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Key terms
Carbon
sequestration

A process of carbon dioxide (CO2) removal from the atmosphere into other secure, long-lived
carbon pools, primarily fixed by plants through photosynthesis (IPCC 2018, Lal 2008). Carbon
fixed in biomass can be turned into a more stable form (biochars) through heating the biomass
in oxygen-depleted conditions (pyrolysis). Formation of secondary carbonates through the
reaction of Ca2+ and Mg2+ and atmospheric CO2 is another natural way of CO2 fixation, but it is
a comparatively slow process (Lal 2008).

Carbon sink

Any biological, geological or other process, activity or mechanism that removes CO 2 from the
atmosphere into a carbon storage, e.g. forests, peat, soil or sediments (Bruce et al. 1999, IPCC
2014). Reliable estimation of the effect of different management practices on the amount of
carbon sequestered is of special importance for carbon sink trading. Transparent and accurate
measurements are necessary for the validation of carbon sinks.

Mineralization

A process where soil microorganisms turn soil organic substances into soluble inorganic
compounds, releasing CO2, H2O and nutrients; final phase of organic matter decomposition.

Soil aggregate

Formed from groups of primary soil particles (silt and clay sized fractions) attached to each
other more strongly than to the adjacent particles.

Soil inorganic
carbon (SIC)

Carbon primarily found in carbonate minerals (e.g. calcite and dolomite) formed through the
weathering of calcareous parent material or through the reaction of Ca and Mg silicate
minerals and atmospheric CO2.

Soil organic
carbon (SOC)

Carbon fixed to the soil organic matter (SOM), including (I) plant and animal residues at
various stages of decomposition, (II) organic compounds microbiologically/chemically
modified from the breakdown products and (III) living microbial biomass and fine plant roots.
For SOC stock accounting, SOC is defined as all organic carbon present in the fine-earth
fraction (< 2 mm) of soil.

Soil respiration

Includes diverse soil processes that produce CO2 because of biological activity of microbes,
plant roots and soil animals. Heterotrophic respiration refers to CO2 released during the
decomposition of soil organic matter and autotrophic respiration to CO2 respired by live roots.

Urban space

Urban space can be defined based on e.g. impervious surface area (ISA) and population
density – different countries may use different criteria for the definition of urban (Raciti et al.
2012, United Nations 2019). For example, Raciti et al. (2012) defined ‘urban’ based on 1 km 2
moving window having > 25% ISA, while other areas were classified as ‘nonurban’. Urban land
cover category was further divided into higher and lower population density classes (greater
or less than 2,500 persons km-2, respectively). Estimates of urban C stocks may vary greatly
depending on how ‘urban’ has been defined (Raciti et al. 2012).

Weathering

Physical breakdown of rocks and disintegration of their original chemical structure. Occurs
when rocks are exposed to natural conditions, including abiotic factors such as rain, wind and
temperature differences and biotic factors such as microbes and vegetation.
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Executive summary for policymakers
In order to achieve the goals of carbon (C) neutrality within next 15–20 year, cities worldwide need to
increasingly apply negative emission technologies. Biochars, thanks to their stability against microbial
degradation, suit well for application to both agricultural and urban soils as a C- fixing technology providing
multiple co-benefits. Remarkable compensations to current emissions can be made by implementing more
sustainable management practices to the urban green spaces. While providing support for the city planners
and policymakers to develop tools for more sustainable management practices of urban green areas, high
visibility and impact can be gained in the densely populated urban areas. This report focuses on main
principles of urban demonstration areas for carbon sequestration and as such describes the work done in
the WP 3 of the Carbon Lane project funded by EIT Climate-KIC.
Urban demonstration sites for carbon sequestration offer unique opportunities for research, urban planning,
citizen engagement and combining multiple approaches and interests of different sectors. Better scientific
understanding can be acquired, alternative ways for managing urban green areas developed and citizens
may get new information and inspiration to act and support climate-friendly solutions. Examples of practices
for carbon sequestration that may be relevant in an urban park include e.g. biochar-based planting soils and
the use of CO2-fixing minerals such as olivine.
Demonstration sites, in order to facilitate validation of C sequestration, need to be designed in a way that
is also sound scientifically. Thus, it is crucial to document well all practices, carefully plan the experimental
design as well as a reliable and cost-effective verification of C sequestration. In order to tackle random
variation in environment and between biological entities, all treatments need to be randomised and
replicated, e.g. there should be 5–10 trees per treatment located randomly across the area. A control
treatment is needed to investigate the effect of the introduced practices; e.g. in Finland, business-as-usual
(INFRA-RYL) could be used as negative control and a sewage sludge-made compost as a positive control.
Sampling and analyses of quality of all materials used as well as initial measurements at the demonstration
site are highly important. Preferably only standardised and certified products should be used. In the case of
biochars, the European Biochar Certificate ensures that the biochar in question is sustainably produced and
safe to use, e.g. it does not exceed threshold values for polycyclic aromatic hydrocarbons or heavy metals.
Verification of carbon sequestration requires that
 Sampling procedure is carefully planned to get meaningful results; e.g. for planting soils, the
undisturbed (intact) soil core method could be used to determine the relevant parameters for the
calculation of SOC stocks, including SOC concentration of the fine-earth fraction (< 2 mm), content
of rock fragments (> 2 mm) and soil bulk density
 Carbon stocks can be reliably estimated; e.g. for soil carbon measurement, dry combustion method
is recommended - SIC can be accounted for with acid pre-treatment
 The external carbon input is taken into account; in the case of biochars, C content of biochars should
be analysed and the amount of C input to soil recorded
 Pyrogenic carbon fraction in soil is preferably quantified if there are resources for that; e.g.
thermogravimetry – differential scanning calorimetry or mid-infrared spectroscopy could be used
To optimise the use of biochars for carbon sequestration, it is important to consider the stability of biochars
in soil. Certain properties of biochars (e.g. H/Corg ratio) can be used to predict its persistence in soil.
All carbon fixing treatments need to be applicable to urban space. Most importantly, they must be safe
for humans and environment and hard to vandalise. All materials used in urban environment should comply
to safety standards (REACH, EBC) and the raw materials should be traceable. In the case of biochar, the
treatments need to be evaluated and planned with respect to their applicability to urban environment,
considering e.g. fire safety and dustiness.
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One of the key objectives of the Carbon Lane project is to explore how similar projects could, in the future,
engage citizens and other stakeholders of the potential of urban carbon capture. The means of
communication are divided into those, that are implemented inside the park and those that are off-site,
such as online materials or trainings organized outside the park. The focus is on communication within the
park, as it is probably the most effective way to influence on people when they are already inside the park.
However, many of the communications within the park also utilize online communication tools to widen the
impact.
The final plan of the Hyväntoivonpuisto demonstration area includes 79 deciduous trees and nine
different treatments from seven different suppliers of growing media. The number of different treatments
and repetitions was determined by how different growing media could be delivered on the given schedule,
and also the randomisation principle was compromised on. To facilitate construction, the trees are planted
in connected pits with several trees per pits clustered together
Following up the C sequestration in Jätkäsaari demonstration site is recommended to follow plan of
measurements on stepwise levels of importance and carry them out in this order according to the time
and resources available (Appendix 4). The time horizon to be considered is potentially centuries, but at least
a few decades are required to be able to gain insights on the potential of e.g. tree C sequestration. The
measurements aiming to document biomass and soil C stocks and sequestration are typically performed on
annual scale.
Helsinki is committed to achieving carbon neutrality by 2035. The vision includes an annual carbon sink
equivalent to 20% of the current emissions. With the biochar application rate of 10–15% in the planting soil,
annually 60 000–90 000 m3 of biochar could be used in the new soils in the metropolitan area and 20 000–
30 000 m3 respectively in Helsinki. One cubic meter of biochars consists of at least 300 kg of product and if
one kilogram of biochars would correspond to 3.11 net negative carbon removal, the annual potential of
carbon removal in the Metropolitan area would be 55 000–84 000tn CO2eq and respectively 18 000 - 28 000
tn CO2eq in Helsinki. In Helsinki, the annual potential of using biochar in new planting soils equals to 0.7
to 1 % of the annual emissions and 3.5–5% of the targets of negative emissions of Helsinki.
The biochar market is at its introductory phase and the commercial availability is limited to small-scale
production. However, the production of biochar is expected to rapidly increase during coming years. The
current price of biochar for the soil amendment on Finnish market is around 225–250€ per m3.Technological
advancement and scale-up activities can significantly increase the feasibility of biochar, making it more
competitive carbon removal solution in the future.
The potentials and costs of carbon sequestration compared. The number in the brackets represent the total
variation in the literature. Data is based on the study conducted by Fuss et al (2018)
Negative Emissions Technology
Potential (Gt CO2 yr−1)
Cost (US$/t CO2)
Bioenergy with carbon capture and
storage (BECCS)

0.5–5 (1–85)

100–200 (15–400)

Afforestation and reforestation
(AR)

0.5–3.6 (0.5–7)

5–50 (0–240)

Soil carbon sequestration

2–5 (0.5–11)

0–100 (−45–100)

Biochar

0.5–2 (1–35)

30–120 (10–345)

Enhanced weathering

2–4 (0–100)

50–200 (15–3460)

Direct air carbon dioxide capture
and storage (DACCS)

