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1. Introduction 

 Soil degradation is a global phenomenon resulting in loss of biodiversity and ecosystem 
services. Acidification, compaction, salinity, decrease of water holding capacity, cation 
exchange capacity and soil organic matter are amongst the main consequences of soil 
degradation requiring control, prevention, elimination or at least mitigation at global scale. 
Nowadays, the issue of waste management is another pressing environmental problem. This is 
primarily because the traditional waste management technologies through incineration and 
landfilling have proven to be ineffective further aggravating the environmental problems. 
Different waste management practices have emerged aiming at restoring land sustainability and 
focusing on the reduction of the landfilled waste amount as well as protection and improvement 
of soils while reducing greenhouse gas emissions. The addition of various waste derived 
amendments into soil to recover and improve its quality and functionality is one of the 
options/possibilities. Biochar, a by-product of biomass (including organic wastes and by-
products) pyrolysis is a carbon-rich organic amendment, the application of which has been 
accepted as a sustainable approach and a promising way to improve soil quality. The existing 
literature on biochar utilization in soil reveals the lack of a systematic approach focused on the 
establishment of reliable field applications based on preliminary scale-up experiments and long-
term field studies. 
 The scope of this PhD thesis is to develop a biochar-based environmentally friendly soil 
improvement technology in the framework of a multi-step technology development while 

 
The main objectives of this thesis are the following: 

1.  To establish a multicriteria decision system for characterizing, ranking and selecting 
biochars of different origin for soil improvement. 

2.  To test the applicability and compare the performance of multiple biochar products in 
laboratory-scale microcosms prior to a field study. 

3.  To characterize and evaluate the applicability of a previously selected biochar product to 
an acidic and a calcareous sandy soil at field scale, therefore to choose a biochar product 
and the rate, which effectively improves the physico-chemical and biological properties 
of the studied soils as well as to demonstrate that the biochar-treated soils provide a 
better habitat to soil-living organisms. 

4.  To measure and evaluate the biochar-mediated effects on an acidic and a calcareous 
sandy soil, to determine the influences on soil physico-chemical and biological 
properties and characterize the dependence on soil type and biochar dose, 

5.  To assess the applicability and pertinence of the complex monitoring toolkit comprising 
a wide range of methods, which examine the applicability of a certain biochar from 
several perspectives (physico-chemical, biological and ecotoxicological) treating soil as 
a unit. 

At first, biochars produced from different feedstock and under varying pyrolysis conditions 
have been screened and characterized with a complex methodology consisting of various 
physicochemical and biological methods and ecotoxicity testing. Then based on the results, 
a priority list was prepared. In the second phase microcosm experiments of various size and 
duration were carried out, with both acidic and calcareous sandy soils and at different 
biochar concentrations, aiming to assess the effects of the selected biochars on soils and to 
recommend the most efficient treatments for the field application. As the last step, field 
studies were carried out simultaneously at two sites featuring an acidic sandy, and a 
calcareous sandy soil applying one selected biochar at three different concentrations. The 
changes in the soil properties upon biochar treatment have been monitored with a complex 
approach for 2.5 years. 



2. Literature review 
2.1. Soil, its degradation types and waste utilization in soil improvement 

Soil as the "biological engine of the Earth" is one of the most diverse habitats and contains 
the most diverse collection of living organisms as the outermost solid layer of the Earth. Its 
main characteristic is fertility, namely its ability to supply water and nutrients to the vegetation 
living on it for an appropriate period of time, thus enabling the production of primary biomass1. 

Degradation of our soils is one of the greatest challenges humankind has to face. The 
problem of soil degradation is as old as settled agriculture2; however, its extent and impact on 
the global environment and human welfare is more pronounced now than ever before. It is an 
urgent problem for two main reasons: firstly, soil degradation undermines the productive 
capacity of an ecosystem, and secondly, by altering the water and energy balances and 
disrupting the nutrient cycles, it also affects the global climate. Soil degradation is the decline 
in soil quality caused by physical, chemical, and biological processes. It is a complex 
phenomenon and fuelled worldwide by increasing human populations, fragile economies, and 
misguided farm policies. Furthermore, there is also often a conflict between long-term 
consequences and short-term benefits2. 
 Nowadays, however, with the rise and rapid development of environmental technologies, 
new, innovative soil improvement techniques have also emerged besides the classic, well-
proven methods. As the treatment, storage, disposal, or possible recycling and use of wastes is 
a critical issue today the traditional soil improvement practices are beginning to take a back 
seat, being replaced increasingly by innovative techniques which combine soil improvement 
with waste recovery. Most organic wastes contain large nutrient amounts, which may have no 
benefit or be even disadvantageous under certain circumstances (i.e., in surface waters), but 
may become beneficial if streamed to agricultural land. Some wastes provide meso- and 
micronutrients satisfying special plant needs. The advantage of the developed technology is that 
it improves the soil as a single unit, not just some individual soil properties i.e., it affects both 
soil physico-chemical and biological properties and even soil fertility. The applied 
amendments, derived from organic materials have generally large pore spaces, which improve 
water and nutrient transportation and balance, and their particles have a large, highly charged 
surface area, which can adsorb or attract nutrients and trace elements, helping to prevent their 
leaching and improving their availability to plants. Organic amendments may be beneficial to 
microorganisms, as they supply energy for growth as well as providing a long term supply of 
nutrients such as nitrogen, phosphorus and potassium3. 
 

2.2. General review of biochar and its effects on soil 

In 2015 the European Biochar Foundation in the European Biochar Certificate (EBC4) 
defined biochar as a heterogeneous substance rich in aromatic carbon and minerals. Biochar is 
produced by pyrolysis of sustainably obtained biomass under controlled conditions with clean 
technology.  

