Agrifood Research Reports 77
T

r
\J MIT

Agrifood Research Finland

Dry anaerobic digestion of organic
residues on-farm - a feasibility study

Winfried Schafer, Marja Lehto and Frederick Teye

Agricultural engineering




Agrifood Research Reports 77
98 s.

Dry anaerobic digestion of
organic residues on-farm
- a feasibility study

Winfried Schéfer, Marja Lehto and Frederick Teye

MTT Agrifood Research Finland



ISBN 952-487-006-1 (Printed version)
ISBN 952-487-007-X (Electronic version)
ISSN 1458-5073 (Printed version)
ISSN 1458-5081 (Electronic version)
www.mtt.fi/met/pdf/met77.pdf
Copyright
MTT Agrifood Research Finland
Winfried Schéfer, Marja Lehto, Frederick Teye
Publisher
MTT Agrifood Research Finland
Distribution and sale
MTT Agrifood Research Finland, Animal Production Research
Vakolantie 55, FI-03400 Vihti, Finland
Phone +358 9 224 251, Fax +358 9 224 6210
e-mail: julkaisut@mtt.fi
Printing year
2006
Photographer
Winfried Schéfer
Printing house
Strélfors Information Logistics Oy


mailto:julkaisut@mtt.fi

Dry anaerobic digestion of organic residues
on-farm - a feasibility study

Winfried Schifer”, Marja Lehto", Frederick Teye”

DMTT Agrifood Research Finland, Animal Production Research, Vakolantie 55,

FI-03400 Vihti, Finland, winfried.schafer@mtt.fi, marja.lehto@mtt.fi

IMTT Agrifood Research Finland, Plant Production Research (Vakola),

Vakolantie 55, 03400 Vihti, frederick.teye@mtt.fi, Present contact: kwame@mappi.helsinki.fi

Abstract
Objectives

The feasibility study shall answer the following questions: Are there eco-
nomical and ecological advantages of on-farm dry digestion biogas plants?
How does the construction and operation parameters of a dry digestion bio-
gas plant influence environment, profit, and sustainability of on-farm biogas
production?

The aim of the feasibility study is to provide facts and figures for decision
makers in Finland to support the development of the economically and envi-
ronmentally most promising biogas technology on-farm. The results may
encourage on-farm biogas plant manufacturers to develop and market dry
anaerobic digestion technology as a complementary technology. This tech-
nology may be a competitive alternative for farms using a dry manure chain
or even for stockless farms.

Results

Up to now farm scale dry digestion technology does not offer competitive
advantages in biogas production compared to slurry based technology as far
as only energy production is concerned. However, the results give an over-
view of existing technical solutions of farm-scale dry digestion plants. The
results also show that the ideal technical solution is not invented yet. This
may be a challenge for farmers and entrepreneurs interested in planning and
developing future dry digestion biogas plants on-farm. The development of
new dry digestion prototype plants requires appropriate compensation for
environmental benefits like closed energy and nutrient cycles to improve the
economy of biogas production. The prototype in Jidrna meets the objectives of
the project since beside energy a new compost product from the solid fraction
was generated. On the other hand the two-phase process consumes much
energy and the investment costs are high (>2000 € m™ reactor volume).

Dry digestion on-farm offers the following advantages: Good process stabil-

ity and reliability, no problems like foam or sedimentation, cheap modules
for batch reactors, less reactor capacity, reduced transport costs due to re-
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duced mass transfer with respect of the produced biogas quantity per mass
unit, compost of solid digestion residues suitable as fertiliser also outside the
farm gate, use of on-farm available technology for filling and discharging the
reactor, less process energy for heating because of reduced reactor size, no
process energy for stirring, reduced odour emissions, reduced nutrient run off
during storage and distribution of residues because there is no liquid mass
transfer, suitable for farms using deep litter systems.

These advantages are compensated by following constraints: Up to 50% of
digestion residues are needed as inoculation material (cattle manure does not
need inoculation) requiring more reactor capacity and mixing facilities. Re-
tention time of dry digestion is up to three times longer compared to wet di-
gestion requiring more reactor capacity and more process energy, filling and
discharging batch reactors is time and energy consuming. We conclude that
only farm specific conditions may be in favour for dry digestion technology.

Generally, four factors decide about the economy of biogas production on-
farm: Income from waste disposal services, compensation for reduction of
greenhouse gas emission, compensation for energy production and - most
important for sustainable agriculture - nutrient recycling benefits.

Evaluation of the results

We did not find any refereed scientific paper that includes a documentation
of an on-farm dry digestion biogas plant. It seems that we tried first. We also
could not find any results about the biogas potential of oat husks, so we may
have found these results first.

Farm scale production of anaerobically treated solid manure for composting
is new. Dry fermentation biogas plants offer the possibility to design solid
manure compost by variation of fermentation process parameters.

From different scientific publication databases we found about 10 000 refer-
ences concerning biogas research during the past 10 years. Less than ten are
dealing with biogas reactors for non-liquid substrates on-farm. Recent re-
search mainly concentrates on basic research, biogas process research for
communal waste, large-scale biogas plants, and research on laboratory level.
This mirrors the fact, that production of research papers is rather financed
than product development on site. Our conclusion is that it seems worldwide
to be very difficult or even impossible to find financial support for on site
research, especially for on-farm prototype biogas reactors. We suppose the
following reasons for this fact: biogas plant research requires proficiency in
many different scientific disciplines, lack of co-operation between engineer-
ing and life sciences, high development costs to transfer basic research results
into practical technical solutions, low interest of researchers because on site
and on-farm research enjoys low appreciation in terms of scientific credits,



portability of farm specific design and process solutions is difficult. Our con-
clusion is that on site and on-farm research has to be supported by funding
agencies if integration of biogas and bio energy into the farm organism is
considered as an important target within the agricultural policy framework.

Future research on both dry fermentation technique and biogas yield of solid
organic residues may close present knowledge gaps. Prototype research may
offer competitive alternatives to wet fermentation for farms using a solid
manure chain and/or energy crops for biogas production.

To encourage farmers and entrepreneurs to foster the development of dry
fermentation technology support in terms of education and advisory services
is also necessary.

Key words: Biogas, anaerobic digestion, dry fermentation, on-farm




Kuivamadatys maatilan jatteiden
kasittelyssa

Winfried Schifer", Marja Lehto", Frederick Teye”

DMTT Kotieldintuotannon tutkimus, Vakolantie 55, 03400 Vihti, winfried.schafer@mitt.fi,
marja.lehto@mtt.fi

IMTT kasvintuotannon tutkimus (Vakola), Vakolantie 55, 03400 Vihti,
frederick.teye@mitt.fi, nykyinen sdhkdpostiosoite: kwame@mappi.helsinki.fi

Tiivistelma

Tavoitteet:

Tutkimuksen tavoitteena oli selvittdd kuivamédétyslaitoksen rakenne- ja toi-
mintaparametrien vaikutusta biokaasutuotannon kannattavuuteen, kestdvyy-
teen ja ymparistokysymyksiin tilatasolla sekd sitd, voidaanko tilatason kui-
vamadatyslaitoksesta saada taloudellista ja ekologista hyotya.

Toisena tavoitteena oli hankkia yksityiskohtaista tietoa suomalaisille paatok-
sentekijoille, jotta seké taloudellisesti ettd ympariston kannalta lupaavimpien
tilatason biokaasuteknologioiden kehitystd voitaisiin edistdd. Tulokset roh-
kaisevat tilatason biokaasulaitosten valmistajia kehittdméddn ja myyméén
kuivaméditysteknologiaa vaihtoehtoisena teknologiana. Taméi teknologia
voisi olla kilpailukykyinen vaihtoehto tiloille, joilla kdytetddn kuivalantaket-
jua tai vaikka karjattomille tiloille.

Tulokset:

Kuivamédatysteknologia maatilatasolla ei ole pystynyt tdhén asti tarjoamaan
kilpailukykyistd vaihtoehtoa lietteen médétykseen perustuvalle teknologialle,
jos tarkastelun kohteena on pelkkd energian tuotanto. Hankkeen tuloksena
saatiin yleiskuva tiloilla toimivien kuivamédéityslaitosten mielenkiintoisista
teknologisista ratkaisuista. Voidaan myos todeta, ettd parhaita ratkaisuja ei
ole vield keksitty. Tdma voisi olla haaste viljelijoille ja elinkeinonharjoittajil-
le, jotka ovat kiinnostuneita kehittiméén ja suunnittelemaan tulevaisuuden
tilatason kuivamédityslaitosta. Uuden kuivamédéatyslaitoksen prototyypin
kehittdminen vaatii ymparistohyotyjen (esim. suljettu energia- ja ravinnekier-
to) rahallista korvausta, mikd myo0s parantaisi biokaasutuotannon kannatta-
vuutta. Jarnan prototyyppi tdytti hankkeen tavoitteet, silld energian liséksi
saatiin uusi kompostituote kiinteédstd jakeesta. Toisaalta kaksivaiheinen maé-
datysprosessi kuluttaa paljon energiaa ja investointikustannukset ovat korkeat
(>2000 € m” reaktoritilavuutta).