0.5–5

100–300 (25–1000)
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1 Introduction
Human activities are estimated to have caused approximately 1.0°C of global warming above pre-industrial levels
(IPCC 2019), mainly due fossil fuel combustion and land use change, especially deforestation. These actions produce
greenhouse gases (GHGs), compounds that may occur naturally or anthropogenically in the atmosphere.
Industrialisation has led to growing concentrations of GHGs in the atmosphere, thereby strengthening the
greenhouse effect and warming up the land surface remarkably from the pre-industrial period (1850-1900) to the
beginning of the 21st century (IPCC 2019). Carbon dioxide (CO2) is the most important greenhouse gas influenced by
human activities (Bruce et al. 1999). Other GHGs of concern are methane (CH 4) and nitrous oxide (N2O). While
reducing emissions of GHGs needs to be the primary goal, it is important to consider strategies that aim at developing
tools to enhance fixation of CO2 from the atmosphere. Climate policies worldwide are increasingly acknowledging
the importance of the latter process. For instance, the current government of Finland (from 2019) aims at securing
living conditions for the future generations by means of e.g. cutting emissions, growing carbon (C) sinks and
enhancing cooperation of different sectors (e.g. construction, transport and land-use sectors).
While the development and implementation of more sustainable management practices in agriculture and forestry
to mitigate climate change are in key roles, the importance of urban vegetation and soils may have been
underestimated. Urban areas are characterised by large impervious surface areas that typically have high surface
water runoff (Pataki et al. 2011). Flooding is expected to be more serious in many places as extreme weather events
(e.g. heavy precipitation events) become more frequent in future (IPCC 2014). Besides being potential carbon sinks,
urban vegetation and soils have other important functions in e.g. stormwater management and food production. In
general, green built environment and nature-based solutions in the cities yield both environmental and social
benefits by improving the quality of urban life.
Currently, urban areas act as net sources of CO2 (Velasco & Roth 2010). Moreover, population growth centres in the
cities, indicating that the CO2 emissions of the cities are expected to grow even more in future. That is why more
sustainable practices are needed in the cities to change the trend. Like many other cities, Helsinki aims to become
carbon neutral by 2035 (City of Helsinki 2018). Despite ambitious goals, there is a long way to go to C neutrality.
While keeping in mind that remarkable reductions to current emissions are essential, one opportunity is to use
negative emissions technologies, such as biochars. These are C-rich materials produced from biomass that would
otherwise finally mineralize in a relatively short time as CO2 to the atmosphere. In biochars, carbon is fixed in a form
that may be stable in soil for hundreds or even thousands of years (e.g. Kuzyakov et al. 2014).
Implementation of methods for C sequestration at large scale requires that the emissions and reductions can be
quantified by measuring and monitoring accurately and cost-efficiently - this remains challenging (Paustian et al.
2016). Understanding terms additionality and baseline is important while implementing activities that are expected
to cause emission reductions or CO2 removal from the atmosphere. Additionality refers to the difference in the effect
of the implemented activity (e.g. adding biochars to planting soil) in comparison to the baseline scenario (e.g.
negative control or business as usual). The baseline scenario is an option that would happen if the activity was not
implemented or in other words, no policy effort was made (IPCC 2018). In carbon market context, it is important
that the emission reductions or CO2 removal are additional to the baseline scenario and the effect of the
implemented activity can be reliably estimated.
Carbon Lane project was funded by EIT Climate-KIC and aimed to bring together actors from different sectors (e.g.
suppliers, researchers and policymakers) in a co-creation process that included multiple workshops where
knowledge was shared. Currently, the city is building a new residential area (100 ha) in Jätkäsaari, a fill-in peninsula
located in the shoreline of central Helsinki. As part of the Carbon Lane project, an urban demonstration site with
biochar-based planting soils from various suppliers was established in Hyväntoivonpuisto, the central park of
Jätkäsaari. The area is ideal for this purpose as it will accommodate 21 000 new residents, including an active
community with high interest towards climate-friendly solutions.
In this report, we describe the general principles of urban demonstration sites for carbon sequestration, considering
the technologies and practices that may be relevant based on scientific soundness and applicability to urban space.
We present an overview of the currently available methods for measuring the change in carbon stocks of soil and
vegetation. A proposal and a final plan with descriptions and visual layout of the Jätkäsaari demonstration site are
included in this report, combined with a follow-up plan for the monitoring and verification of carbon sequestration
at the site. Lastly, we also present the estimated carbon impacts of the proposed solutions for Jätkäsaari
demonstration site as well as the ideas for citizen engagement in the park.
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2 General principles of urban demonstration sites for carbon
sequestration
2.1 Scientific soundness
2.1.1 Proper documentation of all practices
All materials used (biochars, composts, fertilisers) should be sampled representatively prior to adding them in soils,
and their quality analysed. This is how the effect of added biochars can best be predicted (Bird 2015). Sampling and
analysing of biochar should preferably be done according to the guidelines of the European Biochar Certificate (EBC
2012). Due to the heterogeneous nature of biochars, however, the sampling procedure described by EBC (2012) has
been shown to have limitations especially for the determination of polyaromatic hydrocarbons (PAHs) in terms of
accuracy and reproducibility (Bucheli et al. 2014). Therefore, Bucheli et al. (2014) recommended the use of
incremental cross-stream sampling devices that were mentioned in the EBC guidelines, too, as an alternative
sampling method (EBC 2012).
It is important to know the amount and quality of C added to the soil with biochar. Carbon content of the EBCcertified biochar needs to be more than 50% of the dry mass. The effect of a biochar can be estimated by analysing
its C content prior to its addition in soil and recording the amount of added biochar. As a part of the carbon
sequestration verification process, however, we need also to assess the persistence of biochar in soil. In addition to
measurements characterising the fractions of black C (e.g. by benzene polycarboxylic acid (BPCA) technique), the
stability of biochars in soil can also be predicted, at least to some extent, from proxy characteristics like temperature
of pyrolysis as well as the molar H/Corg ratio of biochar (< 0.7 for EBC-certified).
The amounts of materials added, and their C content needs to be measured and documented because the external
C input must be considered as a part of the verification process. The starting points including e.g. tree dimensions
and initial soil C content should be measured and documented properly. Fertilisation and other maintenance
practices (such as irrigation) affect soil nutrient status and water content and therefore, plant growth. Consequently,
the C sequestration potential of the site is affected which is why it is important to record the amount of fertilisers
added as well as the other maintenance practices, too.
2.1.2 Experimental design
2.1.2.1 Controls: positive and negative
In order to assess the effectiveness of the treatments tested (e.g. different biochar-based growing media), it is crucial
to plan well the use of experimental controls for having the treatment effect clearly stand out. Control units (e.g.
trees) should be as identical to the treatments as possible except the treatment groups go through experimental
manipulation (Ruxton & Colegrave 2016). Controls and treatments are kept under same conditions; for example,
similar management practices like watering the trees are conducted for the controls and treatments. Two different
types of controls can be used: negative and positive.
Negative controls
Negative controls receive manipulation that is expected to have no effect. Business as Usual (In Finland the national
standard called INFRA-RYL) could be used as a negative control. The business-as-usual control treatment follows
current Finnish national subcontracting quality requirements used in constructing urban green (Appendix 1).
Positive controls
Positive control in an experiment is a treatment which is expected to produce expected results and can be used to
show that the experimental procedure is working. Positive control can also be used to benchmark a new method
against an older, better known one.
Literature indicates that biochar properties and effects are to some degree similar to those of other organic soil
amendments, such as compost or peat (e.g. Abujabhah et al. 2016, Schulz & Glaser 2012, Ohsowski & Brian 2012,
Ow et al. 2018). These have much longer history of use in urban greening soils (e.g. Scharenbroch 2009). To lesser
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degree, biochar may act similarly to inorganic fertilisers, but as the C cost of their production is known to be high,
inorganic fertilisers are not considered a good positive control in this case. Currently, both composts and peat are
much cheaper soil amendment option than biochar, so in order to justify biochar use in planting soils it should
provide higher benefits.
Peat is considered a fossil carbon source and its use accelerates climate change (IPCC 2006); therefore, biochar or
compost are preferable as a material for planting soils instead of peat. Phasing out the use of peat in planting soils
is already in progress, leaving compost as the most reasonable positive control material for experiments with biochar
planting soils. Composts are also manufactured from biomass, usually as a side product of waste management. Their
C footprint varies based on e.g. raw materials and the conditions during composting process (e.g. Hermann et al.
2012), and thus should be assessed case by case, which is currently rarely feasible. In addition, the longevity of
compost C storage in soils is poorly known (e.g. Prasad & O’Shea 1997, Prasad & Maher 2003). Despite these
problems, in regards to the effect of biochar on soil properties and plant performance, compost makes for the most
reasonable positive control provided that the properties of the compost used are well documented.
In Finland, one suitable option for positive control in C-fixing demo parks is HSY sewage sludge-made compost
Metsäpirtin multa.
2.1.2.2 Randomisation and replication
To avoid random variation or “noise” due to variations in environment and organisms (e.g. trees), each treatment
needs to be randomised and replicated. There should be 5-10 trees per treatment, and the grass areas need to be
at least 3 x 3 m. All measurements and samplings must be conducted avoiding the edge effects. Thus, it is important
to have as big as possible the “experimentally relevant” area which is more than 100 cm from the edges of the area
(Figure ). Grass areas should have at least three replicates. Each treatment should be randomly assigned over the
area, while representatively considering shade, hilltops and valleys as well as the distance from the paved routes (so
that all treatment combinations occur both close and far from them).

Figure 1. Example of the grass experimental areas and the ”experimentally relevant” zone of these.
2.1.3 Methods for the validation of carbon sequestration
Methods for estimating carbon sequestration are available from laboratory and field scale to ecosystem and regional
level measurements (Nayak et al. 2019). Measurements of C stocks are needed for the validation of carbon
sequestration especially in smaller scale, but in regional level, modelling is a useful tool for predicting changes in C
stocks. Several well-established models for estimating C stocks and predicting SOC stability are already available (e.g.
Yasso, Finnish Meteorological Institute), but there is still continuous need to evaluate the performance of models
with long-term field experiments (Bispo et al. 2017). In general, the estimation of C stocks and potential C
sequestration should not be based on only one method but a combination of data from the laboratory and field
measurements, satellite pictures, remote sensing and modelling. It must be noted though, that the geographic
information system (GIS) data (acquired from e.g. satellites and remote sensing) with low spatial resolution used in
many national inventories of C stocks may not be suitable for urban environment that is characterised by patchy
vegetation. For example, Edmondson et al. (2012) found OC storage of urban vegetation to be higher than estimated
in the national inventory.
When using biochar as a tool for C sequestration, new challenges emerge from the separation of positive and
negative priming effects of the native SOC. ‘Priming’ is a term that refers to the interactions of the added organic
matter (e.g. biochar) with the native soil organic matter, commonly used to describe the effect of e.g. biochar
addition on SOM mineralization (Figure ; Whitman et al. 2015). Priming effects can be both positive (resulting in
increased mineralization of SOM) and negative (decreased mineralization). In short-term, both positive and negative
priming effects have been observed but the long-term effects of biochar on native SOM are largely unknown. Ideally,
we would like to know the difference between added biochar-C and negatively primed char. Term ‘apparent priming’
8

should be understood and distinguished from the ‘true’ priming. Addition of biochar (or other organic matter) may
cause increased microbial activity and consequently, increased microbial biomass C turnover, phenomenon called
apparent priming (Blagodatskaya & Kuzyakov 2008). Recently promising results were presented by Blanco-Canqui et
al. (2020), where SOC increased by twice the amount of biochar carbon applied after six years in Midwestern USA,
so strong negative priming was found due to biochar addition for the first time under field conditions.

Figure 2. Priming effects of biochar. Adapted from Whitman et al. 2015. Illustration by Suvi Tikka.
2.1.3.1 Materials
Minerals that can fix carbon
Weathering of certain rocks can transfer carbon from its atmospheric pool to the geological carbon pool. This occurs
as a part of the global, long-term carbon cycle (Boot-Hanford et al. 2014) and as a result, thermodynamically stable
carbonate minerals are formed. When considering the potential for carbon sequestration, carbonate-forming stone
material may not be the most efficient tool (see Appendix 2 for more details). Carbonation reaction has low reaction
kinetics in natural conditions, but if the raw material is attained from a by-product, could still add some C –
sequestering potential to a certain location/park. Carbonation is a surface reaction, hence amount of surface area
determines the carbonation potential of mineral. The smaller the particle size is, more carbon can be fixed to the
mineral surface. To attain maximal carbon sequestration, stone material has to be small in particle size and also
preferably have lots of cracks in it.
Soil
The major soil C fractions can be classified as soil organic C, soil inorganic C (i.e. carbonates) and black C. This
classification is arbitrary, as black C is organic C in origin, but the separation of black C from organic C in terminology
is useful for the methodological consideration. Black carbon is a general term for recalcitrant, C-rich residues formed
through incomplete combustion of biomass to char or recondensation of volatiles to soot (Schmidt and Noack 2000).
The black C fraction is of special interest due to its stability and slower turnover than organic C fraction. Charcoal,
soot, elemental carbon or pyrogenic carbon are examples of synonyms used in the literature for black carbon. Here,
the term pyrogenic carbonaceous material (PCM) is used to describe the continuum of C-rich materials from char
and charcoal to soot and graphitic carbon (Schmidt and Noack 2000). Biochar differs from charcoal in that it is
intended to be applied in soil or in broader context, used for environmental management (Lehmann & Joseph 2015).
Biochar contains not only PCM but also inorganic ash constituents and in some cases also various amounts of partially
9

