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Foreword

One of the main environmental problems of todagsiety is the continuously increasing
production of organic wastes. In many countriestanable waste management as well as
waste prevention and reduction have become majbiticab priorities, representing an
important share of the common efforts to reducéupoh and greenhouse gas emissions and
to mitigate global climate changes. Uncontrolledsi@adumping is no longer acceptable
today and even controlled landfill disposal andinecation of organic wastes are not
considered optimal practices, as environmentaldstals hereof are increasingly stricter and
energy recovery and recycling of nutrients and wigenatter is aimed.

Production of biogas through anaerobic digestioD)(Af animal manure and slurries as well
as of a wide range of digestible organic wastesyerds these substrates into renewable
energy and offers a natural fertiliser for agriatdt At the same time, it removes the organic
fraction from the overall waste streams, increasihig way the efficiency of energy
conversion by incineration of the remaining wasied the biochemical stability of landfill
sites.

AD is a microbiological process of decomposition asfjanic matter, in the absence of
oxygen, common to many natural environments argelgrapplied today to produce biogas
in airproof reactor tanks, commonly named digestara/ide range of micro-organisms are
involved in the anaerobic process which has twonnesid products: biogas and digestate.
Biogas is a combustible gas consisting of methaadyon dioxide and small amounts of
other gases and trace elements. Digestate is twmm®sed substrate, rich in macro- and
micro nutrients and therefore suitable to be useplant fertiliser.

The production and collection of biogas from a dgtal process was documented for the
first time in United Kingdom in 1895 (METCALF & EDD 1979). Since then, the process

was further developed and broadly applied for waater treatment and sludge stabilisation.
The energy crisis in the early ‘70s brought new raweass about the use of renewable fuels,
including biogas from AD. The interest in biogas Harther increased today due to global

efforts of displacing the fossil fuels used for igyeproduction and the necessity of finding

environmentally sustainable solutions for the treait and recycling of animal manure and

organic wastes.

Biogas installations, processing agricultural stdtes, are some of the most important
applications of AD today. In Asia alone, millionsfamily owned, small scale digesters are
in operation in countries like China, India, Nepall Vietnam, producing biogas for cooking
and lighting. Thousands of agricultural biogas fdaare in operation in Europe and North
America, many of them using the newest technologigisin this area, and their number is
continuously increasing. In Germany alone, more tB&Z00 agricultural biogas plants were
in operation in 2007.

In line with the other biofuels, biogas from AD & important priority of the European

transport and energy policy, as a cheap ang@0Dtral source of renewable energy, which
offers the possibility of treating and recyclingvade range of agricultural residues and by-
products, in a sustainable and environmentallynéig way. At the same time, biogas brings
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along a number of socio-economic benefits for tbelety as a whole as well as for the
involved stakeholders.

The enlargement of the EU brought new members & fémily of European biogas

producers, which will benefit from implementing bas technologies for renewable energy
production while mitigating important environmentadllution problems and enhancing
sustainable development of rural communities.

Teodorita Al Seadi and Dominik Rutz
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Aim and how to use the handbook

One of the major problems of stakeholders intedestebiogas technologies is the lack of a
single source of information about the AD procdiss,technical and non-technical aspects of
planning, building and operating biogas plants adl vas about biogas and digestate
utilisation. This kind of information is scatterddoughout literature, thus a unified approach
and information clearinghouse was needed.

This biogas handbook is intended ashaw to approachguide, giving basic information
about biogas from AD, with the main focus on adtimal biogas plants. The handbook is
therefore primarily addressed to farmers and toréuagricultural biogas plant operators, but
also to the overall biogas stakeholders.

The handbook consists of three main parts. Thegasg, “What is biogas and why do we
need it", provides basic information about biogas technolgialescribing the
microbiological process of AD and its main applicas in the society, the utilisation of
biogas and digestate and the technical componéatbiogas plant. The second part, entitled
“How to get started”, shows how to approach the planning and buildihg biogas plant,
highlighting also the safety elements to be taken tonsideration as well as the possible
costs and benefits of such a plant. This partijpserted by an EXCEL calculation tool (see
the attached CD on the inner back cover). The thénd consists of Annexes” andincludes
explanation of terms, conversion units, abbreviejoliterature and the address list of
authors and reviewers.

Throughout the handbook, decimal comma is used.
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What is biogas and why do we need it?

1 Advantages of biogas technologies

The production and utilisation of biogas from ADowpides environmental and socio-
economic benefits for the society as a whole a$ agefor the involved farmers. Utilisation
of the internal value chain of biogas productiorhaces local economic capabilities,
safeguards jobs in rural areas and increases @gnmchasing power. It improves living
standards and contributes to economic and socialai@ment.

1.1 Benefits for the society
1.1.1 Renewable energy source

The current global energy supply is highly depemndenfossil sources (crude oil, lignite,
hard coal, natural gas). These are fossilised msyafi dead plants and animals, which have
been exposed to heat and pressure in the Eantissarer hundreds of millions of years. For
this reason, fossil fuels are non-renewable ressuvbich reserves are being depleted much
faster than new ones are being formed

The World’'s economies are dependent today of coid&here is some disagreement among
scientists on how long this fossil resource widitlaut according to researchers, the “peak oil
production™ has already occurred or it is expecdtedccur within the next period of time
(figure 1.1).
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Figure 1.1 Scenario of World oil production and “geak oil” (ASPO 2008)

*The peak oil production is defined as “the pointtime at which the maximum rate of global productid crude olil
is reached, after which the rate of production esi&s terminal decline”
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Unlike fossil fuels, biogas from AD is permanent§newable, as it is produced on biomass,
which is actually a living storage of solar enetgyough photosynthesis. Biogas from AD
will not only improve the energy balance of a coynbut also make an important
contribution to the preservation of the naturabteses and to environmental protection.

1.1.2 Reduced greenhouse gas emissions and mitigation of global
warming

Utilisation of fossil fuels such as lignite, harolat, crude oil and natural gas converts carbon,
stored for millions of years in the Earth’s crumtd releases it as carbon dioxide £LiGto

the atmosphere. An increase of the current €&@centration in the atmosphere causes global
warming as carbon dioxide is a greenhouse gas (GH@ combustion of biogas also
releases C® However, the main difference, when compared $sifduels, is that the carbon
in biogas was recently up taken from the atmosphmr@hotosynthetic activity of the plants.
The carbon cycle of biogas is thus closed withiregy short time (between one and several
years). Biogas production by AD reduces also ewmmssof methane (CHland nitrous oxide
(N2O) from storage and utilisation of untreated anim@dnure as fertiliser. The GHG
potential of methane is higher than of carbon diexoy 23 fold and of nitrous oxide by 296
fold. When biogas displaces fossil fuels from eggrgduction and transport, a reduction of
emissions of Cg CH, and NO will occur, contributing to mitigate global warnngj.

1.1.3 Reduced dependency on imported fossil fuels

Fossil fuels are limited resources, concentratei@wgeographical areas of our planet. This
creates, for the countries outside this area, m@eent and insecure status of dependency on
import of energy. Most European countries are gfisodependent on fossil energy imports
from regions rich in fossil fuel sources such asd$taand the Middle East. Developing and
implementing renewable energy systems such as ditrgen AD, based on national and
regional biomass resources, will increase secwftyational energy supply and diminish
dependency on imported fuels.

1.1.4 Contribution to EU energy and environmental targets

Fighting the global warming is one of the main gties of the European energy and
environmental policies. The European targets oéwable energy production, reduction of
GHG emission, and sustainable waste managemeiiaasgl on the commitment of the EU
member states to implement appropriate measuresdach them. The production and
utilisation of biogas from AD has the potentialdomply with all three targets at the same
time.

1.1.5 Waste reduction

One of the main advantages of biogas productidhasability to transform waste material
into a valuable resource, by using it as subsfoatAD. Many European countries are facing
enormous problems associated with overproductiono@fanic wastes from industry,
agriculture and households. Biogas production is exgellent way to comply with
increasingly restrictive national and European l&tipns in this area and to utilise organic
wastes for energy production, followed by recyclaighe digested substrate as fertiliser. AD
can also contribute to reducing the volume of wasi of costs for waste disposal.
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1.1.6 Job creation

Production of biogas from AD requires work power pooduction, collection and transport

of AD feedstock, manufacture of technical equipmeobnstruction, operation and

maintenance of biogas plants. This means that ¢irelopment of a national biogas sector
contributes to the establishment of new enterprsase with significant economic potential,
increases the income in rural areas and creategobsw

1.1.7 Flexible and efficient end use of biogas

Biogas is a flexible energy carrier, suitable foany different applications. One of the
simplest applications of biogas is the direct uge dooking and lighting, but in many
countries biogas is used nowadays for combineddr@hpower generation (CHP) or it is up-
graded and fed into natural gas grids, used aslechiel or in fuel cells.

1.1.8 Low water inputs

Even when compared to other biofuels, biogas hage sadvantages. One of them is that the
AD process needs the lowest amount of process wHtes is an important aspect related to
the expected future water shortages in many regibtisee world.

1.2 Benefits for the farmers
1.2.1 Additional income for the farmers involved

Production of feedstock in combination with operatiof biogas plants makes biogas
technologies economically attractive for farmerd @novides them with additional income.
The farmers get also a new and important sociattfom as energy providers and waste
treatment operators.

1.2.2 Digestate is an excellent fertiliser

A biogas plant is not only a supplier of energy.eTthigested substrate, usually named
digestate, is a valuable soil fertiliser, rich introgen, phosphorus, potassium and
micronutrients, which can be applied on soils vilie usual equipment for application of
liquid manure. Compared to raw animal manure, dedeshas improved fertiliser efficiency
due to higher homogeneity and nutrient availahilibetter C/N ratio and significantly
reduced odours.

1.2.3 Closed nutrient cycle

From the production of feedstock to the applicatbmligestate as fertiliser, the biogas from
AD provides a closed nutrient and carbon cycle{fégl.2). The methane (GHs used for
energy production and the carbon dioxide §Ci® released to the atmosphere and re-uptaken
by vegetation during photosynthesis. Some carbampoonds remain in the digestate,
improving the carbon content of soils, when digests applied as fertiliser. Biogas
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production can be perfectly integrated into convgral and organic farming, where digestate
replaces chemical fertilisers, produced with constion of large amounts of fossil energy.

1.2.4 Flexibility to use different feedstock

Various types of feedstock can be used for the ymitiah of biogas: animal manure and
slurries, crop residues, organic wastes from damyduction, food industries and agro-
industries, wastewater sludge, organic fractiommficipal solid wastes, organic wastes
from households and from catering business as ageknergy crops. Biogas can also be
collected, with special installations, from lant$ites.

One main advantage of biogas production is theityalid use “wet biomass” types as

feedstock, all characterised by moisture conteghdri than 60—-70% (e.g. sewage sludge,
animal slurries, flotation sludge from food prodegsetc.). In recent years, a number of
energy crops (grains, maize, rapeseed), have lmgely used as feedstock for biogas
production in countries like Austria or Germany.siBkes energy crops, all kinds of

agricultural residues, damaged crops, unsuitablefdod or resulting from unfavourable

growing and weather conditions, can be used toym®diogas and fertiliser. A number of

animal by-products, not suitable for human consionptcan also be processed in biogas
plants. A more detailed description of biomass $ygeequently used as substrates for AD
can be found in Chapter 3.1.
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Figure 1.2 The sustainable cycle of biogas from APAL SEADI 2001)

1.2.5 Reduced odours and flies

Storage and application of liquid manure, animalgland many organic wastes are sources
of persistent, unpleasant odours and attract fAd3.reduces these odours by up to 80%
(Figure 1.3). Digestate is almost odourless andrémeaining ammonia odours disappear
shortly after application as fertiliser.
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slurry

B: Odour concentration in airamples collected above the fields, after applicatioof
untreated slurry and digeed slurry (HANSEN et al. 2004)

1.2.6 Veterinary safety

Application of digestate as fertiliser, compared dpplication of untreated manure and
slurries, improves veterinary safety. In order eduitable for use as fertiliser, digestate is
submitted to a controlled sanitation process. Ddjmgnof the type of feedstock involved,
sanitation can be provided by the AD process itéletbugh a minimum guaranteed retention
time of the substrate inside the digester, at tbehilic temperature, or it can be done in a
separate process step, by pasteurisation or bgupeesterilisation. In all cases, the aim of
sanitation is to inactivate pathogens, weed seedother biological hazards and to prevent
disease transmission through digestate application.

2 Biogas from AD - state of art and potential

2.1 AD state of art and development trends

The world markets for biogas increased considerahlying the last years and many
countries developed modern biogas technologiescanapetitive national biogas markets
throughout decades of intensive RD&D complementgdsbbstantial governmental and
public support. The European biogas sector coumasiands of biogas installations, and
countries like Germany, Austria, Denmark and Swealenamong the technical forerunners,
with the largest number of modern biogas plantgdrtant numbers of biogas installations
are operating also in other parts of the worldChina, it is estimated that up to 18 million
rural household biogas digesters were operatin@(d@6, and the total Chinese biogas
potential is estimated to be of 145 billion cubietars while in India approximately 5 million
small-scale biogas plants are currently in openat@ther countries like Nepal and Vietham
have also considerable numbers of very small staia@ly owned biogas installations.

Most biogas plants in Asia are using simple tecbgiels, and are therefore easy to design
and reproduce. On the other side of the Atlanti8AUCanada and many Latin American
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countries are on the way of developing modern lsogectors and favourable political
frameworks are implemented alongside, to supp@tdévelopment.

Important research efforts combined with full scalg@erience are carried out around the
world, aiming to improve the conversion technolggithe operational and process stability
and performance. New digesters, new combination®\Df substrates, feeding systems,
storage facilities and other equipment are contislyodeveloped and tested.

Alongside the traditional AD feedstock types, datkd energy crops for biogas production
were introduced in some countries and the resegiifonts are directed towards increasing
productivity and diversity of energy crops and asseent of their biogas potential.
Cultivation of energy crops brought about new famgnpractices and new crop rotation
systems are about to be defined, where intercrgppimd combined crop cultivation are
subject of intensive research as well.

Utilisation of biogas for combined heat and powerduoiction (CHP) is a standard application
for the main part of the modern biogas technologieSurope. Biogas is also upgraded and
used as renewable biofuel for transport in cousiitee Sweden, Switzerland and Germany,
where networks of gas upgrading and filling stati@me established and operating. Biogas
upgrading and feeding into natural gas grid is latikely new application but the first
installations, in Germany and Austria, are feedinigmethane” into the natural gas grids. A
relatively new utilisation of biogas, in fuel cells close to the commercial maturity in
Europe and USA.

Integrated production of biofuels (biogas, bioetllaand biodiesel) alongside with food and
raw materials for industry, known as the concepbiofefineries, isone important research

area today, where biogas provides process enerdigéad biofuel production and uses the
effluent materials of the other processes as feekistor AD. The integrated biorefinery

concept is expected to offer a number of advantaglased to energy efficiency, economic
performance and reduction of GHG emissions. A nunatbdiorefinery pilot projects have

been implemented in Europe and around the world falh scale results will be available in

the years to come.

2.2 Biogas potential

The existing biomass resources on our planet caa us an idea of the global potential of
biogas production. This potential was estimateddifferent experts and scientists, on the
base of various scenarios and assumptions. Regartlie results of these estimations, the
overall conclusion was always, that only a very lspart of this potential is utilised today,
thus there is a real possibility to increase theagroduction of biogas significantly. The
European Biomass Association (AEBIOM) estimatest tthee European production of
biomass based energy can be increased from thellthrtones (Mtoe) in 2004 to 220 Mtoe
in 2020. The largest potential lies in biomassioagng from agriculture, where biogas is an
important player. According to AEBIOM, up to 2046 million hectares (Mha) of land can
be used for energy production in the European Ualone, without affecting the European
food supply.
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Figure 2.1 European natural gas grid and potentiatorridors (yellow) suitable for biogas production ad
biomethane injection (THRAN et al. 2007)

The German Institute for Energy and Environmentestéhat the biogas potential in Europe
is as high enough to be feasible to replace tre tmnsumption of natural gas, by injection
of upgraded biogas (biomethane) into the existimgumral gas grid (Figure 2.1). The
estimation of biogas potential in Europe dependshendifferent factors and assumptions
which are included in the calculations such ascagitiral availability of land which does not
affect food production, productivity of energy csppnethane yield of feedstock substrates
and energy efficiency of biogas end use.

3 More about anaerobic digestion (AD)

AD is a biochemical process during which complegamic matter is decomposed in absence
of oxygen, by various types of anaerobic microorg/as. The process of AD is common to
many natural environments such as the marine vgat@iments, the stomach of ruminants or
the peat bogs. In a biogas installation, the resulihe AD process is thbiogasand the
digestateIf the substrate for AD is a homogenous mixturévad or more feedstock types
(e.g. animal slurries and organic wastes from fowtlistries), the process is called “co—
digestion” and is common to most biogas applicatimuay.

3.1 Substrates for AD

A wide range of biomass types can be used as stdsst(feedstock) for the production of
biogas from AD (Figures 3.1, 3.2 and 3.3). The numshmon biomass categories used in
European biogas production are listed below anichivie 3.1.
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e Animal manure and slurry

» Agricultural residues and by-products

» Digestible organic wastes from food and agro indest{vegetable and animal origin)
* Organic fraction of municipal waste and from catgr{vegetable and animal origin)
e Sewage sludge

» Dedicated energy crops (e.g. maize, miscanthughsar, clover).

Table 3.1 Biowastes, suitable for biological treatent, according to EUROPEAN WASTE CATALOGUE,
2007.

Waste Code Waste description
02 00 06 Waste from agriculture, horticulture, Waste from agriculture, horticulture, aquacultdoeestry, hunting and fishing
aquaculture, forestry, hunting and fishing, . . .
food preparation and processing Waste from the preparation and processing of rfishtand other foods of

animal origin
Wastes from the fruit, vegetables, cereals, ediliée cocoa, tea and tobacco
preparation and processing: conserve producticastyend yeast extract
production, molasses preparation and fermentation
Wastes from sugar processing
Wastes from the dairy products industry
Wastes from the baking and confectionery industry
Wastes from the production of alcoholic and norsladdic beverages (except
coffee, tea and cocoa)

03 00 00 Wastes form wood processing and the  Wastes from wood processing and the productioranéfs and furniture

production of panels and furniture, pulp.
paper and cardboard Wastes from pulp, paper and cardboard productidrpancessing

04 00 00 Waste from the leather, fur and textile = Wastes from the leather and fur industry

industries
Wastes from the textile industry

15 00 00 Waste packing; absorbents, wiping clotl Packaging (including separately collected municgzalkaging waste)
filter materials and protective clothing ni
otherwise specified
19 00 00 Waste from waste management facilities, Wastes from anaerobic treatment of waste
off-site waste water treatment plants and \yastes from waste water treatment plants not oiserspecified
the preparation of water intended for
human consumption and water for

industrial use Wastes from the preparation of water intended fonéin consumption or

water for industrial use

20 00 00 Municipal wastes (household waste and Separately collected fractions (except 15 01)

similar commercial, industrial and . .
institutional wastes) including separately Garden and park wastes (including cemetery waste)

collected fractions -
Other municipal wastes

1) The 6-digit code refers to the correspondemntyentthe European Waste Catalogue (EWC) adoptetid¥Etiropean
Commissions.

Figure 3.1 Municipal solid waste
supplied to a German biogas plant
(RUTZ 2008)
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Figure 3.2 Catering waste (RUTZ
2007)

Figure 3.3 Maize silage (RUTZ 2007)

Utilisation of animal manure and slurries as feedstfor AD has some advantages due to
their properties:

» The naturally content of anaerobic bacteria

* The high water content (4-8% DM in slurries), agtias solvent for the other co-
substrates and ensuring proper biomass mixing landnig

* The cheap price

* The high accessibility, being collected as a resigdom animal farming

During recent years, a new category of AD feedstakbeen tested and introduced in many
countries, the dedicated energy crops (DEC), whrehcrops grown specifically for energy,
respectively biogas production. DEC can be herhaségrass, maize, raps) but also woody
crops (willow, poplar, oak), although the woody msoneed special delignification pre-
treatment before AD.

The substrates for AD can be classified accordingatious criteria: origin, dry matter (DM)

content, methane yield etc. Table 3.2 gives anwewar on the characteristics of some
digestible feedstock types. Substrates with DM eontower than 20% are used for what is
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called wet digestion (wet fermentation). This catggncludes animal slurries and manure as
well as various wet organic wastes from food indest When the DM content is as high as
35%, it is called dry digestion (dry fermentatio@nd it is typical for energy crops and

silages. The choice of types and amounts of feeki$twr the AD substrate mixture depends
on their DM content as well as the content of ssiggrids and proteins.

Table 3.2 The characteristics of some digestibleddstock types (AL SEADI 2001)

Type of Organic content C:N DM VS Biogas yield Unwanted physical Other unwanted
feedstock rato % % of m*kg'VS  impurities matters
DM
Pig slurry Carbohydrates, 3-10 3-8 70-80 0,25-0,50 Wood shavings, Antibiotics,
proteins, lipids bristles, water, sanc disinfectants
cords, straw
Cattle slurry Carbohydrates, 6-20 5-12 80 0,20-0,30 Bristles, soil, water, Antibiotics,
proteins, lipids straw, wood disinfectants, Nl
Poultry slurry Carbohydrates, 3-10 10-30 80 0,35-0,60 grit, sand, feathers Antibiotics,
proteins, lipids Disinfectants,
NH,',
Stomach/intestine Carbohydrates, 3-5 15 80 0,40-0,68 Animal tissues Antibiotics,
content proteins, lipids disinfectants
Whey 75-80% lactose - 8-12 90 0,35-0,80 Transportation
20-25% protein impurities
Concentrated 75-80% lactose - 20-25 90 0,80-0,95 Transportation
whey 20-25% protein impurities
Flotation sludge  65-70% proteins Animal tissues Heavy metals,
30-35%lipids - disinfectants,
organic pollutants
Ferment. slops Carbohydrates 4-10 1-5 80-95 0,35-0,78 Non-degradable fruit
remains
Straw Carbohydrates, 80- 70-90 80-90 0,15-0,35 Sand, grit
lipids 100
Garden wastes 100- 60-70 90 0,20-0,50 Soil, cellulosic Pesticides
150 components
Grass 12-25 20-25 90 0,55 Grit Pesticides
Grass silage 10-25 15-25 90 0,56 Grit
Fruit wastes 35 15-20 75 0,25-0,50
Fish oil 30-50% lipids -
Soya 90% vegetable oil -
oil/margarine
Alcohol 40% alcohol -
Food remains 10 80 0,50-0,60 Bones, plastic Disinfectants
Organic Plastic, metal, stones Heavy metals,
household waste wood, glass organic pollutants
Sewage sludge Heavy metals,

organic pollutants

Substrates containing high amounts of lignin, ¢ele and hemicelluloses can also be co-
digested, but a pre-treatment is usually appliedhis case, in order to enhance their

digestibility.

The potential methane yield is one of the importeniteria of evaluation of different AD
substrates (Figure 3.4). It is noticeable, thatm@himanure has a rather low methane yield.
This is why, in praxis, animal manure is not digdstlone, but mixed with other co-
substrates, with high methane yield, in order todbdhe biogas production. Common co-
substrates, added for co-digestion with manure sladies, are oily residues from food,
fishing and feed industries, alcohol wastes, frorawery and sugar industries, or even
specially cultivated energy crops.
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Figure 3.4 Benchmarks for specific methane yieldPRARL 2007)

The feedstock for AD could contain chemical, biabad or physical contaminants. Quality
control of all feedstock types is essential in ortbeensure a safe recycling of digestate as
fertiliser. The potential contaminants for some omn AD feedstock types are shown in
Table 3.3. Wastes of animal origin require speaitntion if supplied as substrate for AD.
Regulation 1774/2002 of the European Parliamedtdaiwn health rules regarding handling
and utilisation of animal by-products not intendedhuman consumption.

Table 3.3 Potential load of problem-materials, cor@minants and pathogens of some AD feedstock
categories

Risk
Safe Hygienic risks Contains Risks of
problem contaminants
materials
Communal residue Greenery, grass Biowaste, Roadside greenery
material cuttings
Industrial residue Vegetable waste, Expired foodstuff, foods with transport damage Residue from
materials mash, pommace, vegetable oil
etc. production
Agricultural residues Fluid dung, solid dung Cu and Zn
Feedstock
Beet leaves, strav
Renewable raw Corn silage, grass
materials silage
Slaughter waste Rumen, stomach-intestinal conten Separated- fats
separated fats, blood flour, etc.
Miscellaneous Industrial kitchen waste, household waste

The regulation sets out minimum rules and meastardse implemented, indicating which
types of animal by-products are allowed to be psed in biogas plants and in which
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conditions. The regulation is available in full tex at
http://europa.eu/scadplus/leg/en/lvb/f81001.htm

3.2 The biochemical process of AD

As previously stated, AD is a microbiological presef decomposition of organic matter in
absence of oxygen. The main products of this psees biogas and digestate. Biogas is a
combustible gas, consisting primarily of methanel aarbon dioxide. Digestate is the
decomposed substrate, resulted from the producfibiogas.

During AD, very little heat is generated in contressaerobic decomposition (in presence of
oxygen), like it is the case of composting. Thergpewhich is chemically bounded in the
substrate, remains mainly in the produced biogefrim of methane.

The process of biogas formation is a result of dohiprocess steps, in which the initial
material is continuously broken down into smallaeitst Specific groups of micro-organisms
are involved in each individual step. These orgasisuccessively decompose the products
of the previous steps. The simplified diagram of #hD process, shown in Figure 3.5,
highlights the four main process steps: hydrolyss&idogenesis, acetogenesis, and
methanogenesis.

Carbo-hydrates —p» Sugars —

Carbon acids
—>

Alcohols

X Acid acetic
Fats —» Fatty acids — —» Carbon dioxide —P>
Hydrogen

Methane
Carbon dioxide

Hydrogen
—® Carbon dioxide
Ammonia

Proteins —p»  Amino acids —

~ S~~~

HYDROLYSIS ACIDOGENESIS ACETOGENESIS METHANOGENESIS

Figure 3.5 The main process steps of AD (AL SEADIG1)

The process steps quoted in Figure 3.5 run paialleime and space, in the digester tank.
The speed of the total decomposition process israhted by the slowest reaction of the
chain. In the case of biogas plants, processingtabte substrates containing cellulose,
hemi-cellulose and lignin, hydrolysis is the spedermining process. During hydrolysis,
relatively small amounts of biogas are producedgBs production reaches its peak during
methanogenesis.