Tilatason kuivaméadatykselld on useita etuja: Prosessi on vakaa ja luotettava,

ei tapahdu vaahtoamista tai saostumista ja panosreaktorin rakenteet ovat
edullisia. Etuja, verrattuna lietereaktoreihin, ovat reaktorin pienempi tilavuus
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ja pienemmaét kuljetuskustannukset vdhentyneen massan siirron vuoksi suh-
teessa tuotettuun biokaasuméairdén massayksikkod kohti. Etu on my6s maati-
lalla olemassa olevan teknologian hyviksikédyttd massan syotto- ja poistovai-
heessa. Etuina voidaan mainita myds, ettd prosessin lammitysenergian tarve
on pienempi, koska reaktorin tilavuus on pienempi ja sekoitusta ei tarvita,
hajupééstot vahenevit ja ravinnehdvidt ovat pienemmét varastoinnissa ja
lopputuotteen levityksessd, koska nestemdistd jaetta ei siirretd. Kompostoitua
kiintedd jaetta voidaan markkinoida lannoitteena myos tilan ulkopuolelle.
Laitos soveltuu maatilalle, jossa kédytetddn kuivikepohjia.

Menetelmilld on myds rajoituksia: Jopa 50% madatysjadnnoksestd tarvitaan
ymppiaysmateriaaliksi (nautakarjan lanta ei vaadi ymppaystd) ja tihén tarvi-
taan enemmaén reaktoritilavuutta ja sekoitusvélineitd. Kuivamédityksen vii-
pymaéaaika on jopa kolme kertaa pidempi verrattuna lietteen médatykseen,
vaatien enemmaén reaktoritilavuutta ja prosessienergiaa. Panosreaktorin syot-
t0 ja tyhjentdminen ovat aikaa ja energiaa vaativia vaiheita. Voidaan péételld,
ettd vain tilakohtaiset olosuhteet voivat suosia kuivaméditysteknologiaa.

Tilatasolla tapahtuvan biokaasutuotannon talouteen vaikuttavat nelja tekijaa:
Jatteenkésittelystd saadut tulot, kasvihuonekaasupédstdjen vdhentdmisesti
saatu korvaus, korvaus energian tuotannosta ja - kestiville maataloudelle
tirkein - ravinteiden kierrosta saatu hydty.

Tulosten tarkastelu:

Yhtidn asiantuntijatarkastettua tieteellistd artikkelia, jossa olisi dokumentoitu
tilatason kuivamadatyslaitosta, ei 16ytynyt. Nayttdd siltd, ettd me yritimme
ensimmdisind. Myoskdin tuloksia kaura-akanoiden biokaasupotentiaalista ei
ole aikaisemmin julkaistu.

Uutta on my0s tilatason anaerobisesta kisittelystd saadun kiintedn jakeen
kompostointi. Kuivamidatyslaitos tarjoaa mahdollisuuden erilaisten kuiva-
lantakompostien tuottamiseen méadétysprosessiparametreja muuttamalla.

Tieteellisistd julkaisutietokannoista 16ytyi noin 10 000 viitettd, jotka késitte-
livdt biokaasututkimusta viimeisen 10 vuoden ajalta. Niistd alle 10 késitteli
biokaasureaktoreita, jotka oli kehitetty ei-nesteméisten ldhtdaineiden késitte-
lyyn maatilalla. Viimeisin tutkimus keskittyy pddasiassa perustutkimukseen,
yhdyskuntajétteen biokaasuprosessien tutkimukseen, suuren mittakaavan
biokaasulaitoksiin sekd laboratoriomittakaavan tutkimukseen. Tdma kuvastaa
sitd tosiasiaa, ettd julkaisujen tuottaminen on tdrkedmpdd kuin tilatason tut-
kimus ja tuotekehitys. Maailmanlaajuisesti néyttda siltd, ettd on erittdin vai-
keaa, ellei mahdotonta, 10ytdd rahoittajaa tilatason tutkimukselle, erityisesti
tilatason biokaasureaktorin prototyyppitutkimukselle. Syyt tdhdn voivat olla
seuraavat: Biokaasulaitoksia késittelevé tutkimus vaatii monien tieteenalojen
osaamista, yhteistydon puute insindorien ja biotieteilijoiden vililla, korkeat



kustannukset perustutkimustulosten siirtdmisesté kdytdnnon teknisiin sovellu-
tuksiin, tutkijoiden véhiinen kiinnostus, koska tilalla tehtdvalla tutkimuksella
on alhainen arvostus tieteelliselld arvoasteikolla ja tilakohtaisten rakenne- ja
prosessiratkaisujen rajalliset siirtomahdollisuudet. Rahoittajien pitiisi tukea
paikka- tai tilakohtaista tutkimusta, jos bioenergia- ja biokaasuteknologian
liittdmistd maatilan rakenteisiin pidetdin tdrkeénd tavoitteena maatalouspo-
liittisessa viitekehyksessa.

Sekd kuivamidityksen tekniikkaa ettd kiinteiden orgaanisten jétteiden bio-
kaasutuottopotentiaalia on tulevaisuudessa tutkittava, jotta tidlld hetkelld ole-
massa oleva tietovaje voidaan korvata. Kuivamidatyslaitosten prototyyppi-
tutkimus voi tarjota kilpailukykyisen vaihtoehdon lietteen méadatykselle niilla
tiloilla, jotka kayttidvit kuivalantaketjua ja/tai energiakasveja biokaasun tuo-
tantoon.

On myos vilttdmitontd rohkaista viljelijoita ja elinkeinonharjoittajia kuiva-
maéditysteknologian kehittdmiseen koulutusta ja neuvontapalveluja lisddmal-
14.

Asiasanat: Biokaasu, kuivalanta, madatys, jatkuvatoiminen prosessi, maatila-
taso




Foreword

Finnish agriculture experienced rapid changes after Finland joined the EU.
Decreasing producer prices, increasing factor costs, increasing pollution of
lakes and the Baltic Sea by blue algae mainly caused by nutrients run off
from chemical fertilisers combined with a tragic drain of people and re-
sources from country side to metropolitan areas force decision makers to find
agricultural policy measures to ensure future income of the farmers left over.

After the Second World War, industrialisation of agricultural production and
subsidies for the Finnish agriculture resolved successfully the foodstuff de-
mand of increasing population but led finally to overproduction and envi-
ronmental pollution. Now it seems that another fashion follows the green
revolution: bio-energy production on-farm shall save the imminent collapse
of rural areas. On-farm biomass production shall reduce CO, emissions and
simultaneously secure the farmers income since the fossil energy resources
are soon exploited.

Independent top scientists showed for decades that the energy balance of fuel
production like ethanol or bio-diesel from field crops is negative, not sustain-
able, and very expensive. However, many decision makers support fuel pro-
duction from energy crops to satisfy the farmers associations, the ethanol and
bio-diesel industry, and the public although sustainability is hardly achieved
in contrast to fuel and biogas production from organic residues and organic
waste.

In Europe, the German speaking countries and Denmark support the produc-
tion of biogas on-farm. The positive effect is, that organic farm residues and
organic waste is recycled and by this the nutrient and energy balance of the
farm is improved. The negative impact is the increasing use of maize for
large-scale biogas production produced by the help of agricultural subsidies.

The idea to reduce nutrient run off to the Baltic Sea and to recycle residues
and waste from agricultural production, local food processing, and consumers
by use of a biogas plant on-farm was the starting point of planning the biogas
plant design in Jarna. In spite of economical constraints due to the prevailing
energy prices, the plant was constructed. A visit in autumn 2003 gave me the
inspiration to focus on anaerobic digestion of solid organic material. I thank
Prof. Artur Granstedt and Lars Evers for excellent co-operation within our
joint project.

Vihti 31.3.2006

Winfried Schéfer
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1 Introduction

European countries are committed to reduce CO, emission originating from
fossil fuels. Additionally changes in policy priorities as well as the develop-
ment of agricultural technology are important driving forces. The past sub-
sidy policy urged farmers for mass production where yield maximisation and
profit maximisation correlated closely. Now farmers are pushed to replace
quantity by quality. The new challenge for pioneer farmers is therefore sus-
tainable landscape management. This includes orienting farmers towards
entrepreneurship and markets and responding to consumers and citizen’s
expectations to safeguard in the long-term integrity of farm support (Euro-
pean Commission 2003). Both objectives sustainable landscape management
and market-oriented farming coincide with the basic organic farming princi-
ples IFOAM 2002). Organic farming principles for their parts include the
use of renewable energy resources and minimising nutrient losses on-farm as
far as possible. On-farm produced biogas may replace energy produced from
fossil fuels and so contribute to achieve the target to reduce green house gas
emissions. Dry anaerobic digestion of organic material reduces losses of ni-
trogen.

