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The depicted symbols are used repeatedly throughout the brochure and
as a classification system of the different companies in the directory.
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Statements

Statements

‘A future-oriented and sustainable energy supply is possible only if the
particular advantages of each kind of renewable energy source are com-
bined in an optimal way. Biogas offers flexibility: it can be used when wind
or sun are not available. And the opportunities for biogas are manifold: it
provides power, heat, fuel and fertilizer from organic resources —regional,
reliable and climate friendly. Biogas is the way forward!’

— Horst Seide, President of the German Biogas Association

‘Energy is a fundamental part of sustainable development. From a de-
velopment policy perspective biogas offers many advantages: from the
creation of jobs and provision of decentralised clean energy to rural devel-
opment and the reduction of greenhouse gases. By improving solid waste
management practices, substantial co-benefits can be provided, such as
minimising threats to human health and better resource efficiency.’

— Dr Christoph Beier, Vice-Chair of the GIZ Management Board

‘Biogas is the link between renewable energy, circular economy and waste
management. It is also one of the few ways to portray the tangible benefits
of circular economy to citizens, as organics’ closed loops are primarily
local. Finally, it’s a great tool to fight energy poverty involving communi-
ties and develop decentralised waste management options. This brochure
demonstrates the advances and challenges of biogas technologies, and |
hope it will improve the recycling of organic waste due to biogas projects
worldwide.’
— Antonis Mavropoulos, President of the International
Solid Waste Association

‘Around the globe, countries are trying to identify sustainable climate
solutions. Biogas clearly represents one of these solutions, thanks to the
energy independence it provides along with numerous other benefits.
Anaerobic digestion contributes to setting up a circular economy, as it has
three distinct purposes: it produces gaseous bio-fuel that substitutes fos-
sil fuels, balances the nutrient cycle through bio-slurry as organic fertiliz-
er and provides a waste management solution that allows biogenic waste
to be reduced instead of being discarded. Biowaste-to-biogas has clearly
become an essential method of sustainably meeting the ever-increasing
demand for energy. ’

— Gaurav Kumar Kedia, Chairman of the Indian Biogas Association



Preamble

The use of biogas technology has increased tremendously over the last
fifteen years, especially in Germany. By the end of 2017, nearly 9,500

of the around 13,400 European biogas plants were located in Germany.
They are digesting municipal and industrial biowaste (688 plants), ma-
nure, other agricultural residues, as well as energy crops (12,721 plants).
When also counting plants based on landfill and sewage gas, the number
amounts to a total of 17,783 European biogas plants.

These 9,500 biogas plants supply around five percent
of Germany’s gross electricity production with over
4 GW installed electrical capacity. They also provide
households, industries, farms and other buildings with
heat. Furthermore, around 450 upgrading plants in Eu-
rope transform biogas into valuable biomethane, which
can be used in all the same ways as natural gas, also as
transport fuel. Besides renewable energy, biogas plants
produce highly valuable nutrient and humus-rich ferti-
lizer, making biogas technology a real all-rounder.

By 2019, around 400 waste digestion plants in Ger-
many were using biowaste as feedstock and, in that
year alone, some 135 of these plants used a total of two
million tonnes of source-separated organic waste from
households. Globally, biogas production from waste
is on the rise and it may become the most important
waste management and energy production system in
developing countries and emerging economies.

Given that interest in and the need for biogas technol-
ogy deployment is currently rising in many countries,
this publication by the German Biogas Association is
timely. It is undoubtedly the case that plenty of organic
waste and residue is currently available for such uses,
but they often go unexploited. Left to degrade in an
uncontrolled way, these materials instead end up emit-
ting methane and, in so doing, have a negative impact
on climate change.

This brochure provides an introduction to biogas tech-
nology that uses waste as feedstock, setting out how it
is used and its various applications. It covers, among
other things, a description of the biological process, the
different ways to efficiently use biogas, a comparison
of the energetic potential of different feedstock, and
its handling and preparation. The brochure further pro-
vides an overview of the common digester technologies
in use and tackles the safety issues involved in operat-
ing biogas plants.

Partners of this publication are the Deutsche Gesells-
chaft fir Internationale Zusammenarbeit (G1Z) GmbH,
the International Solid Waste Association (ISWA) and
the Indian Biogas Association (IBA), who promote bi-
ogas production from different waste streams, share
the experience gained in installing integrated waste
management systems, and add their voice to the de-
bate, especially on the role of biogas in developing and
emerging countries.

In the second part, this brochure contains several refer-
ence plants and a directory of experienced companies
that include turnkey system providers, project develop-
ers, manufacturers of feedstock preparation systems,
component producers, and other services in the field of
anaerobic waste digestion.

This brochure aims to contribute to safer and more ef-
ficient biogas plants that use different kinds of organic
waste feedstock to produce organic fertilizer, electric-
ity, heat or biomethane (which can also be used as ve-
hicular fuel). Decades of experience with thousands of
professionally operated biogas plants prove that this is
state-of-the-art technology. Therefore, stakeholders do
not need to start from scratch. If biogas projects are
to be successful and the market is to be developed, it
is vital to create partnerships with the companies and
organisations that promote and deliver biogas projects,
and to exploit their wealth of know-how and experience.
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Introduction

Biogas plant producing
renewable energy and
fertilizer for agricultural
areas

1 Introduction

This brochure focuses on biogas production from different waste
sources such as municipal biowaste collected by households, as well
as industrial and commercial operations, sewage sludge and waste
in the form of animal and vegetable by-products.

Though energy and fertilizer production are central
aspects of biogas technology, in many countries these
are not the most relevant ones. Especially in countries
struggling with overfilled landfills, biogas is an interest-
ing technology to help solve the problem of municipal
organic waste in cities, and to avoid contamination
from industrial and commercial effluents.

