks. By-products of the pyrolysis were used in electricity generation which accounted significantly for carbon abatement. (Hammond et al., 2011, 5–6.)
Another study also revised in Tisserant and Cherubini (2019) is case study by Hamedani et
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al. (2019) in which biochar production from willow and pig manure is assessed. Especially
the result for willow biochar is interesting as it is also studied in this master’s thesis. According to the study willow biochar reduces GHG emissions 2,2 tCO2eq per tonne of biochar
(Hamedani et al., 2019, 9). There is also recently published master’s thesis by Forsström
(2019) in which global warming potential of willow biochar was calculated. Result of study
was carbon abatement of 1,1 kgCO2eq/kg of dry biochar (Forsström, 2019, 53). Based on
the studies revised above, the hypothesis of this work is that producing biochar from willow
binds more carbon during its lifetime than releases it, expected carbon sequestration potential being in the range 1,1–3,9 tCO2eq per tonne of biochar.

1.3 Objectives and limitations
Goal of this master’s thesis is to calculate the carbon sequestration potential of willow biochar produced on marginal lands in the Häme region. This goal can be divided to two parts.
In first part definition for the marginal lands is sought from the literature. Next the possible
land types which are suitable for willow cultivation and fit the definition of marginal land
are sought. Next the amount of these lands in the Häme region is calculated through various
sources and location of them is presented in the map.

In the second part of the goal the carbon sequestration potential of biochar is defined with
life cycle assessment. In the assessment the focus is on greenhouse gas emissions even
though biochar life cycle does have also other impacts on environment such as eutrophication and air pollutants. Due to different global warming potentials (GWP) of different greenhouse gases, the results are calculated and expressed as CO2-equivalents. With LCA the potential GHG-emission hotspots in the biochar life cycle can be also recognized. With the
results from LCA and the amount of marginal lands, the carbon sequestration potential of
willow biochar in the Häme region can be calculated.

There are certain limitations in this study which might affect the results. Knowledge of the
carbon stability in the ground is still quite uncertain and requires more research. Values vary
greatly and the stability affects the carbon sequestration potential. In this study there is no
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means to calculate the potential of marginal lands in Häme region, therefore results are depended on the values found in statistics. The literature values focus on the certain types of
lands, which means that full potential might not be recognized. On the other hand, all land
in the statistics might not be suitable for willow cultivation. Land use change emissions are
not considered in this study. On one hand emissions might increase when land is used for
willow cultivation and on the other hand willow might increase carbon in the ground by
growing roots. Lastly, biochar effects on soil emissions and other possible benefits are not
considered in the LCA.
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2

BIOCHAR

In this chapter main properties of biochar are presented. After that different production methods and their char yields are compared. Next the effect of different feedstocks on the properties of the end product is presented. Finally, the carbon storage with biochar and other end
use possibilities are discussed.

2.1 Biochar properties
According to the European Biochar Certificate EBC (2012) biochar is heterogeneous substance rich in aromatic carbon and minerals. It is produced from sustainably obtained biomass with pyrolysis in controlled conditions and with clean technology. Biochar can be used
for any purposes that does not involve its rapid mineralization to CO2. In this sense products
from torrefaction, hydrothermal carbonisation and coke production cannot be called biochar
even though they are carbonisation processes as their main purpose is to produce fuel. (EBC,
2012, 7.)

Main characteristics of biochar are low density, large surface area and high porosity (Jawad,
2018, 3). Due to high porosity and large surface are, biochar has great adsorption capacity.
Amphiphilic surface of biochar which has both positive and negative charge allows it adsorb
both cations and anions. (Stensson, 2018, 72.) Chemical structure consists of aromatically
arranged carbon atoms and minerals, however there is no specifically defined chemical structure. Carbon content varies in the range 5–95 % of the dry mass. The structure effects greatly
the stability of the biochar. If biochar is composed of condensed aromatics it tends to be
more stable than biochar with single-ring aromatics. This implies that hydrogen and oxygen
ratio is a determining factor when assessing stability of biochar. (Jawad, 2018, 3–4.)

EBC has set certain criteria for biochar feedstock. These ensure that that only plant biomasses are used for biochar production. Also, the amount of non-organic substances, toxic
impurities, plastics and rubber in feedstock is limited. For growing it must be ensured that
biomass is grown in sustainable manner and soil organic carbon is preserved. Forest wood
can be used if the sustainable management is proven by PEFC or FSC certificates or by

14

comparable regional standards or laws. Any mineral additives in biochar such as ashes and
rock flour should be declared and if those additives are added in excess of 10 %, written
approval from EBC is required. Records of the used additives and biomasses should kept
and archived at least five years. There are also certain requirements for biochar and pyrolysis
properties as well as instructions for correct sampling and work safety and health issues.
(EBC, 2012, 11.) However, these are not discussed in detail in this study as it assumed that
biochar produced from willow grown on marginal land fulfills EBC standards.

2.2 Biochar production
Biochar can be produced with thermo-chemical decomposition process called pyrolysis. In
the process organic material is heated in the absence of oxygen. Other products of the process
are liquid and gas fractions, which proportion vary depending on process conditions. Pyrolysis can be further divided in to two classes: slow and fast pyrolysis. Biochar can be also
produced by gasification, but the char yields are much smaller when compared to pyrolysis.
(Brownsort, 2009, 2–3 .) Comparison of these processes is presented in the Table 1.

Table 1. Comparison of process conditions and yields of slow and pyrolysis and gasification (Tisserant and
Cherubini, 2019, 10)

Slow pyrolysis
Pyrolysis temperature [℃]
250–750
Heating rate [℃/s]
0,1–1
Feedstock particle size [mm]
5–50
Solid residence time
450–500 s up to days
Vapor residence time
5–30 min
Biochar yield [%]
45–20
Bio-oil yield [%]
40–50
Syngas yield [%]
10–25

Fast pyrolysis
550–1 000
10–200
≤1
0,5–10 s
~1 s
5–30
50–75
5–35

Gasification
≥500
5–100
0,2–10
≥1 h
10–20 s
~5
~10
~85

From these three techniques slow pyrolysis has the highest char yield. Main characteristics
are slower heating rates, lower temperatures and longer vapor and solid residence times
when compared to fast pyrolysis. Temperature is typically at 400 ℃. In the process bio-oil
and syngas are also formed quite significant amounts, but these are not always recovered.
(Brownsort, 2009, 3.) Increasing the temperature decreases the biochar yield but increases
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the carbon content and the amount of recalcitrance carbon. (Tisserant and Cherubini, 2019,
10).

In fast pyrolysis heating rates are higher and vapour residence times shorter than in slow
pyrolysis. More feedstock preparation is needed as feedstock should be in small particles.
Also, the design of the process should allow vapours to be removed quickly. Utilized reactor
configurations are fluidized beds, stirred or moving beds, ablative systems and vacuum pyrolysis systems. (Brownsort, 2009, 3.)

From the thermo-chemical conversion technologies, gasification has the lowest char yield.
The main product of the process is syngas even though in certain conditions they can produce
reasonable amount of char. In gasification part of the biomass is combusted in a gas flow
with a controlled level of oxygen. Temperature is typically at the range 500–800 ℃.
(Brownsort, 2009, 5.) Due to lower biochar yields fast pyrolysis and gasification are more
suited for energy recovery purposes. These processes also require more feedstock pre-treatment which causes additional costs. (Tisserant and Cherubini, 2019, 10.)

2.3 Biochar feedstocks
Biochar can be produced from many types of feedstocks, which have different impacts on
biochar composition and effects on soils. Higher carbon contents in biochar are achieved
from lignocellulosic biomass. (Tisserant and Cherubini, 2019, 9.) Composition of biomass
is usually formed by three main groups of natural polymeric materials: cellulose, lignin and
hemicellulose. There is also some extractives and minerals. (Brownsort, 2009, 5.) Especially
in woody materials there are less extractives and more lignin than in leafy and herbaceous
feedstocks, which means they are richer in carbon. Furthermore, higher levels of lignin increase aromatization and larger aromatic clusters, which indicates biochar’s longer stability
and recalcitrance in soils. (Tisserant and Cherubini, 2019, 9) In pyrolysis some of the lignin
decomposes also to gas and liquid products. Cellulose and hemicellulose as well as extractives primarily decompose to gas and liquid. Feedstock’s minerals usually stay with char
products in which they are termed as ash. (Brownsort, 2009, 5) Decomposition of different
components of biomass is presented in Figure 1.

16

Figure 1. General composition of biomass feedstock and its decomposition to pyrolysis products (Brownsort,
2009, 5)

Biochar can be also produced from organic waste products such as sewage sludge, manure
or food wastes. On one hand these feedstocks contain less carbon, but on the other hand they
are richer in nutrients (N, P and K), which increases their attractiveness for agricultural purposes. However, there is higher change that biochar produced from these feedstocks contain
toxic compounds, heavy metals or other harmful substances that might affect plant growth
and soils negatively. (Tisserant and Cherubini, 2019, 9.)

It should also be considered where the feedstocks are supplied from as there might be some
side effects included. Best supply for biochar production could be achieved by cultivating
dedicated crops. However, using arable land for biomass cultivation can lead to increased
competition for land, increases food insecurity, decrease biodiversity and other negative impacts from fertilizer and pesticide use. Marginal lands or abandoned croplands have been
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quite intriguing option for biochar feedstock cultivation as it doesn’t compete with food production and utilizing them could increase organic carbon in soils and other benefits to ecosystems. (Tisserant and Cherubini, 2019, 9–10.)

There are also various amounts of different residues that could be used for biochar production. For example, crop and forest residues could be used for production as there is no major
negative impacts in their utilization. These types of feedstock are however limited by their
availability and there is also some competition for their use. Residues can be used for energy
production or as an animal feed. Extracting forest and crop residues could reduce soil carbon,
nutrient recycling and soil integrity. However, removing residues prevents emissions from
decomposition of organic matter. Using manure as biochar feedstock could enable recycling
of nutrients back to agricultural land. At the same time, emissions that are associated with
composting and land spreading of manure could be avoided. (Tisserant and Cherubini, 2019,
9.)

2.4 Carbon Storage with biochar
Pyrolysis transforms fast degrading carbon compounds of the biomass into more stable structures which are more resistant to degradation. This way carbon is transferred to slower carbon cycle and is not circulated back into atmosphere as fast. However, the length of carbon
stability in soils is quite uncertain and there is large variation found in the literature. The
stability ultimately affects the carbon sequestration potential, therefore reliable estimate
would be important. (Söderqvist, 2019, 2.) Estimated range of residence time under field
range from 6 to 5 448 years (Tisserant and Cherubini, 2019 11).

Decomposition rate of biochar is modelled with 2-pool model in which carbon is divided
into labile pool in which carbon degrades quickly and stable pool or so-called recalcitrant
fraction. According to Söderqvist (2019) best available method to indicate stability of biochar is hydrogen to organic carbon (H/Corg) -ratio (Söderqvist, 2019, 12, 29.) According to
multiple studies lower H/Corg ratio is linked to higher degree of aromatic condensation of
biochar, which improves carbon stability. Other factors affecting carbon stability are pyrolysis time and temperature. Pyrolysis reaction times over 3 h and temperatures over 400℃
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seem to be lowering decomposition rate of biochar and producing more stable product.
(Tisserant and Cherubini, 2019, 11.)

Soil properties can also affect the biochar stability. Lowering pH and moisture of soils seem
to lower degradation rate of biochar. Increasing pH from 5 to 6 increased decomposition rate
by 272 % (Chao et al., 2018, 4). Increasing water content of soil from 40 % to 70 % increased
composition rate by 200 %. Soil temperature can also have effect on stability as 20 ℃ increase can increase decomposition rate by 52 %. Increasing the C/N ratio of soil can decrease
decomposition rate. Certain minerals in soil can increase the recalcitrance of biochar as well
as higher clay content. However, there isn’t much research yet on soil mineralogy effect on
biochar stability. (Tisserant and Cherubini, 2019, 11.)

In addition of climate benefits gained from carbon storage, biochar can have effects on soils
which have both negative and positive impacts on climate. Biochar can stabilize native soil
organic carbon (SOC) by absorbing SOC on its surface (DeCiucies et al., 2018, 11). Biochar
could also increase soil inorganic carbon (SIC), but that is not yet widely studied. There are
also reports about increased microbial biomass and improved root traits after biochar have
been applied in soils. This implies and that biochar increases also the amounts of non-charcoal carbon in soils. Carbon in biochar can also release CO2 outside of the field as biochar
can release dissolved organic carbon (DOC) when leached out and transported to freshwater
systems. Part of this leached DOC might be then oxidized to CO2. However, further studies
are required to quantify and asses leached DOC from biochar. (Tisserant and Cherubini,
2019, 12.) In this study impacts of biochar on SIC, SOC and DOC are not considered.

