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Abstract

Food waste is a renewable resource that can be utilized as both energy and nutrients through anaerobic
digestion to increase nutrient recycling and fertilizer self-sufficiency and promote the mitigation of
greenhouse gas emissions. Anaerobic digestion of food wastes has, however, faced challenges due to
the waste’s characteristics, e.g., high protein content, which is why the organic loading rates with food
waste digestion are usually kept low to achieve a stable process. The digestate produced during
digestion contains all of the nutrients from the food waste feedstock and can be used as a fertilizer in
agriculture, where the availability of nutrients, the stability of organic matter, and biosecurity define
its agronomic value. In this thesis, the aim was to analyze the potential of using anaerobic digestion
for food waste utilization. The anaerobic digestion of food waste, feedstock pretreatment, and
processing and utilization of the digestate for fertilizer use were studied.

This study shows the potential of food waste as feedstock for anaerobic digestion without dilution,
with a total solids content of 20-25%. A high organic loading rate of 6 kgVS/m®d (VS, volatile solids)
was achieved with methane yields 400-430 m*/kgV$S in continuous food waste digestion while the
optimum loading rate was 3 kgVS/m*d, yielding around 480 m®kgVS of methane. Trace element
supplementation enabled a stable long-term operation and gradual increase of loading rates without the
accumulation of acids. The autoclave pretreatment (160°C and 6.2 bars) of the food waste affected the
characteristics — and subsequently, the anaerobic digestion performance, where the formation of
protein-based hardly biodegradable compounds led to a 10% lower methane yield during digestion,
decreased hydrogen sulfide content in the biogas, and 50% decreased ammonium nitrogen
concentration within the digestate. The decreased availability of proteins and hydrogen sulfide
formation due to the pretreatment reduce the risk of ammonia inhibition during anaerobic digestion
and enable easier biogas cleaning and security.

The food waste digestates shows potential as a nutrient source in crop fertilization independently and
after post-treatment. The studied digestates were considered suitable for fertilizer use, as they showed
good agronomic value in terms of nutrient content and usability, as well as biosecurity. Food waste
digestates produced around 5 to 30% higher ryegrass yield compared with a mineral fertilizer in pot
experiments, and the majority (50-70%) of the nitrogen and phosphorus were in the soluble and plant-
available forms. The integration of anaerobic digestion and digestate post-treatment technologies
enabled the processing of the digestate liquid into concentrated nutrient products rich in nitrogen and
potassium. With the combination different processing technologies such as evaporation, stripping, and
reverse osmosis, nutrient products with optimal composition can be produced to correspond with the
fertilizer demand. Overall, due to the high energy potential of the food waste, the integration of the



anaerobic digestion with heat-demanding digestate liquid post-treatment processes (e.g., Stripping
and/or evaporation) was possible.

In conclusion, anaerobic digestion has high potential for the utilization of food waste, as food waste
produces high methane yields in optimized conditions. The food waste digestate was also shown to be
a suitable nutrient (especially nitrogen) source in crop fertilization independently and after post-
treatment.



Tiivistelma

Ruokajatteet ovat uusiutuva resurssi, joita voidaan hyoddyntdd biokaasuprosessissa tuottaen seka
energiaa ettd ravinteita, lisdtd ravinteiden kierrdatystd ja omavaraisuutta sekd vahentaa
kasvihuonekaasupdastoja. Ruokajatteen kayttd biokaasuprosessin raaka-aineena voi kuitenkin olla
haasteellista korkean proteiinipitoisuuden vuoksi, miké on vaikuttanut siihen, ettd orgaanisen aineksen
kuormitus pidetdan reaktoreissa usein melko matalana stabiilin prosessin saavuttamiseksi.
Biokaasuprosessissa syntyvé kasittelyjadnnos siséltad kaikki ruokajatteen sisaltdmat ravinteet, jotka
voidaan hyodyntad maataloudessa lannoitteena, jossa seké ravinteiden saatavuus, orgaanisen aineksen
stabiilisuus  sekd  turvallisuus  madrittelevat  kasittelyjadnnoksen  lannoitearvon.  T&ssé
vaitostutkimuksessa tavoitteena oli analysoida biokaasuprosessin potentiaalia ruokajatteen késittelyssa.
Tyossa tutkittiin sekd ruokajatteen biokaasuprosessia, sytemateriaalin esikasittelyd sekd muodostuvan
kasittelyjadnnoksen prosessointia ja késittelya lannoitteeksi maatalouteen.

