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Abstract. Biochar research is extensive and there are many pot and laboratory studies carried out in Europe to investi-
gate the mechanistic understanding that govern its impact on soil processes. A survey was conducted in order to find
out how representative these studies under controlled experimental conditions are of actual environmental conditions
in Europe and biomass availability and conversion technologies. The survey consisted of various key questions related
to types of soil and biochar used, experimental conditions and effects of biochar additions on soil chemical, biological
and physical properties. This representativeness study showed that soil texture and soil organic carbon contents used
by researchers are well reflected in the current biochar research in Europe (through comparison with published litera-
ture), but less so for soil pH and soil type. This study provides scope for future work to complement existing research
findings, avoiding unnecessary repetitions and highlighting existing research gaps.
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Introduction biomass, carbon (C) atoms form polycondensed aro-
Biochar is a black carbon solid produced by pyrolysis matic moieties that slow down biological decomposition
of organic materials (Lehmann et al. 2006) that is of- (Downie et al. 2009). This recalcitrance confers long-term
ten distinguished from charcoal by its intended use as stability of biochar in soil, potentially lasting for centuries

soil amendment (Sohi et al. 2009). During pyrolysis of ~ (Kuzyakov et al. 2014; Lehmann, Joseph 2015).
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There has been increasing interest in the poten-
tial that biochar has for enhancing C sequestration and
improving soil fertility (Spokas, Reikosky 2009), restor-
ing degraded lands (Beesley, Marmiroli 2011), reducing
greenhouse gas (GHG) emissions in agriculture (Cayuela
et al. 2013; Harter et al. 2014), influencing soil moisture
retention (Ulyett et al. 2014) and soil biological activity
(Lehmann, Joseph 2015). Recently, Zhang et al. (2016)
reviewed 798 publications to provide a quantitative as-
sessment of field and laboratory based experiments from
across the globe. They found that the majority of biochars
used were produced using kiln or lab batch scale rather
than commercial scale pyrolysis, using primarily wood
and municipal waste feedstock and that more studies in-
volved laboratory and greenhouse pot experiments rather
than field studies. Further, in a recent meta-analyses re-
ported that yield response are dependent on crop type and
soil/climatic conditions with more positive effects in the
tropics (Jeffery et al. 2011, 2017).

Previous research activities and presentations of re-
sults have been uncoordinated, providing a general pic-
ture on the topic but with little in-depth investigation
of key themes (Tammeorg et al. 2017, this issue). This
was one of the stimuli for the initiation of the COST
Action TD1107 “Biochar as Option for Sustainable Re-
source Management” funded by the European Union to
bring together key scientists and technologists working
in this area. The COST Action TD1107 was a network
that aimed to improve data sharing and communication
between scientists and stakeholders that developed into
a highly useful platform supporting biochar research in
Europe. As one of the main tasks of this COST Action
was to minimise unnecessary repetition in biochar re-
search, a representativeness survey of European biochar
research was conducted consisting of both field-scale
(Verheijen et al. 2017, this issue) and pot and laboratory
scale studies carried out in Europe. Particularly in the
last two years (i.e. 2013-2015), many European research-
ers joined the COST Action, voluntarily submitting data
on their work to a database created to gather informa-
tion about the type of research and field of application,
providing meta-data concerning experimental set up
and so producing quantitative, and some qualitative in-
formation concerning their studies. This analysis does
not qualify for a meta-analysis but it aims to investigate
how representative experimental conditions were within
biochar research of the COST Action members, regard-
ing biochar properties and environmental application,
i.e. feedstock type, pyrolysis conditions, soils, land use
and land management. The utility of a representativeness
survey is that it gathers and combines multiple aspects
of biochar research, providing an overview compared
with the published dataset. Such comparison can aid
identification of aspects that have not been considered

or covered within Europe, so that the missing knowledge
gaps can be addressed with further research.

This representativeness survey collates the informa-
tion from various researchers to provide an overview of
their activities and clusters the key outcomes of their re-
search in order to direct further work. The representative-
ness survey is divided into two categories — part I - field
trials (Verheijen et al. 2017, this issue) and part II - pot
experiments (the current paper). As such, representative-
ness analysis is a valuable tool to provide a general over-
view that is currently missing for biochar studies in Eu-
rope.

