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Abstract: The growing need for food, energy and materials demands a resource efficient
approach as the world’s population keeps increasing. Biochar is a valuable product that can
be produced in combination with bio-energy in a cascading approach to make best use of
available resources. In addition, there are resources that have not been used up to now, such
as, e.g., many agro-residues that can become available. Most agro-residues are not suitable
for high temperature energy conversion processes due to high alkali-content, which results
in slagging and fouling in conventional energy generation systems. Using agro-residues in
thermal processes, therefore, logically moves to lower temperatures in order to avoid
operational problems. This provides an ideal situation for the combined energy and biochar
production. In this work a slow pyrolysis process (an auger reactor) at 400 °C and 600 °C is
used as well as two fluidized bed systems for low-temperature (600 °C-750 °C) gasification
for the combined energy and biochar generation. Comparison of the two different processes
focuses here on the biochar quality parameters (physical, chemical and surface properties),
although energy generation and biochar quality are not independent parameters. A large
number of feedstock were investigated on general char characteristics and in more detail the
paper focuses on two main input streams (woody residues, greenhouse waste) in order to
deduct relationships between char parameters for the same feedstock. It is clear that the
process technology influences the main biochar properties such as elemental- and ash
composition, specific surface area, pH, in addition to mass yield quality of the gas produced.
Slow pyrolysis biochars have smaller specific surface areas (SA) and higher PAH than the
gasification samples (although below international norms) but higher yields. Higher process
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temperatures and different gaseous conditions in gasification resulted in lower biochar yields
but larger TSA, higher pH and ash contents and very low tar content (16-PAH). From the
feedstock data looked at in more detail, a few trends could be deducted in the attempt to
learn how to steer the biochar characteristics for specific uses.
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1. Introduction
1.1. Background

The growing need for food, energy and materials demands a resource efficient approach as the world’s
population keeps increasing. At the same time, counter-measures for increasing greenhouse gas (GHG)
emissions and related climate change are imperative. Co-production of bioenergy and products in a cascading
approach will achieve a more optimized use of resources while at the same time limiting the overall GHG
emissions. Resources not used up to now, such as, e.g., many agro-residues need to be taken into account
and new strategies must find a balance in agricultural applications, energy plus materials production and
environmental effects. Part of the solution can be provided by extending the use of biomass not only for
bio-energy but also for biochar as a soil amendment [1]. The EU recognizes biochar as a valid technology
for long-term carbon storage in soils therefore aiming towards climate change mitigation [2]. In addition, the
use of biochar as a soil amendment is a promising agricultural practice that reduces N losses achieving a
more effective N fertilizer use, and at the same time promotes soil organic carbon (SOC) accumulation in
soils [3]. The application of biochar as a soil amendment could even bring areas lost for agriculture back into
production by compensating for acidity, too low organic carbon and water retention [4].

When reviewing the available and quickly growing literature on biochar, many different discipline angles
and levels of detail become apparent. Some of the earlier literature focuses directly on plant growth responses
and agricultural yields when using biochar as a soil amendment, which improvement is the main aim for
using biochar in the first place [2—5]. However it quickly becomes apparent that soil type, soil structure and
climate are important. The studies on the effect that biochar has on soil function and -processes then includes
crop yield from multi-year field experiments (e.g., [6-8]), possible priming effects on soil organic matter
(e.g.,[9]), and effect on soil emissions and C stability [10]. Studies on the effect of well characterized biochars
on crop yields in various soil types including acidic, low activity soils in the tropics and temperate soils are
examined in [11-16]. Results show that biochar has a positive effect on some soil due to the liming effect
and associated increased availability of nutrients but in other soils application of biochar produced phytotoxic
effects due to excessive soluble salts and high pH. Plant growth responses in the acidic soils were most
evident but demonstrated a strong contrast to one another. The crop yield increases are attributed to the ability
of certain high nutrient biochar to increase N availability [17].

Because biochar is not always applied purely but also mixed with manures, minerals fertilizers and
compost [18-21], another wealth of data becomes available from trails that, however, also contribute to the
complexity to explain the observed effects.
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Where earlier work on soil and crop effects often considered biochar as a fixed-high C product, biochar
producers and researchers quickly started publishing data on the variations that could be obtained in the
biochar when varying production parameters such as temperature and feedstock. Spokas et al. [22] present a
literature survey reviewing the effects biochar on plant growth. In [23] results showed a significant influence
of production processes on biochar properties, and identified threshold values suitable for soil amendment
and carbon sequestration. The awareness that biochar can have different characteristics adds yet another level
of complexity because no longer does biochar addition to the soil only depend on the location dependent
variables (soil type, soil structure, climate, other fertilizers and crop) but biochar characteristics play a role
in the total suite of interaction processes as well.

The growing level of complexity is a good example of how young the research topic on biochar is, but
also how quickly this multi-disciplinary topic is coming to maturity. In an attempt to shed some light on
possible relationships that can steer the use of biochar to a higher success rate, a number of reviews and
meta-analyses have been performed on large parts of the available dataset in literature. The meta-analysis
and reviews by Jeffery [24], Biederman [25] and Verheijen et al. [26,27] analyze in detail and summarize
the current status on biochar research attempted a correlation among feedstock, process conditions, biochar
properties and effect on soil fertility, their results imply that available data are not coherent enough to draw
conclusions on the relation among parameters that influence biochar quality during production and effect of
biochar on various soils. This is likely due to the steep learning curve which has led to the insight that more
parameters per biochar need to be analyzed and that these have to be done in a consistent way. This study
aims at enlarging the most recent dataset and to analyze the produced biochars in an internationally consistent
way. The next questions to answer then are: how to achieve the variations during production and what to
analyze for?

1.2. Production-Dependent Biochar Properties

First of all, a number of parameters are recognized that will largely contribute to different biochar
properties. These are: (i) The feedstock and its original pore size and ash content, (ii) Temperature of
production, (iii) The type of conversion process, more specifically the presence of a liquid or gas phase and
the type of gas being present, (iv) Residence time at elevated temperature, and (v) practical procedure
parameters (other than temperature and residence time).

Several studies confirm that the nature of the feedstock is a key factor for understanding the differences
in the elemental composition and functionalities of the biochars which in turn has an impact on the
performance of the various biochars as soil amendment; [28-34]. The original pore structure will be
maintained under a large range of temperature- and gas conditions. For many biochars then the porosity is
linked to the parent material and when a specific porosity (size distribution or volume) is required for a certain
functionality, a good starting point is the structure of the parent material. The same is largely true for the ash
content. For the lower temperature regime (400—600 °C) the parental ash composition will be found nearly
identical in the biochar under slow pyrolysis and gasification conditions while for the higher temperatures
(realistically up to 850 °C), knowledge from bio-energy processes learns that alkali (Na and K) and chlorine
may be evaporated to a smaller or larger degree while other elements nearly completely stay in the solid
(biochar) fraction.
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The temperature of production has been shown to be the most important parameter in the ratio of labile
to stabile carbon and by being the key parameter for devolatilization processes it largely determines the molar
ratios of H/C and O/C as well as the surface area of biochar.