Tuloksena téssd tutkimuksessa saatiin nayttoéd ruokajétteen potentiaalista biokaasuprosessin raaka-
aineena sellaisenaan, ilman laimennusta, kun jatteen kuiva-ainepitoisuus oli 20-25 %.
Laimentamattomalla ruokajétteelld oli mahdollista saavuutta korkea kuormitus (6 kgVS/md) ja
metaanisaanto (400—430 m*/kgVS) jatkuvatoimisessa biokaasuprosessissa, jossa optimikuormitus oli 3
kgVS/m*d metaanisaannolla 480 kgVS/m®d. Hivenaineiden lisdys prosessiin mahdollisti pitk&aikaisen
stabiilin prosessin, seka asteittaisen kuormituksen noston ilman happojen kertymistd prosessiin.
Esikasittelynd ruokajatteen autoklavointi (160 °C ja 6.2 bar) vaikutti jatteen koostumukseen ja sita
kautta my06s biokaasuprosessiin, jossa heikosti biohajoavien proteiinipohjaisten yhdisteiden
muodostuminen johti 10 % alhaisempaan metaanisaantoon biokaasuprosessissa, alentuneeseen
rikkivedyn madraan biokaasussa sekd 50 % alhaisempaan ammoniumtyppikonsentraatioon
kasittelyjadnnoksessa. Esikasittelyn aikaansaama alentunut proteiinien saatavuus biokaasuprosessin
hajottajamikrobeille  sekd  alentunut  rikkivetypitoisuus  biokaasussa  vahentdvat  riskid
ammoniumtypesta aiheutuvalle inhibitiolle ja mahdollistavat sek&d helpomman ettd turvallisemman
kaasunpuhdistuksen ja -késittelyn.

Ruokajateperéiset kasittelyjaannokset osoittivat potentiaalia ravinteiden l&hteend viljelyskasvien
lannoituksessa sekd sellaisenaan ettd jatkokésittelyprosessien jélkeen. Tutkitut kasittelyjadnnokset
soveltuivat lannoitek&yttoon niiden hyvan lannoitearvon vuoksi, mikd perustui jaannosten
ravinnepitoisuuksiin,  ravinteiden  k&yttOkelpoisuuteen = sekd  tuotteiden  turvallisuuteen.
Ruokajateperéiset kasittelyjaannokset tuottivat mineraalilannoitetta 5-30 % korkeamman nurmisadon
astiakokeissa, ja suurin osa (50 — 80 %) ja&nnosten sisaltdmastd typestd ja fosforista oli liukoisessa ja
kasveille kayttokelpoisessa muodossa. Biokaasuprosessin ja késittelyjadnndksen nestejakeen
jatkokasittelyteknologioiden integrointi mahdollisti nestejakeen prosessoinnin konsentroiduiksi,



runsaasti typped ja kaliumia siséltaviksi, ravinnetuotteiksi. Erilaisten kasittelyteknologioiden,
esimerkiksi haihdutuksen, strippauksen ja ké&éanteisosmoosin, yhdistelmilld voidaan tuottaa
optimaalisen koostumuksen omaavia ravinnetuotteita vastaamaan lannoitteiden tarvetta. Yleisesti
ottaen ruokajatteen korkea energiapotentiaalin vuoksi biokaasulaitoksen ja kasittelyjdannoksen
nestejakeen jatkokésittelyprosessien yhdistaminen on mahdollista myds silloin, kun kyseessd ovat
paljon lampoa kuluttavat kasittelyprosessit, kuten strippaus ja haihdutus.

Johtopéatoksend voidaan todeta, ettd biokaasuprosessilla on merkittdvd potentiaali ruokajatteen
kasittelyprosessina, koska ruokajate optimoiduissa olosuhteissa tuottaa korkean metaanisaannon.
Ruokajateperainen kasittelyjadnnds soveltuu ravinteiden, etenkin typen, ldhteeksi viljelyskasvien
lannoitukseen seké sellaisenaan ettd jaannoksen jatkokasittelyn jalkeen.
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Abbreviations

a Annually, yearly

AD Anaerobic digestion

ADF Acid detergent fiber

BMP Biochemical methane potential

C, Ciot, Corg Carbon, total carbon, organic carbon
CH, Methane

CHP Combined heat and power

CO, Carbon dioxide

COoD Chemical oxygen demand

DM Dry matter

FAN Free ammonia nitrogen

FM Fresh matter

FW Food waste

H, Hydrogen gas

H,S Hydrogen sulfide

H,SO, Sulfuric acid

HCO5 Bicarbonate ion

HRT Hydraulic retention time

K, Kot Potassium, total potassium

KW Kitchen waste

kWh Kilowatt hour

MSW Municipal solid waste

MWh Megawatt hour

N, Niot, Norg, N2 Nitrogen, total nitrogen, organic nitrogen, nitrogen gas
NaOH Natrium hydroxide

NDF Neutral detergent fiber

NH; Ammonia

NH,-N, NH," Ammonium nitrogen, ammonium ion
(NH,)2SO4 Ammonium sulfate

NO;z-N Nitrate nitrogen
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OFMSW
OLR

P, Pyt

PO,%, PO,-P
RMP

RO

S

SCOD
S0

STR

TAN

TE

TKN

TS

TVFAs
VFA

VS

VW

WAS

Nitrogen utilization efficiency
Organic fraction of municipal solid waste
Organic loading rate

Phosphorus, total phosphorus
Phosphate, phosphate phosphorus
Residual methane potential
Reverse osmosis

Sulphur

Soluble chemical oxygen demand
Sulfate

Stirred tank reactor

Total ammonia nitrogen

Trace element

Total Kjeldahl nitrogen

Total solids

Total volatile fatty acids

Volatile fatty acid

Volatile solids

Vegetable waste

Waste activated sludge
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1 Introduction

