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Foreword 

This project was a Nordic collaboration, where many  i ndividuals fro m 
different places and speci alities contri buted to the  whole. The project 
leader was Håkan Jönsson, SLU (S wedish University  of Agricultural 
Sciences), and Erik Norgaard, Norsk Jordforbedring, was assistant project 
leader. The majority  of the project was carried out by  Cecilia Sundberg,  
SLU, who al so wrote m ost of t his report, with m ajor contributions from 
Martin Rom antschuk, Uni versity of He lsinki, and  s maller contributions 
from Sven S mårs, SL U. Håkan Jöns son contrib uted b y reviewing an d 
complementing the text. Erik Norgaard and Mona Arnold, VTT , made 
minor but important contributions. 

The trials at the Nordic com posting plants were planned and  carried  
out b y Cecili a Sundberg i n collabora tion with personnel at the plants:  
Oddvar Tornes, Elin Ånensen, Kjell-Inge Ellertsen and ot hers at IVAR, 
Jessica C edervall, Sanita Vukicevic and others at NSR and Christoph 
Gareis, Asta Pääkkönen, Sini Kuusela, Annika Viljakainen and ot hers at 
YTV. The reactor trials at SLU very mainly planned by Cecilia Sundberg 
and were carried out by Cecilia Sundberg and Sven Smårs. 

Many people helped with the analyses. Particularly important were the 
contributions from Karina Ødegård, for merly at Mol ab, Sari Kauppi an d 
Dan Yu, University  of Helsinki, and Elisabet Börjesson and Lars Ceder-
vall, SLU. 

The project group,  which  held m onthly m inuted telephone conf er-
ences, provided great support for the project leader. The project group  
consisted of project leade r, assistant p roject leader,  the resear chers at 
SLU, University of Helsinki and Mola b, representatives of the three par-
ticipating No rdic co mposting plants IV AR, NSR an d YTV, and of the 
funding bodi es Avfall Sverige, Nordic Council of Ministers an d Avfall 
Norge. The ordinary members of the project group were: Håkan Jönsson, 
Erik Norgaard, Cecilia Sundberg, Marti n Romantschuk, Karina Ødegård,  
Oddvar Tornes, Christoph Gareis, Jessi ca Cedervall, Hanna Hellström, 
Inge Werther and Henrik Lystad.  

In the planning stages and in interp retation of the results we recei ved 
valuable contributio ns from the re ference group, which consisted of 
Werner Bidlingm aier, Bauhaus-Unive rsität Wei mar, Jörgen Eilertsson, 
Scandinavian Biogas, Björn Berg, GLT, Mona Arnold, V TT and  
Torbjörn Ån ger, VAFAB. The pro ject grou p and  r eference group held  
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two joint meetings, the first at SLU on 21 October 2005, at the start of the 
project, and the other at NSR on 24 October 2007 for interpretation of the 
results. At the starting meeting, the external experts Ed Stentiford, Leeds 
University, a nd Tom  Richard, Penns ylvania State University, p rovided 
valuable advice.  

The project was funded by the Nordi c Council of Ministers, Avfall 
Sverige, SLU, IVAR, NSR, YTV, Avfall Norge and JLY.  
 
Sincere thanks to you all!  
 
Håkan Jönsson  Cecilia Sundberg 
Ultuna 2008–03–26 
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Sammanfattning 

Projektets sy fte var att utv eckla rekommendationer för hur kompostpro-
cesser för behandling av källsorterat matavfall i Norden bör utformas och 
drivas för att: 
 
 minimera risken för luktproblem från processen 
 minimera risken för luktproblem från den färdiga produkten 
 få en effektiv och förutsägbar process 
 få en jämn och hög produktkvalitet. 
 
Projektets hypotes var att den tota la luktemissionen från kompostproces-
sen liksom risken för lukt från de n färdiga kompostprodukten minimeras 
när processens omsättningshastighet och nedbrytning maximeras.  
I projektet har inkommande bioavf all samt kom postprocesser undersökts 
vid tre fullskaleanläggningar (vid NSR, Sverige, YTV, Finland och  
IVAR, Norge) och en forskningsreaktor (vid SLU, Sverige). Mätningarna 
visade på ett  starkt sa mband m ellan pH och lukt i kom postens porluft. 
Vid låga pH-värden (<6,0) var lukt koncentrationen m ycket hö g, från  
70 000 till  över 2 m iljoner ouE/m3, medan den vi d pH över 6,7  var som 
mest 44 000 ouE/m3.  

Det insamlade bioavfallet var genom gående surt, m ed pH m ellan 4,7 
och 6,0. Förs öken bekräftade tidig are resultat att nedbry tningsprocessen 
går mycket långsammare vid lågt pH (<6), om temperaturen tillåts stiga 
över 40°C. Om tem peraturen däremot hålls under 40°C blir nedbrytning-
en intensiv, vilket får pH att stiga mycket snabbt. Då pH stigit ö ver 6,5, 
men inte tidi gare, bör temperaturen till åtas stiga till runt 55°C, eftersom 
detta maximerar nedbrytningshastigheten. 

Den viktigaste reko mmendationen för att minska lu ktproblemen vid 
matavfallskompostering är att styra processen så att pH snabbt höjs. Detta 
kan göras genom intensiv luftning i början av processen, vilket förstärker 
kylning och syresättning. Höjningen av  pH kan även påskyndas genom 
tillsats av pH-höjande m aterial såsom kompost (med högt pH) ell er aska 
(med högt p H). På så vis minimeras mängden in tensivt lukta nde sur  
kompost på anläggnin gen. Nedbrytningen maximeras redan från b örjan, 
vilket innebär en maximering av den andel av de tota la luktemissionerna 
som avgår i den inneslutna delen av anläggningen och som kan behandlas 
innan de släpps ut i omgivningen. 
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Mängden lätt illgänglig energi i en stabil och väl  mogen kom post är 
låg medan den är mycket hög i matavfall. Under kompostprocessen måste 
därför därför en stor mängd energi frig öras i form  av värme innan kom -
posten är stabil och  mogen. I stora kompostanläggningar avgår huvudde-
len av energin i form  av avdunstat vatten. Eftersom matavfall är så ener-
girikt, räcker inte mängden vatten i det ingående avfallet till för att  möj-
liggöra avgång av all den mängd so m krävs för att komposten skall bli 
stabil. För en optimalt sna bb process i den inneslutna delen av anlägg-
ningen krävs därför att vatten kan till föras, annars avstannar processen  
tills tillräcklig kylning erhållits, t.ex. genom att vatten i form  av regn och 
snö tillförts under eftermognaden.  
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Abstract 

The aim of this project was to develop  recommendations regarding how 
composting processes for the treat ment of source-separated food waste in 
Nordic countries should be designed and implemented in order to: 
 
 Minimise the risk of odour problems with the process  
 Minimise the risk of odour problems with the finished product 
 Achieve an efficient and reliable process 
 Achieve a high and uniform product quality. 
 
The hy pothesis for the project was th at total odour emissions from  the 
composting process and the risk of odour from  the finished com post 
product could be m inimised if the process turnover rate and decom posi-
tion were to be maximised.  

In the project, incom ing biowaste and c omposting processes were in-
vestigated at three full-scale composting plants (NSR in Sweden, YTV in 
Finland and IVAR in Nor way) and at an experi mental reactor (S LU in 
Sweden). The results showed a strong correlation between pH an d odour 
in compost pore gas. At lo w pH values (below 6.0) the odour concentra-
tion was very  high, from 70 000 to over 2 million ou E/m3, whil e at pH 
>6.7 it was at most 44 000 ouE/m3.  

The biowaste collected wa s consistently acidic, with pH between 4.7 
and 6.0. Tests confir med previous results that the de composition process 
proceeds much more slowly at low pH (<6) if the tem perature is allowed 
to rise above 40°C. Howev er, if the temperature is kept below 40°C, de-
composition is intensive, which causes the pH to climb rapidly. When the 
pH has incr eased to over 6.5, but not before, the te mperature should be 
allowed to increase to around 55°C, since this maximises the decomposi-
tion rate.  

The most im portant recommendation as regards decreasing o dour 
problems in composting of food waste is to control the process so that the 
pH is increased rapidly. This can be  achieved by intensive ventilation at 
the beginning of the process, whic h promotes cooling and increases the 
oxygen suppl y. The pH can also be  increased through addition of pH-
increasing material such as co mpost or wood ash w ith a hi gh pH. This  
minimises the am ount of intensely  m alodorous acidic com post in the  
system. In addition, it m aximises decomposition from the very beginning 
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of the process, which leads to m aximisation of the  proportion of total 
odour em itted in the encl osed part of the co mposting plant, where the 
odours can be treated before being released to the environment.  

The am ount of readily av ailable energ y in fo od waste is very  hi gh, 
while in stable and well-matured co mpost it is  low. Therefore, a large 
amount of energ y m ust b e released during com posting. This energ y is 
largely used for evaporating water from the compost. Since food waste is 
very energy-rich, the amount of water  in the inco ming waste is not suffi-
cient to allo w evaporation of t he am ount required  to cool  the c ompost 
sufficiently to beco me sta ble. To ach ieve optimal p rocess speed  in the  
enclosed part of the com posting plant, it should t herefore be possible to  
add water. Otherwise the degradation process halt s until a sufficient de-
gree of cooling is achieved, e.g. through water in the form of rain or snow 
being added during post-process maturation.  
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1. Background  

Large-scale composting of source-s eparated household waste has been 
greatly expanded in rece nt y ears in the Nordic co untries and a  cert ain 
degree of expansion is expected to continue. However, the expansion and 
operation of waste co mposting systems are considerably hindered by the 
fact that many plants re ceive numer ous com plaints about unpleasant  
odours. The  Nordic cou ntries have similar waste, source-separated 
household waste, which for m ost of the year consists solely  of  food  
waste. The com position of waste in the Nordic countries and th e colder 
climate are u nique for Europe and therefore experie nces fro m e. g. Ger-
many are not directly transferable to Nordic composting processes. 

1.1 Aims and hypothesis 

The hy pothesis on which this project  was based was that total odour 
emissions from  the co mposting process and the finished compost are  
minimised w hen the proc ess is opti mised with regard to turnover an d 
decomposition.  

The objectives of the project were: 
 

 To test this hypothesis through studying the relationships between 
odour, process conditions and microbiology,  

 To provide advice on how composting processes should be designed 
and operated so as to:  

a) Minimise the risk of odour problems during the process  
b) Minimise the risk of odour problems with the finished product 
c) Achieve an efficient and reliable process 
d) Achieve a high and uniform product quality  

 
in composting of source-separated household waste in the Nordic coun-
tries. 

An additional objective was to unite and coordinate Nordic research 
resources within the area. The project was a collaboration between Swed-
ish researchers of the co mposting process (Håkan Jönsson, Sven Smårs, 
Cecilia Sundberg) at SLU (Swedish University of Agricultural Sciences) , 
Norwegian odour researchers at Molab (form erly SI NTEF) and Finnish 
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microbiologists in a group led by  Professor Martin Ro mantschuk at the 
University of Helsinki. 

1.3 Structure of the project 

In the project, incom ing biowaste and c omposting processes were inves-
tigated. Three full-scale plants and a research reactor were included in the 
project. The full-scale plants were:  
 
 Hogstad composting plant, IVAR, Sandnes/Stavanger;  
 Ämmäsuo/Käringmossen, YTV, Helsinki/Esbo; 
 Filborna, NSR, Helsingborg. 
 
Part 1 of the project consisted of phy sical, chemical and microbial char-
acterisation of the waste at  the three pla nts (Chapter 4). In Part 2 of the 
project, waste was composted in the com post reactor at SLU (Chapter 5) 
and in Part 3 the processes at the three full-scale plants were investigated 
(Chapter 6).  

1.3 Terminology and abbreviations 

Odour is a multidimensional experience that is difficult to characterise 
precisely. In an attem pt to make this report m ore unambiguous, the fol-
lowing terms were used with meanings given below.  
 

Odour Property of a gas that gives rise to a sensory experience in the nose. 
Odour emission Release of malodorous gas, e.g. from a compost heap or a compost-

ing plant.  
Odour concentration Odour in a gas sample measured using olfactometry (see sections 0 

and 0 ).  
Pore odour The odour in gas within compost pores. 
Odour potential Risk of a material causing odour emissions on the actual occasion or 

later.  

1.3.1 Abbreviations 

C1-C7 1–7 indicates the length of the carbon chain in organic compounds  
N Nitrogen 
NH4  Ammonium 
NO3 Nitrate 
O2  Oxygen 
PID Photo ionisation detector 
S Sulphur 
DM Dry matter 
TVOC Total volatile organic carbon 
VS Volatile Solids = organic material, determined as loss on ignition (section 0) 
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2. Literature review 

2.1 Odour in composting 

2.1.1 What causes the odours? 

A nu mber o f researchers have identified dozens to hundreds of sub-
stances in compost gas (Wilkins 1994; Pöhle and Kliche 1996; Krzy mien 
et al. 1999). These substances are fro m a range of  different groups of  
organic compounds. There is no agreemen t in the literature regarding the  
substances or groups of com pounds with the greatest odour. Com posting 
of different substrates gives rise to different ty pes of malodoro us sub-
stances (Ko milis et al. 2004). An overview of different odorous sub-
stances is given by  the so- called odour wheel shown in Figure 1, where 
odorous substances are grouped according to type of odour and chemical 
composition (Rosenfeld et al. 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The compost odour wheel is a way to describe odours that can arise during 
composting. Inner circle: Description of odour groups. Outer circle: Examples of com-
pounds within some of these groups. Simplified version based on Rosenfeld et al. (2007). 
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Fatty acids ar e often described as im portant odorous substances in com -
posting of fo od waste (Binner et al 20 02, Rosenfeld et al 200 4) and i n 
handling and  co mposting of pig manure (Zhu et al 1999). F or a more 
detailed review of differ ent odorous  substances,  see Ödegår d et al.  
(2005). 

2.1.2 When do odours arise during composting? 

There is so me agreement in the lite rature that most odours and volatile 
organic compounds (VOC) are generated durin g pre-treatment and early  
composting ( Eitzer 1995;  Krzy mien et al. 199 9; Binner et al. 200 2). 
Some published studies have co mpared emissions of odoro us substances 
at different times during the co mposting process (Pöhle and Kliche 1996; 
Rosenfeld et al. 2004), but process par ameters such  as tem perature and 
pH are generally not stated. There is thus no collective knowledge regard-
ing the pr ocess conditions  under which different types and am ounts of 
odorous substances arise during composting.  

2.1.3 How can odour be measured? 

Measuring odour is always based in principle on the hum an nose. How-
ever, measurements with the human nose are co mplicated and expensive. 
There has been a rapid development of instruments that measure the con-
centration of individual substances in gas and of ‘electronic noses’  that 
measure the co mbined effect that a gas exerts on a number of different 
sensors sensitive to different groups of gases.  

Olfactometry is a standardised method (EN 1372 5) for measuring 
odours with the human nose. A number of people forming an odour panel 
are asked to s mell different gas samples in different dilutions, som e even 
below the limit of detection, the odour threshold. T he odour  concentra-
tion in a sample is given in European o dour units (ouE/m3). One ouE/m3 is 
equivalent to  the odour th at arises wh en 123 g n-butanol is aspirated 
into 1 m 3 neutral gas under standard conditi ons, which gives 40 ppb n-
butanol. This level has been chosen because it lies near the average odour 
threshold. Advantages wit h olfactometry are that it mea sures actual, ex-
perienced odour and that it specifies directly the amount by which the gas 
needs to be diluted before the odour  disappears. Disadvantages are that 
the cost is hi gh because s o many individuals are n eeded for measure-
ments and that the sam ples must be transported to t he laboratory quickly 
and carefully, since it is difficult to maintain the odour unchanged in a  
gas sample. 

The concentrations of individual substances are ge nerally m easured 
with instruments based on separation methods (chromatography). How-
ever, to be o f value in q uantification o f odours, prior knowledg e is re-
quired of the substances that are causing the odours. The odour threshold 
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for many substances i s l ower than th e li mit of de tection for a nalytical 
instruments. This can be dealt with through differen t techniques to con-
centrate the substances bef ore measurement (Hamacher et al.  2003). An-
other variant is to m easure a diffe rent substance from  that causi ng the  
odour, but  this requires a known correl ation to exist  between the meas-
ured substance and the odorous substance. 

Photo ionisation (PID) is a detection method which is based on ionisa-
tion of organic molecules with UV-light. It produces responses to  many 
different organic co mpounds (Total Volatile Org anic Co mpounds – 
TVOC), but the response varies greatly between different substances . 
Roughly spe aking, the sensitivit y incr eases with the num ber of  carbon 
atoms in the m olecule. For example, the sensitivity  to butane (C 4) is 450  
times higher than that to methane (C 1). TVOC is given  in n-butanol-
equivalents. At Molab (form erly SINTEF) in Oslo, the methodology for 
odour m easurement in co mpost has been developed over a num ber of  
years. A stro ng correlation has been found between the odour measured 
by odour panel and the amount of organic substances in the gas measured 
by PID (Bergersen and Berg 2001; Berg et al. 2005). However, the odour 
concentration can be high even when the total h ydrocarbon con tent is 
relatively low. This occu rs if th e co mposting pr ocess emits compounds 
with a very  low odour thr eshold, e.g. acetoin (3-hy droxy-2-butanon) or  
mercaptan (Romantschuk et al. 2004). 