Incineration

Composting offers the possibility to recover nutrients
from organic waste but not energy, and incineration of
this waste leads to an energetic recovery, but the nutri-
ents are not recycled, because the remaining ash usual-
ly has to be landfilled. Anaerobic digestion constitutes
both nutrients and energy recovery from organic waste.
This makes anaerobic digestion an advanced recycling



and waste treatment method with multiple benefits ac-
cording to the European Waste Framework Directive.
In this brochure, the diversity of biogas technology will
be explained step by step, from the inputs (feedstock)
to the different kinds of usages as energy and fertilizer.
Nevertheless, an overview of the components used in
a waste treatment biogas plant is introduced here al-
ready:

Components of a waste treatment biogas plant

- ®

Electricity

Heat/Cold

Different types of feedstock © can be used to produce
biogas, including municipal biowaste, industrial and
commercial waste, as well as animal and vegetable
by-products (see Chapter 3: “Possible feedstock*).
Depending on the feedstock used, liquid feedstock is
stored in tanks while stackable feedstock is most likely
stacked in buildings specially built for this purpose 0.
The latter is often the case for biowaste and other di-
gestible waste. The enclosed building should have an
air collection system ©, and offer housing for other
pre-processing steps inside. Additional biofilters (4]
help reduce smells coming from organic compounds.

The anaerobic digestion process takes place in the
digester 0. n Chapter 7. “Digester technology”, dif-
ferent types of digesters are introduced and further
explained. Gas tight storage © is a fundamental part
of a biogas plant and it is often situated on top of the
digester or as external, independent unit nearby.

Before using the biogas in a Combined Heat and Power
(CHP) plant, for example, the gas has to be cleaned

Digestate

from sulphur compounds and water; this is done in
the gas cleaning system ©. After this step, the bi-
ogas is ready to be used in a CHP plant or to be further
upgraded in a biomethane plant (see www.biogas-to-
biomethane.com). The digestate, on the other hand, is
collected in separate storage © in order to be applied
afterwards. It is also possible to upgrade the digestate
by separating the solid and liquid phases, drying, pel-
letising and composting it ©. water can be extracted
by vacuum evaporation or membrane filtration and nu-
trients can be extracted by precipitation or by stripping
the digestate or exhaust air with acid washers. This
adds value and facilitates transportation (see www.
digestate-as-fertilizer.com).

Finally, there are safety measures, and equipment
should be implemented in order to prevent damage to
human beings and the environment. These measures
can be simple organisational measures or more com-
plex technical ones (see www.biogas-safety.com).

Fuel

b

Biomethane

Introduction



Advantages of waste digestion

2 Advantages of waste digestion

The anaerobic digestion of organic waste and vegetable or animal by-
products, offers many advantages. In this context, the conservation of
fossil resources, avoidance of greenhouse gas emissions (GHG) and the
associated climate protection should be mentioned in particular.

The separate collection of biowaste decreases residual
waste and thus the required capacity of waste incinera-
tion plants and landfills. Additionally, further organic
waste can also be digested and biogas can be produced.
In this context, biogas technology offers a distinct ad-
vantage as it makes it possible to store energy in the
form of biogas or biomethane and produce electricity
on demand. Moreover, biogas is a perfect solution for
decentralised off-grid electricity situations, especially
in rural areas that are not connected to the electricity
grid, but have an abundance of biomass. In develop-
ing countries, biogas is often directly used for cooking,
heating or gas lighting.

Emissions from waste digestion and fossil fuels

Electricity

from biogas

659 g*
CO,eq/kwh

Fossil electrity mix
(EV)

Besides renewable energy, biogas plants produce high-
ly valuable nutrient- and humus-rich fertilizers. All the
nutrients contained in the feedstock remain in the post-
processing digestate, which can be used as a fertilizer
or soil improver in agriculture, landscaping and horti-
culture. In this way, the carbon and nutrient cycles are
closed. Digestate and composts are important humus
sources for preserving soil fertility, structure, activity,
respiration and water retention and protecting against
erosion. In comparison, mineral fertilizers do not build
up humus in the soil. The substitution of phosphate and

potash fertilizers is enormously important as these are
finite resources. The content of cadmium and uranium
are high in mineral fertilizers and are already consid-
ered to be problematic.

Furthermore, biogas production substantially reduces
greenhouse gas emissions (GHG) by substituting fossil
energy carriers and energy-intensive mineral fertilizers,
and it avoids the emission of methane (CH,) into the
atmosphere that results from the storage of digestible
organic material like manure or organic waste (e.g. in
landfills, open lagoons or other types of storage). Biogas
is an almost carbon-neutral form of energy generation
because as plants grow, carbon dioxide (CO,) from the
atmosphere is taken up by plants and stored in form
of carbon containing molecules (CO, reduction). After
combustion, the same amount of CO, that was origi-
nally taken in from the atmosphere is emitted again
(CO, neutral process).

In Germany, for example, nearly 2 million tonnes of
CO, are avoided each year by digesting organic waste.
The average carbon footprint of a German citizen is
around 10 tonnes per year. Through waste digestion,
the emissions of nearly 200,000 inhabitants can be
neutralised accordingly. Other countries have higher as
well as lower carbon footprints. In India, for example,
each person generates less than two tonnes per year
approximately. Although the various organic waste and
by-products used in biogas plants have different energy
contents, about 150 kg of CO, per tonne of digested
biowaste can be avoided on average. That means, the
biogas production from about 10 tonnes of biowaste
saves the GHG emissions of one citizen in India.

* Data of the graph are based on the directive (EU)
on the promotion of the use of energy from renewable
sources (RED 1)



3 Possible feedstock

The feedstock for biogas plants is made up of all kinds of organic material
that can be degraded anaerobically by microorganisms. Additionally, the
cleanliness and purity of the feedstock defines the quality of the output
of the digester (digestate), and with this, the requirements on preparation
and application possibilities of the digestate.

A vast variety of organic waste and residue are suit-
able for use as feedstock for biogas production. Among
others, the water content and degradability of the bio-
waste are particularly important factors when choosing
the right preparation treatment. For example, catering
waste and other digestible wastes that may be too wet
and lack structure for composting, are actually excel-
lent feedstock for anaerobic digestion. That said, not
every kind of organic material can be degraded in a di-
gester. One of the main limitations of the biogas process
is its inability to degrade lignin (a major component of
wood), which is something that can be accomplished
with aerobic degradation processes (composting).

