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Abstract
The majority of the sludge from the treatment of wastewater in milk processing plants is land spread. The drawbacks of land 
spreading include local oversupply due to high transport costs, which results in sludge being spread on lands in the vicinity 
of the dairy factories. Local oversupply can lead to accumulation of certain substances in soil through annual application over 
many years. Therefore, in the long term, there is a need for alternative methods to recover energy and nutrients from increas-
ing volumes of sludge generated from dairy processing. Pyrolysis offers a potential alternative to land spreading, which can 
reduce health and environmental risks, while providing an avenue for the recovery of energy and nutrients. Pyrolysis allows 
energy recovery in the form of a high calorific value pyrolysis gas and a char which may be used as a soil amendment. In this 
study pyrolysis of dried dairy sludge was carried out at pilot scale. The results indicate that a dried biological sludge can be 
successfully pyrolysed and when mixed with wood the resulting char meets European Biochar Certificate criteria regarding 
carbon content. Most of the initial energy content of the feedstock was retained in the pyrolysis gas prior to cleaning, 53%, 
compared to 34.5% in the char and 1.5% in the tar. For the pyrolysis gas after cleaning (mainly cracking in presence of air) 
the initial energy content of the feedstock retained in the gas was only slightly higher than that retained in the char, 39.2% 
versus 34.5%, while the tar accounted for 0.8% of the initial energy content.

Keywords  Dairy processing sludge · Pilot scale pyrolysis · Pyrolysis gas · Tar · Char · Mass balance

Statement of Novelty

Biological sludge from wastewater treatment plants in milk 
processing factories contains valuable nutrients therefore 
is used in agriculture as a fertiliser. Despite the undoubted 
fertilizer value, with growing milk production increasing 
volumes of biological sludge waste will need to be utilized. 
Therefore we are looking for alternative ways of utilization 
of its value. Pilot scale pyrolysis of dried biological sludge 
mixed with wood was investigated. A pyrolysis gas contain-
ing mainly CH4, CO, H2, CO2 and C2H4 was produced with 
a calorific value of 12–16 MJ/m3, which after conditioning 

was 7 MJ/m3. Concentration of secondary pollutants such 
as NH3, H2S and tar was measured. Pyrolysis char retained 
most nutrients, it is easy to transport long distances and has 
potential to be used as soil amendment.

Introduction

Milk processing factories have to deal with the disposal of 
surplus sludge resulting from dairy effluent treatment plants 
[1]. The composition of dairy sludge depends on the type of 
products being manufactured and cleaning process deployed 
at the plant. In general, there are two main sludge types: 
(i) chemical sludge which is a mixture of fat, grease, oil 
and suspended solid particles removed from raw effluent in 
the wastewater treatment plant together with some proteins 
and minerals by dissolved air flotation and (ii) biological 
sludge which is an organic material, containing suspended 
solids and non-biodegradable pollutants such as heavy met-
als resulting from biological aerobic, anaerobic or anoxic 
waste water treatment processes [1–3].
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According to a survey by Pankakoski at al. [1] the most 
common use of dairy sludge is disposal to agricultural 
land. Sludge is sometimes used as a feedstock for anaero-
bic digestion, however, milk fat is not easily bio-degraded 
and causes technological issues [4, 5]. Smaller amounts 
of dairy sludge are sometimes used for the production of 
industrial compost (Germany, Czech Republic); as an ani-
mal feed or is dried and incinerated (Belgium, Denmark 
and Switzerland).

In general, if liquid sludge can be disposed of with rea-
sonable transport costs dewatering, drying or incineration 
are not used since heat-drying and high temperature process 
would be restricted to bigger plants and compared to sewage 
treatment plants, dairy effluent treatment plants are quite 
small [1].

Dairy sludge contains valuable macro and micro-nutri-
ents, mainly nitrogen (N), phosphorus (P), magnesium (Mg), 
potassium (K) and calcium (Ca) as well as organic matter 
[1, 6, 7]. Therefore, recycling of sludge to agricultural land 
should provide farmers with a fertilizer (source of nutri-
ents) and it is encouraged [8–10]. Yet, there are major differ-
ences in the fertilizer value of the sludge from the different 
kinds of dairy plants, e.g. cheese factories generally have 
50% more phosphorus than fresh milk dairies [1, 6, 10]. 
An important factor that makes dairy sludge applicable in 
agriculture is its very low concentration of heavy metals [1, 
6, 9, 10]. The quantity of heavy metals which accumulate 
in dairy sludge during the treatment process is much lower 
than in e.g. sewage sludge [11].