The world’s population is ever increasing, and it has been estimated that the global population will
exceed 9-11 billion by the end of this century (UNEP, 2015). The growing population increases the
need for food and subsequently, energy and fertilizers for food production (Gustavsson et al., 2011).
Energy is still mainly produced from fossil fuels, which account for 81% of the primary energy
consumed globally (IEA, 2015). In total, the fertilizer industry consumes 1.2% of the world’s energy,
and the majority of that is used in the production of ammonia (NH;) through Haber-Bosch synthesis
(Swaminathan and Sukalac, 2004). Compared with nitrogen (N), the manufacturing of phosphorus (P)
consumes less energy, but its availability in mineral deposits has been estimated to decrease over time,
which will increase the P prize and open possibilities for recycled fertilizers (reviewed in Weikard,
2016). Alternative and more sustainable sources for industrial fertilizers are biomasses, e.g., food
waste (FW), into which the atmospheric N and mineral P are concentrated. Biomasses provide a more
economical option for the world’s growing fertilizer need (Scholz and Wellmer, 2013, Weikard, 2016),
as the use of the biomass nutrients increases nutrient recycling and fertilizer self-sufficiency and
promotes the mitigation of greenhouse gas emissions.

Globally, around 2 billion tons of municipal solid waste are formed annually, of which 34-53% is
organic waste that consists mainly of FW (UNEP, 2015). The large quantities of FW produced need to
be sustainably managed to prevent impact on human health and the environment. The uncontrolled
degradation of FWs in landfills produces methane (CH,) and carbon dioxide (CO,) and promotes the
leaching of nutrients, which may affect the eutrophication of water bodies. To prevent these impacts,
actions and treatment options are studied and applied. FW management, including priorities for
recycling and treatment, are addressed in the EU in the Waste Framework Directive (2008/98/EC,
European Parliament and the Council, 2008), which aims to prevent the landfilling of the FW (further
regulated in Landfill Directive, 99/31/EC, European Council, 1999) and obligates member states to
carry out source separation and safe treatment of organic wastes. The European Commission aims to
reduce the amount of FW by at least 30% by the year 2025, concentrating especially on the waste
generation in households, manufacturing, retail, and food services sectors through national biowaste

1



prevention strategies (European Commission, 2014). A more ambitious goal has been set by the UN,
which aims to halve the per capita global FW production at the retail and consumer levels and reduce
food losses in production and supply chains, including post-harvest losses, by 2030 (UN, 2014).

Actions for the treatment management of FWs are prioritized with the waste hierarchy (Figure 1,
Waste Framework Directive (2008/98/EC, European Parliament and the Council, 2008). The first step
in the process of reducing the effects of FW treatment is the reduction of FW volume, i.e., the direct
prevention of waste generation. The next two steps are the use and processing of FW as new food
products for people or animals. However, regional regulations may prevent the use of FW as animal
feed, as is the situation in the EU, where the protection against e.g., bovine spongiform
encephalopathy is ensured with legislation (European Commission, 2015b). FW is also encouraged to
be processed into value-added chemicals for the production of, for example, products for the
pharmaceutical industry (Mirabella et al., 2014) as well as bio-plastics through acidogenic
fermentation and microbial polymer synthetization (Lee et al., 2014).

\ Direct prevention /
\ Feed for people /
\ Feed for animals /

INdustrial chemicalg

Nutrients energy < Anaerobic digestion ‘
W al

Figure 1. The food waste management hierarchy, which defines the steps for FW treatment. The step
including AD treatment is indicated with an arrow (modified from UNEP, 2015).

If the above-mentioned waste hierarchy options are not possible, the FW can be processed, e.g., with
anaerobic digestion (AD) or composting. The AD treatment of biodegradable wastes such as FW
recovers renewable energy in the form of CH, for use in combined heat and power plants (CHP), in
vehicles, and for grid injection; it also allows the recycling of nutrients through application of
digestion residues, i.e., digestates, in crop production. With composting, the FW is degraded in aerobic
conditions, producing mainly CO, and water. The residual composted material can be used as a soil
amendment, but part of its nitrogen content is volatilized during the process and should be further
captured to ensure recycling. In 2012, 90% of the FW treated in Europe (EU28) was processed
biologically with both AD and composting according to the Eurostat waste treatment statistics.
However, about 5% of FW was still landfilled, while around 5% was incinerated with energy recovery
(Eurostat, 2015b). Of the biologically treated waste majority, around 95% (European Commission,
2008) is still composted, while the use of AD as a treatment for FWs and other organic wastes has
increased in Europe with a current reported capacity of around 8 Mt (De Baere and Mattheeuws, 2012).



2 Background

2.1 Food waste generation

It is estimated that globally, one-third of the food produced for consumption becomes waste during its
production, processing, distribution, and consumption (European Commission, 2014, Gustavsson et al.,
2011). Therefore, FW is generally categorized as part of the food that becomes wasted during its
journey from the farm to the fork (Figure 2) (European Commission, 2010). In this study, the term FW
is used to describe the organic waste generated in the consumption stage, e.g., in households and
restaurants. FW from households can be classified as a part of biowaste, which also consists of
biodegradable waste from gardens (European Commission, 2015a).

Agriculture E> Processing and | —\y Retail | Consumption
manufacturing

* Farming * Primary: drying, * Supermarkets, * Households
* Husbandry sieving, milling bakers etc. » Food services
etc. (restaurants,
» Secondary: canteens etc.)
mixing, cooking * Insitutions
etc. (schools etc.)

