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Abstract

Composting is the most widely used biological treatment method for recovering the plant nutri-
ents of organic waste. Composting is an aerobic process and it is well known that mismanagement,
e.g. insufficient ventilation, can seriously affect the turnover and performance of the process. The
turnover is also strongly inhibited if the operation temperature rises above 40°C before the pH has
increased above 6. Such a combination of high temperature and low pH also seriously increases the
odour emission potential of the compost operation as the initial high odorous stage is prolonged until
the pH increases. When the pH increases beyond 6.5, the odour potential rapidly decreases. The pH
development can be accelerated by good cooling and ventilation, and/or by addition of alkaline
amendment, e.g. recycling of alkaline compost or addition of wood ash. When the compost is turned,
the structure of the compost matrix, and thus the aeration, is improved which decreases odour genera-
tion and also the proportion of anaerobic processes and thus the emissions of methane.

Studies of food waste home composts show that these have a much higher moisture content (70-
80%) compared to what is normally recommended for composting (40-65%). The common assump-
tion has therefore been that methane emissions from home composts are greater than from large scale
municipal composts. However, recent studies in both Sweden and Denmark show that the methane
emissions from home composts usually are smaller than from large municipal composts. Furthermore,
both studies indicate that the emissions seem to increase if the composts are frequently turned, quite
contrary to what was expected. The emissions also seem to increase if the feeding is too high. This
means that the capacity of the home compost should not be exceeded and that the efforts for its opera-
tion can be kept low, as turning does not seem to be an advantage, at least from the point of view of
greenhouse gas emissions.
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Introduction

Composting is one of the most widely used treatment methods for biological wastes, which also
allows recovery of plant nutrients. Composting is an aerobic process that requires good aeration, and if
it is mismanaged, the emissions of greenhouse gases (GHG) and of odorous substances can be high.
When the ventilation is insufficient, both turnover and performance can be affected to a large extent
as shown e.g. by Jiang et al. (2011) for in-vessel composting of pig faeces mixed with chopped corn-
stalks. They showed that increased aeration reduced methane (CH,4) emissions, but increased ammonia
(NHz) and nitrous oxide (N,O) emissions. They propose a moisture content of 65%, aeration rate of
0.48 L/(kg dm-min) and C:N ratio of 21 as optimal from GHG emission point of view. Karnchana-
wong et al. (2011) compared 6 different 200 L-bin designs with passive aeration observing decompo-
sition rates and the quality of finished compost. The bin designs with holes around the bottom of con-
tainer provided the highest decomposition rates, demonstrating the importance of aeration. Sundberg
et al. (2011) demonstrated that the temperature, pH and aeration affect the production of volatile or-
ganic compounds (VOCSs) and thus the odour potential, which is especially relevant during the initial
stage of composting.

The objective of this paper is to describe how GHG emissions and odour of food and garden
waste are affected by different process parameters, such as aeration, temperature, moisture, pH and the
scale of the process (home compost or large scale facility). The data presented in this article are from
both literature and our own experiments.
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Influence of start-up process and pH on odour emissions

Problems with odour are often caused by the initial high rate stage of the composting process,
which produces substances with high odour emission potential. The odour emission can be considera-
bly increased if the process is non-optimal. A very common example of non-optimal process during
the initial stage is when the temperature reaches high levels (above 40°C) while the pH still is low
(below 6). During the initial high-intensity composting phase, large amounts of volatile organic com-
pounds (VOCs) are produced (Komilis et al., 2004), mainly due to incomplete oxidation of the sub-
strate due to oxygen deficiency (D'Imporzano et al., 2008). High concentrations of volatile organic
acids and low pH of the compost substrate is one of the most common factors causing and prolonging
the initial high odorous phase (Sundberg et al., 2009). When the temperature increases above 40°C
before the pH increases above 6, the initial high odorous stage is prolonged for as long as the low pH
condition maintained, which can be very long (Smars et al., 2002, Sundberg et al., 2004, Sundberg et
al., 2009). This has been shown to be common also for large scale composting (Sundberg and Jonsson,
2008, Sundberg et al., 2009). When the pH of the compost material increases beyond 6.5, a rapid de-
crease of the odour emission can be observed. The strong connection between pH and odour during
the initial stage of the compost process is clearly shown by the data presented by Sundberg et al.
(2011, 2009). The average odour concentration of the compost gas in composts with pH below 6.0
(mean pH 5.0) was 50-70 times higher than that of composts with pH above 6.5 (mean pH 8.0).