                                                 
1 Stefanovits, P., Filep, G., Füleki, G. (2010) Talajtan  
2 Lal, R., Stewart, B.A. (1990a) Soil degradation: A global threat, in: Advances in Soil Science 11. Springer-Verlag, New York, 

pp. 13 17. 
3 Gruiz, Katalin, Klebercz, O. (2014) Environmental risk of waste and its management, in: Gruiz, K, Meggyes, T., 

Fenyvesi, É. (Eds.), Engineering Tools for Environmental Risk Management: 1. CRC Press/Balkema, Leiden, 
The Netherlands, pp. 135 151. 

4EBC (2012) European Biochar Certificate - Guidelines for a Sustainable Production of Biochar. European Biochar Foundation 
(EBC), Arbaz, Switzerland 



The International Biochar Initiative (IBI5), refining the definition, only calls the charcoal 
used for soil improvement in agriculture and environment protection as biochar. Pyrolysis refers 
to the thermochemical decomposition of various organic wastes under controlled conditions in 
an oxygen-poor or oxygen-free environment under the influence of heat. As products, syngas, 
bio-oil and solid biochar forms and the ratio of these products depends on the pyrolysis 
conditions (i.e.: temperature, pressure, time, heating, and heating rate). Depending on the 
original feedstock and pyrolysis conditions the properties of the resulting biochar varies greatly. 
High-temperature biochars, in general, feature fewer available nutrients, more condensed 
aromatic C content, high pH and large surface area. Due to the increased aromaticity, its 
potential to sequester carbon as well as its adsorption capacity increases, furthermore via the 
electron- , its capacity to interact with nutrients and metals grows. The quantity of 
easily decomposable components and acidic functional groups will decrease as the pyrolysis 
temperature rises. Due to high ash content and pH, they may work as a liming agent, therefore, 
high-temperature biochars are suitable for improving acidic soil, but not alkaline soils. On the 
other hand, higher biochar yield is obtained with low-temperature pyrolysis, and the product 
features more O-rich functional groups which can act as nutrient exchange sites and it has higher 
volatile matter content. These biochars contain more labile organic compounds (aliphatic and 
cellulose-type structures), which support the microbial activity. Since biochars pyrolysed at low 
temperature have a lower pH, they are well suited to improve arid soils due to their ability to 
reduce nutrient leaching as well as to enhance soil activity and functions in calcareous soils6. 

As of its most important properties, biochars generally feature alkaline pH, due to which 
they can alter the soil pH, depending on their own initial pH, soil type, the feedstock of the 
biochar, pyrolysis conditions, and the applied ratio. The addition of biochar to acidic soils might 
increase soil pH, affecting the bioavailability of nutrients5. Application of biochars can induce 
a liming effect, due to their high pH and ash content that neutralizes soil acidity, thus enhancing 
soil quality. One of the most essential properties of biochars is the porous structure and the large 
specific surface area. When mixed into soil, biochar changes soil texture, pore size distribution, 
bulk density, and might stabilize soil aggregates, influencing soil aeration and water holding 
capacity. These properties affect plant growth, fertility, as well as soil cultivation. Biochar may 
also reduce the leaching of plant-available nutrients from soil caused by irrigation water, and 
this process is highly correlated with the higher surface area of biochar7. With its own nutrient 
content, biochar improves the nutrient supply of the soil and increases the availability of plant-
accessible nutrients, although its nutrient composition is highly dependent on the feedstock and 
pyrolysis conditions. Biochar products are able to sequester carbon in the soil, as compared to 
other soil amendments (compost, manure, etc.), the half-life of biochar products represent a 
different magnitude, between 102 and 107 years (lower and higher temperature BC types, 
respectively), which means that biochar products are 10 100 times more stable than the above-
mentioned fast-degrading soil additives. Furthermore, due to its complex influence on the 
nitrogen cycle, biochar addition to the soil can mitigate its greenhouse-gas emission both in the 
short- and long term6. From the start of biochar research, the role of micropores as habitat for 
soil-living microbes has been hypothesized as well, protecting them from environmental stress, 
such as desiccation or predators, thus influencing and enhancing the biological activity of soils, 
which is crucial to obtain healthy soil functioning8.  

                                                 
5 IBI (2014) Standardized Product Definition and Product Testing Guidelines for Biochar That Is Used in Soil. International Biochar Initiative 
6El-Naggar, A., Lee, S.S., Rinklebe, J., Farooq, M., Song, H., Sarmah, A.K., Zimmerman, A.R., Ahmad, M., Shaheen, S.M., Ok, Y.S. (2019) 
Biochar application to low fertility soils: A review of current status, and future prospects. Geoderma 337, 536 554. 
7

Laghari, M., Naidu, R., Xiao, B., Hu, Z., Mirjat, M.S., Hu, M., Kandhro, M.N., Chen, Z., Guo, D., Jogi, Q., Abudi, Z.N., Fazal, S. (2016) 
Recent developments in biochar as an effective tool for agricultural soil management: a review. J. Sci. Food Agric. 96, 4840 4849. 
8 Ralebitso-Senior, T.K., Orr, C.H. (2016) Biochar application: essential soil microbial ecology. Elsevier. 



