
Biomass has been assigned many roles to play in strate-
gies for sustainable consumption. In addition to being a 
food source and renewable raw material [1], it can be used 
for energy production [2,3], carbon sequestration [4–6] 
and, finally, as an essential element to increase soil fer-
tility [7]. Estimates of how much biomass is available for 
the various applications vary widely, depending on the 
focus of the investigators and how issues of soil man-
agement and biodiversity, among others, are addressed; 
for example, the energy and raw material substitution 
potential of biomass in the USA has been estimated to 
comprise more than a third of the current US petroleum 
consumption for power, transportation and chemicals by 
2030 [1], while the worldwide potential for a competing 
use in sequestering photosynthetically bound carbon as 

biochar to increase soil fertility has been estimated to be 
1 GtC yr-1 [8] – approximately one eighth of the global 
CO

2
 emissions from fossil fuels in 2006 [301].

A major disadvantage for almost all applications is the 
high degree of heterogeneity in the form, composition 
and water content of biomass. Therefore, drying and/or 
conversion processes are usually required to improve 
material properties for easier handling, transport and 
storage of such materials. A variety of thermochemical 
or biological processes can be used to convert biomass in 
the absence of oxygen to products with higher degrees of 
carbon content than the original biomass. Gas or liquid 
products (biogas or alcohol) predominate in biochemical 
transformations, while solids (charcoal) are the major 
commercial products of the thermochemical conversion 
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process pyrolysis. Several million 
tons of charcoal are produced every 
year [9]. 

During pyrolysis, the organic mat-
ter in the biomass is thermochemi-
cally decomposed by heating in the 
absence of oxygen. If it is carried out 
in the presence of sub critical, liq-
uid water, it is often called hydrous 
pyrolysis or hydrothermal carboniza-
tion (HTC). Dry or wet pyrolysis is 
used here to carbonize the biomass, 
making products with higher car-
bon contents. The product charac-
teristics, their relative proportions in 
the gas/liquid/solid phases and the 
process energy requirements depend 
upon the input material and the 
process conditions. The advantage 
of HTC is that it can convert wet 
input material into carbonaceous 
solids at relatively high yields with-
out the need for an energy-intensive 

drying before or during the process. This opens up the 
field of potential feedstocks to a variety of nontraditional 
sources: wet animal manures, human waste, sewage slud-
ges, municipal solid waste (MSW), as well as aquacul-
ture and algal residues. These feedstocks represent large, 
continuously generated, renewable residual streams that 
require some degree of management, treatment and/or 
processing to ensure protection to the environment, and 
are discussed in more detail in this review. 

Currently, researchers in many disciplines are par-
ticipating in the search to find environmentally sound 
conversion processes and applications for biomass. This 
has resulted in a variety of terms to describe the solid 
product from dry or wet pyrolysis. Chemically, the solid 
is a char – “a solid decomposition product of a natural or 
synthetic organic material” [10,11]. Traditionally, such sol-
ids are called charcoal if obtained from wood, peat, coal 
or some related natural organic materials. In the fields 
of soil and agricultural sciences, the term ‘biochar’ has 
been propagated to mean charred organic matter, which 
“is applied to soil in a deliberate manner, with the intent 
to improve soil properties”, distinguishing it from char-
coal, which is usually used for cooking purposes [12]. A 
more restrictive concept of biochar, requiring that the 
solid fulfil positive environmental criteria, has also been 
suggested [13]. In this review, we adopt this naming con-
vention, using biochar only for the product of the dry 
pyrolysis process when it is used for soil applications, 
and charcoal for other purposes [302]. The wet pyrolysis 
process is referred to as HTC with the solid product con-
sistently called ‘hydrochar’, regardless of its application, 

in order to distinguish it from biochar produced from 
dry pyrolysis. Char will be used to include solids from 
both processes. 

Extensive reviews and books have been published in 
recent years on charcoal [9], biochar [7,8,13–15], hydrochar 
[16,17] and their production processes. The renaissance 
of research on conversion processes and their products 
has been initiated by current strategies to reduce global 
warming using CO

2
-neutral energy technologies and 

carbon sequestration in organic matter [18]. The growth 
in the number of publications on biochar has been 
almost exponential [13], stimulated by the discovery of 
its role in sustained fertility in Amazonian soils known 
as ‘Terra preta’ and its stability [19–21]. HTC had fallen 
into relative obscurity after the initial discovery, and the 
research activity in the early 20th Century to under-
stand natural coal formation [16], until recent studies 
on hydrochar chemistry and applications in innovative 
materials [16,17, 22,23] and in soil-quality improvement 
[24,25] revived interest. Therefore, literature on the wet 
process and its product hydrochar is limited in compari-
son to that on char from dry pyrolysis. 

This review focuses on contrasting the information 
available for the two types of char in regards to the use 
of biomass residues and waste materials as feedstocks, 
the conversion processes and chemistry involved in their 
production, as well as current and potential applications 
(Figure 1), with the intent to highlight the areas requiring 
more research. The applications in focus are those that 
exploit the material properties of the chars (e.g., biochar, 
adsorbents and catalysts), rather than those based on 
the thermal properties such as carbon-neutral fuels. The 
open questions, especially on hydrochar ś suitability as a 
soil amendment, are discussed in the following sections 
and summarized in a section focusing on research needs. 

Char production 
   � Conversion processes 

The production of charred matter always involves a 
thermochemical conversion process. The decomposition 
of organic material under the influence of heat in a gas-
eous or liquid environment, without involvement of fur-
ther reactants, is called pyrolysis from the Greek words 
‘pyr’ for fire and ‘lysis’ for dissolution. It is an essential 
reaction step in any combustion or gasification process. 
The various pyrolysis processes differ in how fast heat is 
transferred to fresh feedstock particles, the maximum 
temperature that is reached (Tmax), residence time of 
the input materials under these conditions, and the 
product distribution between the three phases. They 
are typically classified according to the reaction con-
ditions and the product yields (mass ratio of product 
formed to initial feedstock based on dry weight). These 
are compared in Table 1 and discussed later. 

Key terms

Soil carbon sequestration: Addition of 
degradation-resistant carbonaceous 
substrates to soil.

Biochar: Distinguished from charcoal 
and similar materials by the fact that 
biochar is produced with the intent to 
be applied to soil as a means to improve 
soil health, to filter and retain nutrients 
from percolating soil water, and to 
provide carbon storage [301].

Pyrolysis: Thermal decomposition of 
biomass under anaerobic conditions.

Hydrothermal carbonization: 
Carbonization of biomass in water 
under autogenous pressure and 
temperatures at the lower region of 
liquefaction process [32], also called wet 
pyrolysis. 

Char: A solid decomposition product 
of a natural or synthetic organic 
material [10,11].

Hydrochar: Char produced from 
hydrothermal carbonization.
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Dry pyrolysis 
The main process for char production with signifi-
cant yields is the dry pyrolysis process. It has been 
used by mankind for millennia to produce charcoal 
and tar-like substances, although it can be operated to 
produce multiple products (e.g., oil and gas) besides 
char. The so called ‘dry distillation’ of wood [10,11,26,27] 
also yields methanol, acetic acid, acetone and many 
more base chemicals. Moderate heating rates with 
long residence times (slow or intermediate pyrolysis) 
yield high amounts of gases and vapors (30–35%) [28] 
and approximately 20–40% as char [9]. In industrial 
applications, these processes are operated in closed 
kilns where the non condensable gases are used to fire 
the reactors. 

If the desired product is a liquid to be used as a 
primer for fuels, fast or flash-pyrolysis is used, which 
involves rapid heating of the feed and fast cooling 
of the generated vapors. The yield of liquid prod-
ucts increases from a few percent to up to 75%. Fast 
pyrolysis processes are operated in special reactors 
allowing for high heating rates and good mixing 
conditions [29]. 

Gasification
If an oxidizing atmosphere is applied by addition of air, 
oxygen, steam or carbon dioxide or mixtures thereof, 
such that only partial combustion takes place, the 
process is called gasification [30]. The product gases, 
a mixture of mainly H

2
, CO, CO

2
 and CH

4
, can be 

used directly as a fuel or as a synthesis gas (syngas) in 
downstream catalytic conversion processes to gener-
ate synthetic natural gas (SNG), methanol, Fischer-
Tropsch fuels and many more products. Gasification 
is generally operated in a continuous mode and maxi-
mized to produce gas, with yields of approximately 
85% [28]; only a small amount of char is produced. 
However, since large gasifiers have a large throughput 
of biomass and are optimized for an economic opera-
tion (even with a small solid yield), large amounts of 
char could be recovered at acceptable costs. It should 
be noted that some tar is also produced in this process. 
As in all dry pyrolysis processes, condensation of this 
tar on the char should be avoided to prevent contami-
nation with polycyclic aromatic hydrocarbons (PAHs). 
Depending on the feed, heavy metals in the char also 
could be an issue. 

Feedstock price
Availability
Transport cost

Quality of product(s) 
Flexibility of product(s) application 
Process waste treatment
Competition 

Production of char

Feedstock
Agricultural residues
Energy crops
Wood
Algae
Manure
Sewage sludge
Other waste materials

Process conditions
Maximum temperature
Heating rate
Residence time
Pressure
Surrounding medium 
(gases, water, steam)
Cooling rate

Post treatment (if necessary)
Thermal/chemical activation
Mixing with compost
Anaerobic digestion
Activation in soil 
Separation
Drying

Char properties
Porosity
Particle size (+ distribution)
Water-holding capacity
Water repellency
Ion exchange capacity
Sorption capacity
Nutrient capacity
Nutrient content
pH
Contaminants (PAH, heavy metals)
Salt content

Products
Solids (char, coke)
Liquids (water-soluble/insoluble)
Gases (condensable,
incondensable)

Application

Plant size/throughput
Investment cost
Scale-up possible?
Automatization/labor cost

Economics

Processes
Slow pyrolysis
Fast (flash) pyrolysis
Gasification
Hydrothermal carbonization
Partial combustion

Figure 1. Factors influencing the production and applications of char. 
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Hydrothermal processes
In hydrothermal processes, the solid material is sur-
rounded by water during the reaction, which is kept in 
a liquid state by allowing the pressure to rise with the 
steam pressure in (high)-pressure reactors. As in dry 
pyrolysis, reaction temperature (and pressure) deter-
mines the product distribution. With process tempera-
tures of up to 220°C and corresponding pressures up 
to approximately 20 bar, very little gas (1–5%) is gener-
ated, and most organics remain as or are transformed 
into solids. At higher temperatures, up to approximately 
400°C, and with the use of catalysts, more liquid hydro-
carbons are formed and more gas is produced. This so 
called ‘hydrothermal liquefaction’ has drawn some 
interest, although most liquefaction work is performed 
using organic solvents instead of water [31]. 

If the temperature and pressure are increased fur-
ther, the supercritical state for water is reached and the 
primary product is gaseous (hydrothermal gasifica-
tion) [32]. Depending on the process conditions, either 
more methane or more hydrogen is generated; char is 
not yielded in noticeable amounts [33].

   � Feedstocks 
Conversion to char via dry pyrolysis has been tradi-
tionally restricted to biomass with low water content, 
such as wood and crop residues, because of the high 
energy requirements associated with the inevitable dry-
ing prior and/or during the reaction by the evaporation 

of water. Potential feedstocks for wet 
hydrolysis span a variety of non-
traditional, continuously generated 
and renewable biomass streams: 
wet animal manures, human waste 
(i.e., excrements and faecal sludges), 
sewage sludges, MSW, as well as 
aq uaculture residues and algae. 

These feedstocks usually require some degree of 
management, treatment and/or processing to ensure 
protection of the environment. Many of these streams 
(e.g., human waste and MSW) already have substantial 
collection and treatment costs associated with them. For 
some applications, it may be beneficial to have a mobile 
carbonization facility. 

Carbonization of biomass has a number of advantages 
when compared with common biological treatment. It 
generally takes only hours, instead of the days or months 
required for biological processes, permitting more com-
pact reactor design. In addition, some feedstocks are 
toxic and cannot be converted biochemically. The high 
process temperatures can destroy pathogens and poten-
tially organic contaminants such as pharmaceutically 
active compounds [34,35]. Furthermore, useful liquid, gas-
eous and solid end-products can be produced [36], and 
at the same time contribute to GHG mitigation, odor 
reduction [9] and additional socio-economic benefits. 
In addition, use as biochar may contribute to climate 
change mitigation and soil amelioration [37]. 

Biomass in general is defined in this review in terms 
of source: “the biodegradable fraction of products, waste 
and residues from biological origin from agriculture 
(including vegetal and animal substances), forestry and 
related industries including fisheries and aquaculture, 
as well as the biodegradable fraction of industrial and 
municipal waste” [38]. Using a similar definition, the US 
Departments of Energy and Agriculture estimated the 
total sustainable biomass feedstock that can be harvested 
from US forest and agricultural land to be 1.18 billion 
dry tons [1]. Estimates for the more densely populated 
Germany show a potential of only 0.24 billion tons [2,39]. 
How much biomass is actually available for various 
applications is a matter for discussion and research [39,40]. 

Feedstock characteristics such as chemical compo-
sition, volatile and noncombustible fraction, moisture 
content, particle size and energy content significantly 
affect conversion efficiencies and char characteristics in 
both processes. Typical values for these parameters for 
the feedstocks targeted in this review, as well as for other 
typical biomasses (e.g., woods and grass) are presented 
in Table 2 [41–49,303,304]. Further research on quantifying 
their effect on process energetics, product distribution 
between phases and product quality is needed, especially 
for HTC.