The objective of this paper is to identify and quantify
the observations of biochar effects in pot and laboratory
studies and assess how representative the experimental
conditions are compared to likely European scale condi-
tions..

1. Materials and methods

The information provided by the Representativeness Sur-
vey was obtained by using an online questionnaire (http://
webform.cost.european-biochar.org/) formulated by con-
sulting researchers from COST Action TD1107 countries
to prioritise key information. The survey was sent to re-
searchers working with biochar in pots, lysimeters and
incubation studies and covered aspects related to methods
of the experiment, substrates used, processes analysed,
type of biochar used and the effects that were observed.
As such, the questionnaire was divided into sections that
required data related to type of soil used, biochar type
feedstock and pyrolysis technology, and effect of biochar
on various soil physical, chemical and biological proper-
ties. Following submission by respondents within the EU
COST Action on a voluntary basis, results from the data-
base were downloaded as a Microsoft Office Excel spread-
sheet.

The database was divided into four main parts: (i)
General; (ii) Experimental setup; (iii) Biochar treatments
and properties; (iv) Measured effects. The first step was to
summarise all the sections of the MS Office Excel docu-
ment to have a visual starting point to facilitate analysis.
All entries were grouped following the categories offered
by the survey, to obtain a schematic view about the ex-
periments, such as country where the experiment took
place, type of experiment, description of soil, description
of biochar applied and responses observed. Data for each
category were explored by calculating mean, standard de-
viation, minimum and maximum values using MS Office
Excel. Representativeness was deduced from the graphs
produced after the data synthesis by comparing with pub-
lished literature. This consists of infographics, pie and
column charts, depending on the type of data consid-
ered with the aim of providing a clear visualisation of the
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trends in the experiments. The final step was the interpre-
tation of data considering the present status of knowledge
on biochar.

2. Results
2.1. Data collection

A total of 20 countries contributed to the Representative-
ness Survey, which resulted in 356 web form submissions.
A respondent who submits an online form containing
multiple sets of information categorised into four parts as
explained above is considered to submit one submission.
Table 1 shows the number of submissions for the various
countries involved in the COST Action. The submissions
were not uniformly distributed with almost half (149)
from Spain, which contributed mostly with experiments
focusing on ecotoxicological impact, followed by Belgium
(37) and Germany (33).

Table 1. Number of submissions per country involved in the
Representiveness Survey

Austria 2 Poland 5
Belgium 37 Portugal 19
Denmark 13 Russia 8
Estonia 2 Slovakia 9
Finland 19 Spain 149
France 11 Sweden 3
Germany 33 Turkey 2
Greece 1 United Kingdom 5
Italy 19 Czech Republic 1
Netherlands 4 Norway 14
Total = 356

The climatic zone represented in current biochar re-
search is mainly dependent on the distribution and con-
tribution of different countries: according to the Képpen
classification, most of the observations come from experi-
ments under Mediterranean climate (150 submissions),
maritime temperate climate (60 submissions) and humid
continental climate (31 submissions). This survey did not
seek for specific questions about environmental conditions
(e.g. annual average temperature, relative humidity and
precipitation), the climatic zone only refers to the country
where the experiment took place since it was all carried
out under controlled conditions.

2.2. Experimental setup

A quarter of the experiments were conducted as incuba-
tion (25.0%) or greenhouse scale (20.5%) experiments,
with 43% carried out in climate chambers (Fig. 1). No
experiments performed on undisturbed soil cores were
submitted.

2.3. Feedstock for production of biochars

The feedstocks used for biochar production were grouped
into three main categories: (i) lignocellulosic (including
woody); (ii) herbaceous (crop residue, green waste, silage);
(iii) biosolids (manure, sewage, liquid organic waste). Al-
most 70% of the biochar was derived from lignocellulosic
feedstock. Biochar produced from herbaceous feedstock
accounted for 16% and biosolids for 9% of feedstock
(Fig. 2).