Sludge application to land has to be controlled however 
to avoid over-fertilization, especially by N, causing leaching 
of nitrates into the ground water. Additionally, dairy sludge 
may contain pathogens although Scheltinga [12] reported 
that the E. coli-numbers were 10–15 times lower than those 
in domestic sludge. According to current practices in the 
EU, dairy sludge together with sewage sludge falls under 
the category of biosolids and legislation or Codes of Good 
Practice that regulate the disposal of sludge exist in many 
countries [1]. According to the Irish Code of Good Practice 
[13], in addition to the concentration of macro and micro-
nutrients, the contents of Zn, Cd, Cu, Cr, Hg, Ni, Pb, PCB, 
PCDD/F and PHA have to be monitored in biosolids once 
a year. Biosolids have to be monitored every week for the 
presence of faecal Coliform and Salmonella species.

There are concerns about environmental risks arising 
from spreading of biosolids (in particular sewage sludge), 
which may contain other contaminants or metals which are 
currently not regulated [14]. More recently, the presence 
of pathogenic fungi (e.g. Aspergillus sp., Penicillium sp.) 
and plant-pathogenic genera (Xanthomonas and Xylella of 
Xanthomonadaceae family) in activated sludge waste from 
a dairy company in Poland was reported [15, 16] leading 
to the suggestion that microbiological analysis should be 

performed before field application and if necessary the 
sludge should be sanitized prior to soil application [16].

In Ireland, the dairy industry accounts for approximately 
30% of Irish agri-food exports, with 80% of milk products 
being exported [2]. The Irish government has adopted strate-
gies for significant expansion with the aim to increase milk 
production by 50% by 2020 using the average of the outputs 
from 2007 to 2009 as a baseline. An increase in primary 
production will inevitably lead to an increase in the genera-
tion of processing waste such as sludge from the treatment 
of wastewater from milk processing plants. In Ireland, the 
majority of sludge is land spread, e.g. 128,636 tonnes were 
land spread in 2015 [17]. When dairy sludge is used as a 
fertiliser [13, 18] a strict code of practice must be complied 
with for the spreading, once a Nutrient Management Plan 
has been approved by the Irish Environmental Protection 
Agency.

Despite the undoubted fertilizer value, with growing 
milk production increasing volumes of biological sludge 
waste will need to be utilized. Drawbacks of land spreading 
include local oversupply due to high transport costs, which 
results in sludge being spread on lands in the vicinity of the 
dairy factories and weather conditions which could constrain 
the land spreading. Local oversupply can also lead to the 
accumulation of certain substances in soil through annual 
application over many years. Therefore, in the long term, 
there is a need to find alternative methods to recover energy 
and nutrients from sludge generated from milk processing 
plants.

Pyrolysis may be a suitable technology for the treatment 
of dairy sludge as it can be deployed as a treatment technol-
ogy at relatively small scale in decentralised locations which 
are typical of the dairy sector. Pyrolysis offer significant 
reduction of sludge volume and its sterilisation. In its sim-
plest operation, pyrolysis can be configured with a cracking 
unit to produce a single gaseous energy carrier and a poten-
tially valuable biochar as a soil nutrient product.

Pyrolysis is the thermal decomposition of organic mat-
ter in an inert atmosphere into gaseous, liquid and solid 
products. Pyrolysis gas contains non-condensable low-
molecular-mass gases such as H2, CO, CH4, C2H4, C2H6 
and CO2 as well as condensable volatile compounds i.e. 
tars, water and water-soluble organics [19]. The solid resi-
due obtained (char), is comprised mainly of carbon and 
ash. In recent years, pyrolysis has gained increased atten-
tion as an alternative disposal method for sewage sludge 
[20, 21]. According to a study by Samolada and Zabani-
otou [20], pyrolysis could offer an optimal thermochemical 
treatment option compared to gasification and incineration. 
It has been suggested that pyrolysis can reduce health and 
environmental risks from problematic wastes like sewage 
sludge [22, 23], cotton stalk [24], fruit peels [25], win-
ery waste [26], or oil palm waste [27] while providing an 
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avenue for the recovery of energy [28], nutrients in form 
of biochar/bio-fertilizer [27, 29], or production of highly 
porous materials to be utilized as adsorbents [25, 30], or 
catalyst supports [31, 32]. Pyrolysis product yields are 
affected by the process conditions including temperature 
and reactor residence time as well as feedstock properties 
[33]. Slow pyrolysis is generally characterised by relative 
mild temperatures (350–700 °C) and slow heating rates 
[20]. One of the main concerns related to all thermal con-
version technologies is the release of heavy metals and 
contaminants such as NH3, HCl, HCN, H2S [34–36]. The 
low temperature in slow pyrolysis is responsible for low 
concentrations of heavy metals in the pyrolysis gas, which 
remain concentrated, fixed, immobilized and potentially 
stable in the resulting char [37, 38]. The potential appli-
cation of all pyrolysis products greatly depends on the 
presence of various contaminants [39].