2.5 Other end uses of biochar
When biochar is stored in soils additional benefits can be gained along with the carbon sequestration. There has been reports about crop yield improvements when biochar has been
applied in acidic and highly weathered tropical field soils, but there is also some data about
biochar effects on fertility in temperate soils. (Major, 2010, 5.) In field experiment conducted
in Finland by Brandstaka et al. (2010) both negative and positive impacts were indicated in
the crop yields. In damaged soils impacts on soil fertility seemed promising. (Brandstaka et
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al., 2010, 18.) In literature review conducted by Stensson (2018) from 20 studies 60 % reported overall neutral effects, 3 % positive effect and 0 % negative effects on crop yield.
Soils with limited resources seemed to benefit from biochar application. Also aging of biochar seemed to have positive effect on soil improvement. Even though biochar effects on
crop yields seem quite uncertain and case specific other advantages can still be gained. Biochar ability to retain nutrients can reduce the need for fertilizers and therefore reduce costs.
(Stensson, 2018, 25, 43–45.)

Alternative option for direct soil application for biochar is to use it as manure or livestock
feed additive. During this life cycle biochar is fed to the livestock in the feed. From there
biochar goes through animal gut into the manure which is then composted. Biochar is then
applied in the field with the compost product. Thus, cumulative benefits are gained throughout the life cycle. In livestock feed biochar can reduce cases of illness, deaths and the need
for antibiotics. Also, biochar can result lower somatic cell count in milk which means higher
quality cow milk. In manure biochar may reduce odours and NH3 emissions during composting. When applied in soils the benefits described in the previous paragraph can be still
achieved. (Jawad, 2018, 15.)

There are also some end use possibilities outside the agricultural sector. Biochar can be applied to soils in green spaces of the cities where it improves water holding capacity and
nutrient retention. Biochar could be also sold in private consumer markets for gardening
purposes. However, there might be risk that biochar is mistaken as a charcoal and used as
fuel and therefore no climate benefits are gained. To counter that biochar could be sold mixed
with soil. Lastly, biochar could be mixed in concrete to decrease carbon footprint of buildings. However, concretes effects on biochar stability is still unknown. When biochar is
mixed in concrete it is kept out from the stress of biotic factors that affect the stability in
soils, thus it can be assume that stability in concrete is at least as good as in soils. (Söderqvist,
2019, 8–9.) Possibility to replace activated carbon with biochar is also being studied. For
example, biochar could be used in filter materials instead of activated carbon. (Jawad, 2018,
5.)
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3

WILLOW AS BIOCHAR FEEDSTOCK

According to Pohjonen (2016) willow is one of the most promising plants for the circular
economy in Middle- and North-Europe. It is the most fastest growing and most high yielding
tree species in the region. By combining the most advanced methods of field crop cultivation
and forestry willow can be grown on marginal and peat lands. (Pohjonen, 2016, 3.) In this
chapter properties of willow are presented and after that carbon sequestration of willow
farms is discussed.

3.1 Willow properties
Willow is often cultivated with method called short rotation coppice (SRC). This means
intensive cultivation of fast-growing tree species to maximize biomass production using
short growing rotation. Plants used for this kind of cultivation should be able to sprout fast
and tolerate cutting. They should also be able to put down roots from wooden planting rods.
These kind of tree species are willow as well as aspen and alder. (Viholainen, 2017, 6.) In
addition to energy cultivation willow can be used for waste treatment and landscaping. Willow consumes a lot of water and tolerates and stores heavy metals. These properties allow
willow to be used to clean areas suffering from heavy metal loads as well as treatment of
waste sludge and runoff water. These kind of sights could be buffer zones near bodies of
water, landfills, factory districts, decommissioned gravel pits and so called root zone treatment systems. (Tahvanainen, 1995, 8.)
As willow absorbs lots of nutrient and water, some problems might occur if plantation isn’t
fertilized enough. This might lead to negative nutrient balance in soils after the cultivation
period, which hinders the later usage of the field. Willow plantation might have negative
impact also on water balance of the field. Therefore, it is not recommended to plant willow
on naturally dry areas. After willow cultivation period it is not certain when the field can be
used again in normal crop cultivation as the degradation of willow roots can take several
years. Condition of the underdrains of the field should also be checked after willow cultivation period as willow roots have tendency to block underdrains. (Viholainen, 2017, 14–15.)
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Most of the willow wood is cellulose (84 %), 6 % extractives and 10 % lignin. In bark there
is 16 % lignin, extractives 41 % and 43 % cellulose. Share of bark decreases over time and
after 4 years share of bark is only 13 %. From chemical composition willow is mainly carbon, oxygen, hydrogen, nitrogen, minerals and water. Average ash content is 1,7 %. Water
and ash are unburnable and thus hindrance for burning. Richness in carbon and hydrogen
means higher heating value and while oxygen and nitrogen lower heating value. Calorimetric
heating value of fully dried willow is approximately 19,5 MJ/kg. (Tahvanainen, 1995, 55.)

According to the web page of Finnish biochar producer Carbons willow is best raw material
for biochar production. Willow biochar has great pore structure of 200 m2/g. Pores increase
the active and functional area of biochar. It also binds water and nutrients. In absorption tests
willow biochar bound water 0,6 m3/300 kg of biochar in one day. In three days 0,9 m3 of
water was bound per 300 kg of biochar. Volume of 300 kg of biochar is approximately 1 m3.
(Carbons, 2020.)

3.2 Willow farming carbon sequestration
As fast-growing species willow photosynthesizes atmospheric CO2 rapidly. Approximately
half of dried willow biomass (trunk and branches) is carbon, values are in the range of
490 000–520 000 ppm. Carbon content of the roots is little bit lower but often average value
of 500 000 ppm is used for both. Growing willow plantation covers the ground during its
entire rotation and works as carbon sink until it’s cutdown. However, willow farms often
cultivate willow by different sections, each section being in the different phase of the rotation. Thus, when one section is cut down, other sections are still growing, therefore willow
farm is acting as a carbon sink continuously. In average half of the plantation is always
covered with vegetation. According to Swedish studies done in 21th century the size of carbon storage above ground of willow plantation after five years was eight ton of carbon per
hectare. (Pohjonen, 2016, 3, 9–11.)

Willow can also grow significant amount of biomass and thus carbon underground. With
short rotation coppice biomass grown underground is often faster than with longer rotation
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softwood. In studies done in Finland and Sweden share of underground biomass settled approximately to 25 % in peat land and in field land near 40 %. Therefore, amount of root
biomass seems to be depended on soils as well as species of the cultivated willow. Leaves
and fine roots (diameter less than 2 mm) can also have impact on the amount of carbon stored
in soils. Fine roots stay alive attached to the bigger roots from months to couple years until
they detach. Like leaves they turn to litter and humus and increase the carbon storage in
soils. If all the leaves, roots and fine roots are considered the annual growth of biomass and
carbon storage is approximately fifty-fifty between underground and overground. However,
it should be noted that humus and fine roots might degrade faster than larger roots and therefore the lifetime of the carbon storage isn’t equal. (Pohjonen, 2016, 14–16.)
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4

FARMING ON MARGINAL LANDS

In this chapter marginal lands are discussed. First the definition for these kinds of lands is
sought from literature. Next the land use emissions of these lands are shortly discussed. Finally, the amount of land that fits the definition marginal lands is calculated with the acquired
data.

4.1 Definition of marginal lands
To assess the amount of marginal land in the Häme region, the term must be defined first.
According to Mehmood et al., (2017, 2) term should be described according socio-economical context of the people and the purpose of utilization. Having the context in mind, marginal lands are lands which have poor quality and less economic benefits and are unsuitable
for food production. Reduced potential for profitable food production can be result of poor
soil properties, drought, bad quality underground water, undesired topology and unfavourable climatic conditions. Following types of land can be described as marginal lands: brownfields, previously contaminated lands or lands affected by diffused contamination, fallow
agricultural land due to unfavourable production conditions, degraded lands and landfills
that have been used for disposal of city waste. (Mehmood et al., 2017, 2.)

Marginal lands are interesting option for growing biomasses for energy and biochar as they
do not use precious cropland which is used for food production. Using cropland for producing biomass could lead towards higher food prices. If croplands are reduced due to biomass
cultivation the reduced land area must be obtained from somewhere else which usually
means deforestation. Therefore, when marginal lands are used for biomass production competition with food production is avoided as well as some environmental problems. Furthermore, it is believed that cultivation of biomasses on marginal lands can enhance biodiversity.
(Mehmood et al., 2017, 2.) On the other hand open field landscapes and semi-natural areas
are considered major maintainers of biodiversity in agricultural environments in Finland
(Ympäristöministeriö, 2015, 22).
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4.2 Land use emissions on marginal lands
Growing willow on marginal lands will most likely increase emissions from the land use.
Cultivations requires tractor-operations which emits GHGs. Furthermore, producing chemicals needed in the cultivation (fertilizers, pesticides) also release GHG-emissions. N2Oemissions from the fertilizer usage is the largest component of GHGs from biomass cultivation. (Mehmood et al., 2017, 15.) However, when looking the whole life cycle of biochar
produced from willow cultivated on marginal lands, the emissions from the land are most
likely compensated by the amount of carbon stored in the ground at the end of life cycle.

For peatlands, converting them to peat harvesting sites or for agricultural use turns them
from CO2-sink to source (Mäkiranta et al., 2007, 2). Soil decomposition rate is increased
from draining, which results as increased N2O and CO2 -emissions. Only emission emitted
from the wet soil is mainly methane, which is produced in the water saturated zone. However, upper oxic soil layers oxidize most of the methane into CO2. Drained peat lands emit
approximately 10 % of the Agriculture Forestry and Other Land Use (AFOLU) -emissions
globally. (Kasimir et al., 2018, 2.) To reduce these GHG emissions some approaches have
been studied. According to study by Kasimir et al., (2018) GHG emissions from the land
can be decreased by growing willow on it with groundwater at –20 cm level. However, best
solution for reducing emissions from the drained peat land was fully rewetting it. (Kasimir
et al., 2018, 1.) Rewetting the land could crop out any cultivation purposes and other additional benefits gained from cultivated products. In the case of willow, carbon sequestration
from biochar could compensate the emissions from the land.

4.3 Marginal lands in Häme region
Assessing the amount of marginal land in the Häme region started by looking different kind
of forest and agricultural lands that could fit the definition of marginal land. Most important
definition is that the land isn’t used in food production. Also, peatlands that were released
from the peat production were also assessed. Häme region is divided into two provinces:
Kanta-Häme and Päijät-Häme.
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In forest lands the interesting land type for willow cultivation was poorly productive forest
lands. As a forest land it is not used in food production and as a poorly productive there
could be incentive to make it more productive by cultivating willow on that land. However,
according the interview with Toivoniemi & Rantala (2020) growing willow on forest land
might not be tempting option. Willow cultivation sites require a quite flat ground for tractorbased operations and forest lands in several cases is uneven with hills and ditches. Shaping
and levelling the land is also quite expensive operation. Having the willow field near the
other forest lands can also increase moose damage in forest as willow tastes very well for
moose and can attract these animals. Furthermore, in some poorly productive forest can be
transformed to more productive by proper management. (Toivoniemi & Rantala, 2020.) Because of these reasons willow cultivation on forest land is not seen as worthwhile and forest
lands are excluded from this study.