In this brochure, possible feedstock is categorised into
municipal biowaste (separately collected or technically
separated) and sewage sludge, industrial and commer-
cial wastes, animal by-products including liquid and sol-
id manure, as well as vegetable by-products. Especially
in Germany, energy crops, such as maize and whole crop
silage, or wild plant mixtures, also play an important role
as feedstock for biogas plants. However, this brochure
focusses on waste digestion, thus energy crops will not
be further regarded. The indicated symbols for each
feedstock are used consistently throughout this brochure
and facilitate the identification of plant concepts, even
though the classification cannot always be 100 % accu-
rate, because e.g. slaughterhouse waste might be animal
by-products and industrial waste at the same time.

Feedstock categories

Organic fraction from
Municipal Solid Waste (MSW)

Source-separated municipal biowaste

Municipal sewage sludge

Industrial and commercial wastes

®©e

Animal by-products

Vegetable by-products

Energy crops

Municipal Solid Waste (MSW) arises in private

households and public places. The organic
fraction from MSW consists mainly of organic compo-
nents like food waste from kitchen and plates, or garden
and park waste like grass and bush cuttings. It can be
technically extracted and cleaned with screens, air
separation and metal deposition (see chapter 5: “Feed-
stock preparation”) for further use in biological treat-
ment (composting, anaerobic digestion). In countries
where fertilizer (compost, digestate) is produced from
organic fraction, a strong separate collection for haz-
ardous waste should be implemented to exclude harm-
ful substances from MSW.

In most central and northern European coun-

tries, the production of fertilizer is only allowed
if this organic fraction is separately collected as Source-
separated municipal biowaste. This is usually collected
by household bins or containers placed in the public
areas, in combination with bins, sacks and containers
for paper, glass, plastics and other waste fractions (see
chapter 4: “Municipal waste collection”). Refuse
teams empty the bins or containers into lorries and
bring the collected biowaste to a biogas plant. Garden
and park waste is often collected at collection points or
brought directly to the biological treatment facility. In
most European countries digestate from the treatment
of municipal biowaste is post-composted, although in
some (northern) countries the direct use of liquid diges-
tate is also common.

Besides solid waste, waste water is also col-

lected from households, introduced and trans-
ported in the sewer system to the waste water treatment
plant (WWTP). Municipal sewage sludge from the dif-
ferent cleaning steps of the water treatment can also be
used for biogas production in digesters in the area, or
the WWTP or in decentralised plants, also in mixture
with different feedstock to receive higher biogas yield.
In each case, legal requirements have to be kept in
mind, which can be very different for municipal bio-
waste, sewage sludge and animal by-products. This
could be because of the potential presence of antibiot-
ics (from the use of medication), hormones and non-
biological substances in the sewage system.

Possible feedstock
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@ Organic residue from food, beverages or feed
production, including catering waste and ex-
pired food e.g. from retail markets, are designated as
industrial and commercial waste. Liquid waste, sludge
from industrial processes and preconditioned catering
waste can be collected and transported in tanks. Kitch-
ens and canteens also collect catering waste in bio
bins, while supermarkets tend to use containers. This
feedstock often has a high biogas yield and is very at-
tractive for anaerobic digestion, although depending on
package and impurity, higher effort on unpacking and
preparation are necessary (see chapter 5: “Feedstock
preparation”).

Animal by-products (ABP) are divided into three

categories by the European animal-by product
regulation (No 1069/2009). Category 1 material pre-
sents specific risks to the health of farmed and wild ani-
mals as well as humans and using it in biogas plants is
not allowed. Manure, including excrement or urine of
farmed animals and horses, digestive tract content, co-
lostrum etc. is designated as category 2 material. The
digestion of manure contributes to the reduction of GHG
emissions not only due to renewable energy production,
but mainly by the reduction of CH, emission from open
storage. Category 3 materials include slaughterhouse
waste and by-products from food processing like fat
separator contents, flotation tailings etc. as well as other
animal by-products like feathers, hairs, wool, whey,
eggs, eggshells, blood, skin, etc. Category 3 material
has to undergo pasteurisation at 70°C for 1 hour when
used in a biogas plant and subsequently as fertilizer.

Agriculture generates a broad range of vegeta-

ble by-products like straw or harvest residues,
which can be used in biogas plants and provide addi-
tional biogas yields at almost no extra cost. Its usage
can contribute to process stability when the main input
of the biogas plant is nitrogen-rich feedstock like ani-
mal by-products, because it reduces the ammonia con-
tent, and, therefore, the danger of ammonia inhibition.
In addition, brewers’ grains, old bread, starch, molas-
ses, husks, fruits and vegetables, spoiled feed silage
etc. are classified as vegetable by-products.

The characteristics of the feedstock used and how it is
mixed, have major impacts on the biogas process and
biogas yield. If clean biodegradable feedstock is used,
it is possible to apply the digestate as organic fertilizer
or soil improver in agriculture. If the quality of the di-
gestate cannot be ensured, it must be disposed of in
landfills or incinerated.

Vegetable waste
delivered at the
biogas plant

Most types of biowaste and animal by-prod-

ucts (except manure and some vegetable by-
products, which in practice can be spread directly)
need to be sanitised to eradicate or reduce animal and
plant pathogens, or unwanted seeds to acceptably low,
sanitary levels. This can be carried out using a full-
flow pasteurisation unit, which heats material to over
70°C for one hour. The material (or part of it, if only
certain input streams need to be sanitised) can be
pasteurised either prior to processing in the digester
or after the digestion process. Other possibilities are
thermophilic digestion (using temperatures higher
than 50°C) if it can be ensured that each particle is
heated for at least the retention time of the process, a
post-composting step or other methods like liming or
damping. Whatever approach is employed, the bio-
logical activity in the biogas process will significantly
reduce pathogens already at lower temperatures. As
stated previously, it is only when complete sanitation
is required that either longer retention times or higher
temperatures are necessary. Besides sanitation, the
anaerobic digestion process additionally guarantees
the stabilisation of biowaste as an important step to
reduce odour, CH,, laughing gas (N,0), and other
emissions.