The variation in thermochemical conversion processes can be associated with various parameter
differences, however, the most essential in giving a name to a certain process seems to be the gaseous or
liquid environment. While pyrolysis is a process that excludes the additional input of an oxidant stream and
thus exposes the produced biochar to its own product gas, gasification uses a sub-stoichiometric amount of
oxidant (commonly air or steam), which has an enormous impact on the biochar characteristics.
Hydrothermal carbonization occurs in a liquid environment under pressure, which also results in very
different chars compared to the chars created in a gaseous environment, see, €.g., [35,36].

Residence time is an influential factor within a certain conversion technology, especially slow-pyrolysis
versus flash pyrolysis. Also, in hydrothermal carbonization, the residence time has a direct effect on the
physicochemical characteristics of the product. Residence time as a variable for comparing and evaluating
processes is less straightforward to use though, when comparing chars from gasification and pyrolysis, as
will be further investigated in this study. The process environment (composition of reactants) affects to a
larger extent the physicochemical properties of the produced biochar than the residence time does, as an
example, under gasification large porosity volumes and a high de-volatilization state can be achieved in very
short time (seconds to minutes) even when using the same temperature as in slow pyrolysis.

The practical procedure and apparatus specific issues (other than residence time/temperature or
gas/liquid environment) are hardly ever considered as being important for the biochar quality and
characteristics. By practical procedure and apparatus specific issues we mean the feeding of feedstock,
heating and cooling protocols (incl. trace heating), co-current or counter-current flow of the gas and char
streams, temperature gradients in the installation, leak-in of air, the type of installation (rotation drum/screw
pyrolyzer, etc.) and the position where the biochar is “harvested”. Especially the separation of gas and
biochar, the cooling procedure in combination with the location of biochar harvesting are expected to be of
key importance to the amount and types of PAH (poly-aromatic hydrocarbons) that condense on the biochar
and hence influence an important quality parameter of the biochar. The latter is also further investigated in
this paper.

1.3. Agronomical Important Parameters of Biochar

The above described production variations (feedstock used, temperature, reactor technology, residence
time and practical procedure) affects the main biochar properties such as surface area, pore volume, pore
(size) distribution, pH, cation exchange capacity (CEC) and surface functional groups, chemical structure
and the form of carbon (aromatic or non-aromatic C) and elemental composition (available nutrient content
such as Ca, P, K) [37-39]. These properties are believed to determine the quality of a given biochar as soil
improver [31].

The link between biochar properties and its function as soil improver is well illustrated by the relation
between water holding capacity of soils and biochar porosity. Some studies, e.g., [40] suggested that the
increased porosity of biochar increases water retention in soils, depending on biochar feedstock, soil type,
and blend rates. Nutrients dissolved in the water may be retained in the soil and therefore accessible to
plants [4]. The ability of biochar to increase water-holding capacity will have profound effects on areas prone
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to drought [41]. Other studies link positively the use of biochar with increased water-holding capacity of
soil [42—44] leading to improved crop productivity due to elevated soil moisture in reduced irrigated regimes.
It was observed that hydrophobicity is well-correlated to the presence of C—H functional groups on the
surface of biochar particles [45,46]. Therefore focus should be given on the control of water holding capacity
and hydrophobicity by choice of pyrolysis temperature. However, water holding capacity cannot be fully
explained based on either the chemical composition of surface groups or the micropore structure of the
biochars but rather a combination of factors that still is fully to be elucidated. The high pH biochars have
been recognized as providing a positive liming effect on acidic soils [32]. The difference in pore sizes in
biochar are likely to be important for processes that adsorb polluting elements (heavy metals or PAH), for
the interaction with organic complexes (organic matter) but also for the water holding capacity. The filtering
and adsorption qualifications are likely to involve different pore sizes and pore distributions than the water
holding capacity where water must also be released again. As stated by Jeffery et al. [47] not all
functionalities can be obtained at the same time and choices have to be made for different benefits.

1.4. Environmental and Economic Aspects of Biochar Production and Use

When aiming for carbon storage by biochar as soil amendment, the recalcitrant carbon fraction must have
a long-term stability in soil [12]. The volatile and ratios H/C and O/C are good indicators of the degree of
carbonization but poor predictors of the agronomic properties of biochar. From an environmental and
economic point of view it makes sense to balance the requirements for carbon storage with those required by
the local ecosystems (plants and soil creatures) and/or local crop growth. Some literature [48] already links
biochar production conditions on biochar yield and properties particularly its long-term stability and
identifies the necessary modification steps for converting organic waste to agricultural use biochar and [49]
links all reported biochar properties with the agronomic and environmental benefits in an engineering tool
that aims to optimize the production of biochar on spec. Still much more information is needed since not all
interaction processes of biochar with soil are understood and the relation of soil/biochar and soil life, fungi,
bacteria is even more complicated.

When considering environmental and health safety, two main voluntary initiatives, the International
Biochar Initiative (IBI) and the European Biochar Certificate (EBC) [50,51] have defined production criteria
and biochar properties and limits on hazardous pollutants to prevent just any black stuff to be used as biochar.
Those guidelines (IBI and EBC) provide mainly safety and quality criteria, aiming to prevent cutting down
native forests to produce biochar, to exclude production processes with high pollutant emissions and to
prevent biochar with high amounts of toxic elements (PAH, dioxins/furans, VOC) from entering the food
chain. In particular, the EBC defines some elemental limits, such as a total organic carbon mass
fraction >50% and O/C and H/C ratios <0.4 and 0.6, respectively; furthermore, heavy metal thresholds and
limits for PAH (<12 mg'kg '), PCB (<0.2 mgkg "), PCDD, and PCDF (<20 ng'kg™") are provided.

Life cycle analysis and feasibility studies consider gasification or pyrolysis plants co-producing
biochar [22,52-55], and make greenhouse gas balances of the total chain from forestry management to the
field distribution of the resulting biochar. All show the potential of biochar to improve resource efficiency.
Focusing on the value of COz reductions, Gaunt and Lehmann [56] determined that biochar application to
agricultural land would provide greater GHG emission reductions than using the char for electricity
generation, assuming (1) a fertilizer reduction of 10%, which would result in a reduction in N2O emissions
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of 50% compared to a case without any treatment and (2) the effect of biochar would remain for 10 years
after application. If the cost of CO2 emissions is also considered not only the environmental balance but also
the economic balance will become considerably attractive in favor of biochar co-production [57].