When assessing the amount of marginal land in agricultural sector, the project from forestry
organization Tapio was found. In the project funded by Ministry of Agriculture and Forestry
of Finland Tapio was assessing idle areas that could be reforested. The assessment includes
field lands outside of agricultural usage and former peat production sites. From the assessment the following lands were excluded: forest lands, agricultural lands which are covered
by agricultural subsidies, areas in nature reserves and urban areas, yards, seashores, valuable
traditional biotopes and sites bordered by stream and lakes, located in nationally valuable
landscape areas. (Ministry of Agriculture and Forestry of Finland, 2020.) These types of
lands fit the marginal land definition rather nicely as they are not used in food production
and they have less economic benefits. Assessment with similar specifications was also found
from Finnish Forest Centre (Isoniemi, 2020). Results from Tapio are compared to these results.
In Tapio’s assessment idle lands were formed from Topographic Database from National
Land Survey of Finland (NLS) and from Corine Land Cover 2018-classifications. Amount
of former peat production sites were assessed from data produced by Finnish Forest Centre.
To exclude the land that is actively used in agriculture the field parcel register from Finnish
Food Authority was utilized. Only areas that have excluded from the register or base parcel
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which have not gotten area-based subsidies since 2014 were calculated into idle area potential. (Lumperoinen and Hämäläinen, 2020.) From the assessment the amount of idle land in
the two provinces in Häme were obtained. To get more precise information about idle areas
in municipality level, more data was asked through email. From the obtained data, Table 2
and Table 3 were formed. It is worth noting that the assessment done by Tapio doesn’t offer
exact results, but only estimates (Koistinen, 2020).

Table 2. Estimated amount of idle and former peat production sites in Kanta-Häme (Koistinen, 2020)

Kanta-Häme
1. Forssa
2. Hattula
3. Hausjärvi
4. Humppila
5. Hämeenlinna
6. Janakkala
7. Jokioinen
8. Loppi
9. Riihimäki
10. Tammela
11. Ypäjä
Total

Idle lands
[pcs.]
[ha]
110
182
65
160
92
144
33
54
425
656
108
199
51
57
213
360
53
126
142
228
72
105
1 364
2 271

Peat lands
[pcs.]
[ha]

Largest plot
[ha]

1
1

5
7

2

12

15
17
11
11
19
11
4
14
17
8
15
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According the data from Tapio’s assessment total area of idle land in Kanta-Häme province
is 2 271 ha and peat land 12 ha, totaling 2 283 ha. Amount of idle land plots is 1 364 which
means that average size of idle land plot is 1,66 ha and average size of peat land plot is 6 ha.
However, these are only averages and size of the plots can vary greatly on the region as the
values in the largest plot column implies. Largest plot of land available on the province is
19 ha. From the map picture can be seen that Hämeelinna has the largest amount of idle
areas, approximately 29 % of the total amount. This is due to large size of the municipality
of Hämeenlinna. Amount of idle land seems to be correlating with the size of the municipality. The larger the municipality the larger the amount of idle land available.

When compared to results from Finnish Forest Centre no significant differences are found
idle lands. Amount of idle lands in Finnish Forest Centre assessment is 2 211 ha which is 60
ha less than in assessment by Tapio. However, available peat lands potential in Forest Centre
assessment is more than threefold (39 ha) when compared to results from Tapio. (Isoniemi,
2020.)
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Table 3. Estimated amount of idle and former peat production sites in Päijät-Häme (Koistinen, 2020)

Päijät-Häme
1. Asikkala
2. Hartola
3. Heinola
4. Hollola
5. Kärkölä
6. Lahti
7. Orimattila
8. Padasjoki
9. Sysmä
Total

Idle lands
[pcs.]
[ha]
122
197
128
186
172
270
144
290
50
56
108
188
191
322
125
216
170
224
1 210
1 950

Peat lands
[pcs.]
[ha]

Largest plot
[ha]

1

28

1

28

12
7
11
28
6
12
19
13
7

Amount of idle land in Päijät-Häme province, 1 950 ha, is little bit smalle than in KantaHäme. However, amount of peat lands, 28 ha, is more than double when compared to the
other province. Total amount of land available for willow cultivation is then 1 978 ha. Average size of idle land plots is 1,61 ha which is almost the same as in the Kanta-Häme.
Largest amount of land seems to be available in Orimattila and Hollola. In Hollola there is
also quite large plot of peat land available, 28 ha.
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Assessment done by Finnish Forest Centre reports idle land potential of 1 909 ha in PäijätHäme 41 ha less than result reported by Tapio. In peat land potential Finnish Forest Centre
reports 30 ha which is 2 ha larger than in Tapio’s assessment. (Isoniemi, 2020)

Total amount of idle land and peat land in the Häme region is 4 261 ha from which 40 ha are
former peat production sites. When compared to total utilized agricultural area in 2020 in
Häme, 184 900 ha, potential area for willow cultivation is only 2,3 % of that (Luke, 2020).
Therefore, cultivation areas are not significantly increased if idle areas and peat lands are
utilized.
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5

PHASES OF WILLOW BIOCHAR PRODUCTION

Willow biochar requires multiple process steps which are described in this chapter. Steps
start from willow cultivation, which itself contains multiple operations, and end to soil
amendment of willow biochar. This chapter is mainly for presenting the different operations
in each process steps. All the numeric data is presented in chapter 7.2 which is the inventory
part of life cycle assessment.

5.1 Willow cultivation
Lifetime of willow plantation is approximately 25 years (Niemi, 2014, 3). During the lifetime various field operations are required. These operations are site preparations, planting,
fertilizer and herbicide application, harvest and site restoration. Usually they are tractorbased operations, but if the cultivated area is small enough, some of operations can be done
by hand.

During site preparation ground is prepared for willow cultivation. Land is sprayed with
glyphosate herbicides to kill unwanted weeds. Spraying is usually done in autumn to actively
growing fallow lands. If herbicide application isn’t possible during autumn, then they can be
applied in the spring. After minimum fourteen days from herbicide application land is
ploughed to a minimum depth of 20–25 cm. Finally, the field is power harrowed. (Caslin et
al., 2015, 13–15, 112.) Depth of harrowing should be 6–8 cm for best planting and seedling
growth results. Fertilization is done before planting and after harvest. The amount of needed
nitrogen is dependent on the age of the growth. In the last two years of the growth the fertilization usually cannot be done due to restricted access by regular tractors. In the year of the
planting the fertilization is not usually needed. (Niemi, 2014, 6,8.)

Planting of willow can be started at early April and can be continued until June. However,
earlier planting will lengthen the growing period. (Caslin et al., 2015, 20) Willow is planted
from cuttings made in the previous winter from one-year old willow. Cuttings are wetted
before planting to help sprouting. Planting is best done with planter designed for especially
willow cultivation. (Niemi, 2014, 6.) After planting the field is rolled and herbicides are
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applied (Caslin et al., 2015, 22). Heavy weed growth would otherwise leave willow feeble
and reduce their winter resistance in the first year. Due their strong roots and shadowing
application of herbicides is not needed until the next cycle. Pest insects aren’t threat to willow growth, therefore insecticides aren’t necessary. (Niemi, 2014, 6, 10–11.) In the first year
of growth cutback can be done if necessary and more herbicides can be applied (Caslin et
al., 2015, 23, 25).

Willow can be harvested in direct chip, whole rod, billet or in bales. Type of harvesting
technique should be determined by the availability of storage and drying facilities, the requirements of the supply chain and the site conditions. (Caslin et al., 2015, 49.) In direct
chip harvesting, willow is cut and chipped at the same time. After harvest, willow chips
should be used immediately or dried to prevent deterioration. Forage harvesters with modified harvesting head can be used for direct chip harvesting. (Caslin et al., 2015, 49.) Other
used machine is based on sugar cane harvester. With older machinery the maximum diameter
for harvested willow is 5 cm, but newer machines can harvest up to 15 cm of diameter.
Chipping woody biomass usually consumes more energy than chipping forage or sugar cane.
With large areas, harvest is most feasible with willow chips harvesters designed especially
for willow. (Sihvonen, et al. 2013, 8, 30.)

In whole rod harvest willow is harvested as entire rods. Machinery for whole rod harvesting
are usually tractor operated machines or independent machines. Most common machines
have been Stemster and Fröbbesta from Nordic Biomass. (Sihvonen et al. 2013, 19.) These
machines produce loose rods which are collected and moved to storage area. Handling can
be little bit problematic, because there is no successful bundling and tying operations developed yet. However, forestry bundlers have been used for these operations. After harvest,
rods should be stacked on hard standing area to be dried by natural ventilation. (Caslin et al.,
2015, 50–51.)

In billet harvesting willow is harvested in short portions of the stem. Willow is cut in 5–20
pieces and blown into trailer. These harvesters can harvest stems large as 10 cm in diameter.
Drying of the harvested willow can be done naturally as in the case of whole rod harvest.
(Caslin et al., 2015, 54.) Willow can be also harvested as bales. Baler cuts the willow and
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compacts it to dense round bale. Bales can then be collected from the cite when needed. The
shape and density of the bales improve cost-efficiency of transporting willow. Willow bales
dry naturally in this form without risk of self-heating and loss of calorific value. (Caslin et
al., 2015, 54–55.)

According to Sihvonen et al. (2013, 6) there is no special equipment acquired for willow
harvesting in Finland due to small cultivation areas. Investing in special harvesting machinery isn’t therefore profitable. Willow is usually harvested in whole rod by hand or with forestry machines. (Sihvonen et al. 2013, 6.) Typical forestry equipment used is energy wood
grapple attached to tractor’s loader (Viholainen, 2017, 6).
At the end of willow field’s lifetime site must be restored to grass or arable production. Or
possibly replanted with willow. After last harvest, stools are allowed to re-sprout to 30–50
cm tall. Crop is then killed with herbicides and the field is cultivated with heavy rotovator
or forestry mulcher. Grass can then be sown in the formed tilt layer. (Caslin et al., 2015, 63–
64.) Recovering back to grassland takes the whole growing season and to crop land even
longer. To return land faster back to the growing crop, more heavy means are needed to
remove the willow roots and stumps. (Viholainen, 2017, 10.)

5.2 Drying
There are many factors that affect drying of the wood both in natural and artificial drying.
One of the most important ones are starting moisture and size of the wood material, amount
and layout of dried material, drying temperature, flow rate and moisture of air and properties
of wood material. (Viirimäki et al., 2014, 5)

Harvesting willow as a whole rod, billets or bales enables the possibility for natural drying
of the wood. Willow is dried in the storage piles until the next winter when rods are chipped
and transported to next destination. (Sihvonen et al. 2013, 7, 57–60.) Most of the energy
wood is dried naturally. Weather conditions has the greatest effect on the moisture changes
of the wood. Storage place and structure of the storage also affect the drying. (Viirimäki et
al., 2014, 11) To improve the drying of the wood, covering the piles is recommended as
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covered piles can be 3–6 % drier after the first summer than uncovered piles. (Sihvonen et
al. 2013, 57)

Artificial drying differs from the natural drying by the usage of additional energy which is
used to increase drying rate. In practice this means the use of structure combined with a fan.
Artificial driers can be categorized into four groups: cold air driers, cold air driers with occasional heat supplement, warm air driers and hot air driers. In hot air dryer temperature
rises over 100 °C. Energy requirement of artificial drying depends on the used drying technique. When drying air is heated, same drying effect is reached with smaller air flow than
when drying with cold air. (Viirimäki et al., 2014, 12.) According Caslin et al., (2015, 51)
ventilated grain drying floors can be used for willow chip drying. Using ventilated grain
drying floors also increases usage rate of these expensive facilities when drying is happening
before or after grain drying season. (Caslin et al., 2015, 51.)

5.3 Chipping
Chipping of wood can be done on the field, intermediate storage on the roadside, wood terminal or on the pyrolysis facility. Most common chipping place is the intermediate storage,
because then there is no need for transportation for the rods and the chipper can load the
chips straight into the transportation vehicle. Transporting chips is also easier than rods due
to homogeneity of the material. Chipping can be done with chipper mounted on trailer, truck
or tractor. (Roitto, 2014, 30.) Due to long transportation distance, willow rods are chipped
straight to the truck that transports the chips to the drying and pyrolysis facility.

5.4 Pyrolysis
For biochar production there are multiple processes available with varying biochar yields.
Highest biochar yields are obtained by slow pyrolysis (20–45 %). Fast pyrolysis and gasification offer smallest yields of 5–30 % and 5 %, respectively. Due to highest yield of biochar,
slow pyrolysis is applied in this study. In certain conditions produced syngas can be used to
maintain the pyrolysis and therefore make the process self-sustaining (Crombie and Mašek,
2014, 8). Self-sustaining pyrolysis is described in the Figure 2.
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There is not much data available about energy balance of the slow pyrolysis process. Definitions vary from endothermic process to exothermic process. According to Rasa (2020)
process is usually exothermic when dry wood is pyrolyzed. Klinar (2016) also reports about
strong influence of biomasses water content on useful energy output of pyrolysis. According
the study, if the water content is extremely high, all free energy is consumed from the reactions and it could disable the pyrolysis process. (Klinar, 2016, 6.) In this study it is assumed
that pyrolysis is an exothermic and excess heat can be utilized for different purposes. For
example, Finnish company called Carbofex, which produces biochar, sells the waste heat to
district heating network (Carbofex, 2020).