The methane yield of each feedstock depends on its
composition and how much protein, fat and carbohy-
drate it contains. For example, the high proportion of
carbohydrates found in stale bread provides a very high



Different methods to sanitise biowaste

Biowaste ————» —— | Stabilisation | — Organic fertilizer

Option 1 Thermophilic digestion (>50°C)
. Pastorisation Mesophilic
Option 2 (>70°C; 1h, 12mm) digestion
Option 3 Thermophilic composting
Option 4 Other validated method

CH, output per tonne of fresh biomass. Feedstock com-
position therefore significantly influences the viability
of a biogas plant. Conversely, certain feedstock can
have a negative impact on the microbiology in the di-
gester. Material with high protein content, such as rape-
seed cake, could lead to increased concentrations of
hydrogen sulphide (H,S), which is harmful for biogas-
generating microorganisms, machinery and toxic to hu-
mans. As such, it is essential to monitor how different
types of feedstock have an impact on the composition
of gases. In conclusion, feedstock is one of the most
important parameters in a biogas project (biologically

Energy yield for possible feedstock
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and technically). A constant feedstock supply has to be
ensured, it determines the technology used and it has
a huge influence on the economy of a biogas plant and
their associated costs such as collection, transportation,
handling, and gate fees, fee-based for those depositing
material at the facility. The biogas yield of the feedstock
does, however, have an economic value, due to the en-
ergy that can be generated from it. Therefore, the whole
plant concept should be based around the feedstock it
intends to use.
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4 Municipal waste collection

Biowaste collection from households and commercial activities are key to
providing feedstock for the biogas process. This chapter gives municipali-
ties and stakeholders the basic elements to correctly structure separate
collection schemes aimed at maximising capture rates of biowaste and

minimising the impurities.

In the EU, biowaste represents 39 % of all MSW, or
approx. 175 kg per capita and year on average; these
amounts include both food waste (or kitchen waste)
originating from households, restaurants and other
catering activities and biodegradable garden and park
waste, such as leaves, grass, trimmings, etc. On a
global perspective, and in lower income countries, bio-
waste ranges between 40% and 65 % of MSW, thus,
representing the main fraction to be managed, and also
the main contributor to GHG emissions and leachate
production at landfills. Waste that cannot be digested
or that has a negative influence on the quality of the
digestate disturbes the process. Hence, the separate
collection of biowaste and its diversion from disposal to
recycling represents an obvious win-win situation that
allows reduction of MSW disposal, to mitigate GHG
emission and to produce renewable fuel (biogas in case
of anaerobic digestion) and an organic fertilizer (diges-
tate and/or compost).

EU countries apply different approaches to collect bio-
waste separately and these divert a range of organic

Separate collection of foodwaste in Milan

materials towards recycling. For the purpose of pro-
ducing biogas from biowaste by means of anaerobic
digestion, collection schemes, which are able to limit
the amounts of bulky, dry garden waste, are generally
preferable, since the liquid and fatty content of food
waste results in larger biogas production per tonne of
fresh matter. Nevertheless, the choice of the specific
collection scheme does depend on the final decision of
local authorities and MSW companies.

Afirst source of biowaste in cities is commercial activi-
ties of the hotel/restaurant/catering sector; separate
collection is relatively easy and consists of equipping
each user with one or more wheeled bins exclusively for
biowaste and planning convenient frequencies for col-
lection. This approach obtains relatively high amounts
of biowaste at a limited number of so-called big pro-
ducers. As an example, the City of Hamburg (Germany)
collects about 22,600 tonnes of organic waste per year
(t/a) from commercial activities, representing less than
3% of all MSW. But the largest producer-group of bio-
waste in a city or municipality is families. Hence, it
is important to design the collection
scheme so as to avoid any inconven-
ience and encourage households to
participate in source separation. The
City of Milan (ltaly) collected about
103 kg per capita of food waste, in-
cluding the amounts collected from
the commercial sector, a total of
140,000 t/a.

The first step and challenge for local
authorities organising biowaste collec-
tion from households is to make the
separation task easy at home. Schemes
aiming to collect significant amounts of
food waste from households use collec-
tion tools that are tailor-made to needs
in order to intercept highly moist and
digestible putrescible waste. Nowa-
days the standard tools are kitchen
baskets (6 — 12 litre) to be used with
watertight bags. The small size of the
basket stops households delivering
bulk impurities (e.g. bottles, cans),
while vented kitchen baskets addition-
ally reduce the production of leachate



A kitchen basket for
food waste collection
with paper bag

and prevent attraction for insects. Watertight bags
make it possible to even collect meat and fish scraps
along with vegetables and fruit residue, whilst keeping
the basket as clean as possible.

Experiences in Europe show that the combined use of
vented kitchen baskets and compostable biobags sig-
nificantly increases the amounts of biowaste collected
and reduces impurities such as plastics, metal and
glass as shown in the table:

Examples of successful cases that increased biowaste
collection by using kitchen baskets in combination
with compostable biobags

The city has been collecting food waste from
households since 2012; families use vented kitchen
baskets and compostable plastic shopping bags;
separate collection in 2017 exceeded 100kg per
capita with impurities below 5% fresh matter.

City of Milan
(ltaly)

The city tested vented kitchen baskets together
with compostable bags, resulting in 23 % increase
of biowaste (and a reduction of impurities of 56 %,
which was mainly a result of substituting PE bags

with biodegradable bags.

City of Kassel

(Germany)

The provision of educational tools, compostable
bags & kitchen baskets to households doubled the
participation and reduced the contamination levels
from 189% to 1%; one year later, the contamination

level was still as low as 3%.

City of Sligo
(Ireland)

Regarding the types of bags to be used with kitchen
baskets, do not use plastic bags (including oxo-degra-
dable), since these materials tend to clog biogas plants,
fragment during the process and may end up as impuri-
ties in the digestate. Compostable bags made of pa-
per or bioplastic are widely used in separate collection
schemes for biowaste in many EU countries; yet com-
postable bioplastic bags are not designed to completely
disintegrate during anaerobic digestion, thus they may

A kitchen basket for
food waste collection
with a bioplastic bag

end up as rejects of the recycling process in biogas fa-
cilities without composting. This can be overcome in
biogas facilities that include aerobic post-treatment
of digestate (composting), thus, obtaining a complete
disintegration of these bags during the aerobic treat-
ment process.