Sludge in general, including dairy sludge is a problematic 
feedstock for pyrolysis because of the high moisture and N 
contents (one of the main plant nutrient present in sludge). 
According to Kim and Parker [40] the energy required for 
drying was 2–3 times higher than for low temperature pyrol-
ysis (300–500 °C). A recent study showed that drying of 
sludge requires almost half of the energy present in sewage 
sludge [41]. A fraction of N is volatilized under pyrolysis 
conditions; therefore, pyrolysis gas or flue gas scrubbing is a 
compulsory post treatment requirement after thermochemi-
cal treatment of sludge [41, 42].

A recent study by Marousek et al. [43] demonstrated that 
it was economically viable to produce biochar from fermen-
tation residue by utilizing waste heat from the cogeneration 
unit linked to the biogas station. It was reported in the sci-
entific literature that sewage sludge derived carbonaceous 
pyrolysis products can be used as fertilizer for P-deficient 
and toxic metal polluted soil [44]. Biochar produced from 
collagen casing with elevated levels of sodium salt was suc-
cessfully used for beetroot cultivation [45]. Application of 
the biochar with sodium led to the transformation of mineral 
nitrogen into soil organic matter, thereby reducing the nitrate 
content in the beetroot [46].

Despite its high moisture and N content, dairy sludge 
appears to be a better candidate for potential biochar pro-
duction than sewage sludge since the heavy metal content is 
typically much lower [1, 6, 10, 11].

This study is part of a project, which investigated the 
potential of pyrolysis as a conversion technology for sludge 
from milk processing factories within the frame of a state-
funded Dairy Processing Technology Centre. The objective 
of this work was to determine if pyrolysis of a mixture of 
biological sludge from dairy processing and wood could 
provide a gas of sufficient quality for use in a gas engine 
with the char offering the potential to meet the criteria for 
European Biochar certification.

Materials and Methods

Materials

Sludge from wastewater treatment of an effluent from a 
milk processing plant in Ireland is the focus of this work. 
The company produces skim milk powder, whey powder, 
cheese and base. Sludge after biological treatment processes 
(activated sludge waste) combined with cationic polyelec-
trolyte addition was used. When received, the moisture con-
tent in the biological sludge (BS) was 93 weight % (wt%) 
(solids content 7%). The BS was dried outdoors in a dry-
ing bed (spreading out on polythene film turned over every 
3–4 days). After drying, the moisture content was reduced to 
17 wt% (solids content 83%). The bulk density of the dried 
BS was 550 kg/m3.

Spruce wood chips with a moisture content of 4.7 wt% 
and the bulk density of 197 kg/m3 were sourced locally in 
county Tipperary (Ireland). The dried BS was mixed with 
the wood chips in a 50/50 ratio by weight. The proximate 
and ultimate properties of BS, wood and the mixture are 
presented in Table 1.

Pyrolysis Experiments

The experimental tests were carried out in a pilot scale 
facility used predominantly for pyrolysis of wood chips at 
Premier Green Energy, Thurles, Ireland. The pilot facility 
consists of four main sections: feeding system, pyrolysis 
reactor with char and gas separation section, gas condition-
ing section and a gas engine or flare. The feeding system 
comprises of two hoppers, a series of augers and interlocking 