Electronic noses are instruments that  resemble the human nose in that 
they comprise a co mbination of sensors with different sensitivit y to dif-
ferent substances or groups of substan ces. Through statistical anal ysis of 
the responses of these sensors to different odours, they can be ‘trained’ to 
identify different odorous substances and concentrations. In recent years, 
electronic noses have  been used succe ssfully to detect, identify  and dif-
ferentiate the  odours from com posting, according to reports from three  
different research groups (Hamacher et al. 2003; R omain et al. 2005; 
Sironi et al. 2007). Electronic noses have potential for use in on-line 
characterisation of odours during co mposting, even though it  will be  
some time before commercial solutions are available.  

2.1.4 How can odours be decreased during composting? 

There are many different ways to decrease problems with odour in com-
posting:  
 
 Location. In location, local wind conditions, topography and distance 

to people who can be disturbed by odours are very important factors.  
 Minimisation of incidence. The formation of odorous substances 

depends on the composting process, an issue dealt with in detail in this 
report. 
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 Containment. Containment of the process, so that odorous gases can 
be collected, allowing them to be treated, diluted and released at a 
suitable site. This issue is not dealt with further in this report.  

 Treatment. There are a range of different methods for treating and 
degrading odorous substances. A recent report from Avfall Sverige 
describes experiences of different treatment methods at Swedish 
plants (Rönnols and Jonerholm 2007). There are a number of reviews 
of research into biofilters and other odour-reducing methods (Smet 
and Van Langenhove 1998; McCrory and Hobbs 2001; Iranpour et al. 
2005). Methods for treatment of odorous gases are not dealt with 
further in this report. 

 Dilution and dissemination. Dilution of odorous gas and dissemination 
at great height are important methods for decreasing odour problems 
(Haug, 1993), but are not dealt with further in this report. 

 Masking. Malodorous substances can sometimes be masked by other 
odours, but in the long term this is usually not a sustainable method 
and it is not dealt with further in this report. 

2.2 Composition of food waste 

Source separation of hou sehold waste with isolation of com postable 
waste has been introduced in many municipalities in the Nordic countries 
since the 1990s. The co mposition of the waste has been studied in so me 
research projects. Eklind et al. (1997) carried out careful chem ical char-
acterisation of source-separated food waste collected in Uppsala in Feb-
ruary 1995. The waste came from households which were asked to collect 
their waste i n plastic bags and incl uded foo d waste, kitchen pap er, pot  
plants (but not garden waste) and cat l itter. The organic fractions ana-
lysed were cellulose, hemicellulose, lignin, starch, sugar, crude fat, lactic 
acid, acetic a cid and ethanol. Plant nutrients and m etals (21 eleme nts in 
total) were al so analysed. The waste ha d a DM content of 34% of fresh 
weight and a pH value of 4.9, and th e concentrations of lactic  acid and 
acetic acid were 0.39 and 0.14% of fresh weight respectively. A summary 
of eight other investigations of waste composition in Sweden and Finland 
in the period  1980 –1997 i s also included in the report b y Ekli nd et al. 
(1997).  

Hansen et al. (2007) analysed s ource-separated food waste fro m five 
Danish towns. Samples were taken on several occasions per year. Sorting 
instructions included food waste and ki tchen paper in all towns, but the 
instructions on meat bones, cat litter, pot plants and nappies varied among 
towns. The f ollowing parameters were investigated: ash content, protein, 
fat, sugar, starch, cellulose/fibre, enzymatically degradable organic mate-
rial, calorimetric heat valu e, carbon, hydrogen, nitr ogen, potassium, sul-



   

 19

phur, chlorine and phosph orus. Ash content was on average 12%  of DM 
and nitrogen content 2.5% of DM.  

Norgaard an d Sorheim (2004) sam pled inco ming waste at five com-
posting plants in Norway  and analy sed it che mically, physically and mi-
crobially. The parameters analysed were pH, conductivity, DM, ash con-
tent, compaction, gas-filled pore volume, water-holding capacity , organic 
acids (C1-C7), NH4

+, S2-, aerobic microorganisms, anaerobic microorgan-
isms, y east, lactic acid,  acid-produc ing m icroorganisms and  acid-
oxidising microorganisms. The microbial groups were identified through  
growth on selective media. Average pH was 5.5 and acid concentration 
was 32 g/kg DM. 

Acid content, which aff ects the pH value, is very  im portant for the 
process. Low pH- values  – which are  often recorded in the wa ste and at 
the beginning of the process – can in hibit deco mposition, especi ally in 
conjunction with tem peratures above approx. 40 C (Sundberg 2005a) . 
Low pH values are normally due to high concentrations of or ganic acids, 
mainly lactic acid and acetic acid (Beck-Friis et al. 2003). 

2.3 Sampling waste 

2.3.1 Material samples 

It is difficult to take small, representative samples of heterogeneous mate-
rial such as h ousehold waste, and the tried and tested methods are often 
very laborious. 

A method that has been widely a dopted is coning and quartering , 
where a heap is divided into sections , a quarter removed, the remaining 
three-quarters mixed and the procedure repeated (Lundeberg et al. 199 9). 
In previous food waste projects this has proven unsuitable due to layering 
of different particles sizes (Sundberg 2005 b). (Dahlén 2005) ha s also  
reached the conclusion that this method is less appropriate. 

The specific qualities of the waste and the analy tical methods that  
should be us ed are of great significance in determ ining the appro priate 
sampling method. This means that sampling methods from other types of 
materials, including other waste fr actions, are not di rectly applica ble to 
food waste. 

A method for sampling of food waste was developed and analysed sta-
tistically b y l a Cour Jansen et al. (20 04). The m ethod in volves s everal 
stages of extraction of sm all and large s amples plus milling. The method 
was considered too lab orious to be su itable for this  project, sinc e it in-
volved e.g. e xtracting 300 kg with a spade and milling this waste before  
taking smaller amounts of sample for analyses.  

Within this project, a method of sampling was developed with the aim 
of obtaining representati ve sa mples with minimal manual wo rk. This  
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method is described belo w, in section  0. Unfortunately  there was no 
scope within the project to carry  out any in-depth statistical analyses of 
the method.  

2.4 Compost microbiology 

Composting occurs when microbes (bacteria and fungi) aerobically  de-
grade organic material (Insam  et al. 2002). In thi s aerobic (ox ygen-
consuming) process, microbial ( mainly bacterial) biom ass, water and 
carbon dioxide are for med. At the same ti me, energy is released as heat, 
which raises the temperature in the compost mass. Partly unavoidable by-
products are also formed, as are vary ing amounts of m ore or less malo-
dorous gases. These gase s are partly  the result of microbial activity  and 
partly the products of chemical reactio ns. In general, anaerobic microbial 
decomposition creates co nsiderably w orse odour p roblems, since aero-
bic/oxygen-consuming bacteria break down the waste to a ‘clean’ humus-
like mature compost. In order to minimise odour, a uniform and adequate 
supply of oxygen during the composting process is very important. Nev-
ertheless, the  oxygen does not penetrate every where and therefore an-
aerobic bac teria survive and grow in oxygen-deficient m icro-
environments within large particles, etc.  

Most composting processes are batch pr ocesses, which means that the 
organic waste is mixed with structure material at the start to form a com-
post substrate and that no additional or ganic waste is mixed in later. In  
batch composting, the substrate’ s own microbes form  the st arter culture 
for the m icrobial success ion. The cha nges that oc cur in the m icrobial 
diversity are  very  rapid. When the tem perature and pH increas e, most 
bacteria in the wa ste ar e r eplaced by  more heat-tol erant Bacillales and 
Actinobacteria. In a tunnel co mposting plant there are usually  enough of 
these thermophilic microbes in the actual surroundings (floor, walls, etc.), 
but in certain cases newly composted material is added as an inoculum. In 
many sm aller plants with rotating com post dru ms, the new waste is  
mixed in with the active com post in the drum, which means that no other  
inoculum is required.  

An important aspect of high temperature is its sanitising effect. Patho-
genic bacteria (both animal and plant pathogens) and most viruses cannot 
tolerate temperatures above 50°C for a long period. The sanitisation oc-
curs faster if the temperature is higher –  at 70°C one  hour is sufficient.  
During the ther mophilic phase most fungal species die off, but when the 
mass cools during maturation the fungi return. 
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2.5 Process optimisation for  
composting of household waste 

2.5.1 Role of pH 

In the Nordic  countries, the food waste often has a lo w pH (4.9–5.5; Ek-
lind et al. 1 997; Norgaard and Sorheim 200 4), which is due to high con-
centrations of lactic acid and acetic  ac id. The formation of these acid s 
continues during the initial stages of com posting, so the pH value often 
declines at the start, before rising to be tween 7 and 9 (Beck-Friis  et al. 
2003). If the  co mpost beco mes anaerobic (without  ox ygen, O 2), l arge 
amounts of organic acids can be formed and the pH continue s to de-
crease. In co mposting of acidic waste such as food waste, there is a risk 
of the pH continuing to remain low and to inhibit the  composting process 
for long periods, even i n good O2 conditions. T his occurs when the tem -
perature increases to above ~40°C before the pH has increased above 6.5. 
Laboratory experiments ha ve shown that the pH increase can be consid-
erably speeded up and decomposition increased through keeping the tem-
perature below 40ºC until the acidic phase has ended, i.e. until the pH has 
increased to ~6.5 (Smårs et al. 2002). This gives co nsiderably faster de-
composition compared with allowing the te mperature to rapidly  increase 
to 55ºC before the pH reaches 6.5. 

2.5.2 Optimal temperature 

In co mposting, the optim al tem perature – the tem perature at which de-
composition is as fast as p ossible – is approx. 55ºC, on condition that the  
pH is above ~6.5. The pr ocess rate is then approximately twice as fast as 
at 40ºC or 67ºC (Ekl ind et al. 2007). At tem peratures above 67ºC, the 
process r ate decreases rap idly. When com posting at  low pH (bel ow 6–
6.5) the process is inhibited at tem peratures above 40ºC (see above). The 
optimal tem perature at pH valu es belo w 6–6.5 app ears to be 37–38°C  
(Smårs et al. 2002). 

2.5.3 Amount of aeration required 

Aeration in com posting has three im portant function s: ox ygenation, re -
moval of heat and rem oval of m oisture. Every kg o f oxygen consumed 
corresponds to a certain am ount of he at released (ap prox. 12 MJ/ kg O2) 
and this has t o be transported aw ay. In large-sc ale composting, the heat  
losses via surfaces (bottom, top and sides) are small and therefore approx. 
90% of the heat is rel eased with the ga ses and their content of water va-
pour (Weppen 2001). Together with the great heat production, this means 
that the aer ation requirement for cooling is greater  than the aera tion re-
quirement for oxygenation, approx. 10 times greater at 55°C and approx.  
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5 times greater at 70°C (Sundberg  2005a). This m eans that appr ox. 10% 
of the ox ygen in the air is consu med at 55°C and 20% at 70°C, when 
composting at constant temperature without air recirculation. 

In large-scal e co mposting, dry ing in relation to degraded material is 
rather independent of temperature, with approx. 6 l itres of water evapo-
rating per kg degraded material (Sundberg 2005a).  This is because th e 
most important mechanism for transp orting heat away  is evaporation of 
water and emission of water vapour to t he atmosphere. The water content 
in food waste is not sufficient to transport off all the heat formed during 
decomposition in the co mposting process. Food waste compost therefore 
dries out before it becomes stable, unless water is added or restored. 

In composting of food waste, considerably higher air flow is required  
during the intensive deco mposition phase compared with co mposting of 
sewage sludge or garden waste. This is because food waste is more easily 
degraded, and unless a lot of air is added there is a risk of the com post 
becoming partly anaerobic and of the pH declining (see above). In large-
scale trials at two co mposting plants in Norway, decomposition rate and 
pH was speeded up by increasing aeration during the first 3–5 days from 
10 to  50 m 3 air per m 3 compost and hour at o ne plant, and at t he other  
plant by increasing aeration from 50 till 150 m 3 air per m3 compost and 
hour (Sundberg 2005b). Air flow is discussed further in section 7.5. 

2.5.4 Ash as an additive in composting  

Wood ash is sometimes used as an additive in composting. The ash raises 
the pH and can speed up co mposting o f acidic waste (Fung and Wong 
2006). In experim ents in Finland, ad dition of ash was shown to have  
positive effects in co mposting of food waste (Romantschuk and Arnold 
2005).Ash w ith a hi gh ca rbon co ntent has sim ilar properties to  active 
carbon (Rosenfeld 2001). It can abso rb volatile subs tances and thereby  
decrease odour. In an experim ent on windrow com posting of park and  
garden waste, odour decreased by  80% after addition of 25% by  volume 
of ash (Rosenfeld et al. 2004). It is important that the ash is analysed with 
respect to h eavy m etals and pH before a decision is made on addition, 
since the heavy metal content can be high and the pH can vary  widely. In 
Norway, Lindum Ressurs og Gjenvi nning AS have good experiences of  
adding slake d lim e (C a(OH)2) to food waste before incorporating bark 
after a conditioning phase of 30–60 minutes (Lystad 2002). 
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Food waste in 
heaps 

Small front loader scoops from 3-5 
trucks mixed in heap and  ground 
in ALLU crusher. 

Heap spread out and separated 
into parts. Three buckets filled.

Samples 
from three 
buckets 
make up 
triplicate 

3. Sampling and analyses 

3.1 Material sampling at composting plants 

The project was designed  to analy se triplicate sa mples and these three  
parallel samples were taken from three places in the same heap. Sampling 
for waste characterisation was carried out according to the following 
procedure (Figur 2): 
 
 A half to one loader scoop of waste from each of 3–5 garbage trucks 

were gathered into a heap with a front loader, with a similar amount 
from each truck. 

 The heap was mixed and ground twice with an ALLU screener-
crusher (www.allu.net). 

 The heap was spread out using a front loader and front scoop to 
approx. 40 cm height, and separated into a 2–3 parts with the help of 
the scoop.  

 Three buckets (10 or 20 litres) were filled with material taken from 
each cut surface, one site per bucket. 

 From these buckets, samples were taken by hand for direct analyses 
and for freezing in plastic bags. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Diagrammatic presentation of the sampling procedure. 

 

http://www.allu.net
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Material sampling during and after the compost process had to be adapted 
to the conditi ons at the respective plant. At YTV the above method was 
used for every  sam pling. The methods used at NSR and IVAR are de-
scribed for each plant in Chapter 6. 

3.2 Gas sampling 

Odour measurem ents were carri ed out  using olfactometry , accor ding to 
European Standard EN 13725 by Molab AS, Oslo ( see section 0). Com-
post gases for odour analyses we re taken in Tedlar bags (approx. 10 L), 
which were packed and sent to Oslo by express mail for analy sis within 
24 h. The sa mples from the compost reactor at SLU consisted of gas ex-
tracted after cooling and condensation at approx. 10C. The samples from 
the composting plants were drawn out by pump from the pore volum e in 
heaps that had been built approx. 2 hours before sam pling. Since these 
samples were  war m and m oist, they were diluted to approx. 50% with 
nitrogen gas in order to avoid condensa tion in the bags. Therefore in this 
project no measurements of odour em issions were carried out. Measure-
ments were made of pore odo ur, which can be regarded as a measure of 
the odour potential of the material.  

3.3 Microbial analysis 

Analysis of the microbial profile was carried out at the University of Hel-
sinki. DNA was isolat ed from ho mogenised co mpost samples us ing the  
Qiagen DNA isolation kit  for soil samples ac cording to the m anufac-
turer’s instructions. The amount and purity of the  DNA isolat ed was 
measured spectrophotometrically or thr ough gel electrophoresis. A frag-
ment of the gene for 16 S ribosomal RNA fro m the DNA isolat ed was  
amplified using the PCR t echnique. For this am plification, primers that  
delineate an area of 566 base pairs, including the variable areas V3-V5, 
were used. After analy sis of purit y and  quantit y by gel electrophoresis, 
approx. 10% of PCR product was used for cloning (Qiagen cloning kit) of 
the fragment in the vector plasmid, whereby those vectors for which clon-
ing succeeded gave rise to white colonies after transformation of the host  
bacteria. The  plas mids from  40 white colonies were isolated and the 
cloned fragments amplified with vector -specific primers which hybridise 
to each side of the cloning area. The amplified fra gments (at le ast 30 
succeeded) were s equenced in one direction acc ording the dideoxy 
method in an ABI sequencer. Species determination, i.e. ho mology 
searches, w ere carri ed out in the EMB L database  using FASTA  or the  
NCBI Blast programme.  
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Species membership was deter mined by hom ology of at least 97%. 
Fragments for which the homology with sequences in the database was 
below 97% can comprise new species of a known family, but the method 
used did not permit further analysis.   

3.4 Other methods 

3.4 1 pH and acids 

The waste was mixed with de-ionised water in prop ortions 1:5 (usually 
30 g com post and 150 g w ater). The mixture was stirred and allowed to  
stand for one hour, after which pH was measured in the liquid phase. 
Organic acid s (acetic acid , lactic acid, butyric acid and propi onic acid) 
were measured at the Depart ment of Microbiology at SLU usin g HPLC 
(high-pressure liquid chromatography ). Sa mples w ere mixed with de-
ionised water (1:5) and allowed to stan d for one hour. They  were then 
filtered through 0.45 µm PVDF filter. 