Step two is the selection of a collection scheme that
avoids co-mingled collection. There are two main ap-
proaches for collecting biowaste: Bring schemes and
Kerbside collection as shown in the table on the com-
parison of two types of collection schemes for biowaste.
Bring schemes usually use large volume containers
placed on the roadside where waste producers deliver
their biowaste; these systems cannot check the qual-
ity of the waste delivered and, due to anonymity, no
feedback to the generators may be available. Kerbside
schemes usually equip each household with a type of
bin according to specific biowaste production and are
scaled to the number of households in the case of apart-
ment blocks. Among the two schemes, Kerbside collec-
tion is usually preferable since the scheme intercepts
larger quantities of biowaste with a lower content of
physical impurities.

With Kerbside schemes, collection should be more fre-
quent in summer or during the hot season. Additionally,
biowaste collection should always be more frequent
compared to residual waste; both measures will result
in a more “user-friendly” scheme for households and
improve the rate of participation.

The last step is to implement user guidance and con-
trol procedures. The start-up of a collection scheme
for biowaste should always include an awareness cam-
paign, so that waste producers are informed about how
to sort biowaste correctly, which collection tools should

Municipal waste collection
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Municipal waste collection

Green waste collection as bring scheme directly on the composting plant

Different measures to monitor the quality of biowaste collection for biowaste

Kitchen baskets and Visual inspection by IT detection with
Tools . :
compostable bags collection crew electronic tools

Plastic should not be thrown iinto biowaste bins

Comparison of two types of collection schemes

Inside the kitchen

Applied to collection with
buckets and/or wheeled bins

Applied to collection with
wheeled bins only

Enhances
user friendliness

Labelling, feedback,
no emptying

Labelling, feedback,
no emptying

Basic (for baskets)
Optional (for bags)

Low-cost, based on collection
crews or waste-Inspectors

High-cost, applied to

wheeled bins only

Collect a mix of food and garden waste

Can collect food waste-only waste

Logistics are basic

Logistics are complex and
more labour-intensive

Impurities cannot be checked and
may become critical

Impurities can be controlled
and reduced

Lower quantities collected

Higher quantities collected
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be used and how often and when the waste will be col-
lected. User guidance should include tools such as cal-
endars for collection, info-leaflets, dedicated web-sites
and other tools such as mobile APPs or social network
communication.

Levels of physical impurities beyond 5-8 % of fresh
matter (according to the type of pre-treatment applied
before entering the biological process) can negatively
affect the correct processing of biowaste at biogas
plants, resulting in a loss of biogas production and an
increase of rejects that need to be disposed of. Hence,
it is advisable that collection companies always apply
control procedures to monitor the level of impurities
that are collected with biowaste and give feedback to
waste producers about errors in sorting. In the follow-
ing table, different measures to monitor and control
the quality of biowaste collection are suggested. The
free distribution of the appropriate collection tool rep-
resents the starting point to enhance participation of
households; but procedures for non-compliance situ-
ations should also be in place for buckets or bins that
contain physical impurities such as glass, plastics and/

or metals. It is important that each user gets feedback
about non-compliances. This can be done visually by
labelling the bins, leaving the bins unemptied and, in
the worst cases, exclude the bins from the collection
scheme and apply fines to the households.

Organising a separate collection scheme for biowaste
usually requires rethinking the current MSW manage-
ment scheme of a city or town; technical support can
be found at regional or national biogas and/or compost-
ing organisations and a significant amount of technical
literature about the topic can also be found online (for
example, at www.giz.de or www.iswa.org).

In lower income countries, the initial investment for
equipping households with collection tools such as
buckets, bins and bags may be perceived as a limit-
ing factor by local authorities; but these costs should
always be considered in connection with the avoided
expenditure along the full “supply chain”, thus includ-
ing the effects of the choice of separate collection on
the facilities that will recycle biowaste into biogas, into
compost or into both.
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5 Feedstock preparation

In order to prevent malfunctions in the digestion process and produce
high-quality digestate or compost, materials like plastics, glass, paper,
metals, stones or oversized components must be removed. To do this,
liquid as well as dry removal of impurities can be improved prior, during
or after the digestion process in efficient disintegration, preparation and

separation stages.

The quality of input material is of the utmost impor-
tance, especially if the intention is to use the produced
fertilizer in agriculture, horticulture or landscaping. It
is essential to prepare an optimal feedstock mixture, to
ensure operating conditions remain stable, to obtain
the best possible biogas yields and to maintain the in-
tended lifespan of the equipment and machinery. Clean
feedstock from controlled sources, such as industry or
agriculture, is therefore optimal for the biogas process
and the quality of the digestate and compost produced.
Other biowaste is not always free of non-biodegradable
or unsuitable materials and contaminants. Expired food
from supermarkets, for example, might still be pack-
aged in glass, plastic or cardboard containers. Catering
waste might contain cutlery or bones. As explained in
the previous chapter, source-separated biowaste from
households can be a particularly challenging feedstock,
because its purity depends on the motivation of individ-
uals to properly separate waste at source and not throw
inorganic materials (such as batteries or yoghurt pots)
into biowaste bins. The quality of this kind of biowaste,
therefore, varies considerably according to a number of
factors including social structure, education, location
(rural or urban) and population density. Hence, public
education and a control of waste bins is the first step to
control the quality of collected biowaste. Nevertheless,

Disintegration and
unpacking technologies

Liquid removal
of impurities

Dry removal
of impurities

there will always be environmentally conscious people
who will unintentionally throw away objects properly
(e.g. brand-new garden shears), so that controls at the
plants will always be necessary.

For the technical removal of impurities, different solu-
tions are available depending on the input material, its
consistency and the kind of impurities contained. In
this brochure, the following symbols for disintegration
and unpacking technologies, as well as liquid and dry
removal techniques, are used to facilitate the identifi-
cation of relevant manufacturers of feedstock prepa-
ration systems in the company directory. The removal
of impurities might happen before, during or after the
biological biogas process.