Figure 2. Self-sustaining pyrolysis (Crombie and Mašek, 2014)

5.5 Soil application
When applicating biochar into soil the effects of wind loss and water erosion should be minimized. To improve soil fertility biochar should locate near soil surface where the roots of
the plants are. Incorporating biochar into soil is likely to reduce wind and water erosion
losses of biochar. Ideal situation would be if biochar application can be incorporated into
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routine field operations such as lime spreading or banding of seeds. This would keep the
costs of biochar usage low. Majority of large and small field trials have used method of
broadcast and incorporate for biochar application. On large scale broadcasting is done by
lime/solid manure spreaders. Manure spreader might be better solution for application of
moistened biochar. Moistening of biochar is used to avoid wind losses. (Major, 2010, 7–8,
12–13.) For incorporation any ploughing method can be used. However, moldboard ploughing is not recommended, because it is not mixing biochar into soil very well and the result
of moldboard ploughing might be deep biochar layer. (Major, 2010, 13)
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6

LIFE CYCLE ASSESSMENT METHODOLOGY

Methodology used in this study is LCA methodology based on standards ISO 14040:2006
and ISO 14044:2006. Furthermore, standard ISO 14067:2018 defines principles, requirements and guidelines for quantification of the carbon footprint of products. This standard is
based on the two LCA standards mentioned earlier. These three standards are applied in this
study. LCA addresses products environmental aspects and potential environmental impacts
during its whole lifetime from raw material acquisition to disposal. LCA includes four
phases: goal and scope definition, inventory analysis, impact assessment and interpretation.
(SFS-EN ISO 14044, 2006, 1.) These four phases are presented next.

6.1 Goal and scope definition
Goal and scope should be clearly defined and consistent with intended application. Due to
iterative nature of LCA goal and scope might need adjustment during the study. In the goal
definition, intended application and the reason for carrying out the study are stated. Intended
audience for the study should be also recognized so it is clear for whom the results of the
study are intended to be communicated. Lastly, publicity of the study must be clarified
whether the study is disclosed for the public or not. (SFS-EN ISO 14044, 2006, 7.)

In the scope definition, the studied product system and its functions must be presented. Functional unit is chosen as it serves as reference which the input and output data are normalized.
Functional unit should be clearly defined and measurable. Reference flow is also selected
which fulfils the function described in the functional unit. Next, system boundaries are drawn
to describe what unit processes are considered in the study. Boundaries should be consistent
with intended application of the study. Furthermore, it should be decided which inputs and
outputs are included in the assessment. Any allocation procedures needed should be described. (SFS-EN ISO 14044, 2006, 7–8 .)

Impact categories, category indicators and characterization models used in the study should
be selected and determined. Selection should be consistent with the goal of the study. Interpretation method used shall be described. To meet goal and scope of the study required data
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and data quality requirements should be specified. Data quality requirements should address
time-related, geographical and technology coverage, precision, completeness, representativeness, consistency, reproducibility, sources of data and uncertainty of information. Any
assumptions and limitations used in study should also be stated. (SFS-EN ISO 14044, 2006,
9–10.)

6.2 Inventory analysis
In inventory analysis data is collected and calculated to quantify inputs and outputs of the
product system. Gathering the inventory is an iterative process as new data requirements and
limitations might be recognized during the process to achieve the goals of the study. Sometimes recognized issues might lead to revision of the goal and the scope. Data for each unit
process can be classified under the following headings: energy, raw material, ancillary or
other inputs, products, co-products or wastes, emissions to air, water or soil and other environmental aspects. (SFS-EN ISO 14040, 2006, 13.)

After the collecting data multiple calculation procedures are needed, including validation of
the collected data, relating data to unit processes and relating data to the reference flow of
the functional unit (SFS-EN ISO 14040, 2006, 13). Validation of data confirms and provides
evidence that data quality requirements have been fulfilled. For example, validation can be
done by establishing mass and energy balances. When relating data to unit processes an
appropriate flow should be determined for each process and inputs and outputs are calculated
in relation to that flow. Furthermore, flows of the unit processes are related to reference flow
and thus referenced to the functional unit.

6.3 Impact assessment
In life cycle impact assessment (LCIA) phase significance of potential environmental impacts is evaluated using results from inventory analysis. Usually in this phase inventory data
is associated with specific environmental impact categories and category indicators. (SFSEN ISO 14040, 2006, 34.) Mandatory elements of LCIA are selection of impact categories,
category indicators and characterization models, assignment of LCI results to the selected
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impact categories and calculation of category indicator results. (SFS-EN ISO 14044, 2006,
16.)

6.4

Interpretation

Interpretation is the phase where the results of inventory analysis and impact assessment are
considered together. Results delivered in this phase should be consistent with the goal and
scope defined earlier and could be used to present conclusions, explain limitations and provide recommendations. (SFS-EN ISO 14040, 2006, 16.) In the interpretation significant issues based on results of LCI and LCIA are identified. The phase should also include an
evaluation that considers completeness, sensitivity and consistency checks. (SFS-EN ISO
14044, 2006, 23.)
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7

LIFE CYCLE ASSESSMENT OF WILLOW BIOCHAR

This LCA study is done according to the ISO standards 14040:2006 and 14044:2006. The
methodology that is followed here was described in the previous chapter. The model is created and results are calculated with Gabi professional software (version 9.2.1.68) with professional databases and extensions. The built model is based on processes presented in the
chapter 5 and numeric values found in the literature, which are presented in inventory analysis in chapter 7.2.

7.1 Goal and scope of the study
This LCA is done to evaluate the carbon sequestration potential of willow biochar. Results
of this assessment are used to achieve the main goal of the thesis which is to determine the
sequestration potential of willow biochar in marginal lands in the Häme region. As a master’s
thesis the work will be publicly available online. Intended audience is anyone who is interested in biochar, especially companies and decision makers in the Häme region, other researchers and students.

Product system studied here is the whole life cycle of willow biochar, in other words the
scope is cradle-to-grave. Function of the product system is to produce biochar from willow
and store it in soil, thus sequestering carbon. Functional unit is therefore 1 ton of dry biochar
stored in soil for 100 years, because time horizon of hundred years is often used in GWP
studies. This requires estimates about how much of the carbon stays in soil after 100 years.
System boundary of the assessment can be seen in the Figure 3. Cultivation and production
of willow planting rods is excluded from the study.
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Figure 3. Life cycle of willow biochar and system boundary of the assessment

In the assessment the allocation between biochar and excess heat was avoided with substitution method. With excess heat from pyrolysis production of district heating can be substituted. The emission factor for district heating was obtained from Motiva (2020) and in their
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calculations emissions between produced heat and electricity is allocated with benefit allocation. In the method the fuels and emissions are allocated to heat and electricity according
to relative to the fuel consumption of alternative procurement methods. Alternative production methods are condensing power for electricity production and water boiler for district
heating. (Motiva, 2020.) First the fuel consumption of alternative procurement is calculated:

For electricity:
𝐹′e = 𝐸e /ηe
𝐹′e = fuel consumption of alternative electricity generation [kWh]
𝐸e = produced electricity in the combined production [kWh]
ηe = efficiency of alternative electricity generation, 39 %
For heat:
𝐹′h = 𝐸h /ηh
𝐹′h = fuel consumption of alternative heat generation [kWh]
𝐸h = produced heat in the combined production [kWh]
ηh = efficiency of alternative heat generation, 90 %
Realized fuel consumption is divided by according to relative to the fuel consumption of
alternative procurement methods, which results as fuel consumptions for heat and electricity:

For electricity:
𝐹e = 𝐹 ′ e /(𝐹 ′ e + 𝐹′h ) ∙ 𝐹
For heat:
𝐹h = 𝐹 ′ h /(𝐹 ′ e + 𝐹′h ) ∙ 𝐹
𝐹e = calculated fuel consumption for electricity in combined production [kWh]
𝐹h = calculated fuel consumption for heat in combined production [kWh]
𝐹 = fuel consumption in combined production
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Impact category considered in this assessment is climate change and characterization model
is Baseline model 100 years of the IPCC. Results are presented in kilograms of CO 2equivalents (kgCO2eq) per functional unit with 100 years timeframe. Data for the flows between unit processes is obtained and calculated from literature sources. Emission flows are
from Gabi databases excluding N2O-emissions from fertilizers which are calculated according the methodology by IPCC.

To satisfy the goal of the study, data specific for willow cultivation procedures in Finland is
collected. In some cases, there wasn’t much data available in the desired country and studies
made in the other European countries were referred. Most of the literature sources are published in years 2010–2020 except for four other studies. Specific technology for pyrolysis in
this study is slow pyrolysis and literature sources concerning it are referred.

In this study emissions from the land use change are not taken into account. In the pyrolysis
process it is assumed that the process is self-sustaining when all the pyrolysis gases and
liquids are combusted. Amount of start-up fuel for the process is assumed to be insignificant
so emissions from it are not considered. Effects of biochar in soil emissions and other effects
on soil are excluded as research on the subject is still limited.

7.2 Inventory analysis of willow biochar
In this chapter inputs and outputs of the processes in the willow biochar life cycle are specified. First general data about of willow cultivation is presented and then the fuel consumptions of different field operations and use of fertilizers and herbicides are quantified. After
the willow cultivation, feedstock must be dried, chipped and transported. Energy demand
and dry matter losses for these processes are defined. At the end of life cycle material and
energy flows of pyrolysis and application to soil are quantified. Last, the Gabi-model built
based on the values presented in the chapter is described. General description of these processes is given in the chapter 5.

43

7.2.1 Willow yield

Yield of the willow harvest is one of the key factors of the cultivation phase. Mola-Yudego
(2010, 7) estimated average yields for short rotation willow plantations getting average of
6.8 odt (oven dry tonnes)/ha/a. Productivity scenario estimates which were based on the
performance of 25 % and 50 % of the best farmers for year 2010 gave yield of 8,44 odt/ha/a
and 5.8 odt/ha/a, respectively. (Mola-Yudego, 2010, 7.) Results imply that management of
plantation has big role on the willow yields. Other study from Laasasenaho et al. (2017, 8)
gives biomass yield of 6 t/ha/a for willow grown on cutaway peatlands (Laasasenaho et al.,
2017, 8). More optimistic value is given by Pajupojat Oy (2017, 4) with dry matter yield of
8 t/ha/a (Pajupojat Oy - WillowPartners, 2017, 4). As a company focusing on willow cultivation their estimate goes in the same range with high productivity scenario of study from
Mola-Yudego (2010, 7). In this study used yield is an average of these three results, 6,9
odt/ha/a.

Lifetime of willow plantation is approximately 25 year in which harvest can be done 3–8
times depending on the length of the cycle. Willow is harvested when yield exceeds 25 dry
tonnes per hectare which means harvest every 3–5 years. (Niemi, 2014, 3, 11.) According
Hytönen (1996, 39) optimal rotation for willow plantation is 3–6 years. For this study the
average rotation of 4 years is used. With four-year rotation and 25-year lifetime harvest can
be done 6,25 times. In this study it is assumed that willow is harvested 6 times during its
lifetime. Therefore, willow is grown actively 24 years and the remaining one year is used
for plantation decommissioning.

With 24-year lifetime and yield of 6,9 t/ha/a of dry matter the total yield per hectare is 165,6
tons of dry matter. In average, moisture content of willow chip is 52 % (Alakangas et al.,
2016, 205). When the moisture content is considered the total willow yield is 345 t/ha meaning that yield in every harvest is 57,5 t/ha. Data given in this subchapter is presented in Table
4 below.
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Table 4. Key parameters of willow cultivation

Yield
Lifetime
Rotation
length
Amount of
rotations
Moisture
content

Amount
6,9 odt/ha/a

Comment
Average

25 years
4 years

Average

Reference
Mola-Yudego (2010, 7), Laasasenaho et al. (2017,
8), Pajupojat Oy (2017, 4)
Niemi (2014, 3)
Hytönen (1996, 39)

6
52 %

Alakangas et al., (2016, 205)

7.2.2 Tractor-based operations

In this sub-chapter the field operations of willow cultivation are addressed. Various tractorbased operations are needed during willow plantations lifetime. Environmental impacts of
these operations depend heavily on the type of operation, type of cultivated land and how
many times single operation is needed in the willow plantation lifetime. Fuel consumptions
of different operations are obtained from three different literature sources. In the reports from
Ahokas (2013) and Handler and Nadlinger (2012) fuel consumptions in different field operations are reported and in the LCA study from Murphy et al. (2014) fuel consumption in the
different phases of willow cultivation are expressed. Usually average of these three sources
are calculated and used in this study with few exceptions. Fuel consumption and frequency
of these operations are presented in the Table 5.