3.4.2 Dry matter and ash content 

Samples of the organic waste co mprising 10 –100 g rams were dried at 
105C for 22–24 hours. Samples of waste + structure material comprising 
approx.1 kg were dried at 105C for 24–72 h depending on oven. 
The ash content in the material was measured as loss on ignition in a 
furnace. Loss on ignition, which is often referred to as Volatile Solids 
(VS), is a measure of organic material content. The organic material con-
tent decreases during com posting and the change in VS can therefore be 
used to calcu late degree of deco mposition. VS was determined by igni-
tion of dry samples at 550C for 4 h. 

3.4.3 Carbon and nitrogen 

Total carbon (Tot-C) and t otal nitrogen (Tot-N) were measur ed in dried 
(50ºC) and milled samples using a Leco CNS-2000 anal yser at the De-
partment of Soil Science, SLU.  
Ammonium and ni trate nitrogen (NH4-N and NO 3-N) were analysed col-
orimetrically by TRAACS 800 AutoAnalyser in frozen samples milled to 
5–10 mm, shaken in 2M KCl overnight and centrifuged. 

3.4.5 TVOC 

A method de veloped for  measuring odour potential in slu dge ( Hobson 
and Sivil 2005) was used for TVOC measurement. Samples of waste (500 



 

 26 

g) at room temperature were placed in large oven bags (Melitta) 1 with 14 
L air. The s amples were shaken lightly and allowed to stand for 55 min-
utes. They  were then ag ain shaken lightly  and mea surements of TVO C 
were made on bag gases using a PID-instrument (Phocheck) after a fur-
ther 5 min.  

3.4.6 Bulk density and gas-filled volume 

Bulk densit y (volum etric weight) wa s measured by  fi lling buckets of 
known volume (10 L b uckets at YTV, 20 L buckets at NSR and IVAR). 
The buckets were then tapped on the floor four ti mes fro m a height of  
approx. 10 cm and again filled to the brim before being weighed.  
Each bucket was then filled to the br im with water. The volume of water 
used was assumed to be e quivalent to the gas-filled pore vol ume in the  
sample.   

3.4.7 Degree of decomposition 

Degree of d ecomposition was calculated for the trials in the com post 
reactor at SL U by  two methods. The first was based on the amount of  
carbon dioxide emissions during the trials and the weight of the incoming 
organic material. The second m ethod, VS degree of deco mposition, was 
based on changes in the ash content during the process, on the assumption 
that the ash fraction was not affected by decom position. VS degree of 
decomposition was calculated using the following equation (Haug, 1993): 
 
 
                    

 inut

inut

A100A
100AA

k



  
 
 
where k is d egree of decom position, A in is incom ing ash content (% of 
DM) and Aut is outgoing ash content (% of DM). 

3.4.7 Statistics 

The analytical data were subjected to statistical analysis by several differ-
ent methods. The students’ t-test and the Wilcoxon  rank su m test were 
used to co mpare groups of data (Johnson 1994). S tandard deviation is 
used throughout in tables and figures as a measure of variation. The soft-
ware used was Minitab and Microsoft Excel. 

                                                      
1 At IVAR, different bags were used. 
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4. Waste characterisation 

4.1 Method 

Sampling and analy ses to charact erise the waste were c arried out with 
two sa mplings at each plant, at two different times of year. Samples of 
the pure food waste were taken for chemical (pH, or ganic acids, Tot-C, 
Tot-N, NH4-N and NO 3-N) and microbial analyses, while sa mples of the 
compost substrate mixture were taken  for ph ysical analy sis (DM, bul k 
density, gas-filled pore volume). For detailed descri ptions of sam pling 
and analyses, see Chapter 0. 

4.1.1 Waste mixtures 

At IVAR, the waste r eceived (food waste in starch bags plus unpackaged 
garden waste) was mixed with recycled structure ma terial screened at 40 
mm after processing and crushed wood waste (Table 3). However, there 
was often insufficient recy cled material. Then wood waste was used in-
stead so that the wast e:structure volume proportions  remained 1:1. The 
crushed wood waste had particle size 0–80 mm.  

YTV used screened crush ed wood waste as structure material, which 
at sampling in January  2006 was mixed with crushed stu mps an d roots  
(Table 3). Y TV also used garden wa ste, mainly c oarser fractio ns, and 
recycled structure material screened at 25 mm. The plant received waste 
from households packed i n starch bags  and also large amounts of waste 
from commercial sources and the food industry.  

NSR received food waste in paper bags and unpackaged waste fr om 
the food ind ustry. At NSR several methods were used for pre-treatm ent 
of the waste. Food waste was so metimes composted directly , but was 
sometimes mixed with wa ter, after  whi ch the liquid phase was pressed  
out before the solid phase  went to co mposting. Press liquid was sent for 
fermentation for biogas production. In addition, from autu mn 2 006 the  
food waste was mixed with the fine fraction from sieving of mixed 
household waste (the coa rse fraction went to incineration). Therefore 
several differ ent waste fr actions from NSR wer e an alysed (Table 1 an d 
Table 3).  
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4.2 Results 

4.2.1 The waste  

The pH of food waste samples varied between 4.7 and 6. 1 (Table 1). The 
concentrations of organic a cids varied between 24 and 81  mmol/kg com-
post (fresh weight, mean of triplicate samples). In all  samples, lactic acid 
was the do minant acid, of ten followed b y acetic acid. But yric acid and 
propionic acid were also detected in certain sa mples. These pH values  
and acid concentrations w ere such that they  could be expected to  cause 
problems if t he te mperature in the process  w ere to  increas e r apidly to 
above approx. 40°C. Othe r parameters analy sed in  t he food  waste indi-
cated good conditions for composting (Table 2).  

Table 1. Description of waste at the composting plants Hogstad (IVAR), Äm-
mäsuo/Käringmossen (YTV) and Filborna (NSR), and pH and organic acids in these 
samples (triplicate samples unless otherwise specified, results presented in chrono-
logical order) 

Plant and 
sample number 

Date Waste type pH Organic acids 
(mmol/kg fresh wt.) 

IVAR:1 2005–12–15 Food waste with garden waste 5.2–5.9 81 ± 17 
YTV:1 2006–01–31 Food waste 5.9a 24a 
NSR:1f 2006–02–10 Food waste 4.9–6.1 47 ± 73 
NSR:1p 2006–02–10 Food waste, pressed 4.7–5.9 39 ± 62 
IVAR:2 2006–05–12 Food waste with garden waste 5.9–6.0 28 ± 3 
YTV:2 2006–08–29 Food waste 4.8–5.1 64 ± 16 
NSR:2f 2006–11–14 Food waste 5.0–5.5 45 ± 41 
NSR:2p 2006–11–14 Food waste, pressed 5.4–5.6 72 ± 97 
NSR:2s 2006–11–14 Mixed waste, screened 5.6–7.0 24 ± 19 

asingle sample 

Table 2. Characteristics of waste at the composting plants Hogstad (IVAR),  
Ämmäsuo/Käringmossen (YTV) and Filborna (NSR) 

Place and 
number 

DM (%) C/N-
ratio 

Tot C  
(% of DM) 

Tot N 

 (% of DM) 

NH4-N  
(mg/kg DM) 

NO3-N 
(mg/kg DM) 

IVAR:1 38.4 ± 3.8  17.6 43.5 ± 3.4 2.5 ± 0.6 720 ± 190 85 ± 19 
YTV:1 28.9 ± 1.2 18.5 47.0 ± 0.1 2.5 ± 0.3 810 ± 60 220 ± 50 
NSR:1f 30.6 ± 0.4 20.6 48.1 ± 0.9 2.3 ± 0.1 970 ± 40 100 ± 40 
NSR:1p 29.0 ± 1.1 24.3 48.7 ± 0.4 2.0 ± 0.1 590 ± 240 71 ± 7 
IVAR:2 47.8 ± 1.7 19.8 32.7 ± 1.5 1.7 ± 0.2 1700 ± 1100 98 ± 18 
YTV:2 28.9 ± 1.2 14.3 44.4 ± 0.6 3.1 ± 0.9 1100 ± 160 130 ± 50 
NSR:2f 29.7 ± 4.4 16.6 47.7 ± 3.1 2.9 ± 1.0 860 ± 220 69 ± 50 
NSR:2p 32.3 ± 2.2 21.4 48.8 ± 0.6 2.3 ± 0.5 400 ± 50 52 ± 7 
NSR:2s 43.6 ± 13.2 17.3 42.5 ± 5.0 2.5 ± 1.2 1260 ± 760 110 ± 90 

 
It is difficult to distinguish any trends within these data. It is not possible 
to draw any general conclusions about e.g. variations between seasons or  
differences between the plants, but the following can be noted: 
 
 There were large differences both within and between different 

sampling occasions. 
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 It is presumably not a coincidence that pH was higher and acid 
concentrations lower at IVAR in May 2006 than in December 2005. 
This was probably due to the presence of large amounts of garden 
waste in the incoming waste during the growing season. 

 At YTV in August 2006, the pH was very low and the concentrations 
of fatty acids high. That can perhaps be explained by the collection 
procedures in the Helsinki region, where compostable waste is 
collected in starch bags and only from apartment buildings, and 
therefore does not contain any garden waste. With collection in plastic 
bags (ordinary plastic or starch plastic) the material does not dry out 
as much as with collection in paper bags. This, as well as the higher 
temperature in the summer, increases acid formation and therefore the 
pH in the waste. It is suspected that collection in starch bags without 
any garden waste led in general to the waste collected at the YTV 
plant being more difficult to compost than that at the other two plants 
in the project (C. Gareis, pers. comm.). 

 At NSR, there was no significant difference in acid concentration or 
pH between pressed and unpressed food waste. The acid concentration 
appeared to be somewhat lower and the dry matter content had a 
tendency to be higher in screened residual waste than in source-
separated food waste. 

4.2.2 Waste mixtures 

The waste mixtures investigated are described in Table 3. The waste mix-
ture at YTV was wetter and more compact than that at IVAR and most of 
those at NSR (Table 4). However, the m ost compact material was one of 
the waste mixtures at NSR (NSR:2b in Tables 3 and 4). 

A large volume of gas-fi lled pores is essential in  achieving good 
throughflow of air through the co mpost mass. The reco mmended gas-
filled pore volum e i s at l east 30% ( Haug 1993) , which means that all  
waste mixtures except NS R:2b theoreti cally had an adequate gas-filled 
pore volume, even though that from YTV on 2006–08–29 was borderline. 
One problem that was not  studied here was compaction of the material  
inside the plant. There is a risk of the material being compacted when it is 
piled several metres high, and this can have a great influence on t he gas-
filled pore volume (Aasen and Lystad 2002). 

The mixture at NSR on 2 006–02–10 had a considerably hi gher bulk 
density than the mixture at IVAR on 2005–12–15 despite sim ilar gas-
filled pore volume. This was probably  due primarily to differences in the  
structure material. At IVAR this consisted mainly of dr y wood waste,  
which is light, while that at NSR cons isted of garden waste with  a high  
content of gravel and soil. Despite thi s, for the overall measurements 
there was a good correlat ion between bulk densit y and gas-filled pore 
volume (Figure 3). 
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Table 3. Description of waste mixtures at the composting plants Hogstad (IVAR), 
Ämmäsuo/Käringmossen (YTV) and Filborna (NSR) 

Place and 
number 

Date Structure material and mixing conditions 

IVAR:1a 2005–12–15 Food waste:crushed wood waste, volume proportions 1:1 
 

IVAR:1b 2005–12–15 Food waste: recycled structure:crushed wood waste, volume propor-
tions 3:2:1 
 

YTV:1 2006–01–31 Food waste:chips of wood with stumps:recycled structure:garden 
waste, mixing proportions 20 ton:7 m3:7 m3:7 m3 

 
NSR:1 2006–02–10 Food waste:garden waste, volume proportions approx.3:1 
IVAR:2a 2006–05–12 Food waste: recycled structure:crushed wood waste, volume propor-

tions 3:2:1 
 

IVAR:2b 2006–05–15 Food waste: recycled structure:crushed wood waste, volume propor-
tions 3:2:1 
 

YTV:2 2006–08–29 Food waste:wood waste:recycled structure:garden waste, weight 
proportions 15:1:1:1  
 

NSR:2a 2006–11–14 Pressed food waste:screen residue, volume proportions 1:1 
 

NSR:2b 2006–11–14 Food waste:garden waste:screen residue, mixing proportions un-
known 

Table 4. Characterisation of waste mixtures at the composting plants Hogstad (IVAR), 
Ämmäsuo/Käringmossen (YTV) and Filborna (NSR) 

Place and 
number 

Date DM content 

(% of fresh wt.) 

Bulk density (kg/m3) Gas-filled pore volume 
(%) 

IVAR:1a 2005–12–15 0.38 502 ± 6 46.1 ± 1.0 
IVAR:1b 2005–12–15 0.43 481 ± 13 47.4 ± 0.5 
YTV:1 2006–01–31 0.31 ± 0.02 577 ± 60 41.4 ± 5.6 
NSR:1 2006–02–10 0.36 ± 0.05 582 ± 33 45.4 ± 3.2 
IVAR:2a 2006–05–12 0.54 433 ± 15 55.3 ± 0.8 
IVAR:2b 2006–05–15 – 452 ± 37 57.5 ± 2.7 
YTV:2 2006–08–29 0.34 633 ± 32 32.1 ± 3.0 
NSR:2a 2006–11–14 0.39 545 ± 40 48.1 ± 3.0 
NSR:2b 2006–11–14 0.42 776 ± 99 27.2 ± 9.3 
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Figure 3. Gas-filled pore volume as a function of bulk density for waste mixtures at the 
three plants. 

4.2.3 Microbiology 

The results of m icrobial analy ses on sa mples of incom ing wast e at the 
three plants in winter 2005–2006 are presented in Figure 4. The microbial 
diversity and composition of t he incoming waste at the three plants was 
similar, as is  clearly  apparent, since the variation between samples a t 
YTV was greater than that  between the plants. The bacterial  diversity in 
the waste samples was rather high. The largest group in all waste samples 
was the gammaproteobacteria. Am ong the gammaproteobacteria, Pseu-
domonas and the enterobacteria (Escherichia coli, Klebsiella, Enterobac-
ter) were the largest groups. Pathogeni c bacteria occur am ong the gam -
maproteobacteria but these are elim inated through hi gh temperature and 
through microbial succession in the composting process.  

Another im portant group was the lactic acid bacteria ( Lactoba-
cillales), which are generally  occurring in dairy pr oducts and biowaste. 
These are important for the composting process in that through producing 
lactic acid, they lower the pH of th e already acidic waste so that other 
bacteria have difficulty growing.  

It can be noted that the groups of b acteria that are n eeded for an effi-
cient process,  i.e. Bacillales and actinobacteria, w ere already  present in 
appreciable am ounts in the waste. Th e method used in this project al-
lowed determination of a num ber of other bacteri a, which represented at 
least ~2.5% of bacterial cells, i.e. at least ~2 x 10 6 cells per gram  of 
waste. Such a quantity is more than sufficient to act as inoculum  for the  
subsequent composting process.  
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As al ways when DNA-based methods are used, a proportion of the 
bacteria r emained unidentified. Th ese bacteria/sequences are usually 
those that have never been isolated and grown in pure culture and have  
thus never been charact erised. Between 2 and 17% of all bacteri a in the  
waste samples represented such hitherto uncharacterised bacteria. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Microbial diversity in waste samples. IVAR:1 (bars a, b), YTV:1 (c-h), NSR:1m 
(i, j), NSR:1p (k, l). Abbreviations as in Table 1. 

 
Analysis of waste from the different plants was als o carried out at a later  
date in conjunction with analy sis of their co mposting processes.  In al l 
these samples, the diversity  was generally the sa me as in Figure 4 – the  
gammaproteobacteria and lactic acid bacteria dominated.  



   

 33

5. Reactor trials 

Five compost trials were carried out in the reactor at SLU. The objective  
of these trial s was to investigate the effects on odour, decom position, 
microbial composition and pH-value of different:  
 
 Temperature during the start phase (fast or slow increase to 55°C) 
 Temperature during later stages of the process (55 or 70°C) 
 Oxygen content (1% or 16% O2) 
 
It is already  well-established that oxygen content and tem perature strat-
egy during the start phase influen ce the deco mposition process (e.g. 
Smårs et al. 2002; Beck-Friis et al. 2003). The new aspect of these trials 
was mainly investigation of the relation of these param eters with odour, 
but also investigation of the te mperature increase during the latter part of 
the process. 

5.1 Method 

The composting trials were carried out in a 200-L  compost reactor (Fig-
ure 5), in which tem perature and oxyge n content could be controll ed in-
dependently of each other (S mårs et al.  2001). The reactor was in sulated 
with two layers of 25 mm  foam. The internal gas flow in the reactor was 
constant, approx. 200 m3/h. In order to maintain constant oxygen content, 
new air was added at the same rate  th at oxygen was consumed in the 
process. The temperature was measured at four plac es in the  reactor and 
at a number of other places in the system. The temperature was controlled 
through cooling and some reheating of the air. Condensate was collected  
in the cooling loop (Figure 5). 
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Figure 5. Compost reactor at SLU. Odour samples were taken at point A, between the gas 
heater and the analysers. 