or completely unpyrolysed organic matter (Bird 2015). Consequently, biochars differ in their chemical composition
and persistence in soil, depending on e.g. pyrolysis conditions (Schmidt et al. 2011) and the feedstock used.
In SOC sequestration studies, soil sampling and analysis procedures need to be well-designed (e.g. Bruce et al. 1999,
Nayak et al. 2019, Olson et al. 2014). To verify that SOC sequestration has taken place with a certain treatment at
the site, it is necessary to be able to show an increase in SOC stock over time and to consider the external C input
(Olson 2013). Challenges in SOC measurements arise from the spatial variability of SOC content in heterogeneous
soil matrix and the relatively slow temporal changes in SOC content. Changes in the chemistry of biochar over time
in soils may cause further challenges for the analysis (Bird 2015). Therefore, long-term experiments would be of
great importance for the verification of biochar and SOC sequestration as it is necessary to show how long the fixed
C is retained in soil.
Isolation, quantification and characterisation of different C fractions in soil
The choice of the methods for the verification of soil and biochar C sequestration is important and deserves careful
consideration as there are wide range of techniques available but none of them is ideal (see the table in Appendix 3
for the comparison of the methods). While choosing a method for a certain research question, issues such as the
accuracy required, the type and degree of characterisation needed, the number of samples as well as the accessibility
and cost of the equipment required for the analyses need to be considered (Bird 2015, Hammes et al. 2007). The
methods (and if possible also devices) used for C determination need to stay same throughout the monitoring period
to ensure the comparability of data acquired from different points of time (Olson 2013).
Widely adopted laboratory methods for the measurement of SOC content are dichromate oxidation (Walkley-Black
method), loss on ignition and dry combustion in an elemental analyser (Nayak et al. 2019). Overall, chemical
oxidation techniques (including dichromate oxidation) alone cannot probably provide reliable isolation and
quantification of PyC and SOC, but further characterisation of the oxidation residues is needed with e.g. solid-state
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C nuclear magnetic resonance (NMR) spectroscopy (Knicker et al. 2007) that is expensive. Dry combustion
measures SOC directly in non-calcareous (no carbonates present) soils and if SOC content is to be measured in
calcareous soils, it requires that the carbonates are first removed with hydrochloric acid (HCl). For routine analysis,
dry combustion has been proposed as the most suitable method for the measurement of total C content in soil
(Sollins et al. 1999) but this method by itself does not provide isolation of SOC and PyC fractions.
Recent development of spectroscopic techniques is encouraging and indicates that these techniques could provide
rapid and accurate estimation of soil C stocks in the field (Nayak et al. 2019). However, even though e.g. visible and
near-infrared (Vis-NIR) spectroscopy has already been used for estimating multiple soil properties in the field (e.g.
Pei et al. 2019), collection of soil samples and further laboratory analyses are still required. Furthermore, the field
measurements are still lacking the required accuracy because soil moisture and texture interfere with spectral
features and hence, the laboratory measurements from a pre-treated soil are still more preferable. Bird (2015)
proposed mid-infrared (MIR) spectroscopy as the most promising technique for biochar analysis in soils with a
drawback that another technique needs to be adopted for the calibration of MIR. As a calibration technique, he
proposed the use of hydrogen pyrolysis (hypy), NMR spectroscopy or benzene polycarboxylic acid (BPCA) technique.
BPCA method has been further improved recently by Llorente et al. (2018) to reduce the cost and time of the
analysis.
Persistence of biochar-C in soil
Persistence of biochar in soil is a challenging question. Even biochar degrades in time and the degradation needs to
be accounted for in the analyses and calculations. In addition to mineralization, there are also other possible fates
for the added biochar. It may be eroded or leached, affected by the freeze-thaw cycles or degraded into
nanoparticles. In these cases, it is lost from the analyses and calculations but not necessarily as CO2 to the
atmosphere. As a part of the verification process, we may need to assess biochar persistence in soil. For this, it would
be useful to measure the condensed component of biochar that is expected to be stable in soil for centennial
timescales.
Most suitable methods for estimating carbon sequestration in urban demonstration sites
In Finland, load-bearing soils (known as “structural soils” in urban greening trade) are constructed for the street
trees to act as structure of the street while enabling enough space for the tree roots to grow in it. They contain 6510

75% coarse rock material (Rakennustietosäätiö 2016; Krook et al. 2005), are paved or sealed over, and consequently
it is challenging and expensive to take soil samples from these media. These kinds of soils are a marginal issue
however; they are only being constructed in cases where tree planting area must be entirely load bearing. In
addition, this specialised tree establishment method is only used in northern parts of the world (e.g. Scandinavia,
northern USA) because of the climatic conditions.

Picture 1. Load-bearing planting soils are expensive to sample later on, as they are paved over. Pavement must be
removed to access the soil below. Soil augers do not penetrate the stony mix and any sampling must be done by
digging soil pits. Image by Anu Riikonen.
One important thing to note is that the planting soils constructed in Hyväntoivonpuisto contain hardly any clay. Clay
interferes many techniques, e.g. LOI, TG-DSC and spectroscopic techniques. As the interference of clay can be
excluded, the use of spectroscopic techniques might be an appealing option. Moreover, the possibility to measure
soil C stocks with a non-destructive way and to deeper soil depths by spectroscopic techniques (Nayak et al. 2019)
without possibly challenging and expensive soil sampling would be of special interest in urban context. While causing
difficulties for the physical soil sampling, the presence of coarse-textured material in the planting soils (especially
the load-bearing soils) affects the in-situ performance of spectroscopic techniques, too. Even though the
development of these techniques is promising, they may not yet be robust enough for field use (Nayak et al. 2019).

To sum up: what are the most feasible methods for soil C measurement?
The accessibility and cost of the equipment and analyses define the choice of the methods for a certain site.
In the case of Hyväntoivonpuisto, the most feasible method in this context could be dry combustion as the
equipment is widely available, it is routinely used, and the analysis is relatively cheap. Currently, dry
combustion is still probably the most robust method for the measurement of soil C content despite the
recent developments in e.g. spectroscopic methods.
At simplest, we could measure the total C stock over time to verify that C sequestration has taken place. If
we want to know more about e.g. changes in the chemistry of biochar in soil, the priming effects of biochar
on native SOM or the changes in different soil C fractions however, some other methods could be used in
addition. From the scientific point of view, that would be interesting because the knowledge of the structure,
distribution and reactivity of PyC in soil is scarce (Simpson and Hatcher 2004a). Even though there is no such
a method that would specifically quantify biochar, thermogravimetry – differential scanning calorimetry (TGDSC) could be one option as it is operationally simple, and different C species (including carbonates) can be
quantified based on their thermal stabilities (Hammes et al. 2007). Another option could be MIR
spectroscopy that can predict multiple soil components with good prediction found for pyrogenic carbon
(Janik et al. 2007).

Water
In principle, the watering need effects C balance of urban parks. Biochar addition likely reduces the watering need
at least in coarse-textured soils (less in clay soils) by changing the pore size distribution and increasing the water11

holding capacity of soil. Therefore, it may somewhat improve the C balance of the park. Watering is a routine practice
in only a small fraction of Finnish urban parks (less than 2% of constructed urban green area in Helsinki, for example,
are classified to maintenance class A1 which is the only class with any regular irrigation (as of 2019, Helsinki Region
Infoshare, hri.fi)), and therefore C footprint of watering is not an issue of major concern here. In some drier places
(e.g. Phoenix, Arizona), situation would be different, and watering may have a significant impact on the C footprint
of urban park.
Biochar has potential for decreasing nutrient runoff and eutrophication. This has significance especially in humid
climate regions such as Finland, and in areas with high proportion of surface runoff generating landcover, typically
urban areas. For example, Kuoppamäki and Lehvävirta (2016) found that biochar amendment in green roof substrate
decreased the runoff of both nitrogen and phosphorus. Biochar properties such as the content of labile matter, total
surface area, volume of micropores and cation exchange capacity, however, affect the composition of leachate (e.g.
DOC quality and content of total nitrogen) from biochar-amended soil (Yang et al. 2019). Because Hyväntoivonpuisto
is situated close to the Baltic sea, it is important to prevent nutrient leaching from the soil into the sea.
2.1.3.2 Vegetation
Plant growth over certain period of time is a simple measure for the success of planting and its carbon sequestration
to its standing biomass. Measuring change in plant dry biomass integrates the effects of C sequestration (via
photosynthesis) and loss (e.g. respiration, grazing by pests, branch pruning).
Monitoring tree growth
Trees allocate the increase in biomass, and thus stored carbon, to plant compartments (such as trunk, fine roots,
leaves) with varying longevity. The long-living woody compartments, trunk and branches, are relatively easy to
monitor and measure for biomass. The more short-lived fine roots and leaves, which are a significant C sink within
tree on annual scale, are more difficult to monitor in terms of C capture and loss.
For trees, biomass equations (e.g. Ter-Mikaelian & Korzukhin 1997) can be used to estimate the dry biomass from
trunk diameter, which allows for easy assessment of aboveground woody biomass C sequestration. These equations
are traditionally based on trees in managed forests, which causes some issues with accuracy (McHale et al. 2009),
but these are likely to be relatively small for whole tree C sequestration estimates (Tanhuanpää et al. 2017, Riikonen
et al. 2018). Trunk diameter in itself is fairly simple to measure, but for repeated measurements aiming for capturing
small changes in plant size, the measuring height should be permanently marked on the trunk.
If biomass equations are not available for a given taxa or are judged to be unsuitable, the traditional method of
measuring plant C stock is based on destructive sampling (Riikonen et al. 2018). This is relatively cumbersome and
labour intensive, but well-known and reliable method. Arguably the best non-destructive method is terrestrial laser
scanning (McHale et al. 2009, Tanhuanpää et al. 2017), which gives excellent volume estimates for tree aboveground
biomass, but will require the conversion to mass basis to attain C content.Leaf biomass of deciduous trees is often
left out of tree biomass C estimates, as on a momentarily basis, they contain typically less than 5% of the biomass of
the tree (e.g. Ter-Mikaelian & Korzukhin 1997) and are only transiently present. Similarly, fine roots are estimated
to contain ca. 1% of the whole tree biomass (Chojnacky et al. 2014). Leaf biomass can be measured by sampling and
measuring a subset of leaves (e.g. Nowak 1996), or with biomass equations, similarly to woody biomass.

Picture 2. Collection of leaf biomass samples from street trees is complicated, because trees usually cannot be felled
as has traditionally been done with similar forestry measurements. Image by Anu Riikonen.
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Fine and coarse root biomass can be estimated by collecting root samples, e.g. alongside soil sampling, and
separating and weighing the roots (e.g. Johnson & Gerhold 2003). Scaling from the collected root samples to tree
level is difficult however, due to non-even and non-random spatial distribution typical for trees in urban areas.
Biomass equations are available for both fine and coarse roots, but vast majority of these are not tested for urban
trees. While leaves of deciduous trees have known longevity, such information is scarce for fine roots. Root longevity
can be best studied with minirhizotron technique (e.g. Majdi 2006).
Observing grass growth
Just as with trees, biomass production is a simple and integrative measure of C sequestration by non-woody plants.
Due to their smaller size and some degree of tolerance for destructive sampling, collecting biomass samples is more
feasible for grasses and forbs than for trees. In addition, grass height increase over certain period and percent
vegetation cover are useful indicators for the growth of lawns or similar grassy vegetation managed by mowing.
In the case of amenity lawns, the aim is not to maximise grass biomass growth; that would also maximise the need
for mowing, which increases expenses of management. Rather, a good visual appearance (greenness, evenness) and
in case of meadow, presence, diversity and abundance of flowering plants (e.g. Norton et al. 2018) may be used as
indicators of lawn or meadow quality. Among these variables, the percent ground cover by the sown grasses, and
various visual scores based on greenness and evenness, are widely regarded as the most important for both
perceived quality (e.g. Alumai et al. 2009) and as a cue for management interventions such as re-seeding.
2.1.3.3 Ecosystem level measurements
Quantifying CO2 fluxes
Eddy covariance (EC) technique
The eddy covariance technique is currently a commonly accepted and used direct method to measure the exchange
of various compounds, such as CO2, methane, nitrous oxide and water vapour, between the atmosphere and land
surface. Airflow in the surface-atmosphere boundary layer is turbulent, consisting of small eddies. These carry the
energy and compounds being exchanged, and can be measured, and used to derive the fluxes of matter and energy
on ecosystem scale.
Typical footprint area, i.e. area from which the measured fluxes originate, is some hundred metres upwind from the
measuring point, depending on the location and height of the measurement. Setting up EC measurements require
considerable investment in infrastructure, towers and buildings, data archives and measuring devices, and therefore
these measurements are usually carried out by large institutes and networks. In Helsinki area, there is an urban EC
measuring station with some flexible, movable units (Wood & Järvi 2012, Nordbo et al. 2012).
EC measures fluxes on ecosystem scale, integrating over its entire footprint area. The finer scale understanding of
processes behind the measured fluxes require partitioning fluxes to their sources (e.g. Constantin 1999, Nordbo et
al. 2012). This may be partially done by analysing wind directions and times of day and year, but commonly, some
direct independent measurements of flux components are needed. For example, a measured CO 2 flux may consist
of both biogenic and anthropogenic sources, such as soil respiration, photosynthesis, traffic exhaust, industry etc.
Independent information on e.g. number of cars on adjacent roads, plant photosynthesis and soil respiration
measurements, and environmental permit documentation of factories can be used to partition the measured fluxes
to their sources.
Chamber methods
Carbon dioxide, methane and other greenhouse gas exchanges between soil, plants and atmosphere can be
measured locally with various chamber methods, both stationary and portable. These consist of a chamber which is
sealed against soil surface or e.g. a leaf, and an analyser for the gases which either are accumulated in the measuring
chamber or led to the analyser while replacement air is vented into the chamber. Stationary chambers require some
degree of research infrastructure, notably a constant power source, data logger and in urban environment,
protection from vandalism. Portable chambers on the other hand, are usually operated on batteries, and can be
used in short-term measurements under supervision.
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Picture 3. Portable chamber system with infrared carbon dioxide analyser and temperature
and relative humidity probe for soil CO2 flux measurement. Image by Anu Riikonen.
Portable chambers for both applications offer lower initial costs and cost-effective means to make measurements
over large areas but require more labour to operate. Stationary, automated systems (e.g. Pumpanen et al. 2015) are
more expensive to establish, usually limited number of replicates can be afforded, but in the long term, require less
work to operate. Thus, these are preferred for long-term research setups. The measuring methods themselves are
largely based on same principles both in stationary and portable systems. Plant gas exchange systems include various
photosynthesis measurement systems, usually with infrared gas analyser, cuvette with controlled environment, and
pumps operating airflow from cuvette to analyser (e.g. Cheng et al. 2019). Soil chambers are also well established,
but more commonly based on an infrared analyser located inside the measuring chamber (e.g. Kumpu et al. 2018).