Some literature exists on the use of biochar as a co-product from biomass gasifiers [58,59]. The results
from these studies seem promising regarding the possibility to combine an efficient bioenergy production
with carbon sequestration and soil quality improvements. Low temperature gasification offers an option to
use novel residual biomass streams from agriculture activities with low ash melting temperatures, compared
with conventional combustion processes [59]. However, more information is needed for a thorough
evaluation. In their work [60,61] Shackley et al. assessed the biochar from the gasification of rice husks at
paddy mills in field and pot trials and the results suggest that the gasification-biochar systems offers an option
to improve crop productivity, while providing a more sustainable disposal route for the low value biomass
streams, otherwise often left to decay. We believe that the optimized resource-efficient way of making both
energy and biochar may also help facilitate the biochar market introduction from a cost perspective.
Ultimately the division of the feedstock going to energy and the fraction going to biochar will be determined
by the market price of the products but also by the quality of the biochar required. The creation of sufficient
porosity and stabile carbon will require a large part of the feedstock to be devolatilized, therefore the quality
of the biochar and the yield will not be completely decoupled. The composition of the co-produced syngas
needs to have sufficient energy content and be produced at a constant quality to be considered as a reliable
energy source. Both products, no doubt, will have their own optimum. The precondition that the biochar must
be a valuable and safe product is the first priority in this paper but at the same time experimental data are
already gathered for the optimum division on biochar and bio-energy production from the experiments
described here, to make sure that biochar quality is an important parameter in the optimum biochar/energy
division question in a next paper.

From the above review, we can draw a few important conclusions. First, research on the effect of various
biochars applied to soil is encouraging but still inconclusive, as the numerous influencing parameters such
as, e.g., feedstock/process conditions and biochar/soil interaction cannot be directly linked with the results
observed in field trials. Standardization is of key importance when results of more than one study are
compared. Furthermore, the production of biochar is unlikely to be of a “one size fits all” character. This
requires an understanding of which specific biochar characteristics are necessary for what application as well
as good process control to direct the biochar production to the desired design qualifications. In addition,
economic drivers will ask for an optimized division between char and bio-energy production that might be
different than the optimized biochar quality conditions, although these are not completely decoupled either.

1.5. Scope of the Paper

The main driver of our work is the production of biochar in combination with energy in the frame of
optimum use of agricultural and woody residues in a cascading approach to achieve higher resource
efficiency than to date. By systematic variations on feedstock, conversion technology (pyrolysis or
gasification), gaseous environment and temperatures it is aimed to establish relationships between production
parameters and char qualifications. As the overview given above shows, there is no “one size fits all” for
biochar, the coupling of biochar characteristics with known production parameters can lead to designer
chars, qualified for an application of choice and adjusted for the local soil, climate and vegetation. Since
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the number of data in this study will be insufficient to establish all the relationships needed, it also aims to
contribute to the existing world-wide dataset produced and analyzed in similar ways, as suggested by the
International Biochar Initiative and the European Biochar certificate [50,51] (IBI and EBC) in order to
address sufficiently all safety and quality criteria. Most available biochar characterisations in literature are
from biochars produced by slow pyrolysis processes. To be able to compare experimental data on our
biochars with the available data in literature, slow pyrolysis experiments were performed. However, as
explained in the previous paragraph, the use of an oxygen containing input gas stream (air or steam) will
allow for more variation in both the quality of the biochars and the choice in energy/biochar production
division, therefore the main effort of our work focused on gasification tests. In order to set up a test matrix to
compare slow pyrolysis versus gasification it is important to realize that these processes have their optimum
at different temperature regimes. Therefore, the temperature conditions for slow pyrolysis were chosen at
400 °C and 600 °C, while low temperature gasification was operated at 600 °C and 750 °C allowing a
comparison of the two technologies at 600 °C using the same feedstock.

2. Materials and Methods

2.1. Selected Feedstock

A large number of biochars from variable feedstocks were produced in the slow pyrolysis and the
lab- scale gasification reactors in an effort to evaluate residual biomass streams for their suitability as biochar.
Greenhouse waste from pepper (GHW 1) and tomato (GHW 2) cultivation as well as residual woody biomass
from garden waste (wood SBB) and beech wood were then selected for detailed characterizations and
production technology upscale, studying comparatively the effect on final biochar quality. Table 1 shows the
prevailing temperatures for each feedstock and process (pyrolysis, gasification) for the biochar production.
The characterizations of all materials are shown on Section 3.1.1.

The main feedstock used in this study is Greenhouse waste from pepper cultivation, shipped from the
greenhouse areas in south of Spain, the largest concentration of greenhouses in the world, covering
26,000 hectares, by the research center of Tecnova, in Almeria. Several tons of greenhouse wastes are
produced there annually as more than half of the Europe’s demand for fresh fruits and vegetables are grown
in Almeria, boosting the province of Almeria’s economy. It represents a biomass waste that accumulates in
enormous amounts and in several instances becomes a problem for the greenhouses that look for ways to
handle and valorize this waste. Greenhouse waste may contain inorganic material (rope, wire) that may alter
its ash composition and therefore quality regarding soil applications.

Another greenhouse waste tested only in blends with a maximum mass fraction of 20% input was tomato
waste, from growers in the Netherlands in the region of Bleiswijk, as shown in Table 1. The mass fraction
was limited because of its high ash and alkali content. Beech wood pellets (Rettenmaier Raucher Gold HBK
750/2000, company JRS, J. Rettenmaier & S6hne, Unternehmensgruppe, Rosenberg, Germany) was used as
the first fuel after a scaling up exercise from the smaller to the larger lab-scale biochar production unit because
this is used as a standard fuel at ECN for detailed characterization. The beech is of constant quality and
particle size distribution and therefore very suitable for a first characterization. Wood and municipal garden
clippings (also called green waste) is also a large stream that accumulates in and around large urban areas. It
consists of woody material, mostly branches and small stems. The woody waste tested at the larger lab-scale
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facility in his study is normally burned in the city-heating installation of Purmerend, province North-Holland
in the Netherlands. In this work this material is named wood SBB. Furthermore, Oak wood was obtained in
the framework of the EU FP7 Project FERTIPLUS [62]. Finally, two types of manure (swine and chicken
from farms in the Netherlands) as well as rice husk obtained from a large rice producing company in North
Greece, were used in the smaller lab-scale fluidized bed reactor to evaluate their suitability for biochar.
The manure and rice husk streams are very high in ash and nutrients so their use for biochar production is
arguable as their physical and chemical characteristics will not comply to the definition given by IBI and
EBC [50,51]. Those are rather high nutrient carbon materials that can function as fertilizers. The
characterization results are shown for comparison with the biochars obtained for the lower-ash/higher carbon
feedstock (woody feedstock).

Table 1. Pyrolysis and gasification conditions.