When assessing the influence of biochar on the supply and retention of nutrients in soil, 
due to its complex effects on soil properties, both the direct and indirect effects should be 
considered. Biochars tend to have a more outstanding effect on crop productivity in case of 
acidic or sandy soils, then in loam or silt soils, due to their ability to neutralize the soil pH and 
to improve the physico-chemical properties of these soils. On the other hand, there are 
contradictory results in the literature about its effect on crop yield. because the impact of BC 
application seems to be highly dependent on the experimental set-up and conditions. 
Consequently, new efforts are focused on the assessment and evaluation of the mechanisms by 
which biochars act on crop productivity in long term field studies using a wide range of biochars 
in different soil types6. There is an order of magnitude difference between the number of field 
and laboratory or greenhouse experiments, which, in addition, in some cases, gives conflicting 
results. The difference in results can be attributed to the conditions (weather and environmental 
factors) prevailing in the open field, and in most cases, field experiments are long-term therefore 
the number of field trials needs to be increased. As another future research direction, the study 
and prediction of the long-term effects and stability of biochar in soil is of paramount 
importance, and from an economic point of view, preference should be given to research using 
lower-dose biochar treatments9. To maximize the performance in low fertility soils, 
standardization of BC production and application methods for dealing with each specific issue 
in low fertility soils could be an optimal solution6. 

3. Materials and methods 

 As a first step of the scale-up technology development 14 biochars of different origin 
were purchased and tested with an integrated methodology consisting of various physico-
chemical and biological methods and ecotoxicity testing to assess their applicability as soil 
ameliorant. A scoring-ranking system was developed for the assessment and ranking of certain 
biochar products in terms of their suitability for risk-based soil amendment taking into account 
both their technological and environmental efficiency. During the development of the Multi 
Criteria Decision Support System (MCDSS), we developed a classification system where points 
from -5 to +5 were assigned to the BC products based on their performance in the conducted 
test. 
 The best-performing biochars from the first phase (grain husk and paper fibre sludge 
biochar (BC1-PFS), grain husk and paper fibre sludge biochar post-treated with nutrient and 
compost (BC2-PFSA), woodscreenings biochar (BC5-W), miscanthus/Chinese reed biochar 
(BC14-M)) were then applied in microcosm experiments of different duration to compare their 
performance in different doses and soil types. Based on the results, the biochar from grain husks 
and paper fibre sludge (BC1-PFS) was chosen as the best one for the long-term field experiment 
at two sites, to monitor its effects on the parameters of an acidic sandy and a calcareous soil. 
 Throughout the entire technology development, the experiments were monitored by an 
integrated approach to get the broadest picture of the processes in the soil and of the 
technological and environmental efficiency of the soil improvement technology with biochar. 
Since each step of technology development had different goals the monitoring methods were 
adapted to them, however, at each stage the physicochemical, biological, and ecotoxicological 
parameters were examined. The summary of the conducted tests is given in Table 1. The array 
of the applied physico-chemical analyses included the following: pH, water holding capacity 
(WHC), loss on ignition, various nutrient contents (organic matter, ammonium-lactate soluble 
P and K content, N forms and cation exchange capacity), BET specific surface area and pore 
volume as well as XRF studies for heavy metal content.  

                                                 
9 -  New insights and 
future research challenges. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2020.136857 



 For the monitoring of biological activity of the samples, the bacteria and fungi cell counts 
were determined, and to examine the microbial substrate utilization patterns the Biolog® 

 method was used. Besides that, substrate induced respiration measurement was 
carried out, but only in case of the field trial. Since the PAHs and PCBs produced during 
pyrolysis and the heavy metals from the feedstock may have adverse effects on the 
environment, the ecotoxicological tests were of paramount importance. Sinapis alba and 
Triticum aestivum root and shoot elongation tests were carried out as well as a mortality test 
with the springtail Folsomia candida. To test the habitat function of the biochar-treated soil, a 
soil preference behavioural test was conducted using a modified Enchytraeus albidus 
(potworm/white worm) avoidance test. To assess the agronomic performance in the case of 
microcosm No. 2, after 1-year incubation, maize (Zea mays) was planted into the pots and the 
chlorophyll content of the developed plants was determined. 

Table 1. Methods applied in the different phases of the technology development 
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 13.4. 
software. One-way analysis of variance (ANOVA) was performed identifying significant 
effects (p<0.05) during the screening phase. Repeated measures ANOVA was performed in 
case of experiments where various samplings were conducted to investigate whether the biochar 
treatments, the soil type or sampling time and their interactions have an effect on the given soil 
parameter.  results were presented, a factorial ANOVA was 
performed. For the microcosm experiments Fisher least significant difference test and for the 

 honestly significant difference test was carried out to compare the effects of 
the different biochar doses. In the Results and discussion section, data on the diagrams represent 
averages of three replicates, and error bars are standard deviation. Asterisks and letters on the 
columns indicate significant differences (level of significance: p<0.05). 
  



4. Results 
4.1. Development of a multicriteria scoring system and establishing the priority list 

 In developing the Multi Criteria Decision Support System we focused on solving or at 
least mitigating soil degradation problems (acidification, wind and water erosion, decline in 
organic matter, decline in biodiversity) associated with sandy soils applying biochar as soil 
amendment in an agricultural land use, therefore the key soil parameters regarding these 
degradation forms were identified and included in the list of examined parameters. Our aim was 
to create a scoring system adequately fitting both to the characteristics of the degraded soil and 
the soil improvement goals considering the technological and environmental efficiency. The 
applied methods are presented in Table 1. Assigning scores (from -5 to +5) to the limit values 
of certain criteria was based on the scientific literature, recommendations and guidelines of the 
EBC (European Biochar Certificate), the IBI (International Biochar Initiative) and the 36/2006. 
(V.18.) FVM Directive. 
 