The pH increase is accelerated by good ventilation, addition of recycled alkaline compost and/or
by other alkaline additives, e.g. wood ash (Sundberg and Jonsson, 2008, Sundberg et al., 2009). The
importance of good aeration was demonstrated in a well controlled reactor compost trials (Smars et al.,
2001) where we compared the process development in food waste composting under similar condi-
tions, except that the compost gas contained 16% oxygen in one treatment and 1% in the other. For
both treatments the temperature was kept under 40°C during low pH phase. The pH in the condensate
was used as indicator of the low pH stage. When this increased above 6, the temperature was allowed
to increase to 55°C. For the 16% oxygen treatment, this condition was met after 2 days, while for the
1% oxygen treatment, it took 7 days. During this period, the odour concentration of the compost gas
was 30-60 times higher than after the pH increase.

Turning the compost is important for improving the structure and thus the aeration, for breaking
up anaerobic pockets and for reducing the generation of odorous substances. On the other hand, during
the turning operation itself large volumes of trapped gases are released. This especially applies to the
gas from the previously mentioned anaerobic pockets of the compost, which contains both odorous
substances and greenhouse gases, which means that during the turning the odour emission can be high
(Haug, 1993).

Influence of moisture, structure/mixing and aeration on process and GHG emissions

Moisture content can affect the process in many ways. First of all moisture provides the envi-
ronment for microbial activity and low moisture can become a limiting factor for the aerobic degrada-
tion. On the other hand too high moisture can affect the aeration by filling up the available pores, thus
creating pockets of oxygen deprived substrate and inducing production of methane. The upper limit of
moisture content for a good process varies between different substrates, as it depends on structure of
the compost mixture (Haug, 1993) and on its concentration of easily degradable organics. For a sub-
strate consisting of source separated faeces, wood ash, food waste and sawdust, Niwagaba et al. (2009)
found that when the initial moisture content was above 65% no good aerobic degradation process de-
veloped, which was shown e.g. by the process temperature reaching at the most 43°C. For a good pro-
cess right from the start, the initial moisture content needed to be below 60%.

Beck-Friis et al. (2000) found that the methane emission from large (2-2.5 m high and 5-6 m
wide) extensively managed (turning interval two to four weeks) compost windrows were much larger
than from small (1.2 m high and 2 m wide) windrows managed more intensively (turning interval one
to two weeks). The moisture of the large windrows was 48-63% and of the small 16-50%. While the
methane concentration in the pore gas in the small heaps often was below the detection limit (0.0001%
by volume), and the maximum level measured was 0.2% by volume. In the large windrows, all con-
centrations were above detection limit and, 30% of the measured concentrations were above 1% me-
thane and 10% were above 10% methane (by volume). However, it is hard to establish which portion
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of the methane production was due to high moisture and which portion was due to large windrows size
and that they were turned seldom .

While the results by Niwagaba et al. (2009) indicate that the moisture is very important for the
performance of the compost process, it is relevant to note that they worked with naturally ventilated
compost reactors. While using 60 L-compost reactors, Jiang et al. (2011) found that increased aeration
significantly decreased the emissions of methane, but at the same time significantly increased the
emissions nitrous oxide and ammonia. Higher moisture concentration (75%) seemed to somewhat
increase the methane emission as compared to lower moisture concentrations (65% and 70%), but the
effect was not significant in this experiment where the reactors were ventilated by force. The fact that
the type of aeration is important is supported by Brown et al. (2008), who compared different com-
posting systems. In addition to the aeration system they also suggested that moisture in cooperation
with bulk density may affect the emissions by promoting anaerobic processes.