(a) Slow Pyrolysis Reactor

Residence time: 60 min. Residence time: 60 min:
Inert atmosphere (O, 0%) Inert atmosphere (0> 1%)
Greenhouse Waste
400 °C 600 °C - 600 °C
(Pepper, GHW 1)
Oak Wood 400 °C 600 °C - -
(b) Small Lab-Scale Fluidized Bed
Fluidizi t:
u I,ng o Fluidizing agent: Air  |Fluidizing agent: Steam
Nitrogen
G h Wast
reenhiouse W aste 600 °C 750°C | 600°C 750°C | 600°C | 750°C
(Pepper, GHW 1)
Rice Husk (RH) - - - 750 °C 750 °C
Chicken Manure (CM) - - - 750 °C 750 °C
Swine Manure (SM) - - - 750 °C 750 °C
(c) Larger Lab-Scale Fluidized Bed
Fluidizing agent: Air
Greenhouse Waste
670 °C 750 °C
(Pepper, GHW 1)
Wood SBB 670 °C -
Wood SBB and GHW 2
00 an 670 °C )
(Blend 80% 20%)
Beech Wood and GHW 2
eec ood an 670 °C )
(Blend 80% 20%)

2.2. Production of Biochars

Biochar was produced in a slow pyrolysis reactor (auger pyrolysis unit called Pyromaat) shown in
Figure 1. Pyromaat is an indirectly heated screw conveyer reactor, in which the biomass is moved along the
reactor length at a fixed speed using a screw thread feeder. It is electrically heated with a thermal input of
25 kW and is able to convert typically 0.0015 kg-s™' of fuel in an O>-free atmosphere at temperatures up to
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600 °C. Solid fuel residence times range from 30 min to 1 h. The slow pyrolysis biochars were produced at
400 °C and 600 °C, with one tests allowing 1% Oz to simulate air leakage at real conditions. Near the end of
the screw reactor the solid biochar product is taken out at the bottom (collection bin), while the product gas
and the dust leaves the reactor (vent) which leads to an afterburner and gas cleaning system.

Feed bunker

- [ ]

Char tap and collection bin

Figure 1. Schematic Layout of Pyromaat Auger Pyrolysis Reactor at Energy Research
Centre of the Netherlands (ECN).

The gasification biochars were produced in two lab scale bubbling fluidized bed reactors, of which the
smaller is depicted in Figure 2 (“WOB’ gasifier). The small installation, with a thermal throughput of 5 kW,
allows for a fast and extensive screening of numerous feedstocks and process conditions without extensive
preparations between the experiments. After the small scale trials, the biochar plus energy production was
carried out in a lab-scale fluidized bed installation of larger input, but of similar design. The larger scale
facility allows the testing and development of both continuous feedstock feeding and biochar extraction
options that were not possible at the small scale.

The smaller lab scale fluidized bed reactor operates on a scale up to 0.00015 kg's™! fuel input and the
material is fed into the pre-heated zone of the reactor. The fluidizing agent can be air, steam, or blends with
nitrogen/argon for research purposes. The use of various fluidizing agents allows for an extra variable in the
attempt to steer biochar to certain characteristics. The biochar is extracted from the reactor continuously,
while produced in the sand bed. In order to achieve this a second screw was used in the smaller set-up to take
biochar out (Figure 2). For the larger (pilot scale) fluidized bed a more advanced system is being developed
which is currently considered for a patent submission. The main concept in all installations (both the small
lab scale and the larger pilot scale) is based on the principle of biochar—sand separation in the bed due to
density difference and a proper selection of fluidization velocities, which requires fine tuning work.

The product gas, loaded with fine sand, ash and smaller biochar particles enters the cyclone, the most
common gas cleaning device, for a first separation of gas and solids. As the cyclone is not heated to the
reactor temperature, immediate condensation of tars on the solid matter takes place. Solid material harvested
from the cyclone was also analyzed for its suitability as biochar. Gasification experiments were performed
for each feedstock (e.g., greenhouse waste) at 600 °C and 750 °C in air, N2, steam and air/steam blends. The
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larger lab-scale biomass gasification reactor operates at higher mass flow throughput, namely at
0.0015 kg-s™!; however, operating the gasifier in an auto-thermal mode reduced its flexibility, hence stable
operation could not be achieved at 600 °C. Therefore, the larger scale gasification experiments were carried
out at 670 °C. The 670 °C was then chosen as the reference for the larger installation and in addition a few
tests were also run at 750 °C to compare with the smaller scale set-up. The test plan is shown in Table 1.

Producer gas To afterburner

T D >
1
SPA
Cyclone §
Dust filter
ash
Bed
material __ﬁ__b
To online gas
analysis set and
Fuel micro-GC

BFB gasifier

Biochar

) .
) Extracting screw
\_/ 8

Biochar collection

Bed
material

X

Feeding screw

Air/steam/N2

Figure 2. Schematic layout of the small lab scale bubbling fluidized bed gasification reactor
at ECN. The fluidizing agent keeps the sand bed in motion, which results in a very even
temperature distribution. It avoids temperature peaks at the introduction of the fuel.

The temperature levels for all three reactors were chosen as being representative for biochar producing
technologies (slow pyrolysis, gasification). Temperatures lower than 400 °C do not yield sufficient
percentage of fixed carbon and it is not guaranteed that biochar can last long enough in the soil. Temperatures
higher than 750 °C are not realistic from the point of view that agro-residues will be used for the
co-production of energy and biochar in the gasification process.

The residence time varies between slow pyrolysis and gasification conditions. The variation in the
fluidizing agent, including inert (N2), air, steam and a blend of air and steam, is expected to give insight into
the effect of various oxidation media and residence times on the physicochemical properties of biochar,
including surface area, porosity, element composition and water holding capacity.

2.3. Characterisation of Feedstock, Biochar and Product Gas

The biochar samples were characterized both at ECN (under EN ISO / IEC 17025 accreditation) and
at external laboratories. Characterizations include proximate, ultimate and element (ash) analysis, surface
area (BET) and porosity characterization, Scanning Electron Microscopy coupled with EDX (SEM/EDX)
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and finally 16-PAH (Polycyclic aromatic hydrocarbons) and dioxins (PCDDs, PCDFs, PCBs) analysis.
Table 2 shows the methods and standards used for the materials characterization (biomass and biochar
samples). The PCDDs, PCDFs, PCBs were determined by ALcontrol AB in Sweden, which is accredited by
SWEDAC (Swedish Board for Accreditation and Conformity Assessment) in accordance with EN ISO/IEC
17025. Samples obtained in larger quantities were also submitted to analysis sets performed by EUROFINS
Umwelt West (Wesseling, Germany), accredited laboratory by Germany’s National Accreditation Body
(DakkS). The standards applied are given in Table 3. A description of the methodologies applied is either
given in the following sections; the applied methodologies by EUROFINS can be found fully in the website
of the European Biochar Certificate [51]. The DIN, EN and ISO standards can be purchased from e.g.,
Beuth Verlag [63] or BSI group [64].

2.3.1. Product Gas Composition and Higher Heating Value

A gas slip stream of the experiments entered an on-line gas analyzer as well as gas analysis with a Varian
micro-GC. Argon gas was used as an internal standard to quantify the gas flows in the pilot plant. The GC
used was a CP4900 micro-GC with four columns running on helium carrier gas with TCD detectors (CHi:
Molsieve (at 80 °C), CHz+3: PoraPlot PPU (at 60 °C), CH4: CP-wax-52CB (80 °C)). The micro-GC detects
Nz, CO, CO2, CH4, C2He, O2, Cz2 (ethane, ethylene and acetylene), H2S, CsHs (benzene) and C7Hs (toluene)
and Ar. An ABB on line monitoring system was used for Hz reading.