Site preparation included herbicide spraying, ploughing and power harrowing. For herbicide
application, average fuel consumption of 2,03 l/ha is calculated from the values from
Handler and Nadlinger, (2012, 10,12) and Murphy et al. (2014, 5). According to Ahokas
(2013) fuel consumption of ploughing depends on the working depth and soil type. In this
study soil type of field is not specified, therefore average fuel consumption of 23,97 l/ha is
calculated from the three sources. According to Handler and Nadlinger (2012) the average
fuel consumption of power harrow or spade rotary harrow is 6 l/ha, which is the value used
in this study.
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In chapter 5.1 it was stated that planting is best done with machinery designed especially for
willow planting. However, according to Murphy et al. (2014, 4) planting can be also done
with modified potato planter with fuel consumption of 10,6 l/ha. Therefore, this value is used
as no other values for willow planters were found. Average fuel consumption of rolling is
3,64 l/ha (Handler and Nadlinger, 2012; Murphy et al. 2014). In this study it is assumed that
there is no need for cutback.

Fuel consumption of fertilization varies depending on the type of fertilization machinery.
According to (Murphy et al. 2014, 5) fertilization of willow field consumes fuel 6,3 l/ha.
This is rather high when compared values of 1,5–2,5 l/ha from Handler and Nadlinger (2012,
12) for tractor mounted rotating spreader. In the LCA study of Murphy et al. (2014) there is
no description of the type of machinery used for fertilization, therefore the average value of
2 l/ha from Handler and Nadlinger, (2012, 10, 12) is used for tractor mounted rotating
spreader.

For harvesting, fuel consumption values for direct chip and whole rod harvesting were found.
According to Murphy et al. (2014, 7) fuel consumption for direct chip harvesting is 100 l/ha
and for whole rod harvesting is 50 l/ha. According to the literature sources revised on the
chapter 5.1 the whole rod harvesting seems to be most common harvesting technique for
willow in Finland, therefore fuel consumption of 50 l/ha is used in this study.

In the site restoration required operation was cultivation with heavy rotovator of forestry
mulcher and herbicide application. For mulching Handler and Nadlinger (2012, 10) give
average fuel consumption of 12,9 l/ha. For herbicide application, same consumption value
is used as in the case of site preparation.
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Table 5. Fuel consumption and frequency of tractor-based operations in willow cultivation in period of 25
years (Handler and Nadlinger, 2012; Ahokas, 2013; Murphy et al. 2014)

Frequency

Fuel
consumption, l/ha

Reference
Ahokas (2013, 60), Handler and
Nadlinger (2012, 10, 12),
23,97 Murphy et al. (2014, 5)

Ploughing
Power
harrowing

1

Rolling
Herbicide
application

1

Fertilization
Planting
Whole rod
harvesting
Mulching
Total

6
1

6,00 Handler and Nadlinger (2012, 10)
Handler and Nadlinger (2012, 12),
3,64 Murphy et al. (2014, 5)
Handler and Nadlinger (2012, 10,
2,03 12), Murphy et al. (2014, 5)
Handler and Nadlinger (2012, 10,
2,00 12)
10,60 Murphy et al. (2014, 4)

6
1

50,00 Murphy et al. (2014, 7)
12,90 Handler and Nadlinger (2012, 10)

1

3

375,21

Total fuel consumption in the willow field lifetime is 375,21 l/ha. Earlier the total yield of
willow plantation was calculated, 345 t/ha. With given values the fuel consumption can be
calculated per ton of willow:
375,21 l/ha
345 t/ha

= 1,09 l/t

According to the calculation, for each ton of grown willow 1,09 litres of fuel is consumed in
the cultivation phase. Inputs and outputs of willow cultivation are presented in Table 7.

In chapter 5.5 it was stated that biochar is applicated in soil by using manure spreader and
some ploughing method. According Handler and Nadlinger (2012, 12) fuel consumption for
manure spreading is 14 l/ha. The ploughing method is assumed to be power harrowing, the
same tractor-based operation used in the willow farming with fuel consumption of 6 l/ha.
Thus, the total fuel consumption for biochar broadcasting and incorporating is 20 l/ha. Next,
application rates of biochar must be defined so the fuel consumption can be expressed by
tonnes of biochar.
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According to the report from Brandstaka et al. (2010, 7) potentially beneficial application
rate for biochar tends to be equal to the net photosynthesis of the vegetation. In Finnish
conditions that would be an application rate of 10–20 t/ha for biochar. (Brandstaka et al.,
2010, 7.) Recommended application rate should be based on extensive field testing as stated
in the study by Major (2010, 8). Also, the material used for biochar production affects the
application rates. Consequently, application rates that cause positive effects on yields have
been reported on the range of 5–50 t/ha. (Major, 2010, 8–9.) According to Hammond et al.,
(2011, 4) application rate of 30 t/ha on winter wheat can increase net primary production by
10 % and decrease N, P and K fertilizer requirements and N2O emissions by 10 %, 5 %, 5 %
and 25 %, respectively. Given these literature values for biochar application rates, the average of 24 t/ha is calculated and used in this study. With the application rate and fuel consumption of 20 l/ha biochar application, the fuel consumption per ton of dry biochar equals
0,83 l/t.

7.2.3 Fertilizers

In Sweden the recommended basic fertilization for plantation established on field land is 30
kg/ha for phosphorus and 80 kg/ha for potassium. According to the literature previewed in
the chapter 5.1 fertilization is done before planting and after each harvest except the last one
because the plantation is decommissioned. Therefore, plantation is fertilized six times during
its lifetime.

Principle in fertilizing fertile lands is that the nutrients removed by harvest are replaced with
fertilizers (Tahvanainen, 1995, 36). According Caslin et al. (2011, 18) nutrient off-take of
willow is on range 150–400 kg N, 180–250 kg K and 24–48 kg P per hectare per three-year
rotation when crop yield is 8–10 t/ha/a of dry matter (Caslin, Finnan and McCracken, 2011,
18). Tahvanainen (1995, 34) suggest nitrogen offtake of 60 kg/ha/a for crop yield of 8 t/ha/a.
Annual nitrogen offtakes on the range 50–60 kg/ha/a are given by Caslin et al. (2015, 31).
Therefore, nitrogen need of 60 kg/ha/a is used in this study.

After the nitrogen need is defined, the need for other nutrients can be defined from the NPK
ratio. According to Tahvanainen, (1995, 34) the willow needs other nutrients defined by
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NPK ratio of 100:14:72. When nitrogen need is 60 kg/ha/a, then according to the NPK ratio,
need for phosphorus and potassium is 8,4 kg/ha/a and 43,2 kg/ha/a, respectively. However,
in the Gabi software NPK ratio doesn’t reflect the amount of elemental phosphorus and potassium, but the amount of their oxides, phosphorus pentoxide (P2O5) and potassium oxide
(K2O). Therefore, these masses must be converted to masses of oxides for modelling purposes. Conversion is done according the guidelines given in the Regulation of the European
Parliament and of the Council 2003/2003/EC:

𝑚P2O5 =
𝑚K2 O =

8,4 kg/ha/a
0,436

43,2 kg/ha/a
0,830

= 19,3 kg/ha/a
= 52,0 kg/ha/a

According to the calculations, need for P2O5 and K2O is 19,3 kg/ha/a and 52,0 kg/ha/a, respectively when nitrogen need is 60 kg/ha/a. In 24 years, the total need for N, P2O5 and K2O
is then 1 440 kg/ha, 463,2 kg/ha and 1 248 kg/ha, respectively. Next, the fertilizer input per
1 ton of cultivated willow can be calculated:
1 440 kg/ha
345 t/ha

= 4,17 kg/t

According to the calculation, 4,17 kg of nitrogen is needed per 1 ton of produced willow.
Calculated in the same manner, phosphorus pentoxide and potassium oxide inputs are 1,34
kg/t and 3,62 kg/t, respectively. Inputs and outputs of willow cultivation are presented in
Table 7. However, total need of the fertilizer product is greater than the sum of these three
nutrients because fertilizers consists of more than these three substances. Amount, of the
needed fertilizer product depends on the strength of the fertilizer. Current ratio of nutrients,
(N: P2O5: K2O) 4,17:1,34:3,62 can be transformed to desired strength by multiplying it.
Amount of nitrogen in fertilizers is usually around 20 %, therefore the ratio is multiplied by
5. Strength of the fertilizer is then 20,85:6,7:18,1, meaning that is contains 20,85 % nitrogen,
6,7 % P2O5 and 18,1 % K2O. Reaching the nutrients requirements for growing 1 ton of willow would require 20 kg of this fertilizer product.
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Next the N2O-emissions from the used fertilizer is calculated using IPCC methodology. In
the methodology it is assumed that 1 % of the nitrogen added to soil is emitted as N2O.
(FAO, 2017, 17.) N2O-emissions are calculated followingly:
44 kgN2 O

𝑁2 𝑂 = (𝐹𝑆𝑁 + 𝐹𝑂𝑁 + 𝐹𝐶𝑅) ∙ 𝐸𝐹𝑁 ∙ 28

ha

(1)

FSN = Amount of synthetic fertilizer applied [kg N/ha]
FON = Amount of annual manure applied [kg N/ha]
FCR = Amount of N crop residues above ground and below-ground [kgN/ha]
EFN = IPCC emission factor for added nitrogen [0.01 kgN2O-N/kgN]
44/28 = N to N2O conversion factor

In this thesis only the amount of synthetic fertilizers is taken into account. Earlier the amount
of needed nitrogen of 4,17 kg was calculated per 1 ton of produced willow. Amount of emitted N2O is then:
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𝑁2 𝑂 = 4,17 kg N ∙ 0.01 kg N2O−N /kg N ∙ 28 kg N2O = 0,066 kg N2O
According to the calculation 0,066 kg of N2O is emitted per 1 ton of cultivated willow. However, the crop residues above and underground were not taken into account, therefore real
N2O-emissions might be greater.

7.2.4 Herbicides

According to Niemi (2014, 38) Roundup Bio could be used as site preparation herbicide with
application rate of 4 l/ha. Weed control should be applied also after planting, before any
growth has occurred. For this purpose herbicide Butisan can be used with application rate of
1,5 l/ha. (Niemi, 2014, 10, 38.) After cutback, herbicides can be applied if needed (Caslin et
al., 2015, 25). During site restoration willow growth can be killed with 5 l/ha application of
Roundup (Caslin et al., 2015, 64). Application rates of different herbicides are presented in
the Table 6.
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Table 6. Application rates of needed herbicides (Niemi, 2014; Caslin et al., 2015)

Application rate [l/ha]
Site preparation
Glyphosate (Roundup Bio)
After planting
Metazachlor (Butisan)
Site restoration
Glyphosate (Roundup Bio)

4
1,5
5

Next the application rates per 1 ton of willow output can be calculated. Application rate of
glyphosates is calculated followingly:
(4+5) l/ha
345 t/ha

= 0,03 l/t

Need of glyphosates is 0,03 l per 1 ton of produced willow. Calculated in the same manner,
Metazachlor input is 0,004 l/t. Inputs and outputs of willow cultivation are presented in Table
7.

Table 7. Inputs and outputs of willow cultivation phase per 1 ton of willow rods (52% moist.) output

Inputs
Diesel
Fertilizer product
Nitrogen
Phosphorus pentoxide, P2O5
Potassium oxide, K2O
Glyphosate
Metazachlor
Outputs
Willow rods (52% moist.)

Amount
1,088
20,000
4,174
1,340
3,621
0,026
0,004

Unit
l
kg
kg
kg
kg
l
l

1,000 t

7.2.5 Natural drying

After whole rod harvesting willow can be dried naturally on storage piles. During a storage
experiment the moisture content of 26,6 wt% was reached after 9 months from the harvest.
(Sihvonen et al. 2013, 7, 57–60.) In another storage experiment conducted by Nurmi, (1995,
2) moisture content was 26 wt% after 18-month storage period. These two literature sources
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seem to offer quite consistent information about willow drying in storage piles in Finland,
therefore the after-storage moisture content of 26 wt% is used in this study. Next the possible
storage losses must be defined. According Sihvonen et al. (2013, 58) the losses are 2–4%
from the whole mass of the storage. Therefore, average losses of 3 % is used in this study.
Inputs and outputs of natural drying are presented in Table 8.