Evidence that the emissions of methane normally are higher under conditions with low oxygen
supply has been given by many, e.g. Zeman et al. (2002), Szanto et al. (2007) and Jiang et al. (Jiang et
al., 2011). Zeman et al. (2002) reported the normal range of methane emissions to be between 1-4% of
initial C. However, when the aeration is poor, emissions can be much higher. Szanto et al. (2007) re-
ported 12.6% of initial VS degrading to methane in static piles and Beck-Friis et al. (2000) measured
methane concentrations of up to 47% in the pore gas. Beck-Friis et al. (2003) and Jiang et al. (2011)
have shown that the methane emissions decrease rapidly with increasing ventilation and oxygen sup-
ply. This supports the common recommendation that frequent, or at least regular, turning is important
for keeping the methane emissions from large scale composts low (e.g. Beck-Friis et al., 2000). There
are however some studies pointing in the other direction, e.g. the study of pilot scale manure compost-
ing by Ahn et al. (2011), which shows that the GHG emissions increased by 20% when the compost
was turned as compared to when it was static.

Nitrous oxide is a potent GHG, with the global worming potential of 298 over 100 years (IPCC,
2007). Even though many authors agree that compost management is decisive to determinate the
amount of emission (Hao, 2007, Szanto et al., 2007, de Guardia et al., 2010, Hellebrand and Kalk,
2000, Christensen et al., 2009), there is a difficulty to establish the variables that will be influencing
the emissions the most. For instance during the initial phase of composting, Jarvis et al. (2009) sug-
gests that oxygen limitation plays a big role. In their compost experiment they observed nitrous oxide
peaks after 9 and 21 days of composting and they attributed those peaks to nitrification and denirtifica-
tion processes respectively. Beck-Friis et al. (2003) establish that the mesophilic temperature during
the initial phase of composting is beneficial for nitrous oxide formation and when thermophilic condi-
tions are reached, the production decreases. In denitrification process, nitrous oxide is an intermediate
product, which can be transformed to N, if the N,O reductase is present in the microbial community
and the pH levels are beneficial (pH 6.5 - 7) for its assembly and functioning (Bergaust et al., 2010).
Jiang et al. (2011) suggest that a substantial release of N,O happens after the turning operations due to
the transfer of NO,~ /NO;™ from aerobic portion into the anoxic portion. They also suggest that higher
aeration rates can increase the nitrification rate, producing both N,O and higher concentrations of NO,
~/NOj3" in the material.

Nitrous oxide in maturation phase of composting can be expected due to both nitrification and
denitrification processes, which is especially relevant for larger composts as oxygen gradient is formed
within the material (Beck-Friis et al., 2000), temperatures are in mesophilic range and natural aeration
is reducing. These conditions allow both nitrification and denitrification activities to continue.

Home composting - Influence of scale on methane emissions

The scale of the composting operations, when home composting is compared to centralized mu-
nicipal composting, affects both the management and the emissions from the process. In large scale
composting the outgoing compost gas is often treated by a biofilter, and sometimes by a more sophis-
ticated type of filter, which should decrease the resulting emissions from the compost process. On the
other hand, the smaller scale home composting means that the emissions from waste transport are
eliminated and that the chance of the compost being put to good use are increased. Good use means
that the finished compost actually replaces the use of mineral fertilizers and/or peat based soil improv-
ers, which greatly improves composting with respect to its influence on the green-house effect.
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Our recent study of food waste home composting (Ermolaev et al., 2011a) shows, just as a re-
cent Danish study (Andersen et al., 2011), that the moisture content of the home composts in general is
much higher (70-80%) than what is normally recommended for composting (40-65% moisture). The
common assumption has therefore been that the methane emissions from home composts are greater
than from large municipal composts. However, both our study of 18 home composts over a full year in
Sweden (Ermolaev et al., 2011a) and the study in Denmark (Andersen et al., 2010a), show that the
methane emissions from most home composts are smaller than from large, well-managed municipal
composts (Ermolaev et al., 2011b, Andersen et al., 2010b). In this comparison it should be noted that
the windrow compost measured by Andersen et al. (2010b) was a garden-waste compost, which due to
better structure and lower concentration of easily degradable substrate, normally would be expected to
emit less methane than a compost with food waste.