The higher heating value (HHV, MJ-kg ") of the product gas (either pyrolysis or gasification product gas)
was not directly measured but calculated from its composition. The overall composition of the gas mixture
was then used in conjunction with the volume of gas collected and higher heating value of the measured gas
species to calculate the HHV of the product gas. The composition of the product gas was corrected for the
dilution effect of carrier gases Ar and/or Na.

2.3.2. Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are included in the European Union and US Environmental
Protection Agency priority pollutant lists because PAHs represent the largest group of compounds that are
mutagenic, carcinogenic, and teratogenic. They could also pose potential threats to the marine
environment [65]. The effect of PAHs is usually widespread and permanent in environmental media. Most
PAHs have high hydrophobicity, and can be sorbed strongly by waterborne organic and inorganic particles.
The International Biochar Initiative [50] set a range of maximum allowed threshold values (varying between
different countries) for the sum of the 16 US Environmental Protection Agency’s (EPA) PAHs, PCDD/Fs,
and PCBs in biochar to 6-20 mg-kg ' dry weight (d.w.), 9 ng-kg'' I-TEQ, and 0.2-0.5 mg-kg ' d.w.,
respectively. Similarly, the European Biochar Certificate [51] requires PAHs to be below 4 mg-kg ' and
12 mg-kg ™' d.w., in premium and basic grade biochars, respectively, and PCDD/Fs need to be below
20 ng'kg ' I-TEQ, and 0.2 mg-kg ! d.w., respectively.

Some of the biochar samples were analyzed by both ECN and EUROFINS, the differences observed are
attributed to some slight modifications to the way the toluene extraction is being carried out, namely, whether
toluene is heated above or being applied at room temperature as will be discussed in the results section. The
duration of the extraction also affects the total final amount of lighter weight PAHS (mostly 2-ring PAH),
observed and reported in other works.
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Table 2. Set of analysis, standards and methods applied at ECN for the characterization of the biochars.

Variable Measured Standard and Method

Comments

Proximate Analysis (CEN Solid Biofuels)

Ash Content (dry mass fraction %) EN 14775
Moisture Content

EN 14774-1/2
(as received. mass fraction %)

Volatile Matter (dry mass fraction %) EN 15148

Solid biofuels—Method for the determination of ash content. Brussels, Belgium: European Committee for Standardization; 2004.
Solid biofuels—Determination of moisture content — Oven dry method — Part 1: Total moisture — Reference Method. Brussels, Belgium: European
Committee for Standardization; 2009.

Solid biofuels—Determination of the content of volatile matter. Brussels, Belgium: European Committee for Standardization; 2010

Ultimate Analysis (CEN Solid Biofuels)

C, H, N Content

Solid biofuels—Determination of total content of carbon, hydrogen and nitrogen — Instrumental methods. Brussels, Belgium: European Committee

EN 15104
(dry mass fraction %) for Standardization; 2011.
Calorific Value (MJ'kg™") EN 14918 Solid biofuels—Determination of calorific value. Brussels, Belgium: European Committee for Standardization; 2009.
S and Cl content (mg'kg ™' dry) BS EN 15289 Determination of total content of sulfur and chlorine. Brussels, Belgium: European Committee for Standardization; 2011.
Ash Elements
Ash inorganic elements and Al As B Ba Ca Cd Co Cr Cu Fe K Li Mg Mn Mo Na Ni P Pb S Sb Se Si Sn Sr Ti V Zn Hg- Analyses of selected elements in water, eluates and
NEN 6966
heavy metals (mg-kg™! dry) destruates - Atomic emission spectrometry with inductively coupled plasma (ICP-AES). The Netherlands.
BET Surface Area
Determination of the specific surface area of solid by gas adsorption-BET method
Brunauer-Emmett-Teller (BET)
1SO-9277 Pore size distribution and porosity of solid materials by mercury porosimetry and gas adsorption-part 1: Mercury porosimetry.
Surface Area Analysis (m*g™")
Pore size distribution and porosity of solid materials by mercury porosimetry and gas adsorption-part 2: Analysis of mesoporesand macropores by
and Barrett-Joyner-Halenda (BJH)
1SO-15901 gas adsorption.
Pore Size and Volume
Pore size distribution and porosity of solid materials by mercury porosimetry and gas adsorption-part 3: Analysis of micropores by gas adsorption.
PAH
16 USEPA PAHs: (Acenaphtene,Acenaphtylene, Naphthalene, Anthracene, Fluorene, Phenanthrene, Benzo(a) anthracene, Pyrene, Chrysene,
Main 2-6 ring PAH (mg'kg™' dry) EN 15527 (extraction with toluene) Fluoranthene, Benzo(a)pyrene Benzo(k) fluoranthene, Benzo(b) fluoranthene, Dibenz(ah) anthracene, Benzo(ghi) perylene, Indeno(123-cd)

pyrene, Coronene

Dioxins

Polychlorinated dibenzo-p-dioxins (PCDDs),
Polychlorinated dibenzofurans (PCDFs),

SS-EN-1948 High Resolution Gas

BS EN 1948 Parts 1-3: 2006

Chromatography Mass Spectrometry Stationary source emissions - Determination of the mass concentration of PCDDs/PCDFs and dioxin-like PCBs

Polychlorinated biphenyls (PCBs) (ng kg™')
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Table 3. Parameter package Biochar.

Variable measured

Standard and Method

sample preparation
water content

ash content 550 °C
Thermogravimetry
C,H,N

Sulfur

oxygen (calculation)
carbonate-CO»

Corg (calculation from Cy und C in carbonate form)

H/C und O/C

trace metals Pb, Cd, Cu, Ni, Hg, Zn,
Cr, B, Mn in microwave digestion
main elements P, Mg, Ca, K, Na, Fe,
Si, S in melting digestion

PAH (EPA)

pH-value

bulk density

conductivity (salt content)

surface area analysis according to
BET (incl. pure density)

Gross calorific value Ho

Net calorific value, Hu, p

PCB, dioxins/furans (high resolution)

water holding capacity (WHC) on fraction < 2mm

ash content 815 °C
volatile matter

volatile matter

DIN 51701-3

DIN 51718

analog DIN 51719/EN 14775
ISO 11358 (LECO)

DIN 51732

DIN 51724-3

DIN 51733

DIN 51726

Calculation

Calculation

EN ISO 17294-2 /EN 1483

EN ISO 11885 /EN ISO 17294-2

DIN EN 15527 (extraction with toluene)
DIN ISO 10390 (CaCly)

DIN 51705

DIN ISO 11265/BGK, Kap. III. C2

DIN 66132/ISO 9277

DIN 51900
DIN 51900

HRMS
E DIN ISO 14238

DIN 51719
DIN 51720
DIN 51720

2.3.3. Surface Area, (Micro) Porosity and Morphology Using SEM

1088

A Quantachrome Nova 2200e surface area analyzer was used to determine the surface area of the biochars

samples at ECN based on N2 adsorption at 77 K. Biochar weighing between 0.2 and 0.25 g was previously

degassed overnight (for at least 8 h) and placed into the evacuated sample chamber of the surface area

analyzer. BET surface area and pore size distribution output was obtained through the Nova 2200e automated

software. The BET (Brunauer, Emmett and Teller) equation was used by the software to calculate the specific

surface area of the biochars. Materials were also sent to EUROFINS for a detailed surface area as well as

porosity and microporosity analysis. For the pore size distribution characterization based on N2 and COz

adsorption, the procedure is as follows.