21



biogas

HANDBOOK

F'y Accumulated biogas yield (m3/kg)

-ll"”'.d—-u.u..

p—

—

Specific gas production rate (m3/ms3*d)

Gas production rate or biogas vield

1 1 1 1 I
0 5 10 15 20 25 30

Average hydraulic retention time (HRT), in days

v

Figure 3.6 Biogas production after addition of subsate —batch test (LfU 2007)

3.2.1 Hydrolysis

Hydrolysis is theoretically the first step of ADurthg which the complex organic matter
(polymers) is decomposed into smaller units (moaod oligomers). During hydrolysis,
polymers like carbohydrates, lipids, nucleic acétsl proteins are converted into glucose,
glycerol, purines and pyridines. Hydrolytic micrganisms excrete hydrolytic enzymes,
converting biopolymers into simpler and soluble poomds as it is shown below:

Lipids [ PPS°_, fatty acids, glycerol
Polysaccharide [ {9 'P2E9 PP _, monosaccharide
Proteins [ PP~ amino acids
A variety of microorganisms is involved in hydralyswhich is carried out by exoenzymes,
produced by those microorganisms which decomposeutidissolved particulate material.
The products resulted from hydrolysis are furthecaiposed by the microorganisms

involved and used for their own metabolic processes

3.2.2 Acidogenesis

During acidogenesis, the products of hydrolysis @meverted by acidogenic (fermentative)
bacteria into methanogenic substrates. Simple suyganino acids and fatty acids are
degraded into acetate, carbon dioxide and hydrég@¥b) as well as into volatile fatty acids
(VFA) and alcohols (30%).

3.2.3 Acetogenesis

Products from acidogenesis, which can not be dyrecbnverted to methane by
methanogenic bacteria, are converted into methamogeabstrates during acetogenesis. VFA
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and alcohols are oxidised into methanogenic sulestrike acetate, hydrogen and carbon
dioxide. VFA, with carbon chains longer than twatsirand alcohols, with carbon chains
longer than one unit, are oxidized into acetate laydrogen. The production of hydrogen
increases the hydrogen partial pressure. This @anebarded as a ,waste product” of
acetogenesis and inhibits the metabolism of théogeaic bacteria. During methanogenesis,
hydrogen is converted into methane. Acetogenesisnathanogenesis usually run parallel,
as symbiosis of two groups of organisms.

3.2.4 Methanogenesis

The production of methane and carbon dioxide frotarmediate products is carried out by
methanogenic bacteria. 70% of the formed methanginates from acetate, while the
remaining 30% is produced from conversion of hydrogH) and carbon dioxide (GP
according to the following equations:

Acetic acid [ M9, methane + carbon dioxide
Hydrogen + carbon dioxidel "' eFIFI°., methane + water

Methanogenesis is a critical step in the entireerotzic digestion process, as it is the slowest
biochemical reaction of the process. Methanogeniesgeverely influenced by operation
conditions. Composition of feedstock, feeding ra@mperature, and pH are examples of
factors influencing the methanogenesis processedbgy overloading, temperature changes
or large entry of oxygen can result in terminatddmethane production.

3.3 AD parameters

The efficiency of AD is influenced by some criticahrameters, thus it is crucial that
appropriate conditions for anaerobic microorganigmes provided. The growth and activity
of anaerobic microorganisms is significantly infiged by conditions such as exclusion of
oxygen, constant temperature, pH-value, nutriepplsy stirring intensity as well as presence
and amount of inhibitors (e.g. ammonia). The meghbacteria are fastidious anaerobes, so
that the presence of oxygen into the digestiongs®enust be strictly avoided.

3.3.1 Temperature

The AD process can take place at different tempezat divided into three temperature
ranges: psychrophilic (below 25), mesophilic (2% — 45C), and thermophilic (& —
70°C). There is a direct relation between the protasperature and the HRT (Table 3.4).

Table 3.4 Thermal stage and typical retention times

Thermal stage Process temperatures Minimum retention time
psychrophilic <20°C 70 to 80 days
mesophilic 30to 42 °C 30 to 40 days
thermophilic 43t0 55 °C 15 to 20 days

The temperature stability is decisive for AD. Iragtice, the operation temperature is chosen
with consideration to the feedstock used and thmegsary process temperature is usually
provided by floor or wall heating systems, insitle tligester. Figure 3.7 shows the rates of
relative biogas yields depending on temperatureratghtion time.
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Figure 3.7 Relative biogas yields, depending on tgrarature and retention time (LfU 2007)

Many modern biogas plants operate at thermophibcgss temperatures as the thermophilic
process provides many advantages, compared to tks@md psychrophilic processes:

» effective destruction of pathogens

» higher grow rate of methanogenic bacteria at hitggraperature

* reduced retention time, making the process fastgmnaore efficient
» improved digestibility and availability of substat

» Dbetter degradation of solid substrates and battestsate utilisation
» Dbetter possibility for separating liquid and sdlidctions

The thermophilic process has also some disadvagitage

» larger degree of imbalance
» larger energy demand due to high temperature
» higher risk of ammonia inhibition

Operation temperature influences the toxicity ofamnia. Ammonia toxicity increases with
increasing temperature and can be relieved by dsiorg the process temperature. However,
when decreasing the temperature to 50°C or belbe/,growth rate of the thermophilic
microorganisms will drop drastically, and a riskveéishout of the microbial population can
occur, due to a growth rate lower than the actu&THANGELIDAKI 2004). This means
that a well functioning thermophilic digester canlbaded to a higher degree or operated at a
lower HRT than an e.g. mesophilic one because ef glowth rates of thermophilic
organisms (Figure 3.8). Experience shows thatgit ldading or at low HRT, a thermophilic
operated digester has higher gas yield and higiherersion rates than a mesophilic digester.
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Figure 3.8 Relative growth rates of methanogens (ABELIDAKI 2004)

The solubility of various compounds (§YHH,, CH,, H,S and VFA) also depends on the

temperature (Table 3.5). This can be of great Bggmice for materials which have an
inhibiting effect on the process.

Table 3.5 The relation between temperature and theolubility in water of some gases (ANGELIDAKI
2004)

Gas Temperature (°C) Solubility Changed solubility
mmol/l water 50°C-35°C
H, 35 0,749 3.3%
50 0,725
CQ, 35 26,6 36 %
50 19,6
H_S 35 82,2 31%
50 62,8
CH, 35 1,14 19 %
50 0,962

The viscosity of the AD substrate is inversely mndjonal to temperature. This means that
the substrate is more liquid at high temperatures the diffusion of dissolved material is
thus facilitated. Thermophilic operation temperatugsults in faster chemical reaction rates,
thus better efficiency of methane production, higd@ubility and lower viscosity.

The higher demand for energy in the thermophiliocpss is justified by the higher biogas
yield. It is important to keep a constant tempertduring the digestion process, as
temperature changes or fluctuations will affect théogas production negatively.

Thermophilic bacteria are more sensitive to tenpeeafluctuation of +/-1°C and require

longer time to adapt to a new temperature, in ortdereach the maximum methane
production. Mesophilic bacteria are less sensitimperature fluctuations of +/- 3°C are
tolerated, without significant reductions in metagmoduction.

3.3.2 pH-values and optimum intervals

The pH-value is the measure of acidity/alkalinitfy o solution (respectively of substrate
mixture, in the case of AD) and is expressegarts per million(ppm). The pH value of the
AD substrate influences the growth of methanogemicroorganisms and affects the
dissociation of some compounds of importance fer AD process (ammonia, sulphide,
organic acids). Experience shows that methane twmdakes place within a relatively
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narrow pH interval, from about 5,5 to 8,5 , with @ptimum interval between 7,0-8,0 for
most methanogens. Acidogenic microorganisms ushale lower value of optimum pH.

The optimum pH interval for mesophilic digestiorbistween 6,5 and 8,0 and the process is
severely inhibited if the pH-value decreases betoor rises above 8,3. The solubility of
carbon dioxide in water decreases at increasingeesture. The pH-value in thermophilic
digesters is therefore higher than in mesophiliespras dissolved carbon dioxide forms
carbonic acid by reaction with water.

The value of pH can be increased by ammonia, pextidaring degradation of proteins or by
the presence of ammonia in the feed stream, whdeatcumulation of VFA decreases the
pH-value.

The value of pH in anaerobic reactors is mainlytaied by the bicarbonate buffer system.
Therefore, the pH value inside digesters dependherpartial pressure of G@nd on the

concentration of alkaline and acid components énliuid phase. If accumulation of base or
acid occurs, the buffer capacity counteracts tlohsages in pH, up to a certain level. When
the buffer capacity of the system is exceededtidrasanges in pH-values occur, completely
inhibiting the AD process. For this reason, theyatie is not recommended as a stand-alone
process monitoring parameter.

The buffer capacity of the AD substrate can vampdtience from Denmark shows that the
buffer capacity of cattle manure varies with theassm, possibly influenced by the
composition of the cattle feed. The pH-value of dstit animal manure is therefore a
variable which is difficult to use for identificath of process imbalance, as it changes very
little and very slowly. It is, however, importard hote that the pH-value can be a quick,
relatively reliable and cheap way of registeringteyn imbalance in more weakly buffered
systems, such as AD of various wastewater types.

3.3.3 Volatile fatty acids (VFA)

The stability of the AD process is reflected by tdoacentration of intermediate products like
the VFA. The VFA are intermediate compounds (aeetgtopionate, butyrate, lactate),
produced during acidogenesis, with a carbon chéiapoto six atoms. In most cases, AD
process instability will lead to accumulation of ARnside the digester, which can lead
furthermore to a drop of pH-value. However, theuacalation of VFA will not always be
expressed by a drop of pH value, due to the bufégacity of the digester, through the
biomass types contained in it. Animal manure eas & surplus of alkalinity, which means
that the VFA accumulation should exceed a cereel| before this can be detected due to
significant decrease of pH value. At such poing, YA concentration in the digester would
be so high, that the AD process will be alreadyesely inhibited.

Practical experience shows that two different digysscan behave totally different in respect
to the same VFA concentration, so that one andstme concentration of VFA can be

optimal for one digester, but inhibitory for thenet one. One of the possible explanations
can be the fact that the composition of microorg@npopulations varies from digester to
digester. For this reason, and like in the cas@hbf the VFA concentration can not be

recommended as a stand-alone process monitoriagnpéer.
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3.3.4 Ammonia

Ammonia (NH) is an important compound, withsgnificant function for the AD process.
NH; is an important nutrienserving as a precursor to foodstuffs and fertifzand is
normally encountered as a gas, with the charatitepgngent smellProteins are the main
source of ammonia for the AD process.

Too high ammonia concentration inside the digestgpecially free ammonia (the unionised
form of ammonia), is considered to be responsibiepfocess inhibition. This is common to
AD of animal slurries, due to their high ammoniacentration, originating from urine. For

its inhibitory effect, ammonia concentration shoblel kept below 80 mg/l. Methanogenic
bacteria are especially sensitive to ammonia itibitni The concentration of free ammonia is
direct proportional to temperature, so there isn@areased risk of ammonia inhibition of AD

processes operated at thermophilic temperaturespaed to mesophilic ones. The free-
ammonia concentration is calculated from the equati

[T-NH;]
r’5+i)
ka

where[NH_] and[T-NH,] are the free and respectively the total ammonmeeotrations, and

kais the dissociation parameter, with values increasvith temperature. This means that
increasing pH and increasing temperature will l[&adhcreased inhibition, as these factors
will increase the fraction of free ammonia. Whemracess is inhibited by ammonia, an
increase in the concentration of VFA will lead tdexrease in pH. This will partly counteract
the effect of ammonia due to a decrease in thegimg®onia concentration.

[NH;] =

3.3.5 Macro- and micronutrients (trace elements) and toxic compounds

Microelements (trace elements) like iron, nickelbalt, selenium, molybdenum or tungsten
are equally important for the growth and survivdl tbe AD microorganisms as the
macronutrients carbon, nitrogen, phosphor, and hsulp The optimal ratio of the
macronutrients carbon, nitrogen, phosphor, andhsulC:N:P:S) is considered 600:15:5:1.
Insufficient provision of nutrients and trace elense as well as too high digestibility of the
substrate can cause inhibition and disturbanc#®ii\D process.

Another factor, influencing the activity of anaeimmicroorganisms, is the presence of toxic
compounds. They can be brought into the AD systegether with the feedstock or are
generated during the process. The application @ stiold values for toxic compounds is
difficult, on one hand because these kind of male®are often bound by chemical processes
and on the other hand because of the capacityadrahic microorganisms to adapt, within
some limits, to environmental conditions, herewtihhe presence of toxic compounds.

3.4 Operational parameters
3.4.1 Organic load

The construction and operation of a biogas plant isombination of economical and
technical considerations. Obtaining the maximungasyield, by complete digestion of the

27



biogas

HANDBOOK

substrate, would require a long retention time le# substrate inside the digester and a
correspondingly large digester size. In practice,dhoice of system design (digester size and
type) or of applicable retention time is alwaysdzsh®n a compromise between getting the
highest possible biogas yield and having justiBaplant economy. In this respect, the
organic load is an important operational parametéich indicates how much organic dry
matter can be fed into the digester, per volume t&md unit, according to the equation
below:

Br=m=*c/ W

Br organic load [kg/d*m3]

m mass of substrate fed per time unit [kg/d]
C concentration of organic matter [%0]

Vg digester volume [m3]

3.4.2 Hydraulic retention time (HRT)

An important parameter for dimensioning the biodagster is the hydraulic retention time

(HRT). The HRT is the average time interval whea substrate is kept inside the digester
tank. HRT is correlated to the digester volume t@r@dvolume of substrate fed per time unit,

according to the following equation

HRT =VR/V
HRT hydraulic retention time [days]
Vg digester volume [m3]
\% volume of substrate fed per time unit [m3/d]

According to the above equation, increasing thewoigload reduces the HRT. The retention
time must be sufficiently long to ensure that theoant of microorganisms removed with the
effluent (digestate) is not higher than the amoahtreproduced microorganisms. The
duplication rate of anaerobic bacteria is usuallydhys or more. A short HRT provides a
good substrate flow rate, but a lower gas yields therefore important to adapt the HRT to
the specific decomposition rate of the used sutestr&nowing the targeted HRT, the daily
feedstock input and the decomposition rate of thessate, it is possible to calculate the
necessary digester volume.

3.4.3 Parameter list

A number of parameters (Table 3.6) can be usedevVaiuation of biogas plants and for
comparing different systems.

In literature two main categories of parameterstfound:

- Operating data, which can be determined by measmem

- Parameters, which can be calculated from the medslata
In order to evaluate the performance capabilitiea diogas plant a multi-criteria analysis
should be performed. Evaluations based on a sipglameter can never do justice to the
process. In order to determine if a biogas plamt gevide a return on investment, in an
acceptable time frame, economic parameters mustyalle included.
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Table 3.6 Operational parameters of biogas plants

Parameter

Temperature

Operational pressure

Capacity, throughput

Reactor volume

Gas quantity

Retention time (hydraulic,
minimum guaranteed)

Organic load

Methane concentration in biogas

Specific biogas yield

Specific biogas production

Gross energy

Electricity production

Output to grid

Efficiency of BTTP

Station supply thermal / electric

Specific station supply thermal /
electric

Energy production

Plant efficiency

Availability

Utilization

Total investment

Subsidies

Subsidy percentage

Specific investments

Specific treatment costs

Symbol Unit
T “C
P mbar
\ m3/d; t/d
Vg m3
V per day m3/d; m3/a
V per year
HRT d
MGRT
kg 0TS/ (m3* d)
CH, %
%
m3/ m3
kwh
kwh
kwh
n %
kwh
kWh/m3 Input
kWh/GV
kwh
n %
%
%
€
€

%

€/m3 reactor
€IGV

€/m3 Input; €/GV

Determination
Measurement during operation
Measurement during operation

Measurement
Determined by construction

Measurement during operation and conversion to Nm?3

Calculation from operating data

Calculation from operating data
Measurement during operation
Calculation from operating data
Calculation from operating data
Determination from the quantity of biogas and meeheoncentration
Measurement at the BTTP generator
Measurement after the BTTP generator
Calculation from operating data
Basis of planning, afterwards measurement duringatioa

Calculation from operating data

Sum of energy that can be sensibly utilized. Catmrgrom operating
data

Net energy drawn from gross energy
Percentage of hours in a year in which a planillg functioning
Ratio of the real quantity input to the projectepaity
All expenses caused by the biogas plant
Pre-determined
Percentage of all subsidies in relation to totaésiments

Only sensible when primarily manure from animalbargdry is used

Calculation
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4 Main applications of biogas

The production of biogas from AD is widely used fmpdern society for the treatment of
livestock manure and slurries. The aim is to predwemewable energy and to improve their
fertiliser quality. In countries with significanggacultural production, the strengthening of
environmental legislation and regulation of maname vegetable wastes recycling increased
the interest for AD as a cheap and environmeniahdty solution. Latest developments in
Europe, USA and other parts of the world have shmereasing interest among farmers to
cultivate energy crops, used as feedstock for Bigg@duction. AD is today standard
technology for stabilisation of primary and secagdsewage sludge, for treatment of organic
industrial waste from food-processing and fermémaindustries as well as for the treatment
of the organic fraction of municipal solid waste.sfiecial application is biogas recovery
from existing landfills.

4.1 Agricultural biogas plants

The agricultural biogas plants are considered tiptesets which are processing feedstock of
agricultural origin. The most common feedstock tyfder this kind of plants are animal

manure and slurries, vegetable residues and vdgebtgbproducts, dedicated energy crops
(DEC), but also various residues from food andifighindustries etc. Animal manure and
slurries, from cattle and pig production, are tlasib feedstock for most agricultural biogas
plants in Europe, although the number of plantsinom on DEC was increasing the last
years.

AD of animal manure and slurries is considerednprove their fertiliser value for the
reasons listed below:

* Manure and slurries from different animals (catfieg, poultry etc.) are mixed and co-
digested, providing a more balanced content ofients

* AD breaks down complex organic material such asamig nitrogen compounds,
increasing the amount of plant-available nutrients

» Co-digestion of manure with other substrates addgus amounts of nutrients to the
feedstock mixture.

The design and technology of biogas plants diffemf country to country, depending on
climatic conditions and national frameworks (legigin and energy policies), energy
availability and affordability. Based on their ri@ size, function and location, agricultural
AD plants can be classified as:

- Family scale biogas plants (very small scale)
- Farm scale biogas plants (small or medium to laogde)
- Centralised/ joint co-digestion plants (mediumaxgk scale)

4.1.1 Family scale biogas plants

In countries like Nepal, China or India operate lionis of family scale biogas plants,
utilising very simple technologies. The AD feedstarsed in these biogas plants originate
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from the household and/or their small farming attiand the produced biogas is used for
the family cooking and lighting needs.

The digesters are simple, cheap, robust, easya@atgppand maintain, and can be constructed
with local produced materials. Usually, there ace aontrol instruments and no process
heating (psychrophilic or mesophilic operation tengpures), as many of these digesters
operate in warmer climates and have long HRT.

a) The Chinese type (Figure 4.1a) is an undergraeadtor of typically 6 to 8 ms. It is
supplied with household sewage, animal manure agahic household waste. The reactor is
operated in a semi-continuous mode, where new rsiibss added once a day and a similar
amount of decanted mixed liquid is removed oncey dhe reactor is not stirred, so the
sedimentation of suspended solids must be remov@dirfBes per year, occasion when a
large portion of the substrate is removed and algmaat (about one fifth of the reactor
content) is left as inoculum.

b) The Indian type (Figure 4.1b) is similar to tBeinese type as it is a simple underground
reactor for domestic and small farming waste. Tiffer@nce is that the effluent is collected
at the bottom of the reactor and a floating gakfbrttions as a biogas reservoir.

c) Another small scale biogas plant is the disptaa® type, which consists of a horizontal
cylindrical reactor. The substrate is fed at ond and the digestate is collected at the
opposite end. The substrate moves through theareasta plug flow, and a fraction of the
outlet is re-circulated to dilute the new input aagrovide inoculation.

Biogas outlet —‘

Biogas outlet ‘ Gas collection ‘
Influent & access Effluent Influent bell Effluent
I_I'_' chanel chanel chanel

I_I I Terrain

Anaerobic

a) b)

chanel

Anaerobic
reactor

4

reactor
volume

T P e

°a

- 3 &0

o::;‘“?‘I 603033 aa LX)
3

Sludge sediment

Foo%ady Sludge sediment

Figure 4.1 Principles of rural biogas reactor typesa) Chinese type; b) Indian type (ANGELIDAKI 2004)

4.1.2 Farm-scale biogas plants

A farm scale biogas plants is named the plant la¢hdo only one farm, digesting the
feedstock produced on that farm. Many farm scadatpl co-digest also small amounts of
methane rich substrates (e.g. oily wastes from ifigtustries or vegetable oil residues),
aiming to increase the biogas yield. It is alsosiiale that a farm scale biogas plant receives
and processes animal slurries from one or two meghng farms (e.g. via pipelines,
connecting those farms to the respective AD unit).
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There are many types and concepts of farm scag@abiplants around the world. In Europe,
countries like Germany, Austria and Denmark are ragnibie pioneers of farm scale biogas
production. The interest of European farmers in @&iplications is growing nowadays, not
only because agricultural biogas production tramsfo waste products into valuable
resources and produces high quality fertiliser &lsb because it creates new business
opportunities for the involved farmers and givesntha new status, as renewable energy
providers.

The farm scale biogas plants have various sizesguke and technologies. Some are very
small and technologically simple, while others eather large and complex, similar to the
centralised co-digestion plants (see Chapter 4.N8yertheless, they all have a common
principle layout: manure is collected in a pre-ag@ tank, close to the digester and pumped
into the digester, which is a gas-tight tank, mafisteel or concrete, insulated to maintain a
constant process temperature. Digesters can heohtal (Figure 4.2 and 4.3) or vertical,
usually with stirring systems, responsible for mgiand homogenising the substrate, and
minimising risks of swimming-layers and sedimentrniation. The average HRT is
commonly of 20 to 40 days, depending on the typsubbtrate and digestion temperature.

Digestate is used as fertiliser on the farm andsthrplus is sold to plant farms in the nearby
area. The produced biogas is used in a gas erfgmelectricity and heat production. About
10 to 30% of the produced heat and electricityseduto operate the biogas plant and for
domestic needs of the farmer, while the surplusold to power companies and respectively
to neighbouring heat consumers.

Digester
tank

Slurry storage tank

Prestorage
tank Biogas
storage
facility
Pow er

CHP - plant

Figure 4.2 Schematic representation of a farm scalgogas plant, with horizontal digester of steel.
(HJORT-GREGERSEN 1998)

Apart from the digester, equipped with stirringtsys, the plant can include pre-storage for
fresh biomass, storage for digested biomass artnidgas, and even a CHP unit.
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Figure 4.3 Horizontal digester, built in Denmark (Nordisk Folkecenter 2001)

The digester can also be vertical, with or withoahic bottom (Figure 4.4 and 4.5), a so-
called ‘two-in-one’ slurry storage and digesterktawhere the digester is build inside the
storage tank for digestate. The two tanks are eaverith a gas tight membrane, inflated by
the emerging gas production and stirred by elegrapeller. The plant can furthermore
consist of a pre-storage tank for the co-substmatea CHP-unit.

Heat
Prestorage
tank

Digester, biogas storage Pow er
and slurry storage tank

Figure 4.4 Schematic representation of the ‘two—imne’ farm scale plant, with soft membrane cover
(HIORT-GREGERSEN 1998)

Figure 4.5 Picture of farm scale biogas plant in Denark, co-digesting animal slurries and energy crop
(GROENGAS A/S)
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Figure 4.6 Vertical digester in Germany, processiy pig and poultry manure and crop silage (KRIEG
AND FISHER 2008)

A recent development of the farm scale biogas pkarihe concept of energy-crop based
plants. Their advantage is that the energy coraémnergy crops is much higher than of
most of the organic waste materials. The majortéitians of these kinds of biogas plants are
related to operation costs, land use and avaitabili

Figure 4.7 Vertical digester in Germany, built in 205 for digestion of energy crops (KRIEG and FISHER
2008)

4.1.3 Centralised (joint) co-digestion plants

Centralised co-digestion is a concept based onstilige animal manure and slurries,
collected from several farms, in a biogas plantredly located in the manure collection area.
The central location of the biogas plant aims tduce costs, time and manpower for the
transport of biomass to and from the biogas pl@entralised AD plants co-digest animal
manure with a variety of other suitable co-subesafe.g. digestible residues from
agriculture, food- and fish industries, separatalijected organic household wastes, sewage
sludge). The centralised co-digestion plants (alamed joint co-digestion plants) were
developed and are largely applied in Denmark (FeguB), but also in other regions of the
world, with intensive animal farming.
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Animal manure and slurries are collected from the-giorage tanks or from the slurry

channels at the farm and transported in speciallraccontainer trucks to the biogas plant,
according to an established schedule. At the biptag, manure is mixed with the other co-

substrates, homogenised and pumped inside theteligask. The transport of fresh manure
from the farmers to the biogas plant and of digesteom the biogas plant to the farmer’s

storage facilities, placed close to the fields wehdigestate is applied as fertiliser, is the
responsibility of the biogas plant. The storagélitees for digestate are sometimes shared by
several farmers.

Like in the case of farm plants, the digestion pesccan be mesophilic or thermophilic. The

HRT is of 12-25 days. According to European legdistg a controlled sanitation process of

certain types of substrates of animal origin mwesippbkrformed prior accessing the digester,
which provides effective reduction of pathogens amed seeds and ensures safe recycling
of digestate.