2.2 Applicability to urban space
All carbon fixing treatments need to be applicable to urban space. Most importantly, they must be safe for humans
and environment and hard to vandalise. All materials used in urban environment should comply to safety standards
(REACH, EBC) and the raw materials should be traceable. The use of chemicals is regulated with REACH (registration,
evaluation, authorisation and restriction of chemicals) in the European Union. It is aimed at protecting human health
and the environment from the risks posed by chemicals, applying to all chemical substances (ECHA 2019). European
biochar certificate sets standards regarding the quality of biochar, setting threshold values for harmful contaminants
e.g. polycyclic aromatic hydrocarbons (basic grade: < 12 mg kg-1 dry matter, premium grade: < 4 mg kg-1 dry matter)
and heavy metals (EBC 2012), which is why only EBC-certified biochar is recommendable to be used.
In the case of biochar, the treatments need to be evaluated and planned with respect to their applicability to urban
environment, considering e.g. fire safety and dustiness. For example, no fine-particle biochar should be on top
because of potential risk of wind or water erosion. No big-particle biochar should be on top either, as it may tempt
people to use it as barbeque or drawing coal. One option would be to cover the top 5 cm of soil with gravel or rocks.

Picture 4. Sensors installed on urban tree trunks can be protected by surrounding the entire tree base in custom made
steel mesh cage. Image by Anu Riikonen.
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Any additional devices or structures built for research purposes in public green areas should not interfere with
accessibility; e.g. measurements with portable devices should be made outside path areas. Electrical and other
valuable or hazardous research equipment must be installed behind safety screens and be difficult to vandalise.
When sampling or performing measurements in public space, care must be taken not to occlude foot or vehicular
traffic. Equipment cannot be left unattended, and any soil disturbances caused by sampling must be evened out so
as not to cause trip hazards. Similarly, personnel safety must be ensured by wearing e.g. reflective vests, and
appropriate training for working in traffic areas should be attended if needed.

2.3 Public awareness
One of the key objectives of the Carbon Lane project is to explore how similar projects could, in the future, engage
citizens and other stakeholders of the potential of urban carbon capture. The parks itself, no matter how well
planned, will have only a very limited capacity to absorb carbon. Therefore, disseminating knowledge and inspiring
people to carry out their own actions elsewhere is highly important. Regarding to the Hyväntoivonpuisto park in
Helsinki, the target group of the communication are the residents of the city of Helsinki.
The purpose of this section is to examine the various forms of communication and influencing, that could be used in
similar projects later. The actual communication action of Hyväntoivonpuisto will be implemented on a smaller scale
to be more suitable for the project budget and other factors. The plan of actions is presented on chapter 6 of the
report.
The means of communication are roughly divided into those, that are implemented inside the park and those, that
are not bound to the actual park location, such as online materials or trainings organized outside the park. The focus
is on communication within the park, as it is probably the most effective way to influence on people when they are
already inside the park. However, many of the communications within the park also utilize online communication
tools to widen the impact.
2.3.1 Increasing public awareness on site
Visualizing measurements with art
Human beings collect information with all their senses, therefore written expressions are poor and limited way of
communication. The measurements collected from the park could be presented more compelling way with
interactive and transforming artworks. The artworks could react with the changes of the measurements, so the
visitors could easily follow the changes happening on different natural phenomena.
One idea could be to use alighted water pipes, that would present the temperature and moisture in the soil of the
park. Moisture of Finnish soils vary usually between 10 to 40% (Hiilipuu, 2019). Inside the pipes, water pillars would
alter rising or falling depending of the real time moisture measurement. The temperature of soil would be presented
with different colours, blue demonstrating cold temperatures and red warm temperatures. There could be also
broader colour-spectrum to demonstrate temperature variations more exactly. Normal Finnish soil temperature
usually varies between 1 to 20°C (Hiilipuu, 2019). Usually, soil temperature and moisture vary even in small land
areas, due to vegetation and soil type, so the pipes would be a demonstrative and visually interesting presentation.
The pipes would be located preferably around the street crossing the park area, to offer nice visual experience
especially in night-time. (Reference image 1.)
Soil is constantly releasing atmospheric gases, but the phenomenon is completely out of human perception. These
gas exchanges of the soils could be measured and demonstrated with lights. Lights located on ground or around
trees, with changing light intensity, could be used to demonstrate this flow. Lights could also be changing their
intensity in the rhythm of human breathing, creating the sense of soil as living being. (Reference image 2.) Sounds,
like low whistles or whoosh -sounds, could be also used to describe the movements of atmospheric gases.
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Reference image 1.
LED light Stick lamps. Ebay

Reference image 2.
Forest lighting. Image by Geir
Pettersen

Reference image 3. Outside in: Meir Lobaton
Corona, Ulli Heckmann, Julia Pankkofer

The life underground is unfamiliar to us even though it is just under our feet. Cameras or microphones could be
useful tools for displaying the underground world. They could capture and record the growth of roots and life of soil
animals. These records could be done in advance and shown on park as a wall of underground life. (Reference image
3.)

Reference image 4.

Reference image 5.

Interactive statue.
Illustration by Sushant
Passi

Field of light, Bruce Munro

Infographic posters and screens
Infographic posters and screens could be used to explain carbon cycling and sequestration as well as the research
treatments with visually interesting and approachable charts, illustrations and text. The advantages of the screens
compared to posters, would be that they would be able to present much more information and also give visitors
chance to select the topics most interesting to them. The screens could give also the opportunity to present collected
data in the way that visitors could have chance to investigate and compare the data in real time and make their own
observations about the research.
The screens and posters could be made more interactive by using QR-codes and hashtags. QR-codes could link to
webpages or videos with more information. Hashtags could encourage people to tell their opinion and experiences
over social media. (Examples of infographic posters and use of hashtags and QR-codes on Appendix 6.)
Events and hands-on-workshops
Events are a social and interactive way to raise public awareness and encourage people to repeat the demonstrated
solutions in home gardens or other private areas. Event could also give an opportunity for people to discuss about
their experiences and observations and create social togetherness around the project. Events could be more
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seminar-style, where experts and citizens could switch their insights, or more practical hands-on-workshops. Themes
of workshops could be for example how to use biochar on home gardens or set up of edible garden. The events
could be organized as cooperation with citizens' organizations, universities and companies, to attract more people
to participate and organize more extensive activities.
2.3.2 Increasing public awareness online on webpages and social media
The online communication could take place on webpages and social media, like on Facebook, Twitter, Instagram,
YouTube. In the case of Hyväntoivonpuisto, communication would be carried out by city of Helsinki, University of
Helsinki (the AgriChar research group of Department of Agriculture of UH is committed to follow-up the park), Aalto
University (hosting the Carbon Lane website), Finnish Biochar Association and the participating companies.
Jätkäsaari -residents have their own active Facebook group where they are sharing knowledge and opinions of the
area. Facebook groups, that already exist or that would be created for the purpose, could be used to communicate
between stakeholders and share information about activities taking place around the park.
Social media influencers
Influencers are actors who shape audience attitudes through blogs, tweets, and the use of other social media.
Influencers could be efficient way to contact some target groups and especially young people. We encourage
collaboration with both local an internationally recognized social media influencers, like video-bloggers, who could
make a video where he/she visits the park and participates to the data collection together with researches. The
benefit of using social media influencer is that, they already have a wide follower group and know-how to produce
interesting content to their audience. By choosing an influencer whose followers fit to the desired target group, high
impact and visibility of the urban carbon fixing areas could be gained.
Applications and gamification
Applications and gamification could be interesting way to teach and gain people's attention. One easy way to use
gamification, could be placing QR-codes to park that would lead park visitors to online quizzes about carbon
sequestration and climate change. Application could be also used. Maybe application using coordinates would
explain the differences between the treatments and the changes of data collected in real time while moving around
the park. Games could be also used teaching students and school groups.
Table 1. Different communication and engagement methods: green - on site and blue - online
Communication type

Location

Audience

Advantages

Disadvantages

Infographic posters

On site

Park visitors

No need for continuous
maintenance, cheap, more
interactivity with QRs and hashtags

Not surprising mean of
communication

Screens

On site

Park visitors

Interactive, chance to share lot of
knowledge

Expensive, vandalism

Visualizing
measurements with art
(Table 3)

On site

Park visitors

Visually interesting

Expensive, maintenance,
vandalism

Events and hands-onworkshops

On site

Park visitors

Interactive

Expensive, workload

Competitions

Online, QR-codes
to link on site

Park visitors,
website/social media
visitors

Interactive

Workload

Social media sites

Facebook, Twitter,
Instagram,
YouTube

Website/social media
visitors

Easy to use and maintain

Demands continuous
contribution

Websites

Online, QR-codes
to link on site

Website/social media
visitors

Easy to use and maintain, chance
to share lot of knowledge

Workload

Videos

Online, QR-codes
to link on site

Park visitors, online

An interesting and clear way to
communicate

Lot of work to produce
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Interactive research
with hashtags

Online, QR-codes
to link on site

Park visitors, online

Interactive

Workload

Social media influencers

Online

Website/social media
visitors

Link to different groups, especially
young people, influencer produces
the material

Expensive, difficult to
target correctly

Applications

Online, on site

Park visitors

Link to different groups, especially
young people, efficient way to
teach

Expensive, lot of work to
produce, maintenance

Table 2. Visualizing measurements with art
Type of data

Art idea

Interactivity

Soil water content and temperature

Alighted water pipes with lights (Reference
image 1.)

Water level would change inside the pipes
depending on current soil water content
and pipes’ colour would vary depending on
soil temperature

GHG-emissions

Machine producing water vapor clouds

Different shape and colour of clouds

GHG-emissions

Lights

Changes of light intensity

Root growth

Underground cameras

Screens to see underground

Soil temperature

Lights (Reference image 1.)