Agricultural residual feedstocks
The current total sustainable biomass feedstock that can 
be harvested from US agricultural land is approximately 
176 million dry tons annually [1]. It includes crop resi-
dues, grains for ethanol production, corn fiber, MSW 
and animal manures. Although animal manures make 
up a large portion of this biomass (18%), they have not 

Table 1. Comparison of reaction conditions and typical product yields 
for thermochemical conversion processes with char as a product. 

Process Reaction conditions
(temperature [°C]; 
vapor residence time)

Product distribution (weight%)

Char Liquid Gas

Pyrolysis: slow ~400; h–week 35 30 35
Pyrolysis: 
intermediate

~500; ~10–20 s 20 50 30

Pyrolysis: fast ~500; ~1 s 12 75 13
Gasification ~800; ~10–20 s 10 5 85
HTC ~180–250; no vapor 

residence time, ~1–12 h 
processing time

50–80 5–20%
(dissolved 
in process 
water, TOC)

2–5

HTC: Hydrothermal carbonization; TOC: Total organic carbon. 
Adapted from [16,28].
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Carbonization: a process by which solid 
residues with increasing content of the 
element carbon are formed from 
organic material usually by pyrolysis 
in an inert atmosphere [10].

Soil amelioration: soil quality build up 
or improvement of soil fertility.



been as extensively studied as other plant-based feed-
stocks. The change in animal agriculture toward concen-
trated animal feeding operations (CAFOs) over the last 
decade makes the discussion of feedstock from animal 
manures timely and well justified. Manure production 
from CAFOs is often greater than local crop and proxi-
mal pastureland nutrient demands. Over-application of 
the animal manure can spread pathogens, emit ammo-
nia, GHGs and odorous compounds, and enrich sur-
face and ground waters with nitrogen and phosphorous 
compounds, leading to eutrophication [50,51]. 

Carbonizing surplus animal manures from CAFOs 
is a viable manure management alternative, which not 
only provides environmentally acceptable manure treat-
ment, but may also bring potential income revenue to 
farmers from producing value-added biochar. The pro-
cess can also use a variety of blended on-farm seasonal 
crop residues with animal manures, and concentrate the 
animal and plant nutrients (e.g., P, K and possibly N) 
into a nutrient-dense char. This is not only potentially 
useful for nutrient recovery and soil fertilization, it may 
also offer a sound route to sustainable nutrient cycling. 

Animal manure feedstock characteristics (Table 2) 
can vary widely. Poultry and feedlot operations collect 
a mixture containing manure, bedding, waste feed, 
and, in some instances, underlying soil. These mixtures 

generally have low moisture contents (typically <50%), 
making them good candidates for dry pyrolysis. By con-
trast, dairy and swine feeding operations produce wet 
waste streams (typical water content >90%) comprised 
primarily of discharged wash water, but also manure, 
urine and undigested feed. 

Human waste & sewage sludge 
The amount of human waste (untreated excrement and 
faecal sludges) and sewage sludges (primary and sec-
ondary sludges from wastewater treatment processes) is 
continuously increasing, not only through the install-
ation of new sanitation facilities in developing countries, 
but also through intensified wastewater treatment in 
developed countries [52]. Currently, it is estimated that 
at least 10 million tons on a dry weight basis of sewage 
sludge per year will accrue in the EU [53,54]. In 2005, 
the annual US biosolids production was estimated to be 
approximately 8 million tons [305]. 

The direct conversion of human waste and sludges 
via pyrolysis meshes well with the holistic approach 
of ecological sanitation [55]. It can be used to support 
a more systematic closure of material flow cycles and 
resource conservation, since secondary wastewater treat-
ment by biological processes and the generation of stabi-
lized sewage sludges is accompanied by the removal of 

Table 2. Feedstock properties relevant to thermal conversion processes. 

Feedstock Woods† Grasses‡ Manures Sewage sludges Municipal solid waste 

Primary Activated Digested Total## Organic§

Elemental 
analysis (%, daf)

Carbon 50–55 46–51 52–60¶ 53.3# - 54.4# 27–55 47–52
Hydrogen 5–6 6–7 6–8¶ 7.2# - 7.7# 3–9 0.63
Oxygen 39–44 41–46 26–36¶ 32.0# - 29.# 22–44 40–42
Nitrogen 0.1–0.2 0.4–1.0 3–6¶ 5.3# - 5.6# 0.4–1.8 0.16–0.25
Sulfur 0–0.1 <0.02–0.08 0.7–1.2¶ 2.1# - 3.2# 0.04–0.18 0.002–0.003

Volatile fraction (%, db) 70–90 75–83 57–70¶ 60–80†† 59–88†† 30–60†† 47–71 
Ash (%, db) 0.1–8 1.4–6.7 19–31¶ 25# - 37.5# 12–50 0.02–0.2
Moisture content
(%, fresh weight)

5–20 (dried 
wood for fuel)
35–60 (green 
wood)

NR 21–99.7‡‡ 90–95†† 97–99††  88†† 15–40 45–70

Particle size (mm) NA NA NA <5
(82%, wt. 
<0.1 mm)§§

<1
(66%, wt. 
<0.1 mm)§§

<1
(61%, wt. 
<0.1 mm)§§

Average¶¶: 
180–200
Range¶¶: 
0.2–600

Average¶¶: 
180–200
Range¶¶: 
0.2–600

Energy content (MJ/kgdb) 19–22 18.3–20.6 13–20¶ 23–29†† 19–23†† 9–14†† 2–14 8.9–11.5
†Data from soft and hard woods (22 samples) [41].
‡Biocrop grasses including energy grass pellets, poplar pannonia and tree of heaven [42].
§Values estimated based on % composition values provided by [303] and elemental composition, moisture content and energy content values provided by [43].
¶Data from [45,46].
#Exemplary values [47].
††Moisture contents after thickening [48].
‡‡Data from [304].
§§Exemplary values for weight percent of solids with particle size less than 0.1 mm [49].
¶¶Neglecting bulky items.
##Data from [43,44].
daf: Dry ash-free weight; db: Dry weight; NA: Not applicable; NR: Not reported.
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valuable organic carbon, nitrogen and energy (Table 2). 
New sanitation concepts with separated waste streams 
and reduced water use can produce concentrated, rela-
tively homogeneous waste streams requiring only minor 
pretreatment before pyrolysis. This can be combined 
with nutrient-recovery processes. 

The present pyrolysis-based reuse concepts for sew-
age sludge apply to the energy recovery from feed-
stocks [56–59] and the material reuse of the solid con-
version products as technical adsorbents [60–63] or soil 
ameliorants [64–66]. By contrast, no experimental work 
has been published to date on the HTC of sewage sludge 
or on the conversion of human waste by either wet or 
dry pyrolysis. 

Municipal solid waste
Municipal waste-generation rates vary with location 
and have been shown to correlate with average income, 
ranging from 0.1 tons/person-yr (low income countries) 
to over 0.8 tons/person-yr (high income countries) [67]. 
MSW is broadly defined as wastes originating from resi-
dential (i.e., product packaging, newspapers, magazines, 
food waste, grass clippings, yard waste and recyclables), 
institutional (i.e., schools and prisons), and commercial 
sources (i.e., restaurants). Construction and demolition 
debris and combustion ash are not generally character-
ized as MSW. For the purposes of this review, industrial 
and municipal wastewaters are not classified as MSW. 

 Thermochemical processing of MSW has the poten-
tial to reduce GHG emissions associated with current 
waste management techniques (i.e., landfilling and 
composting), while producing value-added products, 
such as activated carbon. The heterogeneous nature of 
MSW (in terms of composition, chemical properties, 
and particle size, see Table 2) complicates its use as a feed-
stock for pyrolysis, potentially requiring the waste to be 
processed (i.e., shredded and sorted) prior to introduc-
tion, in order to minimize operation and maintenance 
issues [43,44,68–71]. 

   � Chemistry
Many similar reaction pathways occur during both dry 
pyrolysis and HTC of biomass. Biomacromolecules 
degrade to form liquid and gaseous (by-)products, 
while solid–solid interactions led to a rearrangement 
of the original structure [72,73]. However, the differ-
ence in the reaction media plays a defining role in the 
chemistry and characteristics of the products justifying 
separate consideration.

Reactions
Dry pyrolysis of biomass at temperatures between 200 
and 500°C in a largely inert atmosphere leads to the 
thermal degradation of biomacromolecules with no 

oxidation except by the oxygen contained in the biomass 
feed. Despite centuries of research, reaction mechanisms 
are only partly understood due to the high degree of 
feedstock complexity and number of possible reaction 
mechanisms. Bond cleavage, manifold intramolecular 
reactions, decarboxylation, decarbonylation, dehydra-
tion, demethoxylation, condensation and aromatization 
are some of the characteristic mechanisms [73]. The reac-
tion temperature largely governs which reaction domi-
nates. However, owing to the nonuniform temperature 
profiles within pyrolysis reactors, it is common for many 
of the aforementioned reaction mechanisms to occur in 
parallel. The highest (peak) temperature reached dur-
ing the process has a critical influence on the pyrolytic 
reactions and the properties of the char product [72]. 
Decomposition of specific compounds can also be 
characterized by temperature. Hemicelluloses mainly 
decompose between 200 and 400°C, while cellulose 
decomposes at higher temperatures (300–400°C). By 
contrast, lignin is the most stable component, gradually 
decomposing between 180 and 600°C [74]. 

In comparison, during HTC the biomass is heated 
in subcritical water to between 150 and 250°C at auto-
genic pressures for time frames typically greater than 
1 h. Feedstock decomposition is dominated by reaction 
mechanisms similar to those in dry pyrolysis, which 
include hydrolysis, dehydration, decarboxylation, aro-
matization and recondensation [16,32]. However, the 
hydrothermal degradation of biomass is initiated by 
hydrolysis, which exhibits a lower activation energy 
than most of the pyrolytic decomposition reactions. 
This has been shown by calorimetric measurements [75]. 
Therefore, the principle biomass components are less 
stable under hydrothermal conditions, which leads to 
lower decomposition temperatures. Hemicelluloses 
decompose between 180 and 200°C, most of the lignins 
between 180 and 220°C, and cellulose above approx-
imately 220°C [76]. Although it has been observed that 
both time and temperature influence product charac-
teristics [77], temperature remains the decisive process 
parameter [16,78]. It should be noted that a manipulation 
of the water pH has a significant impact on the reaction 
mechanism of cellulose in water [76]. Alkaline conditions 
are often used for the liquefaction of biomass (i.e., a shift 
to products with a high H/C ratio) [79].

The similarity of some of the reaction pathways dur-
ing dry and wet pyrolysis processes are illustrated in 
Figure 2 [9,16,32,80]; for example, a substantial amount of 
liquid oil and water is produced from flash pyrolysis of 
biomass [81], so that hydrolytic reactions are likely to 
take place during conventional pyrolysis, especially at 
elevated pressures [9]. In addition, (dry) pyrolytic deg-
radation pathways are likely to occur, to some extent, 
during hydrothermal conditions [82,83]. However, owing 
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to the different reaction media, a shift in the reaction 
network takes place, which leads to distinct products 
in quality and quantity; this will be discussed in the 
following sections [16]. 

Products 
Products from pyrolysis are solids, liquids and gases 
(Table 1). Compared with dry pyrolysis, HTC produces 
higher solid yields, more water soluble organic com-
pounds and fewer gases, comprised mainly of CO

2
 [84]. 

In addition, the composition and structure of the solid 
product (hydrochar) from HTC differs substantially 
from dry pyrolysis chars [85]. The chemical structure 
of hydrochar more closely resembles natural coal than 
charcoal, with respect to the type of chemical bonds 
and their relative quantity, as well as its elemental com-
position [86,87]. Both chars exhibit lower H/C and O/C 
ratios than the initial product, owing to the evolution of 
H

2
O and CO

2
 in the dehydration and decarboxylation 

reactions. However, hydrochar generally has higher 
H/C and O/C ratios similar to natural coal [88] than 

the solids resulting from dry pyrolysis (Figure 3) [9,86, 

89,90, and Ro, Unpublished Data]. This implies that the ratio 
of the reaction rates of decarboxylation to dehydration 
is higher in HTC than in dry pyrolysis [78,91]. 

It can be observed that the elemental ratios for 
the hydrochar from animal-derived biomass are 
comparable to those from plant material, although 
their feed compositions may differ substantially (see 
Figure 3). Naturally, this results in different product 
characteristics.

Although chars from both processes contain exten-
sive aromatic structures, they are arranged differently. 
The structure of char from dry pyrolysis consists of 
turbostratically arranged sheets of conjugated aromatic 
carbon that grow above 400°C [72]. By contrast, carbon 
spheres with a distinctive size distribution have been 
observed for the case of HTC of glucose [22,92–95]. These 
spheres were hypothesized to exhibit an aromatic core 
of cross-linked furanic rings with mainly aldehydic and 
carboxy functional end groups [96]. Recent publications 
have revealed that other carbonaceous structures of 
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high technical importance can be 
systematically created using hydro-
thermal conditions (see the `Other 
applications’ section).