Both the Danish and the Swedish studies of home composts show that the methane emissions
significantly increase with the frequency of turning and methane emissions were lowest from the units
which were not turned at all (Andersen et al., 2010a, Ermolaev et al., 2011a). In the experiment by
Andersen et al. (2010a) the feed to one of the home compost was tripled. This resulted not only in
significantly increased direct emissions of both methane and nitrous oxide, but also when calculated as
emissions per kilogram of substrate added. In the study by Ermolaev et al. (Ermolaev et al., 2011a),
the increase of the methane emission with increased feeding was a tendency, but it was not statistically
significant at the 5% level. However, in this study both increased temperature in the compost and in-
creased moisture resulted in statistically significant increases in the methane emission. Also Chan et
al. (2011) has shown that increasing temperature increases the emission of methane from home com-
posts, but in their study the effect of moisture was not significant.

Total greenhouse effect of composting - influence of use

The total greenhouse effect of composting is very much influenced by how the compost is used.
If the compost is used to substitute peat and/or mineral fertilizers, then this means that the greenhouse
gas emissions from the production and use of the peat and mineral fertilizer products will be saved and
these savings can be much larger than the direct emissions of greenhouse gases. Boldrin et al. (2009)
have calculated that the direct greenhouse effect of composting is 3-242 kg CO,-eq per ton wet weight
(ww) of organic waste for open composting technologies and that the corresponding range is 5-81 and
77-220 kg CO»-eq per ton ww for enclosed composting and home composting, respectively. The po-
tential saving in greenhouse gas emissions by using the compost to replace mineral fertilizer or peat
are ranging from saving emissions of 146 kg CO,-eq per ton of ww organic waste composted, to an
added emission of 17 kg CO,-eq per ton ww, and from saving 880 kg CO,-eq per ton ww, to an added
emission of 44 kg CO,-eq per ton ww, respectively. The large range for the substitutions is due to
different types of waste yielding different amount of compost and that the peat substitution was as-
sumed to be done on volume basis and the density of peat varies by a factor of five. These calculations
show that, while the it is important to have a good composting process, and good off-gas treatment to
minimize greenhouse gas emissions, for the minimization of the total greenhouse gas effect it is even
more important to use the compost in the best way. If the compost is used in soil mixtures, where it
substitutes both peat and mineral fertilizers, more than 1000 kg CO,-eq per ton ww of organic waste
can be saved. On the other hand, if open composting is done and the compost is just disposed in such a
way that neither its nutrients nor its organic matter us utilized, then the net greenhouse gas emission
can be as high as 240 kg CO,-eq per ton ww of organic waste.

Conclusions and recommendations

To minimize odour, it is important to quickly reach good composting conditions, which means a
pH above 6.5. In food waste composting the incoming waste often has a pH of 5 and below. Under
these conditions, it is important either to A) cool the compost sufficiently so that the temperature does
not exceed 40°C until the pH has increased above 6.5, B) mix the substrate with ample amounts of
alkaline compost recycle or C) mix with sufficient amounts of alkaline additive e.g. wood ash, so that
proper composting conditions will be reached as quickly as possible. This will simultaneously mini-
mize the odour.

To minimize methane emissions, in large scale composts it is important to ensure good aera-
tion. This means that the compost should have a good structure and it is an advantage if it is force aer-
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ated. It is also important that the compost substrate is not too wet, and in large scale composts it
should preferably be below 60% moisture. Keeping below this moisture seems more important if the
compost is naturally aerated than if it is force aerated.

The nitrous oxide emissions often increase after the initial high rate period, but they do not seem
to have any clear relationship with the different process variables. To minimize the nitrous oxide emis-
sions, the compost should not be allowed to mature more than necessary.

In home composts, the methane emissions increase with the frequency of turning and are lowest
if the compost is not turned at all. Also for home composts, methane emissions will slightly decrease if
the moisture decreases and it is an advantage if the compost is not allowed to maturate more than nec-
essary.

Most important for the total greenhouse effect of composting is how the finished compost is
used. If the composting is well managed with appropriate technology and the compost substitutes both
peat and mineral fertilizers then more than 1000 kg CO,-eq can be saved by ton of wet organic waste
composted. If, on the other hand, the compost is not used at all, then composting results in net emis-
sions of up to about 240 kg CO,-eq.
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