Figure 2. Food waste generation during the food production chain (adapted from Papargyropoulou et al.,
2014).

The generation of FW in different countries is dependent on the income level of the consumers, but the
overall amount of FW generated is somewhat similar in both low- and high-income countries. In low-
income-level countries most of the FW (80%) is generated primarily during farming and transportation,
while in high-income countries, consumers and retail sectors are responsible for around 80% of the
FW generation (UNEP, 2015). The FW generation in developing countries is due to inadequate
storage and transportation systems for food products, along with poor market situations, while
developed economies have set high standards for food products (cosmetic standards, best before dates,

3



etc.), which, along with the relatively cheap price, increases FW amounts (Gustavsson et al., 2011,
UNEP, 2015).

The total FW quantity produced each year in Europe (EU27) has been estimated to be around 90 Mt
(180 kg per capita), of which an estimated 38 Mt (76 kg per capita) is generated in households (based
on data from the year 2006, European Commission, 2010). As a comparison, in the US, 36 Mt (120 kg
per capita) of residential and commercial FW was produced in 2011 (US EPA, 2013). The EU
estimates an increase in the FW amounts to 120 Mt by 2020 (European Commission, 2016), which is
mainly due to increased FW generation in households (Figure 3). The amount of household FW has
almost doubled from 2004 to 2012, and FW from food manufacturing and agriculture shows a
decreasing trend (based on the Eurostat values of animal and mixed food waste and vegetal wastes in
EU28, Eurostat, 2015a).

50 +

40 +

30 +
S
s 20

10 -

0 n T T T 1

Households Manufacture of Agriculture, forestry Other
food products and fishing
m2004 @ 2008 02012

Figure 3. Generation of food waste in different stages of production during 2004-2012 in EU28 countries
(env_wasgen, W091-W092, Eurostat, 2015a).

2.1.1 Composition

FW usually consists of different raw and cooked food materials, beverages, and pet food that are
generated and discarded during manufacturing, distribution, retail, and food services, as well as in
households (European Commission, 2010, Lebersorger and Schneider, 2011). The FW produced in
households can be divided into unavoidable and avoidable FW. Unavoidable FW consists of, e.g., fruit
and vegetable peels, meat trimmings, bones, shells, coffee filters and grounds, and tea bags, which
cannot be eaten. Conversely, avoidable FW is the part of waste that has been edible but is wasted due
to, e.g., too-large quantities of food prepared and purchased, which leads to disposal of leftovers or as
a result of food spoiling (Lebersorger and Schneider, 2011, WRAP, 2009). However, the ratio between
unavoidable and avoidable FW is dependent on consumer habits and cultural differences where, e.g.,
bread crusts and potato/apple peels can be classified into either group depending on eating habits
(Lebersorger and Schneider, 2011, Schott et al., 2013) or can be classified into the “possibly avoidable”
group (WRAP, 2009).



In Europe, the FW generated in households is mostly avoidable waste. Around 45% of food is wasted
as whole or only partly consumed products, mainly due to poor planning with grocery shopping, while
around 10-15% is wasted as leftovers (Langley et al., 2010, Lebersorger and Schneider, 2011), which
can be seen as avoidable FW. In the preparation stage, the unavoidable FW consisting of peels,
trimmings, etc. has been reported to comprise 33% (Langley et al., 2010) or 44% (Lebersorger and
Schneider, 2011) of the total FW in households. All in all, the total amount of avoidable FW has been
reported to vary from 34% to over 60% of the total FW generated in households in Europe (Langley et
al., 2010, Lebersorger and Schneider, 2011, Schott et al., 2013, WRAP, 2009). Depending on the
classifications and study areas, avoidable FW shares of as high as 80% have been reported (Vanham et
al., 2015, WRAP, 2009). For example, in Finland and Sweden, the avoidable FW amount in
households has been estimated to be 20-30 kg (Silvennoinen et al., 2014) and 30 kg per capita per
year (Schott et al., 2013), while the avoidable FW amount in households has also been reported to be
as high as 97 kg per capita on average in Europe (Vanham et al., 2015).

The composition of FW is dependent on the source of the waste (Zhang et al., 2007), e.g., the stage of
the FW production chain. Composition of FW originating from households and restaurants is also
affected by the eating habits and diets of consumers — varying both seasonally and geographically — as
well as the consumer’s social status, income level, and environmental awareness (Hansen et al.,
2007a). The main constituents of FWs are carbohydrates, for example, fruits and vegetables (around
50% of FW), with lower contents of protein and fat-containing dairy, meat, and fish, and other
carbohydrates such as cereals (in total, 10-50% of FW, Table 1). However, prepared meals are
reported to constitute 3 to 20% of FW, representing a fraction of waste that could be totally avoided by
proper meal and shopping planning (Silvennoinen et al., 2014, WRAP, 2009). Over 90% of the
produced FW could be also avoided in the categories of rice/cereal products, dairy, and other foods,
while the fruit and vegetable, meat, and drink categories all include 20-50% of unavoidable material
that cannot be consumed (Table 1).