Figure 4.8 Picture of centralised co-digestion plarin Denmark (LEMVIG BIOGAS)

The digester feeding system is continuous, and &ssnmixture is pumped in and out of the
digesters in equal amounts through precise pumpesegs. Digestate, pumped out of the
digester, is transferred by pipelines to temposioyage tanks. In many cases, these tanks are
covered with a gas proof membrane, for the cothectif the additional biogas production (up
to 15% of the total), taking place at lower tempam Before leaving the biogas plant,
digestate is analysed and nutritionally defined (D¥&, N, P, K, and pH). The manure
suppliers can take back only that amount of digestahich they are allowed by law to
spread on their fields. The excess is sold adigertito the crop farmers in the nearby area. In
all cases, digestate is integrated in the fertibgaplan of the farm, replacing mineral
fertilisers, closing the cycle of carbon and nurtrieecycling (Figure 4.9). More and more
biogas plants are also equipped with installatifursseparation of digestate in liquid and
solid fractions.
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Figure 4.9 Schematic representation of the closegde of centralised AD (AL SEADI 2001)

) Other biomass suppliers
Animal farms * Industrial organic waste
* Cattle manure * MSW/(organic)
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Figure 4.10 The integrated concept of centralisedoedigestion plant

This way, centralised co-digestion represents degrated system of renewable energy
production, organic waste treatment and nutrieryakng. Experience shows that the system
(Figure 4.10) is capable to generate agricult@ajironmental and economic benefits for the
farmers involved and for the overall society sush a
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* Renewable energy production

» Cheap and environmentally safe recycling of mammek organic wastes
» Reduction of greenhouse gas emission

* Improved veterinary safety through sanitation gfeditate

» Improved fertilisation efficiency

* Less nuisance from odours and flies

» Economical benefits for the farmers

Centralised co-digestion plants can be organisedoasperative companies, with farmers

supplying manure an energy consumers as shareb@ddrowners. The management of the
biogas plant is undertaken by a board of directarsich also employs the necessary
personnel and is responsible for economic and legaling agreements concerning the
construction of the plant, the feedstock supplg, distribution and sale of digestate, the sale
of biogas or/and energy and the financing actisitiehe co-operative company proved to be
a functional organisational structure, economicédgsible in countries like Denmark, but

other organisation forms like Ltd. companies or mipally owned companies are also

frequent.

4.2 Waste water treatment plants

AD is largely used for treatment of primary and setary sludge, resulted from aerobic
treatment of municipal waste water. The systenp@i@d in many countries in combination
with advanced treatment systems where the AD psoisessed to stabilise and reduce the
final amount of sludge. Most engineering compamesviding sewage treatment systems
have also the capability to provide AD systemsElmopean countries, between 30 and 70%
of sewage sludge is treated by AD, depending ociometlegislation and priorities.

The AD treated sludge effluent can be further usgedertiliser on agricultural land or for
energy production by incineration. There are stilintries where the effluent is disposed on
landfill sites. As this practice can have negatoamsequences for the environment due
leakage of nutrients to ground water and emissidriGHG to the atmosphere, it is therefore
banned in most European countries.

Figure 4.11 Waste water treatment plant in Psyttal, Greece FARNSWORTH 2004)
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4.3 Municipal solid waste (MSW) treatment plants

In many countries, municipal solid waste is cokecas mixed stream and incinerated in
large power plants or disposed on landfill sitesisTpractice is actually a waste of energy
and nutrients, as most of the organic fraction @¢dug¢ source separated and used as AD
feedstock. Even bulk collected wastes can be furffrecessed and used for biogas
production.

In recent years, source separation and recycligastes received increasing attention. As a
result, separate fractions of MSW are now becorawvgjlable for more advanced recycling
treatment, prior to disposal. The origin of the amig waste is important in determining
which treatment method is most appropriate. Kitchvaste is generally too wet and lacks in
structure for aerobic composting, but provides srebent feedstock for AD. On the other
hand, woody wastes contain high proportions ofdggilulosic material are better suited for
composting, as pre-treatment is necessary in ¢odee used for AD.

Utilisation of source separated organic fractiomofisehold waste for biogas production has
a large potential and several hundred AD plantscgssing organic fraction of MSW, are in

operation around the world. The aim is to redueestineam of organic wastes to landfills or
even to incineration and to redirect them towaeatycling.

4.4 Industrial biogas plants

Anaerobic processes are largely used for the tesatiof industrial wastes and waste waters
for more than a century and AD is today a standactnology for the treatment of various
industrial waste waters from food-processing, agdustries, and pharmaceutical industries.
AD is also applied to pre-treat organic loaded stdal waste waters, before final disposal.
Due to recent improvements of treatment technogiduted industrial waste waters can
also be digested. Europe has a leading posititimeinvorld regarding this application of AD.
In recent years energy considerations and envirataheoncerns have further increased the
interest in direct anaerobic treatment of organdustrial wastes and the management of
organic solid wastes from industry is increasingbntrolled by environmental legislations.
Industries using AD for wastewater treatment raingen:

* Food processes: e.g. vegetable canning, milk aedsehmanufacture, slaughterhouses,
potato processing industry

» Beverage industry: e.g. breweries, soft drinkgjltiges, coffee, fruit juices

* Industrial products: e.g. paper and board, rubtiexmicals, starch, pharmaceuticals

Industrial biogas plants bring about a number ofdfigs for the society and the industries
involved:

* Added value through nutrient recycling and costogidns for disposal

» Utilisation of biogas to generate process energy

* Improved environmental image of the industries eoned, through environmental
friendly treatment of the produced wastes
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It is expected that the environmental and sociareooc benefits of AD, complemented by
higher costs/taxation of other disposal method$,imérease the number of applications of
industrial biogas in the future.

4.5 Landfill gas recovery plants

Landfills can be considered as large anaerobic tplamith the difference that the

decomposition process is discontinuous and depaemdkse age of the landfill site. Landfill

gas has a composition which is similar to biogas,ibcan contain toxic gases, originating
from decomposition of waste materials on the site.

Recovery of landfill gas is not only essential &vironmental protection and reduction of
emissions of methane and other landfill gases (Eigul2), but it is also a cheap source of
energy, generating benefits through faster staltitin of the landfill site and revenues from
the gas utilisation. Due to the remoteness of iirgifes, landfill gas is normally used for
electricity generation, but the full range of gaitisation, from space heating to upgrading to
vehicle fuel and pipeline quality is possible adl\{fegure 4.13 and 4.14).

Landfill gas recovery can be optimised throughrttenagement of the site such as shredding
the waste, re-circulating the organic fraction darehting the landfill as a bioreactor. A
landfill bioreactor is a controlled landfill, desigd to accelerate the conversion of solid waste
into methane and is typically divided into cellspyided with a system to collect leachate
from the base of the cell. The collected leachafmimped up to the surface and redistributed
across the waste cells, transforming the landiit ia large high-solids digester.

Figure 4.12 Gaseous emissions and leaching to gralwater from landfill sites are serious threats forthe
environment
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Figure 4.13 Landfill gas recovery system (NST ENGIEERS 2007)

Figure 4.14 Ano Liosia Landfill gas exploitation poject, Athens, Greece

5 Utilisation of biogas

Biogas has many energy utilisations, dependinghenntature of the biogas source and the
local demand. Generally, biogas can be used fot peaduction by direct combustion,
electricity production by fuel cells or micro-tungis, CHP generation or as vehicle fuel
(Figure 5.1.).
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Biogas end-uses

Sanitary landfills Digesters
‘—» Crude bioga3<—‘
/Scrubbmg Upgradmk
Blogas Normalised natural gas

Boiler (burner) Generator i
l Turbine Compression
Heat i

Gogeneranior Vehicle fuel Injection to
— Hot Water L> Electr|C|ty T
public grid

District heat Use in |ndustry, house, desk, farm

Glasshouse heating, other

Figure 5.1 Overview of biogas utilisation

5.1 Biogas properties

The energy content of biogas from AD is chemicalbunded in methane. The composition
and properties of biogas varies to some degreendepe on feedstock types, digestion
systems, temperature, retention time etc. Table &htains some average biogas
composition values, found in most of the literatu@®nsidering biogas with the standard
methane content of 50%, the heating value is oMJINm?3, the density is of 1,22 kg/Nm3
and the mass is similar to air (1.29 kg/Nm83).

Table 5.1 Composition of biogas

Chemical symbol Content (Vol.-%)
Compound
Methane CH, 50-75
Carbon dioxide CO, 25-45
Water vapour H-O 2 (20°C) -7 (40°C)
Oxygen O, <2
Nitrogen N2 <2
Ammonia NH3 <1
Hydrogen H> <1
Hydrogen sulphide H.S <1

The biochemical composition of different feedstdgkes varies is determinant for their
theoretical methane yield, as seen in Table 5.2.

Table 5.2 Theoretical gas yields

Substrate Litre Gas / kg TS CHa4 [%] CO; [%]
Raw protein 700 70to 71 29 to 30
Raw fat 1200 to 1 250 67 to 68 3210 33
Carbohydrates 790 to 800 50 50
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The methane yield of the AD substrates dependshencontent of proteins, fats, and
carbohydrates, as shown in Table 5.3.

Table 5.3 Methane yields of different feedstock matial

Feedstock Methane yield [%] Biogas yield [m3/tFF*]
Liquid cattle manure 60 25
Liquid pig manure 65 28
Distillers grains with solubles 61 40
Cattle manure 60 45
Pig manure 60 60
Poultry manure 60 80
Beet 53 88
Organic waste 61 100
Sweet sorghum 54 108
Forage beet 51 111
Grass silage 54 172
Corn silage 52 202

* FF=fresh feedstock

5.2 Direct combustion and heat utilisation

The simplest way of utilising biogas is direct bamin boilers or burners, extensively used

for the biogas produced by small family digestdpstect combustion, in natural gas burners,

is applied in many countries as well. Biogas camied for heat production either on site,

or transported by pipeline to the end users. Fatihg purposes biogas does not need any
upgrading, and the contamination level does ndticeshe gas utilisation as much as in the

case of other applications. However, biogas needmtlergo condensation and particulate
removal, compression, cooling and drying.

5.3 Combined heat and power (CHP) generation

CHP generation is a standard utilisation of bioffasn AD in many countries with a
developed biogas sector, as it is considered a efigient utilisation of biogas for energy
production. Before CHP conversion, biogas is dihiaed dried. Most gas engines have
maximum limits for the content of hydrogen sulphidelogenated hydrocarbons and
siloxanes in biogas. An engine based CHP powert plas an efficiency of up to 90% and
produces 35% electricity and 65% heat.

The most common types of CHP plants are block thyeemal power plants (BTTP) with
combustion motors that are coupled to a gener&@enerators usually have a constant
rotation of 1500 rpm (rotations per minute) in arttebe compatible with the grid frequency.
Motors can be Gas-Otto, Gas-Diesel or Gas-Pilatchign engines. Both, Gas-diesel and
Gas-Otto engines are operating without ignition atcording to the Otto principle. The
difference between these engines is only the casse. Thus, both motors will be referred
to as Gas-Otto motors in the rest of the text. rAléves to the above mentioned BTTPs are
micro gas turbines, Stirling motors and fuel celd, of them technologies undergoing
important developmental steps during the recentsyaad described in more details in the
following chapters.
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Figure 5.2 Biogas burner for heat production (AGRINZ 2008)

The produced electricity from biogas can be usegrasess energy for electrical equipment
such as pumps, control systems and stirrers. Inyronaantries with high feed-in tariffs for
renewable electricity, all the produced electricgtyold to the grid and the process electricity
is bought from the same national electricity grid.

An important issue for the energy and economiciefficy of a biogas plant is the utilisation
of the produced heat. Usually, a part of the heatsed for heating the digesters (process
heating) and approximately; 3f all produced energy can be used for externatiseMany

of the early generations of biogas plants havegestablished exclusively for electricity
purposes, without consideration for the utilisatairthe produced heat. Nowadays, the heat
utilisation is considered a very important aspe&ctthe economy of the plant. For many
biogas plants, the sale of electricity alone is emdugh for being economically sustainable
which is why the new established biogas plants lshmglude heat utilisation in the overall
plant design.

Biogas heat can be used by industry processesu#igral activities or for space heating.
The most suitable heat user is the industry, asi#imeand is constant throughout the whole
year. Heat quality (temperature) is an importastiésfor industrial applications. The use of
heat from biogas for building and household heatimmpi-grid or district heating) is another
option, although this application has a low seadaring summer and a high season during
winter. Biogas heat can also be used for dryingpgravood chips or for separation and
further treatment of digestate. Finally, heat canused in 'power-heat-cooling-coupling’-
systems. This process, known from refrigeratorsisisd e.g. for cooling food storage or for
air conditioning. The input energy is heat, whisttonverted into cooling through a sorption
process, whereby a differentiation is made betwadsorption and absorption cooling
process. The advantage of cooling by sorptionasldlv wear, due to few mechanical parts,
and the low energy consumption, compared to corsmegooling plants. The use of power-
heat-cooling-coupling in biogas plants is curreiiiyng tested through several pilot projects.

5.3.1 Gas-Otto engines

Gas-Otto motors are developed specifically for gidirogas according to the Otto principle.
The engines (lean burn engines) are operated witbugplus, in order to minimise carbon
monoxide emissions. This leads to lower gas consom@and reduced motor performance,
compensated by using an exhaust turbo charger.OBasmotors require biogas with
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minimum 45% methane content. Smaller engines, UP®KW, are usually Otto engines.
For higher electrical performance, adapted dieggregates are used. They are equipped
with spark plugs. Both engines are named ‘Gas-@ttgines’ since their basic operation is
based on the Otto principle. Gas-Otto engines (Eigu3) can be operated with biogas or
natural gas. This is useful during the start-ughef biogas plant when the heat is used for
heating up digesters.

Figure 5.3 Gas-Otto engines (RUTZ 2007)

5.3.2 Pilot-injection gas motor

The Pilot Injection Engine (also called Pilot Irfjea Natural Gas Engine, PING, or Dual
Fuel Engine) is based on the diesel engine priaciphese engines are often used for tractors
and heavy duty vehicles. The biogas is mixed irag mixer, together with the combustion
air. This mixture passes through an injection sysite the combustion chamber where it is
ignited by the injected ignition oil. Usually up 1®% ignition oil is automatically injected
and combusted. Pilot injection engines are openatddhigh air surplus.

In case of disrupted biogas supply, pilot injectioators can also operate with pure ignition
oil or diesel, without any problem. The replacemehtbiogas by oil or diesel can be
necessary during the start up phase of the biogad for process heat production. The
ignition oil can be fossil diesel or heating oilutbrenewable rapeseed-methyl-ester
(biodiesel) or vegetable oil can be used in theesanaly. The advantage of renewable ignition
oils is that they are sulphur-free and emit lesso@a monoxide. Furthermore, they are
biodegradable which is important in case of leaghand spilling. However, if biofuels are
used, higher filter wear, jet clogging and lowesodsity of the vegetable oil must be taken
into consideration. Another disadvantage is theas of nitrous oxide. In any case, it is
important to follow the fuel quality instruction$ the engine manufacturers.

5.3.3 Stirling motors

The Stirling motor operates without internal contbors based on the principle that
temperature changes of gases result in volume elsafifpe pistons of the engine are moved
by gas expansion caused by heat injection fromxaermal energy source. The necessary
heat can be provided from various sources suchgas &urner, running on biogas. In order
to use Stirling engines for biogas some technickption is necessary. Due to external
combustion, also biogas with lower methane corgantbe used.
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The electrical efficiency of the Stirling engineas 24-28%, which is lower than Gas-Otto
engines. The exhaust temperatures are between®B@-3The capacity of Stirling motors is
usually below 50 kW. Due to the low wear of components, low mainteeatwsts can be

expected. The Stirling engine can be used in biye& thermal power plants.

5.4 Biogas micro-turbines

In biogas micro-turbines, air is pressed into a lmestion chamber at high pressure and
mixed with biogas. The air-biogas mixture is burgadsing the temperature increase and the
expanding of the gas mixture. The hot gases amasell through a turbine, which is
connected to the electricity generator (Figure .54 electric capacity of micro-turbines is
typically below 200 kw. The cost of biogas micro-turbines is high and risgearch and
development work in this area is therefore aimiagt ceduction for future models.

Heat to User

Recuperator Fuel Compressor
(Lmost units) (if necassary)
kY

Exhaust Natural Bas 1 AG Electricity
———————— - 1
Low Temperature : : I____j______1
Water ! Air Combuster | i | Inverter/Reclifier |
~ I (mostunits) |

Compressor Turbine

, Generator
Air

Figure 5.4 Micro-turbine structure (www.energysoluionscenter.org)

5.5 Fuel cells

The fuel cells are electrochemical devices thatvednthe chemical energy of a reaction
directly into electrical energy. The basic physisaiucture (building block) of a fuel cell
consists of an electrolyte layer in contact witlp@ous anode and cathode on both sides
(Figure 5.5). In a typical fuel cell, the gaseouslf(biogas) is fed continuously to the anode
(the negative electrode) compartment and an oxidaet oxygen from air) is fed
continuously to the cathode (the positive electfodempartment. An electrochemical
reaction takes place at the electrodes, produdeajre current.
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Figure 5.5 Simplified scheme of a fuel cell (EMERQIG ENVIRONMENTAL ISSUES 2005)

There are various fuel cell types suitable for Bmgnamed according to the type of
electrolyte used. They can be low (AFC, PEM), medil*t AFC) or high temperature fuel
cells (MCFC, SOFC). The choice of the fuel celldygepends on the gaseous fuel used and
the heat utilisation.

PEM -The Polymer-Electrolyte-Membrarfieel cell can be used for biogas. Due to operating
temperature of 80°C, the heat can be fed direatty a heat/warm water network. The type of
electrolyte used influence the service life of PEdhjch is very sensitive to impurities in the
fuel gas, including carbon dioxide. For this reqsgas cleaning is very important.

PAFC -Phosphoric Acid Fuel Celfrequently used with natural gas worldwide. Corepa
to other fuel cells, the electrical efficiency ®M but the advantage is that PAFC is less
sensitive to the presence of carbon dioxide andocemonoxide in the gas.

MCFC - Molten Carbonate Fuel Celk uses a fluid carbon flow as electrolyte. MCISC i
insensitive to carbon monoxide and tolerates carioride concentrations up to 40% of
volume content. Due to its operation temperatur@Qff -700°C, conversion of methane into
hydrogen, also called reforming, can take plac&@she cell. Its dissipated heat can for
example be used in a downstream turbine.

SOFC -Solid Oxide Fuel Celk another type of high-temperature fuel cell, atiag at 750-

1 000°C. The SOFC fuel cell has a high electri¢ftiency and the reforming of methane to
hydrogen can take place within the cell. The uskiadas is suited due to its low sensitivity
to sulphur.
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Figure 5.6 World’s first MCFC fuel cell for biogas, operating in Germany (RUTZ 2007)

The investment costs of all biogas fuel cells atelmhigher than for engine driven BTTPs,
amounting some 12 000 €/kW. As in the case of dsogpicro-turbines, the research and
development work in this area is targeting competitosts for the future models.

5.6 Biogas upgrading (Biomethane production)

Biogas can be distributed through the existing r@tgas networks and used for the same
purposes as natural gas or it can be compressedsaadas renewable vehicle fuel. Prior to
injection into the natural gas grid or to utiligatias vehicle fuel, biogas must undergo an
upgrading process, where all contaminants as vgettasbon dioxide are removed and the
content of methane must is increased from the uS0al5% to more than 95%. The
upgraded biogas is often named biomethane.

Various technologies can be applied for removakaftaminants and for increasing the
methane content of biogas.

Removal of carbon dioxide is done in order to rethehrequired Wobbe index of gas. When
removing carbon dioxide from biogas, small amowfitmethane Cl) are also removed. As
methane has a 23-fold stronger greenhouse gas #féacCQ, (i.e. a molecule of methane is
23 times more effective than a molecule of ,Q®trapping the radiated heat from earth) it is
important to keep methane losses low, for both eson and environmental reasons. Two
common methods of removing carbon dioxide from aggre absorption (water scrubbing,
organic solvent scrubbing) and adsorption (presswiag adsorption, PSA). Less frequently
used are membrane separation, cryogenic sepagattprocess internal upgrading, which is
a relatively new method, currently under developmen
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Figure 5.7 Biogas upgrading installation eft) and the connection point to the natural gas griqright) of
the biomethane plant in Pliening, Germany (RUTZ 200)

The total cost for cleaning and upgrading biogasssis of investment costs and of operation
and maintenance costs. In the case of investmest$,can important factor is the size of the
plant. The total investment costs increase withieased plant capacity but investment per
unit of installed capacity is lower for larger plencompared to small ones. In the case of
operation costs, the most expensive part of tlarrent is the removal of carbon dioxide.

5.6.1 Biogas as vehicle fuel

Utilisation of biogas in the transport sector iseahnology with great potential and with
important socio-economic benefits. Biogas is alyeasled as vehicle fuel in countries like
Sweden, Germany and Switzerland.

The number of private cars, public transportati@hieles and trucks driven on biogas

(biomethane) is increasing. Biomethane can be asddel in the same way and by the same
vehicles like the natural gas. An increasing numdfeEuropean cities are exchanging their
diesel buses with biomethane driven ones.

Many biogas driven private cars are converted Vehiavhich have been retro-fitted with a
compressed gas tank, in the luggage compartmethia gas supply system, in addition to the
fossil fuel system.

There are also specially built biogas vehicles,ciwhare optimised for better efficiency and
more convenient placement of gas cylinders, witHosing luggage space. The biogas is
stored at 200 to 250 bars, in pressure vesselse méadsteel or aluminium composite

materials. Today, more than 50 manufacturers wadewoffer some 250 models of

commuter, light and heavy duty gas driven vehicles.

Heavy duty vehicles can be converted to run on amethgas only, but in some cases also
dual fuel engines are used. A dual fuel engine asd®sel injection system and the gas is
ignited by injection of a small amount of diesel. @ual fuel engines require less engine
development and maintain the same driveability adiesel vehicle. However, emission
values are not as low as for the correspondingiaiheduilt gas vehicles and the engine
technology remains a compromise between sparkogrand diesel engine.

Biomethane vehicles have substantial overall adyges compared to vehicles equipped with

petrol or diesel engines. The overall carbon diex@missions are drastically reduced,
depending on the feedstock substrate and origeladitricity (fossil or renewable) used for
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gas upgrading and compressing. Emission of pastiahel soot are also drastically reduced,
even compared with very modern diesel engines ppedi with particle filters. Emissions of
NO andNon Methane Hydrocarborf® MHC) are also drastically reduced.

Upgraded biogas (biomethane) is considered to taenighest potential as vehicle fuel,
even when compared to other biofuels. Figure 5@vsha comparison between transport
biofuels, in terms of covered distance by an autnlepwhen running on the respective
biofuel, produced on energy crops cultivated on baetare arable land. The potential of
biogas for the transport sector is even highewnai$te is used as feedstock, instead of energy
crops.

Biomethane 67 600 km

BtL (Biomass-to-Liquid) 64 000 km <

ape seed oil 23 300 km i
=
. Biodiesel 23 300 km g

22 400 km 4 + 14 400 kM*<

Bioethanol

* Biomethane as by product
(rape cake, mash, straw)

@ ©

Vehicle fuel consumption: gasoline engine 7.4 1/100km,
diesel engine 6.1 1/100 km

Figure 5.8 Biofuels in comparison: Range of a persal car, running on biofuels produced on
feedstock/energy crops from one hectare arable lan&ource (FNR 2008)

5.6.2 Biomethane for grid injection

Upgraded biogas (biomethane) can be injected astdldited through the natural gas grid,
after it has been compressed to the pipeline presBumany EU countries, the access to the
gas grid is guaranteed for all biogas suppliers.

There are several advantages of using the gasfgridiistribution of biomethane. One
important advantage is that the grid connects tioelyction site of biomethane, which is
usually in rural areas, with more densely populatexhs. This enables the gas to reach new
customers. It is also possible to increase thedsiggoduction at a remote site, without
concerns about utilisation of heat excess. Gridciipn means that the biogas plant only
needs a small CHP unit for the process energybargas burner.

Countries like Sweden, Switzerland, Germany andnéeahave standards (certification

systems) for injecting biogas into the natural gad. The standards, prescribing the limits
for components like sulphur, oxygen, particles amdler dew point, have the aim of avoiding
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contamination of the gas grid or the end users. Wobbe index was introduced, to avoid
influence on gas measurements and end use. Theasignare in most cases easily
achievable through current upgrading processesthi®kind of application, landfill gas can

be difficult to upgrade to acceptable quality doiés high nitrogen content.

In Europe, biogas feed plants are in operatiorwed&n, Germany, Austria, the Netherlands,
Switzerland and France. The main barriers for bibwaree injection are the high costs of
upgrading and grid connection. Grid injection isaallimited by location of suitable
biomethane production and upgrading sites, whiste ha be close to the natural gas grid.

5.6.3 Carbon dioxide and methane production as chemical products

Production of pure methane and £@m biogas can be a viable alternative to mettearte
carbon dioxide production from fossil sources. Bathbstances are important for the
chemical industry. Pure GOs used for production of polycarbonates, of drg or for
surface treatment (sandblasting with fLGCO, from biogas can also be used in agriculture,
as fertiliser in greenhouses.

6 Utilisation of digestate

Agricultural biogas production is an integratednab@t of modern, holistic agriculture, which
takes into consideration not only economic cost laenefits of agricultural activities, but
also socio-economic and environmental benefits.icdfjural biogas production provides
intertwined agricultural, economic and environmértanefits and for this reason, the
promoters of the biogas development in Europer #fteoil crisis, were the organic farmers,
interested in AD not only for renewable energy gatien, but as a way to improve fertiliser
quality of their animal manure.

6.1 AD - atechnology for animal manure and slurry
management in intensive areas

Animal production is known also for producing larg@ounts of animal manure. There are
frequent situations where the animal farms do mah @nough agricultural land for using
optimally the produced manure and slurries aslit@ti The excess of animal manure
requires adequate manure management measures,e¥enprserious consequences of
excessive fertilisation with animal manure in thaseas, such as:

e Pollution of ground and surface water through Igeka

e Damage of soil structure and soil microbiology

e Damage of specific grassland vegetation populateomd formation of typical “slurry
vegetation”

e Increased risks of methane and ammonia emissions

e Odour and fly nuisance, from manure storage antcapion

e Increased risk of contamination and of spreadinbqmens

AD of animal manure and slurries can be the saluto the above situation, allowing
environmental friendly agricultural practices.
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6.2 From raw slurry to digestate as fertiliser
6.2.1 Biodegradation of organic matter

Treatment of animal manure and slurries in biodastp results in biodegradation of organic
matter to inorganic compounds and methane. In ipggdhe anaerobic degradation rate of
organic matter from animal manure and slurriedmsua 40% for cattle slurry and of 65% for

pig slurry. The degradation rate depends at largéeedstock type (Table 6.1), HRT and

process temperature. Due to degradation of orgaaitter, digestate is easier to pump and
easier to apply as fertiliser, with reduced neestiofing, compared to untreated slurry.