Table 1   Proximate and ultimate properties of biological sludge-BS, 
wood and mixture of BS with wood

ar. as received basis, db. dry basis

Properties (wt%) BS Wood BS/Wood
50/50

Moisture, ar. 93.16 – –
Moisture, after drying 17.24 4.72 10.97
Ash content, db. 31.79 0.50 14.69
Volatile matter, db. 59.73 84.13 70.70
Fixed carbon, db. 8.51 15.37 14.61
LHV (MJ/kg) 14.31 18.59 16.36
C, db. 35.92 50.77 42.96
H, db. 5.59 6.60 6.09
N, db. 5.76 0.21 3.04
S, db. 0.85 0.02 0.40
Cl, db. 0.18 0.005 0.11
O, db. (by difference) 19.90 41.9 32.71
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gate valves to ensure uniform input of feedstock with mini-
mal air entering into the pyrolysis reactor. In order to prevent 
pyrolysis of the feedstock prior to its entry into the reactor 
the feeding pipe is cooled using a water jacket. The pyrolysis 
reactor is a stationary muffle furnace with a refractory lined 
SS253 MA steel rotating retort. The pyrolysis temperature 
was the average temperature measured at the entrance and 
the outlet of the reaction chamber (retort). At the beginning 
of each test, before the feedstock was fed into the conver-
sion chamber, an oxygen deficient environment was created 
by purging the retort with nitrogen until the oxygen con-
tent was below 3 vol%. The feedstock residence time in the 
retort was about 10 min while the residence time of the gas 
was about 7 s. The majority of the char leaving the reac-
tor was gravity separated and collected in a storage vessel. 
Fine char particles were separated from the pyrolysis gas 
in a hot cyclone. Subsequently the gas was ducted into a 
cracking reactor, where it was mixed with air pre-heated to 
about 400–450 °C in the recuperator. The residence time 
of the gas in the cracking reactor was about 3 s. The gas 
leaving the cracker was ducted into a recuperator to reduce 
its temperature to 150 ± 50 °C prior to wet gas scrubbing 
while preheating the air for reaction. The cooled gas was 
further conditioned in a water scrubber, activated carbon 
filter, de-humidifier and finally was reheated to 30–45 °C 
before being sent to the gas engine. The pilot plant operates 
at slightly negative pressure; the pyrolysis gas was extracted 
from the system using a gas booster. A schematic diagram of 
the experimental facility with sampling points is shown in 
Fig. 1. Operating process conditions for the pyrolysis experi-
ments for the BS/wood mixture are presented in Table 2. 
For each experiment the following physical properties were 
measured: mass of feedstock fed in, mass of char produced, 
volumetric flow of pyrolysis gas and air for the cracking 
reactor. The gas composition was measured online at the 3rd 
sampling port while off-line gas samples were collected in 
Tedlar bags at the 1st and 2nd sampling ports. Samples of 
gas were taken at all sampling points for determination of 

solid phase adsorption (SPA) tar content, moisture content 
and NH3.

Analytical Techniques

The pyrolysis gas composition was determined by gas chro-
matography using an Agilent Micro-GC 3000 equipped with 
three modules, each with a thermal conductivity detector 
configured for the detection of permanent gases and light 
hydrocarbons. Module A was fitted with a Plot-U column of 
30 µm/32 µm/8 m and Pre Col: PLOTQ 10 µm/320 µm/1 m, 
using helium as the carrier gas, to separate and detect CH4, 
CO2, C2H4, C2H6, C2H2, H2S. The injector temperature was 
80 °C and the column temperature 84 °C. Module C was fit-
ted with Molsieve 12 µm/320 µm/10 m and Pro Col PLOTU 
30 µm/320 µm/3 m columns, and used argon as the carrier 
gas, to separate and detect H2, O2, N2, CH4 and CO. The 
injector temperature was 90 °C and the column temperature 
145 °C. Module B was not used during this study.

The NH3 content in the pyrolysis gas was measured by 
means of an off-line quantification procedure, which was 
applied to the retained amounts of ammonia in absorb-
ing solutions. The NH3 sampling train consisted of four 
impingers arranged in series. The impingers were filled with 
0.8 L of saturated boric acid solution for Test 2 and 3 while 
for Test 4 a 0.05 M H2SO4 solution was used. The final 
impinger in the train was filled with cotton wool in order to 

Fig. 1   Schematic diagram of pilot scale facility

Table 2   Process conditions for pyrolysis experiments at a steady state 
operation

Feed-
ing rate 
(kg/h)

Pyrolysis 
temperature 
(°C)

Cracking reac-
tor temperature 
(°C)

Flow rate of 
air for cracking 
(Nm3/h)

Test 1 77 770 870–900 37.2
Test 2 90 700 890 33.6
Test 3 78 700 900 26.4
Test 4 84 770 800 30.0
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remove remaining liquids. A vacuum pump was used to pull 
the gas through the sampling train. The amount of ammonia 
was determined by back titration with standardised 0.10 M 
HCl. The sampling ports and tubes were insulated in order 
to avoid water condensation.