The exact procedure for the measurements as performed is:

(a) Pretreatment: Drying of sample at 105 °C for 90 min, milling the sample (1 min, 30 s)
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(1) Weighing in as much sample as possible (~1.5 g), because of expected low specific
surface area

(2) Evacuating the sample at a temperature of 150 °C to remove adsorbed material from the
surface, e.g., water (degassing), about 3 h

(3) Filling the sample cell with gas (e.g., N2)

(4) Weighing back the sample, to measure the net weight

(5) Placing the sample in the measurement position, flushing with Helium, evacuating,
placing the sample in liquid nitrogen (—197 °C)

(6) Adding nitrogen until preset pressures, while measuring the adsorbed amount
of nitrogen

(7) After the measurement of a complete adsorption isotherm, calculating of the multipoint
BET surface area in the range P/Po: 0.05-0.3

(8) Calculating the porosity, using the appropriate model.

(b) The methods and models applied:

(1) BET method for determination of the total SSA

(2) V-t method for the SSA corresponding to pores smaller than 2 nm (micropores) and larger
than 2 nm (external surface area)

(3) BJH method for determination of SSA and pore volume for pores bigger than 3 nm and
characterization of PSD (also for pores larger than 3 nm).

To get more specific information about the pore size distribution though, for pores smaller than 2 nm,
CO:2 rather than N2 adsorption needs to be applied. COz2 adsorption (273 K) is used to characterize specially
the microporosity of the sample, since with N2 only big micropores can be measured. This can explain the
difference between the specific surface areas obtained for both gases (adsorbates). Using COz, the following
methods were applied: (1) BET method, for determination of the total specific area, (2) DR method for the
determination of the microporous specific surface area, (3) DFT method for the PSD characterization of
micropores; the NLDFT model is applied.

2.3.4. pH Values

For the pH measurements of biochar at ECN, a simple pH meter was used. Biochar samples (10 g) were
soaked in demi water at ratio 1:10 for 2 h prior to pH measurement (Orion720A Model pH meter) as per
ASTM D4972. The pH meter was calibrated with standard pH buffers at pH 4, 7 and 10 prior to analysis.
All analyses were performed in triplicate and the results averaged. The results were confirmed by
EUROFINS, who include pH values of the biochars in their standard package for biochar characterizations.

2.3.5. Water Holding Capacity (WHC)

The test according to DIN ISO 14238-2011consists of soaking the 2 mm fraction of the material in water
for a period of 24 h. After this, the material has to be placed on a dry sand bed for 2 h for removing free
water. The saturated material has to be weight and then dried at 40 °C in a compartment dryer. After drying
the material has to be weight again for estimate the water holding capacity.
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2.3.6. Carbonate CO2

The method is described in detail in the EBC website [51] (analogue DIN 51726). The contribution of C
in the form of carbonates to the total C content of the biochar was not significant; it was taken into account
however and subtracted from the total so that when C is mentioned in this work it means the organic C.

3. Results and Discussion
3.1. Physicochemical Properties of Feedstock and Biochars
3.1.1. Proximate, Ultimate and Elements Composition

Table 4 shows the results on the biomass and biochars ultimate, proximate and main inorganic elements
composition. As the data from ultimate analysis shows, pyrolysis and gasification leads to release of H and
O, and retention of C, with increasing reactor temperature for all types of feedstock. The slow pyrolysis unit
allows for a slow and gradual transformation of the feedstock to biochar, under an inert carrier gas and a
residence time of 30—-60 min. Gasification using an oxidant (air or steam) on the other hand, leads to
transformation of most of the feedstock into product gas and a small yield of biochar, in a much more rapid
way (residence times of a few seconds). Ideally there is no carbonaceous leftover from a gasification unit as
this compromises the gas yield, which is the main product. However, the concept being developed at ECN
aims at converting biomass feedstocks at lower temperatures, explicitly not allowing the complete conversion
of the feedstock towards product gas, and thus allowing for the production of biochar. Special attention is
given to the extraction process of the biochar in order to avoid any adsorption of hydrocarbons (tars) on the
biochar surface. Therefore the chars or the high carbon containing ashes from the cyclone is not considered
at all. The cyclone char samples have been analyzed but as the PAH levels exceeded both basic and premium
biochar thresholds the samples were not further considered.

There are large differences in the inorganic composition of the materials (ash), the greenhouse residues
GHW 1 and 2 as well as the animal manures showing increased concentration of P, K, Ca while the woody
residues are low in ash concentration and the ash itself seems rather inert and low in nutrients. Rice husk is
very high in silicon and poor in nutrients. The inorganic composition may give a first indication on the
suitability of feedstocks for soil application. The high level of salts is linked with high electric conductivity,
P and K are nutrients and therefore can replace some chemical fertilizers. Another aspect is the C content of
the biochar, which is not directly a fertilizer element but contributes to the increase of soil carbon levels.
Since highly nutrient feedstock such as animal manures also contain high levels of N (Table 4), which is
largely devolatilized in the biochar production process, it is arguable to use these materials as biochar when
N is required as nutrient. However, in those biochars, the ratio of P and K relative to N-(P+K)/N is increased
therefore they can act as a slow release nutrient fertilizer. Another remark on the highly nutrient biochars
shown on Table 4 (manures, GHW) is on the C content which does not exceed the 50% by mass, so these
products are classified as nutrient rich ash. The nutrient content does not yet need to comply with certain
limits, but the analyses of elements N P K, Mg, Ca need to be available and listed, according to IBI and
European Biochar guidelines.

Biochar elemental ratios of O/C and H/C were used to construct the Van Krevelen diagram (Figure 3),
typically used as a visual representation of the age/maturity and origin of hydrocarbon materials such as coal
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and petroleum [66]. The Van Krevelen diagram shows the transition from feedstocks to biochar, and even
captures variations in to production technology (slow pyrolysis vs. gasification). Increasing pyrolysis
temperature decreases the H/C and O/C ratios indicating that the structural transformations induce a
carbonization process. It seems that almost all biochars have molar ratios H/C < 0.6 and O/C < 0.4,
conforming to the IBI definition of biochar. The black-carbon content 10%—40% of overall carbon (C
stability) was not determined.

The gasification biochars, produced at the same or higher temperatures, are accumulated in the low value
corner of the H/C vs. O/C, showing a high degree of carbonation of the original material. Lower temperature
pyrolysis biochars, at 400 °C, move further away from this corner but are still within the threshold levels. It
can be concluded that gasification leads to higher stability biochar, as inferred from its higher degree of
carbonization, due to higher production temperature. According to Spokas et al. [67] biochars with O/C
ratio between 0.2 and 0.6, are thought to have a long half-life (100—1000 years). The combined application
of ratios H/C and O/C were proposed as a tool to assess the biochar stability with threshold values of
H/C <0.6 and O/C < 0.4 in [23].
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Figure 3. Van Krevelen Diagram of the feedstock and the obtained biochar samples.
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Table 4. Ultimate, proximate and main inorganic elements of the feedstock and produced biochars.