Organic wastes are subject of environmental legislation and dumping is no
more allowed from beginning of the year 2005 (VNp 861/1997). They are
ideal co-substrates for biogas plants and support nutrient recycling on-farm.
Animal-based organic waste is also suitable for biogas production. In accor-
dance with the EU-regulation (EU 1774/2002), animal by-products can be
used for biogas production too. Anaerobic dry batch fermentation reduces
pathogen agents originating from humans, animals, and plants up to 99.9%
(Look et al. 1999, Brummeler 2000). In remote areas, transport of animal-
based organic waste may easily increase transport costs unreasonably. An-
aerobic fermentation on-farm will relieve this burden.

Mainstream farm areas with intensive animal production like fur or poultry
farms do not have enough farmland to dispose the manure according to the
nitrate directive (VNa 931/2000). Especially fast growing animal production
units need alternatives to usual manure and slurry treatment technology (Leh-
timéki 1995). Anaerobic fermentation may be a suitable technique to solve
these problems.

The most on-farm biogas plants in Europe use slurry and co-substrate. How-
ever, this technology is reasonable only on farms using already slurry tech-
nique. Slurry biogas plants are well developed in those European countries,
where investment subsidies for biogas plants are granted in combination with
high compensation for electric power production. These conditions prevail
mainly in German speaking countries, figure 1.
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Figure 1. Number of biogas plants in Austria and Germany (Braun et al.
2005, Boxberger et al. 2002, Weiland & Rieger 2005).

1.1 Dry anaerobic digestion plants on-farm

Present commercially available biogas plants are mainly suitable for slurry
and co-substrates. Cattle, horse, and poultry farms using a solid manure chain
experience a crucial competitive disadvantage, because both feeding equip-
ment of solid organic material to slurry reactors and conversion to slurry
technology for spreading fermentation residues requires additional invest-
ments.

In contrast to on-farm biogas pants the capacity of European dry anaerobic
fermentation biogas plants used in municipal organic waste disposal exceeds
the capacity of wet fermentation plants, 57 Mg/a versus 48 Mg/a (Kraft
2004). Numerous manufactures offer special process technologies. The proc-
ess description is available from the enterprises: 3A http://www.3a-
biogas.com/, ATF (Fischer et al. 1994), BEKON http://www.bekon-
energy.de/, KOMPO-GAS http://www.kompogas.ch/, DRANCO www.
ows.be, VALORGA http://www.valorgainternational.fr/. Table 1 presents
typical parameters of municipal solid waste plants.
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Table 1. Technical parameters of common large-scale organic waste disposal
dry fermentation plants (Kraft 2004).

g £
5 g
£ S
“q_) . . o
> c < Biogas yield g
‘S £ E =
Process Waste 5f B & 9
®© %) ©
(@] — n'e
Nm3 Nm3 Nm3
Mga' % d Mg Mg Mg" % CH,
VS VS Input
3A Bio waste 45-50 410 285 100 55
BEKON Bio waste <50 28-35 240-530 170-370 60-130 55-60
KOMPO-GAS BiOWaste, 54444 35 5.0 380 245 85 50-63
green cut
ATF Bio waste 1000 35-50 15-25 120-400 96-320 30-96 55-65

DRANCO Bio waste 20000 18-26 20-30 550-780 390-550 120-170 50-65
DRANCO Residues 13500 56 25 460-490 240-250 133-144 55
VALORGA Bio waste 52000 30-35 24 390-410 175-185  80-85 55-60

An early prototype plant for digestion of solid organic farm residues was
developed in the Netherlands 1980-1984 (Hofenk et al. 1984) but it was not
considered competitive with dumping. Based on the technological progress of
anaerobic digestion of municipal solid waste, farm scale dry fermentation
prototype plants were developed for anaerobic digestion of organic material
containing 15 to 50% total solids (Hoffman 2001). The reported top ten bene-
fits of dry anaerobic digestion biogas plants (Hoffmann & Lutz 2000, Hoff-
mann 2000) are obviously in line with the objectives of organic farming prin-
ciples and strengthen sustainable agriculture:

1. Dry anaerobic digestion is suitable for nearly all farm residues like ma-
nure, plant residues, and household organic wastes. Higher energy den-
sity compared to slurry digestion requires less capacity of the reactor and
reduces construction costs.

2. High dry matter content reduces transport costs due to reduced mass
transfer in respect of the produced biogas quantity per mass unit.

3. Mobile digester modules allow batch production and continuous, well
controllable gas production.

13



4. Dry anaerobic digestion residues are suitable for composting and by this
useful fertilisers outside the farm gate e.g. estate gardeners.

5. Dry anaerobic batch digestion does not need special techniques like
slurry pumps, mixers, shredders, and liquid manure injectors for distribu-
tion. Most machinery necessary for filling and discharging the digester
like front loader and manure spreader is often already available on-farm.

6. Process energy demand for heating is lower than in slurry reactors be-
cause of reduced reactor size. Process energy of dry anaerobic batch di-
gestion is not required because there is no need of continuous homogeni-
sation.

7. Improved process stability and reliability. There occur no problems like
foam or sedimentation. Possible digestion breakdowns are easily to re-
solve in batch digesters by exchanging the module.

8. Reduced odour emissions because there is no slurry involved. According
to Benthem & Hénninen (2001), anaerobic digestion reduces odours from
slurry and kitchen waste up to 80%.

9. Reduced nutrient run off during storage and distribution of digester resi-
dues because there is no liquid mass transfer.

10. Suitable for farms without slurry technology, especially farms using deep
litter systems e.g. chicken production. We estimate that 60% of Finnish
manure originates from farms handling solid manure.

On-farm research (Gronauer & Aschmann 2004, Kusch & Oechsner, 2004,
Kusch et al. 2005) and prototype research (Linke et al. 2002, Linke 2004) on
dry fermentation in batch reactors show that loading and discharging of batch
reactors remains difficult and/or time-consuming compared to slurry reactors.
Additionally a constant level of gas generation requires offset operation of
several batch reactors. Baserga et al. (1994) developed a pilot plant of 9.6 m’
capacity for continuous digestion of solid beef cattle manure on-farm. How-
ever, on-farm dry fermentation plants are not common and rarely commer-
cially available. We assume that lack of tested technical solutions and scarce-
ness of on-farm research results are the main reason for low acceptance of
dry fermentation technology on-farm.

Table 2 and table 3 show a summary of farm scale dry fermentation plants
developed up to now. By our knowledge, only the batch module reactor is
commercially available all others are either farm scale prototypes or research
reactors.
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Table 2. On-farm dry fermentation batch reactors.

- Concrete
or steel
container

- Container
module

- Plastic bag

- Dome
reactor

- Foil cover

- Landfill-type
cell

Kuusinen & Valo (1987) tested the first Finnish prototype at
the Labby-farm in Isnis. The capacity was 100 m®; the or-
ganic material was a mixture of pig manure and straw from
turnip rape and wheat. It was not competitive.

Hoffmann (2000) described a module system using lorry plat-
forms and steel containers. The low cost of the reactor module
is partly compensated by the large quantity of inoculum (up to
60%) required.

Gronauer & Aschmann (2004) evaluated a two-container plant
of 112 m® capacity using grass silage, dairy, and poultry ma-
nure and residues from landscape green cuttings. This type is
the only commercially available one.

Kusch et al. (2005) described a similar prototype made of 4
containers & 128.7 m® capacity set up by a farmer.

Linke et al. (2002) tested and Jakel (2004) evaluated the use
of the US AG-BAG silage-technology. A plastic bag of about
250 m® capacity serves as biogas reactor. Up to now, there
are promising and disappointing results, the latter ones during
wintertime.

A cheap wire mesh cage as reactor cover was developed at
Leibniz-Institute of Agricultural Engineering Bornim (ATB) and
evaluated by Mumme (2003) with promising results. The ca-
pacity of the reactor was 7.5 m?® and the reactor digested ma-
nure and grass silage.

A foil covered heap reactor of 20 m® capacity was developed
at ATB and described by Schulze (2005). In contrast to the
container module only 0.2% inoculum was necessary. This
solution may be very suitable in tropical countries.

Parker (2000) described a similar foil cover plant: “In Texas
two 91 m°® cells were excavated in the native soil and lined on
the top and bottom with EPDM geomembranes, and manure
(32% VS) was placed within the cells. The biogas production
appears to be highly temperature dependent, as biogas was
produced for only 7 weeks out of the year.” This solution may
be suitable in tropical countries too.
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Table 3. Continuously working on-farm dry fermentation reactors.

- Anacom

The first continuously working pilot reactor was
set up at the Swiss agricultural engineering re-
search institute (FAT) in Tanikon. Baserga et al.
(1994) described and evaluated by the plant. The
capacity was 9.6 m®. The reactor digested cattle
manure and grass silage. It did not find its way
into praxis.

- Fermentation channel

Also at FAT, a channel pilot reactor was devel-
oped and described by Baserga & Egger (1994).
Baskets filled with solid manure pass through a
slurry filled airtight fermentation channel. This
solution did not find its way into praxis yet.

The performance parameters of dry fermentation reactors in figure 2 base on
the findings from literature. The methane production refers to the volatile
solids of the organic input and the reactor productivity to the reactor volume.