Table 6.1 Nutrient distribution in digestate, compaed to cattle and pig slurry

Dry matter Total N NH4-N P K pH
% kg/ton kg/ton kg/ton kg/ton
Cattle slurry 6,0 5,0 2,8 0,8 3,5 6,5
Pig slurry 4,0 5,0 3,8 1,0 2,0 7,0
Digested slurry 2,8 5,0 4,0 0,9 2,8 7,5

6.2.2 Reduction of odours

One of the noticeable positive changes which taleeepthrough AD of manure is the
significant reduction of odoriferous substances latile acids, phenol and phenol
derivatives).

Experience shows that up to 80% of odours in festtssubstrates can be reduced by AD. It
is not only a reduction of the intensity and peesise of odours (Figure 6.1), but also a
positive change in the composition of odours, gestate no longer has the unpleasant slurry
smell, but smells more like ammonia. Even if stofedlonger periods of time, digestate
shows no increase in emission of odours. Figuresieolvs that, 12 hours after the application
of digestate, the odour has almost disappeared.

Vind- Untreated Digested
direction slurry slurry
N =)
5 minuts e
12 hours

Figure 6.1 Area affected and persistence of odoumisance, after application of digestate and of uneated
slurry, on a field with northwest wind (BIRKMOSE 2002)
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6.2.3 Sanitation

The AD process is able to inactivate viruses, ectnd parasites in the treated feedstock
substrates, an effect which is usually called s#ioit. The sanitation efficiency of AD
depends on the actual retention time of the feellsinside the digester, the process
temperature, the stirring technique and digestpe.tyThe best sanitation is obtained at
thermophilic temperatures (50-55°C) in e.g. an géded plug flow reactor, with the
appropriate retention time. In this digester typenmxing of digestate with fresh feedstock
occurs, allowing up to 99% of all pathogens to estibyed.

In order to ensure veterinary safe recycling ofedigte as fertiliser, European legislation
requires specific sanitation measures in the cdséeedstock types of animal origin.
Depending on the type of feedstock pre-sanitatign pasteurisation or by pressure
sterilisation is required before supplying the ¢idis to digester. More details about
sanitation can be found in Chapter 7.2.

6.2.4 Destruction of weed seeds

A considerable reduction of germination capacityvefed seeds occurs throughout the AD
process. This way, biogas production contributesdological weed reduction. Experience
shows that loss of germination capacity can ocoutle majority of weed seeds within 10-
16 days HRT, with some differences to be noticetlvben different types of plant seeds.
Like in the case of sanitation, the effect increasdéth increased retention time and
temperature.

6.2.5 Avoidance of plant burns

Application of raw slurry as fertiliser can causeriing of plant leaves, which is the effect of
low-density fatty acids, such as acetic acid. Wfestilising with digestate, plant burns are
avoided, as most fatty acids have been broken dmwthe AD process. Digestate flows
more easily off the plants vegetable parts comptayedw slurry, which reduces the time of
direct contact between digestate and the aerias$ gdrthe plants, reducing the risk of leaf
damage.

6.2.6 Fertiliser improvement

Through the AD process, most organically bound ieots, in particular nitrogen, are
mineralised and become easily available to thetpldfigure 6.2 shows nitrogen utilisation
from digested slurry, applied to winter wheat anmmirgy barley, compared to nitrogen
utilisation from untreated slurry. Because of theréased availability of nitrogen, digestate
can be integrated in the fertilisation plant of them, as it is possible to calculate its fertitise
effects in the same way as for mineral fertilisers.

Digestate has lower C/N ratio, compared to raw manuiower C/N ratio means that

digestate has a better short term N-fertilisatifface. When the value of the C/N ratio is too
high, micro-organisms take hold in the soil, ag/theccessfully compete with the plant roots
for the available nitrogen.
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Figure 6.2 Utilisation of nitrogen in digestate corpared to untreated pig slurry and cattle slurry
(BIRKMOSE 2002)

6.3 Application of digestate as fertiliser

Digestate is more homogenous, compared to rawyslaith an improved N-P balance. It
has a declared content of plant nutrients, allowatgurate dosage and integration in
fertilisation plans of farms. Digestate containsrenmorganic nitrogen, easier accessible to
the plants, than untreated slurry. N-efficiencylwitrease considerably and nutrient losses
by leaching and evaporation will be minimised febtate is used as fertiliser in conformity
with good agricultural practice. For optimum ugli®n of digestate as fertiliser, the same
practice criteria are valid, like in the case dlisdtion of untreated slurry and manure:

. Sufficient storage capacity (minimum 6 months)

- Restricted season of application as fertiliserifduvegetation)

« Amount applied per hectare (according to fertiligkam)

« Application technigue (immediate incorporation aniciimum nutrient losses)

Due to its higher homogeneity and flow propertaigestate penetrates in soil faster than raw
slurry. Nevertheless, application of digestate exsiliser involves risks of nitrogen losses
through ammonia emissions and nitrate leaking. riseiloto minimise these risks, some
simple rules of good agricultural practice mustdéspected:

* Avoid too much stirring of digestate before apgdiima

* Application of cooled digestate, from the post ag@ tank

» Application with dragging pipes, dragging hosesedli injection in soil or disk injectors

* Immediate incorporation in soil, if applied on thaface of soil

* Application at the start of the growing seasonunirdy vegetative growth

» Application to winter crops should be started wiit8 of the total N requirement

* Optimum weather conditions for application of diges are: rainy, high humidity and no
wind. Dry, sunny and windy weather reduces the fitiehcy considerably.

Depending on the crop, experience shows that, irofey the best time for digestate

application is during vigorous vegetative growtippfcation as top-fertiliser on crops in full
vegetation offers little concern about loss of @irogen as nitrate into ground water, since
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the main part is absorbed immediately by the plabB@nish experience shows that by
application of digestate as top-fertiliser, a pafrtnutrients are even absorbed through the
leaves.

6.4 Effects of digestate application on soll

Degradation of organic matter, which occurs throddh process, includes degradation of
carbon bounds, organic acids as well as odorifeamascaustic substances. For this reason,
when applied on soil, digestate creates less stedsmore suitable environment for soll
organisms, compared to application of raw slurriye€ measurements of biological oxygen
demand (BOD) of digested cattle and pig slurry stabwen times less oxygen demand than
in the case of undigested slurry. As oxygen consiamps reduced, so is the tendency to
form anoxic soil areas, i.e. oxygen free, nitrogentaining zones. The capability to build up
new soil and the humus reproduction through sugpbganic matter is also higher, when
compared to fertilisation with raw slurry.

Good practice guidelines

for minimising ammonia volatilisation, during storage and application of
digestate

o Always have a permanent cover or well established crusting surface/floating layer in
the storage tanks for digestate

o Digestate should always be pumped at the bottom of storage tanks, to avoid too much
stirring; storage tanks should only be stirred just before digestate application

(o] Place the storage tank in the shadow, sheltered from wind

o Most emissions can be avoided if digestate is directly injected in soil

o For digestate application, dragging hoses should be preferred to sprinkler technologies;
sprinkler technologies increase ammonia emissions and spread undesirable aerosols on
large areas

o Optimum weather conditions for digestate application are: cool, humidity and no wind

o Addition of acid to digestate before application decreases its pH-value and thereby the
liability of ammonia to volatilise

Figure 6.3 Vehicles for application of digestate afrtiliser, using dragging hoses (AGRINZ 2008)

Compared to compost and to untreated slurry apgmitadigestate supplies larger portions
of carbon, available for the reproduction of orgamsiubstances in soils. During AD,
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decomposable organic bounds such as celluloseadtydaicids are broken down. The lignin
bounds, valuable for formation of humus, remain.thdee bacteria themselves produce a
whole series of amino acids, which are availabtepfants and other living organisms in the
soil. German studies made with digested pig slahgwed an increase in humus production
efficiency index from 0,82 to 1,04.

6.5 Practical experiences

Although there are different opinions among sc&stabout the effects of applying digestate
as fertiliser, especially concerning nitrogen, éxésting experience and practice results are
unambiguous. For the farmers who use digestateromement of fertiliser quality of their
own manure and slurry is significant. Conventiofaimers observe less use of chemical
sprays and reduced amount of purchased chemic#éists through integration of digestate
in the fertilisation plan.

Browsing deer and hares have been observed onidhis fshortly after application of
digestate and cattle are also willing to eat tlesgifrom these fields short time after digestate
application, both indicating less loss of palaighicompared with application of raw slurry.

As the AD process inactivates most of the weedseednimal manure, the spreading cycle
of weeds is broken and the amount of weeds onig¢lgsffertilised with digestate is reduced.
Farmers which have used digestate as fertiliser tweger periods of time observed an
increasing amount of valuable grassland plantsem fields.

Organic farmers, who use AD for the treatment @irtown manure and organic wastes,
report increased microbiologic soil activity andahieier plants, increased harvest of straw
and hay as well as better quality of crops. As migéarming aims to minimise any external
input, AD not only provides the farm with higheradity fertiliser, but also with internal
renewable energy production, as heat and elegtricit

6.6 Digestate conditioning

Digestate has a high water content and consequieigtiyvolume. Conditioning of digestate
aims to reduce the volume and to concentrate thwents. This is particularly important if
digestate has to be transported away from the arbare there is an excess of nutrients from
animal manure but not sufficient land available tfegir application. The nutrients in excess
must be transported to other areas in an econamicHicient way. Digestate conditioning
aims to reduce volume and by this the nutrientspartation costs as well as to reduce
emissions of pollutants and odours.

6.6.1 Strategies of digestate conditioning

Digestate can be partially or completely conditabn®igestion efficiency of agricultural
biogas plants is typically of 50-60% (ANGELIDAKI 28). This means that digestate
contains 40-50% of the initial organic dry matgaimarily as fibres.

Partial conditioning means separation of solid eraffibres) from digestate, using screw

type separators or decanters. Partial conditiobingibre separation was initially done with
the aim of producing commercial compost. Later full, scale trials were made where
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separated fibre fraction, with dry matter conterighkr than 45%, was used as
supplementary fuel in wood chip boilers, improvitng overall energy efficiency by up to
15%, through additional heat production (ANGELIDARIDO4). A side benefit, which
nowadays seems to add to the feasibility of theusdipn scheme, is the removal and export
of excess of phosphorous, which is predominantigcaed to the fibre fraction. For this
reason, partial conditioning by decanter separdfi@ble 6.2 and Figure 6.4) is suitable in
situations where there is a surplus of phosphdriae.fibre fraction can be exported, whereas
the remaining liquid fraction, containing the mapart of nitrogen, can be applied as
fertiliser. Research results show that separatec ffractions, mixed with the other co-
substrates and fed again to the digester, impiwy®M content and the methane potential of
the substrate.

Table 6.2 Separated fractions by decanter centrifugg(AL SEADI and MOELLER 2003)

Amounts DM N NH4-N P K
% % % % % %
Raw slurry 100 100 100 100 100 100
(6,4%) (5,7%) (4,2%) (1,6%) (2,6%)
Solid fraction 14 65 25 15 75 17
(30%) (10,1%) (4,5%) (8,7%) (3,1%)
Liquid 86 35 75 65 25 83
fraction
(2,6%) (4,9%) (4,2%) (0,5%) (2,5%)

Complete conditioning separates digestate in thmefned end products: pure water,
concentrated nutrients and organic fibres. All ieatis (nitrogen, phosphorus, and potassium)
and organic bounds are separated from the maianstie a low volume, concentrated form.
The remaining purified water can be disposed ihi® $urface water system or used as
process water. The complete conditioning is padnty suitable for agricultural areas
containing nitrogen in excess.

In both cases (partial or complete conditioningg first step is the separation of liquid and
fibre fractions, which divides the digestate intocancentrated carbon and phosphorus
enriched solid fraction and a nitrogen rich, flufdhction. Depending on the plant

configuration and the type of conditioning, the @bate conditioning further concentrates or
separates the NPK nutrients. The most used praesstude membrane separation
technologies, sorption or stripping of ammonia emdporation or biological treatment.
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Figure 6.4 Distribution of dry matter and nutrients in separated fractions from decanter centrifuge (A
SEADI and MOELLER 2003)

The fibre separation is done by separators or Ispiexes, decanters and occasionally by
ribbon-sieve presses (Figure 6.5). 15-20% of tHels@re separated by spiral sieves and
more than 60% by decanter centrifuges. Most obgén (up to 90%) is separated with the
liquid fraction, while phosphorus is only partialllemoved, as bonded to the fibre
fraction/particles of solid matter.

The total conditioning processes (including wateraetion) uses two main technologies:

membrane separation technology or evaporation tgganBoth are technologically complex

and require significant energy consumption. Fos tieiason, they are economically feasible
for biogas plants with capacities higher than 700 k

Figure 6.5 Fibers collection wagon, with distribuion screw (ANGELIDAKI 2004)
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Membrane Separation Technology

A membrane is a filter with very fine pores, whican separate particles and solutes from
most of the liquids on a molecular scale. The decito use micro-, ultra-, or nanofiltration
or soluble reverse osmosis depends on the sizeeqfarticles to be separated. The process is
based on the difference of pressure between thsityes of the membrane, i.e. water, as well
as minute particles, passing the membrane undesym® Several conditioning steps are
often connected, in successive series, in ordachdeve the desired separation. For example,
larger particles are removed from a decanter fd{rinrough a first step of ultra-filtration and
then the solubles are removed in a second stepu®rse osmosis. Besides purified water,
the membrane separation produces a nutrient ricicerdrate, which can be sold either
directly as liquid fertiliser, or further procesded volume reduction through evaporation.

Evaporation

Through evaporation, the liquid is further refinead separated into nutrients and purified
water. Evaporation units require high energy consion. In most cases, surplus heat from
CHP-production is used in evaporation units, insirgg the efficiency of energy utilisation
and contributing to financing a part of the openadil costs for the conditioning unit.

Crucial for the choice of evaporation technologg tire characteristics of the substrate to be
evaporated. In the case of digestate, it is pasdibluse a closed-circulation evaporator, in

which the heat transmission and the actual evaparptocess run separately. This ensures a
more stable process, especially if the substrateetevaporated has a tendency to produce
layers.

6.6.2 Necessary considerations

Conditioning technologies (especially the completnditioning) require high energy

consumption in order to create the pressure usesheémbrane technologies, or for the
production of heat, used in evaporation procesbigs.to 50% of the biogas produced

electricity is necessary for the complete conditignof the produced digestate, using
membrane technology. Partial conditioning is lessrgy demanding, cheaper and, in regions
where there is a surplus of phosphorus, it is thetraconomical conditioning technology.

In all the cases, the conditioning technology issem according to the chemical and physical
characteristics of digestate, herewith the tendewsicyhe digestate to layer formation. If
complete conditioning is aimed, it is important ttaost of the digestible dry matter is
removed through complete separation of liquid aile$, followed by ultra filtration
(< 0,2 mm), so that the remaining liquid fracticaishalmost the quality of pure water. If the
separated fractions do not reach the necessarydeparity, or if the chosen membranes and
processes are not suitable for digestate, the epess for energy, labour, maintenance and
cleaning of the system can increase considerably.

6.7 Digestate quality management
6.7.1 Digestate sampling, analyzing and product declaration

Recycling of digestate as fertiliser in agricultwigould be done through integration in the
fertilization plan of the farm. This implies acctgadosing which is possible because
digestate is chemically analysed before leavinghtbgas plant. Average samples of all loads
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of digestate are taken and the content of N, PkariaM, VM and pH are determined. If the
biogas plant co-digests organic wastes, the eveotramination with heavy metals and
persistent organic compounds must be determinenl als their concentration may not
exceed the detection limits prescribed by law. $adgcling as fertiliser requires furthermore
that digestate is sanitised, free of prion-transditliseases and of physical impurities.

6.7.2 Nutrient management in digestate

One of the important aspects regarding recyclingligestate is the load of nutrients on
farmland. Nitrate leaching or phosphorus overlogdoan occur due to inappropriate
handling, storage and application of digestatesegi§er.

In Europe, the Nitrate Directive (91/676/EEC) riesér the input of nitrogen on farmland,
aiming to protect the ground and surface water frotmate pollution and allows maximum
170 kg N/halyear. Nutrient loading on farmlandegulated by national legislation in most
European countries (Table 6.3).

Table 6.3 Example of national regulations of the nwient loading on farmland (NORDBERG 1999)

Maximum nutrient load Required storage capacity Compulsory season for spreading
Austria 170 kg N/halyear 6 months 28/2-25/10
Denmark 170 kg N/ha /year (cattle) 9 months 1/2-harvest
140 kg N/halyear ( pig )
Italy 170-500 kg N/ha /year 90-180 days 1/2- 1/12
Sweden Based on livestock units 6-10 months 1/2- 1/12

Application of digestate as fertiliser must be dame the basis of a fertiliser plan. The
fertiliser plan is elaborated for each agricultufiald, according to the type of crop, the
planned crop yield, the anticipated utilisationgegrtage of nutrients in digestate, the type of
soil (texture, structure, quality, pH ), the exigtireserve of macro and micro nutrients in the
soil, the pre-crop and the irrigation conditionsl dime geographic area.

Experience from Denmark indicates that the mosneswc and environmental friendly

strategy of application of digestate as fertiliseby fulfilling the phosphorus requirement of
the crops with phosphorus from digestate. Applarainf digestate to fulfil the phosphorus
requirement implies also a partial fulflment oftrogen requirement of the crops. The
remaining nitrogen requirement can thus be comglieyeapplication of mineral fertiliser.

6.7.3 General measures for quality control and safe recycling of
digestate

The experience gathered in Europe with safe renydf digestate as fertiliser indicates that
the aspects listed below should always be congidere

» Permanent control AD process stability (temperatuggention time) to obtain a stable
end product (digestate)

» Sanitation of digestate according to European edigul standards, for effective pathogen
reduction

» Periodical sampling, analysing and declarationigéstate
* Recycling digestate by integration in the fertitiggan of the farm and by usirfgood
agricultural practice” for application of digestate on farmland
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» Careful selection of AD feedstock types and lodused on complete declaration and
description of each feedstock load indicating asiaimum: origin, composition, pH,
DM, content of heavy metals and persistent orgaaimpounds, pathogen contamination
and other potential hazards

7 Biogas plant components

A biogas plant is a complex installation, consptof a variety of elements. The layout of

such a plant depends to a large extent on the typesamounts of feedstock supplied. As
there are many different feedstock types suitabtedigestion in biogas plants, there are,
correspondingly, various techniques for treatingsthfeedstock types and different digester
constructions and systems of operation. Furthermdepending on the type, size and

operational conditions of each biogas plant, varitechnologies for conditioning, storage

and utilisation of biogas are possible to implem@stfor storage and utilisation of digestate,

this is primarily oriented towards its utilisatias fertiliser and the necessary environmental
protection measures related to it.

The main process steps in a biogas plant are edtlin Figure 7.1. The process steps
illustrated in italics are not common for agricu#tubiogas plants. The differentiation in wet
and dry AD is only theoretical, since microbiolagiprocesses always take place in fluid
media. The limit between wet and dry digestion esedmined by the “pumpability” of the
feedstock. DM content above 15% means that therrabig not “pumpable” and the AD in
this case is defined as dry digestion. Direct symfl relatively dry feedstock (e.g. maize
silage) into the digester increases the DM cortétite feedstock mixture.

Feedstock substrates

| .

Substrate

Substrate
conditioning

Digesting Gas
technology processing
system

Gas utilisation Digestate
storage and -

utilisation

[ Delivery

— Storage

= Crushing

[ Sorting

. Pasteurisation

[ Wet digestion

= Dry digestion

— Discharge
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— CO.-sequestration

l— Gas storage

Figure 7.1 Process steps of biogas technologies\L2007)
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Figure 7.2 Main components and general process ¥loof biogas production (PRARL 2008)
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Figure 7.3 Process stages of agricultural biogasaits (JAKEL 2002)
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Agricultural biogas plants operate with four ditfat process stages (Figure 7.3):

1. Transport, delivery, storage and pre-treatméfeaexistock
2. Biogas production (AD)

3. Storage of digestate, eventual conditioning w@iigation
4. Storage of biogas, conditioning and utilisation

The process stages shown in Figure 7.3 are fuithustrated in Figure 7.4, showing a
simplified representation of a typical agricultucaldigestion plant.

1. The first process stage (storage, conditiontrapsport and insertion of feedstock)
includes the storage tank for manure (2), the ctitla bins (3), the sanitation tank (4),
the drive-in storage tanks (5) and the solid femsksteeding system (6).

2. The second process stage includes the biogdsigiion in the biogas reactor (7), also
referred to as the digester.

3. The third process stage is represented by tirage tank for digestate (10) and the
utilisation of digestate as fertiliser on the feld 1).

4. The fourth process stage (biogas storage, ¢onatiy and utilisation) consists of the
gas storage tank (8) and the CHP- unit (9).

These four process stages are closely linked tio ether (e.g. stage 4 provides the necessary
process heating for stage 2).

1 Stalls 8 Biogas storage tank

2 Liquid manure tanks 9 CHP plant

3 Collection bins for biowaste (co-substrate) 10 Digestate storage

4 Sanitation tank 11 Agricultural fields

5 Drive-in storage tanks 12 Transformer/ Power to greed
6 Solid feedstock feed-in system 13 Heat utilisation

7 Digester (Biogas reactor)

Figure 7.4 Agricultural co-digestion biogas plant using manureand maize silage (LORENZ 2008)
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When building a biogas plant, the choice of typd #me design of the plant are mainly
determined by the amount and type of available dtee#f. The amount of feedstock
determines the dimensioning of the digester sitarage capacities and CHP unit. The
feedstock types and quality (DM-content, structusdgin etc.) determines the process
technology.

Depending on the composition of the feedstock,at/ e necessary to separate problematic
materials, to mash the feedstock or even to addrwi order to convert it into a pumpable
mixture. If the supplied feedstock is prone to eomhation it is necessary to include a pre-
sanitation step in the overall design of the fulsmnt.

In the case of wet digestion, single-stage AD laoperating with flow-through process are
usually used. In the two-stage process, a pre-@igesplaced before the main digester. The
pre-digester creates the optimal conditions forfitse two process steps of the AD process
(hydrolysis and acid formation). After pre-digestdre feedstock enters the main digester,
where the subsequent AD steps take place.

The digested substrate (digestate) is pumped otlteodligester and stored in storage tanks.
These storage tanks should be provided with covEigas proof membranes, to facilitate

collection of the biogas production which can tgkace inside these tanks, at ambient
temperature (post-digestion). Alternatively, digést can be stored in open digestate
containers, with natural or artificial floating kery aimed to minimise surface emissions.

The produced biogas is stored, conditioned and dsednergy generation. The actual
standard use of biogas is for CHP production in blgck-type thermal plants, for the
simultaneous production of electricity and heat.

7.1 Feedstock receiving unit

Transport and supply of feedstock plays an impontale in the operation of a biogas plant.
It is thus important to ensure a stable and contiswsupply of feedstock, of suitable quality
and quantities. If the biogas plant operator ithatsame time the feedstock producer, then
the high quality feedstock supply can be easilyrgitieed. In many cases, the biogas plants
receive additional feedstock (co-substrates), preduby neighbouring farms, industries or
households. In these cases, management of feedutadiky is necessary, in order to check,
account and verify the supplied material. In atfgtep, it is absolutely necessary to make
visual control of each feedstock load. Then, théveley weight and all feedstock data
(supplier, date, quantity, type of feedstock, psses of origin and quality) should be
recorded. Particular attention is needed for fexdstypes classified as wastes, for which it
may be necessary to fulfil regulatory obligatiodegending on the waste category), as well
as legal and administrative conditions.

7.2 Feedstock storage and conditioning
7.2.1 Feedstock storage

Feedstock storage serves primarily to compensaeséasonal fluctuations of feedstock
supply. It also facilitates mixing different co-stifates for continuous feeding of the digester.

63



biogas

HANDBOOK

The type of storage facilities depends on the feetsused. Storage facilities can be mainly
classified into bunker silos for solid feedstoclg(emaize silage) and storage tanks for liquid
feedstock (e.g. liquid manure and slurries). Usyddunker silos have the capacity to store
feedstock more than one year and storage tanksnésture have the capacity to store
feedstock several days. In some cases, also Meatittader silos can be used as well. The
dimensioning of the storage facilities is deterrdifgy the quantities to be stored, delivery
intervals and the daily amounts fed into the digest

Bunker silosfor energy crops

Bunker silos were originally developed to storagd as animal fodder and thus to balance
its seasonal availability. Nowadays this type arage is frequently used for storing the
energy crops used as feedstock for biogas productio

Silage must be made from plant material with silgtaoisture content (55-70%, depending
on the means of storage, degree of compressiorwatet content that will be lost during
storage). Silage undergoes a fermentation prochssewfermentative bacteria use energy to
produce VFA such as acetate, propionate, lactaie, baityrate, which preserve the silage.
The result is that silage has lower energy contbah the original plant material, as
fermentative bacteria use some of the carbohydtatesoduce VFA.

In countries like Germany, silage is stored in msilos, made of concrete (Figure 7.5) or
in large heaps on the ground (Figure 7.6). Th@sila rolled by tractor in order to pack it as

firmly as possible and by this to press out theMinimising the oxygen content is necessary
in order to avoid aerobic processes. For the saason, the silage is usually covered by
plastic foils, held tight by tyres or sand baggeAlatively, natural covers can be established,
such as a layer of grass silage, which can als¢detigthe bunker silo. On some silos also
wheat is planted and some silos are not coveredl. athis reduces costs for the cover, but
increases energy losses from the silage.

In the case of bunker silos, it must always be iclened that the fermentation process of the
silage releases liquids which can contaminate wederses, unless precautions are taken.
The high nutrient content can lead to eutrophicatd surface waters (growth of algae
blooms). Silo effluent contains nitric acid (HMQwhich is a corrosive compound.

Figure 7.5 Bunker silo (WIKIPEDIA 2008)
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Figure 7.6 Corn silage stored on a large heap ohe ground, covered by a layer of grass silage (RUTZ
2007)

Storage tanks for pumpable feedstock

Pumpable feedstock is generally stored in sealatemtight and reinforced concrete tanks in
or above the ground. These tanks, similar to tres arsed in agriculture, for storage of liquid
manure, usually have a storage capacity suffid@none to two days. To prevent emissions,
all storage tanks should be covered. The chosemi@olfor cover must ensure easy opening
and removal of settled sediments. If storage tamksplaced on a higher level compared to
the digester (sloping topography), the hydrauliclime eliminates the need for transport
equipment (pumps) and saves energy.