Table 8. Inputs and outputs of natural drying per 1 ton of willow rods (26% moist.) output

Inputs
Willow rods (52% moist.)
Dry matter
Water
Outputs
Willow rods (26% moist.)
Dry matter
Water

Amount
1,589
0,763
0,826

Unit
t
t
t

1,000 t
0,740 t
0,260 t

7.2.6 Chipping

Next the fuel consumption of chipping is defined. In study conducted by Spinelli et al.
(2011), fuel consumption of trailer mounted drum chipper was examined with 8 different
raw materials varying by tree portion, tree species and wood moisture content. Results
showed little bit variation depending on the raw material, but when consumption was referred to dry matter output the differences were evened out. Average fuel consumption was
3,21 l/odt. (Spinelli et al., 2011, 2–3, 6.) This is the value used in this study. To address CO2emissions from diesel consumption value from 2006 IPCC Guidelines for National Greenhouse Gas Inventories is used. According the document CO2-emissions for stationary diesel
combustion is 74 100 kg/TJ which equals to 2,676 kg/l of diesel (IPCC, 2006). Inputs and
outputs of chipping are presented in Table 9.

Table 9. Outputs and inputs of chipping per 1 ton of willow chips (26% moist.) output

Inputs
Amount Unit
Willow rods (26% moist.)
1,000 t
Diesel
2,375 l
Outputs
Willow chips (26% moist.)
1,000 t
Carbon dioxide
6,358 kg
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7.2.7 Transportation of willow chips

After chipping, willow chips should be transported to pyrolysis plant and the produced biochar is transported to the fields. It is assumed that transporting distances are the same for
both ways. According Statistics Finland, (2017) the average transporting distance for energy
and firewood, stumps, brushwood and forest chips is 68 km. This is the value used for willow
chip and biochar transportation. In reality transporting distances might differ a little bit from
the value given for these forestry goods, due to different cultivation places of willow.

7.2.8 Artificial drying

After natural drying willow rods are chipped. The chips have the same moisture content as
dried willow rods. For pyrolysis the required moisture content is 10 %. Therefore, artificial
drying is required for willow chips. In the report by Roitto (2014, 56) data for energy requirements for wood chip drying is gathered. Heat and electricity consumption of the drying
process varies depending on the dryer type, but on the average the heat and electricity consumption is 1 kWh/kg and 0,087 kWh/kg of removed water, respectively. (Roitto, 2014,
56–57.) According to the report by Pääkkönen, (2020, 30) average heat and electricity consumption reported by manufacturers for conveyor belt dryer are 1,28 kWh/kg and 0,044
kWh/kg of removed water, respectively. For container dryers using different technique, reported heat and electricity consumptions from two manufacturers are 1,47 kWh/kg and 0,077
kWh/kg of removed water, respectively. For this study, average values are calculated from
these energy consumption values. Therefore, heat consumption is 1,251 kWh/kg and electricity consumption is 0,070 kWh/kg of removed water. For required heat, waste heat is utilized as much as possible to reduce the need for bought energy.

Next the energy consumption for drying 1 kg of willow chip can be calculated when chips
with moisture content of 26 % is dried to moisture content of 10%. When willow chips arrive
at the drying facility the amount water in 1 kg of willow chips is 0,26 kg and the rest 0,74
kg stay unchanged during the drying process. After the drying, amount of water in willow
chips can be calculated followingly:
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10
90

∙ 0,74 kg = 0,082 kg 𝑤𝑎𝑡𝑒𝑟

And the amount of removed water:
0,26 kg 𝑤𝑎𝑡𝑒𝑟 − 0,082 kg 𝑤𝑎𝑡𝑒𝑟 = 0,178 kg 𝑤𝑎𝑡𝑒𝑟
From 1 kg of willow chips 0,178 kg water is removed which leaves 0,822 kg of willow chips
with moisture content of 10 % for pyrolysis. Heat and electricity required to remove 0,178
kg of water can be calculated with energy consumption values stated earlier:
0,178 kg 𝑤𝑎𝑡𝑒𝑟 ∙ 1,251 kWh/kg 𝑤𝑎𝑡𝑒𝑟 = 0,222 kWhheat
0,178 kg 𝑤𝑎𝑡𝑒𝑟 ∙ 0,070 kWh/kg 𝑤𝑎𝑡𝑒𝑟 = 0,012 kWhelectricity

For 1 kg of willow chips 0,222 kWh of heat and 0,012 kWh of electricity is needed. In Table
10 inputs and outputs are presented per 1 ton of dried willow chips.

Table 10. Input and outputs of drying per 1 ton of willow chips (10 % moist.) output

Inputs
Willow chips (26 % moist.)
Dry matter
Water
Heat
Electricity
Outputs
Willow chips (10 % moist.)
Dry matter
Water

Amount
1,216
0,900
0,316
270,486
15,135

Unit
t
t
t
kWh
kWh

1,000 t
0,900 t
0,100 t

7.2.9 Slow pyrolysis

Products that are produced during slow pyrolysis and their yields are biochar (20–45 %),
bio-oil (40–50 %) and syngas (10–25 %). (Tisserant and Cherubini, 2019, 10.) According
Hamedani et al., (2019, 5) yields for biochar, syngas and bio-oil in pyrolysis experiments
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were 33,5 %, 31,9 and 34,6 % of the dry feedstock weight, respectively. Syngas and bio-oil
yields seem to be little bit out of the ranges given by Tisserant and Cherubini. In the study
by Mohan et al., (2014, 3) yields for biochar, bio-oil and syngas are 35 %, 30 % and 35 %,
respectively. These are on the same range with values given by Hamedani et al., (2019),
therefore these are the values used in this study.

Next, the amount of different pyrolysis products is calculated from the given percentages.
The percentages were given for dry feedstock weight, therefore moisture content of 10 %
must be taken into account. From 1 kg of willow chips the amount of obtained biochar and
syngas is calculated followingly:

(1 − 0,10) ∙ 0,35 = 0,315

kg
kgchips,10 %

According to the calculations, from 1 kg of willow chips 0,315 kg of biochar and 0,315 kg
syngas can be obtained. From these numbers it can be calculated that to produce 1 kg of
biochar 3,17 kg of willow chips are needed. Next, the yield of bio-oil is calculated. As it was
stated earlier moisture from the feedstock is condensed and collected with liquid products
which in this case is bio-oil. Therefore, the amount of bio-oil is calculated followingly:

(1 − 0,10) ∙ 0,30 + 0,1 = 0,370

kg
kgchips,10 %

According the calculations, 0,370 kg of bio-oil can be obtained from 1 kg of willow chips.
From that 0,10 kg is water, therefore water content of produced bio-oil is 21 %.

There is not much data available about energy balance of the slow pyrolysis process. In the
model created in the study by Klinar (2016), standard type of wood chips was used with
moisture and ash content, lower heating value and moisture and ash free (MAF) lower heating value of 10 %, 0,8 %, 18 MJ/kg and 16,2 MJ/kg, respectively. According to the results
energy available as hot water or hot air was 29 % (4,69 MJ) from dry biomass energy input
(16,20 MJ) (Klinar, 2016, 2,6.) Same kind of results were also obtained by Roberts et al.
(2010, 2). In the created model 29 % of the dry biomass energy input was available as heat
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after the pyrolysis when corn stover was pyrolyzed. (Roberts et al., 2010, 2.) Based on these
literature sources it is assumed that pyrolysis of willow chips with moisture content of 10 %
is exothermic reaction with heat energy output of 29 % of the dry biomass energy input. All
syngas and bio-oil are assumed to be burned in the process. Moisture and ash free heating
value of willow chips is 18,6 MJ/kg (Alakangas and Impola, 2014). With these values, the
heat output of pyrolysis for 1 kg of pyrolyzed willow chips (moisture content 10 %) is calculated followingly:
18,6 MJ/kg ∙ 1 kg ∙ 0,9 ∙ 0,29 = 4,855 MJ

From 1 kg of pyrolyzed willow chips the heat energy obtained is 4,855 MJ which equals
1,349 kWh. When compared to the heat energy requirement for drying of willow chips in
Table 10 it can be seen that the heat obtained from pyrolysis is more than enough to dry the
chips. For each 1 kg of chips pyrolyzed 6 kg of willow chips could be dried. Rest of the heat
that isn’t used for drying can be utilized for other purposes. In this study it is assumed that
the waste heat can be utilized in the district heating. In Figure 4 the different heat flows of
the pyrolysis process are presented in relation to biomass energy input.

Figure 4. Energy flows of pyrolysis in relation to biomass energy input (Roberts et al., 2010)
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Some electricity is required for pyrolysis. In LCA study by Harsono et al. (2013, 6) electricity consumption of slow pyrolysis of palm oil empty fruit bunches is 0,39 MJ/kg (0,108
kWh/kg) of raw material. According to another LCA study by Lu and El Hanandeh, (2017,
9) converting 1 ton of wood logs to bio-oil through pyrolysis consumes 143,08 kWh of electricity. This equals 0,143 kWh/kg which is in the same range as value given by Harsono et
al. (2013). For this study average of 0,126 kWh/kg is used. Inputs and outputs of slow pyrolysis process are presented in the Table 11.

Table 11. Input and outputs of slow pyrolysis per 1 ton of produced biochar output

Inputs
Amount
Willow chips (10% moist.)
3,175
Electricity
400,000
Outputs
Dry biochar
1,000
Heat for drying
858,687
Heat for district heating
3 422,253

Unit
t
kWh
t
kWh
kWh

Next the climate impact of replacing district heating with heat from pyrolysis is calculated.
Heat from the pyrolysis can be considered as carbon neutral as it comes from renewable
sources. This means that some of the emissions can be avoided when the heat is utilized. The
amount of avoided emissions can be calculated with emissions factor of district heating.
According to Motiva (2020) average emission factor for district heat produced by combined
production is 154 kgCO2/MWh, when average of last three years is calculated using benefit
allocation method. Using this value and the amount of heat produced for district heating the
amount of avoided emissions can be calculated:
3,422 MWh ∙ 154 kgCO2 /MWh = 527 kgCO2
According to the calculation 527 kg of CO2-emissions can be avoided when 1 ton of biochar
is produced. However, used emission factor is just an average value for the whole country
and the value might vary depending on the location as different fuels might be used for
district heating.
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7.2.10 Transportation of biochar

As a small particle, biochar dust is sensitive to wind losses during transportation and handling. According to Major (2010) during biochar field trials, 3 % was lost during transportation, 2 % when loading lime spreader and 25 % was lost during spreading leading to total
loss of 30 %. However, wind losses can greatly be reduced by moistening biochar. (Major,
2010, 7.) In study by Hammond et al. (2011, 2) losses were assumed to be 1 % in handling
and 3 % in soil application. In this study it is assumed that total losses of biochar can be kept
in 5 % by moistening it before transport and application to soil. The transportation distance
is assumed to be same as the willow chips, 68 km.
There isn’t much literature available about optimal moisture content of biochar for decreasing handling losses. In study by Silva et al. (2015) wind erosion of biochar was assessed
through wind tunnel simulations. The study recommends minimum moisture content of 15
% for decreasing wind erosion. (Silva et al., 2015, 1.) Same value is applied in this study.
Increased moisture content affects especially transportation of biochar. Transporting the
functional unit of 1 ton of dry biochar to field requires 1,176 tons of moistened biochar.