 Table 3 summarizes the characterization criteria for technological and environmental 
efficiency and shows the parameter ranges and the corresponding scoring. 
 Based on the results, scores were assigned to the corresponding biochars according to the 
Multi Criteria Decision Support System (MCDSS). Table 2 shows the total summarized scores 
calculated from two different aspects: a) aiming acidic soil improvement b) aiming neutral soil 
improvement, respectively. BC1-PFS biochar, produced from grain husks and paper fibre 
sludge, was ranked on the first place with the highest summarized score as suitable for acidic 
soil, followed by its nitrogen-enriched and stone powder and compost post-treated version 
(BC2-PFSA; 44 scores). The ranking order of these two biochars was the same when scoring 
for neutral soil improvement: BC1-PFS is on the first place with 43 scores and BC2-PFSA on 
the second place with 40 scores. Woodscreening biochar (BC5-W, 36 total scores) was ranked 
as the third for acidic soil improvement, followed by the black cherry wood biochar (BC7-BC, 
33 total scores) and the miscanthus (BC14-M, with 31 scores). These biochars had the highest 
scores also when ranked for neutral soil improvement. 
 

Table 2 Summarized final scores of the examined biochars aiming both acidic and neutral soil improvement 

 B
C

1-
P

F
S 

B
C

2-
P

F
SA

 

B
C

3-
B

C
M

 

B
C

4-
B

C
M

O
 

B
C

5-
W

 

B
C

6-
V

 

B
C

7-
B

C
 

B
C

8-
S

 

B
C

9-
M

P
 

B
C

10
-N

B
 

B
C

11
-W

SD
 

B
C

12
-S

P
 

B
C

13
-C

M
 

B
C

14
-M

 

SUM scores (acidic) 55 44 11 16 36 27 33 8 26 14 24 29 4 31 

SUM scores (neutral) 43 40 -1 7 26 17 29 -2 20 5 16 19 -6 22 

 



T
ab

le
 3

 I
nt

er
va

ls
 o

f t
he

 c
re

at
ed

 s
co

ri
ng

 s
ys

te
m

 to
 d

et
er

m
in

e 
sc

or
es

 fo
r 

th
e 

va
ri

ou
s 

pa
ra

m
et

er
s 

as
se

ss
ed

 

a  a
im

in
g 

ac
id

ic
 s

oi
l i

m
pr

ov
em

en
t 

b  
ai

m
in

g 
ne

ut
ra

l s
oi

l i
m

pr
ov

em
en

t 
c  b

as
ed

 o
n 

th
e 

E
B

C
 G

ui
de

li
ne

 
d  

ba
se

d 
on

 I
B

I 
R

ec
om

m
en

da
ti

on
s 

e 
In

hi
bi

tio
n 

pe
rc

en
ta

ge
 

 
C

h
ar

ac
te

ri
st

ic
s 

of
 b

io
ch

ar
s 

- 
T

ec
hn

ol
og

ic
al

 e
ff

ic
ie

nc
y 

C
h

ar
ac

te
ri

st
ic

s 
of

 b
io

ch
ar

s 
- 

E
nv

ir
on

m
en

ta
l e

ff
ic

ie
n

cy
 

Score 

pH a 

pH b 

Ash content a 

[%] 

Ash content b 

[%] 

WHC [%] 

BET c [m2/g] 

Sum pore 
volume 
[cm3/g] 

TOC [%] 

Sum N [%] 

C/N ratio 

AL-P [mg/kg] 

AL-K [mg/kg] 

Toxic element 
concentration d 
Co, Cr, Cu Ni, 

Zn  
[mg/kg] 

Viability index 
[CFU*10-3/g] 

Plant growth 
inhibition e [%] 

F. candida 
lethality e [%] 

5 
8<

 
 

 
 

20
0<

 
15

0<
 

0.
16

<
 

85
< 

 
 

15
00

0<
 

15
00

0<
 

N
o 

li
m

it
 v

al
ue

 
ex

ce
ed

ed
 

20
00

< 
<

0 
 

(s
ti

m
ul

at
io

n)
 

<
10

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

3 
7.

1 8 
 

35
< 

 
10

1
20

0 
10

1
15

0 
0.

13 0.
16

 
71 85

 
 

10
30

 
75

01
15

00
0 

10
00

1
15

00
0 

M
ax

. 1
.2

 ti
m

es
 li

m
it

 
va

lu
e 

ex
ce

ed
ed

 
16

00
20

00
 

0
20

 
10

20
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

1 
 

 
25

.1 35
 

5
15

 
71 10

0 
81 10

0 
0.

10 0.
13

 
61 70

 
>

1 
31

49
 

15
01

75
00

 
50

01
10

00
0 

M
ax

. 1
.4

 ti
m

es
 li

m
it

 
va

lu
e 

ex
ce

ed
ed

 
12

01
16

00
 

21
30

 
 

0 
6.

1 7 
6.

1 8 
15

.1 25
 

15
.1 25

 
51

70
 

51 80
 

0.
07 0.
10

 
51 60

 
0.

3
0.

99
 

 
10

01
15

00
 

30
01

50
00

 
M

ax
. 1

.6
 ti

m
es

 li
m

it
 

va
lu

e 
ex

ce
ed

ed
 

80
1

12
00

 
31

40
 

21
30

 

-1
 

 
 

5
15

 
25

< 
31

50
 

31 50
 

0.
04 0.
07

 
31 50

 
0

0.
29

 
 

19
9 

50
1

10
00

 
10

00
30

00
 

M
ax

. 1
.8

 ti
m

es
 li

m
it

 
va

lu
e 

ex
ce

ed
ed

 
40

1
80

0 
41

50
 

31
50

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

-3
 

5
 6

 
5

6 
<

5 
 

<
30

 
11 30

 
0.

01 0.
04

 
11 30

 
 

>
20

0 
<

50
0 

<
10

00
 

M
ax

. 2
 ti

m
es

 li
m

it
 

va
lu

e 
ex

ce
ed

ed
 

0
40

0 
51

80
 

51
80

 
8.

1 9 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

-5
 

<
 5

 
<

5.
 