Co-substrates (liquid or stackable) can be mixeth #ie main substrates inside the storage
tank, crushed, homogenised and transformed into uemppble mixture. Clogging,
sedimentation, floating layers and phase separafitime feedstock mixture must be avoided.
For this reason, storage tanks are outfitted wiiiess often combined with tearing and
cutting tools for crushing the feedstock. Stirriofj storage tanks is done with the same
stirring technique which is used for stirring thgesbters.

Storage tanks for pumpable feedstock require lonit&intenance, this including removal of
sediment layers of sand and stones, which redécsttinage capacity of the tanks. Sediments
are removed using scrape floors, conveyor screwspspumps, collection tanks or
countersink aggregates.

Feedstock types of industrial origin can requir@itséion measures and must therefore
always be handled and stored strictly separateah fitve delivery station for agricultural

feedstock, in order to prevent mixing critical fetmtk with non-critical feedstock, before

processing in the sanitation equipment.

In order to minimise odours from the biogas plastaeell as for practical reasons, delivery,
storage and preparation of feedstock must takeeptaclosed halls, equipped with biofilter
ventilation. The equipment is thereby protected ampetration, as well as monitoring
activities can be carried out regardless of weatbaditions.

7.2.2 Feedstock conditioning

Feedstock conditioning influences the flow and éffeciency of AD process. The main aim
of conditioning is to fulfil the demands of sanitett and to increase feedstock digestibility.
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Feedstock conditioning offers significant potenti@r process optimisation, increases
digestion rates and biogas yields. There are sevmssibilities for conditioning the
feedstock and optimising the organic load of thanplsuch as mechanical crushing,
disintegration processes (already used in sewagénent), hydrolysis etc.

Feedstock sorting and separation

The necessity of sorting and separating impuriaesl problematic materials from the
feedstock substrate depends on the origin and csitigpoof the feedstock. Silage is among
the cleanest feedstock types while e.g. manurehandehold wastes can contain stones and
other physical impurities. These are usually seapdrhy sedimentation in storage tanks (and
in the case of sand, even inside the digesters}taydhave to be removed from the bottom
of the tanks from time to time. A pre-tank outfittevith special grills, able to retain stones
and other physical impurities before pumping thed&tock into the main storage tank, is
used in many cases.

Household waste, catering and food wastes can ioom&ious impurities (packing and
wrapping residues of plastic, metal, wood, glass etner non-digestible materials (Figure
7.7 right), which can cause damage on pumps, bigo&s and even the digesters. These
impurities can be removed by a separate colledy@tem of e.g. household wastes or they
can be removed from bulk collected wastes by machhmagnetic and manual methods.

Figure 7.7 Feed-in system for cleaning municipal #id waste (eft) and “problematic material” which was
separated from catering wastesr{ght) (RUTZ 2007)

Sanitation

Handling, treatment and recycling of digestate nihesidone safely, without contamination
risks for humans, animals or the environment. Eeaopand national legislations regulate
waste treatment practices with regard to epidemditlgygienic risks, prescribing the suitable
sanitation treatment for critical materials. Fortlfier details see chapter 9.4.4. In all cases,
sanitation of specific AD feedstock types must kel beforepumping the respective
feedstock in the digester. The reason is to avoidamination of the whole feedstock load
and to keep sanitation costs low. Sanitation isllisarried out in separate, heated stainless
steel tanks, connected to the digester feedingesystypical monitoring parameters for
sanitation include temperature, minimum guarantedention time (MGRT), pressure and
volume. The temperature of the material after @uaitation process is higher than the AD
process temperature. For this reason and beforg lded into the digester, the sanitised
material should pass through a heat exchanger,end@ne of the heat is transferred to the
fresh biomass, which is pumped in the digester.
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Crushing

Feedstock crushing prepares the surfaces of thielparfor biological decomposition and the
subsequent methane production. As a general hdejécomposition process is faster when
the particle size is smaller. However, particleestnly influences digestion time, but does
not necessarily increase methane yields. Feedstosking is usually directly connected to
the feeding system. Both can be powered by anrelewiotor or by the drive shaft of a
tractor.

Mashing, homogenising

Mashing of feedstock can be necessary in orderbtaio feedstock with a higher water

content, which can be handled by pumps. Mashingstgiace in storage tanks or pre-
digesters, before pumping the material into thenntBgester. Liquids used for the mashing
process depend on availability and are usuallyligawd manure, digestate, process water or
even fresh water.

The advantage of using digestate for mashing liesthie reduction of fresh water
consumption and in the inoculation of the substmwaih AD micro-organisms from the
digester. This can be important after sanitationirorthe plug-flow-process (shot plug
process). However, using digestate for mashingcoersequently increase nutrient and salt
content in the substrate and lead to process imbalar inhibition. The same precautions
must be taken if water from cleaning processesésl dor mashing, as disinfectants can have
a negative impact on AD microorganisms. Use offfrester should always be avoided due
to high costs.

Besides pumpability, substrate homogeneity is arathportant factor for the stability of the
AD process. The already pumpable feedstock is hemegd by stirring the storage tank
while solid feedstock must be homogenised durirgféeding process. Large fluctuations of
the supplied feedstock types and of feedstock caitipn stress the AD microorganisms, as
they have to adapt to new substrates and to chgrgpnditions. Experience shows that
usually this results in lower gas yields, thussitimportant to have a stabile and constant
supply of feedstock, over a long period of timepider to have a balanced and “healthy” AD
process, with a high methane yield.

7.3 Feeding system

After storage and pre-treatment, AD feedstock dsifeo the digester. The feeding technique

depends on the feedstock type and its pumpabiitynpable feedstock is transferred from

storage tanks to the digester by pumps. The purapeeldstock category includes animal

slurries and a large number of liquid organic wagteg. flotation sludge, dairy wastes, fish

oil). Feedstock types which are non-pumpable (fisrmaterials, grass, maize silage, manure
with high straw content) can be tipped/ poured byaaler into the feeding system and then
fed into the digester (e.g. by a screw pipe syst&odh feedstock types (pumpable and non-
pumpable) can be simultaneously fed into the degest this case it is preferable to feed the
non-pumpable feedstock through by-passes.

From a microbiological point of view, the ideal usition for a stable AD process is a
continuous flow of feedstock through the digestemractice, the feedstock is added quasi-
continuously to the digester, in several batchamduhe day. This saves energy as feeding
aggregates are not in continuous operation. Therevarious feeding systems and their
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selection depends again on feedstock quality, h#reteir pumpability and on feeding
intervals.

Special attention must be paid to the temperat@irthe feedstock which is fed into the
digester. Large differences between the temperatutke new feedstock and the operation
temperature of the digester can occur if the femitshas been sanitised (up to 130°C) or
during winter season (below 0°C). Temperature tbffiees disturb the process microbiology,
causing losses of gas yield and must therefore ioéded. There are several technical
solutions to this problem, such as using heat puonggeat exchangers to pre-heat /cool the
feedstock before insertion in the digester.

7.3.1 Pumps for transport of pumpable feedstock

The transfer of pumpable feedstock substrate fimnstorage tank into the digester is done
by pumps. Two types of pumps are frequently usled:dentrifugal and the displacement
pumps. Centrifugal (rotating) pumps are often sulyed, but they can also be positioned in
a dry shaft, next to the digester. For specialiagpbns, cutting pumps are available, which
are used for materials with long fibres (straw,dféeftovers, grass cuttings). Displacement
pumps (turning piston pumps, eccentric screw punap8)more resistant to pressure than
rotating pumps. They are self-sucking, work in tdioections and reach relatively high
pressures, with a diminished conveying capacityweéieer through their lower price, rotating
pumps are more frequently chosen than displacemanps.

Centrifugal pumps

A centrifugal pump is a roto-dynamic pump, usingtating impeller to increase the velocity
of a fluid. The fluid enters the pump impeller aor near the rotating axis and is
accelerated by the impeller, flowing radially outd@nto a diffuser or volute chamber, from
where it exits into the downstream piping systemnt@fugal pumps are commonly used to
move liquids through a piping system and are tleeefrequently used for handling liquid
manure and slurries.

Pressure displacement pumps

For the transport of thick liquid feedstock, withiglh dry matter content, pressure
displacement pumps (rotary piston and eccentrieve@umps) are often used. The quantity
of transported material depends on the rotatioregpehich enables better control of the
pump and precise dosing of the pumped feedstodpl&@iement pumps are self-sucking and
more pressure stable than centrifugal pumps. Rerréason, the piping performance is less
dependent on difference in height. As pressurelatisment pumps are relatively prone to
problems caused by high fibre content in pumpecderias, it makes sense to equip them
with cutters and separators, to protect them frangd particle size and fibrous materials.

The selection of appropriate pumps and pumpingnigogy depends on the characteristics
of the materials to be handled by pumps (type ofernr@d, DM content, particle size, and
level of preparation). Biogas plants use the saomaps that are used for liquid manure,
which proved to be suitable for feeding the digeated for handling the digested substrate.
Practical experience indicates that formation afjplat inlet and outlet can be prevented by a
sufficient diameter of the pipes. Pressure pipasfifing or mixing, should have a diameter
of at least 150 mm, while pressure free pipes, ¢ikerflow or outlet pipes, should have at
least 200 mm for transporting manure and 300 ntimeifstraw content is high.
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All movable parts of the pumps are subjected td viggar and must therefore be replaced
from time to time. This should be feasible withinterrupting biogas production. For this
reason, the pumps must be equipped with stop-vékigsre 7.8), which allow feeding and
emptying of digesters and pipelines. Pumps andspspeuld be easily accessible and ensure
sufficient working room, to perform the maintenamsark.

The function of pumps, and by this the transportpampable substrate, is controlled
automatically, using process computers and timkrsmany cases the entire feedstock
transport within the biogas plant is realised by @t two pumps, located in a pumping
station ( Figure 7.8 right and 7.9).

Figure 7.8 Stop-valveslgft) and pumping system (ight) (RUTZ 2006)

Figure 7.9 Pumping systems (AGRINZ 2008)
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7.3.2 Transport of stackable feedstock

Stackable feedstock like grass, maize silage, neamith high straw content, vegetable
residues etc. must to be transported from a stdeagjity (bunker silo) to the digester feed-
in system. This is usually done by loaders or tnac(Figure 7.10 and 7.11) and the feedstock
is fed into the digester using e.g. a screw pipagporting system, like the ones shown in
Figure 7.12.

The feed-in system includes a container, wherekalde feedstock is poured by tractor, and
a transport system, which feeds the digester. fdmsport system is controlled automatically
and consists of scraper floors, walking floors,hpg rods and conveyor screws.

Scraper floors and overhead push rods are usedrnsport feedstock to the conveyor screws.
They are capable of transporting nearly all stalekéedstock, either horizontally or with a
slight incline, and are therefore used in very datgmporary storage containers, but they are
not suitable for dosing.

Conveyor screws can transport feedstock in nedriractions. The only precondition is the
absence of large stones and other physical imesrikor optimal function, coarse feedstock
should be crushed, in order to be gripped by thewsand to fit into the screw windings.

Figure 7.10 Feed-in container system for dry feedstk -maize silage and solid poultry manure-|éft) and
loader with maize silage (ight) (RUTZ 2008)

Figure 7.11 Loader feeding maize silage into a caainer (RUTZ 2008)
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Figure 7.12 Screw pipe transporting systeml¢ft) and conveyor screws, ready for installation r{ght)
(RUTZ 2007)

The insertion of the feedstock into the digestex tioabe air-tight and should not allow leak of
biogas. For this reason, the feed-in system insbedeedstock below the surface layer of
digestate (Figure 7.13). Three systems are commasdyl: wash-in shaft, feed pistons and
feed conveyor screws.

Wash-in shaft

Feeding solids to the digester through wash-intst@fsluices, using front or wheel loaders,
allows large quantities of solids to be deliverey @ime, directly to the digester (Figure
7.13).

Feedstock
Feedstock Feedstock ———————
v — — ]
Digester ;
Digester J Rigestet
: < j |
e = O
.

Figure 7.13 Wash-in shatft, feed pistons and feed meeyors system for feedstock insertion into the daster
(FAL 2006)

Feed pistons

When using feed pistons (Figure 7.13), the feedtsiminserted directly into the digester by
hydraulic cylinders, which push the feedstock tigltpan opening in the wall of the digester.
This ground level insertion means that the feedistscsoaked in the liquid content of the
digester, reducing the risk of floating layer fotioa. This system is equipped with counter-
rotating mixing rollers, which transport co-subtsato the lower horizontal cylinders and, at
the same time, crush long fibre materials.
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Feed conveyor screws

Feeding co-substrates to the digester can be dpnsibg feed screws or conveyor screws
(Figure 7.13). In this case, the material is préssaler the level of the liquid in the digester,
using plug screws. The method has the advantageewénting gas leaking during feeding.
The simplest way to do it is to position a dozertba digester, so that only one insertion
screw is necessary. For feeding the screw, temp@tarage containers, with and without
crushing tools, are used.

: “__ ' ‘ wa . | ;
Figure 7.14 Feed-in system for silage (AGRINZ 2006)

7.4 Armatures and pipelines

The armatures and pipelines used in biogas ingstalamust be corrosion proof and suitable
to handle specific types of materials (biogas aiedhbss). The materials used for pipelines
depend on the transported load and pressure ledetreey include PVC, HDPE, steel and
stainless steel. Armatures such as couplings, satlees, butterfly valves, cleaning openings
and manometers must be accessible, easy to maandirplaced frost free. In some cases
insulation of pipes is necessary (Figure 7.15). &afe operation of biogas installations,
minimum requirements for pipelines and armaturegeehta be guaranteed, with regard to
their material properties, safety features andmigés.

Biomass pipelines should have a diameter of 300 mm. Back flow ofstuate, from digester
into storage tanks, is prevented through apprapmmpeline layout. When installing the
pipes, an incline of 1-2% should be maintainedyrater to allow complete clearance. Proper
sealing of the installation is a must. Long andledigpipelines are susceptible to loose
pressure.
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Figure 7.15 Insulated gas pipelinedeft; Pipelines for digestate handling Fight (RUTZ 2008)

Gas pipelinesmust be installed sloped and be outfitted withves) in order to release the
condensate. Even very small amounts of condensald tead to complete blockage of gas
lines due to low pressure in the system.

7.5 Heating system - digester heating

Constant process temperature inside the digestareésof the most important conditions for
stable operation and high biogas yield. Temperafluetuations, including fluctuations
determined by season and weather conditions asawétical fluctuations, in different areas
of the digester, must be kept as low as possitdegd. fluctuations of temperature lead to
imbalance of the AD process, and in worst casestaplete process failure.

The causes of temperature fluctuations are various:

» Addition of new feedstock, with different tempenatuhan the one of the process

* Formation of temperature layers or temperature zdoe to insufficient
insulation, ineffective or incorrect dimensioninigheating system or insufficient
stirring

* Inadequate placement of heating elements

» Extreme outdoor temperatures during summer or winte

* Failure of power-trains

In order to achieve and maintain a constant protesgperature and to compensate for
eventual heat losses, digesters must be insulatddhaated by external heating sources
(Figure 7.16). The most frequently used sourceasterheat from the CHP unit of the biogas
plant.

Heating the feedstock can be done either duringdbding process (pre-heating), through
heat exchangers or it can be done inside the digdst heating elements (Figure 7.17.), hot
steam etc. Pre-heating the feedstock during feeding the advantage of avoiding
temperature fluctuations inside the digester. Maiogas plants use a combination of both
types of feedstock heating.
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Figure 7.16 Heating system of a biogas planteft) and insulation of a concrete digester, under cotrsiction
(right) (RUTZ 2008)

Figure 7.17 Heating pipes, installed inside the dagter (AGRINZ 2008)

7.6 Digesters

The core of a biogas plant is the digester - apraiof reactor tank, where the decomposition
of feedstock takes place, in absence of oxygen,vamere biogas is produced. Common
characteristics of all digesters, apart from bemgproof, are that they have a system of
feedstock feed-in as well as systems of biogasdigelstate output. In European climates
anaerobic digesters have to be insulated and heated

There are a various types of biogas digesters,atipgrin Europe and around the world.

Digesters can be made of concrete, steel, brighastic, shaped like silos, troughs, basins or
ponds, and they may be placed underground or onstinface. The size of digesters

determine the scale of biogas plants and varies few cubic meters in the case of small

household installations to several thousands oficcateters, like in the case of large

commercial plants, often with several digesters.

The design of a biogas plant and the type of digestire determined by the dry matter

content of the digested substrate. As mentionedreeAD operates with two basic digestion
systems: wet digestion, when the average dry mettetent (DM) of the substrate is lower
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than 15 % and dry digestion, when the DM contenthef substrate is above this value,
usually between 20-40 %. These definitions andr thmiit values have some regional
variations or they can be differentiated by legista and support schemes, like e.g. in
Germany.

Wet digestion involves feedstock like manure andagge sludge, while dry digestion is
applied to biogas production from solid animal mapwith high straw content, household
waste and solid municipal biowaste, green cuttenys grass from landscape maintenance or
energy crops (fresh or ensiled). Both dry and wgesters are described in the next
subchapters, with emphasis on wet digestion systems

From the point of view of feedstock input and oufghere are two basic digester types:
batch and continuous.

7.6.1 Batch-type digesters

The specific operation of batch digesters is thay tare loaded with a portion (batch) of fresh
feedstock, which is allowed to digest and thenampgletely removed. The digester is fed
with a new portion and the process is repeatecciBgpe digesters are the simplest to build
and are usually used for dry digestion.

An example of batch digesters are the so-caligtdge type digesters (Figure 7.18) made
of concrete, for the treatment of source separbi@daste from households, grass cuttings,
solid manure and energy crops. Treatment capaaitgas from 2 000 to 50 000 tonnes per
year. The feedstock is inoculated with digestatel &d in the digester. Continuous
inoculation with bacterial biomass occurs througtinculation of percolation liquid, which is
sprayed over the substrate in the digester.

Unlike wet digestion, dry digestion needs no stgror mixing of the AD substrate during
digestion. The temperature of the process and rabfsion liquid are regulated by a built-in
floor heating system, inside the digester, and lmea exchanger, which acts as a reservoir
for percolation liquid.

Compared to other systems, batch digestion hasdlkantage of low operation costs and
costs of the mechanical technology behind it areddisadvantage of high process energy
consumption and maintenance costs.

: e

Figure 7.18 Garage-type batch digester, loaded bylaader (BEKON 2004)
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A promising alternative for complete dry digestisrthe use of plastic bags or foil tubes. The
idea is to reduce investment costs by using plasteting from silo bag technology, where
AD substrates (manure, biowastes, DEC) are storadtight plastic bags.

Batch digesters are also used for combined dryvaed digestion, in case of stackable
feedstock types, where additional waste water oygb&tion liquid is used in larger quantities
for flooding or percolation.

The possibility to handle substrates, not only tigto pre-treatment and percolation, but also
by high pressure “aeration” and flooding, enablasfdrmentation to be used as a suitable
treatment process for controlled landfills.

7.6.2 Continuous-type digesters

In a continuous-type digester, feedstock is arestzanly fed into the digester. The material
moves through the digester either mechanically wrthe pressure of the newly feed
substrate, pushing out the digested material. @rdétch-type digesters, continuous digesters
produce biogas without interruption for loading né&edstock and unloading the digested
effluent. Biogas production is constant and prexdle.

Continuous digesters can be vertical, horizontahattiple tank systems. Depending on the
solution chosen for stirring the substrate, cordusi digesters can be completely mixed
digesters and plug flow digesters (Table 7.1). Cletety mixed digesters are typically
vertical digesters while plug-flow digesters areifantal.

Table 7.1 Digester types

Completely mixed digesters Plug flow digesters

Round, simple tank construction, vertical Elongated, horizontal tank

Completely mixed Vertically mixed

Suitable for simple feedstock (liquid manure) Suitable for difficult feedstock (solid manure)

Fractions of the undigested feedstock can reachutfiow Normally, no short cut between inflow and outflesgcure
sanitation

Process temperature 20° - 37° C Process temperature 35° - 55° C

Retention time 30 - 90 days Retention time 15 - 30 days

Vertical digesters

In practice, most digesters are vertical digestéestical digesters are generally built on-site
(Figure 7.19), round tanks of steel or reinforcedarete, often with a conic bottom, for easy
stirring and removal of sand sediments. They areof, insulated, heated and outfitted
with stirrers or pumps. The digesters are covene@ boof of concrete, steel or gas proof
membrane and the produced biogas is piped andistoen external storage facility, close to
the digester or under the gas proof membrane. Témbrane is inflated by the produced
biogas or it can be fastened to a central masti(€ig.20).
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Figure 7.19 On-site construction of vertical digestrs (RUTZ 2007)

Digesters made of reinforced concrete are suffilyiegas tight due to water saturation of the
concrete from the moisture contained in feedstauk leiogas. Concrete tanks can be built
completely or partially in the ground. Improper stinction can lead to cracking, leakage,
corrosion and in extreme cases to the demolitiothefdigester. These problems can be
avoided by using appropriate concrete quality amdegsional planning and construction of
the digester.

Figure 7.20 Vertical digesters, covered by gas prébmmembrane. The membrane top is inflated by the
produced biogas 4eft (AGRINZ 2008); The membrane top is fastened to a oéral mast —right (RUTZ
2006)

Steel digesterare installed on a concrete foundation. Steel plate either welt or bolted
together and seams have to be tightened. Steedtdigeare always installed above ground.

The advantage of vertical digesters is that thetiexg manure tanks at the farms can be
converted cost effectively into biogas digestersdolyling the insulation and the heating
system. For later insulation, waterproof insulatjplgtes (styrofoam) are connected with
plugs on the inner walls of the tank. Another optior insulation of former manure tanks is

the complete foaming of the inside of the tank, das tightness, operation which must be
done by specialised firms. The tanks are finallyered with a gastight roof of single or

double membrane.

A special AD system, used for agricultural biog#&mnfs treating animal manure, is the so-
called accumulation-continuous-flow-systems (ACFstegn). In this system, the entire
manure tank serves at the same time as digesteasastbrage facility for manure. These
kinds of plants were installed on farms where mémgastorage capacities had to be built.
The minimum load is reached in summer, after tisé d@plication of digestate as fertiliser.
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During fall and winter the digester is filled um this stage, the system works with a
continuous flow and has a high retention time aoddggas yields. Digestate flows into the
storage tank which works also as post digester.

Horizontal digesters

Horizontal digesters (Figure 4.3, page 33 and Eigi2l)have a horizontal axis and a
cylindrical shape. This type of digesters are uUguadanufactured and transported to the
biogas plant site in one piece, so they are limitegize and volume. The standard type for
small scale solutions is a horizontal steel tanks@f150 ni, which is used as the main
digester for smaller biogas plants or as pre-degssfor larger plants. There is also an
alternativr% of concrete, the channel type digesthich allows a larger digester volume of up
to 1 000 m.

Horizontal digesters can also run in parallel, idev to achieve larger throughput quantities.
Because of their shape, the plug-flow stream israatically used. The feedstock flows
slowly from the entry side to the discharge sideming a plug-flow, streaming through the
digester. The risk of discharging un-decomposedtsate is minimised through a minimum
guaranteed retention time (MGRT) of the substnagede the digester. Horizontal continuous
flow digesters are usually used for feedstock ltkecken manure, grass, maize silage or
manure with a high straw content.

The insulated digester is equipped with a heatystesn, gas dome, manure pipes and stirrer.
The heating system consists of stirring heat pipet) a warm water supply-drain or of
diagonally built-in radiators. The arms of the slomowing paddle stirrer are spirally
arranged on the stirring axle, in order to insumeegual distribution of the torque. The big
number of paddles is able to transport sand fallouthe drain tanks. By ensuring a
continuous in and out flow of the feedstock, an H&TL5-30 days can be obtained. The
filling level of the digester always reaches themeaaeight and will fluctuate within the gas
dome during filling and stirring. The level is régied by a siphon at the outflow. The
digester is fitted out with a weatherproof coverptaced under a roof. It can be built up
either on site or manufactured as a small seriedyat. Digesters of steel and stainless steel
are always manufactured above ground and placethdriastened to a concrete foundation.
The screw connections have to be sealed.

Multiple tank systems

Large farm scale co-digestion plants usually cdnsfsseveral digester tanks. They are
normally operated as continuous flow system, indgddne or several main digesters and
post digesters. Like in the case of single digestiie multiple tank system can consists of
vertical digesters only or a combination betweentis& and horizontal digesters. The
storage tanks for digestate serve also as posstdigeand should always be covered with gas
tight membrane.
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Figure 7.21 Horizontal plug-flow digester (RUTZ 206)

7.6.3 Maintenance of digesters

Removal of sedimentsin the digester

Sediments of heavy materials such as sand and mbnedigestible materials can accumulate
inside continuous-type digesters. Most of theseenas can be removed during pre-storage
or during the feeding process. However, sand carebestrongly attached to organic matter,
thus difficult to separate prior to digestion. Ada portion of this sand is released during the
AD process in the digester. Animal manure (pigrgiuchicken dung), but also other types of
biomass can contain various amounts of sand. Actation of sand inside the tanks and
digesters reduces their active volume. The presefisand in the biomass flow is heavily
loading the stirring systems, the pumps and thet leeahangers, causing fouling,
obstructions and heavy wear. If not removed pecaltyi, sediment layers can become hard
and can only be removed with heavy equipment. @aotis removal of sediment layers
from digesters can be done using floor rakes doar fdrain. If the amount of sediment
formation is high, the sediment removal systems matyfunction and the digester must be
taken out of operation and opened in order to remthe sediment layer manually or
mechanically, according to the size of the digesthe static pressure of very high digesters
(more than 10 m) is considered sufficient to remesed, scale and sludge.

Sediment formation and the problems caused bynibeaminimised by some basic
measures:

* Regularly emptying of pre-storage and storage tanks

» Establishing sufficient pre-storage capacity

* Applying adequate stirring method

* Adequate placement of the pumping pipe stubs,deraio avoid sand circulation
» Avoiding feedstock types with high sand content

» Utilisation of specially developed methods of samécuation from the digesters
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Measures against foam layers

Forming of foam and swimming layers can be a sifnprmcess imbalance and their
formation is often caused by the types of feedstamagplied. The presence of foam and
swimming layers on the surface of biomass, insidedigester, can cause clogging of gas
lines. To prevent this, gas lines should be insthtis high as possible inside the digester.
Foam traps can prevent penetration of foam in ¢leelstock pipes and to the post digester or
storage basins. A foam sensor can be installechengas area of the digester, to start
automatically spraying foam retardant inside thgedier, if there is too much foam on the
surface of the substrate. The foam retardants brisised only in emergency situations, as
they usually consist of silicate binders which damage the CHP plant.