 
Each trial lasted for 1 6 days and all w ere carried out duri ng the period 
September 2 006-February 2007. S ubstrate m ixture, water content and 
sampling intervals were the sa me in all runs. Two different strategi es for 
the start phase were used in the trials: 
 
 Self-heating: The substrate was allowed to self-heat and when self-

heating began to decrease the material was heated to 55°C. The aim of 
the self-heating strategy was to reproduce the heating process in large-
scale composting with constant gas flow, where the temperature often 
rapidly reaches around 55°C. Since heat losses are considerably 
greater in the small reactor than in a large plant, the reactor was heated 
to reach 55°C as rapidly as in large plants. 

 Cooling. The substrate was allowed to self-heat to 40°C, and then 
cooled to maintain just under 40°C until the pH in the material 
increased above 6. The temperature was then allowed to rise to 55°C. 
This strategy gives a very fast decomposition process (Smårs et al. 
2002). 

 
After heating, the temperature was kept constant at 55°C. In two trials the 
compost was heated further, to 70°C, from  day 9. Two different ox ygen 
concentrations were studied, 1%  and 16%, in order t o examine the effect 
of oxygen content. The com binations of start phase, s ubsequent tempera-
ture and oxygen content studied in the five trials are shown in Table 5.  
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Table 5. Temperature and oxygen content settings in 
 the five reactor trials and the names given to these 

Name Heating strategy Later temperature O2 concentration  

Cool-1% Cooling 55C 1% 
Cool-16% Cooling 55C 16% 
Cool-16%(70°) Cooling 55C , 70C from day 9 16% 
Heat-16% Self-heating 55C 16% 
Heat-16%(70°) Self-heating 55C , 70C from day 9 16% 

 
The co mpost material was mixed daily  by turning the reactor. At each 
turning triplicate samples of material were taken, with the reactor  being 
turned between sa mplings. Samples were taken dail y for anal ysis of pH, 
dry matter (DM) and ash c ontent. On days 3, 8 and 16, samples of mate-
rial were tak en for anal ysis of total carbon (To t-C), total nitro gen (Tot-
N), ammonium nitrogen (NH 4-N), nitrate nitrogen (NO 3-N), and micro-
organisms, and samples of gas were taken for odour analysis. For details, 
see s ection 3.2–3.4. Te mperature, o xygen, carbon dioxide (CO 2) and 
TVOC w ere measured automatically  every  5 m inutes during the trials. 
The material in the reactor  was weighed at the beginning and end of the 
trials.  

The food waste for reactor trials was source-separated incoming food 
waste taken from  the Hovgården com posting plant, Uppsala, on one oc-
casion in February /March 2006. It was freezing outside and the material 
maintained a tem perature of approx. 0C during  pre-treatment, when 
impurities were removed and the food waste was milled and mixed. The 
material was then frozen and stored at -20C.  

The compost substrate was a mixture o f thawed food waste and two 
fractions of structure material, fine (<3 mm) and coarse (3-19 mm)  
crushed wood waste (fresh weight pro portions fo od waste:coarse struc-
ture:fine structure = 10:4:1). Mature com post and water (each 5 % of the 
amount of food waste) were also added. The finished substrate mixture 
(Table 6) was finely milled and mixed by grinding through a screen plate 
with approx. 20 mm holes.  

Table 6. Composition of the incoming compost substrate to reactor trials 

 Substrate mixture 

DM (% of fresh weight) 44.9 ± 0.6  
Ash (% of DM) 11.4 ± 0.3 
Tot-C (% of DM) 44.2 ± 0.8 
Tot-N (% of DM) 1.61 ± 0.11 
NH4-N (g/kg DM)  0.57 ± 0.03 
NO3-N (mg/kg DM) 127 ± 23 
C/N-ratio 27.5 
pH 5.7 
Glucose (mmol/kg fresh weight) 500 ± 180 
Lactic acid (mmol/kg fresh weight) 9.5 ± 3.0 
Acetic acid (mmol/kg fresh weight) 8.3 ± 7.0 
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5.2 Results 

5.2.1 Decomposition, pH and odour 

The changes within the reactor during the first week of the respective trials 
are shown in Figure 6. Th ere were great differences in rate of d ecomposi-
tion, measured as carbon dioxide formation, between the self-heating strat-
egy and th e cooling st rategy. In all  trials with 16% oxy gen, the proces s 
started immediately and th e temperature climbed to 40°C during th e first 
24 hours. Thereafter came a few hours of lower activity, which in the trials 
Cool-16% and Cool-16%(70°) was followed by intense activity and a rapid 
change to high pH during the third day. During the third day, the decompo-
sition rate was at its highest and then slowly declined during the rest of the 
trial. In the trials Heat -16% and He at-16%(70°), however, when the tem-
perature climbed above 40°C the activity declined to almost zero and the 
pH remained low, around 5, during the rest of the trials (Figur 8). 

Figure 8 shows the temperature in the reactor and the changes in carbon 
dioxide during the trials. Production of  carbon dioxide during th e last day  
of the trials are shown in Tabel 7. Fo r those trials where production of car-
bon dioxide were not negligible, this can be used as a measu re of stability. 
According to Finnish leg islation on manure, <3 mg CO 2-C per g VS and 
day is r equired for a compost to be classified mature, which in the present 
case corresponds to approx. 4.5 g CO 2-C per kg Cin and day (C. Gareis, 
pers. comm.). 

Table 7. Characteristics of outgoing material from the five reactor trials 

 Cool-1% Cool-16%  Cool-16%(70)  Heat-16%  Heat-16%(70°) 

DM (% of fresh weight) 44.9 ± 3.3 48.9 ± 2.1 49.1 ±5.6 44.9 ± 2.2 46.8 ± 4.4 
 

Ash (% of DM) -2 16.0 ± 1.8 -2 12.0 ± 1.4 12.3 ± 1.3 
 

Tot-C (% of DM) 43.9 ± 0.6 42.6 ± 1.8 42.2 ± 1.1 45.0 ± 0.8 44.5 ± 0.5 
 

Tot-N (% of DM) 1.72 ± 0.08 1.87 ± 0.15 1.80 ± 0.14 1.68 ± 0.17 1.69 ± 0.19 
 

NH4-N (g/kg DM)  1.63 ± 0.01 1.44 ± 0.02 1.38 ± 0.03 1.17 ± 0.1 1.57 ± 0.02 
 

NO3-N (mg/kg DM) 0.5 ± 0.1 2.9 ± 0.4 3.8 ± 0.9 123 ± 26 127 ± 17 
 

C/N-ratio 25.5 22.8 23.4 26.8 26.3 
 

pH 8.7 8.3 8.2 5.0 5.0 
VS degree of decom-
position1 (% of DMin) 
 

-2 28 -2 5 7 

Total C release  
(% of Cin) 
 

24 29 26 6 7 

CO2 release during last 
day (g CO2-C per kg Cin) 
 

5.0 5.4 2.8 - - 

Nitrogen losses  
(% of Nin) 

18 14 12 4 3 

1See section 0     
2Data lacking 
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The initial TVOC concentration was ap prox. 200 ppm and increased ini-
tially (Figure 8). In Cool-16%  and Co ol-16%(70°), TVOC declined to 
below 100 p pm as the pH increased. In  Cool-1% TVOC declined so me-
what later  and more slowly. In Heat -16% and Heat-16% (70°), however, 
the TVOC values remained above 300 ppm during the entire trial. Odour  
concentration was at most 44 000 ou E/m3 in gas samples taken after the  
pH had increased and the TVOC had decreas ed, but was 74 000-
2 000 000 ouE/m3 in samples taken while the pH was below 6 and TVOC 
above 300 ppm (Figure 8). The cumulative TVOC emissions were lowest 
in Heat-16% and very  similar in the other four trials ( Table 8). TVOC 
emissions in relation to carbon degrad ation were considerably  l ower in  
Cool 16% , Cool-16% (70°) and Cool 1% than in Heat-16% an d Heat-
16%(70°).  

Table 8. Cumulative TVOC emissions during the trials and TVOC  
emissions normalised against the amount of carbon degraded  

Trial  Cumulative TVOC emissions 

(mmol TVOC/ kg DMin) 

Normalised cumulative TVOC 
emissions 

 (mmol TVOC/mol CO2) 

Cool-1% 25.0 2.5 
Cool-16% 26.8 2.1 
Cool-16%(70°) 24.8 2.1 
Heat-16% 13.9 7.3 
Heat-16%(70°) 24.8 12.2 
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Figure 6. Temperature, carbon dioxide release and pH in the five reactor runs during the 
first 7 days. The pH values in both material samples (*) and condensate samples (+) are 
shown. Condensate samples were used to determine the timing of the temperature in-
crease in Cool-16%, Cool-16%(70°) and Cool-1%. Heating (-) and combined cooling and 
heating (=) are marked at the top of the temperature diagram. 
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Figure 7. Changes in pH in material samples from the five reactor trials 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Cool-1% 
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b) Cool-16% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) Cool-16%(70°) 
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d) Heat-16% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
e) Heat-16%(70°) 

 
Figure 8. Temperature, carbon dioxide release, TVOC concentration, odour concentra-
tion and TVOC emissions in the five reactor trials. Odour concentrations are shown in the 
lower diagram on the left. Three odour measurements were made per trial and the values 
recorded are shown on the scale on the right, where 40 dB is 10 000 ouE/m3, 60 dB is 1 
million ouE/m3. 
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5.2.2 Microbiology 

In the reactor  runs, the gammaproteoba cteria in most trials w ere rapidly 
replaced by  Gram -positive bacteri a su ch as Bacillales (cl ass n ame for 
Gram-positive aerobic bacteria, includi ng e.g. Bacillus strains) and Acti-
nobacteria (formerly named Actinom ycetes). In trial Cool-1%  (Figure 9) 
the bacterial diversity of the wast e mixture was typical, with dominance  
of gammapro teobacteria. On day  3 in this trial the lactic acid bacteria 
comprised almost 90% of the bacteria l families, while the am ount of al-
phaproteobacteria remained at the sa me level as in the wast e. Lactic acid 
bacteria ( Lactobacillales) are Gram -positive, anaerobic but aerotolerant 
bacteria that produce lactic acid when  they degrade  sugars. The lactic 
acid causes the pH to decrease. In the samples where lactic acid bacteria 
dominated, alm ost half o f the rather large group Alphaproteobacteria 
were acetic acid bacteria (Acetobacter), while the Alphaproteobac teria in 
the neutral samples were soil and plant bacteria of various types.  

By Da y 8 gram -positive aerobic Bacillales strains had taken ov er. 
These are neutrophil ic, but also tolerate high pH and high tem peratures. 
Together with Actinobacteria they  are typical of a functioni ng compost-
ing process. The low content of Actinobacteria after 8 day s and 16 da ys 
nevertheless indicates an atypical composting proce ss, a s does t he high 
content of unidentified bacteria after 16 day s. The balance between Ba-
cillales and Actinobacteria varied betw een the reactor runs. The reason 
for these variations is still unclear, but the y are obviously related to 
physical and chemical parameters.  

When the reactor temperature was allowed to increase to 55°C despite 
the pH being low (Heat-16% days 3, 8 and 16, and Heat-16%(70°) days 8 
and 16), it was i mpossible to obtain DNA for analysis. This is  probably 
due to the m icrobial biomass being ver y low in these sa mples. The sub-
strate was thus microbially more or les s dead. This agrees with the other 
results such as CO2 emissions(Figure 8).  
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Figure 9. Bacterial diversity in compost samples from reactor trials at SLU. Cool-1%: 
days 0, 3, 8 and 16. Heat-16%(70°): day 3 (no DNA extracted from samples from day 8 
and day 16 in this trial). 

 
In the Cool- 16% run, ba cterial diversity  in the waste mixture was, as 
expected, relatively high (Figure 10), with Ga mmaproteobacteria as the 
dominant group. After 3 days Cool-1 6% was do minated by  Bacillales 
(aerobic Gram-positive strains with neutral to high pH optim um). After 8 
to 16  da ys t he Actinobacteria (aerobic Actinom ycetes, often th ermo-
philic, neutral to high pH optimum) dominated. In particular, Actinobac-
terial strains in samples from day 8 and day 16 were typical thermophilic 
compost bact eria. It is ob vious that the bacteri al s uccession pr oceeded 
considerably faster (lactic acid bacteria  Bacillales/Actinobacteria ) at 
16% oxygen supply than at 1%. The balance between Bacillales and Ac-
tinobacteria was also more in favour  o f the latter at the hig her o xygen 
levels. 
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Figure 10. Bacterial diversity in samples from reactor trial Cool-16%: Sample 1: Com-
post substrate day 0 (sample from Heat-16% but equivalent to the mix used in the Cool-
16% trial) and day 3, 8 and 16. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Bacterial diversity in samples from SLU reactor trial Cool-16%(70°): Day 0, 
3, 8 and 16.  

 
As in the other waste samples, the diversity was high in the waste mixture 
from the trial Cool-16%(70°), with dominance of the gammaproteobacte-
ria (Figure 11). Bacillales and actinobacteria do minated in the later sam-
ples. On samples from day 8 and 16 the re were also some gammaproteo-
bacteria, which indicates li mited oxygen availability. If decomposition is 
very rapid, the oxygen can run out even if aeration is efficient. Th e sam-
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ple from day 3 was dom inated by Bacillales (Figure 11), while t he pro-
portion of Actinobacteria increas ed in the sa mple from day 8. It was in-
teresting to note that Bacillales returned in t he day 16 sample, obviously 
as a result of the high (70°C) temperature from day 9. Such high tempera-
tures kill a la rge proportion of t he thermophilic microorganisms and mi-
crobe densit y decreases drastically . A m ore detailed com parison of the  
sequences would probably show that mesophilic strains of Bacillales (day 
3) were replaced by  meso/thermophilic actinobacteria (day  8), while the 
day 16 sam ple contained mainly ( ultra)thermophilic Bacillales strains. 
However, this has not yet been verified.  

5.2.3 Nitrogen dynamics 

The change in total nitrogen content during the tria ls was small,  as was 
the difference between the trials ( Table 6 and Table 7). Ammonium and 
nitrate concentrations in i ncoming material were low (3.6 and 0 .8% of 
total nitrogen content respectively ), which is norm al in food waste. This 
is in the same order of magnitude as in previous investigations in Sweden 
(Eklind et al. 2007). Duri ng the process there was a clear differ ence in  
ammonium and nitrate dynam ics between the trials with the cool ing and 
the self-heati ng temperature strategie s. In Heat-16% and Heat-16%(70), 
the nitrate content did not change at all, while the amm onium content  
increased somewhat. In the functioning processes  (Cool-16%, Cool-
16%(70) and Cool-1% ) there was a rapid decrease in both nitrat e and 
ammonium content. The decrease in amm onium can be due to imm obili-
sation, i.e. t o microorganisms taking u p ammonium during their growth, 
and ammonia losses. The decrease in nitrate indicates denitrification. The 
nitrate concentrations remained lo w in the well-functioning processe s 
while the a mmonium con centrations in all processe s increas ed progres-
sively to 2-3 times starting concentrations (Table 7).  

5.3 Discussion 

5.3.1 Temperature very important for decomposition 

There was a clear difference in deco mposition and process function be-
tween the two starting str ategies. Through co oling, so that the tem pera-
ture was kept below approx. 40 C, an intensive process quickly  got un-
derway. This intensive decom position reached a peak soon after the tem -
perature was allowed to reach 55°C, whereafter it declined exponentially. 
However, both pH and decomposition remained low throughout the entire 
trials in those cases (Heat 16% and Heat 16%(70) where the temperature 
increased to 55 C while pH was still low. These results agree well with 
previous research on sim ilar waste (S mårs et al. 2002; Sundberg et al. 
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2004). The c ombination of therm ophilic tem perature (>40°C) and pH  
below 6 strongly  inhibits the com posting process. In these trials the inhi-
bition was so severe that deco mposition effectively ceased (Figure 6 and  
Figure 8). It was not even possible to identify  any microbial DNA from 
the latter part  of the trials Heat-16%  and Heat-16%(70°). What appeared 
to happen was that the nat ural bacterial flora of t he waste died, without  
being replaced through natural successi on by a m ore heat-tolerant flora. 
An explanation to why the thermophilic, typical compost bacteria did not 
take over is that they  do not grow in an acid environment. Their pH opti-
mum is approx. 8. The i nhibition of decomposition is surprising i n view 
of the fact th at the moisture content wa s optimal and  the air had a n oxy-
gen content of 16%. That shows what a strong inhibitory effect the co m-
bination of organic acids, low pH (<6) and therm ophilic t emperature 
(>40°C) has on the composting process. 

At cooling to 40°C in Cool-16% and Cool-16%(70°), large amounts of 
acidic condensate were formed. A rough calculation indicates that 5–25% 
of the acid i n the co mpost wa s transp orted away  with the gase s, while 
75–95% was microbially degraded.  

5.3.2 Correlation between odour concentration, pH and TVOC  

Figure 12 shows a clear correlation between pH and odo ur. Th e odour  
concentration was higher in acidic than in neutral to basic com post. 
Compost with low pH (<5) gave rise on average to approx. 50 times more 
odour than compost with pH >6.5.  In order to minimise odour p roblems 
in composting of food waste, it is therefore important to get the pH to rise 
above 6.5 as quickly as possible.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Odour concentration as a function of pH in the material. The outlier in the 
upper right corner has an uncertain pH-value (see text, section 0). 
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TVOC measurements gave a good indi cation of pH and odour in the com -
post. TVOC decreased from several hundred ppm to below 100 ppm in con-
junction with the pH increasing to above 6.5. At the same time, odour de-
creased (Figure 8). This shows that af ter calibration, measurement of TVOC 
in outgoing ai r using PID c ould be used as an i ndicator of pH and odour. 
Since TVOC can be m easured on-line, the values obtained ca n also be used 
to control the  process . However, this  is  based on the  assum ption that the 
measurements can be made on gas from a homogeneous process. The corre-
lations between odour, pH, acids and TVOC, and the consequences for large-
scale composting, are discussed further in Chapters 7–9. 