Ash% C% H% N% O by diff.% P K o > o e St
mg-kg mg-kg mg-kg mg-kg mg-kg mg-kg
GHW 1 Ppper 6.9 425 58 1.2 44.7 1638 20003 12100 2670 15303 1330
GHW 2 Tomato 35 30 45 34 45 10163 49455 14531 25873 78576 440
Oak Wood 2.8 52 6.7 1.6 38 800 13800 220 200 15500 204
Wood SBB 4.0 46 58 0.5 42 598 3098 226 500 7981 5204
Beech Wood 2.5 47 64 0.2 49 105 1331 357 200 2965 245
Chicken Manure 17 39 53 43 39 12711 23459 4700 5874 40678 5393
Swine Manure 25 36.0 49 1.9 37 29613 17270 4700 6667 28212 19061
Rice Husk 18 360 52 03 38 160 484 41 311 1626 76857
Pyrolysis Biochars
GHW 1 600 °C/60min 25 70 1.2 09 9 4299 48978 28135 4159 43652 13707
GHW 1 600 °C/60min/1% O» 19 67 1.5 1.3 93 3647 51807 28000 4575 37685 5764
GHW 1 400 °C/60min 27 59 2.9 1.2 12 3519 39562 21196 3791 37702 24489
Oak 400 °C/60min 11 72 32 03 14 718 9700 1551 314 31857 15966
Oak 600 °C/60min 10 79 1.8 0.1 6 794 11508 3884 616 29530 6835
Small Scale Gasification
GHWI1 steam 750 °C 27 659 08 0.20 9.8 6603 51609 19977 4637 41088 24466
GHWI air 750 °C 25 66.5 08 0.50 15.1 4415 73769 33405 4294 37328 15468
GHW!1 inert 750 °C 31 60.1 06 0.10 10.4 1768 27214 4782 1245 9080 12610
GHWI1 air 600 °C 37 514 14 0.20 13.3 2924 49063 11667 2264 18963 7582

GHWI1 steam 600 °C 37 54.8 096 0.20 10.9 2655 39940 7789 2139 2780 5272
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Table 4. Cont.

Ash% C% H% N% Obydiff.% P K Cl S Ca Si
mg-kg™! mg-kg™! mg-kg™! mg-kg™! mg-kg™! mg-kg™!
RH steam 750 °C 83 151 0.18 0.1 0.53 425 4703 28 125 4251 364759
RH air 750 °C 82 12 0.40 0.16 0.88 2215 5659 711 467 9314 492490
CM steam 750 °C 78 25 0.52 0.56 0.58 48519 47302 5000 11146 260317 37950
CM air 750 °C 86 7 033 0.2 0.0 8929 23284 1800 3731 161043 261152
SM air 750 °C 77 21 0.30 0.3 3.90 23750 30515 2300 11400 59140 88502
SM steam 750 °C 62 34 0.40 0.5 4.60 56456 35444 3200 11397 54193 95397
Larger Scale Gasification
GHW1 670 °C 33.5 59 1.2 0.8 3.8 3100 44000 28700 4900 37000 46000
GHW1 750 °C 26.5 59 1.3 0.9 45 3000 59000 36200 3700 35000 44000
Wood SBB 670 °C 10.7 82 1.5 0.8 2.9 2600 11000 720 470 23000 17000
Beech wood 670 °C 23.8 723 1.2 0.4 0.6 700 13000 1130 240 16000 85000
Beech wood & GHW2 670 °C  17.3 77 1.3 0.68 1.6 2400 39000 11400 6400 28000 9300
Wood SBB & GHW2 670 °C 22.5 679 1.4 095 0.3 6600 36000 9150 11000 55000 20000

GHW 1, Greenhouse waste 1 (pepper residue); GHW 2, Greenhouse waste 2 (tomato residue); wood SBB, residual garden waste; CM, chicken manure; SM, swine manure;
RH, rice husk.
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3.2. Product Distribution

The yields of biochar and product gas as well as the mass fraction of ash and C in the obtained biochars
from each pyrolysis and gasification experiment are shown in Figures 4 and 5.

3.2.1. Effect of Temperature and Residence Time on Yield of Biochar

Figure 4 shows the fraction of C and ash in the final biochar product on a mass basis for the various test
conditions. As seen in the left vertical axis, in some of the biochars the ash mass fraction % is very high, in
that case the term biochar may have to be replaced by the term proposed by the EBC, namely Pyrogenic
Carbonaceous Material (PCM). When PCM meet all other threshold criteria of this biochar certificate, they
may be marketed as EBC certified Pyrogenic Carbonaceous Material (PCM). PCM have a high nutrient
content, therefore representing possibly valuable fertilizers (additive). On the right vertical axis of Figure 4
the biochar yields (in green) are depicted, which represent the product obtained per kg fresh biomass input
in the reactor. From Figure 4 we can observe that increasing the slow pyrolysis process temperature from
400 °C to 600 °C resulted in a decreased char yield and subsequent increase in the yields of product gas.
With increasing process temperature, the biochar yield is decreasing, as more mass is reacting to product gas.
The gasification medium also plays a major role; with more oxidative (reactive) environments the biochars
yield decreases as more product gas is formed instead due to the reactive medium.
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Figure 4. Biochar yield and C content in ash as mass fractions, %.

Figure 5 depicts the normalized distribution of input feedstock energy into biochar and product gas energy.
The input feedstock energy is calculated from the mass flow (in kg's™!) entering the reactor unit multiplied
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with the Higher Heating value of the feedstock. The energy contents of the product streams, either biochar
or product gas is also their HHV, times the mass flows. In the pyrolysis unit the largest fraction of input
energy remains in the biochar, which the main product in this case. The energy distribution does not differ
between the small and the larger scale gasifier, as the same conditions and parameters were applied. Of course
in that case the main product is gas that also receives the largest energy share of the parent material.

The ash content as well as composition plays a major role in actual yields, on the one hand, greenhouse
waste (agro waste) is high in nutrients and volatile ash compounds, so at higher temperatures the ash content
may actually decrease as shown in Figure 5. The carbon yield therefore depends on the total ash and biochar
mass yield; both are affected by the feedstock and the process technology.
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Figure S. Normalized energy distribution of the input feedstock into biochar and product gas.
3.2.3. Biochar Properties of Agronomic Relevance (WHC, Density, pH, EC, Salt Content)

Table 5 shows the water holding capacity, the pH, electric conductivity, density and salt content of the
biochar samples.

Biochar, as expected, show generally low bulk density. As density correlates with the ash concentration,
high ash biochars show somewhat increased density compared with the biochars from rather pure
woody feedstock.