2.4. Biochar processing conditions

The main parameters that are generally modified during
char production are carbonisation temperature, type of
feedstock and residence time in the heating unit. Changes
in these variables influence the proportions of the end
products of pyrolysis (biochar, biooil, gas, water) and
quality of char produced.

Considering the type of thermochemical conversion
of biomass to char, slow pyrolysis covered more than half
(64%) of the experiments, while 17% of the biochar used
in the experiment came from fast pyrolysis. (Fig. 3). The
remaining 19% refers to other methods of heating as gas-
ification, stove, retort kiln and hydrothermal carbonisa-
tion (HTC), which are separated from biochars due to
their different composition (Schimmelpfennig, Glaser
2012). Nevertheless, these products are defined here as
chars. The preference for the slow pyrolysis method, due
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Fig. 1. Survey response of types of experiment (n = 356)
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Fig. 2. Survey response of biochar feedstock types (n = 370)
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Fig. 3. Survey response of biochar producing technologies
(n = 362), HTC - hydrothermal carbonization

to the maximisation of the portion of char produced, re-
flects the purpose of using biochar as soil amendment and
as a possible tool for climate change mitigation (Lehmann,
Joseph 2015).

The comparison between the type of feedstock with
the temperature of pyrolysis is useful to show how the two
aspects, in combination with residence time, are strictly
correlated in determining biochar physical and chemical
properties.

Biochar was described by the carbonization tempera-
ture and residence time, as well as by the method of pre-
treatment (when applicable) and of its application to pots.
Mainly high temperatures (>500 °C) were used for biochar
production, covering almost 75% of the reported experi-
ments (Fig. 4). Most of the carbonization processes (63%)
occurred between 500 and 700 °C, while 11% took place
at over 700 °C. The retention time was generally less than
an hour (61%), but longer periods of carbonization were
also present (Fig. 5).

2.5. Soil type, texture and length of experiments

All soil types shown in Figure 6 were represented by at
least one entry. The presence of Calcisols, Fluvisols and
Luvisols was dominant. Calcisols and Fluvisols were
mostly associated with responses from Spain indicating
dominance of this response. The frequency of these fer-
tile soil types is reflected in the soil texture class, which
was mostly loamy (77%) and details of the breakdown is
shown in Figure 7. Calcisols, Fluvisols and Luvisols cover
5%, 5% and 6% of Europe (Soil Atlas of Europe 2005).
According to the Soil Atlas Map of Europe, Albeluvisol is
the most common soil in Europe (15%), whilst Podzol is
a dominant soil of the northern latitude (14%). The Cam-
bisols, Chernozems and Leptosols cover 12%, 9% and 9%
respectively of European soil. Albeluvisols, Chernozems,
and Leptosols were not represented in our database. This
shows that in this pot study the representativeness is not
well covered in comparison to dominant soil types in Eu-
rope.

Soil organic carbon (SOC) content was between 1
and 2% in about half of reported studies (52%); 31% of
studies had SOC less than 1% whilst 17% had more than

[J <500°C [ 500-700°C W >700°C

Fig. 4. Survey response of pyrolysis temperature (n = 328)

H<1h M1-3h []>3h

Fig. 5. Survey response of residence time in pyrolysis reactor
(n = 203) application
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Fig. 6. Survey response of soil types used in biochar application
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2%. Therefore, SOC content was reasonably representative
of actual SOC contents in European cropland soils, which
mostly have SOC contents between 1-2% (Toth et al.
2013). The overrepresentation of smaller SOC contents in
the laboratory studies is most likely a consequence of the
interest to improve soils with low quality, and therefore
low SOC contents. Soil pH was represented by mostly al-
kaline and neutral soils, while acidic soils accounted for
15% of studies.

Biochars had an even distribution of pH and ash con-
tent. 60% of biochar samples contained less than 10% ash.
Seventy percent of all biochars had a pH between 8 and
10 in line with the findings by Verheijen et al. (2017, this
issue).

The length of the experiments (i.e. the incubation
period) was measured in days. Most of the experiments
(53%) lasted one month or less, while 20% lasted more
than three months. In terms of the incubation tempera-
ture, 64% of the experiments were carried out above 20 °C
(data not shown).