600

500

[]Concrete or steel container
(Kuusinen & Valo 1987)

[[] Plastic bag (Linke 2002)
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300

Dome reactor (Mumme 2003)
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[I1 Foil cover (Schulze 2005)
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[7] Container module

[T

m

(Kusch et al. 2005)

% Container module
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‘ = (Gronauer & Aschmann 2004)
Reactor productivity

3 B Anacom (Baserga et al. 1994)
ICHym™ d

Figure 2. Comparison of methane production and reactor productivity.

There are many advantages compared to wet fermentation as shown in table 2
and 3 but most of them are compensated by disadvantages mainly caused by
filling, emptying and mixing the organic material.
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1.2 Environmental impact of dry anaerobic
digestion

Reeh & Mpller (2001) reported that the assessment of energy balance, nutri-
ent recycling, and global warming came out in favour of biogas production,
but especially the results regarding estimation of global warming mitigation
differ according to the assumptions made. Their calculations showed that a
fugitive loss of approx. 14% (biogas losses in Europe: 3.5 to 8.4%) of the
biogas produced by anaerobic digestion will turn the scale in favour of com-
posting regarding global warming mitigation. Regarding emission of xenobi-
otic compounds, they conclude that composting is much in favour because a
number of organic micro-pollutants are rapidly degraded during composting
as opposed to anaerobic treatment.

Schauss et al. (2005) focused on the emissions of anaerobically treated or-
ganic matter. Straw and intercrops were harvested, fermented in a biogas
reactor, and applied as fertiliser on the field. Both, liquid and solid digestion
residues were applied as fertiliser. Winter wheat generally revealed a low
level of N,O emissions and indicated reduced losses (458 g N ha™' a™) of the
soil compared to the control variant (770 g N ha™ a™). Measurements of the
CH, fluxes showed a slightly decreased CH, uptake rate (484 g C ha' a™)
compared to the control variant (591 g C ha™ a™).

Stored solid manure heaps are a source of nitrous oxide and methane emis-
sions (Yamulki 2006). In addition, indoor organic farmyard manure generates
methane and nitrous oxide emissions. Sneath et al. (2006) measured a CH,4
emission rate of 17.1 g C m> d"' and 411 mg N m™ d'. Skiba et al. (2006)
measured an emission rate of 1.4 — 38.6 g N,O-N m™ d' for a 300 m’ dung
heap. Continuous anaerobic digestion of daily produced solid manure would
reduce these losses. This is important because solid manure storage may
cause even higher green house gas emissions than storage of slurry. EEA
(2004) reported 0.3 to 0.6 kg TAN kg N for farmyard manure and 0.069 to
0.15 TAN kg' N for slurry. Because the dry matter content of dry fermenta-
tion residues is high, it can be aerobically composted further.

Table 4. IPCC default emission factors for N,O emissions from manure
management (EEA 2004).

Animal Waste Emission Factor EF3(AWMS)
Management System | (kg NoO-N per kg N excreted)1
Liquid system 0.001 (< 0.001)

Solid storage & drylot 0.02 (0.005 - 0.03)

'see IPCC/OECD/IEA (1997) for default method to estimate N excretion per Animal Waste Man-
agement System
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There may be other positive environmental impacts of dry anaerobic diges-
tion biogas plants on farm compared to slurry biogas plants. If an aerobic
process heats the solid organic matter followed by anaerobic fermentation
two positive effects are achieved: First, the high temperature during the aero-
bic process reduces pathogens and second the generated heat is used as proc-
ess heat for the following anaerobic process.

The anaerobic co-fermentation of organic municipal solid waste increases the
biogas yield and contributes simultaneously to reduction of CO, emissions
(Whulf et al. 2005). Moller (2003) estimates that aerobic composting of farm-
yard manure recycles 36.4 kg N ha™' (losses 35%), anaerobic digestion of
farmyard manure 47 kg N ha™' (losses 16%), anaerobic digestion of farm yard
manure and organic residues of the farm 76.4 kg N ha™ (losses 16%), and
anaerobic digestion of farmyard manure and organic residues of the farm and
from organic waste coming from outside the farm 110 kg N ha™ (losses
16%).

Marchaim (1992) concludes from a literature review that control of patho-
gens by the thermophilic anaerobic process is more effective than aerobic
fermentation.

1.3 Use of digestion residues

The digestion residues of municipal waste biogas plants are usually separated
into a liquid and solid fraction. Compost from the solid fraction is sold to
hobby gardeners and landscape cultivating enterprises.

In contrast to slurry on-farm biogas plants, there is no knowledge about the
properties of digestion residues of on-farm dry fermentation plants. Digestion
residues of slurry improve the humus quality, reduce ammonium losses (As-
mus et al. 1988, Asmus & Linke 1987), and may even improve yield of field
crops (Koriath et al. 1985, Marchaim 1992).

Deuker et al. (2005) found that “fermentation of crop residues and catch
crops increases to about 70% the mobile fertiliser pool but the productivity of
the whole system is not higher, because a) about 50% of N is within the solid
phase of fermentation residue with a wide C/N ratio (=19) and b) harvest and
storage of crop residues and catch crops decreases the N-loss potential in
winter (NOs, N,O), but other losses related to harvest, storage and mainly to
spreading back on the soil in spring time are affecting the N use efficiency of
the system.”
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1.4 Economic assessment in respect of Finnish
farms

The cost calculations made for the prototypes described in chapter 1.1 show
that dry fermentation on farm is not economical. To compare the different
solutions, we calculated the investment and the gas production cost. Figure 3
presents the results. We calculated the investment cost from the construction
cost and the depreciation period. The gas production cost is the ratio of the
investment cost and the gas produced during the depreciation period of the
reactor. We estimated the construction cost at 5000 € for the dome and the
foil cover reactor and at 300 000 € for the container reactor described by
Kusch et al. 2005. We estimated the depreciation period at 20 years for the
container reactors and at 10 years for dome and foil cover reactor. For the
plastic bag reactor we estimated the VS at 84% of TS and the CH,4 content at
55%. All other figures are from the authors, see appendix 7.5.

120
110 - [ Concrete or steel container
(Kuusinen & Valo 1987)
100 —
90 — O plastic bag (Linke 2002)
50 =1 '\
70 — - 7] Dome reactor (Mumme 2003)
60 — ] i
50 — - oo I [ Foil cover (Schulze 2005)
40 — — —
30 L — = | [J Container module
RS T — — (Kusch et al. 2005)
20 1 i — —
10 B — —— | El Container module
0 i — — (Gronauer & Aschmann 2004)
Investment Production cost H Anacom
€a'm? cent m> CH, (Baserga et al. 1994)

Figure 3. Comparison investment and gas production cost of on-farm dry
fermentation plants.

In literature, we could not find any proof, that dry fermentation on farm is
more competitive than wet fermentation. If we transfer the results form litera-
ture to Finnish conditions we state, that higher process energy demand due to
the environmental conditions and lack of political and economical support in
respect of renewable energy production on-farm hamper the competitive pro-
duction of biogas.
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2 Material and methods

We report about an innovative two-phase farm-scale biogas plant. The biogas
plant in Jdrna was set up 2003 at the Yttereneby farm as demonstration plant
related to the BERAS-project, a European Regional Development Fund IN-
TERREG III B project. The goal is, by promoting a high degree of recycling,
reduced use of non-renewable energy, and use of the best-known ecological
techniques in each part of the system, to reduce consumption of limited re-
sources and minimize harmful emissions to the atmosphere, soil, and water.

Comparison of dynamic, organic, and conventional farming systems (DOC)
revealed in long term experiments, that the bio-dynamic system showed best
results (Méder et al. 2002) in respect of soil fertility and environmental pollu-
tion. Consequently, all farms at the local food area of Jarna shown in figure 4
apply the biodynamic farming system, which includes the use of solid ma-
nure compost. The plant continuously digests dairy cattle manure and organic
residues of the farm and the surrounding food processing units. The two pha-
se reactor technology was chosen for two reasons: first, it offers the separa-
tion of a liquid fraction and a solid fraction for composting after hydrolysis
and second, the methanation of the liquid fraction using fixed film technol-
ogy results in a very short hydraulic retention time, reduction in reactor vol-
ume, and higher methane content of the biogas (Lo et al. 1984).
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Farms Processing Food stores Consumers
Import Biogas Skilleby F.
‘arm shops
....... > @ _» | farm garden
Sun energy t Skilleby- Salta mill
holm Reko —
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Ytter- dairy Cons Private | . >
= enehy T households
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Nibble Ho;tlul]lnm market
rocess School:
[ucls industry | ICA | s —
Skiivefarm || ————i @ L. Joe :
External garden 51 Institutions
house ‘
resources —
¥ [ = —  —
Waste Waste
Waste
T 1
' |
Material flow
g Il {1 {1 Il
| Emissions to soil and water |

Seurce: Gransiedt hilip:/'wrww.jifh se'herss’ BERAN- Eaftic Ecelogical Hecycling Agricofiore and Soclely

Figure 4. Environmental background of the biogas plant in Jarna.
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2.1 Technical documentation

To collect the technical data we visited the plant between 2003 and 2005
several times. Lars Evers, who set up the plant and operates it since Novem-
ber 2003 delivered the technical information for the plant details and re-
corded the gas yield, CO, content, reactor temperature and electrical power
consumption.