Root growth

Underground lights presenting the whole
area that roots cover around the tree
(Reference image 3.)

Atmospheric CO2 content

Screen with real-time value

Data combined: soil activity or carbon
sequestration

Interactive statue (Reference illustration 4.)
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Changes of light volume

Favorable and unfavorable moments

3 A proposal with descriptions and visual layout of the Jätkäsaari
demonstration site
This section presents two visual layouts with descriptions, first a proposal of experimental arrangements and then
the final layout of the demonstration area, which was implemented in Jätkäsaari during the Carbon Lane project in
November 2019.
Size of the demonstration area approximately:





Total area 2330 m²
Lawn 1320 m²
Meadow 620 m²
Hard surfaces 390 m²

3.1 A proposal of the Jätkäsaari demonstration site
The first proposal of the Jätkäsaari demonstration site, which was submitted by the Carbon Lane project team to the
City of Helsinki (Figure 4) was designed following closely the principles outlined in Chapter 3. The proposal includes
six different experimental treatments (biochar containing planting soils) +control in grass areas and five different
treatments (+control) with trees. Different treatments are not defined in this proposal.
The proposal includes 76 deciduous trees of four species and each treatment contains five to six randomly located
trees. All species included are commonly used as urban trees in the City of Helsinki. Randomly assigned treatments
for trees are mainly either in the lawn or meadow areas. 12 of the trees (Fraxinus excelsior) are on structural soil
which will be partly covered by asphalt and around the trees with gravel. The number of treatments and replications
depends on the number of different trees existing in the plan of the park. Grass areas have five randomly placed
replicates which all includes six different treatments plus controls. Due to the limited size of the demonstration area
and the number of different treatments, the grass areas are divided into separate sections instead of complete
blocks. As circulars the sections could be placed into the area so that there are no trees or stormwater drains in the
middle of the “experimentally relevant” zone.

Figure 3. Sectional view of experimental biochar planting pits. Adapted from VSU landscape architects Ltd. 2019.
Illustration by Minja Koivunen.
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Figure 4. A proposal with descriptions and visual layout of the Jätkäsaari demonstration site. Illustration by Minja
Koivunen.

3.2 The final plan of the Jätkäsaari demonstration site
After the first proposal was submitted, discussion and planning started with city representatives and landscape
architects on feasible compromises between following the good scientific principles as well as possible while
considering the available resources for the demonstration area. The proposal was amended several times in
response to the feedback received. The final plan of the demonstration area includes 79 deciduous trees and nine
different treatments from seven different suppliers of growing media. The number of different treatments and
repetitions was determined by how different growing media could be delivered on the given schedule, and also the
randomisation principle was compromised on. To facilitate construction, the trees are planted in connected pits with
2 to 7 trees per pits clustered together (Figure ).
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The focus of this demonstration site is on the trees and the grass areas were left out of the experiment. However,
the City of Helsinki also showed interest in studying lawn areas and in the future, it may be possible to test different
treatments in some other part of the park.

Figure 5. The final plan of the Jätkäsaari demonstration site. Illustration by Minja Koivunen.
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4 Feasibility and estimated carbon impacts of proposed solutions
5.1 Biochar and other carbon removal technologies
Removing carbon dioxide from the atmosphere is essential in order to not exceed global warming of 1.5°C. IPCC:s
special report “Global Warming of 1.5 ºC” (de Conick et al, 2018 p. 342-352) recognizes six carbon dioxide removal
techniques which can contribute towards drawing down massive amounts of carbon from the atmosphere. These
technologies include:







Bioenergy with carbon capture and storage (BECCS) - capturing and storing carbon dioxide from biomass
combustion.
Afforestation and reforestation (AR) – sequestration and storing atmospheric carbon through forest
plantations.
Soil carbon sequestration – increasing carbon storage in soils through agricultural practices.
Soil carbon sequestration and biochar – converting (pyrolyzing) biomass into biochar and applying it as a
soil amendment.
Enhanced weathering (EW) – accelerating the natural process of rock decomposition through physical and
chemical processes causing atmospheric carbon to react with silicate minerals and form carbonate rocks.
Direct air carbon dioxide capture and storage (DACCS) - removal of atmospheric carbon with engineered
systems.

Table 3. The carbon sequestration potential and cost. The number in the brackets represent the total variation in the
literature. Data is based on the study conducted by Fuss et al (2018)
Negative Emissions Technology

Potential (Gt CO2 yr−1)

Cost (US$/t CO2)

Bioenergy with carbon capture and
storage (BECCS)

0.5–5 (1–85)

100–200 (15–400)

Afforestation and reforestation
(AR)

0.5–3.6 (0.5–7)

5–50 (0–240)

Soil carbon sequestration

2–5 (0.5–11)

0–100 (−45–100)

Biochar

0.5–2 (1–35)

30–120 (10–345)

Enhanced weathering

2–4 (0–100)

50–200 (15–3460)

Direct air carbon dioxide capture
and storage (DACCS)

0.5–5

100–300 (25–1000)

Biochar’s maximal carbon removal potential can be achieved with large-scale application such as applying biochars
and storing carbon while improving crop yields in the open field. It has been estimated that this type of use would
require 2.5-20 tons biochar per hectare (Jeffery et al. 2011). In 2018, Finland had in total of 2 2271 900 hectares of
usable agricultural land (Maatalousmaa, 2019). According to DNV GL (2019) audit statement based on Puro (2019)
carbon removal methodology, one ton of biochar was verified of having 3.11 net negative CO2eq removal capability.
Thus, in Finland, and discounting 10% of agricultural areas as peatlands, use of biochar in agricultural lands equals
the total national emissions of 3 to over 20 years.
Biochars can be produced on both large and small-scale. For instance, farmers could use locally available biomass
such as agricultural and forestry side streams. Even though the potential for carbon removal seems to be significant,
large-scale use of biochar in agriculture is currently not feasible or even possible for several reasons. Firstly, the
market of biochars is currently at an introductory phase and commercial availability is based on small-scale
production. Secondly, production technology is currently at an early stage of development (Salo, 2018). Both factors
lead to a high market price of biochars which limits its large-scale applications as recognized by Vochozka et al.
(2016) and Dickinson et al. (2014).
When biochar is used in soil amendment, it is often sold and measured in cubic meters. Since biochar is porous and
light material, one cubic meter of biochar is around 300kg, but could also be close to 500kg. The price of one cubic
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meter of biochar (300kg) for the soil amendment is currently around 225-250€. There are several factors which
impact the price of biochar. For instance, raw materials, production method, conditions, production quantities and
particle size. The current market price of biochar is based on raw materials such as thinnings, low-diameter trees
and pulp wood. In 2018 stumpage price of pulp wood in Finland was around 17-20€ per cubic meter depending on
the tree species (Peltola, 2019). Production of one cubic meter of biochar requires around 4-5 higher amount of raw
wood and therefor raw material has a significant role in the overall costs.
Higher environmental and economic benefits can be achieved when biochar production is integrated into another
process (e.g. biorefinery, sawmill), where side streams could be used as a raw material. In addition,
commercialization of side-products of biochar such as excess energy and pyrolysis liquids have a major impact on
the final price of biochar. In addition, biochars could benefit from carbon trade systems such as Puro (2019) as the
net negative impacts of biochars could be sold as offsets. Even though biochars are often seen as too valuable for
certain applications, these developments could significantly change the situation. Technological advancement and
scale-up activities could significantly increase the feasibility of biochar and make it highly competitive carbon
removal solution.
Costs related to application of biochars itself can be minimized by including biochars in already ongoing processes.
For instance, in planting soils biochars can be used in the production phase of planting soils. Biochars could also be
purchased separately and mixed on-site before application, however, this would create additional costs.
Curently in Finland, municipalities, companies, universities and institutes are having an increasing number of projects
and research related to applications biochars in various fields such as animal agriculture, cultivation, soil and
gardening, and urban areas. It has been estimated that in the future biochars will achieve a strong position in the
gardening and green building sectors, in particular in composting, green roofs, planting soils, filtering and managing
stormwater and urban runoff (Salo, 2018). In Finland, the potential of biochar in agriculture has also been recognized
on a governmental level, namely in the Programme of Prime Minister Antti Rinne’s Government where biochar’s
(biohiili) potential in sequestration was highlighted (Valtioneuvosto, 2019: 119). The program promises support for
the utilisation of biochars. For instance, it is expected that the government will launch support mechanisms such as
funding programs during the following years, which will also include biochars.

4.2 Biochars as part of planting soils and urban trees
4.2.1 Planting soils
According to the 2017 annual report of the Finnish Food Authority, in total of 1 804 000 m3 of planting soil mixture
(seosmulta) was manufactured in Finland (Ruokavirasto, 2018). Besides national production volume, there is no
area-based information available about production or consumption volumes of planting soils. Companies involved
in the Carbon Lane project have significant market share in Finnish planting soil market. According to the information
provided by the companies, the annual consumption of planting soil is around 600 000 m 3 in the metropolitan area.
In Helsinki, the consumption is estimated to be a maximum of 200 000 m 3.
It has been estimated that around 10–15% of biochars could be used in the plating soils. Higher rates could be also
applied in case specific cases. For instance, the City of Stockholm is using planting soils for urban trees which contain
15-25% of biochar (Embren, 2016). With the biochar rate of 10–15% in the planting soil, in total of 60 000–90 000
m3 of biochar could be used in the new soils in the metropolitan area and 20 000 - 30 000 m3 respectively in Helsinki.
One cubic meter of biochars consists of at least 300 kg of product and if one kilogram of biochars would correspond
to 3.11 net negative carbon removal, the annual potential of carbon removal in the Metropolitan area would be
55 000–84 000 t CO2eq and respectively 18 000 - 28 000 t CO2eq in Helsinki.
In order to illustrate the potential of biochar, it could be compared to wood construction which is considered as an
effective way to create carbon sinks in the urban areas. The average annual construction volume in Helsinki in 20102018 was 500000 m2 (Helsinki 2018). Following Vares et al (2017) we estimate the carbon sink created by the use of
wood in the building activities in Helsinki to be 200 kg CO2eq/m2. With a 30% market share, wood construction would
contribute an annual carbon sink of 34000 tCO2eq/a. This indicative comparison illustrates the significant potential
of biochar addition in the seedbeds as a way to draw down carbon.
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Helsinki is committed to achieving carbon neutrality by 2035. The vision includes an annual carbon sink equivalent
to 20% of the current emissions. In Helsinki, the annual potential of using biochar in new planting soils equals to 0,7
to 1 % of the annual emissions and 3,5-5% of the targets of negative emissions of Helsinki. There is no exact data of
reused soils, but they also offer a similar potential to use biochar as amendment. The potential of biochars pairs with
a major transition in wood construction; amendment in new planting soils corresponds to using wood in 35-50% of
all new construction activity of 350.000 m2 in Helsinki. Yet, scenarios for increasing wood construction point at
difficulties in a many fold increase of the current market share of 6% in multi-story buildings (Hurmekoski 2018). To
set these figures in further perspective, the existing carbon stock of trees, plants and soil in Helsinki has been
estimated to be around 1250 kt of carbon, which equals to around 1,5 years of Helsinki GHG emissions (~4600 ktCO2)
if converted to CO2 (Rasinmäki & Känkänen, 2014). The stock has been growing with an annual rate of around 35kt
(estimated in 2014). However, due to land use changes, the stock is threatened and it has been estimated that the
stock will start to decrease in the future (City of Helsinki p. 102-103). The action plan of the City of Helsinki (2035 p.
128) identifies this problem and suggests the following action:
“The impact on carbon storage will be taken into account when designing urban forests and
nature and public green zones. Planning and green zone design will be complemented with
procedures to compensate for the carbon storage lost during construction”
The average carbon footprint of a Finnish person has been estimated to be around 10 tonnes of CO2eq (Sitra, 2018).
However, the carbon footprint is calculated differently in municipal carbon neutrality targets as it considers only
selected co2 sources. For instance, in 2018, a resident in the metropolitan area had an average carbon footprint of
4.1tn and in Helsinki the number was 3.9tn. To put this into perspective, addition of biochars in soils could offset the
annual carbon footprint of 4600-7100 residents. Furthermore, the benefits of carbon sequestration could increase
the use of planting soils. In addition, biochars could be added to the soils which are recycled and reused inside
metropolitan area, which is not currently considered.
4.2.2 Urban trees
In Helsinki, there are around 30 000 street trees and 200 000 park trees. Urban trees can be between 50-200 years
old. Helsinki maintains urban tree database (2019) which is publicly accessible and where all the urban trees are
mapped. In the upcoming years, the city aims at replacing a notable number of older trees for safety reasons. In
addition, the city is actively looking for ways to increase the number of urban trees since this is also demanded by
the Helsinki residents and Helsinki City Council members. For the new urban trees, the city of Helsinki aims at
providing lifespan of at least 80-100 years. Currently, Helsinki plants around 1000 street or park trees and 4 000-10
000 forest seedlings on annual basis.
Helsinki’s street and park trees can be divided into three cost categories: 2900€, 12 800€ and 15 200€ (Fig. 6). The
cost categories are presented below, and they are based on a widely used cost management software - Rapal (2019).
The total price includes all related costs such as building materials, seedbed (and its transportation), planting, site
work, procurement and maintenance (incl. 2 years warranty).