2.1.2 Collection and characteristics

The collection of FW in Europe is usually executed regionally as separate collection (source separated
FW) or as mixed with other municipal solid waste (MSW). The source separated FW in households
and restaurants/canteens is collected into a separate fraction than the other municipal wastes. Usually
in households, FW is collected into its own recycling bin, which is lined with either biodegradable
plastic, plastic or paper, bags (Al Seadi et al., 2013, Bernstad et al., 2013). Depending on the local
waste collection regulations, both pet litter and yard and garden waste can be included in FW
collection (Lebersorger and Schneider, 2011, Saveyn and Eder, 2014), which affects the chemical
characteristics, e.g., the TS content of the FW (Hansen et al., 2007a). If not separated at home, the FW
can be mixed with other fractions as mixed-MSW, while fractions such as metals and glass are
collected separately.



Table 1. Household food waste (FW) composition in selected European countries. Results are based on studies where FW composition was studied by either by hand-sorting
the FW from household waste bins (hand-sorting) or by FW weighing by consumers when FW was formed (consumer diary). The results are percentages (%) of the total
FW amount. The amount of avoidable FW is estimated and is presented as % of the FW type.

Food waste Detailed class Finland®  Portugal® ltaly? UK® Greece® Austria®®  Finland®® UK’ Average (%  Avoidable (%
class of FW of FW
Hand-sorting Consumer diary generated) generated in
each class)?
Fruits and Fruit and vegetable waste 25.2 - 29 48.2-53.8 54-71 - - -
vegetables Fruit and vegetables (whole) 6.4 - 18 7.1-12.2 - - - -
Fruit - 17.8 - - - 8.6 - 30
Vegetables - 31.2 - - - 17.7 19 23 30-60 47-88
Fruits and berries - - - - - 13 -
Salads - 0.6 - - - - - -
Pasta/rice, Pasta/rice, cereals 0.3 - 6.4 - 0 1.9 4 -
bread, Pasta, rice - - - 0.3-1.5 - - - -
bakery, Cereals - - - 0.3-0.4 - - - -
cereals Bread and bakery 2.7 2.6 1.4 10.1-13.3 15-88 - 13 -
Bread and cereals - - - - - - - 16
Baking ingredients and cereals - - - - - 15 - - 5-20 >0
Confectionery and snacks 0.2 0.3 0 - - 0.9 - -
Confectionery and desserts 1.9 - - - - 11.7 - -
Cakes, desserts, confectionary, snacks - - 0.1-0.5 0-14
Meat, fish, Meat and fish 2.7 6.1 2.1 3.6-10.9 24-45 109 7 -
eggs Meat - - - - - - - 2
Fish - - - - - - - 1
Bones 0.4 0 1.1 2.9-89 - - - - 2-10 50-65
Eggs - - - 0.6-1.2 - 0.6 -
Egg shells 1 - 0.7 - - - - -
Dairy Dairy, milk 0.4 0.6 0 0.3-0.6 - 75 17 -
products Cheese - - - - - 4.6 - - 0.5-10 >90
Milk, cheese, eggs - - - - 0.3-1 - - 10




Drinks Drinks (coffee grounds, tea bags, 19.5 0.1 0 6.2-10.4 0.3-04 16 - 9

etc.) 1-15 60
Meals Mixed meals 4.4 24 0.7 - 0.2-15 - - -
Prepared meals - - - - - 2.9 18 -
Convenience and take-out food - - - - - 2.6 6 - 3-20 >90
Sandwiches - - - - - 1.9 - -
Other food Other food 5.7 - 3.6 0.3-2.3 - - - 10
Dried food, powders - 0.2 - - - - - -
Jam - - - - - 1.7 - -
Sauces - - - - - 1.4 - - 1-7 >90
Spices and herbs - 0 0 - - 1.2 - -
Spreads and similar delicatessen - - - - - 0.8 - -
Pet food - - - - - 0.5 - -
Other Other biowaste - - - 0.8-1.6 23-30 4.2 3 -
biodegradable Biodegradable bags 1.6 - 3.7 1.9-3 - - - - 1-30 i
Garden waste 7.2 0.8 152 - - - - -
Paper and cards 17.5 6.4 138 - - - - -
Other Undefined - - 128 - - - - -
Stones, seeds, etc. - - 4.8 - - - - - - -
Contaminants 2.8 9.3 3 0-0.4 - - - -

*Valorgas, 2010a, "Malamis et al., 2015, ‘Lebersorger and Schneider, 2011, %based on composition of avoidable food waste generated in households, *Silvennoinen et al., 2014,
fLangley et al., 2010, %according to WRAP, 2009
-, not available