The distinctive differences in 
the solid product composition and 
structure result from a shift in the 
reaction mechanisms governing the 

processes. Radical mechanism pathways, which take 
place especially at low temperature dry pyrolysis [97], 
are suppressed in subcritical hot water in favor of ionic 
reactions [98,99]. However, the major difference is that 
HTC primarily starts with the hydrolysis of biomac-
romolecules, yielding oligosaccharides, hexoses, pen-
toses and fragments of the lignin [76]. The resulting 
fragments in the aqueous phase may allow initiation 
of completely different chemical pathways and pos-
sible products (Figure 2) [100,101,32]. For example, dur-
ing the dry decomposition of cellulose, one principle 
intermediate of dry pyrolysis is proposed to be anhy-
droglucose [9,97]. In HTC its formation is comparably 
low [101]. Instead, 5-hydroxymethylfurfural (HMF) 
is proposed as a crucial intermediate [102]. HMF is an 
interesting platform chemical between carbohydrate 
and hydrocarbon chemistry because it can be used to 
derive an ‘impressive array of highly useful organic 
intermediate chemicals and marketable products’ [100]. 
Research interest in the production of HMF has a long 
history [103,104]. 

Hydrolysis can lead to a complete disintegration of 
the physical structure, which is not the case during dry 
pyrolysis. However, the fraction of biomass that can be 
hydrolyzed significantly depends on the temperature 
profile and process design [83,105]. Increasing reaction 
severity usually results in an increasing amount of col-
loidal carbon particles, while less structural features of 
the original feedstock remain [106].

Many (thermal and hydrolytic) decomposition frag-
ments of biomass are highly reactive, especially those 
associated with lignin [83,107]. In dry pyrolysis, these 
intermediate products recombine to form a solid prod-
uct, so-called ‘coke’ [9,108]. Containment of the gases can 
be used to increase the chance of these recondensation 
reactions, therefore increasing solid yield and coke con-
tent [109,110]. As a consequence, the composition of the 
product changes [88]. Under hydrothermal conditions, 
nearly all fragments remain in the liquid phase where 
they have low mobility; thus, a similar effect to contain-
ment is achieved (Figure 2). The formation of solids is 
predominated by recondensation reactions, (i.e., hydro-
char is composed of a significant fraction of the above 
mentioned ‘coke’) [94–96].

Results from HTC experiments highlight these 
effects. For biomass without a structural crystalline cellu-
lose scaffold, carbonaceous nanoparticles were obtained, 
with particle size depending mainly on the carboniza-
tion time and concentration [95,106]. For biomass with 
a structural crystalline cellulose scaffold, an ‘inverted’ 

structure was found, with the carbon 
being the continuous phase, pen-
etrated by a sponge-like continuous 
system of nanopores (representing 
the majority of the volume). These 
products exhibit highly functional-
ized surfaces with the potential for 
a variety of applications (see the 
‘Other  applications’ section).

In conclusion, HTC differs from 
dry pyrolysis in that hydrolysis is 
the determining first step. The solid 
product hydrochar is largely formed 
by recondensation reactions and 
exhibits distinct characteristics from 
dry pyrolysis char. The availability of 
the fragments from hydrolysis in the 
liquid phase offers a huge potential 
to influence product characteristics 
on demand. 

   � Energetics
A crucial element in determining the 
feasibility of a biomass conversion 
process is the energy balance. This is 
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Coke: a solid high in content of the 
element carbon and structurally in the 
nongraphitic state. It is produced by 
pyrolysis of organic material that has 
passed, at least in part, through a liquid 
or liquid-crystalline state during 
the carbonization process [10].



the case especially if the char is to be used as a fuel, but 
is also required for determining energy requirements to 
judge ecological and economical feasibility when using 
such processes for other purposes (i.e., soil amendment 
and value-added products). Preliminary results have 
been published for biochar from dry pyrolysis [111,112]. 
However, owing to the fact that research on the techni-
cal development of hydrothermal production systems is 
still in its embryonic stage, a detailed energetic ana lysis 
for this technology cannot be given here. Instead, a com-
parison of the energetics of dry pyrolysis and HTC will 
be discussed on the basis of reaction enthalpy, followed 
by a qualitative comparison of the decisive energetic 
differences in their production processes.

Reaction enthalpy
Both dry pyrolysis and HTC of biomass can be exo-
thermic reactions. The amount of heat released is depen-
dent on the feedstock used and the reaction parameters, 
mainly temperature and residence time. A rough esti-
mate of the heat of reaction for each process can be 
made from the approximate stoichiometric equations 
(Equation 1: dry pyrolysis [113]; Equation 2: HTC [85]), 
which were deduced from experimental results using 
cellulose (C

6
H

10
O

5
) as a model substance:

5C H O C H O 0.5CO 0.25CO
2.88H O C H O

6 12 3.75 2.25 0.5 2

2 1.5 2 0.38

+ +
+ +

"

Equation 1

5C H O C H O 0.75CO 3H O6 12 5.25 4 0.5 2 2+ +"

Equation 2

The higher heating values from Equations 1 & 2 are 
summarized in Table 3. These approximations should 
be treated with care, since the chemistry of neither pro-
cess is fully understood. Equation 2 does not consider 
any liquid organic reaction by-products that represent 
an important fraction [91,114,115]. In addition, biomass 

cannot be regarded as a well-defined reactant because 
of its high degree of chemical complexity and hetero-
geneity. Nevertheless, these theoretical considerations 
offer insight to what can be expected.

Experimental results from calorimetric measure-
ments with cellulose support these theoretical estima-
tions. Values between 0.4 and 0.7 MJ/kg

Cellulose
 have 

been reported for the (slow) pyrolysis of cellulose [75], 
while similar measurements for HTC produced values 
of approximately 1 MJ/kg

Cellulose
 [Funke, unpublished data]. 

Thus, the calorific nature of dry pyrolysis and HTC reac-
tions is comparable. However, it is important to keep in 
mind that complex reaction mechanisms are involved in 
the processes and highly dependent on reaction condi-
tions; for example, although the overall reaction is exo-
thermic, the initial phases of both dry pyrolysis and HTC 
are endothermic. As a consequence, a mild pyrolysis (tor-
refaction) is slightly endothermic [116,117], and the same 
can be expected for mild HTC, owing to the endothermic 
nature of the hydrolysis of cellulose [118].

Process comparison
These theoretical energetic considerations can be used 
to provide some guidance in the choice between wet and 
dry processes. From a thermodynamic point of view, 
there is a certain water content that makes the use of dry 
processes uneconomical and/or senseless. A threshold 
exists where wet processes become energetically more 
efficient than dry processes. This has been illustrated by 
a theoretical comparison of wood combustion with and 
without HTC as a pretreatment process. Pretreatment 
with HTC is more efficient for feedstocks with a water 
content of more than 50% [119]. 

Comparison of the heat demand for the evapora-
tion of water to the heat of cellulose pyrolysis reaction 
(Equation 1) shows that above a water content of 30%, 
more energy is required to evaporate the water than is 
supplied by the heat released during pyrolysis. In some 
process designs, product gas is burned to preheat the 
feed [112,120]. A process using this design could convert 

Table 3. Comparison of the calorific nature of slow pyrolysis and hydrothermal carbonization of cellulose.

Slow pyrolysis† (Equation 1) Hydrothermal carbonization‡ (Equation 2)§

Temperature range (°C) 300–500 180–250
HHV of feed (MJ/kg) -17.6 -17.6
Heat of reaction (MJ/kg cellulose) -0.8 -1.6
HHV of solid product (MJ/kg cellulose) -11.3 -16.0
HHV of gaseous by-products (MJ/kg cellulose) -0.4 0¶

HHV of liquid by-products (MJ/kg cellulose) -5.1 0¶

†Data from [113].
‡Data from [85].
§This equation is not complete because liquid products, which represent an important product group, have not been considered.
¶Values are according to Equation 2. Published experimental results from carbonization of different feed range from 1–2 MJ/kgfeed for gaseous and 0.5–4.1 MJ/kgfeed for liquid 
by-products [Funke, Unpublished Data]. 
HHV: Higher heating value.
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cellulose with a water content of up to 70% without 
external energy supply. To pyrolyze cellulose with an 
even higher water content, part of the char has to be 
burned, reducing the yield. At a water content of approx-
imately 90%, all of the char would need to be burned 
(i.e. the break-even point for a complete combustion 
without the release of usable heat is approached). For 
biomass, these values will be lower because less energy 
is released during carbonization. Ro et al. reported that 
the moisture content of swine solids mixed with rye 
grass needs to be less than 56% in order to be carbon-
ized without requiring external energy [46]. 

For the case of HTC, heat for water evaporation 
is avoided, but the reaction water has to be heated. 
Additional energetic aspects related to the transporta-
tion of water-rich feedstocks and post-processing of the 
hydrochar, such as dewatering, also have to be consid-
ered. An energetic advantage of hydrothermal processes 
can be expected when the conversion products can either 
be used without predrying, or when their dewaterabil-
ity is improved compared with that of the feedstock. 
Carbonization reactions and disruption of colloidal struc-
tures have been shown to improve dewaterability [121]. 

To conclude, it appears unlikely that a dry pyroly-
sis process can be driven economically for the conver-
sion of feed with a water content above approximately 
50–70%. Such a process would only be capable of pro-
ducing charred material and an insignificant amount 
of additional energy and/or product gas. The lower the 
water content of the feed, the more heat can be produced 
and used for other purposes [112]. By contrast, HTC 
typically runs at a ‘water content’ of 75–90% or even 
higher. The amount of external heat necessary for HTC 
depends on the process design, but it is expected to be 
substantially lower than for the dry pyrolysis of such 
a slurry. Hydrothermal carbonization of dry organic 
matter (water content <40%) is unlikely to have any 
energetic advantages over dry pyrolysis. 

   � Technical implementation
Knowledge of the energetic nature of the underlying 
reaction is of course essential for the design and techni-
cal implementation of the process; however it does not 
allow conclusions to be drawn about the economics and 
environmental impact of the complete production sys-
tem. None of the thermochemical processes described 
can stand alone; pre- and post-processing units are also 
required, which depend on feedstock and the desired 
product characteristics. All aspects from feed handling 
to reactor design, heat recovery, product separation and 
auxiliary processes for by-product treatment can make 
substantial differences in the economic viability of the 
production system [111,112,122], and in the environmental 
impacts along the life cycle. 

Moreover, sustainable char production must be 
based on efficient feedstock conversion and safe pro-
cesses. Owing to its long tradition, dry pyrolysis has 
many process variations. Traditional slow pyrolysis 
processes require little (or no) external energy supply 
except manual labor, and are still applied widely today. 
However, the hazards associated with traditional kilns 
outweigh their advantage of simplicity. Low efficiency 
contributes to deforestation [9] and escaping product 
gases pose hazards to health and the environment [123]. 
Improved processes currently available include product 
gas handling (usually combustion), heat recovery and 
automated handling of the solids. 

Hydrothermal carbonization production systems 
present different challenges in the technical imple-
mentation. One factor is the pressure: operation in a 
continuous-flow mode requires feeding against pressure, 
and material and safety aspects for the reactor increases 
capital costs [4]. Another important factor is heat recov-
ery, which is essential for the process to be economi-
cal [84,115]. In HTC, heat must be recovered from the 
hot process water, while in dry pyrolysis, the product 
gas can be burnt to supply the necessary heat (either 
within the reactor or by heat exchangers). Furthermore, 
post-treatment is likely to be necessary in hydrothermal 
processes to separate solids from water, and to process 
the product water [124,125]. Thus, it is to be expected 
that the energetic requirements to run the process and 
its auxiliary equipment are higher for a hydrothermal 
system than for dry pyrolysis.

In addition, plans for technical implementation 
should include a comprehensive management concept, 
which should address the feedstock production and 
collection, treatment of by-products and recovery of 
nutrients. Any comparisons must consider the current 
substantial costs and environmental impacts of the alter-
native collection and treatment processes in use today, 
especially for wet biomass residuals. 

Char characteristics 
   � Char yields

In both pyrolysis processes, the solid or char yields 
(mass ratio of char to feedstock on dry weight basis) 
usually decrease with increasing reaction tempera-
ture. More of the original feedstock is lost to gaseous 
(i.e., H

2
, CO and CO

2
) and liquid by-products. The 

H/C and O/C ratios in the chars also decrease. Typical 
changes in these parameters for the HTC process are 
shown in Table 4. Since significant amounts of liquid 
by-products are formed during the HTC reaction, the 
actual char yield measured can be significantly lower 
than the maximum theoretical yields, which are based 
on the assumption that only char is formed (Table 4). 
Several published results indicate that the actual and 
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maximum attainable yields approach one another as 
the residence time increases, probably a result of the 
continued reaction of intermediates to char. 

However, these observations cannot be generalized 
yet, owing to the high variation in reported char yields 
from wet pyrolysis (Tables 4 & 5). Another influencing 
factor is the concentration of solids. In general, the more 
water added to the reaction, the higher the absolute car-
bon loss per unit mass of feedstock to the liquid phase. 
This carbon loss directly lowers the yield of hydrochar 
and produces a concentrated wastewater that requires 
further treatment (typically with several g/l chemical 
oxygen demand).

In dry pyrolysis, the theoretical solid yields for char-
coal (e.g., 35% for cellulose from Equation 1) can be 
increased by condensation of the liquids (tars) to coke, 
achieving theoretical yields in the range of 50–71% [109], 
although these are normally not achieved. Experimental 
yields for hydrochar have been observed to be higher 
and thus closer to the theoretical yield. 

For meaningful process comparisons, process con-
version efficiencies for the various elements of interest 
should be reported and calculated from the solid yield 
and elemental composition. Carbon conversion effi-
ciencies are of interest, especially for assessing carbon 

storage strategies. Commonly in dry pyrolysis, 50% of 
the biomass carbon is converted to solids [111,126], while 
in HTC, 60–84% of the biomass carbon may remain 
in the hydrochar [Ro, Unpublished Data]. A further refine-
ment is the fixed carbon yield [9], which describes the 
mass ratio of the fixed (nonvolatile) carbon in the char 
to the carbon in the initial biomass. 