Figure 6. Cost categories I –III of Helsinki’s street and park trees, respectively 2900€, 12 800€ and 15 200€ (VAT 0%).
Category I is the most common urban tree category and it covers the majority of the park trees and street trees
planted on the unpaved surfaces. The estimated cost for the 7m3 seedbed is 274€ and its transportation around 80€.
Addition of biochars of 10-15% (0,7-1,05 m3) would increase the cost of seedbed by at least 157-236€ (price of
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biochar 225€ per m3), which is around 5-8% of the overall cost per tree. Category II is the most common cost for the
street tree plantations on paved surfaces. Street trees require multiple times more seedbed than park trees, around
25m3. 10-15% biochar (225€ per m3) addition would increase the cost by at least 560-844€, corresponding to 4-7%
increase of the total cost per tree. Category III is for rare and demanding tree plantation situations, such as planting
a large size tree on exceptional location. These types of plantations require 25m 3 seedbed as well. 10-15% biochar
(225€ per m3) addition would increase the cost by 560-844€, corresponding in 4-6% increase in the total cost per
tree.

5 Engagement formats and communications materials for stakeholder
engagement at the demonstration area
The communication materials and engagement formats relating to urban demonstrations of carbon sequestration
vary greatly. In the CarLa project we considered measures which range from providing scientific information in lay
terms to visual and audio engagements in parks to theme events. In below we first present the infographics which
are designed for the Hyväntoivonpuisto park. Appendix 5 includes the webpage, which is designed to provide
background material, and a digital platform to report the findings of the experiment and communicate activities at
the park. Other poster materials produced for the CarLa events are also included in this section. In the later part of
section 6 we introduce ideas for more evocative forms of engagement including sound, light and visual art as well as
possible other communication strategies.

5.1 Infographic posters
During the Carbon Lane -project, infographic posters were created and proposed to the City of Helsinki to be used
on-site for providing information to the park visitors. In total of three posters were created from which, poster 1 and
poster 2 are preliminary agreed to be used in the park. The posters can be seen in Appendix 6.
-

Poster 1 explaining the purpose of the research on the park
Poster 2 explaining the carbon flows and functions of biochar in the park
Poster 3 explaining the difference of soil treatments

In addition, Poster 1 will include QR code which redirects to the home page of Carbon Lane project:
www.aalto.fi/fi/carla. Also, trees, planting soils and research devices could be marked with QR-codes, that would
lead visitors to see more information in the form of text or videos or inquiries to participate.
In addition, Poster 1 encourages audience to use hashtag #hiilipuisto (which translates into carbon park) to post
feedback, questions, opinions and pictures of the park. In addition, stakeholders of Carbon Lane project have been
encouraged to communicate Carbon Lane in social media using as well.

5.2 Light art as a mean to visualize scientific data
Light art is a form of visual art where light plays a dominant role. In Hyväntoivonpuisto, light art could be used to
demonstrate data visually in an interesting, pretentious and united way.
Alighted water pipes could represent soil temperature and moisture. Moisture of Finnish soils vary usually between
10 to 40% (Hiilipuu, 2019). Inside the pipes, water pillars would alter rising or falling depending of the real time
moisture measurement. The temperature of soil would be presented with different colours, blue demonstrating cold
temperatures and red warm temperatures. There could be also broader colour-spectrum to demonstrate
temperature variations more exactly. Normal Finnish soil temperature usually varies between 1 to 20°C (Hiilipuu,
2019). Usually, soil temperature and moisture vary even in small land areas, due to vegetation and soil type, so the
pipes would be a demonstrative and visually interesting presentation. The pipes would be located preferably around
the street crossing the park area, to offer nice visual experience especially in night-time. (Reference picture 6.)
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Reference picture 6. Light art presenting soil temperature and moisture. Illustration by Minja Koivunen.
Hyväntoivonpuisto has already had experiments with interactive lights. Get Home safely -project has located
interactive lights around the park. These lights react on people bypassing by changing the intensity of the light.
People can also edit the lights preferable with an application. According to the conversations in local Jätkäsaari liike
-Facebook group, the residents of the area have liked the lights and wanted even more lights to be added to the
park area.

5.3 Workshops and events for the Jätkäsaari site
One logic of engaging local resident is to transfer the here-used good carbon fixing practices from urban green
infrastructures to the private green areas. In Jätkäsaari, there is little private green area housing consists of high-rise
apartment buildings. However, even a balcony garden scale is enough for residents to try out e.g. biochar containing
planting soil. Hence future use of the Jätkäsaari demonstration can include the provision of materials and knowledge
for those residents that are interested of balcony gardening. Furthermore, many Finns do engage annually with
summer cottages, where they can apply the new tips and hints a successfully established demonstration park of
carbon sequestration enables them to.
Another planned future engagement format is the use of lightweight movable biochar production unit in the park as
a demonstration. Due to management rules of the city, no fixed instalments of composting or biochar production
were regarded as feasible. However, mobile equipment is an opportunity to introduce and disseminate knowledge
of biochar production

5.4 Social media influencers
Cooperation with some social media influencers could be a useful way to contact people. Influencers are actors who
shape the attitudes of their audience through blogs, tweets, and the use of other social media. This could be a way
to contact especially young people. Maybe a local video-blogger could make a video where he visits the park and
discusses about his experience there to his followers to see. Benefit of using social media influencer is that, they
already have a broad follower group. Choosing the influencer whose followers fit to the desired target group of the
communication, huge impact and visibility could be gained.
Helsinki city has #HelsinkiSecret Residence -project where the city is hosting internationally established bloggers,
vloggers and Instagrammers to a residence for three nights to report their experience on the city. Carbon Lane project area could be recommended as one of the visiting locations to get more visibility.
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Appendix 1. Quality guidelines of infrastructure constructions
In Finland, the established process of urban green construction and maintenance is well documented
(Viherympäristöliitto 2016) and based on explicit quality guidelines. Contractors commonly follow the up-to-date
version of quality guidelines of infrastructure constructions (Rakennustietosäätiö 2016), which state e.g. the
required composition, depth and volume of planting soil for different plant types. In some cases, separate
specifications exist for various landscape types such as parks, traffic areas or playing fields. In addition, relatively
strict national legislation defines allowed materials in planting soils (Fertiliser Product Act 29.6.2006/539 and its
amendment 24/11). The main requirements for common park lawns, shrub plantings, park and street trees are
briefly summarised in Table 1.
Table 1.

Plant
type

Soil SOM
(LOI%)

Plant
available N
mg/l

Plant
available P
mg/l

Plant
available K
mg/l

Soil depth
mm

Soil volume m3

Park lawn

8%

50

15

200

200

n/a

Shrub
planting

8-12%

10-35

15-20

200-300

400

Park
trees

8%

10-35

5-20

75-300

600 (small
tree), 800
(large tree)

1.5-3.2

Street
trees

12%

35

20

300

1000

7.2 (connected),
25 (single tree)

Since the vast majority of municipal urban green plantings in Finland follow these guidelines, the control treatments
based on these specifications will be comparable and relatable to most urban greening practitioners as well as
suitable as research controls. It is required however that used materials are well documented, since especially
growing media requirements are in some cases given as ranges rather than single values. Planting soil product
declarations, as required by legislation, form a key part of this documentation.
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Appendix 2. Minerals that fix CO2 from the atmosphere
Minerals that can fix carbon
Weathering of certain rocks can transfer carbon from its atmospheric pool to the geological carbon pool. This occurs
as a part of the global, long-term carbon cycle (Boot-Hanford et al. 2014) and as a result, thermodynamically stable
carbonate minerals are formed. Carbon fixed in this process can be stored in geological carbon pool as a part of
carbonate minerals for millions of years. Carbonates are substantial carbon storage, as there are 39,000,000 Gt of
carbon fixed in them worldwide (Oelkers and Cole 2008), whereas 2,344 Gt of carbon can be found in organic form
from soils (Stockmann et al. 2013).
Carbon fixing minerals in urban landscaping
Rocks that contain carbonate-forming minerals can be found throughout the world (Goff et al. 1998). In many places,
these rocks are mined to produce raw materials for different purposes. Mining industry produces many by-products.
One of these is surplus rock material that for some reason is unsuitable for further processing. This rock material is
often stored in piles close to the mining site.
As an example, a company called Suomen Kiuaskivi Oy manufactures sauna stove stones in Ristiina, Eastern Finland.
Mined rock material contains 68-73% olivine (see Appendix 1 for carbonation reaction of olivine). Rock fragments
that are too small for being used as stove stones are generated as a by-product. Currently, this rock material is piled
up close to the mining site, with no further usage. These types of by-products could be suitable building material to
urban landscaping even without further processing. Using by-product would be efficient method to curtail
greenhouse gas emissions and other environmental impacts caused by urban landscaping, as long as the rock
material is attained from relatively close distance from the building site to keep CO 2 -emissions from the transport
in control.
When considering the potential for carbon sequestration, carbonate-forming stone material may not be the most
efficient tool. Carbonation reaction has low reaction kinetics in natural conditions, but if the raw material is attained
from a by-product, could still add some C – sequestering potential to a certain location/park. Carbonation is a surface
reaction, hence amount of surface area determines the carbonation potential of mineral. The smaller the particle
size is, more carbon can be fixed to the mineral surface. To attain maximal carbon sequestration, stone material has
to be small in particle size and also preferably have lots of cracks in it. Carbonation reaction hinders when mineral
surface fills up with carbonates. Ultimately surface gets saturated and reaction stops.
If carbonate-forming rock material is used as a part of load-bearing soil, degree of its carbonation can be determined
in laboratory by measuring total carbon content (TC) and total organic carbon content (TOC). Difference (TC-TOC)
reveals the amount of carbonates. To follow up the degree of carbonation in load-bearing soil, baseline
measurement is needed when building a park. Because of the slowness of carbonation reaction, possible follow-up
measurements could take place after few years.
Possible other benefits of using carbonate-forming by-products
Using by-product stone material like olivine described here for urban landscaping could have other benefits beside
carbon sequestration. It would be necessary to find further use for all industrial by-products, including surplus
material of mining industry. Minimising the environmental effects of all industries is in line with circular economy
and greener society goals (for example, city of Helsinki aims to be carbon neutral by 2035). One potential use for byproducts could be their usage as a raw material for building purposes, for example in landscaping and building parks.
Taking full advantage of industrial by-products at every level of society also minimises the need to use virgin natural
resources. In parks like Jätkäsaari demonstration area, carbonate-forming minerals could also be used for
demonstration purposes when illustrating the global carbon cycle.
Gap-graded gravel and rocks are often used for constructing parks. Manufacturing and transporting creates CO 2
emissions. Could this be replaced with carbon sequestering mineral? Calcium carbonate content of soil has been
shown to increase up to 1 m in urban development cite (Washbourne et al. 2015).
Silicate rocks that contain alkali or alkaline earth metal (Mg 2+, Ca2+, Fe2+) oxides (O2-) or hydroxides (OH-) can fix CO2
and create long term storage for carbon in the form of carbonate minerals (Boot-Handford et al. 2014).
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Weathering reactions of Mg - silicate minerals and Ca or Fe- rich silicates form stable carbonate minerals, for example
calcite (CaCO3), dolomite (CaMg(CO3)2), magnesite (MgCO3) and siderite (FeCO3) (Metz et al. 2005). Examples of
these reactions can be found from below:
Olivine ((Mg,Fe2) SiO4)
Forsterite: Mg2SiO4 + 2 CO2 + 2 H2O → 2 MgCO3 + H4SiO4
Fyalite: Fe2SiO4 + 2 CO2 + 2 H2O → 2FeCO3 + H4SiO4
Serpentine
Mg3Si2O5 (OH)4 + 3 CO2 + 2 H2O → 3 MgCO3 + 2 H4SiO4
Wollastonite
CaSiO3 + CO2 + 2 H2O → CaCO3 + H4SiO4
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Appendix 3. Techniques for the isolation, quantification and
characterisation of soil C fractions
Comparison of techniques for separation and quantification of soil carbon and its different fractions. SOC = soil
organic carbon, PyC = pyrogenic carbon, SIC = soil inorganic carbon, TC = total carbon, SOM = soil organic matter,
PCM = pyrogenic carbonaceous material, DOC = dissolved organic carbon. Modified from Bird (2015) and Nayak et
al. (2019).
Group/technique