In waste treatment plants, the pretreatment methods for FW are, for example, the separation of
unwanted waste fractions, e.g., plastic, glass, and metals, which are usually due to the negligence of
the consumers (Jank et al., 2015). Contaminants in FW decrease the quality and potentially increase
the heavy metal and organic contaminant concentrations. Source separated FW usually undergoes
mechanical separation and homogenization processes prior to subsequent treatment, e.g., in AD
(Bernstad et al., 2013, Davidsson et al., 2007, Hansen et al., 2007a, Hansen et al., 2007b). The
treatment of source separated FW with different pretreatment methods (shredders, screens, and
magnets) thus affects the chemical characteristics and amount of organic matter to be further utilized
(Hansen et al., 2007b, Jank et al., 2015). However, the differences in the characteristics between FWs
can also be minor, depending on the applied treatment processes (Davidsson et al., 2007). If the waste
is collected as mixed-MSW, the organic fraction (organic fraction of municipal solid waste, OFMSW)
is separated using mechanical separation (Al Seadi et al., 2013, Tchobanoglous et al., 1993). The
separation produces mechanically recovered OFMSW whose characteristics, however, differ from
source separated FW, e.g., with higher TS and VS content as well as C/N ratio (Table 2, Zhang et al.,
2012). Mechanically recovered OFMSW also contains more impurities and heavy metals, for example,
than source separated FW (Zhang et al., 2012). The contamination of other waste fractions is likely
(Al Seadi et al., 2013), which is why source separation of FW is more promoted and favored.

Municipal FWs have been found to have rather uniform characteristics despite temporal or
geographical differences, while different eating habits affect FW composition, (Davidsson et al., 2007,
Hansen et al., 2007b, Valorgas, 2010a). In Table 2, FW characteristics from Europe, Asia, and North
America are presented based on literature, where the overall characteristics of different FW samples
are somewhat similar. Depending on the collection and possible separation treatments, the FW usually
has a total solids (TS) content of around 20-30%, of which 90-95% is considered organic (VS,
volatile solids, Table 2). Around 50% of the VS in FWs consist of carbohydrates (fruits, vegetables,
bread, and cereals), while both proteins and fats contribute to 10-30% of the organic matter.
Furthermore, the relatively high protein content affects the TKN (Total Kjeldahl nitrogen) content of
the FW, which can vary from 3 to 14 g/kgFM (fresh matter) with an of average 5-7 g/kgFM (Table 2).
The carbohydrates in FW consist of different sugars, e.g., starch, cellulose and hemicellulose (Alibardi
and Cossu, 2015), as well as lignin, the building materials of plant cell walls (Hendriks and Zeeman,
2009). In FW, the cellulose and hemicellulose content is around 4-10% of the organic matter content;
thus, it is highly dependent on the FW composition, while the lignin content can vary from 1.6 to over
25%VS (Tanimu et al., 2015, Vavouraki et al., 2014, Zhang et al., 2015b, Zhang et al., 2012). The
high variation within the lignin content between FWSs is mainly due to the heterogeneity of the FW
(Papadimitriou, 2010) but is also a results of the complex nature of lignin and different analyzing
methods, which increase the deviation (Hatfield and Fukushima, 2005).



Table 2. Food waste characteristics in different studies from Europe, Asia, and North America.

FWtype Country TS (%) VS (%) TKN P-tot K-tot N C H 0 Fats, Proteins Carbo- Reference
of origin (g/kgFM)  (%TS)  (%TS) (%TS) (%TS) (%TS) (%TS) lipids (%VS)  hydrates
(%VS) (%VS)
FW EU 23.7 21.6 4 - - - - - - 17.2 10.6 715 Ariunbaatar et al., 2015
FW EU 22.2 21.1 4.7 - - - - - - 9.2 14.3 76.5 Ariunbaatar et al., 2014b
FW Spain 86.8 78.5 12.8 0.3 - - 45.1 - - - - - Forster-Carneiro et al., 2008
ss-FW Denmark 17-37 14-34 - 0.3-06 08-1.3 2.2- 45-52  6.4- - 8.1- 8.1- 29-55 Davidsson et al., 2007
Sweden 3.1 7.8 16.6 16.6
ss-FW UK 23.7-28.6 21.7-24  7.4-8.1 0.3-06 009-1.4 2.8- 48.3-  5.5- 29.8-  14.8- 18.3- - Valorgas, 2010a
3.4 51.3 6.7 34.7 15.7 235
ss-FW Finland 27.0 24.9 6.5 0.3 1 2.5 49.4 - - 15.6 16.2 - Valorgas, 2010a
ss-FW Italy 24.4-275 20.2-236 7.0-7.2 0.3 1 2.6 47.2 - - 20.2 18.6 - Valorgas, 2010a
ss-FW Portugal  6.3-6.3 5.0 2.7-4.4 0.4-09 29 5.7 54.8 - - 314 55.4 - Valorgas, 2010a
ss-FW UK 23.7 21.7 8.1 0.5 1.4 3.4 47.6 7.0 33.3 15.1 235 45.3 Zhang et al., 2012
ss-FW USA 30.9 26.4 - 0.5 0.9 3.2 46.8 - - - - - Zhang et al., 2007
h-FW UK 23.7 22 7.4 - - 3 52.3 6.9 - - - - Yirong et al., 2015
r-h-FW Malaysia - - - 0.7 0.5 2 335 - - 27.1 - - Tanimu et al., 2015
r-FwW Greece 18.5 174 5.0 0.7 - - - - - 7.6 9.1 51.8% Vavouraki et al., 2014
r-FW Spain 6.4 6 - - - 1.3 - - - 0.7 7.8 - Cuetos et al., 2010
r-FW USA 19.6 18.7 - - - - - - - - - - Grimberg et al., 2015
r-FwW USA 23.6 22.9 - - - - - - - - - - Grimberg et al., 2015
r-Fw China 23.8 21.2 - - - 2.7 50.3 7.1 29.1 - - - Zhang et al., 2015a
r-FW China 19.9 18.04 - - - 2.8 48.7 7.3 32.6 24.2 16.8 59.2 Liuetal., 2012
r-FW Korea 18.1 17.1 5.4 0.8 35 46.7 6.4 36.4 13.6 19.2 65.3 Zhang et al., 2011
OFMSW  Spain 81 42.6 34 0.1 - - 30.5 - - - - - Forster-Carneiro et al., 2008
sh- Spain 81.9 43.4 22 0.1 - - 30.7 - - - - - Forster-Carneiro et al., 2008
OFMSW
mr- UK 52.8 33.6 144 0.2 0.4 1.3 33 4.8 22.2 6.9 13 34 Zhang et al., 2012
OFMSW