The gas yield of each reactor was measured by a gas meter (Actaris G6 RF1)
and the reading was daily recorded. Since autumn 2004, another gas meter
(Krom-Schroder BK-G4T) was installed to record gas consumption of the
boiler. CO,-content of the biogas was measured once by falling out soda in
soda lye.

The weather station of biodynamic research institute in Jarna recorded the
weather data (mean day temperature and wind speed). The flow diagrams
follow the SFS-EN ISO 10628 (2000) standard.

Figure 5 shows the principle of operation and the location of the sampling
points.

Figure 5. Principle of operation of the prototype biogas plant at Yttereneby
farm, Jarna, Sweden. 1 feeder channel, 2 first or hydrolysis reactor, 3
drawer, 4 drawer discharge screw, 5 solid residue separation screw, 6 solid
residue after hydrolysis, 7 drain pipe of liquid fraction, 8 liquid fraction buffer
store, 9 pump and valve, 10 second or methane reactor, 11 effluent store,
12 gas store, 13 urine pipe, 14 urine store
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2.2 Sampling and analysis of organic matter

We weighed the daily solid manure input and the daily solid fraction output
on 3.3.2004 and 26.10.2004. The daily spread litter (oat husks and straw) was
weighed on 6.5.2004 and 26.10.2004 according to the information given by
the farmer and his employees. To measure the quantity of the liquid fraction
and of the effluent we recorded the level of the liquid fraction buffer store
and the level of the final store respectively.

We took samples from the input (oat husks, straw, and manure) and the out-
put of the first reactor (solid and liquid fraction) and the second reactor (ef-
fluent). First sampling was done on 3.3.2004 and total solids and nutrient
content were analysed by HS Miljolab Ltd. in Kalmar, Sweden. Second sam-
pling was done on 6.5.2004 and third sampling 26.10.2004 Total solids and
nutrient content were analysed by HS Miljolab Ltd. in Kalmar, Sweden and
Novalab Ltd. in Karkkila, Finland. Volatile solids were analysed at the labo-
ratory of MTT/Vakola by heating samples for 3 h at 550 °C.

2.3 Composting experiments

For the compost trials (10.5.2004-13.8.2004 and 27.10.2004-16.3.2005),
samples of 50 1 manure and 50 1 solid fraction from the hydrolysis reactor
were aerobically digested at 15°C and 20°C respectively in the climate
chamber of MTT/Vakola. The aerobic digestion took place in a bottomless 60
1 plastic container set on a wire mesh shelf. During the trial period, we turned
the samples three times and during the first trial, we added 1.3 | water. We
recorded the environmental temperature and the process temperature during
the composting period. Figure 6 shows the samples.

Figure 6. Compost trials. Left: solid fraction, right: manure. Picture: Marja
Lehto.
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2.4 Modelling material, nutrient, and energy flow

2.4.1 Mass balance

The following block diagram shows the material flow. The blue boxes de-
scribe the processes, the white boxes the input and output, and the yellow
boxes digestion residues within the process:

—>

Solid

fraction Biogas

and mixing generation

T Feeding ! Hydrolysis | Separation Methane J9:>

Inoculum +— Liquid
fraction

Manure

Effluent [—

J

Figure 7. Block diagram of the biogas plant

Measuring mass flow of continuously working biogas plants at a specific date
implies the risk of measuring errors. Especially the daily input of oat husks
and straw vary widely depending on the person working in the stanchion bar.
Farmers usually do not weigh and analyse the spread litter. The quantity and
quality of faeces in terms of volatile solids depends on the quantity and qual-
ity of fodder, the metabolism of the animals and the environmental conditions
like temperature, air humidity, and behaviour of farm staff and may change in
a wide range. Number of animals varies by sale and birth. Therefore, we vali-
dated the measured masses by means of a linear equation system. Based on
the law of conservation of mass we get equation 1:

M=S+E+B (1)

M denotes fresh mass of manure, S mass of solid fraction of digestion resi-
due, E mass of effluent and B mass of biogas. All masses, except of biogas,
were recorded in kg d’. In respect of TS and VS, following equations are
valid:

M-TSy = S-TSs+E-TSg +B- W )
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M:-VSy = S:-VSg+E - VSg 3)

TS stands for total solids and VS volatile solids of each component respec-
tively and W the mass of vapour in the biogas.

The input material is a mixture of faeces, straw and oat husks:
M=F+STR + H 4)

M is manure, F faeces, STR straw and H oat husks in kg d'. We calculated
the mass of faeces by subtracting the weighed mass of straw and oat husk
form the weighed mass of manure.

Because the biogas yield G was measured in cubic meters separately for both
reactors, the calculation of the biogas mass B has to be calculated. The biogas
consists of methane ME, carbon dioxide C, and vapour W. Other components
of the biogas like sulphur and siloxanes are neglected. Since we measured
only the CO, content in volume percent of the biogas yield, we estimate the
vapour percentage. Referring to Weiland (2003) we assume, that 3 volume
percent of the biogas is vapour. Further biogas is produced in both reactors
denoted by indices: 1 for the hydrolysis reactor and 2 for the methane reactor.

B= Gy ((pme' (1-w-cp))terpetwpw) Gy ((pme (1-w-C2))+C'pctwpw)  (5)

pume 1s the specific weight of methane, w the volume percentage of vapour, ¢
the volume percentage of carbon dioxide in the biogas, pc the specific weight
of carbon dioxide, and py the specific weight of vapour.

For the calculation of biogas mass, we used following figures: pc = 1.977 kg
m>, the pye = 0.717 kg m™, and pw = 0.804 kg m™, valid at 0°C and 1.0132
bar barometric pressure (Brockmann 1987). Because the carbon dioxide
measurement was done only once we use for ¢; = 40% and for ¢;= 32%. Us-
ing equation 5 to convert the biogas yield G into biogas mass B we get:

B=G; - 1.22361+ G, - 1.12281 (6)

The mass of carbon dioxide is:

C=Gy cipc+ Gy - erpe @)
or
C=G, - 0.7908 + G, - 0.63264 (8)
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The mass of methane is:

ME = pye (G- (1-w-¢1) + Gy (1-w-c2)) )
or
ME = G- 0.40869+ G, 0.46605 (10)

The mass of vapour in biogas is:

W=(G+G) W-pw (11)
or
W =G-0.02412 (12)

Using the equations 1-3 and the measured TS, VS, and gas yield, we calcu-
lated the mass of the solid fraction and the effluent:

_ B'((AM 'AE)'(TSM _1)_AM '(TSM 'TSE))"‘W'(AM 'AE)

S= 13
(Av-Ap)-(TSs-TSy) (TS, -TS;)- (Ag -Ay) (13)

_ AS'AM . B
E=S AM'AE —AM AM'AE (14)

where Ay, As, Ag is the ash of each component calculated from the differ-
ence between total and volatile solids:

Ay =TSp-VSy (15)
AS :TSS -VSS (16)
AE = TSE -VSE (17)

The calculated mass was than compared with the measured one. Finally, the
recorded VS and TS values were adopted within the boundaries of measuring
accuracy by an iteration algorithm to comply with the linear equation system.

Based on the results of the mass balance we calculated the load and the per-
formance parameters of the biogas plant according to Linke et al. (2003).

Basic parameters are the input Q;, and the output Q,, of the organic material
and the biogas yield of each reactor. The organic material input of the hy-
drolysis reactor is the manure; the input of the methane reactor is the liquid
fraction from the hydrolysis reactor. The organic material output of the hy-
drolysis reactor is the solid fraction and the liquid fraction, the output of the
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methane reactor is the effluent, see figure 7. The load rate depends on the
capacity V of each reactor (see annex 7.8). We calculate the volume of the
input and output by the following equations. The index 1 stands for the hy-
drolysis reactor and index 2 for the methane reactor:

Qin=M - py’ (18)

For further anaerobic digestion in the methane reactor only the liquid fraction
of the hydrolysis reactor is used:

Qiow =M -S -G - 1.22361) - p;’ (19)
Q2in = Qlout (20)
Qo =E - pg”! 1)

We calculate the retention time t and loading rate 1 with the following equa-
tions:

t1=V; - Qun’ (22)
ty= V5 Qupn’ (23)
l,=VSyu- Qlin_l ! (24)

We calculate the volatile solids of the liquid fraction from the difference be-
tween the volatile solids of manure and the solid fraction minus the biogas
generated in the hydrolysis reactor:

L=(VSu- VSs—Gy - 1.22361- pi") - Qi - 1! (25)

We refer the yield rate y to the input of volatile solids and the volume effi-
ciency v to the effective capacity of each reactor:

y1=G; - 1000 - VSy" (26)
y2=G, - 1000 - (VSy - VSs— G, - 1.22361)"! (27)
vi=G, 1000V, (28)
v2=G, - 1000 - V! (29)
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2.4.2 Nutrient balance

The quantity of nutrients in faeces depends on the quantity and quality of
fodder, the metabolism of the animals and the environmental conditions like
temperature, air humidity, and behaviour of farm staff and may change in a
wide range (Gruber & Steinwidder 1996).