7.2.11 Carbon abatement

Carbon abatement depends on the amount of carbon in the biochar and the biochar stability.
In study by Mašek et al., (2013) carbon content of biochar produced from willow chips depended on the used temperature of slow pyrolysis. Also, char yield was depending on pyrolysis temperature. With lower temperatures, char yields were high, but carbon content was
low. With temperature of 350 ℃ carbon content was 70,7 wt% from dry biochar with char
yield of 39,8 %, which is close to the char yield of 35 % assumed in this study. (Mašek et
al., 2013, 7.) In study by Ronsse et al., (2013) slow pyrolysis of pinewood produced biochar
with carbon content of 71,3 wt% (dry basis) when pyrolysis temperature and char yield were
300 ℃ and 43,7 %, respectively. Carbon content of 74 % was reached in the study by Rasa
et al., (2018, 2) with pyrolysis temperature of 320 ℃. In this study average of these three
values is used. Therefore, carbon content of 72 % is assumed.
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Biochar stability depends on biochar decomposition rate which follows a two-pool behaviour. Labile fraction of biochar carbon degrades quickly to CO2 whereas recalcitrant fraction
stays in the ground for hundreds of years. (Tisserant and Cherubini, 2019, 11, 18.) In the
study by Tisserant and Cherubini (2019) 34 LCA studies of biochar systems are revised and
most common assumption presented. According the study, common assumption for carbon
stability is that 68 % of the carbon stays in soils after 100 years. (Tisserant and Cherubini,
2019, 11,16.) The same assumption is used in this study. With these values and biochar
losses presented in the previous subchapter, the amount of carbon sequestered in 100 years
can be calculated:

(1 − 0,05) ∙ 0,72 kg

kgC
dry biochar

∙ 0,68 kg

kgC
dry biochar

= 0,465 kg

kgC
dry biochar

According to the calculation from one kilogram of biochar 0,465 kg of carbon is still in soil
after 100 years. Next the amount carbon can be converted to CO2:

mCO2 =

MCO2
MC

44,01

∙ mC = 12,01 ∙ 0,465 kg C = 1,704 kg

kgCO2
dry biochar

According to the calculation applying 1 kg of dry biochar in soil is equivalent of storing
1,704 kg of CO2 for 100 years. The moisture content of biochar after moistening needs to be
taken into account because that affects transportation. The moisture content of 15 % was
defined earlier. Amount of CO2 sequestered by 1 kg of moistened biochar is calculated followingly:

(1 − 0,15)

kgdry biochar
kgbiochar,15 %

∙ 1,704 kg

kgCO2
dry biochar

= 1,449 kg

kgCO2
biochar,15 %

7.2.12 The GaBi LCA model

With all the inputs and outputs presented in the previous chapter, the Gabi model can be
built. The overall model can be seen in Figure 5. In the figure all the flows connecting the
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unit processes can be recognized. Values of the flows are in relation to the functional unit of
1 ton of dry biochar in soil.

Figure 5. Gabi model of the willow biochar life cycle

The model starts with the Willow cultivation process which is modelled as a plan as it consists of multiple unit processes. The plan for willow cultivation phase can be seen in the
Figure 6. The plan consists of three processes which are connected to Willow cultivation
process. Outputs of the willow cultivation are willow rods (52 % moist.) and N2O-emissions
which were calculated in the chapter 7.2.3.

Process for a fertilizer production is a plan called GLO: NPK fertilizer mixer. The plan itself
consists of three processes which take into account of producing the three different nutrients
required for the fertilizer product. In the plan the strength of the fertilizer was adjusted by
the free parameters to the values calculated in the chapter 7.2.3 as well as the amount of
needed fertilizer product which is the product output of the plan.

For herbicides there were no process available for producing specific herbicides mentioned
in chapter 7.2.4. Only process for herbicide production found in Gabi is DE: Herbicide unspecific. It represents German situation and outputs Herbicide product called Trifluralin
which usage is banned in Europe (European Commission, 2016). In this work it is assumed
that that emissions from production of Trifluralin are similar to the production of the herbicides mentioned in chapter 7.2.4.
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All tractor-based operations were modelled with one process called GLO: Universal tractor
which represents a global and unified applied technology. It takes diesel as an input which
was set to a correct amount calculated in chapter 7.2.2 by modifying hourly consumption
parameter in the process. Outputs are the emissions from the diesel usage and agricultural
implement which is used to connect the process to Willow cultivation. Diesel for the tractor
operations are provided by process EU-28: Diesel mix at filling station which covers the
entire supply chain of the filling station products and takes into account the emissions from
producing the used diesel. Same process is used also to provide diesel for other unit process
that require diesel input.

Figure 6. Gabi model of willow cultivation phase

After the Willow cultivation, next process Natural drying was created in which the moisture
content of willow rods decreases to 26 % and 5 % of dry matter is lost. Output of the process,
Willow rods (26 % moist.), is input for the another created process, FI: Chipping. Chipping
process takes diesel as an input and outputs willow chips and carbon dioxide. For transportation of chips, process called GLO: Truck-trailer, Euro 6, 34–40t gross weight/ 27t payload
capacity was chosen. In the free parameters, the transportation distance was set to the 68 km.
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Utilization rate was left as 0,61 as it was the same in Statistics Finland (2017). Same parameters were also used in the later transportation process.

Next, the process for willow drying was created. The FI: Drying takes heat input from FI:
Slow pyrolysis and electricity input from FI: Electricity grid mix, which represents average
Finnish electricity consumption mix. Same electricity provider was used also in FI: Slow
pyrolysis. Output of the drying process is Willow chips (10 % moist.), which is input for the
pyrolysis process. Only product output of the process is dry biochar as it was assumed that
pyrolysis gas and oils are combusted in the process. Excess heat is the by-product of the
process and they are directed to FI: Drying and to district heating. System expansion was
created for replaced district heating to avoid emissions allocation between biochar and produced heat. Process Replaced district heating takes the excess heat flow from the pyrolysis
as an input as well as untracked flow of Carbon dioxide [Inorganic emissions to air].

After pyrolysis, Biochar moistening process was created. It takes Dry biochar as an input
and outputs slightly heavier Wet biochar. Next the Wet biochar is transported to soil application using the same transportation process as earlier. The process Soil application was
based on process GLO: Universal tractor which was modified to take Wet biochar as an
input and output. The original output Agricultural implement [Areas] was set to untracked
flow. For the last process, Carbon sequestration, new process was created which takes Wet
biochar and untracked flow of Carbon dioxide [Inorganic emissions to air] as inputs.

7.3 Impact assessment of willow biochar
Impact category assessed here is climate change and characterization model Baseline model
100 years of the IPCC. All results are presented in CO2-equivalents (kgCO2eq) as all greenhouse gases are converted to kgCO2eq using GWP100-factors. In Gabi the IPCC GWP100factors are used in the assessment method CML 2001 - Jan 2016, therefore it is used for
calculating the impacts in this study. Furthermore, the results are presented per functional
unit (1 000 kg of dry biochar). Results of the impact assessment are presented in the Figure
7.
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Figure 7. Global warming potentials of willow biochar life cycle

From the Figure 7 can be seen that willow biochar life cycle is carbon negative as it removes
more CO2 from the atmosphere than emits. Total GWP100 of the life cycle is -1 875
kgCO2eq/ 1 000 kg of dry biochar. Carbon stored on the ground has the greatest effect on
the life cycle carbon negativity (-1 704 kgCO2eq) but replaced district heating has also significant impact during the life cycle (-527 kgCO2eq). Biggest emitter is the willow cultivation phase (212 kgCO2eq). More in-depth view on cultivation phase is given in Figure 8.
Electricity usage in pyrolysis and diesel consumption in chipping emit 84 and 25 kgCO2eq,
respectively. Rest of the emissions (36 kgCO2eq) are from transportation, drying, soil application and production of diesel.
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Figure 8. Global warming potentials of willow cultivation phase

When it comes to emissions during the willow cultivation phase, the biggest culprit is the
N2O-emissions from the fertilizer use. Even though the actual N2O-emissions (0,07 kg/ 1
000 kg of willow rods) weren’t massive during the life cycle, the GWP factor for N2O is 298
which explains the huge impact (Forster et al., 2007). N2O-from fertilizer use covers 50 %
of the kgCO2eq-emission of the cultivation phase. Next biggest emissions are from fertilizer
production (84 kgCO2eq) which covers 40 % of the cultivation phase emissions. Emissions
from tractor operations are 19,5 kgCO2eq (9,1 %) when emissions from diesel production
are also considered. Emissions from herbicide production (1,9 kgCO2eq) are quite insignificant.

7.4 Interpretation of the willow biochar life cycle
Due to stored carbon and replaced district heating the life cycle of the willow biochar is
carbon negative. Carbon stored in the ground had the greatest effect, -1 704 kgCO2eq/1 000
kg of dry biochar. However, the are some uncertainties in the carbon stability in the ground,
which might affect the results. Also, the pyrolysis conditions can affect carbon content and
amount of stable carbon in the biochar. Effect of these parameters on the result is studied in
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the sensitivity analysis. Biochar in soil can also decrease need for fertilizers and N2O-emissions from soil, however these effects are not considered in this study.

According to the inventory analysis pyrolysis produces excess heat that can be utilized in
the drying of willow chips and other ways. In this study it was assumed that excess heat was
utilized in district heating as there is already company in Finland that does sell its waste heat
from pyrolysis to district heating network. Replaced district heating had quite significant
effect on the carbon negativity as the GWP100-value for it was -527 kgCO2eq/1 000 kg of
dry biochar. However, possibility to offer heat to the district heating depends on the location
of the pyrolysis facility. Even if the excess heat is only utilized in the willow chip drying the
GWP100-value for the life cycle would be still -1 348 kgCO2eq/1000 kg of dry biochar.
However, district heating is not the only way to utilize excess heat. For example, if pyrolysis
is done alongside other agricultural activities, heat can be used to for drying of grain and
heating of farm buildings, thus reducing the energy demand of the farm and therefore reducing emissions.

Amount of heat obtained from the pyrolysis is also quite uncertain and it can depend type of
feedstock that is used and its properties. According to the two studies found, heat available
from pyrolysis is around 29 % from the dry biomass energy input when moisture content of
the feedstock is 10 %. Amount of excess heat implies that feedstocks with higher moisture
content could also be used in pyrolysis and the process would be still self-sustaining and less
energy would be needed for drying. Using moister feedstock would be beneficial if there is
no place to utilize excess heat and therefore no reason to produce it. Also, some energy is
saved when the need for willow chip drying is smaller. However, reducing the energy need
for drying doesn’t affect the emissions greatly as biomasses in Finland are usually dried
using secondary heat.

Most emitting phase in the life cycle was the willow cultivation phase. Most of the emissions
were caused by the fertilizer production and use. One way to reduce these emissions would
be the use of wastewater or wastewater sludge. In some places willows are already used in
the wastewater treatment. Tractor operations caused only 9,1 % of the cultivation phase
emissions. Possibilities to reduce emissions during tractor operations are quite limited, but

65

best possibility could be using biofuels instead of diesel. However, these emissions are quite
insignificant when compared to total life cycle emissions of willow biochar.

7.5 Sensitivity analysis
In this sensitivity analysis effect of certain parameters on the GWP of willow biochar life
cycle is studied. One parameter is changed at a time while others stay the same. When analysing the effect willow yield to results the change is done according the different values
found in the literature. Effect of replaced district heating is studied by setting the parameter
to zero. In biochar yield, carbon content and amount of stable carbon the parameters are
changed by ten percentage points in the both ways. Parameters and the results calculated
with them are presented in the Table 12.

Table 12. Results of sensitivity analysis. In brackets are change in per cent when compared to original result

Parameter
Willow yield
Heat to district heating
Biochar yield
Carbon content
Amount of stable
carbon

Change
6,9 -> 8 odt/ha/a
6,9 -> 5,8 odt/ha/a
3422 -> 0 kWh
35 -> 25 %
35 -> 45 %
72 -> 62 %
72 -> 82 %
68 -> 58 %
68 -> 78 %

Result [kgCO2eq/1000 kg of dry biochar]
-1 904 (+1,5 %)
-1 835 (-2,1 %)
-1 348 (-28,1 %)
-1 946 (+3,8 %)
-1 835 (-2,1 %)
-1 639 (-12,6 %)
-2 112 (+12,6 %)
-1 625 (-13,3 %)
-2 126 (+13,4 %)

According to the sensitivity analysis willow yield doesn’t affect results much. Increasing
yield by 1,1 odt/ha/a reduces life cycle emissions by 1,5 % and decreasing yield by the same
amount increases emissions by 2,1 %. Willow yield affects only emissions during the cultivation phase which explains the small impact on the results. In the analysis it was assumed
that fertilizer need per hectare stays the same even though the yield changes. In reality the
yield affects the nitrogen offtake of the willow plantation which in turn affects fertilizer
need. Therefore, increasing yields could increase the cultivation emissions due to increased
fertilizer production and N2O-emissions from soil.

Replaced district heating has quite strong impact on the results. Setting the excess heat utilization in district heating to zero weakens the carbon negativity by 28,1 %. The amount of
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avoided emissions when replacing district heating with heat from pyrolysis can vary depending on the emissions factor for the district heating, which in turn is depending on the used
fuel. Greater climate benefits can be achieved if district heating produced with fossil fuels is
replaced with heat from pyrolysis.