Separated
fraction(s)

Advantages

Disadvantages

Reference(s)

Aggregate
fractionation

SOC/PyC:
distribution in
aggregate-size
classes

Separates free SOC from
physically protected SOC
(protected by occlusion in
secondary organo-mineral
assemblages).

Cannot separate SOC protected by
occlusion in clay microstructures.
Sieving and pretreatments alter the
distribution of SOC in aggregates.

Blanco-Canqui &
Lal 2004,
Brodowski et al.
2006, Sainju et
al. 2003

Particle size fractions

SOC: active,
intermediate and
passive fractions
PyC

Low-cost and easy. Rough
estimates of younger (sandassociated) and older (silt and
clay associated) SOC fractions.

Time-consuming. Microaggregates
may not always completely
disaggregate during the procedure.
May underestimate clay and silt
associated fractions.

von Lützow et al.
2007

Density fractionation

SOC/PyC:
contained in
different density
fractions (e.g.
light, medium
and heavy)

Low-cost and easy. Interactions
between SOC/PyC and minerals
can be studied.

Time-consuming. Fine material not
easily quantified. Not very
accurate.

Glaser et al. 2000

Dichromate oxidation

SOC: active
fraction
PyC estimated as:
total SOC dichromateoxidizable SOC

Widely adopted, easy and rapid.
Minimal equipment needed,
relatively simple and cheap.

Laborious. Oxidation of SOC
incomplete; residues contain nonPyC SOM. Conditions vary between
laboratories. Soil type and SOC
properties affect the result.

Meredith et al.
2013, Nelson &
Sommers 1996,
Sollins et al.
1999, SuárezAbelenda et al.
2014

Ultra-violet (UV)
photo-oxidation

SOC: aggregateprotected SOC
(intermediate /
passive pool)
PyC

Measures aromatic C from wide
range of PCM continuum.

Low accessibility. Relies on
calibrations. Incomplete oxidation
of SOC; most strongly bound SOC
resistant (through physical
protection) to photo-oxidation.

Hammes et al.
2007, Skjemstad
et al. 1993

Sodium chlorite
oxidation

SOC
PyC

Rather easily accomplished in
most laboratories. Lignin and
other easily oxidizable
components of SOM are
removed, remaining fraction
represents PyC.

Low accessibility. Should be further
tested on various samples.
Requires NMR for quantification.

Hammes et al.
2007, Simpson &
Hatcher 2004a

Peroxide/weak nitric
acid digestion

SOC
PyC

Accurate, reproducible, simple
and rapid.

Result depends on the soil type.
May not oxidize all SOC; probably
overestimates PyC content.

Kurth et al. 2006,
Yli-Halla et al.
2018

Permanganate
oxidizable carbon
(POXC)

SOC: (stabilized
pool of) labile
fraction
PyC

Easy, rapid and low-cost.
Measures SOC fraction that
responds to changes in
management; early indicator of
soil ecosystem change.

Little effect on e.g. sugars, amino
acids; may not reliably estimate
labile SOC fraction. May oxidize
significant amount of PyC.

Culman et al.
2012, Panettieri
et al. 2013,
Skjemstad et al.
2006, SuárezAbelenda et al.
2014

Hot water-extractable
carbon (HWC)

SOC (and PyC):
labile fraction
(readily
decomposable
pool)

Indicator of soil quality;
responds to changes in soil
management. HWC content of
biochar related to DOC loss from
biochar-amended soil.

Less related to soil structural
stability than POXC, represents
fixed proportion of SOC (≈ 5 %);
may be less relevant SOM quality
indicator than POXC.

Ghani et al.
2003, Jensen et
al. 2019, Yang et
al. 2019

Physical

Chemical
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Group/technique

Separated
fraction(s)

Advantages

Disadvantages

Reference(s)

Loss on ignition (LOI)

SOC
PyC

Widely adopted, simple and lowcost. Minimal equipment
required. No hazardous waste
generated.

In clayey soils: loss of structural
water.

Sollins et al. 1999

Dry combustion (DC)

TC
SOC (after
removal of SIC)
SIC (indirectly)

Most suitable for routine
analyses of TC content. Widely
used. Relatively cheap and rapid
analyses. Complete combustion
of all SOC. Suitable for large
number of samples.

High initial cost of the device. Loss
of volatile organic compounds
during drying/pretreatment.

FAO 2019, Sollins
et al. 1999

Chemo-thermal
oxidation at 375 °C
(CTO-375)

SOC
PyC: condensed
component

Clearly defined protocol.
Minimal handling required.
Conditions can be tightly
controlled.

Unreliable assessment of noncondensed PCM. Matrix
effects/charring may cause
under/over-estimation.

Hammes et al.
2007

Thermogravimetry –
differential scanning
calorimetry (TG-DSC)

SOC
SIC
PyC

Operationally simple. Wide
analytical window. All C species
(including carbonates) can be
detected.

May overestimate PyC in low SOC
soils. May not completely separate
SOC and PyC in some samples.

Hammes et al.
2007

Hydrogen pyrolysis
(hypy)

SOC
PyC: mainly
composed of > 7
aromatic
domains

Rapid and precise. Measures
highly condensed PyC
component that is important for
biochar C sequestration
potential.

Low accessibility. Trace charring
possible.

Meredith et al.
2013

Multi-element
scanning thermal
analysis (MESTA)

SOC
PyC: resistant
component

Sensitive, reproducible, no
pretreatment required. Analyses
PyC interesting in biochar C
sequestration studies.

Low accessibility. May not always
separate between SOC and PyC.

Hsieh & Bugna
2008

Nuclear magnetic
resonance (NMR)
spectroscopy

SOC
PyC: quantifies
wide range of
PCM continuum

Detailed structural information
of organic compounds. Presence
or absence of PyC can be
confirmed.

Comparatively expensive. Used
with other techniques that add bias
to results. Not able to identify
single compounds due to
heterogeneity of SOM.

Simpson &
Hatcher 2004b,
Panettieri et al.
2013

Visible and nearinfrared (Vis-NIR)
spectroscopy

SOC
SIC
TC

Rapid, accurate, comparatively
cheap. Laboratory, in situ and
airborne measurements.
Suitable for large number of
samples. Small changes in SOC
stock can be detected.

Requires calibration with other
technique. Site-specific calibration
needed due to the interference
caused by surroundings (e.g. soil
type and moisture affect spectra).

Bricklemyer et al.
2018, Stevens et
al. 2008, Wang
et al. 2015

Mid-Infrared (MIR)
spectroscopy

SOC
PyC
SIC

Rapid, accurate, medium cost.
Multiple soil components can be
predicted.

Requires calibration with other
technique and potentially sitespecific calibration.

Janik et al. 2007

Laser-induced
breakdown
spectroscopy (LIBS)

SOC
SIC
TC

Non-destructive. In-situ
estimation of bulk density and
SOC stock. Accuracy comparable
to NMR. Multiple soil
components can be predicted.

Comparatively expensive.
Interaction with the surroundings
affects spectra.

Bricklemyer et al.
2011

Benzene
Polycarboxylic Acids
(BPCA)

PyC: wide range
of PCM
components
captured

Polycondensation degree of
PCM components can be
investigated.

Multiple steps. Most condensed
PCM not measured.

Glaser et al.
1998, Llorente et
al. 2018

Pyrolysis GC/MS (PyGC/MS)

SOC
PyC

Provides isolation and
characterisation.

High cost, low accessibility. Semiquantitative only.

Suárez-Abelenda
et al. 2014

Thermal

Spectroscopic

Molecular marker
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Appendix 4. Follow up plan for the Jätkäsaari demonstration site
4.1 Vegetation measurements
In Jätkäsaari demonstration site, two types of vegetation could be established on experimental biochar planting
soils: several species of trees, and lawn. Following up their quality and C sequestration must be planned taking into
account the available resources. An established way to do this is mark measurements on stepwise levels of
importance and carry them out in this order according to the time and labour available (Table 2). The time horizon
to be considered is potentially centuries, but at least a few decades are required to be able to gain insights on the
potential of e.g. tree C sequestration. Tree biomass increase is dependent on tree size itself – young and small trees
are initially slower to sequester C, but their potential is better realised as tree crown size grows (Riikonen et al.
2018). Similarly, soil C sequestration is a process which operates on decadal and centennial scale rather than daily
or annual scale. Thus, measurements aiming to document biomass and soil C stocks and sequestration are typically
performed on annual scale.
Initially, all trees in the area should be coded on a map with treatment and tree individual identification code. This
ensures that data is attributed to correct treatment, and any inconsistencies, such as dead or replaced trees, are
documented. Tree code and sampling date is then used as sample identification code. Similarly, lawn plots are
marked on maps with identification codes.
4.1.1 Trees: measured variables
For the planted trees, initial measurements of nursery plant dimensions are important to carry out. It enables the
separation of C stock accumulated by the trees during the nursery phase and determination of C fixed by the trees
after planting. This is increasingly important for larger tree transplants, which may already carry a C stock of several
kilograms at planting (Riikonen et al. 2018), which should not be attributed to C sequestration at the site. In Finland
trees are commonly planted as balled and burlapped (B&B), and the use of bare roots transplants is extremely rare
due to the required timely logistics. The root systems of B&B trees cannot be documented as accurately as bare root
nursery trees, but rootball dimensions are standardized based on tree DBH. Therefore, we can infer the proportion
of root biomass retained in the rootball based on literature on root system spread (Riikonen et al. 2018). The
assessment of aboveground biomass at planting is relatively straightforward from trunk circumference information,
which can be enhanced if tree height is also known.