9<
 

 
 

 
<

10
 

 
<

10
 

%
 

 
 

 
 

M
or

e 
th

an
 2

 ti
m

es
 

li
m

it
 v

al
ue

 e
xc

ee
de

d 
 

80
< 

80
< 



4.2. Results of the microcosm experiments 

 Based on the results of the multicriteria scoring system - in the second phase of the 
technology development - microcosm experiments were carried out to test the different biochar 
products as soil ameliorant aiming to study their effect on two different soils. 
 The aim of the first, short-term microcosm experiment (No. 1) was to compare the 
applicability and the effects of the best-performing grain husk and paper fibre sludge biochar 
in the first phase on acidic and calcareous sandy soil. As a short-term result, it can be stated that 
the applied biochar doses proved to be effective for improving both soils' physico-chemical 
properties and their microbiological activity. Besides, the applied BC treatments showed a more 
prominent effect on the acidic sandy soil properties, probably due to its poor initial 
characteristics, particularly acidic pH. 
 In microcosm study No. 2, we compared the soil ameliorating effects of three different 
biochars on acidic sandy soil in a mid-term 12-month long laboratory microcosm experiment. 
The applied biochars originated from different feedstocks (grain husk and paper fibre sludge 
(BC1-PFS), the post-treated version of grain husk and paper fibre sludge (BC2-PFSA) and 
woodscreening (BC5-W) which received high scores in the previous phase. They were applied 
in three different concentrations (0.1w/w%, 0.5 w/w%, and 1w/w%) and in combinations with 
other soil additives (compost, NPK).  
 The summary of the significant positive effects (marked with tick marks) on the examined 
soil characteristics at the end of the experiment is shown in Table 3. To compare the treatments,  

 ISQP (%), (Improved Soil Quality Parameter) values were calculated from the number of 
significant positive changes as a percentage of all parameters examined. 
 After 1 year, three treatments were ranked on the first place with the same ISQP% 
(88.9%); the grain husk and paper fibre sludge-based BC1-PFS biochar at 1% and 0.5% in 
combination with compost, and the woodscreening-based BC5-W biochar at 0.5% in 
combination with fertiliser. As the improvement of water management is of paramount 
importance for sandy soils, the use of BC1-PFS biochar, which has a significant positive effect 
on the WHC value, is therefore supported.  
 However, it is worth noting that the use of BC5-W at 1% also had a beneficial effect on 
WHC, but as it did not affect the chlorophyll content of the maize plant and bacterial CFU, it 
was inferior to BC1-PFS biochar. Nevertheless, the study of the effect of wood-based biochar 
at higher doses may provide a basis for further research. The results of the combined assessment 
applying a multiparameter approach demonstrated that the application of grain husk and paper 
fibre sludge biochar at 1% (1% BC1-PFS) and 0.5% in combination with compost (0.5% BC1-
PFS+NPK) as well as the 0.5% biochar from woodscreening combined with fertiliser (0.5% 
BC5-W+NPK) were the most favourable treatments with slightly different characteristics. Both 
the induced physico-chemical and the biological changes confirmed the added value and the 
positive influence of this treatment on acidic sandy soil parameters.  
 Due to the promising effects of BC5-W biochar at higher concentrations it was included 
in the final microcosm experiment series (No.3). During the No. 3 microcosm study (), two 
biochars (BC5-W: woodscreening; BC14-M: miscanthus) with high scores were mixed in 
acidic sandy soil at higher concentrations than previously (0.5 w/w%, 1 w/w%, and 2 w/w%). The 
experiment aimed to expand the range of monitoring methods prior to the field study and to test 
a broader interval of biocharconcentrations. . As a result, the miscanthus BC14-M biochar and 
the wood-based BC5-W at 2% performed similarly, with the BC14-M always resulting in more 
considerable changes of the examined parameters. The E. albidus potworm avoidance test 
proved that BC14-M had a better habitat-providing property compared to BC5-W. 
 
 



Table 3 Summary of significant positive effects of various treatments on soil characteristics after 12 months Microcosm 
experiment No. 2. ISQP (%)  Improved Soil Quality Parameters as a percentage of all parameters examined 

 Soil characteristics  

Treatments WHC LoI pH 
Bacteria 

CFU 
Fungi 
CFU 

Mustard 
shoot 

Mustard 
root 

Wheat 
root 

Chlorophyll 
in maise 

ISQP*  
(%) 

Control+C          22.2 

Control+NPK          0.0 

BC1-PFS 0.1%          44.4 

BC1-PFS 0.5%          55.6 

BC1-PFS 1%          88.9 

BC1-PFS 0.5%+C          88.9 

BC1-PFS 0.5%+NPK          66.7 

BC5-W 0.1%          33.3 

BC5-W 0.5%          77.8 

BC5-W 1%          77.8 

BC5-W 0.5%+C          66.7 

BC5-W 0.5%+NPK          88.9 

BC2-PFSA 0.1%          22.2 

BC2-PFSA 0.5%          22.2 

BC2-PFSA 1%          33.3 

 
4.3. Results of the field study 

 The field study, the last step of technology development with the highest complexity and 
importance, examined the long-term effects of the previously chosen grain husk and paper fibre 
sludge biochar (BC1-PFS) on acidic sandy and calcareous sandy soils. The experiment took 
place in Hungary and lasted for 30 months with three applied biochar doses (3 t/ha, 15 t/ha and 
30 t/ha) besides the controls. During the evaluation of the results, only the most prominent ones 
will be discussed here. 

 
Figure 1 Changes in the pH during the field study.  

 In our field experiment, the examined two soils differed significantly in pH, carbonate- 
and organic matter content. We found that biochar addition increased the initial pH of the acidic 
soil, and this significant effect was maintained even after 30 months in the case of the 15 t/ha 
and 30 t/ha BC treatments (Figure 1). The applied biochar had an initial pH of 8.8 and 60% ash 
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content, which explained the proportional pH increase in the studied acidic sandy soil, as the 
ash reportedly works as a liming agent in soils with a low pH. However, in the calcareous, 
alkaline soil, only a short-term, slight pH decrease was experienced.  