Food waste (FW), organic fraction of municipal solid waste (OFMSW), source separated (ss), restaurant (r), household (h), mechanically recovered (mr), shredded (sh)
*Total sugars
-, not available



2.2 Anaerobic digestion

2.2.1 Principles of anaerobic digestion

Microbiology

AD is a synergistic process carried out by micro-organism consortiums consisting of both bacteria and
archaea, which function under the absence of oxygen. During AD, the complex biomolecules of the
feedstock are degraded into low molecular weight compounds: CO, and CH,4. The four stages of the
AD - hydrolysis, acidogenesis, acetogenesis and methanogensis — function in symbiosis, producing
substrates for the subsequent process stages (Figure 4, Jain et al., 2015, Merlin Christy et al., 2014). In
the first stage, hydrolysis, the insoluble macromolecules, proteins, long-chain carbohydrates, and fats
are degraded into smaller compounds such as short-chain sugars, amino acids, and long-chain fatty
acids (Angelidaki and Sanders, 2004). Hydrolytic micro-organisms produce extracellular enzymes,
such as cellulase, cellobiase, xylanase, amylase, protease, and lipase, which hydrolyze compounds
with high molecular weight (reviewed in Jain et al., 2015, Merlin Christy et al., 2014). In the second
stage, acidogenesis, the hydrolyzed products are further broken down by fermentative bacteria into
different organic acids (volatile fatty acids, VFAS), hydrogen (H,), CO, and organic compounds, e.g.,
ethanol (Merlin Christy et al., 2014). During the degradation of amino acids, inorganic ammonia (NHs)
is also formed, which converts into water-soluble ammonium nitrogen (NH;*, NH,-N) in pH- and
temperature-dependent conditions (Kayhanian, 1999). In the third stage of the AD, acetogenesis, the
VFAs and other intermediates from the previous stage are converted by bacteria to acetate, CO, and
H,, where the synergy between hydrogen-converting methanogens prevents the accumulation of
intermediate compounds, such as VFAs (reviewed in Merlin Christy et al., 2014).

During methanogenesis, methanogenic micro-organisms, i.e., archaea, transform intermediates
(acetate and H,) into CH4 and CO,. Acetoclastic methanogens degrade the acetate to produce CO, and
CH, while H, is simultaneously converted by hydrogenotrophic methanogens by the reduction of CO,
(Merlin Christy et al., 2014). Typically, 70% of the CH, during AD is produced through acetoclastic
methanogensis and around 30% through hydrogenotrophic methanogenesis (Jain et al., 2015).
However, the process conditions, e.g., high ammonia concentrations during the digestion, have been
reported to change this balance toward the hydrogenotrophic pathway, where the acetate is degraded
by syntrophic acetate oxidizers (Banks et al., 2012, Karlsson et al., 2012). Additionally, sulfate-
reducing micro-organisms can compete with methanogens and form hydrogen sulfide (H,S) through
the microbial reduction of sulfate (SO,*) with H, and acetate (Barrera et al., 2013). Another pathway
to the formation of H,S is the degradation of proteins into amino acids and further to sulfides (Figure 4,
Moller and Miiller, 2012).
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Figure 4. Schematic diagram of the degradation pathways of, e.g., food waste into biogas, hydrogen sulfide
and ammonium nitrogen during AD (modified from Merlin Christy et al., 2014 according to Barrera et al.,
2013, Kayhanian, 1999).

Theoretically, AD produces biogas consisting of 50% CO, and 50% CHy,; thus, the composition of the
feedstock affects the ratio. Typically, biogas contains 50-70% CH, and the highest yield can be
achieved with materials with high fat and protein content — for example FW — due to the high amount
of reduced carbon within these molecules (Table 3, Angelidaki and Sanders, 2004). Furthermore, other
gas components can be formed during AD, e.g., H,S, H,, N, and water vapor (Rasi et al., 2010,
Tchobanoglous et al., 2013), which affect the biogas composition due to substrate composition,
microbial consortia and digester conditions (Angelidaki and Sanders, 2004, Jain et al., 2015, Moller
and Mller, 2012).

Table 3. Theoretical methane yield and composition of organic substrates (Angelidaki and Sanders, 2004).