7.7 Stirring technologies

A minimum stirring of biomass inside the digestakds place bypassive stirring This
occurs by insertion of fresh feedstock and the egissnt thermal convection streams as well
as by the up-flow of gas bubbles. As passive sgri$ not sufficient for optimal operation of
the digester, active stirring must be implementesiing mechanical, hydraulic or pneumatic
equipment. Up to 90% of biogas plants use mechbsiicang equipment.

The digester content must be stirred several tipgesday with the aim of mixing the new
feedstock with the existing substrate, inside thigester. Stirring prevents formation of
swimming layers and of sediments, brings the manganisms in contact with the new
feedstock particles, facilitates the up-flow of dagobles and homogenises distribution of
heat and nutrients through the whole mass of satiestr

Stirrers can run continuously or in sequences. BEgpee shows that stirring sequences can
be empirically optimised and adapted to a spebifigas plant (tank size, feedstock quality,

tendency to form floating layers etc.). After thgoply of the first feedstock load and the

start-up of the plant, the optimum duration andq@ency of stirring sequences and

adjustment of stirrers will be determined by exgece, through continuous monitoring of

digester performance.

Experience from Denmark shows that submerged,redalty driven, medium speed stirrers,

largely utilised in the past, proved relatively erpive in operation and difficult to access for
service and inspection. A better alternative protedie the continuously, slow rotating

stirrers, installed centrally, in the top of theesters, although their utilisation requires a
precise adjustment of the level of biomass insidedigester, in order to avoid formation of
floating layers.

7.7.1 Mechanical stirring

According to their rotation speed, mechanical stgrcan be intensive fast running stirrers,
medium running stirrers and slow running stirrers.
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Figure 7.22 Submersible motor propeller stirrer (AGRINZ 2006)

Figure 7.24 Paddle stirrers (AGRINZ 2006)

Submersible motor propeller stirrers (Figure 7.@8 frequently used in vertical digesters.
The stirrers are driven by gearless electric motansh water-tight housings and anti-
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corrosive coatings, which are cooled by the sumown medium. They are completely
immersed in the feedstock and usually have twdhoeet winged, geometrically optimised
propellers. Due to their guiding tubing system, sisting of gibbet, cable winch and lead
profile, the stirrers can usually be adjusted tigihe tilt and to the side.

Paddle stirrers have a horizontal, vertical or dred axis (Figure 7.23 and 7.24). The motor
is positioned outside the digester. Junctions, @hbe shaft passes the digester ceiling,
membrane roof or the digester wall, have to bettigh

Another possibility for mechanical mixing is axiatirrers. They are often operated
continuously. Axial stirrers are usually mounted grafts that are centrally installed on the
digester ceiling. The speed of the engine, whigblased outside of the digester, is reduced
to several revolutions per minute, using a transimims They should create a steady stream in
the digester that flows from the bottom, up toradls.

In horizontal digesters, the slow running paddig-sgirrers are usually used, but they can
also be installed in vertical digesters. Paddlesfiaed on the horizontal stirring axis, which
is mixing and pressing forward (plug-flow) the fewatk. The stirring effect should only
provide vertical mixing of the feedstock. The hontal plug-flow stream is assured by the
insertion of fresh feedstock into the digester. titgatubes for heating the feedstock are
often integrated in the drive shaft and in therastiarms. Paddle- or reel stirrets several
times per day, with short sequences and low speed.

7.7.2 Pneumatic stirring

Pneumatic stirring uses the produced biogas, wisitiown from the bottom of the digester
through the mass of the feedstock. The bubblessioigrgas cause a vertical movement and
stir the feedstock. This system has the advantagethe necessary equipment is placed
outside the digester (pumps and compressors),esavélar is lower. Pneumatic stirring not
frequently used in agricultural biogas plants, ke technology is not appropriate for
destruction of floating layers. Pneumatic stirrcen only be used for thin liquid feedstock,
with low tendency of forming floating layers.

7.7.3 Hydraulic stirring

If stirred hydraulically, the feedstock is presdeyl pumps and, horizontal or additional
vertical pivoted vents, in the digester. The suctmd discharging of the feedstock must be
designed in such a way that the digester conterdtiltsed as thoroughly as possible.
Hydraulically stirred systems have the advantage tthe mechanical parts of the stirrers are
placed outside the digester, subject to lower veea can be easily maintained. Hydraulic
mixing is only occasionally appropriate for destroie of floating layers and, like the
pneumatic stirring, only used for thin liquid fesmtsk, with low tendency of forming floating
layers.

7.8 Biogas storage

Biogas production must be maintained as stablecandtant as possible. Inside the digester,
biogas is formed in fluctuating quantities and wglrformance peaks. When biogas is
utilised in e.g. a CHP unit, the demand for biogas vary during the day. To compensate for
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all these variation, it is necessary to temporasilyre the produced biogas, in appropriate
storage facilities.

Various types of biogas storage facilities are lalée today. The simplest solution is the
biogas storage established on top of digestensgasgas tight membrane, which has also the
function of digester cover. For larger biogas @argeparate biogas storage facilities are
established, either as stand-alone facility orudeld in storage buildings. The biogas storage
facilities can be operated at low, medium or higéspure.

Correct selection and dimensioning of biogas s@iagility brings substantial contribution
to the efficiency, reliability and safety of theogas plant while ensuring constant supply of
biogas and minimising biogas losses.

All biogas storage facilities must be gas tight gmessure-resistant, and in case of storage
facilities which are not protected by buildingseyhmust be UV-, temperature- and weather
proof. Before starting-up the biogas plant, the g@sage tanks must be checked for gas
tightness. For safety reasons, they must be equiipth safety valves (under-pressure and
over-pressure) (Figure 7.25) to prevent damagessafedy risks. Explosion protection must
also be guaranteed and an emergency flare is eghjuihe gas storage facility must have the
minimum capacity corresponding to one fourth of dladly biogas production. Normally, a
capacity of one or two days gas production is renemnded.

Figure 7.25 Safety pressure facilities and valve&GRINZ 2006)

7.8.1 Low pressure tanks

The frequently used low pressure tanks have arpoessure range of 0,05 to 0,5 mbar and
are made of special membranes, which must meetrberuof safety requirements. The
membrane tanks are installed as external gas meenr as gas domes/covers, in top of the
digester.

External low-pressure reservoican be designed in the shape of membrane cusltgass/
balones (Figure 7.26). The membrane cushions aceglin buildings for weather protection
or equipped with a second membrane.

If the digester or the post-digester is used foghas storage, both must be covered with gas
tight membrane domes (double membrane reservarshawn in Figure 7.2[&ft, fixed on

the upper edge of the digester. A supporting fraarebe installed in the digester to hold the
membrane when it is empty. The membrane expandsrdiog to the volume of gas
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contained. In order to limit the membrane expans#ispecial net can be mounted over it
(Figure 7.27kight).

52 MEEN BEun
TS S BERE A
‘_ S SEEm EnaE YN

Figure 7.26 External low pressure gas storage tanKRUTZ 2007)

Figure 7.27 Digester cover of gas tight membranegen from the inside of the tank left (AGRINZ 2006);
Digester cover of gas tight membrane, outfitted irexterior with expansion net fight (RUTZ 2006)

7.8.2 Medium and high pressure biogas storage

Biogas can also be stored in medium and high pressgervoirs, at pressures between 5 and
250 bar, in steel pressure tanks and bottles. Tkiads of storage types have high operation

costs and high energy consumption. For gas regerupito 10 bar, energy requirements of

up to 0,22 kWh/m?3 must be considered and for higissure reservoirs with 200 to 300 bar,

the energy requirement is of about 0,31 kWh/m3.aBse of their high costs, these kinds of

biogas storage are rarely used in agriculturaldsqgants.

7.8.3 Biogas flares

There are situations where more biogas is prodtiwedit can be used for energy generation.
This can happen due to extraordinary high gas mtomu rates or through

breakdown/maintenance of the energy recovery sydtesuch cases, back-up solutions are
necessary, such as additional biogas storage draadd energy production systems. Storage
of biogas is possible for short periods without poassion, but for periods of more than a
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few hours it is generally not feasible due to tlegé volume. The additional energy
production unit (i.e. a second CHP plant) is naineenically feasible. For this reason, each
biogas plant is equipped with a biogas flare. taagions where there is an excess of biogas,
which cannot be stored or used, flaring is themdte solution, necessary to eliminate any
safety risks and to protect the environment. Ineptional situations, flaring could be the
solution for safe disposal of the biogas producedb processes, where energy recovery is
not feasible.

The combustion process determines the benefitmefflare type over another. Flaring of

biogas is regulated through emission standardspandrmance criteria for the used flares.
Two parameters, temperature and residence time) tbe performance specification for

most advanced flares. The design of flares ainmagimise the conversion of methane and
thus to minimise the release of unburned methadeo&mny other products of incomplete

oxidation (e.g. carbon monoxide). Several unwaiggroducts of biogas combustion may

be formed, depending on the ratio of air, tempeeatind on the kinetics of the combustion
reactions. In order to optimise the flaring procetbe temperature range must be kept
between 850-120C and the residence time of minimum 0,3 seconds.

Irrespective of the type of flare, safe and rekabperation of a flare requires a number of
features, in addition to burner and enclosure. mgdesafety features include a flame-
arrestor, failsafe valve and ignition system, ipavating a flame detector. A gas blower is
also essential, to raise the pressure of the gaslkPa at the burner. The necessity of gas
cleaning or conditioning depends on the biogasityuahd whether the gas is used in an
energy recovery plant, where there is lower toleeafor entrained particulates and for a
number of acidic gases formed during combustiorrdare two basic types of biogas flares:
open flares and enclosed flares.

An open flareis essentially a burner, with a small windshieddprotect the flame. Gas
control is rudimentary - in many cases, a coarseualavalve. The rich gas mixture, lack of
insulation and poor mixing lead to an incompletebastion and a luminous flame, which is
often seen above the windshield. Radiant heatisossnsiderable and this leads to cool areas
at the edge of the flame and quenching of combusgactions to yield many undesirable
by- products.

Historically, open flares have been popular in plast, because of their simplicity and low
cost and because of permissive or absent legisladiod control regarding emissions
standards. Henceforward, strict regulation and sionscontrol is likely to limit their use.

Enclosed flaresare usually ground based, permanent plants, housismgle or several
burners, enclosed within a cylindrical enclosureged with refractory material. Designed for
purpose, the enclosure prevents quenching and,rasust, the combustion is much more
uniform and the emissions are low. Monitoring efoiss is relatively easy and basic
continuous monitoring of temperature, hydrocarbcasd carbon monoxide maybe
incorporated, as means of process control. Incde@sgineering and process control provide
greater turn down flexibility (the ratio of minimuimogas flow to maximum biogas flow
under which satisfactory operating conditions aeentained). Manufacturers typically quote
turndown of 4-5:1 for biogas quality of 20-60% neik (by volume). Higher turndown of
up to 10:1 is achievable, but on the expense ofbcstion quality, as the heat release does
not enable adequate temperatures to be achieved.
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Figure 7.28 Modern biogas flares (RUTZ 2007)

7.9 Biogas cleaning
7.9.1 Gas conditioning

When biogas leaves the digester, it is saturatélal water vapours and contains, in addition
to methane (Chk) and carbon dioxide (C) various amounts of hydrogen sulphide$H
Hydrogen sulphide is a toxic gas, with a specificpleasant odour, similar to rotten eggs,
forming sulphuric acid in combination with the wat@pours in biogas. The sulphuric acid is
corrosive and can cause damage to the CHP engjasspipelines, exhaust pipes etc. To
prevent this, biogas must be desulphurizated (raimafH,S) and dried.

The manufacturers of CHP units have minimum requénets for the properties of the

combustible gas (Table 7.2). The combustion proggennust be guaranteed, to prevent
damage to the engines. This also applies to thefusmgas. For other utilisations of biogas
(e.g. as vehicle fuel or in fuel cells), furthersgap-grading and conditioning measures are
necessary.
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Table 7.2 Minimum properties for combustible gasesvith relative oxygen content of 5 %

Heat value (lower heat value) Hy > 4 kWh/m3
Sulphur content (total ) S <2,2g/m3CH

or H,S-content H2S < 0,15 Vol.- %
Chlorine content (total ) Cl <100,0 mg/m3 Chl
Fluoride content (total ) F < 50,0 mg/ms3 CH
Sum of Chlorine and Fluoride (Cl+F) <100,0 mg/m3 Chl
Dust (3 ... 1Qum) < 10,0 mg/m?3 CH
Relative humidity (at lowest intake air temperature. condensation it ¢ <90 %

intake pipe and gas control path

Flow pressure before entry into the gas contrdi pat Pcas 20 ... 100 mbar
Gas pressure fluctuation <+ 10 % of set value
Gas temperature T 10...50 °C
Hydrocarbons (> C5) < 0,4 mg/m3 CH
Silicon (at Si > 5 mg/m3 CHoil analysis of metal content < 15 mg/kg « Si < 10,0 mg/m3 CHhl
observed)

Methane e count (Biogas MC approx. 135) MZ > 135

7.9.2 Desulphurization

Dry biogas from AD of animal manure has an avereggent of 1 000 — 3 000 ppm&i
(AGELIDAKI, 2003). The biogas produced by co-digestof animal manure with other
substrates can contain various levels ¢bHVost of the conventional engines used for CHP
generation need biogas with levels ofSHbelow 700 ppm, in order to avoid excessive
corrosion and rapid and expensive deterioratidnlmication oil.

Removal of HS from biogas (desulphurisation) can be done byowarmethods, either
biological or chemical, taking place inside or adgsthe digester. Desulphurisation depends
on the content of }$ and the throughput rate throughout the desulpation equipment.
The throughput rate can fluctuate significantlypeleding on the process. Higher biogas
production and thus high throughput rates can lsemed after insertion of new feedstock
into the digester and during stirring. Throughpaties up to 50% higher than normal can
occur for short time intervals. For this reason aimd order to ensure complete
desulphurization, it is necessary to use over-dgizered desulphurization equipment,
compared to average throughput rate.

Biological desulphurization inside the digester

Biological oxidation is one of the most used methotidesulphurisation, based on injection
of a small amount of air (2-8 %) into the raw bisgdhis way, the hydrogen sulphide is
biologically oxidised either to solid free sulphiigure 7.29) solid) or to liquid sulphurous
acid (HSG;):

2H,S + G -> 2H,0 + 2S
2H,S + 3Q -> 2H,SO;

In practice, the produced sulphur precipitate lfected and added to the storage tanks where
it is mixed with digestate, in order to improvetileser properties of digestate. Biological
desulphurization is frequently carried out insibe tigester, as a cost-effective method. For
this kind of desulphurization, oxygen adlfobacter oxydanbacteria must be present, to
convert hydrogen sulphide into elementary sulpiuthe presence of oxygeBulfobacter
oxydansis present inside the digester (does not have tadoed) as the AD substrate
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contains the necessary nutrients for their metatyoliThe oxygen is provided by injection of
air in the top of the digester, done with the hafla very small compressor. The air injection
pipes inside the digester should be positionedhenopposite side of the biogas output, in
order to avoid blockage of the output pipe.

Figure 7.29 Elementary sulphur, resulted from biolgical desulphurization inside the digester (RUTZ
2007)

The air is injected directly in the headspace @f digester and the reactions occur in the
reactor headspace, on the floating layer (if exigtiand on reactor walls. Due to the acidic

nature of the products there is the risk of comosirhe process is dependent of the existence
of a stable floating layer inside the digester. Bm@se reasons, the process is often taking
place in a separate reactor as shown in figure 7.30

Biological desulphurization outside the digester

Biological desulphurization can take place outglike digester in desulphurization tanks or
desulphurization columns. This method facilitates ¢ontrol of desulphurization process and
the precise adjustment of oxygen addition.

PROCESS :
Oxygen (1) 2H,S + O, -> 2H,0 + 2S
guard (2) 2H,S + 30, > 2H,50,

Cleaned —=— —%
biogas
< 200 ppm H,S FIOW—)/'—fb

AN
metel '/ \.\\‘
0NN
/ LSRN
Air dosing
pump Reactor filling
) 2-5 %l

RalebI(;;QEIS +_ﬂ - Screened
incl. Hy — e digestate
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sump

i Sludge Shower
liquid -

pump

Figure 7.30 Schematic diagram of system for biologal H,S oxidation (ANGELIDAKI 2004)

The reactor (figure 7.31) is similar to a scrublmmsisting of a porous filling (randomly
packed plastic elements or similar) where microoigas can grow, a sump, a pump and
nozzle arrangement, allowing regular showeringhef filling. The reactor shown in figure
7.31 has a capacity of 80°mvith 50 n? filing material. The HS is oxidized through a
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biological process to acidic products or free sutpby upstream injection of a small amount
of atmospheric air.

Tad
=

LTRSSy S = S

Figure 7.31 Reactor tank for removal of hydrogen siphide (ANGELIDAKI 2004)

Showering has the function of washing out acidiedpicts and supplying nutrients to the
microorganisms. The sump must therefore contaim@id with high alkalinity, rich in
essential nutrients for the microorganisms. Digestareferably screened, is in this case the
ideal and available choice.

A reactor loading of approx. 10°h of biogas per mof reactor filing and a process

temperature around 35°C can normally be chosen.prbeess has proven very efficient,
provided sufficient air is injected (slightly motiean stoichiometrically needed). The sump
pH must be maintained at 6,0 ppm or higher. A washprocedure, where the filling

elements are showered through with an air/wateturex has to be carried out at regular
intervals in order to prevent free sulphur depdsiim closing the reactor filling.

In some cases, when biogas is stored or passinigestate storage take,$l reactor is
omitted and only air is injected. Biogas cleanisgim such case, relying on the formation of
a floating layer in the storage tank, on which thieroorganisms can grow and perform the
oxidation. A floating layer can usually be maintdnwith the choice of a low mixing
intensity, without too many problems in operatihg tank as buffer storage. This solution is
more cost effective, but more unreliable as wedl flaating layers are rather unstable, i.e.
sinking overnight without notice and resurfacingxeodays later. Periods with low efficiency
of H,S removal are therefore likely to occur.

Chemical desulphurization inside the digester

Desulphurisation can also be done by adding a c®@raubstance to the feedstock mixture,
inside the digester. This way, the sulphur is cleaity bounded during the AD process,
preventing the release of hydrogen sulphide intmds. Thereby, sulphur is not lost, but
remains in the digestate.
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Chemical desulphurization outside the digesters

Chemical biogas desulphurisation can take placsidritof digester, using e.g. a base
(usually sodium hydroxide). The method needs spedgigipment.

Another chemical method to reduce the content didgyen sulphide is to add commercial
ferrous solution to the feedstock. Ferrous compsundd sulphur in an insoluble compound
in the liquid phase, preventing the production asepus hydrogen sulphide. The method is
rather expensive, as the consumption of ferrougmahon a stoichiometric basis has proven
to be 2-3 times the desired reduction in gaseodsolggn sulphide (ANGELIDAKI 2004). A
cheaper alternative is thus to supply co-substrébeganic wastes) containing ferrous
materials and to use the ferrous addition only aack up.

7.9.3 Drying

The relative humidity of biogas inside the digesset00%, so the gas is saturated with water
vapours. To protect the energy conversion equipritent wear and from eventual damage,
water must be removed from the produced biogas.

The quantity of water contained by biogas depenuddemperature. A part of the water
vapours can be condensed by cooling of the gas. iFHrequently done in the gas pipelines
transporting biogas from digester to CHP unit. Tveter condensates on the walls of the
sloping pipes and can be collected in a condemsatiparator, at the lowest point of the
pipeline. A prerequisite for effective biogas cagliin the pipelines is a sufficient length of
the respective pipes. If the gas pipelines aregplamderground, the cooling effect is even
higher. For underground pipes, it is very importambe placed on a stable foundation, in
order to guarantee the incline of the pipes, whiah be affected by sinking or moving
ground. The condensation separator must be kegtt fime and easily accessible, in order to
be regularly emptied. In addition to the removedewaapours, condensation also removes
some of the undesirable substances such as waiblesgases and aerosols.

Another possibility of biogas drying is by coolitite gas in electrically powered gas coolers,
at temperatures below 10°C, which allows a lot ofidity to be removed. In order to
minimize the relative humidity, but not the abseldtumidity, the gas can be warmed up
again after cooling, in order to prevent condewsadilong the gas pipelines.

7.10 Digestate storage

The digested substrate is pumped out of the diggkteugh pumping sequences and
transported through pipelines to storage facilities the vicinity of the digester, where
digestate can be temporarily stored (several days).

When used as fertiliser, digestate is transpon/drom the biogas plant, through pipelines
or with special vacuum tankers, and temporarilyestan storage tanks placed e.g. out in the
fields, where the digestate is applied. The toaglacity of these facilities must be enough to
store the production of digestate for several m&nthgricultural legislations, in many
European countries, require six to nine monthsag@rcapacity for animal manure, slurry
and digestate, in order to ensure their optimal effidient utilisation as fertiliser and to
avoid application during winter season.
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Digestate can be stored in concrete tanks or inolagponds, covered by natural or artificial
floating layers or by membrane covers.

L BT S

Figure 7.32 Storage tanks covered with natural flodng layer (DANISH BIOGAS ASSOCIATION 2008)

Figure 7.33 Membrane covered storage tanks (DANISBIOGAS ASSOCIATION 2008)

Figure 7.34 Open pond lagoons for digestate storagaGRINZ 2006)

Losses of methane and nutrients from storing amdilirey of digestate are possible. Up to
20% of the total biogas production can take plagtside the digester, in storage tanks for
digestate. In order to prevent methane emissiodlstarcollect the extra gas production,
storage tanks should always be covered with agfgstiembrane for gas recovery. Modern
biogas plants have the storage tanks for digeséatied with a gas-tight membrane.

When digestate is temporarily stored in storagditias out in the fields, these should also
be, as a minimum, covered with a natural floatiagel, in order to reduce the risk of
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ammonia volatilisation. Experience shows that dstaiment of artificial floating layers on
storage tanks for digestate, can reduce ammongization from 20% to less than 2%

(Figure 7.35).

20 —

15

10

Mitrogen loss, per cent

Mo floating cover Cut straw Leca nuts

Figure 7.35 Floating cover on digestate storage tiaa reduces ammonia volatilization. (BIRKMOSE 2002)

7.11 The control unit

A biogas plant is a complex installation with clasterrelationships between all parts. For
this reason, centrally computerised monitoring aodtrolling is an essential part of the
overall plant operation, aiming to guarantee sucaesd avoid failures (Figure 7.36 and
7.37). Standardization and further developmenthaf AD process technologies is only
possible with regular monitoring and documentat@fnimportant data. Monitoring and

documentation is also necessary for process d$iabiii order to be able to recognize
deviations from standard values and to make passiatly intervention and corresponding
corrective measures.

The monitoring processincludes the collection and analysis of chemicadl ghysical
parameters. Regular laboratory tests are requiregtimize the biochemical process and to
avoid inhibition or collapse of biogas productiéllowing parameters should be monitored,
as a minimum:

* Type and quantity of inserted feedstock (daily)
* Process temperature (daily)

* pH value (daily)

* Gas quantity and composition (daily)

» Short-chain fatty acids content

* Filling level

The monitoring process should be assisted by that phanufacturer, as included in the
service agreement which must follow the construcgibase of the biogas plant.
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The control of biogas plantss increasingly automated through use of spea@mputer
based process control systems. Even wireless recooteolling is possible. The automated
control of the following components is state of éne

» Feedstock feeding

» Sanitation

» Digester heating

» Stirring intensity and frequency

* Sediment removal

» Feedstock transport through the plant
» Solids-liquids separation

» Desulphurization

» Electric and heat output

The type of controlling and monitoring equipmentiea from simple timers up to the
visualization of computer-supported controlling lwé remote alarm system. However, in
practice, the measurement and technical contrapetgnt of agricultural biogas plants are
often very simple due to economic reasons.

Figure 7.36 Screenshot of a computer based monitoag plan for an agricultural biogas plant with two
main digesters (AGRINZ 2006)
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Figure 7.37 Computer based controlling systems (RUZ2007)

7.11.1 Quantity of pumpable feedstock input

The quantity of pumpable feedstock inserted indiyester can be determined using flow
measurement instruments called flow-meters. The-flteters must be robust and should not
be sensible if they become dirty. Currently, indeectand capacitive flow meters are used,
but also instruments using ultrasound and thermahdectivity measurements are

increasingly used. Flow- meters which have meclsdrparts are less suitable for biogas
plants.

For the determination of solid feedstock input likeaize silage, appropriate weighting
equipment is used which allows adjusting the dosdg®lids.

7.11.2 Digester filling level

Monitoring of the filling level in digesters and &torage containers is done using ultrasound
or radar techniques, which measure the hydrogtagissure on the floor of the digester or the
distance to the surface of the liquid.

7.11.3 Filling level of the gas reservoirs

Measuring the filling level of gas reservoirs igiontant (e.g. for operation of CHP plants). If
too little biogas is available, the CHP plant viaé# automatically switched off and restarted
when the filling level is beyond the minimum alladvéor CHP operation. Measurement of
filling level is usually done by pressure sensors.

7.11.4 Process temperature

The temperature inside the digester must be canstehis therefore permanently monitored.
There are several measuring points inside the ®@igder temperature monitoring of the
whole process. The measured values are sent tonputer based data logger and can be
visualized. This data input also enables autonuatitrol of the heating cycle.

7.11.5 pH-value

The pH-value of the substrate provides importafdrmation about the performance of the
AD process. Measurement of pH is done on represemtsample from the digester content,
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which is taken at regular intervals. The pH is niead manually, using ordinary pH-meters,
available on the market.

7.11.6 Determination of volatile fatty acids (VFA)

The monitoring of VFA facilitates evaluation andtiopsation of the AD process. The
measurements concern the spectrum and the congamtaf short-chain fatty acids.
Continuous measurement is difficult to carry oe,situe to difficulty of analysis methods. A
correct evaluation of the actual process biologyififscult even in laboratory, due to the time
passing between taking the sample and performiegatialysis in the laboratory. Many
manufacturers of biogas plants and consulting comegaoffer VFA analysis within their
contracting commitments. As an alternative or inditoh to VFA monitoring, the

concentration of chemical oxygen demand (COD) @ambnitored continuously.