3. Discussion

Data were collected using an online survey as this allowed
the maximum reach for obtaining data across a range of
European Countries. However, such an approach is not
without its weaknesses. For example, the timing at which
the survey arrived with some institutes may have been
more favourable than others in terms of having the time
and data availability to allow contribution. Furthermore,
the questions posed and format of the questionnaire may
have been inhibitory to providing data from some groups
than others. These potential biases should be borne in
mind while interpreting these data. Nevertheless, 356
web form submissions from 20 countries is a reasonable
achievement given the resources and time that was allo-
cated to this task.

The representativeness was judged by comparing
the survey response with published literature such as
Tammeorg et al. (2017, this issue), Toth et al. (2013) and
Zhang et al. (2016) which were used as bench mark in ad-
dition to other peer reviewed manuscripts on biochar.

While 20 countries reported on biochar research at
the pot scale of experimentation, there is a potential bias
driven by the large number of pot scale studies conduct-
ed in Spain. However, the majority of these entries were
ecotoxicological studies carried out in climate-controlled
chambers. As such, the conditions reported from these
studies are not “Mediterranean” per se, but representa-
tive of standardized conditions based on ISO or OECD
guidelines for ecotoxicological assessment of soil and soil
materials. In addition to this during a COST Action meet-
ing, biochar effects on soil toxicology was identified as a
knowledge gap which encouraged these large submissions.

The authors of this manuscript did not want to remove
these submissions in order not to add any bias on the rep-
resentativeness of this study.

The majority of north-western cropland soil in Eu-
rope is acidic; soil in the Mediterranean is generally alka-
line. In the partly arid sub-continental zone and temperate
mountainous regions, neutral to alkaline soils dominate
croplands, and these types of soils are present in consider-
able areas of the sub-oceanic regions as well (Toth et al.
2013). So the fact that 41% and 44% respectively of pot
studies used soils from pH range 6-8 and 8 shows that pot
studies are only partly representative.

Around 45% of the mineral soils in Europe have low
or very low organic carbon contents (0-2%) and 45% have
a medium content (2-6%) (Louwagie et al. 2009). Low
contents are particularly evident in cropland soils and in
southern Europe where 74% of the land is covered by soils
that have less than 2% of organic carbon in the topsoil
(0-30 cm) (Zdruli et al. 2004). However, areas of low or-
ganic carbon can be found almost everywhere, including
in cropland soils of northern countries such as Belgium,
France, Germany, Norway and the United Kingdom. This
study is representative of SOC contents of mineral soils in
Europe. However, more than 50% of EU soil organic car-
bon stocks are in peatlands (Schils et al. 2008). This study
does not list any study using peatland soils, and therefore
is not representative of organic soils in Europe. Biochar
experiments with a range of peatland soils are therefore
recommended to increase European representativeness.
A first example has been reported by Kern et al. (2017)
in the context of blending peat with biochars in growing
media.

Figure 6 shows that Fluvisols and Calcisols are domi-
nant in this study but upon detailed evaluation, these are
associated with responses of the online survey from Spain
which has skewed the representativeness. However when
the information on soil types from Spanish submissions
were ignored, the dominant ones are Cambisols and Luvi-
sols. This resonates well with the field scale representative-
ness reported by Verheijen et al. (2017, this issue).

Uzoma et al. (2011) concluded that the biochar pre-
pared at higher temperature (500 °C) had a greater effect
on movement of water in sandy soil as compared to bio-
char made at lower temperatures (300 and 400 °C). In that
experiment, it was found that the pyrolysis temperature
and the mixing rate of biochar both affected the hydraulic
properties of sandy soil. Existing research (Kinney et al.
2012; Ulyett et al. 2014; Ahmed et al. 2016) shows that
most of the biochar has been applied to course textured
soils and its positive effect on soil physical aspects is re-
flected in this representativeness survey (Fig. 7).