The efficiency of every method depends on technical
equipment, energy consumption and the share of impu-
rities separated. Together with the removed impurities,
organic compounds are also separated, which have to
be disposed of (for example by incineration) and are
not used for biogas and digestate production anymore.
But even MSW can be prepared to generate a suitable
feedstock for anaerobic digestion as also demonstrated
in the reference plants, even if the use of the produced
digestate and compost is legally not allowed in every
country.

The first stage in the preparation process usu-

ally involves disintegration and unpacking
technologies. The aim is to reduce particle size, to re-
move packaging and to generate a more homogenous
material for the digestion process. This can be achieved
by squeezing, cutting, milling or shredding the materi-
al. During disintegration, light material like plastics can
be blown out. Presses and paddles help free the or-
ganic material from packaging by applying pressure or
centrifugal force through a screen. This approach can



also be used with hydro-mechanical pulpers where the
feedstock is broken down and light impurities float to
the surface, while heavy impurities sink to the bottom
of the pulper similar to sink-float separation, which is
described next.

e Technologies for wet removal of impurities are
applied if the biowaste is delivered in liquid

form or if solid biowaste has to be broken down into
small particles and mixed with water, recirculated
processed water or other liquids for wet digestion. Re-
moving impurities minimises the downtime required to
de-silt the digester by opening it and maintaining an
effective working volume. Heavy material like stones,
bones and sand can be removed through sedimenta-
tion in large basins, containers, sand traps, pulpers or
directly at the bottom of the digester with scrapers. Grit
and sand can be removed using sand traps or hydro-
cyclones with higher centrifugal forces.

With sink-float separation, light material such as tex-
tiles and plastic foils emerge to the surface, where they
can be removed. This can also be achieved during the
digestion process by skimming plastic foils from the
surface of the digester content. By pressing liquid bio-
waste through a screen, a clean organic fraction can be
produced, for example, with separation, screw or piston
presses. Small-sized impurities like plastics can eas-
ily be removed with separation presses, drumming or
curved screens, which achieve high cleanliness depend-
ing on the size of the holes. Sieves or presses should be
designed as full-flow removal steps at the back end of
the process as an end-control for the produced digestate
to achieve high-quality fertilizer without relevant impu-
rity content being placed on the market as fertilizer.

o Technologies for the dry removal of impurities
are implemented to clean and condition the

prepared feedstock with an appropriate biowaste con-
tent. The removal of oversized components, wood and
physical contaminants can be carried out by screening
the feedstock (e.g. in rotating drums or stars). Screens
are also used to clean and prepare the produced com-
post into a defined fraction depending on the size of the
holes of the sieve (e.g. 0-15 mm). The desired compost
fraction depends on further use, customer wishes or
mixing with gardening soil. In cases where the anaero-
bic digestion step is less sensitive to impurities (nor-
mally dry digestion processes), instead of a disintegra-
tion step, only a sack opener with cutters is installed, in
order to avoid cutting plastic foils into small pieces,
which is more difficult to remove after the biological
process. As a result, impurities may be concentrated in
oversized grain captured during the screening of com-
post. Fractions that are too polluted cannot be used as
fertilizer and will need to be disposed of in an alterna-
tive way, such as incineration. Light material like plas-
tic foils can be blown out using air separation. Metals

are removed with magnets combined with conveyor
belts. Eddy current separators induce an alternating
magnet field on nonferrous metals which are offloaded
in a different trajectory as other material. Other physi-
cal properties like rolling and bouncing, as well as using
sensors to identify colour, form and material in combi-
nation with air jets, can be used for the technical sepa-
ration. For heavily heterogeneous biowaste, such as
that from households, sorting units can be installed
where (human) operatives often work along a conveyor
belt, picking out unwanted material.

Ensuring the quality of the fertilizer, its cleanliness and
absence of contaminants and harmful impurities (e.g.
sharp objects), is paramount when it comes to mar-
keting the product and fostering public acceptance of
biogas technology as a waste treatment option. To cre-
ate this kind of clean end-product, a combination of
both high-quality feedstock with low content of impuri-
ties, and the application of appropriate technologies for
treating each kind of impurity are essential. This can
be strengthened and controlled by quality assurance
systems as used on a European level and most member
states (See www.ecn-gas.eu).

Feedstock preparation

Overlaid yogurt
and milk drink still
packaged

Fruit waste
collected with its
plastic packages
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6 Production of biogas and digestate

Biogas production is based on a very natural process that can be observed
in moors and swamps, for example, but also in the digestive tracts of
animals, especially the cow’s rumen. When organic matter is decomposed
by microbiological populations in the absence of free oxygen (anaerobic
digestion), high-caloric methane and an organic fertilizer is produced.

Biogas technology makes use of the natural process
whereby organic material like biowaste, food left-
overs or manure are transformed by different
groups of microorganisms in anaerobic (i.e.
oxygen-free) situations into methane (CH,) and
digestate. Depending on the type of feedstock
that is used, the CH, content of biogas fluc-
tuates between 50% and 70%. The second
most abundant component is carbon dioxide
(CO,), which makes up between 30% and 45%
of biogas. There are also small quantities of other
components such as water, oxygen, traces of sulphur
compounds and hydrogen sulphide.

Four successive biochemical processes are involved in
the production of biogas. In hydrolysis, complex and
long-chain compounds of feedstock, such as carbohy-
drates, proteins and fats, are broken down into lower
molecular weight organic compounds such as amino
acids, sugar and fatty acids. The hydrolytic microorgan-
isms involved release hydrolytic enzymes that decom-
pose the material biochemically outside the microbial
cells. In acidogenesis, the above-mentioned intermedi-
ate products are then transformed into lower fatty acids
like propionic acid, butyric acid and acetic acid as well
as into CO, and hydrogen, which are by-products of the
degradation process. In acetogenesis, acetogenic bac-
teria then convert the propionic and butyric acid into

Phase 2 Phase 4

Acidogenesis

Phase 3
Acetogenesis

Sugar

Fatty Acid

(Propanoic Acid) HETRER

acetogenetic
microorganism

acidogenic

Methanogenesis

methanogenic

acetic acid, hydrogen and CO,, which are the basic ma-
terials for CH, production. Finally, with methanogen-
esis, archaea, which are some of the oldest life forms
on earth, produce CH, by combining the hydrogen with
the CO, or by cleaving the acetic acid.