7.11.7 Biogas quantity

The measurement of the biogas quantity is donenslyuments with the generic name gas-
meters. Measurement of gas production (gas quaiitgn important tool to assess process
efficiency. Variations of gas production can ind&grocess disturbances and require
adequate adjustment measures. The gas-metersuaiéy usstalled directly in the gas lines.
The measured biogas quantities should be recomteasfessing gas production patterns and
trends and the overall performance of the biogastpl

7.11.8 Biogas composition

The composition of biogas can be continuously nowed by gas analysis and the use of
appropriate measurement devices. The results casdaefor controlling the AD process and
for the subsequent processes (e.g. gas cleaning).

Determination of gas composition is done using @endased on heat decalescence, heat
transmission, infrared radiation absorption, chenpon and electro-chemical sensing.
Infrared sensors are suitable for determinatiomethane and carbon dioxide concentrations.
Electro-chemical sensors are used for hydrogergenxynd hydrogen sulphide contents.

Measurement of gas composition can be done manwallgutomatically. The manual
measurement devices provide information about thwiah gas composition, but the
subsequent integration of data in a computerisadtmontrol system is difficult. Therefore,
automatically gas composition measurements arepesf.
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How to get started

8 Planning and building a biogas plant

This chapter provides guidelines about the laydua diogas plant and the planning and
building process.

8.1 Setting up a biogas plant project

The aim of establishing a biogas plant can varynfenvironmental protection and waste
reduction to renewable energy production, and caiude financial and non-financial
incentives. Local farmers and farmers organisationganic waste producers and collectors,
municipalities, energy producers and other involaetbrs are the usual initiators of biogas
projects. From the vital spark of a biogas projdet to the end of its life-time, the process
undergoes the following steps:

Project idea

Prefeasibility study

Feasibility study

Detailed planning of the biogas plant

Permission procedure

Construction of the biogas plant

Operation and maintenance

Re-investment, renewal and replacement of compsenent
Demolition or refurbishment

©CoNooUA~AWNE

In order to define a concrete biogas project ifldiwing questions must be answered:

* What is the aim of the biogas project?

* What is the capacity of the investor to realisepimect?

* How can continuous and uniform supply of feedstoelsecured?
* Where can the biogas plant be located?

The central premises for the implementation of agés project are the existence and
availability of the feedstock supply. Furthermattee possibility of selling or using the end
products of the biogas plant, namely biogas/ bibaret, electricity, heat and digestate, has
to be ensured. The next step is to assess if thegbris feasible in local conditions. Thereby
the following issues must to be considered:

» Defining and evaluating a business plan and a imgnstrategy

* Involving an experienced planning company

* Involving, from early stages of the project, otHay actors (local authorities,
municipalities, feedstock suppliers, financing camigs and the general public)
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There are different successful models of settingaupiogas project, depending on the
availability of the feedstock and the financial abjlity of the investors.

Project idea: First feasibility check (e.g. using the Big<East model)
Investor

\4

Strategic partnership, service contract
Investor, consultant

1
Consulting Definition: Framework of project
Consultant Investor and consultant
Basics, according to financial issues Basic technology issues
- Size of the plant - Location, technical conditions
- Partners - Substrates (quantity, composition
- Income (gate fees, sale of type a, type b etc)
electricity and heat)
- Costs (disposal, wages)
- Legislation

»
1

Preliminary planning
Consultant, investor

Technical project definitions
Budget

¥

Decision of future steps on basis of preliminary
planning: Investor

v

Contracts for planning service
Investor
- Planning shares consultant
- Planning shares investor
- Planning shares of engineering company (EC)

¥

Design engineering
Consultant + EC
Optimization according technical and economic issues
Result: Conception for technical specification

2

Approval planning
Consultant + EC
Target: Building permit

v

Implementation planning
Consultant + EC
Target: Detail planning basis for tendering and erection

L 2

Tender offers for machinery and constructions
Consultant + EC

2

Execution of construction work
Contracts: Investor
Site management: EC
Site supervision: Consultant

v

Start up the plant:
Investor + Consultant + EC
Plant operation:
Investor
Staff teaching, technical support:
Consultant

Figure 8.1 Block diagram, showing the main steps @ biogas project.
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Each project is individual and needs unique appgresaqsite specific projects), although
some generic steps are similar for all biogas ptsjé~igure 8.1).

The process starts with the project idea and tise feasibility check (which can be done by
using the Big East calculation model in the attack). If the project initiator and the
investor arrive to the point of making a decisian,experienced biogas consulting company
should be involved at this stage. The assistancanoéngineering company (e.g. general
contractor) could be necessary as well.

In parallel to these project steps, the financiolgesne has to be developed. The concrete
financial situation determines the steps to bertakée usual practice is to self-finance the
project up to the point of ready made preliminaftgnping, without any involvement of
banks or external financers. If this is not possibloubts could occur about the project itself
or about the reliability of the investor. Anticipad advantages and risks of the investment is
also a consideration which has to be made by thestor.

The preliminary planning sum up all boundary candg (technological aspects and
investment budget), which are important for an mkfinancer. A preliminary planning

report should be handed out to potential financ€h& potential financers could be banks,
institutional investors, private persons, groupspdiate persons, etc. A non disclosure
agreement (NDA) is recommended to be signed witsehwho receive the preliminary
planning report.

The financing options depend to a great extenpoallconditions and on the situation of the
project initiator, so there are no universal guitks for this. Nevertheless, some further
clarifications and general aspects can be four@hiapter 10 of this handbook.

8.2 How to secure continuous feedstock supply

The first step in developing a biogas project i®do make a critical inventory of the
available types and amounts of feedstock in thé@nedrhere are two main categories of
biomass which can be used as feedstock in a biglgas. The first category includes farm
based products such as animal manure and sluenesgy crops (e.g. maize, grass silage),
vegetable residues, agricultural by- products arthfbased wastes. The second category
consists of a broad range of suitable organic wasten the food, feed and pharmaceutical
industry, catering waste, municipal solid waste &te suitability of all feedstock types must
be evaluated regarding their methane potentialedtiiility, possible contamination with
chemical, biological or physical contaminants, adlvas from an economic point of view
(e.g. gate fees, collection and transportationsg@sasonality).

The amount of available constant feedstock suppdithe size of the future biogas plant are
closely related when developing a biogas projebe Supply costs of a specific feedstock
must always be included in the evaluation of it#tagulity for AD. When negotiating
feedstock supply for the future biogas plant, tkeedstock characteristics described in
subchapters 8.2.1 and 8.2.2 can provide guidamd&ifoprocess.

8.2.1 Characterising the plant size for farm based feedstock

Animal manure and energy crops are among the nwstnon farm based feedstock types
for agricultural biogas plants. Their main chargstes are described in Table 8.1.
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Table 8.1 Typical data for a range of farm based fdstock (FINSTERWALDER 2008)

DM content [%)] oDM content Biogas yield Biogas yield Methan content
[%] [m3/t oDM] [m3/t FF] [%0]
Cattle manure 10 75 340 25 55
Pig manure 8 75 400 24 58
Grass silage 40 85,6 656 225 55
Maize silage 32 95,4 611 187 53

In order to determine the suitable plant size r@iggre.g. the electrical output, it is necessary
to consider the available feedstock. The followimg examples describe how to easily
calculate the suitable installed capacity in&@tput.

Example of determining the plant size/ installed ca ___pacity of a biogas plant based on manure:

e The daily volume of manure (m3 day) has to be dete  rmined
e The content of total solids in manure/ slurry (DM%) has to be specified

If the DM content of manure/ slurry is 9-10%, the p  otential electrical power capacity is calculated by
multiplying the daily volume of manure by 2,4 kW ¢ d/m3,

A farmer having 200 milk cows will produce about 10 m3 day cow slurry/ manure with a DM of 10%.
The calculation of the electrical power installatio n will be:

10m3d x 2,4 kWeld/m? = 24 kW ¢

Example of determining the plant size of a biogas p lant digesting energy crops:

¢ The available area under cultivation (e.g. maize, g rass) has to be determined in hectares (ha)
* The potential of electrical power per hectare and p  er year (kW ¢/ ha/ year) is estimated, based
on average soil quality and whether conditions.

Assuming that every hectare is worth 2,5 kW ¢ electrical power per year, the possible electrical power
capacity is calculated by multiplying the available area under cultivation with 2,5 kW ¢/ ha.

200 ha x 2,5kW/ha = 500 kW ¢

Having the results from manure and energy crogsstim of the results gives the potential
electrical power generation of the future biogaspl

Agricultural biogas plants can benefit from the ahage of scale. Experience from Germany
shows that, biogas plants, using energy cropsexsteck, with sizes below 250 kWeed
special efforts to be economically viable. If aftee first check, the biogas plant size is too
small, it may be worth thinking about co-operatiwith other farmers, to achieve a size
which is economically profitable. This situationviery common in Europe, where there are
biogas plants owned by several farmers workingoHogeration.

8.2.2 Characterising the plant size for industrial/ municipal wastes

In most cases, municipalities and waste colleateed to treat the wastes they collect. Many
agricultural biogas plants co-digest industrial amg wastes or source separated organic
wastes from municipalities.
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When considering supplying these kinds of wastesficture biogas plant, the first step is to
evaluate the feedstock quality and methane potenfize potential plant size can be
estimated based on the above mentioned data. Tieatjad gas yield of substrates varies
from producer to producer, depending on the tedgyhblnd the raw materials used (Table
8.2).

Table 8.2 Data for some waste types, frequently us@s AD substrates (FINSTERWALDER 2008)

DM content oDM content Biogas yield Biogas yield Methan
[%] [%] [m3/t oDM] [m3/t FF] content [%)]
Food waste 27 92 720 179 65
Biowaste (source 40 80 454 145 60
separated)
Grease trap removal 36 69 1200 298 61

(pre-dewatered)

The quality of organic wastes varies from countrgauntry and from region to region, being
dependent of local consumer’s habits. It is nogllikthat even an expert will be able to
estimate biogas yields of wastes by visual exananabnly. After having checked the
availability of a certain type of waste, it is nesary to do eudiometetesting of gas yield
and gas quality, for appropriate dimensioning effiliture biogas plant.

8.2.3 Feedstock supply schemes

Successful planning of a biogas project impliedb@lation of feedstock supply schemes.
There are supply schemes for a single supplieorosdveral suppliers.

1. A single supplier(e.g. farm, organic waste producer) has enoughurearganic waste,
agricultural land or all of the above, to provide tfeedstock necessary to run a biogas
plant.

2. Several supplierge.g. smaller farms, organic waste producers) wodether in a
consortium (e.g. in a cooperative company, limiteinpany etc.) to build, run and
supply feedstock to a biogas plant.

In both cases, it is important to secure constadtlang term supply of the necessary AD
feedstock. This is rather simple if the supplieraisingle farm, with corresponding own
cultivated area. In the case of a consortium ofeamand feedstock suppliers, every supplier
has to sign a long term contract, stipulating til¥ing as a minimum:

» Contract duration

* Guaranteed amount of feedstock supply or arealtvation
* Guaranteed quality of the delivered biomass

* Payments conditioned by the delivered quantity gunality

In the situation where the feedstock suppliersadse investors or co-owners of the biogas
plant, a separate contract has to be negotiatdédesith one of them, stipulating their duties
and responsibilities.

! Eudiometer = a laboratory glassware that measures the change in volume of a gas mixture, following a chemical reaction. It is
used to analyze gases and to determine the differences in chemical reactions.
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8.3 Where to locate the biogas plant

The next planning step in a biogas project idda i#nd a suitable site for the establishment
of the plant. The list below shows some importaohsiderations to be made, before
choosing the location of the future plant:

* The site should be located at suitable distanae fiesidential areas in order to avoid
inconveniences, nuisance and thereby conflictdée@le odours and increased traffic
to and from the biogas plant.

e The direction of the dominating winds must be cdesed in order to avoid wind
born odours reaching residential areas.

* The site should have easy access to infrastrusuehk as to the electricity grid, in
order to facilitate the sale of electricity andthe transport roads in order to facilitate
transport of feedstock and digestate.

» The soil of the site should be investigated besbagting the construction.
* The chosen site should not be located in a potdiuad affected area.

* The site should be located relatively close (céntia the agricultural feedstock
production (manure, slurry, energy crops) aimingrtimimise distances, time and
costs of feedstock transportation.

» For cost efficiency reasons, the biogas plant shballocated as close as possible to
potential users of the produced heat. Alternativethier potential heat users such as
heat demanding industry, greenhouses etc. canduglhr closer to the biogas plant
site.

* The size of the site must be suitable for the @ms/performed and for the amount of
biomass supplied.

The required site space for a biogas plant caneadbtimated in a simple way. Experience

shows that e.g. a biogas plant of 500.kki¢eds an area of approximate 8 000 m2. This figure
can be used as a guiding value only, as the actted also depends on the chosen
technology.

The following example illustrates a rough estimatiof the size of a biogas plant using

energy crops as feedstock substrate. The calcul@gtow determines the size of the silo
(bunker silo), needed to store the feedstock.

AS = MS / (DF * HS)

MS: Mass of feedstock stored in the silo [t
DF: Density of feedstock in the silo [t/m3]

HS: Height of silo [m]
AS: Area of silo [m2]

The calculation is valid in the case of silos willing heights of about three meters. The
planned biogas plant capacity of 250-750.kW&/ used here as an example. The size of the
area needed for a specific biogas project will gbvde the result of detail planning
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calculations. In the first estimation, a biogasnplaeeds the double area of the silo. This
means:

AB = 2 * AS

AB:  Area of biogas plant
AS:  Area of silo

8.4 Getting the permits

The procedure, criteria and documentation needextdar to get the permission to build a
biogas plant is different from country to country.

In order to get the building permit, the investarshdocument the compliance of the project
with national legislation concerning issues likedlling and recycling of manure and organic
wastes, limit values for emissions, exhaust emissionoise and odours, impact on
groundwater, protection of landscape, work satetyidings safety etc.

Experience shows that it is very important to imeolocal authorities in an early stage of the
project, to provide them first hand information atwd require help with the permitting
process and the implementation of the project.

Involving an experienced planning company in gettine building permit can be useful or
necessary, depending on the local situation. Samidifig companies are willing to do this
work for low prices, hoping to get the building ¢@ct.

8.5 Start up of a biogas plant

The construction of a biogas plant is similar tastouction work in any other business field,
but starting up the biogas plant is an operationclwimust be conducted by experienced
people, who are familiar with the design of thenpland with the microbiology of the AD
process.

Starting up a biogas plant should always be dona&ygompany who designed and built the
plant. During the start up, the plant manager &edstaff, who are in charge and responsible
for the future plant operation, are trained in riagnand maintaining the biogas plant. The
way this work is done, differs from case to case.

Before starting up the biogas plant, the plant awnest check if all the obligations included
in the building permission are fulfilled. The nestép is to fill up the digesters with manure or
with digestate from a well functioning biogas plantith the aim of inoculating the new

digester with populations of micro-organisms neags$or the AD process. Before starting
to feed the system, the feedstock must be heatén ppcess temperature.

For a single farm based biogas plant, with up t0 &@/, electrical power capacity, the
operating and maintenance time is usually around fwurs per day. In case of waste
treatment plants, the time dedicated to such ietsvis negotiated between plant designer
and customer.

102



biogas

HANDBOOK

9 Safety of biogas plants

Construction and operation of a biogas plant iateel to a number of important safety issues,
potential risks and hazards for humans, animals #ed environment. Taking proper
precautions and safety measures have the aim afiag@ny risks and hazardous situations,
and contribute to ensuring a safe operation opthet. Fulfilment of important safety issues
and stipulating clear preventive and damage contedsures is a condition for obtaining the
building permit:

» Explosion prevention

» Fire prevention

* Mechanical dangers

* Sound statically construction

* Electrical safety

* Lightning protection

e Thermal safety

* Noise emissions protection

» Asphyxiation, poisoning prevention

* Hygienic and veterinary safety

* Avoidance of air polluting emissions

» Prevention of ground and surface water leakages
* Avoidance of pollutants release during waste diapos
* Flooding safety

9.1 Fire and explosion prevention

Under certain conditions, biogas in combinatiorhvédtr can form an explosive gas mixture.
The risk of fire and explosion is particularly higose to digesters and gas reservoirs.
Therefore, specific safety measures must be guedrduring construction and operation of
biogas plants. Table 9.1 and 9.2 compare biogagsnthin components with other gases, in
respect to explosion liability. In both tables, #heerage biogas composition is: Methane 60
Vol. %, Carbon dioxide 38 Vol. % and other gas&®P %).

Table 9.1 Properties of gases (FNR 2006)

Unit Biogas Natural gas  Propane Methane Hydrogen
Heat value kWh/m3 6 10 26 10 3
Density kg/m3 1,2 0,7 2,01 0,72 0,09
Density ratio gas to air 0,9 0,54 1,51 0,55 0,07
Ignition temperature °C 700 650 470 600 585
Explosion range Vol.-% 6-12 4,4-15 1,7-10,9 4,4-16,5 4-77
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Table 9.2 Properties of biogas components; TLV = Tieshold Limit Value? (FNR 2006)

Unit CH4 COZ HgS CO H
Density kg/m3 0,72 1,85 1,44 1,57 0,084
Density ratio biogas to air 0,55 1,53 1,19 0,97 0,07
Ignition temperature °C 600 - 270 605 585
Explosion range Vol.-% 4,4-16,5 - 4,3-455 10,9 - 75,6 4-77
TLV-value ppm no value 5000 10 30 no value

In Europe, explosion safety measures are stipuliateéde European Directive 1999/92/EC,
and explosion hazardous places are classifiedrinstef zones, based on frequency and
duration of the occurrence of an explosive atmosphe

Zone 0

A place in which an explosive atmosphere, congistiha mixture of air with flammable
substances (gas, vapour or mist), is present aanisly, for long periods or frequently.
These zones usually do not occur on biogas pltet.si

Zone 1

A place in which an explosive atmosphere, congisbh a mixture of air and flammable
substances (gas, vapour or mist), is likely to ocoacasionally, in normal operation
conditions.

Zone 2

A place in which an explosive atmosphere, congjstih a mixture of air and flammable
substances (gas, vapour or mist), is not likelpdour in normal operation conditions, but if
it does occur, it will be for a short period only.

Although, in the case of biogas plants, explosiomly occur under certain conditions, there
is always the risk of fire in case of open flameiscuit sparking of electrical devices or
lightning strikes.

9.2 Poisoning and asphyxiation risks

If biogas is inhaled in sufficiently high concertoa, it can result in poisoning or
asphyxiation symptoms and even death. Especiallyptiesence of hydrogen sulphide
(H2S) in non-desulphurised biogas can be extremelg,texen in low concentrations.

2 The Threshold Limit Value (TLV) of a chemical substance is a level to which it is believed a worker can be exposed day after
day for a working lifetime without adverse health effects.

104



biogas

HANDBOOK

Table 9.3 Toxic effect of hydrogen sulphide (FNR 215)

Concentration Effect

(in the air)

0,03 — 0,15 ppm Threshold of perception (smell of rotten eggs)

15— 75 ppm Irritation of eyes and airways, sickness, vomitingadaches, absence
150 — 300 ppm Paralysis of olfactory nerves

(0,015 — 0,03 %)

> 375 ppm Death through poisoning (after several hours)

(0,038 %)

> 750 ppm Absence and death through respiratory arrestmv&fito 60 minutes
(0,075 %)

from 1000 ppm Fast death through respiratory paralysis withiewa finutes

(0,1 %)

In closed rooms, with low elevation (e.g. cellarsgerground rooms etc.) asphyxiation may
be caused by the displacement of oxygen by bidgjagas is lighter than air, with a relative
density of approx. 1,2 kg per Nmé?, but it has ad&ty to separate into its compounds.
Carbon dioxide, which is heavier, (D = 1,85 kg/mif)ks to lower areas while methane,
which is lighter, (D = 0,72 kg/m?) rises to the asphere. For these reasons, in closed
spaces, precautions must be taken in order to gosufficient ventilation. Furthermore,
safety equipment must be worn (e.g. gas warningcdsy breathing protection etc.) during
work in potentially dangerous areas.

9.3 Other risks

Apart from poisoning and asphyxiation, there arkeptpotential dangers related to the
activity on a biogas production site (see below)otder to avoid these types of accidents,
clear warnings must be placed on the respectivs pathe plant and the operating personnel
must be trained.

* Other potential sources of accidents include dargefalling from ladders or
uncovered areas (e.g. feed funnels, maintenandts)ybato be injured by movable
parts of the plant (e.g. stirrers).

* Equipment like stirrers, pumps, feeding equipmenbperated with high electrical
voltage. Improper operation or defects of the CHiR gan result in fatal electric
shocks.

* Risks of skin burning through unprotected contadthwhe heating or cooling

systems of the biogas plant (e.g. motor coolegesier heating, heat pumps) must be
considered. This also applies to parts of the ChiPand to the gas flare.

9.4 Sanitation, pathogen control and veterinary aspects
9.4.1 Hygienic aspects of biogas plants

Wastes of animal and human origin, used as AD feels contain various pathogenic
bacteria, parasites and viruses. Pathogenic spdicésare regularly present in animal
manures, slurries and household waste are bacferga Salmonellag Enterobactey
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Clostridiag Listeria), parasites (e.gAscaris Trichostrangylidag Coccidag, viruses and
fungi. Co-digestion of abattoir and fish-processiwgstes, sewage sludge and biowaste
increases the diversity of pathogens that areyikelbe land-spread and could enter the
animal and human food chains.

Utilisation of digestate as fertiliser means apgien on the fields of several individual
farms, with the risk of spreading pathogens frofaren to another.

Biogas production from co-digestion of animal mawand biogenic wastes as well as
biogas and digestate utilisationay not result in new routes of pathogen and disease
transmission between animals, humans and the emwent. This can be prevented by
implementing standardised veterinary safety measure

Effective control of pathogens can be done throagplying the sanitary measures listed
below:

* Livestock health control No animal manure and slurries should be supgtech any
livestock with health problems.

* Feedstock control Biomass types with high risk of pathogen contation must be
excluded from AD.

» Separate pre-sanitationof specific feedstock categories is mandatorystgmilated by
European Regulation EC 1774/280Depending on the category of feedstock, the
regulation requires either pasteurization (éiC76r one hour), or pressure sterilization
(at minimum 133C for at least 20 minutes and absolute steam mesgfuminimum 3
bar).

» Controlled sanitation. In the case of feedstock categories which, acngrdo EC
Regulation 1774/2002, do not require separate gméagion, the combination of AD
process temperature and a minimum guaranteed icetetime (MGRT) will provide
effective pathogen reduction/ inactivation in digés.

» Control of pathogen reduction efficiencyin digestate by using indicator organisms. The
efficiency of pathogen reduction must not be asslyrbet verified by using one of the
accredited indicator organism methods (See ch@pe3).

9.4.2 Parameters for hygienic performance of biogas plants

Effective pathogen reduction in digestate is predidy implementation of a separate pre-
sanitation process, for the feedstock types whacjuire special sanitation (e.g. waste waters
from slaughter houses, food and catering wastasitibn sludge). For feedstock types which
do not require separate sanitation (animal manuck surries, energy crops, vegetable
residues of all kinds) the necessary sanitation@atdogen reduction is ensured by the AD
process itself. Some process parameters, suchngsetature, retention time inside the
digester, pH etc., have direct or indirect influeran the sanitation efficiency of the AD
process.

8 (EC)N01774/2002 “laying down health rules concerning animal by-products not intended for human consumption” is available
for download in full text from www.big-east.eu
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Temperature

The process temperature has a sanitation effethersupplied substrates. In case of pre-
treatment of feedstock, the efficiency of pathogeduction increases with the increasing
temperatures.

Retention time

In the case of biogas plants treating animal mamame: slurries, vegetable biomass from
farming activities as well as other non-problemdgiedstock types, sanitation is a result of
combined temperatures and MGRT.

The influence of temperature and MGRT on destraactibpathogens is highlighted in Table
9.4, showing decimation times for some common mghotypes from animal slurries. In
case of e.gSalmonella typhi muriunthe destruction of 90% of the population occur§,in
hours in a digester running at °&3 (thermophilic digestion), in 2,4 days in a digest
operating at 3% (mesophilic digestion), but the same reductioSalimonella can take 2 to
6 weeks at ambient temperature, in untreated slurry

pH-value

The reduction of micro-organisms (bacteria) canuodée acid or alkaline environment. For
this reason, pre-hydrolysis of certain biomass sygaises a significant drop in pH-value and
reduces micro-organisms up to 90% (caused by a &ffect of organic acids).

Table 9.4 Thedecimation time (T-90)* of some pathogenic bacteria - comparison betweemnianal slurry
treated by AD and the untreated slurry (BENDIXEN 199)

Bacteria Slurry treated by AD Untreated slurry
53C (thermophilic 35°C (mesophilic 18-2°°C 6-15C
temperature) temperature)
hours days weeks weeks

Salmonella typhi murium 0,7 2,4 2,0 5,9

Salmonella dublin 0,6 2,1 - -

Escherichia coli 0,4 1,8 2,0 8,8

Staphilococcus aureus 0,5 0,9 0,9 7,1

Mycobacterium paratuberculosi 0,7 6,0 - -

Coliform bacteria - 3,1 2,1 9,3

Group of D-Streptococi - 7,1 5,7 21,4

Streptococcus faecalis 1,0 2,0 - -

* Decimation time T-90 is the time of survival dfet observed micro-organisnige decimation time T-90, is
defined as the time taken for viable counts of pufstion to decrease by one logarithmic unit ¢iygwhich is
equivalent to a 90% reductioSCHLUNDT, 1984)

Origin of liquid manure

The lifetime of pathogens depends on the origifiqpid manure.Salmonellagor instance
survive longest in cattle slurry, but pig slurryy the other hand, contains more infectious
organisms due to higher livestock density and presef pathogens in the feed.

Positive/negative effects

Protective agglomeration of micro-organisms (baa}ezan prolong the inactivation process
of pathogens.

Dry matter content
Some salmonella traits survive longest at a DM-eoinbf more than 7%.
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Ammonia content

Inactivation of pathogens is more effective in drdies with high ammonia content. As
ammonia concentration in digestate is higher thmamaw slurry, so is the efficiency of
pathogen inactivation.