While it is important to increase the information 
measured and reported on chars, it must be kept in 
mind that any attempt to merge data generated via dif-
ferent methods must consider the different, operation-
ally defined analytical windows detected by each tech-
nique, as well as the limitations and potential biases of 
each technique, as highlighted by Hammes et al. [127].

   �  Char composition
The nature of feedstock, process temperature and 
reaction time are the main factors influencing the 
char composition. A comparison of the elemen-
tal composition of chars from wet and dry pyrolysis 
(Tables  5  &  6)  [9,46,68,86,128–130 and Ro, Unpublished Data] 
demon strates that chars from the dry pyrolysis of tradi-
tional feedstocks usually have a higher carbon and lower 
hydrogen content than those from HTC. However, 
as the temperature in HTC is increased, the carbon 

Table 4. Comparison of experimental and theoretical solid yields from hydrothermal carbonization of cellulose and wood. 

Temperature (°C) Time (h) H/C† O/C† Solid yield (%, db)

Experimental Maximum theoretical‡

Cellulose - - 1.67 0.83 - -
275 3 0.75 0.19 47 56
340 72 0.67 0.07 35 45

Wood - - 1.45 0.65 - -
225 504 0.8 0.19 62 63
360 4 0.63 0.08 33 54

†Dimensionless atomic (or molar) ratios: H/C Hydrogen to carbon ratio, O/C Oxygen to carbon ratio.
‡Yield estimated from stoichiometry assuming only water and carbon dioxide as by-products.
db: Dry weight basis. 
Data from [86].

Table 5. Product composition of hydrochar from different feedstock and process conditions.

Feedstock Tmax (°C) Time (h) Solid yield 
(%, db)

C (%, daf) H (%, daf) O (%, daf) N (%, daf) S (%, daf) Ash (%, db) Ref.

Cellulose 225 3 63 51.9 5.6 42.5 0 0 0 [86]

Cellulose 275 3 41 76.4 4.7 18.9 0 0 0 [86] 
Cellulose 340 3 39 81.8 4.8 13.4 0 0 0 [86]

Wood 200 72 66.2 70.8 5.7 23.4 NR NR NR [128]

Wood 250 72 50.7 77.1 5.3 17.6 NR NR NR [128]

Wood 280 72 39.9 82.7 4.8 12.5 NR NR NR [128]

Swine 
manure

250 20 60 70.2 7.9 16.8 3.6 1.5 27.6 [Ro, Unpublished 

Data]

Chicken 
litter

250 20 60 58 5.9 30.5 4.3 1.4 43.6 [Ro, Unpublished 

Data]

daf : Dry ash-free weight; db: Dry weight; NR: Not reported; Tmax: Maximum temperature.
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content increases. Char from waste feedstocks has a 
comparatively lower carbon content in both processes. 
It is striking that both dry pyrolysis and hydrothermal 
chars are significantly homogenized compared with the 
widely varying CHONS compositions of the original 
feedstocks (Tables 2, 5 & 6). However, this is only valid 
for the volatile fraction of the char (Tables 5 & 6); the ash 
content remains highly variable. 

Retention of nutrients
Retention of nutrients in chars from dry pyrolysis has 
been found to be highly variable [131]. In general, chars 
from the wet and dry pyrolysis of waste feedstocks 
retain high levels of calcium, potassium and phospho-
rous. This was seen in animal manures [24 ,132] and with 
sewage sludge [133]. However, the question arises: how 
available are these nutrients for plants?

Shinogi demonstrated that by increasing the pyrolysis 
temperature from 250–800 °C, the P content of sew-
age sludge becomes concentrated within the dry char. 
However, the plant-available phosphorus, as character-
ized by the citrate extractable fraction, is decreased by 
more than 90% [134]. Acidic conditions facilitate the 
mobilization of nutrients and their uptake by plant 
roots. However, during wet pyrolysis, a low pH may 
also counteract the sorption of nutrients. Hydrochars 
from plant residues such as corn stover may result 
in low pH values of under 5 [135], and may affect the 
sorption capacity of nutrients, primarily in the case 
of phosphorus. Processing the same source material 
by dry pyrolysis resulted in a biochar with a pH value 
of 9.9, a high ca tion exchange capacity (CEC) and a 
high liming value. The phosphorus fertilizing effect 
of dry chars may also increase owing to thermolyti-
cal deliberation of organic bound phosphates from the 
feedstock [136]. Chars produced from sewage sludge 
at 550°C in dry pyrolysis significantly stimulated the 
growth of cherry tomato [133]. This growth stimula-
tion was attributed mainly to improvements of plant 

nitrogen and phosphorus nutrition. In contrast to phos-
phorus, though, almost half of the nitrogen of raw sew-
age sludge was volatized at 450°C [65]. Nitrogen losses 
can be limited by low dry pyrolysis temperatures [9,137]. 

In HTC, dissolution of water-soluble minerals 
can be significant [138]; however, the nutrient content 
will also depend on the technique for dewatering the 
solid conversion product. The ratio between evapora-
tion and mechanical dewatering governs the amount 
of plant nutrients that will be adsorbed/retained to 
the HTC chars surface. In both pyrolysis processes, 
nutrient concentrations in the feedstock and in the 
resulting solid and liquid phases need to be taken into 
account in the process design. The nutrient content in 
the solid will have to be adjusted for the application, 
while additional research on process combinations to 
recover nutrients from the liquid phase is needed. 
 
Heavy metals
Heavy metals cannot be destroyed during pyrolysis, in 
contrast to organic compounds. Since they may have 
a toxic risk potential, the fate of heavy metals has to 
be followed. Their possible accumulation in the solid 
phase, especially if they can affect the food chain, 
has to be taken into account. There are some reas-
suring studies on the fate of metals in chars resulting 
from the dry pyrolysis of sewage sludge [64,34], animal 
wastes [129,139], and MSW [43,140,141]. Although metal 
concentrations associated with chars from carboniza-
tion of animal wastes and sewage sludge were detected, 
concentrations were relatively low when compared 
with chars resulting from the pyrolysis of MSW. In 
flash carbonization (FC) of sewage sludges, heavy met-
als with low boiling points (e.g., Hg, Cd, and Se) were 
eluted from the FC reactor, whereas those with high 
boiling points (e.g., Pb, Cd, Ni, Cu, Zn and Sr) were 
incorporated in the chars [9]. Metal concentrations in 
dry chars from biosolids were all significantly lower 
than the limits set for the exceptional quality biosolids, 

Table 6. Product composition of char from dry pyrolysis for different feedstock and process conditions.

Feedstock Tmax (°C) Time (h) Solid yield 
(%, db)

C (%, daf) H (%, daf) O (%, daf) N (%, daf) S (%, daf) Ash (%, db) Ref.

Pine wood NR NR NR 95.2 1.1 3.1 0.1 0.04 0.69 [9]

Corncob NR NR NR 90.3 1.3 5.6 0.6 0.1 4.31 [9] 
Rice hulls NR NR NR 89.7 1.4 6.6 1.0 0.1 41.35 [9]

Poultry litter 450–550 NR NR 41–74 2.3–3.7 5.9–48.7 3.1–5.2 1.5–3.6 43.8–54.5 [129]

Starter turkey litter 450–550 NR NR 72.1 3.6 20.2 2.4 0.5 24.6 [129]

Poultry litter 620 2 43–49 86.8 2.5 1.5 5.8 3.4 53.2 [46]

Swine manure 620 2 43–49 89.7 3.4 0 5.8 1.2 44.7 [46]

Wastepaper 750–950 NR NR 46.7 6.2 46.9 0.1 0.1 15.4 [130]

Refuse derived fuel† 400–700 1 NR 76.5–87.3 1.3–6.1 1.4–1.7 0.3–0.8 26–42   [68]
†Municipal solid waste, minus recyclables.
daf : Dry ash-free weight; db: Dry weight; NR: Not reported; Tmax: Maximum temperature.
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suggesting unrestricted land application of carbonized 
sludge may be possible [64]. Again, research on the fate 
of heavy metals in HTC is rather limited. 

Recent experimental results show that several types 
of char from wood met most of the limits set by the 
German Federal Soil Protection Act (Table 7) [142]. Only 
zinc exceeded the limit in all chars. However, for risk 
assessments, the loading rate is more important than 
the concentration of a pollutant. This means that an 
agricultural application is possible, as long as the load-
ing of heavy metals is considered during periodical 
fertilization. In addition to the measurement of heavy 
metals concentrations, sequential extraction procedures 
should be performed in order to gain comprehensive 
knowledge about the mobility of heavy metal species 
in the soil [143] .

Organic compounds
Since the chemistry of pyrolysis involves not only the 
decomposition of organic compounds, but also the 
formation of highly condensed aromatic structures, 
the discussion of organic compounds has two aspects: 
pyrolysis can destroy compounds present in the feed-
stock or produce them in the process. This is greatly 
influenced by the process and its conditions. Bridle 
et al. [34] reported that over 75% of polychlorinated 
biphenyls (PCBs) and over 85% of hexachlorobenzenes 
(HCBs) present in a sewage sludge were destroyed 
in slow pyrolysis at 450°C. Removal of wastewater-
relevant organic pollutants by slow pyrolysis of sew-
age sludges has also been demonstrated by other 
authors [35,144]. While PAHs are known to form as the 
result of secondary thermochemical reactions at tem-
peratures over 700°C, few evaluations of char for PAH 
or other organic compounds are available [13,15,145]. 
Investigation of five chars produced via slow pyrolysis 
showed background level dioxin c oncentrations and 
little PAH formation [306]. 

More systematic investigation of the destruction and 
formation of toxic organic substances in both processes 
is indispensable for designing pyrolysis processes and 
in evaluating potential applications for the solid, liquid 
and gaseous products. 

   � Knowledge gaps in char characterization 
In general, more comprehensive product characteriza-
tion and reporting is needed to advance our understand-
ing of processes, products and applications. This is an 
essential step in the search to relate char properties to 
effects in applications [146], and requires a concerted 
effort of key players across disciplines, producers and 
users, to choose the relevant characteristics and develop 
testing methods. Adequate characterization of the char 
before it is used in soil and plant experiments is neces-
sary, especially for biochar applications, so that results 
can be generalized and predictors for expected effects 
in biochar applications developed. Seeing this need 
for a classification system, the International Biochar 
Initiative has started the process of developing guide-
lines for biochars [307]. Various authors have proposed 
classification systems for reporting and building on test-
ing in other fields (e.g., charcoal, compost and biowaste/
biosolids); a selection of important parameters is shown 
in Table 8 [147,148,307]. 

This list encompasses parameters relevant to many 
of the stages in the product chain from biomass to 
soil application: feedstock, production conditions, 
char composition and physical, chemical and biologi-
cal characteristics. Owing to the heterogeneity of the 
input and the char itself, most of the parameters are 
sum parameters. The International Biochar Initiative 
Draft Guidelines for biochar [307] cover most of these 
parameters. Other applications will probably not require 
the soil-relevant parameters. However, it is critically 
important that the various groups working in this field 
are aware of the process and product variations, and 
requirements in the product chain. Feedstock, process 
conditions and efficiencies dictate char chemical com-
position. Communication between char producers and 
users must be developed in order to exploit the ability 
to influence char properties in the production process 
and ensure the quality of products. It is important to 
note that this is an iterative process, especially in biochar 
applications: while users try to understand how the char 
interacts with the soil and which properties are respon-
sible for the interactions, the producers will continue 
to develop the processes, changing material properties. 

Table 7. Heavy metal content of chars after thermochemical conversion of wood.

Process Feedstock Temperature (°C) Cd  (mg/kg) Cr  (mg/kg) Cu  (mg/kg) Pb  (mg/kg) Zn  (mg/kg)

Wet pyrolysis poplar 200 0.35 8.4 23.3 6.7 618
Wet pyrolysis pine 210 0.16 1.4 15.8 5.7 603
Dry pyrolysis pine 430 0.66 12.7 19.7 8.4 684
Gasification poplar 800 0.23 16.5 190.3 15.5 742
Limits† 1.00 100.0 60.0 100.0 150
†Limits are from the German Soil Protection Act [142].
Data from [Kern, Unpublished Data]
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Application of char in soils
Much research effort has been expended in recent years 
to show that returning carbon to the soil in the form 
of char can sequester carbon and increase soil fertil-
ity. This application as biochar could quickly capture 
a large proportion of biomass production capacity if 
it were to be included in the carbon trading schemes, 
such as of the Clean Development Mechanism (CDM) 
in the Kyoto Protocol [149]. Its suitability as a carbon 
sequestration strategy will depend on the overall 

carbon balance of the production process and the long-
term stability of char in soils [20]. Reliable and repro-
ducible methods are needed to assess the sequestered 
CO

2
 equivalents over the product life cycle with due 

diligence. In addition to the variability in production 
and biochar properties, the soil, climatic and man-
agement conditions may vary widely from location 
to location and will influence char recalcitrance sig-
nificantly. In addition, biochar application may pos-
sess additional carbon mitigation potential owing to 

Table 8. Overview of proposed classification systems: feedstock, process and product characteristics to be reported.