Substrate Composition CH, yield CH, (%)
(dm3CH,/kgVS)

Carbohydrate (CeH1oOs)n 415 50

Protein CsH/NO, 496 50

Fat Cs7H10406 1014 70

The theoretical methane production of, for example, food waste can be calculated based on i) the
component composition of the substrate (as presented in Table 3), ii) the elemental composition using
Buswell’s equation, or iii) the chemical oxygen demand (COD) of the substrate (Nielfa et al., 2015).
Buswell’s equation is based on the elemental composition (C, H, O, N) (reviewed in e.g. Angelidaki
and Sanders, 2004); therefore, it gives slightly different results than the component-based estimation.
The COD estimation is also reported to give higher values compared to the other two methods (Nielfa
et al., 2015). Furthermore, when the theoretical values are compared with the experimental values, the
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theoretical values tend to overestimate the actual value achieved with lab experiments due to the
composition of the studied material. The feedstock contains not only easily and readily degradable
matter (sugars, proteins, fats) but also inert and non-biodegradable materials, e.g., lignin, an organic
compound with a complex nature making it impossible (Angelidaki and Sanders, 2004) or difficult to
be degraded anaerobically (Hatfield and Fukushima, 2005, Hendriks and Zeeman, 2009). The
accessibility of the organic compounds is also essential, where the biodegradability of, for example,
cellulose decreases if it is incorporated into lignocellulosic complexes (Hendriks and Zeeman, 2009).

AD conditions (OLR, HRT, pH, temperature)

The optimal conditions for AD are defined by the microbial requirements. As the growth rates of
different micro-organisms in the different stages of AD vary, the balance between degradative
reactions is essential. To maintain balanced and efficient digestion, the equilibrium between microbial
populations is kept steady with substrate supply and accessibility through particle size, organic loading
rate (OLR), hydraulic retention time (HRT), and other process parameters (e.g., pH and temperature)
(Jain et al., 2015). The optimum pH for AD is between 6 and 8.5 — this is where the methanogens are
considered most sensitive toward changes in pH (Ferrer et al., 2010, reviewed in Jain et al., 2015). The
pH of the process is affected by the production of acids during acidogenesis and the conversion of
acids during methanogenesis (Kayhanian, 1999, Qiao et al., 2013). Also, the buffering capacity,
arising from the concentrations of, e.g., HCO; and NH,", affects digester pH (Qiao et al., 2013).
However, the instabilities in digestion can affect the microbial synergies and lead to excess production
of acids, decreasing the pH.

The process temperature affects the microbial activity directly, and it is therefore an important factor
in successful AD (Jain et al., 2015); the applied temperatures are dependent on the requirements of the
microbial consortia, especially methanogenic archaea (Ferrer et al., 2010). The two most significant
temperature zones used for AD are mesophilic (25-40°C) and thermophilic (50-65°C) zones. Thus,
psychrophilic digestion is also possible in temperatures under 20°C (Angelidaki and Sanders, 2004,
Jain et al., 2015). Mesophilic micro-organisms have a slower growth rate compared to thermophiles,
so they have been regarded as more resistant to changes in process parameters, e.g., temperature and
pH, than thermophiles (reviewed in Ferrer et al., 2010). The growth rate also affects the applied HRT;
in mesophilic digesters, HRT is kept in the minimum of 15 days, while thermophilic reactors operate
at 55°C with HRT of 5 to 8 days in minimum (reviewed in Ferrer et al., 2010, Tchobanoglous et al.,
2013). The shorter HRT increases the rate of thermophilic digestion as well as loading capacity and
decreases the volume of digesters improving the economics of the process. Additionally, higher CH,4
yields are possible due to an increase inthe biochemical reaction rates with the increasing temperature
compared with the mesophilic process (Ferrer et al., 2010, Tchobanoglous et al., 2013).
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Inhibition and trace element supplementation

The inhibition of AD refers to a decrease in the growth and activity of the micro-organisms (reviewed
in Rajagopal et al., 2013). The relatively high protein content within the substrate increases the
potential of ammonia inhibition during AD, as the ammonia is released during hydrolysis through the
deamination of nitrogenous compounds (proteins, phospholipids) (Kayhanian, 1999). High ammonia
nitrogen concentrations have been reported to lead to process instability, and even failure, and
decreased CH, production due to the accumulation of VFAs. The inhibition has been reported to arise
in varying concentrations depending on the substrate material and process conditions (reviewed in
Rajagopal et al., 2013). The ammonia inhibition has also been proposed to be dependent on the pH
buffer capacity within the reactor, which is dependent on the NH,-N concentrations (Prochazka et al.,
2012). However, the major part of ammonia inhibition is not considered to arise from the ionized form
of ammonium (NH,") but from unionized free ammonia nitrogen (FAN, NH3) (Chen et al., 2008,
Rajagopal et al., 2013). The ratio between NH," and NH; in digesters is dependent on both the
temperature and pH, where the NH; shows increasing concentrations and inhibition along with these
process parameters. The permeability of the NHs to the cell membrane is the foremost cause of
inhibition for the methanogenic micro-organisms (Gallert and Winter, 1997), which decreases the
intracellular pH and subsequently causes imbalance and inhibition within the cell homeostasis
(reviewed in Prochazka et al., 2012, Rajagopal et al., 2013). Another explanation for the ammonia
inhibition is the direct inhibition of speci