Usually, the four processes mentioned above take place
at the same time in a hermetically sealed and stirred
unit, the so-called digester. The biochemical processes
involved are, however, performed by different kinds of
microorganisms and each requires different conditions
for optimal growth. To create optimal conditions for
the different species, the processes can be performed
in separate vessels. For example, some biogas plants
have a separate hydrolysis tank to prepare biowaste for
actual digestion. In this tank the temperature, oxygen
content and pH value are optimised for hydrolytic mi-
croorganisms, whereas the conditions in the main reac-
tor are optimised for the methane-producing archaea.

Temperature is one of the most crucial factors in bi-
ogas generation. A distinction for different operating
temperature levels is made between psychrophilic (less
than 25°C), mesophilic (from 35°C to 48°C) and ther-
mophilic (greater than 50°C) process conditions. One
advantage of low temperatures is that the amount of
heating energy that needs to be added to the process
is reduced, but the velocity of the reaction is very low.
This leads to lower biogas yields, or a
much longer retention time is needed.
When digesting waste and animal by-
products, higher temperatures also play
a particularly important role in neutral-
ising harmful germs, as previously ex-
plained. Changing temperatures can,
however, destabilise the biogas process
and diminish or stop the activity of the
microorganisms involved. Other factors
can also hinder CH, production: for ex-
ample, high concentrations of free am-
monia that soon inhibit the bacteria be-
cause the chemical reaction of ammonia
and water generates ammonium and
hydroxide ions inside the digester, es-
pecially at higher pH values. Continuous
monitoring of the relevant parameters is
therefore essential to prevent problems
occurring during plant operation.

Biogas
CH,/CO,



7 Digester technology

The digester is the main component of a biogas system. A number of the
technologies available on the market are suited for processing biowaste.
Making the right choice depends on the feedstock and the local conditions.

Choosing appropriate technologies depends on many
factors, such as the availability and characteristics
of the feedstock, its quantity and quality, dry matter
content and need for sanitation, energy use and incen-
tives (e.g. feed-in tariffs) and local energy demand,
gate fees charged for incoming material, transportation
conditions, the intended end-uses of the digestate, op-
erators’ skills and knowledge, local climate conditions,
and, of course, the financial resources available.

There is no general rule for identifying the best technol-
ogies so, before developing a plant, it is essential to get
expert advice on the selection of the most appropriate
technology. For general guidance, several of the most
common options are briefly summarised in this chapter.
The technologies and components adopted must be ro-
bust and reliable so that the overall system is durable,
delivers a high level of performance and is designed to

Characterictics of different digester technologies

ensure safe operation. Operator know-how, and good co-
operation among all those involved in the biogas project
(e.g. the project planners, manufacturers, construction
companies and operators) are therefore important fac-
tors for delivering a successful biogas project.

The digester is the main component of a biogas system.
In the digester, micro-organisms are convert organic
material, the feedstock, into biogas. The most impor-
tant feature of the digester is to provide optimal growing
conditions for the microorganisms and, in doing so, to
strive for high biogas yields. Biogas systems tend to be
categorised according to the type of digestion process

they use:

Wet continuous
digestion

Dry continuous
digestion

©

Digester technology

Dry batch
digestion
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Overview of technologies depending on dry matter content for the possible operating mode*
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@ Dry batch digestion
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*Almost all feedstocks can be diluted to the needed dry matter content of each digester technology.
**UASB: Upflow anaerobic sludge blanket technology is a form of anaerobic digestion designed for materials

with high water content (e.g. waste water or process water treatment).
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e 7.1 Wet continuous digestion

The most suitable feedstock for wet digestion is liquid
biowaste such as industrial and commercial wastes or
manure. Nevertheless, every feedstock can be wet di-
gested after preparation and dilution with process and
recirculation water, or other liquid biomass. Municipal
biowaste, in particular, has to be preconditioned be-
cause of its heterogeneity, higher percentage of over-
sized components (e.g. wood) and impurities. The
digester is insulated and heated up to mesophilic or
thermophilic temperatures to allow best living condi-
tions for the microorganisms. The liquid biomass is
stirred inside the digester to bring the feedstock into
contact with the microorganisms, to avoid sinking or
floating layers and to allow the heat to be dispensed
from the heating system into the whole digester volume.

As the digestate is liquid after the digestion, it can also
be used to dilute solid feedstock. If a post-composting
step is wanted, the digestate has to be separated. Lig-
uid digestate can be spread directly as fertilizer on ag-
ricultural areas.

In Continuously Stirred Tank Reactors (CSTR), the ma-
terial is fed in (quasi)-continuously, with several charg-
es every day. The dry matter content of the feedstock
ranges from below 5% up to 15%. Inside the digester,
the material is liquid, thus, it should be pumpable. The
process can be single or multi-staged (i.e. with a sepa-
rate hydrolysis tank). One or more main digesters, a

© Biogas storage

Hydraulic digester

@ output

@ Biogas utilisation

post-digester and digestate storage usually need to be
installed.

CSTR is the most commonly used digester technol-
ogy for agricultural plants. It is a simple but robust
technology that can deal with a wide range of possible
feedstock. Almost any tank size can be used as long as
a mixing process can be carried out. In practice, the
size limit of single tanks is thousands of cubic metres.
If more reactor volume is needed, several modules of
tanks, working parallel or in row, can be constructed.