Parameter Joseph et al.† Okimori et al.‡  IBI draft 
guidelines§ 

Feedstock Source, type and composition × ×
Type of pre-processing ×

Process conditions Tmax (°C) ×
Time (h) ×
Rate of heating ×
Reactor pressure ×
Solid yield (%, g char/g feed, db)
Type of post-processing ×

Chemical composition Elemental composition (%) × C, N, P, K

Molar H/C ratio ×
Volatile content × ×
Ash content × × ×
Mineral N (mg/kg) × ×
Available P (mg/kg) ×
Heavy metals ×
Extractable (in water and/or solvents), DOC, 
phenols, chlorinated hydrocarbons, PAH, dioxins

×¶ ×#

Physical characteristics Surface area × × ×
Bulk density × ×
Particle size distribution
Pore volume 
(or pore size distribution: ratio  
macro/micropore volumes)

× ×

Chemical characteristics pH × × ×
Liming value (% CaCO3) ×
Electrical conductivity (µs/cm) × ×
Water-holding capacity ×
Water drop penetration time
Cation exchange capacity ×
Calorific value

Biological tests Biodegradability
Earthworm avoidance/attraction ×
Germination inhibition ×

†Data from [147].
‡Data from [148].
§ Data from [307].
¶Water-soluble fraction.
#Relevant local standards should be used.
db: Dry weight; DOC: Dissolved organic carbon; H/C: Hydrogen to carbon ratio; IBI: International Biochar Initiative; PAH: Polycyclic aromatic hydrocarbon;  
Tmax: Maximum temperature.  
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indirect effects; for example, increases in soil organic 
carbon (SOC), and decreases in GHG emissions and 
fertilizer use should be considered in addition to the 
direct benefits of carbon sequestration (Figure 4). 

From these considerations some fundamental issues 
arise that need to be resolved before the true carbon 
mitigation potential of biochar can be quantified. These 
issues are especially relevant for evaluating hydrochar’s 
suitability in soil applications.

First, the time frame over which carbon must remain 
‘sequestered’ has to be decided upon; for example, all 
biochar that is stable for a century could be regarded 
as sequestered in terms of climate mitigation. This 
time frame must be related to other pathways that 
claim to sequester carbon; for example in the form of 
wood (e.g., furniture and reforestation) or SOC (e.g., 
restoration of bogs).

Second, a reliable method to determine the true 
c arbon sequestration potential has to be decided upon. 
Two pathways could theoretically be considered: 

 � Direct accounting: based on the amount of carbon 
that was applied to a soil. The fraction of the applied 
carbon that will remain after an agreed time period 
is calculated from the absolute amount of carbon 
applied to the soil and a ‘minimum-C-sequestered’ 
factor. These factors need to be obtained from a broad 
range of experimental results (various chars, soils, 
crops and climates);

 � Comparative accounting: based on measurements of 
the SOC in char-amended and reference plots. Such 
an approach will account for possible carbon losses 
associated with char use. However, this change has to 
be assured over the complete sequestration timeframe. 

True carbon sequestration potential

Reference system

Reference 
system

Decomposition 
model

Carbon credits 
avoided due to 

less use
of fertilizer

Changes in soil 
organic carbon 

Carbon credits 
due to 

mitigated 
N2O/ CH4

Carbon loss by char 
decomposition 
(estimated via factor§)

Direct effects

Indirect effects

Carbon credits 
associated with 

a change in 
productivity 

Minimum of
sequestered 
carbon§

Measurement 
of the soil 

organic carbon‡

Carbon amount 
applied with 

char†

True carbon mitigation potential

Figure 4. Factors influencing the true carbon mitigation potential of char application. Determination of this 
true carbon mitigation potential requires a well-defined timeframe, over which the carbon is regarded to be 
‘sequestered’ and it crucially depends on suitable reference systems. 
†Direct accounting.
‡Comparative accounting.
§Any ‘carbon-sequestration factor’ must be assessed conservatively (i.e., the fraction of char that is decomposed 
should be overestimated rather than underestimated).
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In addition to the assessment of the true carbon 
sequestration potential, several indirect effects of char 
application have to be taken into account, such as fer-
tilizer use, N

2
O and CH

4
 emissions, change in SOC 

and increased productivity. These changes have to be 
determined in comparison to a nonamended reference 
system. Naturally, the choice of a proper reference sys-
tem is decisive for the accuracy of quantifying these 
indirect effects. The sum of the true carbon sequestra-
tion potential and the indirect effects represents the true 
carbon mitigation potential (see Figure 4). This section 
summarizes the research on these direct and indirect 
effects for biochar from dry pyrolysis and highlights 
the questions still open for hydrochar. 

   � Stability of biochar & hydrochar in soils
Char from natural fires is usually the oldest car-
bon pool present in ecosystems prone to fire [150,151]. 
Lehmann et al. conservatively assessed mean resi-
dence times (MRT) for naturally generated char in 
Australian woodlands to be 1300–2600 years (range: 
718–9259 years [151]. The long-term stability of bio-
char has been shown in Terra preta soils, which con-
tain considerable amounts of carbon; most of which is 
500–2000 years old, sometimes up to 7000 years (14C 
dating, [19,152]). Considerable biochar stocks of 50 t C 
ha-1 have been found down to 1-m depth in such soils, 
despite the climatic conditions strongly favoring decom-
position and the lack of additional biochar additions in 
the last 450 years [19,153]. However, MRT assessments 
from natural ecosystems or Terra preta soils can only 
deliver orders of magnitude in accuracy, since there is 
no way to quantify the initial (repeated) biochar input 
to obtain straightforward mass balances [20].

Despite the fact that biochar contributes the longest-
living organic carbon pool in soils [21,154,155], biochar 
cannot be considered inert. It will ultimately be decom-
posed and mineralized over sufficiently long time scales; 
otherwise the world’s carbon stocks would finally end 
up in biochar [20,156].

Hydrochar, with its less aromatic structure and 
higher percentage of labile carbon species, will prob-
ably decompose faster than char from dry pyrolysis but 
less quickly than uncarbonized material [157]. While 
Kuzakov et al. calculated mean MRTs of approximately 
2000 years from their 3.2-year incubation study in 
the laboratory with 14C-labeled char from dry pyroly-
sis [21], Steinbeiss et al. reported MRTs between 4 and 
29 years for two 13C-labeled hydrochars made from 
glucose (without nitrogen) and yeast (5% nitrogen) 
in a 4-month incubation study [158]. However, the lat-
ter study probably underestimated the ‘true’ MRT of 
hydrochar. Chars usually show two decay phases that 
can be approximated with a double-exponential decay 

curve [20]. First, labile carbon substances on the surfaces 
of the chars are decomposed and the outer surfaces are 
oxidized (which increases the cation exchange capacity 
in the case of biochar) [159,160]. Thereafter, the decay 
of the more recalcitrant fraction continues much more 
slowly (see Figure 11.9 in [20]).

However, the ‘true’ long-term MRT is hard to cap-
ture with a short-term study: the shorter the incuba-
tion time and data set, the larger the underestimation 
of char stability will be. Lehmann et al. showed that 
the MRTs of the recalcitrant fraction, calculated from 
the same data set, can range from 57 years (using only 
the first 2 years of a 100-year data set) to 2307 years 
(using the entire 100-year data set) [20]. Thus, long-term 
studies are still required for a variety of different chars 
before MRTs can be reliably estimated and tied to char 
properties, another reason why a systematic analytical 
characterization of the properties of biochar/hydrochar 
is urgently needed (Table 8) [147].

Physical or biological forces such as freeze–thaw or 
swelling–shrinking of clay minerals, or in-growth of 
plant roots and fungal hyphae into char particles, may 
shatter larger particles into smaller ones. This exposes 
surfaces and increases the total surface area so that the 
char can be further oxidized or degraded. In old bio-
char-containing soils, biochar particles are very small 
(e.g., Terra preta or chernozems); most of the biochar 
is included within micro-aggregates where they appear 
to be protected from further decomposition [150,161]. 
Ploughing and priming by addition of labile carbon 
substrates (cometabilzation) increased biochar decom-
position slightly [20,21,156]. White-rot fungi, whose pre-
ferred substrate is lignin, and other basidiomycetes were 
able to slowly decompose lignite, sub-bituminous coal 
and biochar via excretion of exoenzymes, such as lac-
case, mangane-peroxidase or phenol-oxidase [162,163]. A 
nitrogen-rich hydrochar was preferentially decomposed 
by fungi [158], and considerably stimulated root colo-
nization of arbuscular mycorrhizal fungi in mixtures 
of up to 20% (by volume) beet-root hydrochar chips 
was reported [25]. Therefore, fungi will probably be the 
dominant char decomposers; however, it is unknown to 
what extent their activity will impact char stability in 
soils in the long-term. 

Other means of char loss from soils include surface 
erosion or transport to the subsoil, either as small particles 
with the rain water, or through dissolution as (highly 
aromatic) dissolved organic carbon (DOC). Further 
mechanisms of char movement from the surface to deeper 
layers include bioturbation, kryoturbation or anthropo-
genic management [156,164,165]. The nonmineralization 
carbon losses due to erosion or relocation to deeper soil 
layers can be considerable and quick: Major et al. reported 
a migration rate of 379 kg C ha-1 year-1 from biochar 
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application of 116 t ha-1 to the top 10 cm of a grassland 
soil downward to 15–30-cm depth during a 2-year study 
in Columbia [165]. Conversely, respiratory biochar-C 
losses or losses via DOC were rather small (2.2 and 1%, 
respectively) [165]. The movement of char (components) 
to other ecosystems may have significant effects on its 
stability; the rate of mineralization in deeper layers may 
be insignificant compared with that of top soils.

   � Carbon sequestration potential: soil carbon 
priming or buildup?
An intriguing fact of the Terra preta soils is the sig-
nificantly increased SOC stocks besides the black car-
bon, compared with adjacent Ferralsols [19]. By contrast 
Wardle et al. reported an increased mass loss of organic 
matter over 10 years in mesh bags with a char mix-
ture when compared with those without [166]; the pH 
increase associated with charcoal may have promoted 
microbial decomposition of the acid litter. Therefore, 
addition of biochar or hydrochar to soils or litter layers 
must be carefully investigated with regard to possible 
priming effects that endanger the existing old soil car-
bon pool. However, in Terra preta soils, the increased 
SOC contents do not indicate a long-term SOC loss due 
to biochar presence [19,150,161]. 

Biochar and hydrochar seem to promote fungal 
growth, such as arbuscular mycorrhiza [25,167]. These 
fungi produce the protein glomalin which, as a binding 
agent, significantly promotes soil aggregation [168,169]. 
Thus, both chars may, in the long-term, increase the 
production of nonbiochar SOC by fungal promo-
tion [25], or by formation of organo-mineral complexes 
and aggregates [20]. 

The net outcome of the two opposite mechanisms ‘labile 
carbon fraction induces SOC priming’ and ‘fungal stimu-
lation and soil aggregation protect SOC’ is unknown; it 
may vary with ecosystem or hydrochar properties. Hence, 
field studies are urgently required (Figure 4). 

   � Influence of char on soil fertility and crop yields
Change of soil characteristics with biochar & hydrochar
Biochar application or the presence of charcoal in 
soils has demonstrated several beneficial effects on soil 
p hysicochemical properties. Its presence could: 

 � Enhance the water-holding capacity (WHC) (see 
Figure  5C), aeration and hydraulic conductivity of 
soils [153,170]; 

 � Reduce the tensile strength of hard-setting 
soils [171,172]; 

 � Increase the CEC of soils [153,159,173], resulting in an 
improved nutrient retention or higher nutrient use 
efficiency [174];

 � Stimulate growth, activity and the metabolic efficiency 
of the microbial biomass [174,175], including arbuscular 
mycorrhiza [167,176,25] and N

2
-fixing rhizobiota [177];

 � Attract earthworm activity [172,178,179]. 

However, biochar application to soils is not a straight-
forward road to happiness; results of ‘no (significant) 
change’ have also been obtained. 

Hydrochar will affect soil properties based on the 
same basic principles, ‘soil physics and chemistry’, 
‘water’, ‘nutrients’ and ‘microbial activity’. It will 
very likely reduce the tensile strength, increase the 
hydraulic conductivity and enhance the soil WHC. 
Hydrochars will not have the same large internal sur-
faces as biochars, owing to the lower production tem-
perature [37,72]. Therefore, water retention curves of 
hydrochar–soil mixtures may be different to biochar–
soil mixtures and resemble that of peat- or compost-
additions to soils. 

The WHC of hydrochar is usually greater than 
that of mineral soils; for example fresh wet hydro-
char, pressed wet hydrochar and oven-dried hydro-
char (105°C) produced from the same feedstock (sugar 
beet reminder) showed WHCs of 6.6 ± 0.2 g H

2
O g-1, 

5.9 ± 0,4 g H
2
O g-1 and 1.6 ± 0.1 g H

2
O per g-1 dry 

hydrochar, respectively (n = 4/char) [180]. The WHC 
was considerably reduced after the hydrochar had been 
fully dried, but not after water had been removed by 
pressing. Some hydrochars do become hydrophobic 
when oven- or completely air-dried. Keeping hydrochar 
at suitable moisture for use in soil without i nducing 
fungal degradation may be a challenge.

The majority of hydrochars are more acidic than 
many biochars, which are often alkaline, owing to their 
ash content. Hence, the ‘liming value’ that alkaline bio-
chars can have, reducing, for example, the Al toxicity in 
acidic soils [19,181,182], may not be associated with acidic 
hydrochars. Thus, the effect of the two char products 
on soil biology may vary greatly.