Tar samples were taken at three sampling ports. Sampling 
port 1 was located between the pyrolysis reactor and the 
thermal tar cracking unit, sampling port 2 was located imme-
diately after the thermal tar cracking unit, and sampling port 
3 was just before the internal combustion engine (Fig. 3). 
The tar sampling ports were designed for the standard solid 
phase adsorption (SPA) sampling protocol. 100 mL of the 
pyrolysis gas was withdrawn by an SPA device comprised 
of a stainless-steel needle, pre-packed Discovery® DSC-NH2 
SPE cartridge containing aminopropylsilane sorbent, and a 
100 mL gas tight syringe. Tar compounds were extracted 
from the sorbent with 3 × 600 µL of dichloromethane, while 
tert-butylcyclohexane was added as an internal standard 
to each extracted tar solution. A gas chromatograph fitted 
with flame ionization detection (GC-FID) (Thermo Scien-
tific, Model Trace 1310) was employed in order to quan-
tify the tar compounds between 2-methylpropanenitrile and 
indeno[1,2,3-cd] pyrene. A gas chromatograph coupled with 
a mass selective detector (GC-MSD) (Agilent 7890A GC 
and MSD 5975C) was used for identification of the most 
abundant tar compounds. The calibration of the GC-FID 
used a single quantitation curve prepared using 5 known 
concentrations of naphthalene/tert-butylcyclohexane. This 
simplified calibration, based on a single quantitation curve 
offers a significant advantage, in terms of speed and quan-
titation of complex materials such as tar however, it can 
result in up to 35% relative expanded uncertainty within the 
reported results for the GC-FID based measurement system 
[47]. Total tar yields are referred to as total gas chromatog-
raphy detectable tar and expressed on a volumetric basis as 
gtotal tar/Nm3

dry gas or gtotal tar/Nm3 of dry and N2 free gas for 
the tar in the gas sampled at port 1.

Moisture content was determined using an adsorption 
method. 100 mL of hot gas was drawn through 1.0 g of 
phosphorus pentoxide (P2O5) at 50 mL/min allowing the 
gas to cool to room temperature (about 25 °C) and achieve 
complete adsorption. The moisture content was calculated as 
the mass gained after adsorption. Although most of the tar 
compounds condensed or were adsorbed, the mass of mois-
ture in the product gas was an order of magnitude higher 
than tar (Tables 5, 6) which makes this method sufficiently 
accurate for the intended purpose.

Analysis of the proximate and ultimate properties of the 
dried sludge, wood and the pyrolysis char were carried out 
by Celignis Analytical, Ireland. The moisture content was 
analysed according to BS EN 14774-1:2009, the ash content 
according to BS EN 15403:2011 and the volatile matter con-
tent according to the BS EN 15402:2011 standard procedure. 

The elemental composition (C, H, N and S) was determined 
using a Vario EL cube elemental analyser with the Cl con-
tent determined according to BS EN 15408:2011 and oxy-
gen content calculated by the difference. The proximate and 
ultimate properties are expressed as weight % (wt%). The 
higher heating value (HHV) was measured with a Parr 6300 
isoperibolic calorimeter and the corresponding lower heat-
ing value (LHV) was calculated.

Thermogravimetric analysis (TGA) was performed in a 
TA Q500 instrument. Approximately 14 mg of dried, ground 
and sieved to particle size below 50 µm biological sludge 
was placed into an alumina pan without a lid and heated 
from ambient temperature to 900 °C at 20°C/min under a 
nitrogen purge flow of 20 cm3/min. The same test was per-
formed for 4 mg of dried, ground and sieved spruce wood.

Inorganic constituents were measured using inductively 
coupled plasma optical emission spectrometry (Agilent 
5100 ICP-OES fitted with an SPS4 auto-sampler) after 
nitric acid and hydrogen peroxide and hydrofluoric acid 
(HNO3–H2O2–HF) digestion in a microwave oven accord-
ing to BS EN 15290:2011. Before digestion, BS and wood 
were ashed at 550 °C.