The manure biochars as well as the agro-waste biochars (GHW 1 and the blends of GHW 2) show high
values of electric conductivity (EC), which is due to the high concentration of salts, also shown in Table 5.
The link between high EC values and high salt concentration is expected and obvious from the table. The pH
values are generally rather high in all biochars, with the values increasing along with the nutrients
concentration in the biochars, at least to some extent. In the next paragraphs a closer look into these values
will be given and some discussion on possible correlation of those values is presented as well.

Not all biochars may be suitable as soil improvers when not being mixed with other streams. Some
feedstocks (e.g., poultry and swine litter) are rich in minerals, and produce biochar with high pH values and
salt (ash) content as shown in this work, and they would cause osmotic stress in plants when used in larger
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amounts. Quality criteria for biochar suggest pH values less than 10, but there are no definite conclusions
based on soil trials, while the interactions between the biochar and the soil may also change the biochar pH
value after some time. No limits yet exist on bulk density, specific surface area, porosity and water holding
capacity, but they need to be available and listed as indicated in the IBI and EBC criteria and guidelines.

Table 5. Biochar properties of agronomic relevance.

WHC  Bulk Density  True Density EC pH Salt Salt
(%) (kg m’) (gem®)  (uS-em™) @kg” (@@L
Slow Pyrolysis

GHW 1 600 °C/60min 139 150 1.89 17300 9.3 46.8 7.03
GHW 1 400 °C/60 min - 197 1.67 16400 9.4 44.6 8.8
GHW 1 600 °C/60min /1% O- - 136 1.68 13300 9.0 36 49
Oak 600 °C/60min 77 231 1.7 1660 9.7 4.5 1.04
Oak 400 °C/60min 7.5 273 1.56 1320 8.3 3.6 0.48
GHW 1 steam 600 °C 75 n.a. n.a. n.a. 12.0 n.a. n.a.
GHW 1 air 600 °C 82.5 n.a. n.a. n.a. 9.9 n.a. n.a.
GHW 1 inert 750 °C 162.5 n.a. n.a. n.a. 10.6 n.a. n.a.
GHW 1 steam 750 °C 194 n.a. n.a. n.a. 11.6 n.a. n.a.
GHW 1 air 750 °C 227.5 n.a. n.a. n.a. 10.6 n.a. n.a.
RH steam 750 °C 74 202 2.32 1820 8.9 2.4 0.49
RH air 750 °C n.a. n.a. n.a. n.a. n.a. n.a. n.a.
CM steam 750 °C 52 412 2.56 39600 12.4 52.3 21.5
CM air 750°C 23 760 2.5 42800 12.3 56.7 43.1
SM steam 750 °C n.a. n.a. n.a. n.a. n.a. n.a. n.a.
SM air 750 °C n.a. n.a. n.a. n.a. n.a. n.a. n.a.
GHW 1 670°C 284 104 1.8 11700 11 32.6 34
GHW 1 750°C 234 129 1.8 12900 11.5 67.4 8.75
Wood SBB 670 °C 217 102 1.75 598 8.5 1.68 0.17
Beech wood 670 °C 86 143 2.1 2030 11.9 5.5 0.79
Beech wood and GHW 2 blend 171 131 1.7 5960 10.2 16.7 2.19
(80%—-20%) 670°C
Wood SBB and GHW 2 670 °C 210 113 1.8 9380 11 25.7 2.9

n.a., not analyzed (not enough material); GHW 1, Greenhouse waste 1 (pepper residue); GHW 2, Greenhouse waste

2(tomato residue); wood SBB, residual garden waste; CM, chicken manure; SM, swine manure; RH, rice husk.

Biochar produced from clean wood has very low ash content due to the very low ash content of the parent
material. Peat based growing media are acidic and limed to adjust the pH. If biochar is used as an additive to
peat, it can replace lime at the same time as replacing some of the peat. Adjusting pH and the selection of
ideal particle sizes needs further research and enables optimization.

3.3. Polycyclic Aromatic Hydrocarbon Levels

In Figure 6, the biochar content of the 16 priority Polycyclic aromatic hydrocarbons (PAHs) according to
the Environmental Protection Agency (EPA) are shown. The IBI and EBC guidelines agreed on these
16 compounds as the most critical to be measured. It can be seen that all gasification biochar samples obtained
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from the fluidized bed reactor show very low levels of tars. Pyrolysis PAH levels are significantly higher,
making the influence of reactor temperature as well as process quite clear. During the gasification process in
the bubbling fluidized bed, in an ECN-optimized process for biochar production, the biochar was “harvested”
from the bed surface section (Figure 2), leading the tar-loaded product-gas away to prevent condensation of
tars on the biochar surface. The collection of biochar in a container outside the bed is carried out under inert
atmosphere to quench the product and prevent any further product-gas and biochar interaction. As can be
seen in Figure 6, this is highly effective as the bed—derived gasification biochars result in 16 PAH values
1 mg'kg ' to 2 mg'kg ' compared to values of 8 mg'kg™!' to 23 mg'kg ! for the pyrolysis samples, even
though in the slow pyrolysis unit a counter-current gas flow of Ar or N2 was used along the production screw
to flush away the tar loaded gas in attempt to prevent tar condensation. The comparison with the cyclone
harvested char and ash of the gasification tests, which all have high PAH values (the higher bars in Figure 6,
shows something very important for the biochar quality, namely, that the PAH concentrations is not solely
related to the production process but also to contact-time of gas and char and the local temperature condition
(still to reach the peak temperature or already in the cooling range). Taking the biochar out from the
bed-section after some residence time at elevated temperature prevents the condensation of tars from the gas
on the biochars, which were obviously present in the reactor, proven by the cyclone chars of the same
experiment and hence the same char-production process and same process conditions.

According to the thresholds suggested by the IBI and the EBC, the total PAH (EPA’s 16 priority
pollutants) need to be below < 12 mg'kg™! for basic grade biochar and <4 mg-kg ™' for premium grade. The
gasification biochars derived from the bed are within the Premium grade quality. There are currently
discussions on whether the EPA 16 tars (16 major PAHs) is a sufficient quality marker for biochar in soil
applications. The current thresholds in the IBI and the EBC stem from safety guidelines referring to leaching
to the soil; with the most stringent limit of 4 mg-kg ' that represents the Swiss guideline. Several research
groups [68,69] have studied the effect of PAH under water leaching conditions in soil, or have further
quantified polar as well as non-polar tar components because especially polar compounds such as phenols
are believed to have phytotoxic effect on some plants growth; those compounds are not included in the EPA
16 PAH method. There are no conclusive studies so far on the identification and quantification of compounds
with a toxic effect and on what plants, therefore it is expected that a number of studies will emerge looking
on this issue.

The concentrations of 16 EPA PAHs determined by toluene extractions can differ from the concentrations
of water-soluble PAHs that can be an order of magnitude lower. In [68—70] despite the concentrations of the
16 PAHs exceeding biochar guideline values, it was concluded that, the biggest concern for application to
soil would be the co-occurrence of volatile organic compounds (VOCs) such as low molecular weight
(LMW) organic acids and phenols, as these can be highly mobile and have a high potential to cause
phytotoxic