From the masses and the dry matter content of all components, we calculate
the nutrient balance. From the laboratory analysis, we get the nutrient content
X of each component. The difference between input and output is the loss L
of nutrient X. Generally, we calculated the nutrient balance of the biogas
plant as follows:

M- TSy Xmu=S"TSs- Xs+E-TSg- Xg + L (30)
where
M ° TSM XM:F N TSF‘XF+ STR ° TSSTR N XSTR+H ° TSH XH (31)

Because the solid fraction is further composted, the final output embraces the
nutrients of the compost of the solid fraction SC and the nutrients of the ef-
fluent:

M'TSM'XM:SC'TSSc'Xsc+E'TSE'XE+LA (32)

We name the entire process of anaerobic digestion followed by aerobic com-
posting of the solid fraction as process A. Consequently, we name the mere
aerobic composting of manure as process B and the output as manure com-
post MC.

M - TSM . XM =MC - TSMC : XMC + LB (33)

Finally, we compared the nutrient losses of both processes to evaluate the
pros and cons of aerobic and anaerobic/aerobic treatment of solid manure.

The error margin of the laboratory analyses (see appendix 7.4) has to be
taken into consideration evaluating the results presented in chapter 3. The
error margin of N-content may reach up to 50%. Because of the low number
of samples, none of the results presented in chapter 3 can be confirmed statis-
tically.
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2.4.3 Energy balance

Figure 8 shows the energy flow of the biogas plant. The energy input demand
Qi depends on the temperature and the mass of input material, the environ-
mental daily mean temperature, the wind speed, and of heat energy for heat-
ing the input material. It is approximately calculated by following equation:

Qr=Qu+Qr+ Qe (34)

where Qy is the energy required to heat the input material (first reactor: ma-
nure, second reactor: liquid fraction of the first reactor), Qg the energy to
maintain the process temperature of the reactor and Qg the electric power to
run the electric motors for mass transfer equipment. The energy required to
heat the input material up to the process temperature t; is calculated on the
assumption, that the temperature of the input material is the same as the aver-
age daily mean temperature t,. Because the specific heat capacity of the input
material is unknown, we assume that it is equal to the specific heat capacity
of water:

Qu=(M+E)- 1.17Whkg' K" - (4 - t,) (35)

Electric power Qg Heating reactor Qg
Heating input material Qy

A

Biogas

Biogas plant
| Gas burner Gas surplus

\4 \4

Conductive-convective Heat losses
heat transfer Exhaust Qg,

Figure 8. Energy flow of the biogas plant
The energy to heat the reactor Qg is equal to the conductive-convective heat

transfer of the reactor surface to the environment and is approximately calcu-
lated with the following equations:
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Qr=k-A-(t - t)-24hd" (36)

Where A names the reactor surface and k the k-value, which is calculated by
equation (37):

k= 1/ (1/ Olsubstrate/steel + dsteel/ 7\‘steel + dcellulose/ Xcellulose + dair/ }"air—"_ 1/ ametal/air) (3 7)

The heat transfer coefficient o and the thermal conductivity coefficient A of
the reactor wall elements are compiled in table 5:

Table 5. Parameters for calculation of the conductive-convective heat transfer
of the reactor surfaces. a heat transfer coefficient, d wall thickness, A thermal
conductivity, t temperature

Parameter Unit Value | Source
Usubstrate/steel w m-2 K-1 382 Estimated

dsteel m 0.01 | Measured

Asteel Wm' K’ 40 | Brockmann 1987
deeluiose m 0.2 | Measured
Acelluiose Wm' K’ 0.041 | Estimated

dair m 0.02 | Estimated

Aair Wm' K’ 0.024 | Brockmann 1987
e W m?K" 13.9 | Estimated

The electric power consumption of the whole plant was recorded by a sepa-
rate meter. From the measured gas consumption of the gas burner Gy and the
calculated energy input for process heating, we calculated the heat losses in
the exhaust gases of the burner:

Qe =Gg-c-10*Whm?-Qy-Qr (38)

Where c is the average volume percentage of carbon dioxide in the biogas,
which is derived from the biogas yield of both reactors:

¢c=(Gi ¢ +Gy ) (Gi+ Gy (39)
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2.5 Cost benefit analysis

The costs of biogas production depend on the investment cost for the biogas
plant and the operational cost. Operational costs depend on working hours,
material input cost, and maintenance and repair cost. These factors are mainly
dependent from type of process technology, stability of the fermentation
process, environmental conditions as well as from quantity and quality of the
organic input material. The quantity of volatile solids in the input material
decides about the biogas yield. The quality of the input material in respect of
the biogas potential is expressed by the methane generation rate measured in
litre methane per kg volatile solids.

The benefit of the biogas production depends on compensation for organic
waste disposal, gas price, nutrient value of digestion residues, and reduction
of environmental pollution.

The biogas plant generates income, if either farm waste disposal fees can be
saved or if waste disposal fees are paid to the farmer for organic material
coming from outside the farm. The value of the biogas depends on the energy
mode. Heat usually is simply to produce by burning the biogas, but wood is
generally much more competitive for heat production. A value adding effect
on-farm can be achieved, if the exhaust gases from biogas combustion are
used as carbon dioxide manure in glasshouses (Schifer 2003).

If the gas is cleaned, it can be used as fuel for combustion engines to power
an electric generator (CHP-unit). In this case, the biogas value corresponds to
the price of electric power and the price of heat that may be compensated
using waste heat of the CHP-unit. An important economical factor of a CHP-
unit may also be the independency from power cuts caused by natural haz-
ards.

After cleaning and carbon dioxide removal, the compressed biogas can be
used as fuel for LPG engine cars. In this case, the value of the biogas is re-
lated to the fuel price.

All energy conversion technologies include energy losses. Therefore, the
conversion efficiency has to be taken into consideration to compare the dif-
ferent alternatives. The gross heat energy of the biogas minus the process
heat energy required is the net heat energy available for production of heat,
electric power, or LPG fuel. In table 6, an example calculation considers all
the above-mentioned factors. It shows the wide range of on-farm biogas pro-
duction potential. The calculations are valid for both dry and wet fermenta-
tion. As input material, we choose manure from one dairy cows and organic
material including both farm waste and waste from outside the farm.
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Table 6. Range of income from biogas production depending on lower and
upper limits of input and process parameters. Typical values: cow manure as
mixture of straw and excreta; organic material as clover grass silage.

Input
100 kg organic
unit manure of one cow material

lower typical upper | lower typical upper
Fresh mass FM kg d’ 20 35 50 100 100 100
Content of volatile solids VS | % of FM 10 18 20 15 20 100°
Volatile solids kg VS d’ 2 6.3 10 15 20 100

Process data

Biogas generation | kg'1 VS 160 250 500 160 250 800
Methane content % 55 60 65 55 60 65
Heat value of methane kWh m* 9.12 99 10.13 9.12 99 10.13
E;c;(t:ess heat, % of gross % 50 25 10 50 25 10
Eﬂgf&?gﬂe'ecmc power g 25 30 35| 25 30 35
Efficiency heat production % 80 85 90 80 85 90
Eﬂgf&fgn';m fuel % 70 80 85 70 80 85

Prices
Price electric power c kwWh' 2.90° 6.00 10.00 2.90 2.00 10.00
Price heat c kwh 2.00° 400 6.00°| 200 200 6.00
Price fuel ¢ kwh 13.33" 13.00 14.44" | 10.00 13.00 15.00

Calculated results

Biogas yield I1d” 320 1575 5000 3200 3750 80000
Methane yield m®d” 0.18  0.95 325/ 176 225 52.00
Gross heat energy kWh d”' 1.61 9.36 3292 | 16.05 22.28 526.76
Net heat energy kWh d”' 0.80 7.02 29.63 8.03 16.71 474.08
Electric power only kWh d” 0.40 2.81 11.52 2.01 5.01 165.93
Heat only kWh d”' 0.64 5.96 26.67 6.42 14.20 426.68
Fuel only kWh d” 0.56 5.61 25.19 5.62 13.37 402.97
Income, electric power only |€ d’ 0.01 0.17 1.15 0.06 0.30 16.59
Income, heat only €4d’ 0.01 0.24 1.60 0.13 0.57 25.60
'p”ocvcv”e“re’ heatand electric | ¢ 41 001 030 211 015 071 33.77
Income, LPG fuel only €4’ 0.07 0.77 3.64 0.75 1.84 58.21

&for example glycerine

bcleaning and compression of biogas for LPG-fuel (Schwarz 2004)
°selling price

d energy price from wood chips

®light fuel oil price

fpetrol E95 price 1.20 — 1.30 € 1", 9 kWh I

31



From the results in table 6 we calculated that an assumed turn over of 50 000
€ a”' requires the manure of 38 — 1826 livestock units (LU), typically 105 LU
or 0.235 -18.2 t organic matter d”', typically 7.5 t clover grass silage d' if the
biogas is used for LPG fuel. The biogas plant including the biogas fuel proc-
essing unit will work economically only, if the sum of capital, work, mainte-
nance, and operating costs remains below 50 000 € a”'. The reactor volume
will be about 350 m’. Supposed the reactor costs 1000 €/m’ and the fuel
processing unit 150 000 € than the overall investment cost will reach 500 000
€. For dry fermentation of cow manure, a reactor volume of 175 m® may be
sufficient. The results show that farm specific conditions finally decide about
the profitability of biogas production. Usually on-farm biogas production
using only farm residues is not yet profitable. Garrison & Richard 2005 cal-
culated similar results. E.g. for dairy cows the break-even point for methane
recovery facilities was between 119 and more than 5000 LU.