A section of the online survey also contained ques-
tions related to effects of biochar on various soil physical,
chemical and biological properties which can be mapped



Journal of Environmental Engineering and Landscape Management, 2017, 25(2): 152-159 157

to the thematic areas described by Tammeorg et al. (2017,
this issue). Since the questions posed on the effects were
categorised as “positive”, “negative” or “no effect” which
was deemed as too subjective, further discussions about
this results are not elaborated here. Nevertheless it has led
to postulation of research questions which can be useful
to fulfil knowledge gaps identified by Tammeorg et al.
(2016). Amongst the aspects that needs further work are
as follows:

1. What are the effects of low temperature biochar on
soil properties?

This survey indicates that the smallest percentage of
biochar used in this study are produced using temperature
<500 °C. It will be very valuable if further investigation is
carried out using biochar produced at low temperatures.
At lower temperatures stability of the carbon in biochar
is reduced which can possibly facilitate easier use as sub-
strate for soil microbial proliferation. This can provide new
insights where the tradeoff is between carbon sequestra-
tion (associated with more biochar produced using high
temperature) and carbon mineralisation and lability (as-
sociated with biochar produced using low temperatures).

2. What are the effects of livestock manure and bio-
solids based biochar on soil properties?

This survey shows that woody and crop residue based
biochar are dominant as shown in Figure 2. It will be very
valuable to explore alternative sources as feedstock for
biochar especially biosolids which has usually high con-
tents of phosphorus and how mineralisable this will be in
soil to meet crop demands.

3. What are the effects of biochar on undisturbed soil
cores?

In this survey, biochar has been added to pots or
incubation studies where it is mixed and then the effects
studied. However the effects on undisturbed soil cores
have not been studied so far. This can entail using biochar
of different particle sizes that can be added as top dressing
to the undisturbed soil cores.

4. What are the effects of biochar on common soil
types in the EU?

The Soil Atlas Map of Europe, shows that Albeluvisol
is the most common soil in Europe (15%), whilst Podzol
is a dominant soil of the northern latitude (14%). This sur-
vey shows that the dominant soils types in these studies
are not Albeluvisol or Podzol indicating that further work
is needed in this aspect.

The above list of questions is non-exhaustive and
only demonstrates the opportunity that this Representa-
tiveness Survey can lend itself to. Whilst this Represen-
tativeness Survey in itself may not represent all biochar
research in the EU, it allows opportunity for future work
through knowledge gap analysis.

Since this representativeness survey was focused on
providing an overview of the extent of current biochar

research in Europe, there are some limitations in this ap-
proach. Due to the overwhelming response from Spain,
this has potentially skewed the representativeness of this
survey. Whilst this has to be acknowledged, one ben-
efit is that this survey has revealed that the responses
from Spain are associated with research related to eco-
toxicology. This can provide opportunities for collabora-
tion amongst EU COST Actions Members. Whilst this
manuscript was targeting to showcase representative-
ness of biochar research in the EU associated with pots
and laboratory scale studies, in reality this was not fully
achieved due to lack of response to the online survey.
The lack of response is something that we can only pos-
tulate as being a combination of, data not being ready for
further analysis, unwillingness to participate or survey
may seems too onerous despite that the explanation that
the expectation is not for the respondent to fill every box
but as many as possible and where relevant. It was also
challenging to convince colleagues to submit data, which
have not been published before and to show that further
publishing of original data is still possible after using for
the online survey.

This survey did depend on number of respondents
so where regions got a good response it enabled to better
showcase research from that part of the EU. However,
where response was poor from certain regions of the EU,
it just shows that response was poor for this survey and
does not fully reflect that research is missing in this re-
gion. This is a limitation of this survey.

Conclusions

This study provides an overview of generic responses
from adding biochar to soil in laboratory scale experi-
ments and can be used as an indicative tool but should
not be over-interpreted. The data presented here show
that currently the regions in the European continent are
not well represented. Further to this, there is a moderate
representation of soil pH and weaker representation of
soil type, but good representation in terms of SOC con-
tent and soil texture in mineral soils. This representive-
ness survey can also be used to link with the field scale
experiment to corroborate any observations that can
provide some seed corn ideas that can be further deve-
loped into future projects. In terms of the effects of bio-
char on the Thematic Areas, many aspects of the results
were in line with published work and confirmed what
was known about biochar until present time. The novelty
of this work lies in the approach adopted to provide an
overview on soil responses observed when applied with
biochar in non-field conditions and as well as starting
point for future research on this topic has been brought
to light.
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