5.3.3 Effects of low oxygen concentration  

Even at low oxygen concentration, in Cool-1%, the strategy was to cool the 
compost effi ciently in order to get over the acid phase more quick ly and  
achieve a lower odour co ncentration. Ho wever, the time for this was ex-
tended from two days in th e 16% trial to seven d ays in the 1 % trial. This 
confirms that oxygen concentration is a very  important factor for pH de-
velopment in compost. It i s well-documented that oxygen deficiency is an 
important and common cause of acid formation in composting (Robertsson 
2002). 

Figure 6 sh ows that the p H values in condensate fro m Cool-1% were 
low during the entire first week, while the pH values in the material were 
high. Thus these do not a gree with e ach other at a ll. The values in the 
material samples are probably  less accurate. Since t he pH in condensate 
was measured directly in the liquid at s ampling, while the material sam-
ples were frozen for measurements at a later date, the sources of error are 
fewer for the condensate values than for the material values. A possible 
source of error is that intensive microbial activity started when the mate-
rial samples were taken from the re actor, where the  oxygen content was  
1%, to room atmosphere with 21% oxygen content. This can hav e led to  
degradation of the organic acids and a rise in pH during the 30 –60 min-
utes that elapsed between sampling and freezing.  

Oxygen availability is not onl y dependent on the concentration in gas 
phase, but is also strongly dependent on particle size,  since the microor-
ganisms live not only on, but also in , particles and therefore are depend-
ent on the diffusion rat e into the material for their ox ygen suppl y 
(Hamelers 2001). In largescale processes, oxygen concentration in outgo-
ing air is normally above 15% (Eklind et al. 2007; Sundberg and Jönsson 
2008), and the structure of the substrate is often coarse, with large parti-
cles. However, particle size in the reactor trials was small, since the mate-
rial was milled to approx. 20 mm. This means that it  is possible t hat the 
oxygen conditions for many bacteria  in large-scale processes,  despite 
their high oxygen content in outgoing air, may resemble those in t he trial 
with 1% oxygen more than those in the trials with 16%. 
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6. Process investigations  
at composting plants 

All three plants had the sa me basi c problem: low pH and low degrada-
tion, which l ed to slow stabilisation a nd material that gave rise to odo ur 
problems during removal, curing and screening. 

The main strategy tested wa s th e same: To incr ease degrada tion 
through increased aeration and addition of water and to produce a product 
at the end of the main process that generated less odour, i.e. that had a 
lower odour potential. Ho wever, the three plants had different pr actical 
conditions and challenges and different related issues that the y wished to 
examine. Therefore the design of the tr ials at the three plants was similar  
but differed in som e ways. At each plant a few batches were monitored 
throughout the process fro m entry to ex it through studies of on-line data 
and extraction of sam ples for laborat ory analy sis. Certain para meters 
(mainly aeration) differed between the batches, while others were kept as 
similar as possible in order to allow comparisons.   

6.1 IVAR - Hogstad composting plant 

6.1.1 Background 

At the IVAR plant, trials had been carried out previously t o attempt to 
cool the m ass and thereby increase pH in the beginning of the process 
more quickly (Sundberg 2005b). However, it had  not proven possible to 
replicate the positive results from these trials in daily operation and there 
was an intere st in follow-up studies. Since there were previous tr ials to 
work from, it  was decided  to carry  out a rather focu sed study on the ef-
fects of aeration on  pH in crease and deco mposition of the organi c mate-
rial.  

6.1.2 The plant 

The plant has a confined process in bins, i.e. concrete channels 5 m  wide, 
42 m long and over 2 m deep. The material is loaded in at one end, turned 
with a mechanical compost turner that at each turning moves the material 
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approx. 4 m forward, and the material  is transported out from  the other  
end after nine turnings and approx. one month. Water can be supplied via 
the turning equipment when the material is being mixed. Aeration is from 
below, mainly by negative aeration (vacuum), but in some aeration zones 
air is also blown through the material. 

6.1.3 Trial design 

The trials aimed to dem onstrate proc ess conditions  that give faster de-
composition and more stable compost. The idea was to evaluate the effect 
of increased aeration on process develo pment and pr oduct quality in the  
beginning of the process. 

One batch in each of bins 1, 7 and 8 w as followed through the e ntire 
process. The plan was to have least a eration in bin 1, more in bin 7 and 
most in bin 8. In relation to the norm al status of the plant this meant stan-
dard aeration in bin 1, more air in zone A (day  0–3) in bin 7 and more air 
in zones A and B (approx . the first 12 day s) in bi n 8. Bins 7 and 8 had 
been reconstructed to allow increa sed aeration in the beginnin g of the  
process. There, air was blown through the mass in zone A, while all other 
zones had negative aeration, i.e. air was drawn through the mass by nega-
tive pressure.  The increas ed aeration was intended to be considerably 
higher than normal, i.e. a three- to five-fold increase in air flow.  

A mixture with volum e proportio ns 3:2:1 of fo od waste:recy cled 
structure:wood waste was used during t he trial. The material entered the 
process on 12 May 2006 and was turned 8 times at 2–4 day intervals until 
removal on 8 June. 

The instructions to the process operato r were to add water as required, 
which was to be decided after inspection of the temperature curves and of 
the materi al in the bin at  turning.  The starting point was the settings  
shown in  Table 9. Bin 8 received somewhat less w ater during the latter  
part of the process, since it was expected to be more stable and less active 
at that point. 

Table 9. Planned water additions ( m3/h) during turning 

Place (metres from 
entrance) 

Zone Bin 1 Bin 7 Bin 8 

0–7 A 30 30 30 
7–23 B 50 50 50 
23–39 C 60 60 40 
39–45 D 40 40 20 

6.1.4 Sampling 

The process co mputer stored data on te mperature, t ime of turning and 
amounts of water added. Air flow rate  in the zone where the trial batch  
was present was measured in all three  bins on two occasions during the 
trial. These measurements were carried out by Sweco Grøner using an air 
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flow meter type TSI CE 96 model 8360-M-S. After each turning, samples 
of material were taken for on-site analysis of DM and pH. Four b uckets 
(~ 5 L) were filled at different places in the batch, their contents were 
mixed and a bulk sam ple was taken from  the mixture. Once during the 
process and at unloading, larger samples of material were taken, on these 
occasion from s everal dif ferent places in the material. The material was 
frozen for tra nsport, to Uppsala for chemical analyses (C, N, acids, etc.) 
and to Helsinki for microbial analyses. 

6.1.5 Results 

Aeration and temperature 
Measured air flow is shown in Table 10. The low values for zone B in bins 
7 and 8 are surpri sing and were n either predicted or planned. In addition , 
the d ifferences measured i n zon e A, between  bin 1  on the one h and and 
bins 7 and 8  on the oth er, were con siderably smaller than plann ed. The 
planned air flows in b ins 7 and 8, zon e A, were approx. 5000 m3/h. Water 
additions wer e made largely according to plan. Temperature and ti me of 
turning are shown Figure 13. In bin 1, and during the latter part in bin 8 and 
bin 7, the temperature increased rapidly after turning. This is a clear sign of 
increased decomposition after turning and watering of the material. How-
ever, the temperature increase was small and slow after the first two turn-
ings in bin 7 and 8. This indicates poor aeration in zone B, which was con-
firmed by the low air flow measured in this zone (Tabel 10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bin 1 
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Bin 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bin 8 

 
Figure 13. Temperature changes in the three bins studied at the IVAR plant. Turning 
occasions are marked by points in the diagram. Temperature was measured in outgoing 
gases, with one sensor per aeration zone, which means that temperature during most of 
the process is a mean value for several consecutive batches. There are no temperature 
data for bins 7 and 8 on days 0–3 as there was no outgoing gas to sample since pressure 
ventilation was used instead of vacuum ventilation in the first aeration zone. 
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Table 10. Air flow (m3/h) in zones A-C in bins 1, 7 and 8  

Date Zone Bin 1 Bin 7 Bin 8 

2006–05–041 A 2700 3300 3250 
2006–05–19 B 1400 550 300 
2006–05–24 C 560 1270 1390 

1This measurement was carried out a few days before the trial 

 

pH 
Incoming pH was 6.1 ( Figure 14). It decreased in the first zone before 
increasing ag ain. In Bin 1 the increase was continuous, while in bins 7 
and 8 it was more variable, probably because of the poor aeration in zone 
B in bins 7 and 8.  After the first turni ng, pH was highest in bin 8 an d 
lowest in bin 1, which indicates a direct correlation with air flow,  which 
in zone A was highest in bin 8 and lowest in bin 1. In zone B (turnings 2–
5) the pH increased greatly  in bin 1 (to 7.7 after tu rning 5), whi ch had 
good aeration. In bins 7 and 8, where aeration was poorer, the pH in-
crease was not as great or as distinct (to 6.7 in both after turning 5). In 
zone C (turnings 5–8) bins  7 and 8 re ceived more air than bin 1, and the 
pH increa sed most in the se bins. At  rem oval, the difference in pH be-
tween the thr ee bins was small, althoug h it was hi ghest in bin  1 and sig-
nificantly higher in bin 1 than in bin 7. Overall, the pH in all bi ns in-
creased from 6.1 to 8.0–8.4 during the process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Changes in pH value during the process in bins 1, 7 and 8.  

 

DM 
DM content was periodically  over 6 5% ( Figure 15), which raises th e 
suspicion that the process  was  inhibited by  drought. DM w as measured 
just after turning, while w ater additions were made during turning. This 
means that c onstant water content in the diagram (e.g. bin 8, turnings 2–
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3) should not be interpreted as consta nt water content in the process. The 
fact is that t he dry ing-out that o ccurred between turnings was c ompen-
sated for by addition of w ater. When DM increases and decreases in the  
diagram, it means that the amount of water added did not full y compen-
sate or overc ompensated, respectively , for the dry ing that had oc curred 
since the previous turning. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Changes in dry matter during the process in the three bins.  

Microbiology 
Microbial composition in samples taken at rem oval after over on e month 
of composting indicates a normal process. Bacillales and Actinobacteria 
dominated (Figure 16). Althoug h both Bacillales and Actinobacteria are 
typical of a functioning process, the r elative proportion between these 
two groups differed between the bins. Closer interp retation of these re-
sults would require comparison with other parameters. However, it can be 
noted that ga mmaproteobacteria represented up to 30% of the sequences 
identified. Since a large p roportion of gammaproteobacteria are faculta-
tive, i.e. can  grow both aerobically  and anaerobically , their continued 
presence a month after the start can be a sign of sub-optimal oxygen sup-
ply. This assum ption is supported b y the higher contents of gammapro-
teobacteria in the reactor run where oxygen content was kept low, Cool-
1% (see Chapter 5). 
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Figure 16. Bacterial diversity in samples taken at IVAR on removal from bin 1 (sample 
12), bin 7 (sample 13) and bin 8 (sample 14). 

Odour 
Measured concentrations of pore odour are shown i n Table 11. The two 
parallel sa mples for each bin, both taken from with in the heaps formed 
when unloading, are presented separately. Pore odour was lowest in bin 1 
and highest in bin 8, but t he differences between the different bins were 
small. The values were generally relatively low. 

Table 11. Pore odour concentrations on removal of the material at IVAR 

 Units Bin 1, 
sample 

1 

Bin 1, 
sample 

2 

Bin 7, 
sample 

1 

Bin 7, 
sample 

2 

Bin 8, 
sample 

1 

Bin 8, 
sample 

2 

Odour  
concentration  

ouE/m3 15 200 15 200 11 200 36 000 44 000 38 000 

Odour  
concentration 95% 
confidence level 

ouE/m3 12 000–
19 000 

10 800–
21 400 

7 200–
17 400 

24 000– 
52 000 

28 000– 
70 000 

20 000– 
70 000 

6.1.6 Discussion, conclusions and recommendations 

A good composting process can be achieved in the existing plant 
The process functioned well even in the unmodified bin, as shown by the 
fact that the pH increased during t he process and the pore odour  of the  
product was not particularly  high. The conditions for good com posting, 
which were fulfilled during the trial, w ere: good air supply (see however 
0 below), m ixing (which is alway s carried out due to the design  of the 
plant) and addition of wat er to maintain uniform water content. It  should 
also be mentioned that incoming pH (5.9–6. 0) was among the highest of  
the wastes investigated in this project (see Table 2).  
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Strong correlation between pH and aeration 
In all bi ns the pH increased from  the original 5.9–6.1 to 8 .0–8.4 in  the  
product. There was also a clear correlation between aeration and pH in-
crease during the process. Since a correlation exists between pH i ncrease 
and deco mposition in the initial stag es of co mposting of food waste 
(Sundberg 2005a, kapitel  5 ovan), a pH increase is an  indication that de-
composition is effective. 

Original question not answered due to poor aeration in zone A and B 
Aeration is the single m ost important process para meter affecting how a  
composting process funct ions. Since a eration during the trial d eviated 
strongly fro m the planned rates, the differences between  the bins were 
smaller than planned and even reversed in zone B, and as a consequence 
the differences in process  progress and end-produc t were s maller than  
expected. It i s therefore difficult to draw any conclusions about how dif-
ferent aer ation regimes affected the co mposting process. Sinc e t he end-
product was rather sim ilar in all thr ee bins, it can be claim ed that the 
good aeration in zone A may have been counteracted by the poor aeration 
in zone B (as in bin 8), while the less good aeration in zone A may have 
been compensated for by the good aeration in zone B (in bin 1).  

The results show the i mportance of cl earing blocked air ducts i mme-
diately. Whe n ducts are blocked, as in zone B in bins 7 and 8, the y 
greatly im pair the functio n of t he pla nt. Goo d pr ocedures for quickl y 
detecting and rectify ing blockages in air ducts are just as im portant as  
large fans.  

Correlation between aeration and temperature 
In zone B in bins 7 and 8, air flows were considerably l ower than ex-
pected (Table 10). It is also clear fro m the temperature diagram (Figure 
13) that the processes in bin 7 and 8 between first and third turnings were 
different from that in bin 1 and also different fro m later in the process. It 
is normal for  the temperature to decrease at turning, since the material is 
mixed and water added. This m ixing and water addition causes the m i-
crobial activity  t o increase strongl y and therefore the tem perature in-
creases rapidly soon after t urning. This occurred in b in 1 at all t urnings, 
except turning 8. In bin 7 and 8, however, the temperature only increased 
slowly after turning  1 –2 ( zone B) and soon t hereafter began to  slowl y 
decline. This was a clear sign of poor aeration and ox ygen deficiency. It 
is thus possible to see from the tem perature curves whether the process is  
receiving suf ficient air  or too little air . This knowledge of tem perature 
curve interpr etation was possessed by IVAR’ s operational personnel. 
Expertise like this is i mportant and should be used for daily  optimisation 
of the process and for planning the daily operation of the plant. 
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6.2 NSR – Combined reactor, Filborna 

6.2.1 Background 

At NSR in Filborna, Helsingbor g, ther e have long been proble ms with  
odour, from the co mposting itself and from  the landfill and biogas plant.  
When the present project  was being planned, NSR was composting 
source-separated food waste in a Biodegma plant 2. Such plants exist at 
several sit es in Sweden (Sala, Ör ebro, Karlskrona) and Finland (Tam -
pere) and this wa s the r eason why  NSR wa s s elected for the project. 
However, during the course of the project the Biodegma plant was closed 
on the advice of the inspection author ity. Instead, for a period food waste 
was composted together with residual waste in a closed process in the so-
called co mbined reactor (see below), and it was this process that was 
studied in the present project. This process  has also had problems with 
odour, mainly during unloading, curing and screening. Food waste is now 
(March 2008) treated in the NSR biogas plant. 

During 2006 changes were made to incr ease aeration and thereby de-
crease the odour problems in the com bined reactor. For exam ple, the air 
inlets in the base plate were widene d and the fill height decreased. After 
these change s, measurements wer e made of e.g. air  flow, DM, VS and  
oxygen. The odour problems decreased  considerably, but during autumn 
2006 odour was still being generated at unloadi ng and at screening after 
curing. The trials in the combined reactor, which were carried out Febru-
ary-May 2007, were planned on the basis of these experiences.  

The basic ide a behind the trial design at  NSR w as to try to maxi mise 
decomposition during the weeks the material spent in the reactor, so as to 
thereby decrease odour lat er in the proc ess. Despite the material appear-
ing to be wel l-aerated during autumn 2006, it was considered pos sible to 
increase decomposition by suppl ying more air. However, increased rates 
of aeration and decomposition normally leads to inc reased desiccation of 
the material. Since the tr eatment was static (the material was not mixed) 
for 3-4 weeks, it was difficult or impossible to add water to the  mass dur-
ing the process. The tri al was therefore designed to investigate w hether 
maximum deco mposition had already  been achieve d in the balance be-
tween aeration and drying, or whet her decomposition could be inc reased 
through adjusting the air flow more accurately to the varying needs of the 
process. 