Digester system

In fully mixed digesters, the fresh feedstock chmags contaminate the already sanitised
substrate. Even in a plug flow reactor, where thgigdes move evenly through the reactor,
short cuts cannot be prevented. Therefore, a mmimetention time in mixed reactors

cannot be fully guaranteed. This can only be embsumea batch (discontinuous) system,
where the digester is firstly filled up and thenngetely emptied after digesting (e.g. batch
method of dry AD system).

9.4.3 Indicator organisms

It is impossible to analyse digestate for all ttethpgenic species that may be present, so
there is a requirement to identify indicator orgamé that may be reliably used to evaluate
the efficiency of pathogen reduction in digestdiiee use of indicator organisms to evaluate
potential pathogen kill relies on activation, grovaind infectivity of the test organisms.

One of the most used methods is the logl0 offf@cale Streptococciyyhich is based on
the measurement of thBaecale Streptococcin digestate. Several veterinary research
programmes in Denmark investigated the survivabadteria, viruses and parasite eggs in
animal manures under varying storage and anaetofatment conditions. The indicator
organism Faecal streptococci (enterococcijFS) was chosen because this kind of
streptococcus survives the thermal treatment Idtey ather pathogenic bacteria, viruses and
parasite eggs are killed or lose their viability.

In Germany, the supplying of sewage sludge and dstey as feedstock for anaerobic co-
digestion plants was investigated from a hygieraitation viewpoint. The requirements
already put in place, concerning hygienic aspet&eoobic compost production, were used
as guidelines, and many of the potential indicaboganisms used in public health
microbiology were rejected because of their exgstiprevalence in soil and water
environments. With respect to co-digestion of bisteait was concluded that the absence of
Salmonellaprovided the best index of effective sanitation do-digestion AD plants.
Salmonella spwere shown to be present in >90% of biowaste barspled. Unlike the
log10 of FS method, used in Denmark, Bsmonellaest procedure requires pre-enrichment
and enrichment cultivation stages in buffered pegtwater and selective media, prior to
positive identification.

The necessity to ensure phyto-hygiene was alsaiigated in Germany. Unlike the bacterial
system, there are no recognised indicator organfempotential plant pathogen presence.
The only indicator which is widely distributed irodisehold biowastes is tomato seeds.
Consequently, the term "phytohygienic safety" hesrbdefined, in Germany, as the absence,
in treated wastes and wastewaters, of more thandmato seeds, capable of germination,
and/ or reproducible parts of plants per litrerefited waste.

Similar studies highlighted the effect of temperaton inactivation of viruses. For the

majority of the viruses tested, heat was foundedhe single, most important virucidal. In
the case of parvovirus, other factors than heastanbally contributed to overall loss of
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viability. This is in line with the findings of o#n researchers, showing that factors such as
high pH, ammonia, detergents and microbial metsd®inay contribute to viral inactivation.

9.4.4 Requirements for sanitation

A number of European countries have national remgus requiring hygiene and sanitation
standards in biogas plants digesting animal mafmane several farms or co-digesting animal
manure and organic wastes.

One of the most important European regulationsctiffg the biogas sector is the so-called
Animal By-Product Regulation EC 1774/20@®ncerning treatment and recycling of by-
products of animal origin. The regulation idensfihree main categories of animal by-
products and specifies the treatment and sanitaggonirements, the necessary equipment
etc. According to EC 1774, there are types of ahbwgproducts Category 1)which is not
permitted to be treated in biogas plants (Tablg 9.5

Table 9.5 Animal by-products not intended for humanconsumption: categories and rules for their
utilisation, according to EC1774/2002

Category and description Rules for utilisation

1. Animals suspected to be infected with TSE, specifk material Always destruction — incineration
- Animals, other than farm and wild animals, spedspeoo and
circus animals.
- Catering waste from means of transport operatitegrationally

2. Manure from all species and digestive tract carfiem mammalians For AD must be pressure sterilised, for 20
- All animal materials collected when treating wasiéav from minutes at 13% and 3 bar.
slaughter-houses or from category 2 processingtqlaxcept
from cat.1 slaughter-house wastewater treatmentspla NB: Manure and digestive tract content
Products of animal origin, containing residues @ftevinary can be used for AD without pre-treatment.
drugs. Dead animals, others than ruminants.

3. All parts of slaughtered animals, declared fit fimman consumption, ¢ For AD must be sanitised in separate tanks
not affected by any signs of diseases for 1hour at 70C.
- Hides, skins,

With the exception of liquid manure, stomach artdstines content (separated from stomach
and intestines), milk and colostrums (allowed withpre-treatment, provided no hazard of
spreading serious disease exists) all animal bgwmis of Category 2must be steam
pressure sterilised at 133°C,> 3 bar, before processing in a biogas plant, aedhbrmal
treatment must be carried out for at least 20 remuaifter reaching the core temperature of
133C, in a plant authorised for that reason. The glarsize of treated substrate must be <
50 mm.

For kitchen and food wastes and former foodstufictvrhave not been in contact with
untreated, raw animal by-products, the nationaliregnents apply. For treatment of other
animal by-products ofCategory 3the following applies: Thermal pasteurisation mhst
carried out at 70°C for 60 minutes. The treatedssate must have a particle size < 12 mm.

In addition to compulsory thermal treatment, theimdal By-Product Regulation defines
many other compulsory process conditions for therajon of biogas plants and the hygienic
requirements for the end product.

In the case of kitchen and food wasteCaftegory 3 the responsible national authorities can
authorise exceptions to the above-mentioned appemaprocessing requirements, with the
condition that equivalent sanitation is applied l[€a9.6). The main provision for the
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authorisation of alternative processing methodkaesproof of an equivalent destruction of all
pathogenic germs for pasteurisation.

Table 9.6 Example from Denmark, of controlled sanition, equivalent to 70C for 1 hour (BENDIXEN
1995)

Temperature Retention time (MGRT) in a Retention time(MGRT) by treatment in
thermophilic a separate sanitation tank’
digestion tank ®

before or after digestion before or after digestion in a
in a thermophilic reactor  mesophilic reactor tanfk

tank®
52,0C 10 hours
53,5C 8 hours
55,0C 6 hours 5,5 hours 7,5 hours
60,0°C 2,5 hours 3,5 hours

The treatment should be carried out in a digestion tank, at thermopbhilic temperature, or in a sanitation tank combined with digestion
in a thermophilic or a mesophilic tank. The specific temperature/ MGRT combinations should be respected.

a) Thermophilic digestion is in this case at 52°C. The hydraulic retention time (HRT) in the digester must be at least 7 days

b)  Digestion may take place either before or after pasteurisation

c) See point a)

d) The mesophilic digestion temperature must be from 20 °C to 52 °C. The hydraulic retention time must be at least 14 days.

Sanitation requirements are different accordinght® type of biogas plant (thermopilic or
mesophilic process). Furthermore, for the collectiveatment of materials of different
categories the most stringent regulation applicabteeployed.

For kitchen, food waste and former foodstuffs, whicave not been in contact with
untreated, raw animal by-products, the followinggoaeters for AD as a thermophilic
process must be ensured: temperaturb5°C, hydraulic retention time 20 days with a
guaranteed minimum dwell time of 24 hours, partgie< 12 mm.

In mesophilic biogas plants (temperature range rat@v°C) thermal sanitation only takes
place to a limited extent. Here, sanitation is @calshieved through heat-treating all materials
containing domestic kitchen wastes, or by relevardof of a sufficient reduction of
pathogenic agents.

To avoid risks of infections, the regulation regsira strict separation of animal husbandry
and biogas plant locations. Transport, intermediaterage, necessary pre-treatment
(mincing, particle size reduction) as well as pesieg in the biogas plant are strictly
regulated.

The same applies to the necessary cleaning secteas)ing appliances, disinfection areas,
pest control, record and documentation obligatiohggienic controls and proper
maintenance of all installations and calibratioralbimeasuring instruments. Furthermore, all
biogas plants must have an officially authorisdabtatory at their disposal or make use of
the services of an external authorised laboratoryahalysing samples and running tests of
pathogen reduction efficiency.

The area of the biogas plant must be separateccieém and contaminated. The two areas
must be kept strictly separated. Cleaning facdifigr transport vehicles, vacuum tankers and
for the staff of the plant must be established ab. Wwigure 9.1 shows an example of standard
procedure for the cleaning of biomass transporiclehat Ribe Biogas Plant in Denmark.
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In order to avoid empty drive, the vacuum tankansports fresh slurry from the farmers to
the biogas plant and digested slurry from the lsogéant to the farmers. To avoid

contamination between fresh and digested slurny, timker must be cleaned after every
transport, according to the above described prageedDontamination between farms is
avoided by servicing one farm at the time and angidrives between farms.

Figure 9.1 Example of standard cleaning procedur&om Ribe biogas plant in Denmark

10 Economy of biogas plants

10.1 Financing the biogas project

Biogas projects demand high investments. Finanisintgerefore one of the key elements in
order to ensure project viability. The financingieme of a biogas plant project differs from
country to country, but in general, low interestdeterm loans are used. Ordinary mortgage
loans are not frequently used. The index-regulatetity loans are low-interest loans, which
secure the investor against inflation through avatluation of the unpaid debts according to
the inflation rate. The pay-back period is morentB@ years. This type of loan proved to be
the most suitable for financing the constructiorhaf biogas plants, meeting the demands for
long maturity, low interest and low initial instadmts. The disadvantages of such loans are
that they are raised by ordinary sales of bondeastock exchange market price, implying a
depreciation risk that may induce some uncertamtiie planning phase.

In countries like Denmark, biogas projects are &manced by means of index-regulated
annuity loans, guaranteed by the municipalitiesstMaf the past biogas projects received
also supplementary government subsidies, repregseafi to 30% of the investment costs of
the project.
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10.2 Economic forecast of a biogas plant project

A single farmer, a consortium of farmers or a mipality are usually the entrepreneurs
likely to implement successful biogas projects. Shecess of the project depends on some
factors that can be controlled and influenced bgtsgic decisions concerning investment
and operational costs. Choosing the best technalogespect of level of investment and
operational costs is very difficult. If tenderingpegas plant, it is important receive offer on
operational cost like:

» Operational cost of CHP incl. all services and sgearts (amount/kWh)

* Maintenance costs of biogas plant in total. (YmeEstment/year)

* Own electrical energy demand, including demandtePqkWh/year)

* Average working hours/day of staff (maintenance feeding the system)

The success of the project is also influenced bygestactors that cannot be controlled such
as:

* Interest terms

* Grid access and feed in tariffs

* World market prices for feedstock (e.g. energy sjop

» Competition for feedstock from other sectors

Industrial waste collectors face problems secutonyg term availability of the feedstock.
This could be a problem because the waste recychagket is highly competitive and
contracts with waste producers are rarely for plsrionger than five years.

Quite often, before a bank offers to finance theghs plant project, the economical long
term success of the project must be proven by dyktealculation of profitability. The
calculation is normally done within the prelimingojanning by an experienced planning/
consulting company (see Chapter 8.1), but in maases, especially in the case of single
farm based biogas projects, this work can be dondhb project developer, with two
consequently advantages: the project developersigra are forced to have a very close
view to the different aspects of the project andcase of cancelling the project, no external
costs have occurred.

In case of a biogas plant treating municipal wasites recommended to mandate an
experienced consulting company. Waste treatmemntgpkre much more complex regarding
handling of feedstock, biological stability of theystem and the whole plant design,
compared to a farm based plant.

For case specific calculation of the economic fasgca calculation model was elaborated
(attached as CD), allowing the preliminary estimatof costs, plant size, dimensioning,
technical outline etc. The calculation model aslwslthe guidelines for its utilisation are
also available for free download!ztp://www.big-east.eu

10.2.1 Conclusions of economic forecast of the biogas plant project

Having done the pre-calculations using the Big<Eadtulation tool as recommended in
Chapter 10.2, the result is a model of the econohtlge project.
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As stated before, the operational costs and thestnvent costs can be influenced by strategic
decisions. For example by choosing the best adaptgthology. So, if labour is cheap in
your country, than it might be cheaper engagingemgeople than spending money for
automation of a plant.

The revenue side of a project is difficult to irdhce. The feed in tariffs are set by the
government. In case of waste treatment plantstipipéng fees are market prices. There are
other possibilities of improve the revenue side:

» Using/selling the produced heat
* Selling digestate as a fertilizer

If the project obtains an internal rate of retuRRR) lower than 9%, you should reconsider all
the project premises, and improve some of thenthdf IRR rate is higher than 9%, the
premises are good and it is worth continuing thggat and moving to the next planning
phase. It is important to compare the assumptiatisthe material reality. This helps to get a
realistic idea of the biogas plant itself, the rexkdpace, the true mass current and the real
building costs.

The calculation model is useful for providing tleugh information which is necessary to
kick start the actual planning phase. For the seqs of project, finding an independent and
reliable planning partner is mandatory (see thgptsteps described in chapter 8.1.)

Best of luck!
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Annexes

Annex 1. Glossary, conversion units and abbreviatio ns

Glossary

Acid:

Ammonia:

Anaerobic bacteria:

Anaerobic digestion
(Syn. Digestion,
fermentation):

Barrel of oil equivalent

(boe):

Base:

Batch feed:

Biochemical conversion:

Bioenergy

(Syn. Biomass energy):

Biogas:

Traditionally considered any chemical compduhat, when dissolved
in water, gives a solution with a pH less than 7,0.

A gaseous compound of hydrogen and rempdNH;, with a pungent
smell and taste.

Micro-organisms that live aegroduce in an environment containing
no “free" or dissolved oxygen. Used for anaerolgestion.

A microbiological process of decomposition of origamatter, in the
complete absence of oxygen, carried out by the exdoed action of a
wide range of micro-organisms. Anaerobic digest{gd) has two
main end productsdiogas(a gas consisting of a mixture of methane,
carbon dioxide and other gases and trace elemantsjigestate(the
digested substrate). The AD process is common taymatural
environments and it is applied today to produceg&soin airproof
reactor tanks, commonly named digesters.

The amount of energy contained in a baffretwde oil, i.e. approx. 6,1
GJ, equivalent to 1 700 kWh. A "petroleum barrsl'ailiquid measure
equal to 42 U.S. gallons (35 Imperial gallons o® lifers); about 7,2
barrels are equivalent to one tonne of oil (metric)

Traditionally considered any chemical conmgbthat, when dissolved
in water, gives a solution with a pH greater thah 7

A process by which the reactor isdillwith feedstock in discrete
amounts, rather than continuously.

The use of biochemicakpsses to produce fuels and chemicals from
organic sources.

Useful, renewable energy produced from organic enatfThe
conversion into energy of the carbohydrates in migenatter. Organic
matter may either be used directly as a fuel ocgseed into liquids
and gases.

A combustible gas derived from decompodiimdogical waste under
anaerobic conditions. Biogas normally consistsG368% methane.
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Biological Oxygen Demand
(BOD): Chemical procedure for determining how faisdogical organisms use
up oxygen in a body of water.

Biomass feedstock: Organic matter available oengwable basis. Biomass includes forest
and mill residues, agricultural crops and wastespdvand wood
wastes, animal wastes, livestock operation resjdagsatic plants,
fast-growing trees and plants, and municipal addstrial wastes.

Bioreactor (Syn. Digester):  Device for optimisitige anaerobic digestion of biomass and/ or
animal manure, and possibly to recover biogasrergy production.

Capacity: The maximum power that a machine oresgstan produce or carry
safely (The maximum instantaneous output of a mesounder specific
conditions). The capacity of generating equipmest generally
expressed in kilowatts or megawatts.

Chips: Woody material cut into short, thin wafe@hips are used as a raw
material for pulping and fibreboard or as biomass.f

Centralised

Anaerobic digestion

(CAD): Supplying slurry from several animal farmg & centrally located
biogas plant, to be co-digested with other suitédsdelstock.

Certificates RECs): A tradable commodity provingttltertain electricity is generated
using renewable energy sources. Typically one fazté represents
generation of 1 Megawatt hour (MWh) of electricity.

Co-generation see combined heat and power generation (CHP)

Combined heat and power

generation (CHP)

(Syn. Co-generation): The sequential productioalettricity and useful thermal energy from
a common fuel source. Reject heat from industriacgsses can be
used to power an electric generator (bottoming e)ycConversely,
surplus heat from an electric generating plantteansed for industrial
processes, or space and water heating purposgsn@ogycle).

CO, —equivalents: COequivalent is a unit used to standardise measuntsn. For
example, tonne for tonne, methane is a greenhcas¢hgt is 21 times
more powerful than carbon dioxide in causing thebgl greenhouse
effect. Therefore one tonne of methane represeht®i2nes of CQ
equivalent.

Dedicated Energy Crops:

(DEC) Crops grown specifically for their fuel valuThese include food crops
such as corn and sugarcane, and non-food cropsasuploplar trees
and switchgrass. Currently, two energy crops amdeurlevelopment:
short-rotation woody crops, which are fast-growimgrdwood trees
harvested in 5 to 8 years, and herbaceous enemys,cisuch as
perennial grasses, which are harvested annualgy &king 2 to 3
years to reach full productivity.

Digestate: The treated/ digested effluent froemAD process.

(Syn. AD residues,
digested biomass,
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digested slurry)
Digestion: see Anaerobic Digestion

Effluent: The liquid or gas discharged from a @& or chemical reactor,
usually containing digestate from that process.

Emissions: Fumes or gases that come out of srmankestand tailpipes, seep from
inside factories or enter the atmosphere directhynfoil well flares,
garbage dumps, rotting vegetation and decayings traed other
sources. They include carbon dioxide, methane atrdus oxide,
which cause most of the global greenhouse effect.

Energy balance: Quantify the energy used and pestiby the process.

Feedstock: Any material which is converted to haoform or product.
Fermentation: see Anaerobic digestion

Fly ash: Small ash particles carried in suspenisi@@mbustion products.
Fossil fuel: Solid, liquid, or gaseous fuels fodma the ground after millions of

years by chemical and physical changes in plantaarichal residues
under high temperature and pressure. Crude oilralagas, and coal
are fossil fuels.

Fuel cell: A device that converts the energy ofial directly to electricity and
heat, without combustion.

Gas turbine

(syn. Combustion turbine): A turbine that convehs energy of hot compressed gases (produced
by burning fuel in compressed air) into mechanpalver. The used
fuel is normally natural gas or fuel oil.

Gasification: The process in which a solid fuetégverted into a gas; also known as
pyrolitic distillation or pyrolysis.

Gigawatt (GW): A measure of electric capacity daiwal billion watts or 1 million
kilowatts.
Global warming: A gradual warming of the Eartttisyasphere reportedly caused by the

burning of fossil fuels and industrial pollutants.

Green certificates
(Syn. Renewable energy
Generator: A device for converting mechanical gn¢o electrical energy.

Greenhouse effect: The effect of certain gasakénEarth's atmosphere in trapping heat
from the sun.

Greenhouse gas (GHG): Gases that trap the héla¢ slun in the Earth's atmosphere, producing
the greenhouse effect. The two major greenhousesgas water vapor
and carbon dioxide. Other greenhouse gases inchathane, ozone,
chlorofluorocarbons, and nitrous oxide.
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Grid:

Grid system:

Heat exchanger:

Heat transfer efficiency:

Heating value:

Installed capacity:

Joule (J):

Kilovolt (kV):

Kilowatt (kW):

Kilowatt-hour (kWh):

Mesophilic digestion:

Methane (CH):

Micro-turbine:

The electric utility companies' transmissiand distribution system
that links power plants to customers through higlvgr transmission
line service (110 kilovolt [kV] to 765 kV); high \tage primary
service for industrial applications and street eaitl bus systems (23
kV-138 kV); medium voltage primary service for coemtial and
industrial applications (4 kV to 35 kV); and secand service for
commercial and residential customers (120 V to ¥B0Grid can also
refer to the layout of a gas distribution systemao€ity or town in
which pipes are laid in both directions in the stseand connected at
intersections.

An arrangement of power lines connecting powertgland consumers
over a large area.

Device built for efficient heaansfer from one fluid to another,
whether the fluids are separated by a solid wathsb they never mix,
or the fluids are directly contacted.

Useful heat output retsH actual heat produced in the firebox.

The maximum amount of energy tlat@vailable from burning a
substance.

The total capacity of eleattigeneration devices in a power station or
system.

Metric unit of energy, equivalent te tlvork done by a force of one
Newton applied over a distance of one meter. lejqd) = 0,239
calories; 1 calorie (cal) =4,187 J.

1 000 volts. The amount of electric force carriebtigh a high-voltage
transmission line is measured in kilovolts.

A measure of electrical power equal 1 000 watts. 1 kW = 3,413
Btu/hr = 1,341 horsepower.

The most commonly-used unit measure telling the amount of
electricity consumed over time. It means one kilttwad electricity
supplied for one hour.

Takes place optimally arouid’-41°C or at ambient temperatures
between 20°-45°C where mesophiles are the primacyororganism
present.

A flammable, explosive, colourless, odourletssteless gas that is
slightly soluble in water and soluble in alcoholdagther; boils at —
161,6°C and freezes at —182,5°C. It is formed irsh&s and swamps
from decaying organic matter, and is a major exptoshazard

underground. Methane is a major constituent (u®7#%) of natural

gas, and is used as a source of petrochemicalasaaduel.

Small combustion turbine with antpuwt of 25 to 500 kW. Micro-
turbines are composed of a compressor, combustbine, alternator,
recuperator and generator. Relative to other tdobmes for small-
scale power generation, micro-turbines offer a nemdf advantages,
including: a small number of moving parts, compszee, light weight,
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Mini-grid:

Municipal solid waste
(MSW):

Oil equivalent:

Photosynthesis:

Pilot scale:

Power:

Process heat:

pH:

Plant:

Renewable resources:

Renewable energy:

Sludge:

Substrate:

Sustainable:

Total solids

greater efficiency, lower emissions, lower eledtyicosts, potential for
low cost mass production, and opportunities tasatilvaste fuels.

An integrated local generation, transsion and distribution system
serving numerous customers.

All types of solid waste generated by a owmity (households and
commercial establishments), usually collected bgalogovernment
bodies.

The tonne of oil equivalent (tde)a unit of energy: the amount of
energy released by burning one tonne of crudepprox. 42 GJ.

Process by which chlorophyll-dairig cells in green plants concert
incident light to chemical energy, capturing carloboxide in the form
of carbohydrates.

The size of a system between theldataratory model size (bench
scale) and a full-size system.

The amount of work done or energy transfeper unit of time.
Heat used in an industrial process

An expression of the intensity of the alkalioe acidic strength of
water. Values range from 0-14, where 0 is the nao#dic, 14 is the
most alkaline and 7 is neutral.

A facility containing prime movers, electrgenerators, and other
equipment for producing electric energy.

Naturally replenishable,flowt-limited energy resources. They are
virtually inexhaustible in duration, but limited the amount of energy
that is available per unit of time. Some (such astigermal and
biomass) may be stock-limited in that stocks angleted by use, but
on a time scale of decades, or perhaps centunieg,dan probably be
replenished. Renewable energy resources includanass, hydro,
geothermal, solar and wind. In the future they doalko include the
use of ocean thermal, wave, and tidal action teldgies. Utility
renewable resource applications include bulk elgttrgeneration, on-
site electricity generation, distributed electgicgeneration, non-grid-
connected generation, and demand-reduction (ene&ffigiency)
technologies.

see Bioenergy

Biosolids separated from liquids duringpgasssing. Sludge may
contain up to 97% water by volume.

see Biomass feedstock

An ecosystem condition in which hiedsity, renewability and
resource productivity are maintained over time.
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(Syn. Dry solid):

Thermophilic digestion:

Turbine:

Volatile solids (VS):

Volatile fatty acids (VFA):

Volts:

Watt (W):

Conversion units

Kilowatt (kW)
Megawatt (MW)
Gigawatt (GW)
Terawatt (TW)
1 Joule (J)

1Wh

1 cal

1 British Thermal Unit (BTU)

1 cubic meter (m3)
1 bar

1 millibar

1 psi

1 torr

1 millimeter mercury (0°C)

1 hectopascal (hPa)

The residue remaining when wadesvaporated away from the residue
and dried under heat.

Anaerobic digestion whickés place optimally around 50°C-52°C
but also at elevated temperatures up to 70°C, wihenenophiles are
the primary micro-organisms (bacteria) present.

A machine for converting the heat endrggteam or high temperature
gas into mechanical energy. In a turbine, a highoiy flow of steam
or gas passes through successive rows of radidedléastened to a
central shaft.

Those solids in water or ethiquids that are lost on ignition of the dry
solids at 550°C.

These are acids thed produced by microbes in the silage from sugars
and other carbohydrate sources. By definition thegy volatile, which
means that they will volatilise in air, depending temperature. These
are the first degradation product of anaerobic stiga prior to
methane creation.

A unit of electrical pressure. It measurd®e force or push of
electricity. Volts represent pressure, correspohderthe pressure of
water in a pipe. A volt is the unit of electromatiforce or electric
pressure analogous to water pressure in poundsquare inch. It is
the electromotive force which, if steadily appligda circuit having a
resistance of one ohm, will produce a current anpeae.

A standard unit of measure (S| Systean)the rate at which energy is
consumed by equipment or the rate at which energyesfrom one

location to another. It is also the standard uhineasure for electrical
power. The term 'kW' stands for "kilowatt” or 1 0@@tts. The term

'MW’ stands for "Megawatt” or 1 000 000 watts.

=1 000 Watts
=1 000 kW
= 1 million kW
= 1 thousand million kW
=1 Watt second = 278 x 10"-6 Wh
=3600J
=4,18J
=1055J
=1 000 liter (L)
=100 000 pascal (Pa)
=100 Pa
= 6894,76 Pa
=133,32 Pa
= 133,32 Pa
=100 Pa
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Abbreviations

AD
BOD
CHP

C:N ratio

COD
DEC
DM
FF
GHG
HRT
kWh
kWh
MGRT
N-P
NPK
oDM
ppm
RD&D
TLV
TS
VFA
VS

— Anaerobic digestion

— Biological oxygen demand

— Combined heat and power

— Carbon to nitrogen ratio

— Chemical oxygen demand

— Dedicated energy crops

— Dry matter

— Fresh feedstock

— Greenhouse gases

— Hydraulic retention time

— Kilowatt hour

— Electrical kilowatt hour

— Minimum guaranteed retention time
— Nitrogen to phosphorus

—Nitrogen, phosphorus and potassium
— Organic fraction of dry matter

— Parts per million (1Lppm = 0,0001%)
— Research development and demonstration
— Threshold limit value

— Total solids

— Volatile fatty acids

— Volatile solids
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