In hydraulic digesters, the material is fed in (quasi)-
continuously. Practically any kind of feedstock can be
digested, if it is liquid enough to flow. The dry matter
content of the feedstock ranges from 6% up to 16 %.
The digester is constructed in two compartments. Most
of the biogas is produced in the main compartment.
Due to higher pressure, caused by the biogas produc-
tion, the liquid biomass in the second compartment
is lifted up. When the valve between the chambers is
opened, the liquid flushes down unleashing high kinetic
energy. Baffles transfer the flush with an agitative effect.
No mechanical agitators are required and there are no
moving parts inside the reactor. This leads to low elec-
trical consumption of the biogas plant and low main-
tenance costs. The process temperature is mesophilic
or thermophilic. Typically, the tanks are heated up to
provide optimal temperatures for the microorganisms.
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@ 7.2 Dry continuous digestion

Dry continuous digestion takes place in plug-flow re-
actors. This concept allows the biomass to be slowly
transported (horizontally or vertically) from the inlet to
the outlet. Thus, all particles are processed with the
same retention time as they pass through the reactor,
although some shortcuts are possible, depending on
the feedstock and inner construction. Vertical plug-
flow digesters operate without agitators, but use gravity
and pumps for mixing biomass. To ensure optimal pro-
cessing conditions, horizontal plug flow digesters are
equipped with very robust stirring technology, which
operate along or across the flow of the material.

The material is fed in (quasi)-continuously. Suitable
feedstocks are practically all kind of organic material
that can be digested, but the technology is predestined
for heterogeneous municipal biowaste. The dry matter
content of feedstock ranges from 15% up to 45%. A
high reactor load is possible. Reactor volume is usu-
ally limited to between 1,000 and 2,250 cubic metres
because of the strong radial forces involved. However,
several reactors can be operated in parallel. The pro-
cess temperature is often thermophilic, but mesophilic
is possible as well.

The digestate can be separated, while the solid fac-
tion is normally post-composted and the liquid fraction
spread as fertilizer, used for recirculation or sprinkling
of the compost.

Agitator of a plug flow digester
under construction

@ Biogasstorage (@ Biogas utilisation

Digester technology

@ output
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Garage systems

@ 7.3 Dry batch digestion

Dry batch digesters are mainly developed as garage
systems. The feedstock is processed in batches that
remain in the digester for a defined retention time, typi-
cally for about one month. Afterwards, the digester is
emptied and refilled with the next batch. The digestate
can be post-composted without a separation step. New
incoming feedstock is inoculated with the solid diges-
tate from the previous process which is mixed inside the
garage. Leachate from the drainage system is recircu-
lated as percolation liquid and sprayed on the feedstock
to inoculate the feedstock with bacteria and to improve
contact between the degrading biomass.

The material flow is discontinuous. Feedstock and
digestate is moved in and out of the garage using a
wheel loader. Feedstock needs to be stackable and thus
to contain a large amount of structural material. This
technology is adapted for feedstock, with dry matter
content higher than 30%. There are no moving compo-
nents in the reactor, which means the reactor is robust,
operations are reliable and maintenance costs are low.

7.4 Other digester technologies

The most relevant and often used technologies in Eu-
rope have already been introduced. However, in many
countries other technologies are also used. Two addi-
tional types will be briefly introduced here.

In many emerging economies and developing countries
lagoon biogas plants are very common. Effluents of in-
dustrial processes or farms (e.g. waste water and pro-
cess water, manure and other effluents) are traditionally
stored in open lagoons, which threaten the environment
by emitting CH, emissions into the atmosphere, and
nitrate emissions to soil and ground water.

To face this problem, these lagoons are often covered
with a plastic membrane, often a high-density poly-
ethylene (HDPE) membrane to create a simple biogas
plant. However, this solution presents some technical

Biogas
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Percolation liquid distribution

Percolation liquid storage tank

The biogas yield might be lower than that of stirred sys-
tems. Since the feeding of the feedstock is done manu-
ally, more personnel work is required in comparison to
automated systems. The system for distribution of the
percolation liquid ensures optimal water content. The
process temperature is mesophilic or thermophilic. A
minimum of three digesters are required to equalise the
gas production level.

deficiencies, because it is difficult to fix such a big sur-
face of plastic membrane to the ground to prevent it
from blowing away. Furthermore, by covering the la-
goon, potential emissions to the soil and underground
water cannot be avoided. Lagoon biogas plants can
have volumes of up to several hundred thousand m3,
which makes it difficult to stir the liquid contained in
it effectively and efficiently, if not practically impos-
sible. Heating up the lagoon to optimal temperatures
is challenging as well. Typically, lagoon biogas plants
are operated at an ambient temperature which results
in lower and seasonal biogas yields and huge volumes
to reach high retention times.

Nowadays, it is possible to operate lagoon biogas plants
safely and efficiently, equipping them with mixers and
a heating system. However, these increase the invest-
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ment costs and is only technically possible to a certain
point (stirring and heating huge volumes is very chat

lenging).

A domestic digesteris another form of biogas technok
ogy mainly characterised by its size. The daily input is
only a few kilogrammes of feedstock (often the amount
produced for one or a small group of households). The
amount of biogas produced is low, only a few m23 per day.
The reactor volume is usually only a few m3, up to 100
m3. The technology is relatively inexpensive and simple.
The mechanical parts (if there are any at all) are usually
very simple, robust and not electronically driven. The
reactor is usually not heated or stirred, therefore, the
retention time must be high to allow suf cient biogas
yields.

There are three types of domestic digesters:

f Plastic bag digesters. Feedstock is fed into a plas
tic bag. Biogas is produced inside the bag. The gas
storage is usually made in the form of an external
balloon. Advantages: relatively robust, gas- and
liquid-tight, corrosion-resistant material.

Biogas pipe

/ Digester effluent

f Floating drum digesters. Consists of two drums
that are put inside each other. The oating drum
indicates the amount of gas stored.

f Fixed dome digesters. The advantage is that it can
be made of local material, e.g. bricks. The disad-
vantage is that gas tightness CH, emissions!) and
corrosion resistance is questionable.

The feedstock used should be liquid or at least diluted
(e.g. manure or foodstuff which is diluted in the reac-
tor), free of bigger particles (e.g. no branches of trees).
Waste that might be contaminated with pathogen
bacteria should not be used because domestic biogas
plants don’t have a sanitisation unit.

Usually, the biogas is burned in a household stove for
cooking. Lightning is possible as well. Small-scale bio-
gas plants produce too little biogas to generate elee
tricity in an economi