6.2.2 The plant 

In the combined reactor, screened residual waste was composted together 
with dry residues from pre-treatment of source-separated food waste. The 

                                                      
2 A static process that is aerated with fans. The compost is covered with a membrane roof that al-

lows gases but not liquids to pass through.  
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material was  com posted for 3–4 weeks in the reactor, which is  a static  
tunnel process, where the material is lo aded in with a front loader and air 
is added from below and  extracted fro m above. The tunnels had a base 
area of approx. 300 m2 and fan capacity was approximately 3000 m3/h for 
each tunnel. The materi al was cured o utdoors for a pprox. 5 weeks and 
then screened. The compost was used internally in the plant as cover ma-
terial for the landfill. 

6.2.3 Trial design 

We opted to compare a pr ocess with  a eration accor ding to the existing 
strategy (uniform aeration from entry to exit) with an alternative strategy 
with maximum aeration (full force th roughout) for 10 days from the time 
the temperature in the pr ocess increased to above 30 C. Maximum cool-
ing effect could thereby  be achieved during the period when the process 
was expected to need it most – when  there were large am ounts of avail-
able nutrients and moisture and th e compost was tem perature- sensitive 
due to low pH.  

Aeration was determined thus: 
 

 One reactor (R4) was aerated as normal, alternating 100% for 5 
minutes and 60%3 for 10 minutes throughout. 

 One reactor (R3) had increased aeration, 100% for 10 days once the 
temperature had risen above 30C. For the rest of the time it was 
aerated as normal, 100% for 5 minutes and 60% for 10 minutes. 

 
A firs t, pre paratory tria l run w as c arried out i n N ovember-December 
2006 and a second, with m ore nu merous and m ore accurate measure-
ments, was carried out in February -May 2007. In n ormal operation, one  
reactor is filled at a time, approx. one reactor per week. During the trial,  
however, two reactors were filled in parallel, and started, em ptied and 
screened on the sa me days. The waste  was thereby as similar as possible 
in both reactors and sampling was easier. 

6.2.4 Sampling 

At loading, unloading and  after screen ing, mixed compost material was 
sampled according t o the same methods used in the  other plants.  Addi-
tional samplings were carried out at nine places in a cross-section approx. 
1 m into the profile (low, in the middle and high; to the left, in the middle 
and to the ri ght), in order to compare drying in different positions in the 
compost. 

                                                      
3 60% is the fan setting and gives much less air  than 60% of maximum flow (Jessica Cedervall, 

pers. comm.) 
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6.2.5 Results 

Air flow was less than planned, on average only approx. 1500 m3/h in R3 
and approx. 500 m3/h in R4, co mpared with the planned flow for R3 of 
approx. 3 000 m3/h. Te mperature incre ased very  slowly  in R4, approx. 
1°C per day  during the entire trial. I n R3 the te mperature increas ed 
somewhat faster during  days 3–5, from approx. 25 to approx. 35°C, and 
the process was thereafter approx. 10 degrees warmer than R4 during the  
entire trial. T he temperature in R3 st abilised at approx. 50°C during the 
last week. The slow te mperature increase in both re actors indicates that 
the process w as not operating efficiently but was inhibited for some rea-
son. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Temperature changes in the two tunnels of the combined reactor at NSR. Air 
supply was higher in R3 than in R4. 

 
The start material had hig h concentrations of organic acids ( Table 12), 
considerably higher than in the waste investigated in the waste characteri-
sation stage (Table 1). The concentrations were rather constant during the 
entire process for the R3 batch, but  increased throughout the entire proc-
ess for the R4 batch. The fact that the material contained high concentra-
tions of acids throughout the entire process i s also c learly apparent from  
the pH values ( Table 12), which increased so mewhat for R3, but de-
creased somewhat for R4. 

Samples fro m R4 (which received less air) had stronger pore odour  
than samples from R3 at bot h unloading and screening ( Table 13). How-
ever, the diff erences between processes were not stat istically significant. 
In both reactors, pore odour decrea sed to approx. one-third after curing. 
All values of pore odo ur recorded were very high. However, it should be  
noted that these values were measured in gas taken from within the com-
post heaps and the y are an indication of potential odour emissions at e.g. 
screening, not a measure of actual emission of odour from the heaps. 
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Table 12. DM, pH and organic acid content for the material in process characterisa-
tion at NSR (R3 received more air than normal, R4 had normal aeration) 

Material Date DM (%) pH Organic acids (mmol/kg compost) 

R3 – Entry 2007–02–20 42 ± 7 4.9 242 ± 60 
R4 – Entry 2007–02–20 42 ± 7 5.9 131 ±84 
R3 – Exit 2007–03–27 47 ± 6 5.0 250 ± 340 
R4 – Exit 2007–03–27 46 ± 5 5.1 257 ± 22 
R3 – Screening 2007–05–23 55 ± 1 6.0 218 ± 60 
R4 – Screening 2007–05–23 52 ± 4 5.4 329 ± 0.2 

Table 13. Pore odour concentrations at unloading and screening at NSR 

Material Odour concentration (ouE/m3) Odour concentration, 95% interval 
(ouE/m3) 

R3 – Unloading  730 000 500 000- 1 180 000 
R4 – Unloading 1 500 000 1 050 000- 2 280 000 
R3 – Screening 250 000 130 000- 470 000 
R4 – Screening 490 000 360 000- 660 000 

 
Mass balances of composting at NSR are shown in Table 14. The weight 
decrease was similar in the two react ors during the process. Over 1 0% of 
incoming DM was degraded in  the tunnel, and approx. 25% of the water 
was lost. However, these mas s balance figures should be interpreted with 
great caution, since s mall variations in DM content have a large impact 
on the mass balance, and the uncertain ty in determination of DM content 
was high (Table 12).  

Table 14. Mass balances (fresh weight) for composting in the combined reactor at NSR 

Parameter R3 Fresh wt. R4 
Fresh wt. 

R3 
Dry wt. 

R4 
Dry wt. 

Mass in (ton) 446 462 189 193 
Mass out (ton) 360 360 168 167 
Mass loss (%) 19 22 11 13 
Mass after curing (ton) 320 265 -1 -1 
Mass loss during curing (%) 11 26 -1 -1 
Mass loss during the entire process (%) 28 43 -1 -1 

1Not calculated due to screening before DM sampling 

 
Analyses of samples taken in the profile gave no clear results ( 
Figure 18).  No difference in DM was observed ov er the period,  and n o 
great differences between sam pling positions (high/low, edge /middle). 
The mean values in the pr ofiles were surprisingl y similar, 45–46 % DM. 
There was also no systematic difference in pH between different times or 
positions. Overall, pH was very low, below 5.5 at most sampling points, 
which is an indication of ver y p oor process conditions. In R3 ( higher 
aeration) there wer e so mewhat more sampling points with pH values  
above 5.5 than in R4 (normal aeration).  
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R3 DM content   R4 DM content  

Day 9 Left Mid Right Mean  Day 9 Left Mid Right Mean 

Top 0.53 0.50 0.41 0.48  Top 0.43 0.39 0.45 0.45 
Centre 0.45 0.50 0.48 0.48  Centre 0.42 0.38 0.49 0.49 
Bottom 0.42 0.46 0.43 0.44  Bottom 0.59 0.48 0.46 0.46 
Mean 0.47 0.49 0.44 0.46  Mean 0.48 0.42 0.47 0.45 

           

R3 DM content   R4 DM content  

Day 24 Left Mid Right Mean  Day 24 Left Mid Right Mean 

Top 0.39 0.59 0.42 0.47  Top 0.46 0.47 0.41 0.45 
Mid 0.44 0.45 0.37 0.42  Mid 0.45 0.42 0.49 0.45 
Bottom 0.54 0.44 0.40 0.46  Bottom 0.43 0.43 0.49 0.45 
Mean 0.46 0.50 0.40 0.45  Mean 0.45 0.44 0.46 0.45 

 
R3  pH    R4  pH   

Day 9 Left Mid Right Mean  Day 9 Left Mid Right Mean 

Top 5.0 4.6 4.7 4.8  Top 4.7 4.6 4.9 4.8 
Mid 5.7 5.4 5.3 5.4  Mid 4.9 4.7 4.7 4.8 
Bottom 5.6 5.7 8.6 6.6  Bottom 7.1 5.0 4.6 5.6 
Mean 5.4 5.2 6.2 5.6  Mean 5.6 4.8 4.8 5.0 

           

R3  pH    R4  pH   

Day 24 Left Mid Right Mean  Day 24 Left Mid Right Mean 

Top 4.6 5.9 4.4 5.0  Top 4.7 4.6 4.7 4.7 
Mid 4.8 4.5 5.7 5.0  Mid 4.7 4.7 5.7 5.0 
Bottom 5.8 4.8 4.6 5.0  Bottom 4.7 4.9 5.2 4.9 
Mean 5.1 5.0 4.9 5.0  Mean 4.7 4.7 5.2 4.9 

 
Figure 18. Percentage DM and pH values in samples from profile sampling of the two 
batches at NSR, after 9 and 14 days respectively. Colour codes DM: <0.40,0.40–0.50, 
>0.50, pH:<5.5, 5.5–7.0,>7.0 

Microbiology 
Actinobacteria and Bacillales dominated in the microbial samples at exit, 
which would normally indicate a functioning process (Figure 19). On the 
other hand t he lactic acid bacteria ( Lactobacillales) and in particular the 
Clostridia in R4 are an indication of pr oblems and an abnorm al process. 
The Gram-positive, anaerobic Clostridia produce very m alodorous gases. 
The large nu mber of unid entifieds considerably  com plicates interpreta -
tion of these results.  
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Figure 19. Bacterial diversity in exit samples in R3 and R4 at NSR. 

6.2.6 Discussion and recommendations 

The co mposting process i n the co mbined rea ctor did not function well. 
The incoming material was very acidic and aeration was inadequa te (see 
also section 7.5). The odour was still strong after curi ng and the pH was 
still as low as 5.4–6.0 after three months of processing. 

Air flow during the doc umented trial was only  half the planned  
amount. During the preparatory trials (data not shown), which formed the 
basis for the trial design, air flow was considerably higher. This means  
that we did not evaluate the effects of the planned  air flow of approx. 
3000 m3/h per ton waste.  

The two-three ti mes gr eater aer ation in R3 com pared with R4 ha d a 
certain eff ect, the te mperature increa sed faster  and higher, the pH in-
creased somewhat and this  improvement appeared to  persist even during 
curing. The odour also decreased so mewhat, but not to that of a well-
functioning process. New alternatives should be investigated. One way to 
get sufficient air flow is to load to  a c onsiderably lower height, perhaps 
only one metre high, inside the tunnels. Another option that can b e tested 
is to incorpor ate large amounts (at least 30% ) of finished co mpost with  
pH above 7 so as to directly increase the pH of the compost substrate.  

6.3 YTV – composting plant in Käringmossen  

6.3.1 Background 

Food waste from the capital region of F inland is composted in the tunnel 
composting p lant at Ämmässuo, Espoo . This com posting plant has had  
problems with low pH, sl ow decom position and odour pr oblem during 
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curing, whic h occurs out doors in win drows. The p lant is also underdi-
mensioned and a new tunnel plant wa s under construction beside the ex -
isting plant  at the tim e of this pr oject. When the new plant comes into 
operation, the old plant will be used for curing. 

The process investigation at YTV was planned to c ompare different 
ways to speed up the com posting process. One str ategy tested was to 
increase aeration to the maximum at the plant and to add water in order to 
compensate for dr ying. In  addition, as h was added  to one batch to in-
crease the pH on the assumption that this would increase decomposition. 

6.3.2 Composting plant 

The waste is composted in tunnels (floor area approx. 110 m2 per tunnel). 
One tunnel was filled each  day (3 days per week), with approx. 140 to n 
biowaste and 40 ton structure material. The material was moved to a new 
tunnel each week, and aft er three weeks the material was rem oved from 
the plant for curing.  

The biowaste consisted of food  waste collected from  households, 
commercial kitchens and businesses in  the region. Most of the material 
was in b ags made from starch or ordinary  plastic. The structure material 
used was crushed wood waste, recy cled structure material and coarse 
garden waste (twigs and branches). 

Normally the maximum aeration capac ity in the pla nt (approx. 1–2.5 
m3/s, equivalent to 13–3 2 m3 air per m 3 compost and hour) is used, but  
during summer 2006 the a eration had b een reduced (to approx . 0.5 m3/s 
less than nor mal) in order  to decre ase desiccation of the co mpost mate-
rial. Aeration was carried out using a mixture of fresh air and approx. 20–
70% recy cled air, with less r ecycling at the beginning of the process.  
Water was normally  not added. Wate ring equipm ent was installed but 
was not working.  

During 2005 (Jan-Aug and Nov-Dec) the DM content in outgoing ma-
terial was on average 72%, with lowest and highest mean monthly values 
of 64% and 82% respectively. The mean pH in outgoing material was 6.9, 
with lowest and hig hest mean monthly values of 6.4 and 7.5 respectively 
(process data from YTV). 

6,3,3 Method 

Trial design 
Four batches were studied in the trial ( Table 15). Batch num bers 1 and 4 
represented t he normal co nditions at the plant, wher e Batch 1 was run 
with reduced aeration as had been d one in the m onths immediately pre-
ceding the trial and Batch 4 was run with full aeration in the normal way . 
This enabled co mparisons with Batch 3, where wat er wa s adde d, and 
Batch 2, where both ash and water were added. Water was added during 
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turning with the help of a slurr y sprayer, 8 ton per bat ch at the first turn-
ing and 16 ton at the second tur ning. The trial was carried out 2 8/8–26/9 
2006.  

Table 15. Description of the four batches in the trial 

Batch no. Name Aeration Ash Water 
addition 

Samples 
taken at 
start 

Entry date 

1 Low air Limited No No No 28/8 
2 Ash and water Full Yes Yes Yes 29/8 
3 Water Full No Yes Yes 4/9 
4 High air Full No No Yes 5/9 

Material 
Incoming waste mixtures in the trial are described in Table 16 and Table 
17. The m aterial was heap ed 2.5 m  high and the volume in the tunnels  
was approx. 280 m 3. The bulk densit y in Table 16 was calculated from 
the entire entry mass and entire tunnel volume, while that in Table 17 was 
measured on a triple sam ple from the mass according to the m ethod de-
scribed in section 0. 

Table 16. Waste mixtures used in the trial ( mass, ton)  

Batch 
no. 

Biowaste Ash Wood 
waste 

Recycled 
structure 
material 

Coarse 
garden 
waste 

Total mass Bulk 
density 
(kg/m3) 

1 151 0 11.1 11.7 10.1 184 653 
2 153 8.9 10.3 11.7 10.2 193 687 
3 147 0 11.0 13.1 10.2 181 645 
4 146 0 10.3 10.2 7.6 175 621 

 

Table 17. Characteristics of the incoming material (batch 1 not sampled) 

Batch 
no. 

Ash addition DM (%) pH Bulk density 
(kg/m3) 

Gas-filled pore 
volume (%) 

2  Yes 34 8.5 ± 1.0 633 ± 32 32.1 ± 3.0 
3  No 33 ± 7 5.3 ± 0.3 - - 
4 No 30 ± 2 5.4 ± 0.1 - - 

Measurements and analyses 
The following para meters were measured on-line in the plant. It was not 
possible to obtain these data el ectronically for data treat ment, only paper 
printouts were available.  
 
 Temperature of incoming air and outgoing gases 
 Air flow 
 Oxygen content in outgoing gases 
 Air pressure 
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DM, pH and TVOC (according to the method in section 0) were analysed 
on-site at YTV in the start ing material and at turning each week. Carbon 
and nitrogen concentrations were analysed at SLU and m icrobial compo-
sition at the University of Helsinki. Bulk density and gas-filled pore vol-
ume were determined on incoming material of Batch 2 (Table 17). For all 
batches, the material was weighed at entry and removal and turn ing. Sta-
bility was measured with the Rottegrad method on outgoing material. The 
plan was to take odour sam ples at the end of the th ree-week period, b ut 
due to practical problems and lack of communication this did not occur. 

6.3.4 Results 

Temperature increased rapidly in the beginning and reached 60°C  after 2 
days in Batch 2 (with ash addition) and after 4-5 days in the other batches 
(Figure 20). After turning the tem perature increased again in all batches, 
often very rapidly. During the third week the te mperature was somewhat 
lower in batch 2 and 4,  probably due to dry ing out (see below on water 
content). The rapid te mperature incre ases are an indication of an active  
composting process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Changes in temperature in the four batches at YTV. The compost mass was 
turned after 7 and 14 days.  

 
Dry matter content increased in all batches during the first week  (Figure 
21). During t he second week, DM was stable in Batches 1, 3 and  4, and 
during the last week it in creased shar ply in Batch 3 and 4, but onl y 
slightly in Batch 1. In Batch 2 (with ash) DM increased each week and by 
the end the material was very dry (79% DM). At completion, Batch 4 was 
driest (83% DM). This was expected, since this batch had full a eration, 
but no water addition. The material in  Batch 1, wh ich received less air 
than the other batches, had the highest water content. Despite water being 



 

 66 

0
10
20
30
40
50
60
70
80
90

0 1 2 3

Time (weeks)

D
ry

 m
at

te
r 

co
n

te
n

t 
(%

)

1
2
3
4

added to Batch 2 and 3, the water content decreased dramatically in Batch 
2 (with ash). That indicates that the deco mposition activity  was m ore 
intensive in Batch 2 than in Batch 3.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Change in dry matter content (%) in the mass during the process at YTV. 