Changing biochar yield parameter gave surprising results. Lowering the yield by 10 percentage points increased the carbon negativity of the life cycle by 3,8 % and increasing yield by
the same amount decreased carbon negativity by 2,1 %. Assumption was that the total GWP
of the life cycle would increase when the char yield of the pyrolysis weakens due to increased
need for feedstock to produce 1 000 kg of dry biochar. However, in the created model increased willow chip input in the pyrolysis increases the amount of excess heat produced per
1 000 kg of biochar. To study this effect even further, more results were calculated with char
yields in the range 5–45 % with and without district heating replacement. Results are presented in the Figure 9.
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Figure 9. Effect of char yield to GWP of willow biochar life cycle

From the figure can be seen that the shape of the curve depends on whether the pyrolysis has
connection to district heating or not. Having pyrolysis connected to district heating adds
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climate benefits for the biochar life cycle. District heating connection also seem to determine
what kind of impacts char yield has on the life cycle GWP of biochar. When char yield is in
the range of 20–45 %, which is typical for slow pyrolysis, GWP doesn’t change significantly
in the both scenarios. However, when yield is decreased even further climate benefits
increase rapidly when district heating is connected and decrease when there is no connection
to district heating. Char yield in the range of 5–30 are typical for fast pyrolysis. In practice
this means that when climate benefits are pursued, pyrolysis facility with no connections to
distict heating should aim for the high char yield. In the case of pyrolysis with ways to utilize
excess heat in the district heating, they could aim for lower char yields.

Changing the carbon content had quite strong impact on the results. If carbon content increases 10 percentage points, carbon negativity of life cycle increases by 12,6 %. Decreasing
carbon content decreases the carbon negativity by the same amount, 12,6 %. Carbon content
of the biochar is depended on feedstock and pyrolysis temperature. From biomasses, woody
biomasses are richer in carbon than other feedstocks and therefore can produce biochar with
higher carbon content. In this study used biomass is willow which can be considered woody
biomass, therefore much higher carbon content cannot be expected by changing the feedstock. Carbon content can be increased also by increasing pyrolysis temperature which also
increases aromatic condensation of biochar or higher recalcitrance biochar. However, higher
pyrolysis temperature decreases biochar yield. According to the results presented in the previous paragraph it’s not necessary a bad thing. Lower yield can result a lower GWP of biochar life cycle if excess pyrolysis heat can be utilized in district heating. Therefore, higher
pyrolysis temperature can increase the amount of stable carbon and other climate benefits
during the life cycle.

Changing the amount of stable carbon also had quite strong impact on the results. When
stable carbon content was increased by 10 percentage points the carbon negativity was increased by 13,4 % and decreasing the content by 10 percentage points decreased carbon
negativity by 13,3 %. Stability of carbon is quite uncertain as there isn’t much of literature
available yet. As mentioned earlier, carbon stability is depended on pyrolysis conditions.
When compared to results from the literature the result of this study sets to the range predicted in the introduction, 1,1–3,9 tCO2eq per tonne of biochar. In study by Hamedani et al.
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(2019, 9) carbon sequestration potential for willow biochar life cycle was 2,2 tCO2eq which
is 0,3 tCO2eq higher than in this study (1,9 tCO2eq). Studied systems are almost identical,
but main differences are in utilization of excess heat and biochar properties. In Hamedani et
al. (2019, 3–5) excess heat energy is used for electricity production and carbon content of
biochar is 75 % and share of stable carbon is 80 %. Explaining factor for different results
might be the higher stable carbon content. In sensitivity analysis when stable carbon content
was raised from 68 % to 78 % carbon sequestration potential raised to 2,1 tCO2eq, which is
very close to the results in Hamedani et al (2019).

Another almost identical study was from Forsström (2019, 53) where carbon sequestration
potential of 1,1 tCO2eq was achieved. This is 0,9 tCO2eq smaller than in this study. Main
differences when compared is the use of excess heat to produce electricity and using natural
gas for willow chip drying. Use of natural gas weakens the carbon sequestration potential
significantly. In the sensitivity analysis conducted by Forsström (2019, 57) replacing natural
gas with biomass improved carbon sequestration potential to 1,9 tCO2eq, which is the same
results as in this study.
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8

CARBON SEQUESTRATION POTENTIAL IN HÄME REGION

Next the carbon sequestration potential of willow biochar in Häme region can be calculated.
According to the LCA GWP of willow biochar life cycle is -1 875 kgCO2eq/ 1 000 kg of dry
biochar. Producing on ton of dry biochar requires 6 136 kg of willod rods. Therefore, results
can also be presented per willow raw material -0,306 kgCO2eq/ kg of willow. In LCA used
willow yield in 25-year lifetime of willow field was 345 t/ha. GWP per hectare of willow
field is then -105 423 kgCO2eq/ha in 25-year period. GWP can also be presented in a yearly
value of -4 217 kgCO2eq/ha/a. Even though willow isn’t harvested every year yearly value
is still relevant as plantations usually have willows growing in the different phases of rotation.

According to the data in chapter 4.3 the total amount of marginal lands in Häme region is 4
261 ha. If all the land could be utilized for growing willow for biochar production GWP for
the region would be -17 968 tCO2eq/a. According Finnish Environment Institute, SYKE
(2020b) emissions from agriculture in year 2018 in Kanta-Häme were 199 200 tCO2eq and
in Päijät-Häme 159 400 tCO2eq, totaling 358 600 tCO2eq. By growing willow in marginal
lands for biochar production would compensate 5 % of the yearly emissions from agriculture
on that region. To compensate all the emissions from the agriculture willow cultivation area
should be 20 times larger than what is available in marginal lands. Furthermore, probably
not all marginal lands can be used for willow cultivation as there might sites where willow
can’t be grown or landowners who are not willing to start willow farming. However, environmental impact of biochar on soil emissions, soil carbon and reduced fertilizer need, and
other cumulative benefits were not considered in this study. Therefore, the potential for compensating agricultural emissions might be little bit greater than calculated in this study.

It should be also considered that these results represent the case were excess heat can be
utilized in the district heating. In reality this kind of possibilities are not available everywhere. Without district heat replacement GWP of the willow biochar for the region would
be -12 918 tCO2eq/a. In the sensitivity analysis it was found that using the excess heat would
be beneficial as it increases climate benefits and it reduces the need for pursuing the highest
char yield possible. However, there are also other places where excess heat can be utilized.
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For example, if pyrolysis facility is located in the farm the heat can be used for grain drying
or heating of farm buildings.

To increase the carbon sequestration of the willow biochar in the region, more cultivation
sites should be sought. These kinds of sites could be buffer zones of the fields and near
bodies of water, sites of waste sludge treatment or other sites that are not currently used for
food crop production. Fallow field lands could be used for willow cultivation as they are left
outside of crop cultivation for a year or longer time. However, long lifetime of 25 years of
willow plantation is a problem as the field would not return back to crop cultivation in a few
years. Another field type could be nature management fields which are part EU agricultural
support scheme. Willow on nature management field could increase biodiversity and improve rural landscape. Places where willow can be used in wastewater or sludge management
should also be studied. Problem in this is that willow absorbs heavy metals and other toxins
which might be transferred to biochar. This makes biochar utilization in soil amendment
questionable. However, there are other end use possibilities like concrete additives for biochar where heavy metals might not be a problem.

According to Toivoniemi & Rantala (2020) Häme region might not be best place for willow
cultivation as there is quite strong competition for field lands. This might explain the small
amount of available marginal lands in the region as the most available sites are already transferred to field lands. The potential for other regions and entire country could be better than
the results of this study suggests as the share of available marginal lands in other regions is
likely somewhat higher. What comes to the global scale of willow cultivation for biochar
production there is very likely marginal land potential in other countries too. Willow biochar
might be even more beneficial in warmer countries as the growing season is longer which
can increase willow yields. Furthermore, biochar is reported to increase crop yields in
warmer countries when mixed in soil. When all is said and done, willow biochar can bring
some additional benefits and improve the sustainability of the agricultural sector, but also
other means are required to be implemented to make it fully sustainable and climate friendly.
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SUMMARY AND CONCLUSIONS

Objective of this master’s thesis was to calculate carbon sequestration potential of willow
biochar in Häme region. Amount of marginal lands in the region was based on the assessment made by forestry organization Tapio. The assessment evaluated the amount of field
lands that were outside of agricultural use and former peat production sites. Estimated
amount of marginal lands was 4 261 ha, most of them being idle lands which are not used in
agriculture. Only 40 ha of the marginal lands were former peat production sites. According
Koistinen (2020) these are only estimates so no exact values can be obtained from Tapio’s
assessment.

LCA was done as a cradle-to-grave -study. Cultivation and production of willow planting
rods was excluded from the study. Included phases were willow cultivation processes starting from the site preparation and ending to site restoration, willow drying and chipping,
transportation processes, pyrolysis, replaced district heating and biochar application to soil.
Functional unit was 1 ton of dry biochar stored in soil for 100 years. Total GWP100 of
willow biochar life cycle was -1 875 kgCO2eq/ 1 000 kg of dry biochar. Biggest carbon
negativity was achieved by carbon stored on the ground (-1 704 kgCO2eq), but also replaced
district heating had significant part (-527 kgCO2eq). Biggest emitter of the life cycle was
willow cultivation phase, 212 kgCO2eq, from which N2O emissions from fertilizer use covered 107 kgCO2eq.

Carbon stability in the ground had uncertainties, but it has quite great effect on the carbon
sequestration potential of biochar. In sensitivity analysis decreasing amount of stable carbon
by 10 %-points weakened the carbon negativity by 13,3 %, mutually increasing amount of
stable carbon by the same amount strengthened carbon negativity by 13,3 %. Carbon content
of the biochar can also vary depending on pyrolysis parameters and feedstock. If carbon
content increases 10 %-points carbon negativity of life cycle increases by 12,6 % and decreasing carbon content by the same amount decreases the carbon negativity by 12,6 %.

More unexpected results were given in the sensitivity analysis of biochar yield. When yield
was lowered by 10 %-points carbon negativity of life cycle was improved by 3,8 %. In char

72

yields of 20–45 % GWP doesn’t change significantly, but after that climate benefits start to
increase rapidly. In created model when yield decreases, the amount of pyrolyzed product
increases which means more excess heat is available for district heating. This implies that if
pyrolysis facility has connection to district heating, they can aim for lower char yields when
climate benefits are considered. Correspondingly, if there is no way to utilize excess heat in
pyrolysis higher char yields should be pursued.

When all these results are considered together, the GWP for the willow biochar produced in
Häme region is then -17 968 tCO2eq/a. This would suffice to compensate 5 % of the emissions from the agriculture on that region. In reality, carbon sequestration potential might be
somewhat higher as biochar can reduce emissions from soil and reduce the need for fertilizers. After all, emissions from fertilizer production and use were biggest emitters of the life
cycle. On the other hand, possibility to utilize excess heat is not available everywhere. If
excess heat is not used in district heating GWP of willow biochar in the region sets to -12
918 tCO2eq/a. Utilizing excess heat would be recommended as it brings climate benefits and
reduces the need for pursuing highest char yield possible.

Another solution to increase the carbon sequestration would be seek more cultivation sites
for willow as it is quite unlikely that all the marginal lands are utilized in the region. Finding
more sites might prove to be difficult as availability of land in Häme is quite limited and
there is strong competition for field land. It might be possible to grow willow in buffer zones
or in sites of wastewater and sludge treatment. To make farming fully sustainable and climate
friendly in Häme would still require additional means in addition to willow biochar production. In the other regions in Finland potential for willow cultivation might be higher as there
could be less competition on field lands and more marginal lands available. In global scale
willow biochar might be even more beneficial as biochar can increase crop yields in warmer
countries. Furthermore, longer growing seasons of warmer countries can increase willow
yields.

The result of this thesis is that willow biochar is carbon negative and therefore suitable for
sequestering carbon from atmosphere. For future research stability of carbon should be studied further as it affects the sequestration potential. Also, effect on soil emissions should be
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studied as additional climate benefits might be gained from there. Economical aspects should
also be calculated as climate benefits alone do not encourage farmers for willow cultivation
as it should be also profitable. One way to increase profitability could be adding willow
farming to carbon offset schemes. Let that remain to be seen.
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