Results and Discussion

Properties of Biological Sludge, Wood 
and the Mixture

In Table 1 the properties of the dried BS, spruce wood and 
the mixture are presented. In the BS tested, a volatile mat-
ter content of 60 wt% and an ash content of 32 wt% were 
observed (dry basis), indicating that during high tempera-
ture decomposition, most of the organic content of the dried 
sludge formed vapour-phase products (non-condensable per-
manent gases and condensable compounds) but also signifi-
cant amounts remained in the form of solid residue. A high 
volatile matter is advantageous if the pyrolysis gas is a desir-
able product. A fixed carbon content of 8.5 wt% indicates 
the amount of unconverted carbon which potentially will 
remain in the char after pyrolysis. The nitrogen content was 
high at 5.8 wt% which is one of the typical characteristics 
of dairy sludge resulting from biological and chemical treat-
ment of defatted effluent [1]. A sulphur content of 0.8 wt% 
was observed while the chlorine content was much lower 
at 0.2 wt%.

The thermogravimetric (TG) curves (weight loss) 
obtained during the programed heating experiment for the 
BS and wood in an inert atmosphere are shown in Figs. 2 and 
3. It can be seen from the thermogram in Fig. 2 that the main 
devolatilisation (pyrolysis) process occurred at temperatures 
below 700 °C with 65% mass reduction observed for BS 
followed by a further gradual decrease in sample mass up 
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to the final temperature (900 °C). But for sample of wood at 
this temperature 95% mass reduction was observed (Fig. 3).

The differential thermogravimetry (DTG) curves, which 
represent the rate of mass loss, reveal differences between 
the chemical nature of the BS and wood samples tested. The 
peaks in Figs. 2 and 3 show the decomposition of specific 
components occurring at different temperatures because of 
intrinsic differences in the structure of these constituents. It 
was observed by Sunooj et al. [48] that the peak maximum 
temperature for cow milk protein decomposition occurs at 
327 °C while that for milk fat is at 413 °C. Whereas Mocanu 
et al. [49] reported that decomposition of casein, the main 
protein in milk, starts at temperatures above 176 °C and pro-
ceeds in three stages up to 610 °C with the peak maximum 
degradation at 310 °C. In Fig. 2 the first peak at about 105 °C 
originates from evaporation of moisture and volatile organic 
acids. The second peak at 289 °C probably corresponds to 
the decomposition of protein. The small peak within the 
temperature range from 400 to 500 °C is most likely arising 

from the decomposition of fat. The major fat component in 
dairy factory waste waters is triglyceride (98%) with smaller 
amounts of phospholipids and sterols [5]. The BS contains 
high amounts of volatile inorganic elements, such as S, K 
and Na [6, 7]. The last small peak observed between 600 
and 700 °C may be caused by the release of these inorganic 
compounds [22, 35].

The first peak (below 100 °C), in the DTG curve of spruce 
wood, corresponds to water loss. The large second peak 
between 200 and 400 °C represents the decomposition of 
both hemi-cellulose and cellulose. According to Yang et al. 
[50] hemi-cellulose decomposes mainly at 220–315 °C, cel-
lulose at 315–400 °C, while lignin decomposes over a wide 
temperature range from 160 to 900 °C. However, according 
to Deng et al. [51] hemi-cellulose breaks down at tempera-
tures ranging from 200 to 250 °C, and cellulose between 
240 and 350 °C, with lignin decomposing between 280 and 
500 °C. For the spruce wood, the peak for hemi-cellulose 
is partially merged with that of cellulose. A small bump on 
the larger peak in the DTG curve visible at about 316 °C is 
suggestive of the thermal decomposition of hemi-cellulose, 
with the peak at 351 °C representing cellulose decomposi-
tion. The peak appearing at 539 °C most likely correspond 
to the lignin decomposition.

The content of the major and minor elements in the inor-
ganic matter of BS and wood is reported in Table 3 where 
it can be seen that the silica content was the most abundant 
element for both materials. The main nutrients found in BS 
were phosphorus, calcium, potassium, and magnesium. The 
heavy metal content was generally very low in the BS and 
only trace amounts were observed in the wood. Among all 
the heavy metals analysed, the content of Ba, Mn and Zn 
were the highest in BS in the range from 100 to 200 mg/kg 
of dry matter. The Zn probably originates from the galva-
nized water pipe system [1].