Generally, four parameters determine the economy of biogas production on-
farm: Income from waste disposal services, compensation for reduction of
greenhouse gas emission, compensation for energy production and - most
important for sustainable agriculture - nutrient recycling benefits.

Hagstrom et al. (2005) confirmed these findings in an internal report for the
Finnish Ministry of Agriculture and Forestry.
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3 Results

3.1 Technical documentation of the biogas plant in
Jarna

The biogas plant is located at Jarna/Sweden about 50 km south of Stockholm
on the Yttereneby-farm. The plant is designed to digest solid manure of
65 LU dairy cattle and organic waste of the surrounding food processing
units.

Figure 9. View of the biogas plant. 1 hydraulic powered scraper, 2 hydrolysis
reactor, 3 drawer, 4 feeder channel, 5 extruder, 6 solid fraction, 7 drain pipe
of the liquid fraction (not visible), 8 buffer container of the liquid fraction, 9
control room with pump and burner, 10 methane reactor, 11 effluent store,
12 container with gas bag, 13 compost heap of solid fraction
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3.1.1Design and material flow

The block diagram of figure 5 may be helpful to illustrate the material flow
described here. Both reactors are made of COR-TEN-steel cylinders of
10 mm wall thickness and 2.85 m inner diameter formerly used as smoke-
stack. They are coated by 20 cm pulp isolation and corrugated sheet, figure
10.

A hydraulic powered scraper shifts manure from 65 adult bovine units kept in
a dairy stanchion stall into the feeder channel of the hydrolysis reactor. The
urine is separated in the stall via a perforated scraper floor. The manure is a
mixture of faeces, straw and oat husks. From the feeder channel the manure
is pressed by another hydraulic powered scraper (180 bars, 2700 mm stroke)
via a 400 mm wide feeder pipe to the top of the 30° inclined hydrolysis reac-
tor of 53 m’ capacity. The bottom of the hydrolysis reactor is on both sides of
the feeder pipe provided with hot water channels, see figure 10.

5

Figure 10. Cross section A-A of the hydrolysis reactor. 1 COR-TEN steel
cylinder 10 mm, 2 pulp isolation 200 mm, 3 corrugated sheet, 4 heating chan-
nel, 5 PVC feeder pipe.

Gravitation slowly pulls the manure down mixing it with the substrate. After
a hydraulic retention time of about 22 to 25 days at 38°C, the substrate is
discharged through a bottomless drawer in the lower part of the reactor. The
drawer is guided within a rectangular channel and powered by a hydraulic
cylinder (180 bar, 1000 mm stroke). Every drawer cycle removes about
0.1 m® substrate from the hydrolysis reactor to be discharged into the trans-
port screw beneath (Spirac, @ 260 mm), see figure 11.
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6

Figure 11. Function of the drawer. Left: filling, right: discharging. 1 frame,
2 transport screw, 3 extruder, 4 hydraulic cylinder, 5 bottomless drawer,

6 hydrolysis reactor

From the transport screw the major
part of the substrate partly drops into
a down crossing extruder screw
(Spirac, @ 200 mm) where it is sepa-
rated into solid and liquid fractions.
The remaining material in the trans-
port screw is conveyed back to the
feeder channel and inoculated into
the fresh manure. The solid fraction
from the extruder screw is stored in
the dung yard for composting.

The liquid fraction is collected in a
buffer container of 2 m® capacity and
from there pumped into the methane
reactor. Liquid from the buffer con-
tainer and from the methane reactor
partly returns into the feeder pipe of
the hydrolysis reactor to improve the
flow ability. The methane reactor is
4m high and filled with about
10 000 filter elements offering a
large surface area for methane bacte-
ria settlement. The effective reactor
capacity is 17.6 m’. After an hydrau-
lic retention time of 15 to 16 days at
38°C, the effluent is pumped into a
slurry store covered by a floating
canvas. A screw pump (Pumpen-
fabrik Wangen, Typ KL 30S-500)

@O © ©

Figure 12. Filling and discharging the
hydrolysis reactor. 1 frame of the
drawer, 2 recycling of liquid fraction
for lubrication of the feeder channel,
3 transport screw, 4 feeder channel,
5 drain pipe for liquid fraction, 6 ex-
truder screw
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conveys all liquids supported by four pressurized air-driven valves. The gas
generated in both reactors is collected and stored in a sack. A compressor
generates 170 mbar pressure to supply the burners of the process and estate
boiler with biogas for heating purposes.

Gas dewatering, gas pressure regulation and overpressure relief is regulated
by water columns within two heated water containers, figure 13. Condensa-
tion water in the gas pipe between water container and gas sack is blown out
on demand. For this purpose, the valves 5 are switched in such a position,
that the compressor blows out water and methane into the atmosphere. Desul-
phurization of the biogas did not take place in the first measuring period
2003-2004. Since autumn 2004, ferrous oxide is used.

le — 11
e 6
1
|

Figure 13. Water separation, pressure control of gas circuit. 1 Gas meter
hydrolysis reactor, 2 Gas meter methane reactor, 3 Water bin for 15 mbar
gas pressure control of the reactors, 4 Water bin for 4 mbar gas pressure
control of the gas store, 5 Valves for dewatering gas pipe, 6 Gas bag, 7 Gas
compressor, 8 Burner for process heating, 9 Furnace estate, 10 Valve pres-
sure air operated, 11 Dewatering pipe, 12 Pressure gauge

A PLC (Mitsubishi FX 2N 48 MR) controls the biogas plant is automatically.
Figure 14 shows the process flow diagram of the whole biogas plant.
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Code letters for apparatus and machinery
B1 | Buffer B2 i;r;lisure ar B3-B4 | Expansion tanks B5 Gas sack B6 | Effluent store Cl Hydrolysis reactor
C2 | Methane reactor D1 | Burner F1 Extruder F2 Granulate sepa- F3 | Water separator H1 hydraulic powered
rator drawer
Ml, Motors of hydraulic M3, P2-
H2 | Transport screw H3 | Conveyor belt M2 pumps M4 Gear motors P1 | Screw pump P5 Hot water pumps
Vi Pressure air com- V2 Gas w1 Heating feeder channel | W2 Boiler W3 Heating hydrolysis X1 hydraulic powered
pressor compressor reactor scraper

Code numbers of the valve

Valves for substrate flow control

| 6-9 Valves for dewatering gas pipe

| 10 Gas valve estate heating

Code letters for measurement and control functions

Level sensor of
buffer

&

Level sensor hy-
drolysis
reactor

®

Level sensor
methane reactor

Level sensor
gas sack

©

Gas meter
methane reactor

&

Gas meter hydro-
lysis reactor

&

Gas clock
burner

Figure 14. Process flow diagram of the whole biogas plant.




3.1.2 Mass balance

The biogas production of the plant started in 15" of November 2003. The
biogas production until the beginning of the pasture period 8" of May 2004 is
shown in figure 15. A frozen gas pipe biased the gas yield measuring results
in January and corrosion problems in the gas pipe of the hydrolysis reactor
impeded correct measurement of the gas yield in April. The actual cumula-
tive gas yield may therefore be higher than the measured one.
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Figure 15. B|ogas and methane yleld during the first measuring period
between 15" of November 2003 and 7" of May 2004.

In the hydrolysis reactor we measured 40% carbon dioxide and in the meth-

ane reactor 32%. Using equation (39) results in an average methane content
0f 59.5%.
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The second biogas yield recording period started 3™ of September 2004 and
ended 26™ of October because the gas yield decreased dramatically. The re-
cords are shown in figure 16.
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Figure 16. Biogas and methane yield during the first measuring period be-
tween 2" September 2004 and 26" October 2004

In autumn 2004, no carbon dioxide content records were available. Suppos-
ing the same values as in the first period, equation (39) results in an average
methane content of 57.8%.

Table 7 shows the average biogas yield and its components of both measur-
ing periods and the maximum yields. Notice that the maximum yield of the
whole plant does not coincide with the maximum yield of each reactor. Be-
cause we measured the mass input on single days, there are no daily organic
input records. Therefore, we calculated the mass balance assuming the values
in table 8, which were as close as possible to the measured values of the sam-
pling day and fulfilled the linear equation system (1), (2) and (3) of chapter
2.4.1.
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Table 7. Mean and maximum daily biogas yield of two measuring periods and
biogas yield during sampling days. R1 hydrolysis reactor, R2 methane reac-

tor.