 
In Batch 2 ( with ash) the  pH wa s considerably higher fro m the start and 
declined somewhat during the first week, but continued to be h igher than 
in the other batches throughout the entire process (Figure 22). In Batch 1, 
which receiv ed less air, the pH value was consiste ntly lowest. Batch 3  
and 4 had similar pH. In all batches, t he pH value increased by  around 
one pH-unit from week 1 to week 3. 

It is known that low pH v alues, below 6-6.5, inhibit the co mposting 
process if th e tem perature is above 40°C (Sundbe rg et al. 2004). This 
inhibition m ust have affected Ba tch 1 during the entire process, and 
Batch 3 and 4 during the first two weeks (Figure 20 and Figure 22) Addi-
tion of ash in Batch 2 raised the pH above the critical level from the very 
beginning of process, so this batch s hould not have been affected by this 
inhibition, which agrees well with the  steadily increasing DM c ontent of 
this batch despite water addition.  
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Figure 22. Changes in pH in the four batches at YTV. 

 
Mass balances, with changes in mass of dry matter and mass of liquid, are 
shown in Figure 23. It is im possible for dry  m ass to increase, which  
means that there w as some measuring error. There appears to be  a sy s-
tematic difference between measurement at entry and sampling during the 
process. It is possible that the specified water contents in incoming mate-
rial refer to the biowaste before inclusion of the structure material. In that 
case the dry  matter values on Day 0 should be somewhat higher, and the 
amount of liquid on Day  0 should be somewhat lower. In addition,  there 
is something wrong with the last sample in Batch 4. This means that care 
must be taken in interpretation of  these values. For mass of liquid the 
curves are reasonable, but  due to the li nk between liquid an d dry mass, 
caution is also needed in interpretation of these values.  

However, it is clear that large am ounts of water were lost, perhaps as 
much as 100  ton from one batch. Addi tion of a to tal of 24 ton water to  
Batch 2 and 3 was not sufficient to counteract desiccation (Figure 21). 
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Figure 23. Changes in total mass (top), dry mass (centre) and mass of liquid (bottom) in 
the four batches during the three weeks of the process.  

 
The Rottegrad values were very  low, which means that all the composts 
were far from stable. Batch 4 had a somewhat lower value (56 C), while 
that of the other three was between 65 and 67C. 
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The TVOC values were in the order of 23–49 ppm in the incoming waste, 
and decreased each week to less than 1 ppm in most samples by the end 
of the third week. The T VOC values  decreased linearly  over time and  
there was a weak tendency for an exponential correlation between pH and 
TVOC (Figure 24). No differences were observed between batches as 
regards TVOC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. TVOC (ppm) as a function of pH for data from the different weeks. 

Microbiology 
As in other waste samples, the gamma proteobacteria were generally oc-
curring, but  a particular feature was that Lact obacillus dominated 
strongly in t he YTV waste ( Figure 25). Household  waste in the Nordic 
countries alway s contains large am ounts of lactic acid bacteria, b ut the 
proportion is seldo m as l arge as in these samples. In the sam ples fro m 
Day 7 (Batch  2 and Batch 4), Bacillales were already dominant. At this 
stage of the  process, almost 80% of the  bacterial strains in batch 2 were 
Bacillales, while the samples fro m Batch 4 had a higher prop ortion of 
lactic acid bacteria and clostridia , which indicates lower oxy gen avail-
ability or otherwise poorer composting conditions in Batch 4. The feature 
that distingui shes Batch 2 fro m the other batches is that onl y it had an 
addition of ash. In the sam ples fro m unloading of  Batch 1  and 3, Ba-
cillales were completely dominant, while both Bacillales and actinobacte-
ria were larg e groups in  Batch 2 and 4. Batch 2 a nd 4 were v ery dry, 
while Batch 1 and 3 had a more appropriate water content. It is likely that 
there is a correlation between water content and microbial profile, but 
analysis of a large nu mber of equivalent co mpost samples would be nec-
essary to confirm this. However, it has long been known that actinobacte-
ria often form air hy phae and survive better in dry er environments than 
‘ordinary’ single-cell bacteria. A co mparison of the dry exit s amples 
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shows that B atch 2 (with ash) had a bacterial profil e that can be  inter-
preted as more beneficial – considerably fewer gammaproteobacteria.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. Bacterial diversity in samples from process characterisation at YTV. Batch 3 
Day 0 (3d0), Batch 4 Day 0 (4d0), Batch 2 Day 7 (2d7) etc.  

6.3.5 Discussion 

Effects of increasing aeration 
Aeration had a clear effe ct. In batche s that re ceived more air, the pH  
value increased faster. More water evaporated, which in itself  is a sign of 
greater heat developm ent and greater biolog ical activit y. However, the 
difference was not sufficiently large to give a m ore stable end p roduct 
when analysed with the Ro ttegrad method, but this method has a number 
of weaknesses for very immature material and for material with a low pH 
(<6,5) so the empirical data can be misleading. 

The strategy of decreased aeration (Batch 1) had the expected effect of 
causing less drying, but it also gave lower decomposition. It therefore led 
to a larger proportion of deco mposition occurring during curing. I t made 
less efficient  use of the enclosed plant and probabl y gave highe r odour  
emissions during curing, and is therefore not a recommended strategy. 

Effects of water addition 
Water addition had an effect. At full aeration without water addition, the 
material became too dry for optimal decomposition. In the two batches to 
which water was added, more appropriate water content was maintained. 
However, addition of a total of 24 ton of water to a batch with an incom -
ing m ass of 180 to n was far fro m adequate to keep the material suffi-
ciently moist for an optimal process during the three weeks (Figure 21). 
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Effects of ash  
Ash caused the pH to increase at once and to remai n higher thr oughout 
the entire pr ocess. The  te mperature w as also higher and DM  increas ed 
steadily during the three weeks, which indicates hi gher activity  than in 
other batches with the  same aer ation. The bacterial  profile in the batch 
with ash also  appeared to correspond b etter to a ty pical chatacteristic for 
an efficient p rocess, especially in the sa mple taken after one w eek. It is  
therefore relevant to co ntinue adding ash to compost. In order to achieve 
maximum decomposition it is also necessary  to supply sufficient air and 
water. 

Odour 
Odour was n ot m easured during  this trial due to  a m isunderstanding. 
Therefore we do not know whether the odour decreased due to the meas-
ures introduced. However, TVOC measurements were made and they 
demonstrate a clear decrease over ti me for all four batches, but no great 
differences between  batch es. Since  a correlation between  TVO C and  
odour has be en demonstrated in other contexts, th is is a sign that  odour 
decreased during the process (see also section 0). 
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7. Summarising discussion 

7.1 The waste 

The incoming food waste in the Nordic  countries is characterised by low 
pH values, in co mbination with moderate to high concentrations of or-
ganic acids, particularly  lactic acid. With these low pH values there is a 
high risk of problem s during com posting of the waste. In general, the  
substrate mixtures investigated in this project had water contents, gas-
filled pore volum es and organic carbon and ni trogen contents that ren-
dered them suitable for composting 

The waste al so contains l arge amounts of m icrobes. These microbes, 
mainly bacteria, act as the inoculant for the composting process. In ty pi-
cal Nordic household waste the gamm aproteobacteria group do minates. 
Among the gammaproteobacteria, Pseudomonas and enterobacteria ( E. 
coli, Klebsiella, Enterobacter) are the largest groups. Pathogenic bacteria 
are also present among these bacteria. These are usually not thermophilic 
and therefore die off rapidly when th e temperature rises. Lactic acid bac-
teria are another very  common bacterial group in waste. Food waste, in  
particular dairy waste, contains high co ncentrations of lactic acid bacte-
ria. Some of these are also heat-tolerant (up to 50°C). Since these bacteria 
produce organic acids during the deco mposition process, this can have a 
considerable influence on pH and ther eby on the start of the composting 
process. It c an be noted that bacteria l groups required for an efficient 
process, i.e. Bacillus and Actinobacteria, are already present in the waste 
in concentrations that are more than sufficient to inoculate the subsequent 
composting process. The concentrations  of Actinobacteria increased to-
wards the end in many of the well-functioning processes. 

The differenc es betw een s easons and composting plants were small.  
The analyses performed provided no support for any statement on general 
differences between seasons or plants. 
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7.2 Odour 

7.2.1 More odour at low pH 

Odour concentration was higher at low pH and there was a statistically 
significant correlation. This was clear i n reactor tria ls (Figure 12), and 
also applies when considering the data from the plants (Figure 26). How-
ever, linear regression is not necessarily appropriate in this case. The data 
material consists of two groups, one  with pH < 6.0 where odour concen-
trations are h igher than 70  000 ouE/m3, and another with pH > 6.6 where 
odour concentrations are at most 44 000 ou E/m3. We can therefo re with  
high certainty (p<0. 005) state that pore  odour, and thereby odour poten-
tial, is greater in material that has pH < 6.0 than in material that ha s pH > 
6.6, but within each group there is no significant correlation between  
odour and pH. 

There is also a correlation between TVOC and odour in samples from 
this project. These data have not been analysed in detail but the y at least 
provide support for the clear correlation between TVOC and odour which 
has been reported previously (Berg et al. 2005). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 26. Odour concentration as a function of pH at IVAR, NSR and in the reactor runs 
at SLU. The regression equation is log10(Odour concentration) = 7.982 – 0.4796 pH, 
r2=77.0%.  

7.2.2 Odour sampling 

Odour and T VOC were measured on sam ples of pore gas, i.e. the gases 
within the compost mass. This m eans that we ar e n ot able to give any 
values for odour em ission, the odour re leased from the compost. Instead 
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we regard the odour concentration in pore gas as a measure of odour po-
tential, i.e. the risk of odour emissions in the further handling of the mate-
rial. 

At the composting plants, the samples were taken in pore gas that had 
been extracted from a single point in a large compost heap. It is question-
able how representative a single sample taken from a large heap can be. It 
is possible to get so me idea of this fro m the sam pling at IVAR,  since 
there two sam ples were taken from  each heap, on  the same occasion but  
at different places ( Table 11). F or two  heaps the di fferences were very  
small, but in the third heap one value was three ti mes higher than the 
other. Better representativity could be obtained by filling the sa mple bag 
with a mixture of air taken at several places in the heap.  

7.2.3 Are acids causing the odour? 

It can either be the case that the acids themselves give rise to the odour,  
or that other substances occurring simultaneously make a greater contri-
bution. Organic acids have a strong odour, but it is probably not the acids 
that are pres ent in the highest concen trations that give rise to the m ost 
odour. Lactic acid is relatively  non-volatile and has a high boili ng point 
and is thereby  not present in high conc entrations in the air. Ac etic acid  
has several h undred times higher odour threshold t han many other acids 
(Rosenfeld et al. 2007). Butyric acid, which was measured in low concen-
trations (close to the li mit of detec tion) in a num ber of sam ples in this 
project, has a low odour t hreshold, as does valeric acid, which was de-
tected in some samples.  

Rosenfeld et al. (2004) measured odorous substances fro m compost-
ing of park a nd garden waste, and showed that the most important malo-
dorous compounds in the beginning of process were acetaldehyde and a 
number of different organic acids, including butyric acid and valeric acid.  

It is therefore likely  that it is organic aci ds, in combination with other 
substances, which cause odours duri ng com posting, but that the acids 
present in the highest concentrations  only  make a s mall contribution to 
the odour  pic ture. Regardless of which  substances cause the odour, the 
results from this project sh ow that the p H value can be used as a rough  
but quick indicator of the risk of odours in composting of food waste. 

7.3 Microbiology 

The bacterial groups requi red for an effective process, i.e. Bacillales and 
Actinobacteria, are already present in the waste in concentrations that are 
more than sufficient for inoculation of t he subsequent co mposting proc-
ess. It is  therefore the a cidic environment and not a general lack  of mi-
croorganisms suitable for composting that is the cause of the problem s in 
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the starting phase of com posting. Previous experiments c arried out at 
laboratory (20L) and pilot  (5 m 3) scale have also shown that inoculation  
with larger am ounts of kn own compost microbes does not lead to  a sig-
nificant improvement in the start  of composting unless the pH is adjusted 
upwards at the same time (Romantschuk and Arnold 2005).  

The microbial analyses carried out were ai med at deter mining bacte-
rial diversity and identifying typical/dominant bacte rial species. The re-
sults show a rough distrib ution between  different types of bacteria, but  
are not quant itative. They do not  show the concentrations of bacteria i n 
the composts, but it is kn own from previous studies (Insam et al. 2006)  
that the number of bacteri al cell s per g ram in the compost mass i s nor-
mally very high – over 10 9. Bacterial diversity is i mportant in that it can 
be used as an indicator o f the efficien cy of com posting, oxygen content  
and phase. Bacterial diver sity in almost all the cases tested corresponded 
to that expected at a cert ain stage of the process and/or in a certai n physi-
cal-chemical environment. Bacterial analysis can thereby contribute to an 
evaluation of co mposting process. Wit h the methods currently  available 
such analysis is slow and expensive, but DNA chips (micro-arrays) which 
are under development (M. Romantschuk, unpublished data) will revolu-
tionise this area. For fungal analy sis a similar chip is already  in u se and 
has been tested on samples from this project. The results are not yet com-
plete but we know that th e method works and that the detection lim it is 
sufficiently low. The method is fast, precise and very sensitive.  

An im portant part of microbial an alysis, which also form s part of 
statutory req uirements, in volves being  able to confirm that the mature 
compost is sanitised, i.e. free fro m pa thogenic microbes. In this project 
the process was not monitored all the way  to the end product, and the  
analytical methods used are not suitable for testing com post hygiene, but 
chip analysis will also be applicable for this purpose. 

7.4 Acids, pH and TVOC 

There is a relation between acid concentration (C2- C5) and pH (Figure 
27), which supports previous research showing that organic acids, in par-
ticular lactic acid, are the substances c ausing low pH in food waste and 
compost (Beck-Friis et al. 2003). Organic acids are mainly formed under 
anaerobic co nditions, but can be produced and accu mulated even  when 
aeration is sufficient to keep compost macropores aerobic. 
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Figure 27. Total concentration of organic acids detected as a function of pH in waste and 
compost from the three plants. The acids analysed were lactic acid, acetic acid, butyric 
acid and valeric acid (C2-C5).  

 
The TVOC content in pore gas is correlated with pH (Figure 24), and it is 
therefore worthwhile continuing tria ls on TVOC measurement as a proc-
ess indicator. There can be some potential in m easuring TVOC in outgo-
ing gas in order to get an indication of the pH value of the m aterial, but 
measuring pH in condens ate from outgoing gas is p erhaps an easier and 
just as reliable a method. This method has long been used in the reactor at 
SLU.  

7.5 Air flow 

Air is essential in removing heat and supplying oxygen to the composting 
process. Increased air flow both cools the compost and increases the oxy-
gen supply, both of  which contribute t o a m ore effective process with a 
faster pH increase and thereby decreased pore odour. This was ver y clear 
in the trials i n the reactor at SLU. At YTV it w as clear that the  process 
that received  less air also  had a poorer pH trend (Figure 22). Previous  
trials at IVAR and another Norweg ian plant have shown the same out -
come (Sundberg 2005b). At NSR too, increased aeration gave a highe r 
pH and lower odour , even though the improvements were small. The air 
flows provided at IVAR and YTV were in the sam e order of  magnitude 
as that in Co ol-16% and Cool-1%  in the SLU reactor ( Table 18), and 
should theref ore be adequate to give rise to a pH increase duri ng the  
process and good decom position, unless the process i s inhibited by other  
factors such as desicc ation. This al so agrees with observations at the  
composting plants (Chapter 0). However, the total amounts of air at NSR 
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were considerably lower than tho se at IVAR, YT V and the processes at 
SLU that ha d a functioning com posting process, which shows  that the 
amounts of air supplied at NSR were too small.  

Table 18. Approximate aeration in the different trials (all values have large uncer-
tainty, at least 50%) 

Plant Mean air flow (m3/h, tonin) Total volume of air during the 
entire process (m3/tonin) 

Process time 
(day) 

 Min. Max. Min. Max.  

IVAR1 24 26 15000 17000 27 
NSR1 1 3 1100 2800 35 
YTV2 10 50 5000 25000 21 
SLU3 24 165 7804 65005 16 
Theoretical6 10 30 5000 10000 ~ 20 

1Based on air flow measurements during the trials 

2Based on data on air flow obtained from YTV 
3Based on air flow measurements during the trials (due to the special aeration system of the reactor the values are 
adjusted so as to be comparable with the composting plant values) 
4Heat-16%, process with low pH and low decomposition 
5Cool-16% and Cool-1%, processes where pH increased and decomposition was intensive 
6Requirement for a good process with fast pH increase, based on calculations by Sundberg (2005a) 

 
Of equal importance to t he total air f low is the di stribution of the air  
within the com post mass. An increase i n air flow has no great signifi-
cance if the air mainly passes through macropores.  

When sufficient aeration is provided to cool the process, desiccation is 
inevitable when the substrate is as energy-rich as Nordic food waste. The 
measurements at IVAR and YTV show this clearly. At high aeration rate 
without water addition at YTV, the material became very dry towards the 
end (YTV, batch 4). Addition of 1 3% water, 24 ton to a 180 to n batch of 
incoming waste, had a very  limited effect in maintaining the water con-
tent of the material, which  shows that a fast and well- functioning process 
requires large am ounts of added water. According to theoretical calcula-
tions, approx. 600 L have to evaporat e from one ton of waste during the  
main process (Sundberg 2005a), whic h means that at least 200 L water  
need to be added per ton of incoming waste. 