It is likely that hydrochars will undergo ageing pro-
cesses similar to biochars, where the number of functional 
groups on the biochar surface increases over time [159,160]; 
however, large numbers of carboxylic groups on the 
hydrochar surfaces already exist that can theoretically 
increase the CEC of soils, improving ‘nutrients’. To our 
knowledge, this has not yet been investigated. 

Soil fertility & crop yield
For various biochars, it is well documented that their 
application can improve crop yields [183]. However, a 
yield increase is not guaranteed [184,185]. The follow-
ing pattern emerges from the recent body of biochar 
li terature. Biochar application can increase yields:
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 � In degraded or low-fertility soils rather than at 
already-fertile sites [186,171,184]; 

 � In tropical soils [181,184] rather than in temperate 
soils [185,178];

 � In combination with NPK fertilizers or nutrient-
releasing substances rather than without extra nutrient 
supply [171,179,181,186]; 

 � When the chars themselves were sources of nutrients 
(e.g., biochar from poultry litter [172]).

 However, nutrient supply, pH and other soil param-
eter changes alone are not always sufficient to fully 

explain the observed positive or negative biochar effects 
on yields [184,185]. At ‘low’ application rates (where ‘low’ 
is relative) the effect of biochar on yields was even some-
times negative, with ‘nitrogen immobilization’ by the 
high-carbon additive being an often-cited explana-
tion [171,183]. However, patterns may change when more 
studies become available. 

Hydrochars often exhibit higher labile carbon frac-
tions such as carbohydrates and carboxylates than 
biochars [157]. Labile carbon in hydrochars could thus 
initially induce nitrogen deficiency by nitrogen immo-
bilization, particularly in chars from nitrogen-poor 
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Figure 5. Reduction of (A) N2O emissions and (B) CO2 efflux (mean ± standard deviation, n = 4) from a sandy 
loam brown earth mixed with increasing amounts of biochar (peanut hull from Eprida, USA) and set to 65% 
of the maximum water-holding capacity of the respective mixture. Since the water-holding capacity increased 
significantly with increasing amounts of biochar (C; in purple: percentage increase compared with the control), the 
absolute amount of water added to the biochar mixtures was increasingly higher than that added to the control. 
Letters indicate significant differences between treatments (A, B and C: one-way analysis of variance and Student-
Newman–Keuls all pairwise test procedure; statistics and curve fitting: SigmaPlot 11.0). The flux measurement was 
performed 4 weeks after mixing soil and biochar and incubating it at 22 ± 1°C in the laboratory, and 1 day after 
addition of 50 µg N g-1 soil of a NH4

+NO3
- solution to stimulate denitrification. Jar incubations and GC analyses of the 

gas samples for N2O and CO2 were carried out as described in [194]. 

Biofuels (2011) 2(1) future science group106

 Review Libra, Ro, Kammann et al.



feedstock. Conversely, the large labile carbon fraction 
may initiate microbial growth and stimulate soil-char 
nutrient cycling after a lag phase, as observed for some 
biochars [175,182,187]. 

With freshly produced hydrochars mixed with soil, 
we observed a preferential growth of fungi (basidiomy-
cetes); Rillig et al. recently described a strong stimula-
tion of arbuscular mycorrhizal root colonization [25]. 
Hence, depending on the type of fungus it may thus be 
possible to create purpose-optimized ‘designer hydro-
chars’ that, for example, stimulate symbiotic fungi to 
help establish young trees after planting. However, 
experimental data are currently lacking.

The behavior of nutrients in the production process 
and in soil application is still an open question. Char 
from dry pyrolysis has been found to lose some of the 
initial feedstock nutrients (e.g., via volatilization), or the 
nutrients may become unavailable to plants by inclusion 
in aromatic stable structures [185,188], while hydrochar, 
with its lower production temperature, may retain more 
nutrients in a plant-available form, either in the hydro-
char itself, or in the aqueous phase. We have previously 
discussed some of these results. In the face of declin-
ing phosphorus deposits worldwide, the conservation of 
plant nutrients from residual materials for agricultural 
use may become one of the most interesting features of 
char in soil applications. In the current quest for the 
most beneficial SOC- and fertility-increasing man-
agement practices [189], it may be highly promising to 
 consider SOC-increasing soil additives such as chars [18]. 

   � GHG emissions from soils containing biochar 
When char is applied to soils, it is crucial to quantify the 
subsequent fluxes of all GHGs (CO

2
, N

2
O and CH

4
) 

because any positive carbon sequestration effect could 
be diminished, or even reversed, if the emissions of other 
potent GHGs increase after char application. For CO

2
 

emissions from soils, the possibility of ‘priming’ of old 
SOC was discussed earlier in this review. Hence, the fol-
lowing section mainly deals with nitrous oxide (N

2
O) 

and methane (CH
4
) fluxes. 

Sources & sinks of N2O
Nitrous oxide is a potent GHG and absorbs, integrated 
over 100 years, 298-times more infrared radiation than 
CO

2 
[149]. It is predominantly produced during hetero-

trophic denitrification of NO
3

- to N
2
 as a gaseous inter-

mediate, and usually to a lesser extent by nitrification of 
NH

4
+ to NO

3
- as a by-product (see reviews [190,191]). Rates 

of N
2
O emission from agricultural soils are particularly 

high after: 
 � Nitrogen-rich fertilizers have been applied, in particu-
lar in the presence of labile carbon (e.g., manures 
and slurries);

 � When aerobic soils experience anaerobicity (e.g., after 
a heavy rainfall or irrigation); 

 � During freeze–thaw cycles in spring. 

Neglecting N
2
O emissions may cause consid-

erable misinterpretation of the real carbon- (i.e. 
CO

2
-equivalent-)sink capacity of an ecosystem, be it 

agricultural [192] or semi-natural [193]. Conversely, if N
2
O 

emissions are significantly reduced by biochar applica-
tion, this would considerably improve the GHG balance 
of biochar-grown agricultural products. 

Effect of biochar soil application on N2O emissions
Rondon et al. [205] reported reduced N

2
O emissions 

after biochar application. Since then, more reports 
of reduced N

2
O emissions in the presence of biochar 

have followed (Table 9). We also observed a significant 
reduction of soil N

2
O emissions with biochar, both 

without plants (Figure 5) [194], and in the presence of 
plants [Kammann, Unpublished Data]. The effects of hydro-
char on N

2
O formation in soils are even less investi-

gated, let alone understood. In the short term, we 
observed significant reductions of N

2
O emissions in 

unfertilized loamy and sandy soils when hydrochar has 
been added, compared with pure-soil controls [Kammann 

& Ro, Unpublished Data]. 

Mechanisms of N2O suppression
Although biochar application led mostly to reduced N

2
O 

emissions [182], the mechanisms of N
2
O suppression are 

not well understood, nor have they been specifically stud-
ied. The following mechanisms might be involved: 

 � Decrease in anaerobic microsites in soil. Char addi-
tion can improve the soil aeration and lower the soil 
bulk density [8, 72, 153,171]. Hence, the presence of chars 
can probably reduce anaerobic microsites in soils that 
are involved in N

2
O formation via denitrification [191];

 � Change in soil pH. Biochar may reduce N
2
O fluxes 

via pH increases because many biochars from dry 
pyrolysis are alkaline. When soils become less acidic 

Table 9. Overview of the effect on greenhouse gas flux associated with 
biochar or charcoal applications. 

Greenhouse gas flux Effect Ref.

N2O emission + [182,208]

- [37,179,182,197,205,209,210]

CH4 uptake + [182]

- [206,209]

CH4 emission - [182]

CO2 efflux (soil respiration) + [181,175,165,211]

- [182,209,211]

+: Indicates an increase in the GHG flux; -: Indicates a reduction in the GHG flux.
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(e.g., by liming) more NO
3

- is completely reduced to 
N

2
 (i.e., the N

2
O/N

2
 ratio declines) [195,196]. Yanai 

et al. reported that charcoal amendments reduced the 
N

2
O emissions by 89% [197]; however, simply adding 

the alkaline ashes or the dominant ions associated 
with the biochar (K+, Cl-, SO

4
2-) did not reduce N

2
O 

emissions. Here, biochars and hydrochars may have 
opposing effects owing to their pH, with the hydro-
chars being often acidic and the biochar often alka-
line. However, the acidic nature of the hydrochar 
seems to be lessened when it is combined with soil [25]; 

 � N immobilization in soil. Labile carbon compounds 
in fresh biochar, or in particular in fresh hydrochar 
may lead to a temporary nitrogen immobilization in 
soils, thereby reducing NO

3
- or NH

4
+ available for 

denitrification and nitrification and hence for N
2
O 

formation, respectively. However, a reduction of N
2
O 

emissions due to nitrogen immobilization will probably 
not be permanent, demanding long-term studies;

 � Stimulation of plant growth. It has long been known 
that plant growth can reduce the nitrogen availability 
to soil (de)nitrifiers [198–200], which is one of the rea-
sons for the use of catch crops. If plant growth is 
indeed stimulated by biochar, then a larger amount 
of nitrogen might be fixed within the plant biomass, 
allowing less mineral nitrogen for N

2
O formation;

 � Change in nitrogen transformation pathways in soil. 
Biochar may have the potential to change N trans-
formation pathways in soils. Van Zwieten et al. 
reported that at the start of incubations of four dif-
ferent biochars, NH

4
+ concentrations were reduced; 

at the end of the incubations, however, NO
3

- con-
centrations were significantly increased in all cases 
where biochar reduced N

2
O emissions [182]. There-

fore, soil N transformations clearly changed owing 
to biochar addition. However, for hydrochar, more 
or less nothing is known;

 � Chemical reduction of N
2
O. Biochars with their large 

porous surfaces may even chemically lead to N
2
O 

reduction, for example, via metallic or metal oxide 
catalysers on biochar surfaces such as TiO

2
 [182]. If 

this is one of the main mechanisms, it may be more 
strongly associated with biochars than hydrochars 
because of the larger internal surfaces per g of biochar. 

For the effect of chars on N
2
O emissions, many 

open questions remain: do all chars have this reduc-
ing effect on N

2
O emissions? Why does it occur and  

is the mechanism behind it universal? Could one or 
both chars also lead to a stimulation of N

2
O emissions 

under certain circumstances? Most importantly, does 
the reduction prevail even after years in the field? To 

answer these questions, long-term field studies with a 
focus on process-oriented measurements (e.g., involving 
15N-labeling-tracing techniques) are urgently required.

Sources & sinks of CH4

Methane production by methanogenic archaea will 
occur when organic material starts to decay anaerobi-
cally; for example, in swamps, bogs, rice paddies, land 
fills or within ruminant animals. By contrast, meth-
ane oxidation by aerobic methanotrophic bacteria 
(i.e., CH

4
 uptake and hence CH

4
 sink capacity) takes 

place in almost every soil under oxic conditions [201]. 
Interestingly, it is well-established that anthropogenic 
disturbances such as forest clear-cutting, agricul-
tural management (e.g. ploughing) or, in particular, 
N-(NH

4
+-) fertilization diminish soil CH

4
 sinks globally 

[202–204], for reasons that are not yet fully understood. 

Effect of biochar soil application on CH4 fluxes
The effect that biochar or hydrochar additions to soils 
may have on CH

4
 production or CH

4
 oxidation is 

almost completely unknown. Van Zwieten et al. [182] 
mention that CH

4
 production declined to zero in the 

presence of biochar in a grass stand and in a soybean 
field, and that CH

4
 uptake in a poor acidic tropical soil 

increased by 200 mg CH
4
 m-2 per year compared with 

the controls [205]. Priem and Christensen [206] reported 
that CH

4
 uptake rates declined in a savannah that had 

recently been burned. Terra preta studies do not provide 
clues since, to our knowledge, no GHG fluxes have been 
measured so far. 

Mechanisms of CH4 flux changes after char application
Changes in CH

4
 fluxes due to char amendment will be 

the same as outlined for N
2
O: reduced soil compaction 

and improved soil aeration may stimulate CH
4
 con-

sumption, since O
2
 and CH

4
 diffusion are regulated by 

the ‘key factor,’ soil water content [207]. Increases in the 
soil pH (via biochar) in acidic soils may enhance CH

4
 

uptake rates. In highly nitrogen-loaded eco systems, 
inhibition of CH

4
 oxidation may occur [204]. In such 

ecosystems, immobilization of nitrogen by biochar or 
hydrochar application may lead to a faster recovery of 
the CH

4
 sink capacity of those soils. Although it has 

been cited and re-cited in many reviews, beneficial 
changes of CH

4
 fluxes between biochar-amended soils 

and the atmosphere clearly leave much room for further 
research – the issue is far from being resolved.

In summary, the results of the various inves-
tigations present a mixed picture (Table  9)   
[165,175,179,181.182,197,205,206,208–211]. As mentioned in the 
section on char characteristics, research targeted at 
relating char properties to soil interactions is needed 
(Table 8). 
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   � Best practice considerations for 
biochar/hydrochar soil application 
To date, standardized best practice guidelines for the 
application of both char types have not been estab-
lished. Challenges that have to be considered for dry 
char include its ‘dustiness’ and its very low packing 
density [183]. Major and Husk [178] estimated that, in a 
commercial larger biochar field trial in Canada, approx-
imately 30% was lost during transport and incorpora-
tion. Since black carbon fine particles and soot have 
considerable greenhouse potential [149], dust loss must be 
avoided. In addition, the risk of spontaneous combus-
tion or dust explosions in the presence of open fire has 
to be considered [183]. 