 
 Nutrients can be released from the biochar into the soil at different rates, for which reason 
biochar can act as a slow-release fertiliser. Biochar induced different responses in the elemental 
concentrations (Table 5) after 30 months. In our study, an obvious positive attribute of biochar 
addition is its nutrient supply. The favourable biochar-mediated influences on soil nutrient 
supply were significantly higher in the acidic sandy soil than in the calcareous soil after 30 
months. The results revealed that the studied biochar might be a source of organic matter, 
phosphorous, and potassium on the long-term both for the low-quality acidic sandy and the 
calcareous soils. The increased P2O5 content (significant in the acidic soil) might be attributed 
to its direct release from biochar and the enhanced P-availability as a consequence of pH 
changes. The ammonium acetate-lactate soluble P2O5 (AL-P2O5) content of the acidic soil 

ncrease 
became significant only after 30 t/ha biochar addition (by 68%). However, no significant effects 
were observed in the calcareous soil, but the stimulation was, on average 10 14%. 15 t/ha 
biochar addition significantly increased (by 33%) the available ammonium acetate-lactate 
soluble K2O (AL-K2O) concentration in the acidic soil compared to its fertilised control. In 
contrast, no enhancing effect was detected in the calcareous soil.  
 The initial organic matter (OM) content of the calcareous sandy soil was by 44% higher 
than of the acidic sandy soil, as such biochar application did not result any significant 
improvement in its OM content. Conversely, 15 t/ha and 30 t/ha biochar addition increased the 
OM content of the acidic sandy soil by 20% and 32%, respectively, compared to the acidic 

The differences in the OM between the two studied soils could be 
attributed not only to their initial properties but also to the positive and negative priming effect. 
Subtracting the carbon content of the biochar added into the soil from the measured total carbon 
content showed no difference compared to C + NPK between the biochar treated and non-
treated parcels in the acidic soil, indicating no priming. While in the calcareous soil, the inherent 
carbon content of the soil decreased in proportion to the concentration of the biochar, suggesting 
positive priming. Because the studied calcareous soil had a higher content of SOC (soil organic 
carbon) compared to the acidic soil, the high rate of unstable carbon fraction introduced into 
the soil by biochar treatment may have triggered co-mineralisation processes due to stimulating 
microbial activities.  
 Biochar had a different impact on the NH4-N and NO3-N concentration of the soils. In the 
acidic soil, biochar addition decreased the NH4-N concentrations significantly on average by 
32 34% and the NO3-N concentrations by 42 55% (but this effect was not significant). In the 
case of calcareous soil, neither the NH4-N nor the NO3-N concentration changed significantly 
upon biochar treatment. In the calcareous soil, biochar addition had only a slight effect on the 
NH4-N concentration, but it resulted in a higher (but not significant) NO3-N concentration than 
in the fertilised control (15 t/ha BC addition resulted in 52% increase) 
 Cation exchange capacity (CEC) increased with biochar addition in both sandy soils. The 
highest increase was found at 15 and 30 t/ha BC in the acidic sandy soil (~34%), and at 15 t/ha 
BC in the calcareous soil (~23%). The increase of CEC upon 15 and 30 t/ha biochar addition 
was significant in the calcareous soil. During biochar application as a soil amendment, its large 
surface area and functional groups result in increased CEC. As biochar addition increases the 
pH-dependent charge of soil, it could contribute to higher CEC values in treated soils as well. 
The enhanced CEC enables the nutrients or the applied fertilisers to be adsorbed onto the surface 
area of the soil particles and thereby be used more efficiently. 
 



Table 4 Effect of treatments on soil NPK-supply, OM content, ash content and cation exchange capacity after 30 months.  

Treatments 
AL - P2O5 
[mg/kg] 

AL - K2O 
[mg/kg] 

SUM N 
[mg/kg] 

NH4-N 
[mg/kg] 

NO3-N 
[mg/kg] 

Organic 
matter 

[w/w%] 

OM corr. 
BC* 

[w/w%] 
C/N 

Loss on 
Ignition 

[%] 

CEC 
[%] 

A
C

ID
IC

 

C 
66.4± 
9.4 (*) 

75.2± 
13.0 (*) 

461± 
22 

2.51± 
0.39 

21.4± 
10.8 

0.65± 
0.05 

0.65± 
0.05 

13.0± 
1.7 

1.33± 
0.10 

3.2± 
0.1 

C+NPK 
95.3± 

3.8 
121.7± 

13.2 
461±25 

2.90± 
0.21 

36.4± 
6.2 

0.67± 
0.08 

0.67± 
0.08 

13.6± 
1.1 

1.55± 
0.20 

3.2± 
0.1 

BC 3 t/ha 
102.2± 

5.9 
120.1± 

10.4 
496± 

61 
1.91± 
0.07 

16.5± 
4.4 

0.71± 
0.05 

0.68± 
0.05 

13.2± 
0.7 

1.41± 
0.14 

3.9± 
0.3 

BC 15 t/ha 
107.7± 

24.5 
161.4± 
8.6 (*) 

508± 
20 

1.93± 
0.03 

21.3± 
2.5 

0.80± 
0.02 

0.67± 
0.02 

17.2± 
1.8(*) 

1.91± 
0.12 

4.3± 
0.1 

BC 30 t/ha 
159.9± 
4.7(*) 

134.8± 
21.3 

508± 
20 

1.97 
±0.08 

18.7± 
3.1 

0.89± 
0.03(*) 

0.61± 
0.03 

17.5± 
0.2(*) 