The content of P, Ca, K, Na in BS is in the range reported 
by Dabrowski [7, 10] who tested dairy sludge from seven 
milk processing plants and found following concentration 
of P (1.9–48.8 g/kgdry matter), Ca (18.0–73.3 g/kgdry matter), 
K (9.1–9.7 g/kgdry matter) and Na (3.6–18.4 g/kgdry matter). It 
is worth nothing that high the P content of 36.0 and 48.8 g/
kgdry matter was found only in two dairy sludge samples [10]. 
The content of Mg in BS is lower than that reported in [7, 
10], 0.8 versus 1.2–6.8 g/kgdry matter. The content of heavy 
metals Cd, Cr, Cu, Hg, Ni, Pb and Zn is well with the range 
reported by Dabrowski [10] and by López-Mosquera et al. 
[9].

When pyrolysing a feedstock, one needs to find a potential 
application/use for all the products. In this project, the main 
focus was on the pyrolysis gas which could either be burned 
directly in a boiler or after cleaning could be used in a gas 
engine to produce electricity and heat. The high amounts of 
nitrogen, sulphur and chlorine in the BS bring considerable 
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Fig. 2   TG curves for dried biological sludge
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Fig. 3   TG curves for dried spruce wood
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challenges to its pyrolysis due to the high potential of sec-
ondary environmental pollution. During thermal treatment 
significant amounts of feedstock-bound nitrogen, sulphur 
and chlorine are volatilised in the form of NH3, HCN, H2S 
and HCl [34, 42] all of which are toxic and/or pollutants. 
When the pyrolysis gas is combusted these compounds are 
converted to their respective oxides (i.e. NOx, N2O or SOx) 
which are contributors to acid rain, greenhouse gas emis-
sions or ozone layer depletion. Moreover H2S is also cor-
rosive. These compounds need to be removed from the gas 
in order to avoid corrosion and fouling in the engine.

The most common applications of pyrolysis chars are as 
a soil amendment [52]. As the BS has a relatively high ash 
content of about 30 wt%, there will be a significant amount 
of the pyrolysis char generated, and given it’s relatively low 
carbon content (Table 1) the resulting char will not meet the 
initial criteria in order to qualify as a biochar for soil appli-
cations according to European Biochar Certificate [53]. To 
overcome these limitations and increase the carbon content 
in the char the dried BS was mixed with spruce wood chips 
in a 50/50 ratio by weight. The properties of the wood and 

the mixture are also presented in Table 1. In spruce wood, 
the volatile matter content of 84 wt% was higher than in BS 
while the ash content was significantly lower at 0.49 wt%. 
Also the sulphur, nitrogen and chlorine content were very 
low. The overall moisture content of the mixture was 11 wt% 
while the ash content in the mixture (14.7 wt%) is half of that 
in the BS. Also the contents of N, S and Cl were reduced, 
which will lead to a less contaminated pyrolysis gas.

Pyrolysis Gas Composition

The volumetric concentration of the gas components over 
the run time of a typical experiment, measured on-line at gas 
sampling point 3 (before the engine), is shown in Figs. 4 and 
5. It can be seen from the figures that the gas composition 
profiles for the major gas components in Fig. 5 had effec-
tively stabilized after 15 min. In order to ensure steady state 

Table 3   Content of major and minor ash forming elements in the BS 
and wood

Element Biological sludge (mg/
kgdry matter)

Spruce 
wood (mg/
kgdry matter)

Al 9113.8 11.8
Ca 31271.1 518.5
Fe 1539.3 11.7
K 7152.7 231.8
Mg 882.5 58.1
Na 4386.0 50.9
P 36680.8 8.2
S 4871.9 90.22
Si 61730.3 157.3
As 3.14 –
Ba 103.46 21.08
Cd 1.57 0.08
Co 1.57 0.08
Cr 12.54 0.16
Cu 31.35 0.73
Hg – 0.08
Mn 114.43 62.52
Mo 4.70 –
Ni 12.54 0.32
Pb 23.51 0.89
Sb 6.27 0.24
Se 10.97 0.32
Ti 28.22 1.21
V 7.84 –
Zn 194.38 8.00
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Fig. 4   Content of major gas components in pyrolysis gas after condi-
tioning for Test 1
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Fig. 5   Content of minor gas components in pyrolysis gas after condi-
tioning for Test 1