To ease the application of biochar to agricultural sites 
and minimize losses when working with machinery, 
several strategies have been suggested [183], including 
a preliminary mixing of the bio- or hydrochar with 
compost, liquid manures or slurries; or wetting a dry 
char with water, followed by management practices 
such as ploughing, discing or deep-banded applica-
tion. Strategies of mixing or composting the biochar 
or hydrochar with a nutrient-carrier substance such as 
green waste (composting), slurry or manure will have the 
positive side effect of ‘loading’ the char with nutrients. 

In contrast to biochar, hydrochar is wet when it leaves 
its production process; therefore, it may be easier to apply 
to soils without dust losses. However, it may be necessary 
to find a ‘water content window’ (probably between 10 and 
15% water content) where the hydrochar is neither at risk 
of dust formation nor quick fungal degradation. To date, 
no guidelines or experiences towards the water content of 
hydrochar for storage, handling and field application exist.

Other applications of char
Char-based materials possess extraordinary properties 
that partly exceed those of current standards. Chars 
from both wet and dry pyrolysis have numerous appli-
cations in crucial fields, such as sustainable energy or 
environmental protection. Feedstocks under current 
investigation vary from well-defined substrates to het-
erogeneous residues and waste streams. One of the most 
appealing features of HTC is that it is a green and scal-
able process, which can be used to tailor design carbon 
and hybrid nanostructures with practical applications 
on a price base that is mostly well below any number of 
corresponding petrochemical processes. Advantages of 
such HTC-based materials over those produced via the 
classical dry pyrolysis process include:

 � The fact that the carbon precursors can be used with-
out additional drying; 

 � The temperature at which they are produced is 
 relatively mild (180–250°C); 

 � The activation step may not be necessary for a dsorbing 
some pollutants; 

 � Less steps are usually necessary until the final product 
is obtained. 

   � Activated carbon adsorbents
One of the most important traditional application fields 
for chars from dry pyrolysis is, without a doubt, adsorp-
tion, especially for water purification purposes. Chars 
normally need an activation step in order to increase 
their sorption capacity, thus becoming ‘activated car-
bon’. The sorption properties of activated carbons are 
extremely versatile and can be used for the removal of 
a variety of inorganic and organic contaminants from 
water such as heavy metals [212], arsenates [213], organic 
dyes [214], as well as many other toxic substances [215]. 
Table 10 [216–230] shows a list of different agricultural 
waste materials used in making activated carbon, 
activation methods, and the adsorption applications.

Activation increases the surface area and pore size. 
There are two methods: physical and chemical activa-
tion. Physical activation involves the activation of the 
char in the presence of activating agents such as CO

2
 

or steam. During chemical activation, the raw materi-
als or chars are impregnated or mixed with chemical 
activating agents. Many activating agents can be used 
in chemical activation, such as potassium salts, sodium 
hydroxide, magnesium chloride, calcium chloride and 
zinc chloride (Table  10). The impregnated or mixed 
materials are then heat-treated in inert environments 
at various temperatures. Mechanisms for the chemi-
cal activation processes have been proposed by [231]. A 
one-step chemical activation process is possible with 
dry pyrolysis, where the raw material is dosed or soaked 
with activating agents and the mixture is dried, and 
then pyrolyzed [216]. 

Sorbents for the removal of heavy metals from water 
have also been successfully designed via the hydrother-
mal process without an activation step. Incorporation 
of very small amounts of carboxylic groups containing 
organic monomers, such as acrylic acid, in the carbon 
structure produces functional high surface area mate-
rials, which were successfully tested as adsorbents for 
cadmium and lead, achieving higher capacities than 
standard synthetic ion exchange resins and other types 
of sorption materials [225]. Such a material is a hybrid 
between a biomass-based hydrochar and acrylic acid 
from petrochemistry; however, the major fraction is 
based on sustainable resources. 

   � Generation of nanostructured materials
The HTC process allows the generation of a variety of 
nanostructured carbon materials designed to fulfill a 
specific function. The structure, size and functionality 
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of the hydrochar can be varied by changing the car-
bonization time, feedstock type and concentration, 
as well as by using additives and stabilizers. Soluble, 
nonstructural carbohydrates produce micrometer-sized, 
spherically shaped particles with numerous polar oxy-
genated functionalities from the original carbohydrate 
or additives. The presence of such surface groups offers 
the possibility of further functionalization and makes 
the materials more hydrophilic and highly dispersible 
in water [96,102]. Through the choice of feedstock or 
addition of certain compounds (so-called ‘doping’), 
the type of functional groups on the hydrochar can be 
controlled; for example, the hydrochar adsorbent dis-
cussed above was improved by ‘carbon-doping’ – the 
addition of organic monomers containing carboxylic 
groups to the reaction solution. 

For biomass without structural crystalline cellulose 
scaffolding, hydrophilic and water-dispersible carbo-
naceous spherical nanoparticles in the size range of 
20–200 nm were obtained [106]. Such carbon nanopar-
ticles might represent an alternative to the current car-
bon blacks, or end up in novel applications, such as 

reinforcement in concrete or pavements. For biomass 
made from crystalline cellulose, an ‘inverted’ structure 
was found, with the carbon being the continuous phase, 
penetrated by a sponge-like continuous system of nano-
pores (representing the majority volume). In addition, 
these products are hydrophilic owing to the presence 
of approximately 20 weight% functional oxygenated 
groups, and can be easily wetted with water. Such struc-
tures are ideal for water binding, capillarity, and ion 
exchange [106]. 

The carbon spheres produced during the HTC pro-
cess can also be profitably used as sacrificial templates for 
the production of new materials. The addition of metal 
salts to carbohydrate solutions results in a very simple 
and scalable all-in-one pathway towards hollow metal 
oxide spheres that can be used in electrochemical or 
other applications [232]. The removal of carbon directly 
results in hollow spheres of the corresponding metal 
oxide (e.g. SnO, NiO, Co

3
O

4
, CeO

2
 and MgO) [102]. 

The micrometer-sized hollow spheres shown in 
Figure 6 enable easy handling in terms of separation or 
device formation in comparison with their nanosized 

Table 10. Examples of source materials and applications for activated carbons from dry and wet pyrolysis.

Source materials Activation methods Applications† Ref.

Coconut tree sawdust, silk cotton hull, sago 
industry waste, banana pith, maize cob

Temperature not reported,
H2SO4

Rhodamine-B, Congo red, methylene 
blue, methyl violet, malachite green, 
Hg (II) , Ni (II)

[217]

Sewage sludge 600–950°C,
spent car oil

H2S [218] 

Dairy manure 200–350°C Pb (II), atrazine [219]

Delonix regia tree pods 160°C,
H2SO4

Crystal violet dye [220]

Hydrolytic product of sawdust 550–800°C,
steam, CO2, KOH

H2 storage [221]

Bean-pods waste 600°C, 
steam

As (III), As (V), Mn [222]

Olive mill waste, sewage sludge 500–800°C,
ZnCl2

Humic acid [223]

Sewage sludge 440–950°C,
ZnCl2, H2SO4

H2S [216]

Bagasse 850°C,
H2SO4

Cd (II), Zn (II) [224]

Coir pith 700°C Congo Red [226]

Broiler litter and cake 800°C, 
steam

Cu (II) [227]

Sewage sludge 550°C, 
ZnCl2

Toluene, methyl-ethyl-ketone, 
1,1,2-trichloroethylene 

[228]

Cattle-manure compost ZnCl2, 
400–900°C

Phenol [230]

Carbohydrate plus acrylic acid Non-activated HTC Cd (II), Pb (II) [225]

Japanese cedar HTC at 350°C with addition of 
hydrogen peroxide

Phenol [230]

†Compounds investigated for adsorption.
HTC: Hydrothermal carbonization.
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constituents, while their mesoporosity provides a high 
surface area network that can be easily penetrated 
by electrolytes. 

Similar to the HTC-generated materials, activated 
carbon materials from dry pyrolysis can also be used 
as templates for the generation of hollow metal oxide 
spheres (TiO

2
, Nd

2
O

3
, SiO

2
 and Al

2
O

3
) [233], or hollow 

fibers (ZrO
2
/TiO

2
 [234]). However, these applications 

require the use of solvents in contrast to the aqueous 
HTC process. A further advantage of HTC is that it 
can produce metal oxides not accessible by traditional 
sol-gel processes.

   � Catalysis
Carbon materials can be used as catalyst supports or 
as catalysts on their own, owing to their high stabil-
ity at elevated temperatures and against harsh reaction 
conditions. In addition to the well-established use of 
activated carbon as a catalyst in the production of fine 
chemicals [235,236], a large number of new applications 
using carbon as a catalyst, both in the liquid and gas 
phases, have been reported [237].

A particular role in this field is played by carbon 
nanocomposites obtained by impregnation of the acti-
vated carbon from dry pyrolysis with various metal pre-
cursors, followed by reduction. Among all the different 
nanomaterials produced in this simple route, carbon 
materials loaded with noble metal such as Pt and Pd 
have gained particular importance owing to their ver-
satility in different catalytic reactions, such as hydroge-
nation [238], hydrodechlorination [239] and various other 
coupling reactions [36]. 

An advantage of hydrochars in this application 
is their polarity and the functional groups on their 
surface, which makes further modification easier; 
for example, noble metal salts such as Pd0 can be 
reduced in situ by the aldehyde groups of the carbo-
hydrates, resulting in hydrochars loaded with metallic 
nanoparticles. These hydrophobic nanoparticles will 
be preferentially located in the hydrophobic center of 
the carbon sphere [240]. This system proved to be a 
successful catalyst for the selective hydrogenation of 
phenol to cyclohexanone. Such selective binding and 
enrichment bring technical catalytic systems closer to 
the p erformance of natural enzymes.

The coupling of TiO
2
 and activated carbons from dry 

pyrolysis has long been employed to degrade various dis-
solved organic pollutants photocatalytically under UV 
light [241,242] or with oxidants (e.g., ozone or H

2
O

2
 [243]. 

The same principle can be used with HTC; for exam-
ple, a nanocomposite was produced by simultaneous 
hydrothermal treatment of Ti isopropoxyde and glu-
cose. This carbon-doped titanium dioxide (C@TiO

2
) 

has a high surface area able to absorb a high amount 

A B

C D

Figure 6. Scanning electron micrographs (SEMs) of (A) NiO, (B) Co3O4, 
(C) CeO2, and (D) MgO hollow spheres [102]. 
Reproduced with permission from the American Chemical Society.

of photoenergy in the visible range, effectively driving 
photochemical degradation reactions of organic dyes 
and pollutants [244].

The addition of nitrogen-containing functional 
groups (N-doping) to hydrochar can produce carbon 
materials with surface functionality that is tuned with 
temperature in order to meet various application require-
ments; for example, x-ray photoelectron spectroscopy 
has shown that hydrochar produced hydrothermally at 
180°C has amine functionality at the surface and, once 
heated at higher temperatures, the functionality changes 
towards pyridinic nitrogen (N incorporated within a 
graphitic structure) (Figure 7A). Another advantage is 
that such materials exhibit high surface areas with a 
well defined mesoporosity (Figure 7B). These materials 
successfully catalyzed various reactions selectively and 
at high conversions [244].

   � CO2 sorption
Microporous materials such as activated carbons and, 
in particular nitrogen-doped carbon materials, show 
great potential for adsorbing CO

2
 at relatively high 

temperatures (150–500°C) [245]. The capture of CO
2 

in the gas phase
 
with low cost, highly selective solid 

sorbents is another important strategy to reduce CO
2
 

emissions, in addition to the direct sequestration of 
CO

2
 as a solid in biochar [246]. Such designed materials 

were recently produced hydrothermally, either directly 
using nitrogen-containing carbohydrates as precursors 
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(e.g., chitosane, glucoseamine, algae or crustacean bio-
waste [247,248]) or using a mixture of carbohydrates and 
nitrogen-containing natural precursors (e.g., glucose 
and ovalbumine protein [96]). The performance of these 
designed materials can be improved even further by 
grafting branched amino groups onto their surface [249]. 

   � Energy production & storage
Various applications exist for carbon materials in the 
field of fuel cells: as a solid phase for hydrogen stor-
age [250], as catalysts in low temperature fuel cells to 
enhance the rates of the hydrogen oxidation and oxy-
gen reduction reactions [251], or as the fuel itself [252,253]. 
The fuel cell efficiency can be increased using carbon 
colloids as a fuel, since electrochemical oxidation of a 
solid depends on the absolute surface area and its surface 
structure. For indirect carbon fuel cells operating in 
water at ambient temperatures, design of carbon colloid 
fuels prepared by the HTC process shows promising 
potential [252,253]. Such a hydrochar proved to be even 
more reactive than various natural coals, since it features 
a chemical structure mainly composed of aliphatic and 
olefinic building units, which are highly reductive and 
reactive, while the amount of conjugated aromatic rings 
is remarkably low. The micrometer-sized spherical par-
ticles dispersed in water additionally offer a more acces-
sible surface for the heterogeneous oxidation process.

Another field where hydrochar may bring an advan-
tage is in electrochemical energy storage with lithium-
ion batteries and supercapacitors. Their high energy or 
power densities, portability and promising cycling life 
are the core of future technologies [254,255]. Graphite 
and activated carbon are still the most used materials 

for lithium-ion batteries and for supercapacitors, respec-
tively [256,257]. However, improved anode materials are 
still being sought, with improved storage capacity and 
thermal stability over commercial graphite. Among 
these, Sn- and Si-based electrodes have gained particu-
lar attention owing to their properties of forming alloys 
with Li, thus, resulting in very high theoretical capaci-
ties. However, the use of such materials is still hindered 
by the low electric conductivity and poor cycling life. In 
order to overcome such problems, researchers recently 
started to combine both materials, Sn/Si and C, in one 
single electrode with improved performance [258]. HTC 
provides suitable functional groups for binding the car-
bon layer to the surface of Si or Sn. Thus, a Si/SiO×/C 
nanocomposite produced by HTC of preformed silicon 
showed excellent cycling performance, and high rate 
capability [102,259,260]. 