2.46± 
0.27(*) 

4.3± 
0.2 

C
A

L
C

A
R

E
O

U
S

 

C 
84.5± 

16.0(*) 
55.4± 

5.3 
668± 

41 
1.88± 
0.30 

3.3± 
0.9 

0.94± 
0.07(*) 

0.94± 
0.07(*) 

14.1± 
1.6 

1.88± 
0.21 

7.5± 
0.3 

C+NPK 
114.0± 

10.2 
71.1± 
12.7 

686± 
77 

2.15± 
0.27 

3.9± 
1.7 

1.10± 
0.04 

1.10± 
0.04 

16.7± 
1.7 

1.98± 
0.11 

7.5± 
0.5 

BC 3 t/ha 
114.3± 

8.9 
61.4± 

5.8 
674± 

61 
2.36± 
0.04 

4.9± 
0.8 

0.96± 
0.02 

0.93± 
0.02 

14.4± 
1.6 

1.95± 
0.03 

8.5± 
0.4 

BC 15 t/ha 
125.6± 

19.0 
67.8± 

8.6 
756± 

20 
2.15± 
0.34 

6.0± 
1.0 

1.12± 
0.13 

0.99± 
0.13 

14.8± 
1.4 

2.01± 
0.10 

9.2± 
0.3(*) 

BC 30 t/ha 
130.2 
±6.5 

66.1± 
1.7 

733± 
41 

2.36± 
0.43 

4.9± 
0.1 

1.08± 
0.08 

0.80± 
0.08(*) 

14.7± 
0.5 

2.26± 
0.22 

8.9± 
1.5(*) 

* OM content of the soil after subtraction of biochar OM 

 It has been widely demonstrated that biochar influences the soil microbial activity and 
community structure, changes the soil bacteria to fungi ratio and soil enzyme activity. Based 
on the Average Well Colour Development values (AWCD) calculated from the BIOLOG® 
EcoPlate  (Fig 2.a) the difference between the two sandy soils was reflected in the 
results. The test examines the microbial capability in using different carbon sources. After 1 
month all BC treatments in the acidic sandy soil, namely 3 t/ha BC, 15 t/ha BC and 30 t/ha BC 
resulted in a significant increase in the Average Well Colour Development (AWCD, Figure 2.a) 
(88%, 149% and 164%, respectively compared to their fertilised control). However, by the end 
of the study, only the 30 t/ha BC treatments exhibited a significant increase, 55% compared to 
the acidic C+NPK. Conversely, in the calcareous soil, the lowest biochar concentration showed 
the highest increase in the AWCD compared to the calcareous C+NPK (by 45%) already after 
one month. By the end of the study, none of the BC treatments had any significant effect on the 
AWCD in the calcareous soil (Figure 2.a). As a summary it can be stated, that in the acidic 
sandy soil, at 15 t/ha and 30 t/ha BC doses significantly higher microbial activity was observed 
as indicated by the AWCD and the proportional increase with the added biochar concentration 
was still observable after 30 months, but not as strong as after 1 month. 
 The respiration intensity of the soils (Figure 2.b) showed an observable difference 
between the two sites by the 30th month, nevertheless compared to the untreated control, the 
acidic sandy soil had a higher respiration activity than the calcareous. The NPK treatment alone 
did not result in significant differences compared to the untreated control. However, in the 15 
t/ha and 30 t/ha biochar treated acidic soils, the respiration intensity increased significantly with 
91% and 76%, respectively, compared to its fertilised control. In the calcareous soil, none of 
the applied biochar doses showed a significant effect on soil respiration intensity. It is notable 
that the 30 t/ha BC addition rate to the calcareous soil caused only 26% non-significant increase 
compared to the C+NPK, suggesting that biochar addition only at higher concentrations (>30 
t/ha) was more efficient in calcareous soils.  



 
Figure 2 Changes in the biological activity indexes during the field study: (a) Average Well Colour Development (AWCD) 

 and (b) Respiration Intensity from the Substrate Induces Respiration measurement. 

 To assess the potential toxic effects upon biochar addition, ecotoxicity tests were carried 
out. In the Enchytraeus albidus avoidance test which shows selection of the soil with the best 
habitat function, we offered the animals different BC concentrations and the control soil in 
pairs. The results of test can be seen in Figure 3. The test animals in the acidic sandy soil always 
preferred (significantly) the biochar treated side against the control, especially with the highest 
applied biochar concentration: 83% of the test-animals chose the BC treated soils upon 30 t/ha 
BC treatment compared to C+NPK. In the 3 t/ha BC and the 30 t/ha BC treatment pairs, 79% 
of the animals migrated to the side containing the higher biochar concentration. Based on the 
results, we concluded that the biochar treated soils offer a more liveable habitat for potworm. 
For the calcareous soil, no significant preference was detected; however, the pairing of the 3 
t/ha and the 30 t/ha biochar treated soils showed similar results to the acidic soil: 63% of the 
animals chose the higher biochar concentration against the lower one. No significant preference 
indicates that the biochar-treated and control calcareous soil presented a similar environment 
(habitat) for soil living animals. Based on our results, the outstanding effects on potworm 
preference could be the consequence of the biochar-mediated positive changes in acidic sandy 
soil, such as increased pH, organic matter and water holding capacity. 