Picture 1. Park trees may be planted in relatively large size.
Newly planted trees in Helsinki, Töölönlahti park, in summer
2016. Image by Anu Riikonen.
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After planting, the follow-up of tree aboveground C sequestration is at its simplest, the repeated measurement of
tree trunk circumference growth. Circumference measurement is preferable to diameter, as it does not rely on
assumptions of trunk roundedness, and thus is more accurate. If more resources are available, the accuracy of the
tree biomass measurement can be enhanced in several ways. Leaf biomass can be estimated from leaf samples.
Trunk volume can be measured, as can the woody biomass volume of the entire tree, if laser scanning equipment
and data processing is available. C content of wood can be measured by dry combustion, if higher accuracy than the
use of literature values is needed. Tree coring for wood samples harms trees, so it should be used with caution, on
as small number of trees as possible, and not too often.
Belowground biomass measurement can, at its simplest, be included in the soil C stock measurement. Tree roots are
included in C measured in soil samples, if roots are not picked out prior to analysis and analysed separately. This
whole-system soil C stock measurement is effective, simple, and does not require information on tree root biomass
or longevity. Moreover, it integrates the addition of C into the soil from live roots, dead root litter, root C secretion
and aboveground litter. Measuring these together provides no insight into the functioning of the soil C stock
development in urban environment, but the margin of error in the overall values is much smaller than if an attempt
is made to measure the components separately. However, information on root longevity and quantity of root litter
in urban environment is entirely lacking and direly needed for optimizing urban tree C sequestration. Most
commonly, root biomass, fine root turnover, and root C stock is estimated from root-shoot ratios, measurements of
fine root turnover on forest trees, and biomass equations. These are not particularly accurate for urban trees. Root
biomass samples and minirhizotron follow-up of fine root turnover would be preferable but are also extremely
labour intensive.
One additional issue is that oftentimes urban trees must be pruned to fit their allotted living space. If such pruning
is performed at Jätkäsaari experimental site, the biomass removal must be documented for each tree. At its simplest,
this can be based on fresh biomass weight measurement for each tree pruned, and a sample of pruning material can
then be dried and used to account for biomass removal (Riikonen et al. 2018).
4.1.2 Lawn
Unlike trees, which are planted in already considerable size, lawns are commonly sown from seed. Thus, biomass
measurements do not need initial comparison value. Consideration must be made however on what season and
growth stage plant cover, biomass and other measurements of lawn quality and C stock should be made to be most
easily comparable and informative, and possible to repeat over several years. Overall, lawn aboveground biomass
and C stock can be expected to be rather stable after the establishment phase, and C stock increase is expected to
be predominantly belowground. Similarly to the tree root C stock, the best and most comprehensible method to
measure the impact of lawn on the system C stock is to measure soil C stock change, including live roots also.
Table 2. Suggested vegetation measurements in the order of priority. After the initial measurements, the repeat
interval of the follow-up measurements can be from one year to ca. 10 years, depending on resources.
Vegetation
component

Minimum initial
measurements

First priority follow-up
measurements (annual)

2nd priority
measurements

3rd priority
measurements

Trees, aboveground

trunk
circumference

trunk circumference OR
tree volume

C content of wood
(note: destructive)

leaf biomass

Trees, belowground

rootball size

soil C stock sampling

fine root longevity
(minirhizotron)

live/dead root
separation from soil
samples

Lawn, aboveground

sowing density

cover and quality
assessment

biomass sampling

Lawn, belowground

initial soil C stock

soil C stock sampling

live/dead root
separation from soil
samples
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4.1.3 Sampling of vegetation
The research setup altogether consists of relatively small number of trees. All measurements would ideally be made
from all trees in the treatment, but at least the initial measurements and DBH measurements in consequent years
should include all trees in the experiment. For other measurements, if tree growth within treatment appears
uniform, a random sample of 3 trees per treatment could be drawn. Any samples, e.g. wood cores and leaf samples,
should be taken in triplicates if possible; if not, one sample from 3 random trees or all trees within each treatment
should be taken. In such a case, these same trees should be measured, if a given measurement is to be repeated
later. Wood C content is somewhat problematic in this respect due to the destructive nature of the sampling, so low
number of samples is preferable especially when trees are young. Branches pruned for other reasons may also be
used for this purpose.
For lawn treatments, sampling should be made at 1 m distance from the edge of a treatment area, i.e. on the central
area of each treatment plot. Three biomass samples or 3 lawn quality scoring frames should be taken from random
positions within the central area of the sampling plot.
4.2 Soil measurements
Like the vegetation measurements, soil measurements should be conducted stepwise in the order of priority (Table
), depending on the time and resources available. The relevant timescale to see any significant changes in soil C stock
is at least 6 to 10 years because the changes in soil C stock are slow and difficult to detect against the large
background SOC content during a monitoring period of 5 years or less (e.g. Smith 2004). Soil should be sampled to
at least 30 cm depth for the determination of C stock, but it would be preferable to sample the soil to 1 m if possible
(Smith 2004).
4.2.1 Analyses of the quality of biochar
The quality of the biochar should be analysed before it is added to planting soils or at least the biochar used should
be sampled and stored to wait for future analyses. As discussed above (section 3.1.1), the 1 st priority measurement
would be to analyse biochar C content by dry combustion in a CHN analyser to account for the C input with biochar.
Simultaneously, biochar H and N contents can be determined, allowing to calculate the H/Corg -ratio of biochar, an
indicator that can be used to predict the persistence of biochar in soil. Other relevant properties of biochar to analyse
would be microbial available C, the contents of other nutrients (P, K, Ca, Mg), pH, liming equivalence, ash content,
specific surface area and the pore size distribution (EBC 2012, Leng et al. 2019). Also, the documentation of
production conditions (highest treatment temperature and residence time) and feedstock type are important and
these together with the analyses suggested can be regarded as the minimum set of biochar properties to be
characterised (Leng et al. 2019).
4.2.2 Soil: measured variables
Soil C content is usually determined for the fine earth (< 2 mm) fraction of the soil as the coarser mineral soil material
is not thought to contain C. The living root fragments > 2 mm are not considered as part of SOC either but usually,
as part of plant biomass (Poeplau et al. 2017). Relevant parameters for calculating soil C stock include C
concentration of the fine soil fraction (< 2 mm), the content of rock fragments (= coarse mineral fragments > 2 mm)
and soil bulk density or fine soil mass (FAO 2019, Poeplau et al. 2017). If possible, five soil depth increments could
be studied: 0-10, 10-30, 30-50, 50-70 and 70-100 cm.
Different calculation methods of SOC stocks may produce highly variable estimates with most bias produced for soils
containing > 30 % rock fragments if bulk density is not accounted for at all in the equation (Poeplau et al. 2017). For
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soil carbon accounting purposes, soil C content, bulk density and gravel content should thus be determined (England
& Viscarra Rossel 2018).
At simplest, we can measure the change in soil total carbon stock with dry combustion that is currently the most
feasible method for us (see section 3.1.3.1 - Soil). It is recommended to measure the share of inorganic C
(carbonates) using pretreatment with HCl and calculating the SIC content as a difference between the results
acquired by dry combustion in an elemental analyser for untreated (total C) and acid-treated (SIC removed, SOC
remaining) samples. This would be the 1st priority measurement. To study the persistence of biochar-C in soil for the
verification of C sequestration, it would be important to study the pyrogenic C content of the soil samples as well.
This could be done by applying MIR spectroscopy that might be currently the most suitable method for quantifying
PyC (Bird 2015, Janik et al. 2007). TG-DSC is also appealing because it is operationally simple and can separate
different C species (including carbonates) based on their thermal stabilities. Chemo-thermal oxidation at 375 °C
(CTO-375) or hydrogen pyrolysis (hypy) could be used to further investigate the condensed component of the PyC
fraction (Hammes et al. 2007, Meredith et al. 2013).
Table 1. Suggested soil measurements in the order of priority. After the initial measurements, the repeat interval of
the follow-up measurements can be from one year to ca. 10 years, depending on resources.
Soil
property

Minimum initial
measurements

First priority follow-up
measurements (annual)

2nd priority
measurements

3rd priority
measurements

Soil C
fractions

Total C stock and SOC
fraction by dry
combustion
(pretreatment by HCl to
account for SIC)

Total C stock and SOC
fraction by dry
combustion
(pretreatment by HCl to
account for SIC)

PyC fraction by
MIR spectroscopy
OR TG-DSC

Condensed
component of PyC
by e.g. CTO-375 OR
hypy

Soil bulk
density

Volume-specific soil
samples from every layer
studied

Volume-specific soil
samples from every layer
studied

Gravel (> 2
mm)
content

Sieving to separate fine
earth fraction (≤ 2 mm)
from gravel

Sieving to separate fine
earth fraction (≤ 2 mm)
from gravel

Other soil properties relevant to measure would be for example soil moisture, temperature and pH, as well as the
availability of various nutrients (e.g. N, P, K, Ca and Mg). Soil pH, cation exchange capacity, soil type as well as
contents of many nutrients (e.g. P, K, Ca, Mg and S) could be studied by the protocols of national soil fertility analysis.
4.2.3 Soil sampling
Soil sampling strategies (e.g. sampling interval, sampling location, number of samples per plot) should be properly
designed to get meaningful results. Soil sampling can be done by using either undisturbed (intact) core method or
excavation method. Volume-specific soil samples are recommended to be taken for the determination of soil bulk
density. They should be taken with a volume-specific cylinder from each layer for which soil C stock is to be
determined (e.g. Mäkipää et al. 2012). This may be challenging for coarse-textured, stony soils where the use of
smaller cylinders may be one option. For soils containing abundant rock fragments, a clod method has also been
suggested (e.g. England & Viscarra Rossel 2018) but this method was not recommended by FAO (2019). In the end,
the determination of bulk density for the load bearing (structural) soils in Jätkäsaari demonstration site is very
difficult and practically impossible due to the abundant rock fragments in it (Picture 2). For planting soils, we could
use the volume-specific cylinders for the determination of bulk density.
While the undisturbed core method could be the most suitable sampling method, soil compaction is an issue when
taking soil cores. It probably causes some compaction that is why indicator layers consisting of e.g. perlite (or other
inert material) would be a good idea. This is not however, applicable to the demonstration site in Jätkäsaari but
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would be relevant to consider in case this kind of park is constructed elsewhere. Indicator layers would be a possible
way to address soil compaction caused by soil coring.

Picture 2. Soil sampling at the Jätkäsaari demonstration site in November-December 2019 while the park was under
construction. Left: structural soil, right: planting soil. Images by Päivi Soronen and Priit Tammeorg.
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Appendix 5. Carbon Park webpage: a digital platform for engagement

44

45

Appendix 6. Infographic posters
During the Carbon Lane -project, infographic posters were created and proposed to the City of Helsinki to be used
on-site for providing information to the park visitors. In total of three posters were created from which, poster 1 and
poster 2 are preliminary agreed to be used in the park. The posters were:
-

Poster 1 explaining the purpose of the research on the park
Poster 2 explaining the carbon flows and functions of biochar in the park
Poster 3 explaining the difference of soil treatments

In addition, Poster 1 will include QR code which redirects to the home page of Carbon Lane project:
www.aalto.fi/fi/carla. Also, trees, planting soils and research devices could be marked with QR-codes, that would
lead visitors to see more information in the form of text or videos or inquiries to participate.
In addition, Poster 1 encourages audience to use hashtag #hiilipuisto (which translates into carbon park) to post
feedback, questions, opinions and pictures of the park. In addition, stakeholders of Carbon Lane project have been
encouraged to communicate Carbon Lane in social media using as well.
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Poster 1. Research is conducted in the park (English translation below)
Title: Research is conducted in the park
Text: The effects of biochar-based substrates on soil function and tree growth are researched in Hyväntoivonpuisto.
The study covers about 80 trees, that grow on control plots and different biochar planting soils produced by Finnish
manufacturers.
The project supports the goal of Carbon Neutral Helsinki 2035. The goal is to improve the well-being of trees and soil
and thereby accelerate carbon sequestration. There are a lot of good experiences with biochar, for example in
Stockholm it has been used since 2009.
Researchers visit the park a few times a year to assess tree growth and soil condition. The effects of different
treatments are monitored, for example, by measuring soil moisture, carbon and nutrient levels.
Observe and give feedback on a tree well-being and growth with hashtag #hiilipuisto
47

Poster 2. What is happening in soil? Illustrations by Suvi Tikka
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Poster 3. Planting soils of the park. Illustrations by Suvi Tikka
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