Furthermore, improvements in the cathode in Li 
ion batteries are also still required. Using a hydro-
thermal carbon coating technique, LiFePO

4
/C cath-

odes in lithium cells were prepared, showing excellent 
electrochemical performance [253]. 

These scientific advances are still far from produc-
ing any competitive commercial energy-producing and 
storage device; however, these experiments already 
prove that carbon colloids derived from hydrother-
mally treated biomass can indeed act as a potential 
fuel for decentral energy generation with an overall 
zero-emission balance of CO

2
.

Regulations for land application of chars
To date, there are no regulations in the US or EU that 
are specific to the land application of char. However, 
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land application of soil amendments such as biosolids 
(originating from sewage sludges), compost and fertil-
izer are regulated. It is hypothesized that regulations 
governing the application of biochar will be at least as 
stringent as those controlling the application of these 
products. Therefore, this section summarizes the cur-
rent regulations as an orientation aid for developing char 
processes and applications. However, it is important 
to note that new regulations associated with national 
environ mental initiatives or international carbon 
trading schemes may drive future biochar regulations. 

   � Regulations in the USA
The US regulations that may apply to land application 
of char are probably those currently in place for land 
application of biosolids (regulated federally) or other soil 
amendments (e.g., fertilizer and compost), which may 
vary from state-to-state. 

Land application of biosolids is regulated federally 
by the so-called Part 503 rule [261], which requires that 
sewage sludge be processed (or stabilized) for patho-
gen destruction, vector attraction reduction and odor 
minimization prior to land application. Based on the 
biosolids properties, they are classified into four qual-
ity categories and restrictions are placed on the type of 
receiving land (e.g., agricultural land, lawns and home 
gardens) and on crop harvesting, animal gazing and 
public contact associated with these areas. The required 
pathogen and vector attraction reduction, as well as 
allowable metal concentrations vary for each category; 
the highest classification, exceptional quality, has the 
most stringent metal concentration limits (Table 11) and 
can be applied with few restrictions. 

Biochar application may also be governed by rules 
associated with land application of composts, which 
are set by state environmental or department of trans-
portation (DOT) agencies [262,308], and thus, limits/
restrictions vary from state-to-state. The limits sug-
gested by compost-quality guidelines include soluble 
salt concentrations, pH, particle size, heavy metal con-
centrations, odor, respiration rate, foreign material, 
pathogen limits and PCB levels [262,309,310] In some 
states, the carbon:nitrogen ratio, feedstock source, 
cation exchange capacity, sulfide, application rate; and 
nutrient and organic matter concentrations are also 
regulated [308]. 

There are few regulations governing fertilizer appli-
cation in the US. Restrictions depend on the fertilizer 
source. Nutrient and metal levels are generally restricted, 
although fertilizers originating from recovered organic 
materials (i.e., yard waste and food waste) may have 
more stringent restrictions (see those associated with 
compost application [305]). Fertilizers composed of bio-
solids must adhere to the Part 503 rule. 

   � Regulations in the EU
The standards that may apply to biochar use vary based 
on the individual country within the EU as well as on 
the regulations in play. An overview of various European 
standards for composts is given in Table 11 in addition 
to US standards for biosolids and relevant German 
standards. The values vary considerably between coun-
tries and application. In the following section, the four 
German federal ordinances that may apply for biochar 
application are discussed. 

Biochar is likely to be classified as either a fertilizer 
or as soil-ameliorating agent for agriculture use under 
current German legislation. Although soil-ameliorating 
agents (or soil improvers) do not have any nutrients, they 
have a positive influence on the biological, chemical or 
physical status of the soil to improve the effect of fertiliz-
ers and are, therefore, regulated by the fertilizer law [263]. 
The limits of potential pollutants are regulated in the 
corresponding ordinance [264], and listed in Table 11. 
The maximum annual input allowed is determined by 
the nutrient content. Currently, only ashes derived from 
natural wood are permitted as soil improvers. 

If biochar is applied as part of a compost or mix-
ture with compost, the Biowaste Ordinance [265] 
must be considered in addition to [264]. All compo-
nents in the mixture must meet the limits for heavy 
metals and organic pollutants set by the German 
Fertiliser Ordinance [264] individually (Table  11) 
[142,261,264,265,266,303]. There is a maximum application 
limit for compost of 20 tons per hectare in 3 years. If 
the heavy metal and organic pollutant content is very 
low, it is possible to get exceptions from the responsible 
authorities. 

To avoid any restrictions in application quantity, 
it may be possible to use biochar to build a “root-
penetrable soil layer” according to the Soil Protection 
Ordinance [266], as long as the limits for the metal and 
organic pollutants in the Sewage Sludge Ordinance [267] 
are met. The Sewage Sludge Ordinance includes limits 
on metal concentrations in the sludge itself, as well as on 
background values for metals in soil. Sludge application 
is only allowed on soils with metal concentrations below 
the soil limit values. There is a maximum limit of 5 tons 
sludge per hectar in 3 years. 

Conclusions
Carbonization of biomass residue and waste materials 
has great potential to become an environmentally sound 
conversion process for the production of a wide variety 
of products. However, process and product develop-
ment are still in their infancy for these feedstocks, and, 
accordingly, there are many aspects that require addi-
tional research. Filling the current research gaps is nec-
essary before the process can be designed and exploited 
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to produce char for specifically intended applications. 
Box 1 highlights specific activities for further research. 
The general challenges are summarized here. 

Fundamental and systematic investigations are still 
required before the suitability of pyrolysis and char-
based concepts for the sanitation and waste sector can be 
evaluated. These investigations have to address first and 
foremost the physicochemical characteristics of the con-
version products (e.g., organic and inorganic; gaseous, 

liquid and solid) and their fates, in order to develop 
process combinations for treating all three phases, as 
well as developing applications for the resulting chars.

Many years of research have shown that biochar 
from dry pyrolysis has great potential to significantly 
reduce CO

2
 emissions via soil application for carbon 

sequestration and soil amelioration. If biochar is to be 
included into a carbon trading scheme, fundamental 
issues still need to be resolved in order to quantify the 

Box 1. Overview of future research areas.

Char production
 � Determine which initial feedstock properties significantly influence the hydrothermal carbonization (HTC) process energetics and final 

product composition and yield
 � Develop a feasible process model to describe the HTC of biomass, both qualitatively and quantitatively
 � Relate feedstock properties and process conditions to char characteristics
 � Assess life cycle impacts for char production systems vs alternative technologies for the treatment of waste streams, especially considering 

the respective by-products and transportation requirements
 � Develop scenarios for evaluating the efficiencies of the two pyrolysis processes under various conditions, individually and comparatively, 

to find the most suitable carbonization treatment for various feedstocks, intended applications and pertinent boundary conditions
Characteristics of char & by-products

 � Determine the chemical structure of various hydrochars and its relevance to various applications such as soil amendment, carbon-
sequestration and activated carbon precursor

 � Develop a classification system for char characterization based on process and product parameters, which can be used to estimate the 
suitability of the char for the desired application

 � Determine how char characteristics affect soil conditions (e. g., pH, cation exchange capacity, water-holding capacity, recalcitrance of 
applied carbon and impacts on soil organic carbon mineralization) and plant growth

 � Characterize water phase from HTC in terms of water quality parameters and individual chemicals
 � Determine the fate of environmentally important chemicals during HTC processes such as metals, polycyclic aromatic hydrocarbons, 

dioxins and nutrients
Biochar applications
Stability in soil 

 � Perform long-term field and laboratory studies to systematically quantify the fractions of sequestered and decomposed char over agreed 
time frames for a broad variety of different chars, soils, cropping systems and climates

 � Identify the main char-decomposing mechanisms and microorganisms
 � Estimate the water pollution potential of the decomposition products
 � Connect the stability results to char properties to enable ‘forecasts’ for new types of char
 � Obtain minimum-carbon-sequestration factors based on field experiments to build a basis for the inclusion into carbon trading schemes

Soil fertility
 � Investigate changing soil properties due to char application for a broad variety of chars, soils, cropping systems and climates
 � Identify key mechanisms of crop yield increase and soil amelioration
 � Design biochars for different situations (e.g., soils, crops and climates) and develop processes suitable to produce such chars in an 

environmentally sound manner
Indirect effects of carbon mitigation

 � Investigate the effect of char application to different soils, cropping systems and climates to include the indirect effects of char application, 
to avoid the danger of missing negative effects (e.g., soil organic carbon loss and increased greenhouse gas emissions), and add possible 
positive effects (e.g., soil organic carbon build-up and reduced greenhouse gas emissions)

 � Identify key process mechanisms of GHG-flux changes, if general patterns emerge, to enable general predictions
Other applications

 � Investigate how the various constituents of the biomass residuals affect potential products and their properties
 � Identify process limiting factors for scale-up

Communication networks between stakeholders
 � Facilitate communication between char researchers, producers and users in order to exploit the ability to influence char properties in the 

production process and ensure the quality of products
Regulations 

 � Revise legislation to create an investment-friendly framework for the secure use of clean, ecologically compatible chars either in agriculture 
or as materials or fuel to implement intelligent, sustainable material and energy flows
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carbon mitigation effects. These 
include the time frame over which 
carbon must remain ‘sequestered’ 
and the choice of a method for the 

assessment of such ‘sequestered’ carbon. Currently, the 
results of the extensive investigations still do not give a 
consistent picture in many aspects, ranging from plant 
growth stimulation to GHG emissions.

Better quantification and reporting of char char-
acteristics is an important step in understanding this 
variability in experimental results. The fact that the 
characteristics of char depend highly on feedstock 
and process conditions is often not adequately taken 
into account in experimental investigations. Further 
research is necessary to identify important character-
istics for soil amendment and their effects in the soil 
in order to provide a basis for the design and choice 
of suitable processes to achieve a high-quality char for 
soil amendment. 

To this end, communication between char produc-
ers and users must be improved in order to exploit the 
ability to influence char properties in the production 
process and ensure the quality of products. However, 

not only the char–soil interactions in the final stage 
of the product life cycle are of interest. The overall 
impacts on health and environment in all stages of 
the life cycle must be evaluated. Further development 
of both chars must be accompanied by comprehen-
sive analyses of processes, products, by-products and 
their fates and impacts along the life cycle. This is 
especially important for complex feedstocks such as 
heterogeneous organic residues. In addition to the fate 
of the carbon bound in the char and mobile organic 
compounds, the fate of the inorganic constituents 
(e.g., nutrients and heavy metals) in the original feed-
stock must be determined, both in the process and in 
the application. 

It is important to note that this is an iterative pro-
cess – especially in biochar applications – since the com-
plex soil interactions are not well understood and which 
product properties will produce the most benefit are 
not clear. Progress in this area must flow into work on 
process development in wet and dry pyrolysis, so that 
methods for designing new material properties can be 
tuned to produce the chars with the desired attributes, 
for instance, nutrient content. 

Executive summary

Feedstocks
 � Hydrothermal char production processes require a water content that exceeds the one feasible in dry pyrolysis. This considerably widens 

the spectrum of potential feedstocks to a variety of the nontraditional renewable wet agricultural residues and municipal waste streams 
for beneficial waste use. 

 � The overall suitability of thermochemical conversion processes for these wet residual streams will ultimately be dependent on combined 
management concepts that encompass their collection, the treatment of by-products in the water phase and the recovery of nutrients, 
besides the production of economically viable products.

Chemistry & energetics
 � The chemistry of hydrothermal carbonization (HTC) offers a huge potential to influence product characteristics on demand and thereby 

produce purpose-optimized ‘designer’ chars.
 � HTC reactions show a comparable calorific nature to those of dry pyrolysis; however, there are significant differences in the process design 

and energetic requirements involved in running the process. 
 � Detailed ecological and economical analyses of the products and by-products of HTC need still to be made, 

Char characteristics
 � Hydrochar has substantially different characteristics than char from dry pyrolysis. However, the characteristics of both products, depend 

highly on feedstock and process conditions. HTC usually achieves a higher solid yield than dry pyrolysis, but does not produce energy 
gases as in dry pyrolysis.

 � Better quantification, reporting and standardization of char characteristics and production conditions are required in order to understand 
the wide variability found in experimental investigations. 

Chars in soil amelioration
 � Hydrochar with a high number of carboxyl groups could have soil-ameliorating properties. Such hydrochars may be useful for increasing 

the carbon content of degraded soils and improving plant nutrition.
 � However, compared to biochars from dry pyrolysis, knowledge on hydrochar use in soils is in its infancy. Thus, possible toxic effects or risks 

have to be carefully evaluated.
 � Hydrochar may be more stable than normal soil organic matter, but less stable than biochar from dry pyrolysis. Knowledge on its property-

related long-term stability in soils is lacking.
 � It is unknown to date if hydrochar may reduce emissions of the potent greenhouse gas N2O from soils in the same way as biochar.

Other applications 
 � The HTC process allows the generation of a variety of tailor-designed hydrophilic nanostructured carbon and hybrid materials. They have 

been successfully demonstrated in a number of applications as adsorbents, catalysts, ion exchangers and in energy storage.
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