 
Figure 3 Enchytraeus albidus soil preference at the 30th-month sampling. Data represent averages of three replicates. 
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5. New scientific findings of the dissertation  thesis points  

1. A Multi Criteria Decision Support System (MCDSS) was developed for the 
characterization, ranking and selection of biochar products aiming their efficient and risk-
based application for soil improvement. (V) 
a. I developed a classification system for the selection and ranking of biochars suitable for 

the improvement of acidic and calcareous sandy soils both from technological and 
environmental point of view, applying a banded and weighted rating scoring system. 

b. I have revealed that the multicriteria evaluation system could be flexibly adapted for the 
selection of biochars to different soil problems. (V) 

c. The reliability and applicability of the developed multicriteria scoring system was 
verified both in microcosm experiments and at field-scale. (I, II, III, IV) 

2. I proved, based on the results of the laboratory microcosm experiments prior to the field 
study that the applicability of different biochars should be investigated and evaluated on a 
case-by- the changes over time. (II, III, IV) 

3. Based on the results of field experiments, I have demonstrated that biochar produced from 
grain husk and paper fibre sludge is suitable for improving the physico-chemical and 
biological properties of acidic sandy soils in a temperate region (in Eastern Hungary) at a 
treatment ratio of 30 t/ha. (I) 

a. I proved that the applied biochar significantly increased the pH and water holding 
capacity of acidic sandy soil not only in the short term but also after 2.5 years. (I) 

b. I found that the applied biochar was suitable for the long-term increase of the organic 
matter content, available potassium and phosphorus content of acidic sandy soil, and 
maybe suitable for reducing the dose and increasing the efficiency of fertilization. (I) 

c. I proved that the applied biochar effectively increased the microbial activity of acidic 
sandy soil not only in the short term but also after 2.5 years based on the parameters 
determined by the BIOLOG® 
well colour development value (AWCD), substrate richness, Shannon diversity]. (I) 

d. I found that 30 t/ha grain husk and paper fibre sludge-based biochar did not have any 
adverse effect on the tested plant and animal test organisms (Sinapis alba, Triticum 
aestivum, Folsomia candida and Enchytracheus albidus), so its use was also reliable in 
terms of environmental efficiency. (I) 

e. I revealed that the Enchytraeus albidus soil preference test was a reliable method for 
determining the quality of the soils in terms of soil habitat function of biochar amended 
soils. The test animals (potworms) in the acidic sandy soil always preferred significantly 
the biochar treated soil against the control; conversely, in the calcareous soil, no 
significant preference was detected as a result of biochar addition. (I) 

4. I demonstrated that the effect of a certain biochar treatment in the two different soils (acidic 
sandy soil and calcareous neutral sandy soil) was different due to the various 
physicochemical and biological properties of the soils. (I) 

a. Based on the applied complex technology monitoring, I demonstrated that biochar from 
grain husk and paper fibre sludge was more efficient in improving the properties of acidic 
sandy soils than of calcareous neutral sandy soils. (I). 

 
  



6. Conclusions, potential applications  
 The main topic of this PhD thesis was the characterization and evaluation of the effects 
of biochar on the quality of degraded sandy soils - from laboratory to field application with 
emphasis on complex assessment of the long-term effects. 
 The scale-up experimental plan of our study started with the laboratory screening of 
various biochar products for selection of the most effective biochar types. According to the 
screening-scoring methodology in the first phase of the scale-up technology development, 
many of the examined biochars featured high scores, which justified their applicability for 
acidic sandy soil amelioration. Among them, the grain husk and fibre sludge biochar product 
was ranked first, because it exhibited an outstanding score both from technological and 
environmental efficiency point of view. 
Our results suggested that the carefully chosen biochar quality indicators could adequately 
provide the required information for the selection of biochars prior to soil improvement and the 
developed screening and ranking system could be a practical tool for potential biochar users. 
 The screening-ranking phase was followed by short-term and mid-term microcosm 
experiments aiming to assess the effects of biochars on soils and to recommend the most 
efficient treatments for the field application. The short- and mid-term microcosm studies with 
the selected biochars have indicated that the biochar-soil interactions positively affected both 
the physico-chemical properties of the tested acidic and calcareous sandy soil and the soil biota 
(Farkas et al., 2018; Molnár et al., 2016). The results of the microcosm experiment confirmed 
the applicability of our multicriteria decision system, as the efficiency of grain husk and paper 
fibre sludge-based biochar applied at 1% concentration exceeded the efficiency of the other 
biochar products both in the short and the long term experiments. 
 The final step of the technology development was the field demonstration of the effect of 
grain husk and paper fibre sludge-based biochar. The results of the applied complex monitoring 
methodology had clearly confirmed the favourable long-term effects of the selected biochar in 
the studied acidic sandy soil also at field scale. The changes in biochar properties during the 
ageing process did not induce any negative effects.  
 Nevertheless, in the field study, the biochar-mediated changes on the characteristics of 
the soils appeared to be a function of soil type, biochar application rate and extent of time. The 
treatment with 15 30 t/ha grain husk and paper fibre sludge biochar at field scale significantly 
improved the soil physico-chemical parameters (pH, WHC, OM, available P- and K-content). 
Moreover, it resulted in enhanced microbial activity and diversity after 2.5 years in acidic sandy 
soil, as well as ensured an excellent, more liveable habitat for plants and soil living animals 
than the untreated acidic sandy soil.  
 The efficiency of biochar application in various soils may be highly different and diverse 
depending on the biochar feedstock, production methods as well as soil and environmental 
parameters. Therefore, generalization of the consequences is not recommended; matching the 
biochar products to the specific soils should be a critical step for their reliable and effective 
application. Although the results of the field experiments are usually influenced also by 
additional factors such as climate, agrotechnical practices, fertiliser application, which can alter 
soil properties too, the field studies are essential. The multi-stage approach applied in this PhD 
research, including long-term field demonstration and employing a complex monitoring 
methodology, is unique. Such a comparison between laboratory and field results will help to 
prove and verify the field applicability of a biochar product and to evaluate the consistency 
between the controlled lab-scale versus field-scale studies, as well as to understand the 
environmental factors controlling biochar-induced changes. 
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