Increased aeration gives increased cooling, but not necessarily a lower 
temperature. If the tem perature does not decline when aeratio n is in-
creased, this means that heat devel opment has increased, i.e. that decom -
position is proceeding more rapidly, which is the desired effect. This was 
the case at YTV (compare batch 1 and 3, section 0). 

A consequence of the air requirement for coolin g be ing greater th an 
the air requirem ent for oxygenation is that the temperature can easily 
become higher than the optimal in large-scale contained composting – the 
aeration is sufficient to oxygenate but  not to cool the process down to the  
optimal temperature. On t he other hand, if the te mperature is  below the  
optimal, i.e. less than 40°C at low pH (< approx. 6.5) or less than 55-
60°C in a neutral or alkaline process, t his is a sign that deco mposition is 
inhibited, usu ally due to poor ox ygenation or desiccation. This w as the 
case at NSR, where the  temperature was below the o ptimal during large 
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parts of the process. Poor oxygenation can be due to insufficient a ir flow, 
or to the oxygen not being distribut ed within the mass due to poor struc-
ture or clogging of so me of the air ducts. Exam ples of when desiccation  
caused the tem perature to sink rapidl y are e.g. IVAR, bin 1,  day 20–25 
(Figure 13) or YTV, batch 2, day 16–20 (Figure 20). 

A higher temperature than the optim al 55–60°C can be desirable for a 
short time, since it gives increased safety in sanitation.  

7.6 Measuring decomposition 

It was very  difficult to pr oduce reliable param eters for decomposition in 
the processes investigated at the pl ants. Three different methods were 
tested, but none of these provided reliable results:  

Mass b alance. Weighing inco ming a nd outgoing material provides  
credible answers regardin g the am ount of material that has disappeared. 
The problem is that most of the mass lost is al ways water and therefore  
accurate measurements of  wat er conte nt are ne eded to deter mine the 
magnitude of DM decomposition. Mass balances were performed at YTV 
and NSR (Chapter 6), and provi de some information on decomposition,  
although the uncertainty is large, mainly due to unc ertainties in DM de-
termination.  

VS decomposition. Organic material is broken down during the proc-
ess, while inorganic substances (a sh) remain unchanged. The ash content 
therefore increases during decomposition, and can be used to calculate 
the degree of deco mposition (see section 0). A major problem with using 
analysis of ash content in large-s cale c omposting is  particle size. Since  
the material is broken down over time, screening gives rise to great errors 
and coarse st ructure material must be milled before analy sis of ash con-
tent. This is laborious and was not carri ed out to any great extent in this  
project. Since the method is very  sensitive to the ash content determined 
and this varies greatly  due to the difficulty  in obtaining representative  
samples, the determination is normally very uncertain.  

Carbon dioxide emissions. This is the main method for measuring de-
composition in the co mpost reactor at SLU. Measurements can be made 
precisely and continuousl y on-line. Carbon di oxide is also measured on-
line at YTV, as is air flow, and it  should therefore be possible to measure 
carbon dioxi de em issions and calculate  deco mposition. However, this  
possibility could not be analysed within this project, because e.g. it was 
not possible to acces s the data from  YTV in digital form . At IV AR and 
NSR, measuring equipment will have to be installed i f they are to meas-
ure carbon d ioxide em issions, but t his is technolog ically p ossible and 
measuring carbon dioxide content on-line is both robust and inexpensive.  
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8. Conclusions 

The project showed a strong correla tion between pH value and odo ur 
(Figure 26). Pore odour is 10–1000 times stronger at pH values below 6.0 
than above 6.6. This means that the pH value is an important indicator of 
the odour potential of the material. It can therefore be concluded that for 
minimisation of odour during composting of food waste, it is very impor-
tant to m inimise the ti me taken for t he pH to exc eed 6.5. When the in-
coming material has as lo w pH valu es as source-separated food waste in 
the Nordic countries, special measures are required to rapidly increase the 
pH value and thereby minimise the risk of bad odours. 

It is likely  that organic acids are central for the odour status of food  
waste co mposting. However, it is no t the acids that are present in the  
highest concentrations that  cause the odour, b ut rather strongl y malodor-
ous acids that are present in low concentrations. 

Under unfavourable condi tions, compost can ‘stagnate’ in condit ions 
of low pH, st rong odour and very small turnover of the organic material. 
This occurred in the co mpost reactor at SLU when the te mperature was 
increased too rapidly  in t he beginning, and this occurred under si milar 
circumstances in the co mpost at NS R. At SLU it was possible to avoid 
this situation co mpletely through keeping the tem perature mesophilic 
(<40°C) during the acidic phase (pH< approx. 6.5). At YTV this situation 
was avoided throug h addit ion of ash and thro ugh increased aeration in  
combination with addition of water. 

A composting process where the pH rises rapidly gives a mature and 
reasonably odour-free product m ore quickly and also uses the enclosed 
part of the plant more effectively. A major proportion of the total decom-
position and the total od our emissions occurs in the covered part of the  
plant, where the outgoing gases can be controlled and treated. Measures  
shown to be effective in t his project in increasing pH and thereby  de-
creasing odour are:  

 
 Increased aeration, which both cools the compost and increases the 

oxygen supply, both of which contribute to a rapid pH increase and 
thus an effective process. Increased aeration often needs to be 
combined with addition of water after a few days or weeks. 

 Addition of ash. 
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There are  als o other way s to achieve a  fast pH incr ease and ther eby a 
decrease in odour, which are discussed in Chapter 9.  

In the project we showed at both I VAR and YTV that it is fully possi-
ble to com post food waste on a large scale so that after 3–5 weeks the 
material has a pH of 7–8.5, has been  decomposed to a large deg ree and 
has a relatively low pore odour. In order to achieve this, the conditions  
that were fulfilled were good aeration, t urning at least three times during 
the process and additi on of water. Ho wever, it shoul d be noted that the  
products from these processes were not mature compost, but th ey were 
sufficiently mature to function well in curing.  
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9. Recommendations for 
management and further research 

9.1 Management recommendations 

9.1.1 Acid compost produces more odour  
than neutral - increase pH rapidly 

The source-separated food waste in the Nordic countries has a low pH  
when it arrives at the plant and th e pH usually  decreases further during 
the initial process. If the composting process is funct ioning optimally the 
pH can rise within a few days, while i n a poorl y functioning compost it 
can take one or several months. Possible measures to increase the pH are:  
 
 Increased aeration (see section 7.5) 
 Addition of pH-increasing material (see section 0) 

a) recycled compost and structure material  
b) ash and/or lime 

 
One way to increase aeration per cubic metre compost is to stack the ma-
terial to a lo wer height. Lower load height gives more aeration and more 
surface cooling, and can be a simple way to achieve a faster pH increase. 

9.1.2 Improve decomposition efficiency in the enclosed main process  

With a fast process, a larg e proportion of the odour formation occurs in 
the enclosed part of the com posting plant. The odorous outgoi ng gases 
can be treate d, diluted and discharged in an appropriate way . This mini-
mises the risk of problems with the odours released during the process. It  
also produces a more mature co mpost with lower odour potential and 
thereby less odour  at screening and post- maturing. Recommended meas-
ures for increasing the ef ficiency of the enclosed process are shown in 
Figure 28. 
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Figure 28. Recommendations for increasing the efficiency of the enclosed process in 
composting of food waste. a) see section 0 b) see Chapter 4, for further information see 
Aasen & Lystad (Aasen and Lystad 2002). c) see section 9.2.2. d, e) see section 7.5. f) see 
section 7.5 and 0  

9.1.3 Add water to the process 

A fast decom position process require s m uch air and water, since food 
waste is a  very  energy -rich substrate.  There is a high risk of compost 
drying out, wholly or partly, regardless of whether  sufficient air  is sup-
plied or not . This is becau se food waste contains such a large amount of  
energy, which must be released before a stable co mpost can be produced. 
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In a norm al l arge-scale co mpost the majority of the  energy  is re moved 
through evap oration of water fro m the co mpost (Haug 199 3; Su ndberg 
2005a). Since food waste contains so much energy, water must be added 
during the course of the process so that  sufficient energy  can be re leased 
and the co mpost can stabilise. Today  this addition of  water often occurs 
in the form of rain and snow during curing, which means that decomposi-
tion is delayed and only a small proportion of the decomposition process, 
and thereby the odour em issions, occur in  the enclosed part of the plant. 
The amount of water that must be a dded is of  the same order of magni-
tude as the am ount of incoming waste. However, water addition m ust be 
adapted to the structure of  the material and the change in water c ontent 
during the process.  

If aer ation is decrea sed w ith the ai m o f decrea sing desiccation, t his 
also decr eases the r elease of energy , the te mperature beco mes too high 
and the decomposition process is inhibited. There is thus no advantage in 
trying to balance the process in this wa y. The only  outcome is a delay  of 
the decomposition process and the need for watering. 

Increasing water suppl y through having m ore liquid present from the  
beginning is not recommended. There is a very  hi gh risk of o btaining 
poor structure, poor aeration, declining pH and increased odour problems. 
Therefore technology and procedures are required for adding water dur-
ing the process when an energy-rich substrate such as food waste is being 
composted.  

9.1.4 Use temperature data to identify insufficient  
aeration and measure air flows regularly 

At the start of the process and after turning, a rapidly increasing temperature 
followed by constant or dec reasing temperature is a sign of a normal com-
posting process in systems with constant air flow. The reason is tha t turning, 
particularly if water is added, creates new areas where substrate, water, oxy-
gen and bacteria are present in the same place and decomposition becomes 
intensive in such places. After a tim e the most readily available material is  
degraded or the m aterial becom es too dry, a nd then the activity a nd heat 
formation decrease. This w as clear in several of the batches at YTV and 
IVAR. If the temperature climbs slowly over several days, on the other hand, 
this is a sign that something is inhibiting the m icrobial activity. The reason 
can be lack of oxygen or low pH in combination with tem peratures above 
40C, both of which are caused by insufficient aeration. Desiccation can give 
rise to a sim ilar tem perature patte rn. This patte rn was  clearly apparent at  
NSR, and in certain batches at IVAR (0). 

It is therefore possible to see from the temperature graphs whether the 
process is receiving sufficient air or too little air, for exam ple due to the  
mass becoming dense or the air ducts clogging. Even if the temperature 
graph gives clear indications that aeration is functioning , regular meas-
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urements of air flows are required in  all zones. Th is can  be done using 
either manual instruments or fixed measuring equipment. (Note however 
that war m, moist and co rrosive co mpost gases  pla ce gre at de mands on 
measuring equipment, so it needs to be checked regularly.) Composting is 
an aerobic process and aeration is the cr itical factor. If the aeration is not  
known, the process cannot be controlled.  

9.1.5 Introduce a measuring programme for process control 

It is im possible to achieve good com post quality and efficient utilisation 
of the com posting plant without focusing work on the composting proc-
ess. This de mands regula r measurements of i mportant process p arame-
ters, and m onitoring of these measurements. Empirical data can be used 
for process control and also for m ore long-term planning and evaluation. 
Long-term data series provide consid erably more information ab out t he 
process than individual short projects.  

Empirical parameters that should be  monitored in order to allow good  
process control are: 

 
 Temperature – already measured at all the plants in the project. 
 pH – simple and clear indicator of how the process is progressing. Can 

also be performed on-line through measuring condensate from 
outgoing gases. 

 Dry matter content – for planning of water addition. However, watch 
out for dry portions of the mass. 

 Air flow – not least to identify clogging so that this can be dealt with.  
 
Procedures should be intr oduced so th at the results of process measure-
ments influence both the daily  operation of the pla nt and the lo ng-term 
improvement of process and plant.  

9.1.6 Odour management is an integral matter 

This project focused on part of the work to decrease odour from compost-
ing, namely  how to decrease odour through speeding up the process so  
that most of the odour is released in the enclosed part of the plant. Odour 
should be treated as an  integral part of plant management and as a rule, a 
combination of measures are required. The com bination that works best 
depends on  where the od our problems arise and th e design of  the plant 
(Figure 29). 
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Figure 29. Schematic diagram of measures to combat odour at composting plants with an 
enclosed main process.  

9.2 Research and development requirements 

9.2.1 Optimisation of aeration and water addition in plants 

This project very clearly shows that it is possible to improve the compost-
ing process and decrease odour problems in large plants through better 
process control. This can be achieved through a combination of measures, 
where i mproved aeration and additio n of water are alway s im portant 
components, but addition of pH-increasing m aterial such as ash, lim e 
and/or recycled compost can also be an im portant part. Even in the Nor-
dic countries, it is possible after a few months of composting to produce a 
product with a manageable odour and a pH above 7, at least in a plant 
where the material is  turned several  times  during the period (se e IVAR 
plant, section 0). This product should function well in curing. However, 
within the fram ework of t his project it was not possible to achieve this 
product quality in all plants.  

Altering the process at a plant involves major development work. This 
work should preferably be  carried out in collaboration between sim ilar 
plants. Key indicator such as air quantities are a gre at help and are pre-
sented in this report (Table 18).  

This project was able to answer most of the questions posed at the  
outset, but many other relevant questions remain and new questions have 
arisen. One such im portant question c oncerns the best way  of adding 
water to the process.  

9.2.2 Additions that increase pH during initial composting 

Ash can be used to increase the pH in itially and thereby give a faster and  
better start  to the co mposting process, which was shown at YT V. How-
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ever, it is unclear what amount of ash is appropriate and how ash addition 
affects the l ater stages of t he process an d the quality  and applications of 
the end-product. This needs to be investigated further. In trials in Finland, 
lime and other ty pes of a dditive proved to be considerably  less effective 
than a certain t ype of p ure wood ash (4 –6 vol-%, M. Romantschuk, un-
published data). Ash, like lime and other additives, can contain hi gh con-
centrations of heavy metals and therefore should be fully analysed before 
any decision is made on addition.  

When the half-finished compost has a pH of 8–9, recy cling of a suffi-
ciently large proportion (perhaps 50–75%) of half-finished compost should 
be able to contribute to in creasing the pH above 6.5 already at th e start of 
the p rocess. This shou ld mean th at an opti mal pro cess can b e achieved 
from the very beginning and then a large proportion o f the d ecomposition 
would o ccur in the cov ered part of th e plant. Recy cling of such a larg e 
proportion o f half-fin ished co mpost wo uld also decrease th e amo unt of 
readily available energy per unit vo lume, which means that the risk of an-
aerobia and desiccation should decrease. Contrary  to popular belief, this 
recycling should be able t o incr ease the cap acity in the pl ant, the reason  
being that if pH increases above 6.5 at the beginning, more effective de-
composition occu rs wi thin the enti re co vered part of the plant. However, 
this strategy is untested an d needs to be investigated in a well -controlled 
project.  

9.2.3 Sampling methods 

Existing validated methods for extrac tion of sam ples of food  waste and 
compost material are very laborious and are not used to any  great extent. 
There is a great need to develop a sampling method that gives good statis-
tical reliability without the manual work required being unreasonable.  

9.2.4 Methods for measuring decomposition and stability 

Decomposition is the m ost im portant result of the composting process, 
but is normally not m easured in  composting plants (see se ction 0). The 
lack of a method to m easure the most central process outcome is an im-
portant factor behind poor utilisation of the plants.  

As shown in this report, much can be understood about decomposition 
through study ing seconda ry process parameters su ch as pH, DM and 
temperature, but a direct measurement of decom position would make it 
much easier to optimise the process. 

At the SLU co mpost reactor, carbon dioxide emissions are used as a 
measure of d ecomposition. This requires measurement of air flo ws and 
carbon dioxide concentration in outgoing gases from a process unit (e.g. a 
tunnel). This is a method that could be used in larger plants. 
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Measuring deco mposition is closely linked to m easuring stability , 
since stability is the desired outcome of deco mposition. There are many 
measures of stability, but no established international standard. One prob-
lem in this context is t hat methods that are suitable for determ ining the 
stability of well-degraded com posts are often not suitable for the high 
activity that applies in the beginning of a composting process. For exa m-
ple, the trials at YTV showed that the Rottegrad tes t was not able to dis-
tinguish between different materials under ongoing intensive composting, 
since all batches had almost the same very high temperature.  

9.2.5 Odour measurement 

Olfactometry is a method that measures what really  should be measured, 
the odour registered by  h umans, but it is an expen sive and im practical 
method. There is still no standard for use of measuring equipment as an  
indication of odo ur. In  vi ew of the importance that odo ur issues have  
during com posting, there is reason to  continue the sear ch to identify 
methods for measuring odour. It is s till a long way to go before a simple, 
cheap and reliable instrument for odour measurement becomes available.  
Measuring TVOC with PID, as investi gated in this project and in previ-
ous trials in Norway  (Berg et al. 2005), is relatively sim ple, straightfor-
ward and inexpensive. Th e method has been shown to function well dur-
ing the acidic phase of the composting process, but not as well later in the 
process. Its potential for  use should naturally be investigated further. 
Furthermore, the development of elect ronic noses (section 0) is highl y 
interesting and there is every  reas on t o m onitor international develop-
ments in this area. 

This project also showed that when composting food waste, measuring 
pH provides a good indication of the odour potential of the compost. This 
means that pH measurement, which is a relatively simple and inexpensive 
procedure, sh ould be incl uded as a co mponent of all investigations of  
odour problems in composting of food waste. 
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