Reactor R1 R2 R1+R2 R1 R2 R1+R2

Mean m* d” 15.11.03 - 8.5.04 3.9. - 26.10.04
Biogas yield 36.40 16.14 5254 | 49.21 542 5463
% | 69.28  30.72 100.00 | 90,08 9,92 100.00
Methane yield 2075 1049 3124 | 28.05 352 31.75
Carbon dioxide yield |  14.56 516  19.72 | 19.69 173 21.41
Vapour 1.09 0.48 1.58 1.48 0.16 1.64
Maximum m®d” | 23.3.04 29.4.04 29.3.04 | 27.9.04 8.10.04 28.9.04
Biogas yield 7400 3757 9148 | 60.06 16.16  69.32
Methane vyield 4218 2442 5439 | 3423 10.5  40.06
Carbon dioxide yield | 29.60  12.02  34.34 | 24.02 517  27.18
Vapour 2.22 1.13 2.74 1.80 0.48 2.08

The masses of the biogas and its components were calculated employing

equations (6), (8), (10), and (12).

Table 8. Assumed values of gas yield for mass balance calculation

R1 R2 R1+R2 |R1 R2 R1+R2
spring autumn
Biogas yield m® d” 289 192 481 | 470 52 52.3
% 60.0 40.0 100.0 | 90.0 10.0 100.0
Biogas mass kg 353 216 56.9 | 576 5.9 63.4
Methane mass kg 11.8 9.0 208 | 192 24 21.7
Carbon dioxide mass kg 228 122 35.0 | 372 33 40.5
Vapour kg 0.7 0.5 1.2 1.1 0.1 1.3

In contrast to the design calculations, the methane reactor produced less gas
than the hydrolysis reactor. The methane reactor generated in average in the
first period 34 vol% and in the second period 11 vol% of the methane. This
indicates that the process management has to be improved in such a way, that
the load rate of the first reactor is reduced and the load rate of the second

reactor is increased.

In spring, we measured about 2 Mg d' input of fresh manure, in autumn
about 2.4 Mg d”'. Based on the daily spread mass of husk and straw we calcu-
lated the proportion of faeces in the manure. Table 9 shows the results of the

mass balance.
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Table 9. Mass balance of fresh mass FM, total solids TS, and volatile solids
VS.

Mass FM kg d™ TSkgd! VS kg d™*

Year 2004 | Spring Autumn | Spring Autumn | Spring  Autumn
Input faeces 1717 2172 123 199 99 176
Input straw 27 58 24 44 23 37
Input oat husks 256 198 238 181 218 162
Sum input 2000 2428 385 423 340 375
Output solid fraction 920 1188 271 317 243 282
Output effluent 1023 1176 58 45 41 32
Output biogas 57 63 56 62 56 62
Sum output 2000 2427 385 423 340 375

From oat husks and straw, originate 53 to 70% of the volatile solids of the
input material. In the solid fraction remained 70 to 75% of the total solids, in
the effluent 10 to 15% and within the biogas 14.8 to 14.9%. Based on the
results presented in table 8 and 9 we calculated the load and the performance
parameters in table 10 of the biogas plant.

Table 10. Load and performance parameters of the reactors of the biogas
plantin Jarna

R1 R2 R1+R2| R1 R2 R1+R2
Year 2004 Spring Autumn

Effective capacity m® 53 18 7 53 18 7
Mass input kg FM d” 2000 1045 2000|2430 1184 2430
Specific weight input kg m> 946 968 989 1015
VS input kg VS d”’ 340 61 340 375 35 375
Biogas mass kg d” 35 22 57| 58 6 63
Methane mass kg d’ 12 9 21 19 2 22
Output mass kg FM d” 1045 1023 1184 1176
VS output kg VS d’ 61 40 35 30
Retention time d 25 16 22 15
Loading rate kg VS m?d” 6 3 7 2
Biogas yield lkg'Vs 85 313 141 125 147 139
Methane yield Ikg'Vs 48 204 85| 71 96 80
Volume efficiency Im3d”’ 544 1093 681| 887 297 740

Notice, that the solid fraction is removed after digestion of the manure in the
first reactor. Therefore, the loading rate and the yield rate cannot be calcu-
lated for the whole plant. This methodical problem makes it difficult to com-
pare this plant with one-phase plants. The output mass of the first reactor is
the liquid fraction and the output mass of the second reactor is the effluent.
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The results confirm that the first reactor is overloaded and the production
potential of the second reactor is not utilised. Recommended load rate for
dairy manure is 3 to 5 kg VS m™ d”' in one-phase reactors (Linke et al. 2003).
This value is probably suitable for the first reactor too. Fixed film reactors
like the second reactor can work with a loading rate of 32.8 kg VS m> d™ at
the same biogas yield level (Lo et al. 1984).

Consequently, the average methane yield of 80 to 85 1 CH, kg VS is low
compared to findings of other dry fermentation plants. Baserga et al. (1994)
reached 186 1 CH, kg™ VS from straw and manure of beef cattle. Moller et al.
(2004) measured 100 to 161 1 CH, kg™ VS from dairy cattle faeces and 100 1
CH,4 kg'1 VS from straw at 40 days retention time.

The volume efficiency of the plant is slightly better than the average of
common slurry fermenters. Oechsner et al. (1998) evaluated 66 plants and
measured in average 630 1 biogas m~ d”'. The latest evaluation Bundesfor-
schungsanstalt fiir Landwirtschaft (FAL) (2006) shows similar values. Most
(70%) of the 59 evaluated plants achieved a volume efficiency of 250 to 750 1
biogas m~d.

Figure 17 shows a comparison of the methane production and reactor produc-
tivity. The Kalmari plant near Jyvéskyld in Finland is digesting dairy slurry
continuously and the Ancaom plant is a continuously working solid manure
digesting plant, see chapter 1.1. The produced methane in terms of volatile
solids destroyed ranges between 0.48 and 0.51 1 CH,4 kg” VS destroyed in

800
[ Kalmari
700 o | (Rintala et al. 2002)
ICH;m™d
600 ]
500 . |E Anacom
(Baserga et al. 1994)
400 . ]
1CH kg™ VS —

300 — (] Jirna average
200 ]
100 ' | 2 Jarna maximum

0

Methane production Reactor productivity

Figure 17. Comparison of the Jarna biogas plant with continuously working
slurry (Kalmari) and solid manure (Anacom) digesting plants.
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spring and autumn respectively. The first reactor produced 0.47 and the sec-
ond reactor 0.58 1 CH, kg VS destroyed. These values are in line with pre-
vious findings reported by Hill (1984).

3.1.3 Nutrient balance

Before the biogas plant in Jdrna was established, the manure was aerobically
composted. Nitrogen losses of aerobic digestion can reach more than 50%
(Tiquia et al. 2002). During the anaerobic process, nitrogen cannot escape.
Therefore, we calculated the nutrient balance of both the anaerobic digestion
of manure followed by aerobic digestion of the solid fraction as process A
and the mere aerobic digestion of manure as process B, see chapter 2.4.2.

Based on the mass balance results and the laboratory analysis concerning the
nutrient content of the different organic material of both processes we calcu-
lated the results compiled in table 11.

Table 11. Nutrient content of the organic material in process A and process B

FM Ctot Norg Nsol Ntot N H4 Nox K P

kgt' kgt' kgt' kgt' kgt' gt' kgt' kgt'

2004 | td" FM FM FM FM FM FM FM FM
Input Spring | 2.0 85 368 082 450 067 121 3.90 1.13
manure Autumn| 2.4 79 281 069 350 045 240 470 0.68
Outputsolid Sering | 0.9 125 355 0.76 4.30 068 61 3.10 0.83
fraction Autumn| 1.2 112 3.07 063 370 044 190 3.90 0.71
Output Spring | 1.0 20 210 1.40 3.70 120 200 340 0.79
effluent Autumn| 1.2 9 140 1.10 250 1.00 100 3.20 0.51

Compostof Spring | 04 112 629 011 640 006 50 7.25 1.60
solid fraction Autumn| 0.3 206 13.49 0.41 13.90 0.15 253 15.33 2.83

Compost Spring | 0.9 83 517 013 530 006 70 6.80 2.00
ofmanure  Aytumn| 0.7 114 832 041 873 0.06 350 1500 2.47

Finally, we applied equations 30 to 33 to calculate the nutrient losses of both
processes. The results for spring are shown in figure 18 and for autumn in
figure 19.
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Figure 18. Nutrient balance of the biogas plant versus mere compost, spring
2004. 100% = solid manure input. A: anaerobic process followed by aerobic
composting of solid fraction; B: aerobic composting of manure.
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Figure 19. Nutrient balance of the biogas plant versus mere compost, autumn
2004. 100% = solid manure input. A: anaerobic process followed by aerobic
composting of solid fraction; B: aerobic composting of manure.




During the anaerobic digestion in process A, 14.6 to 15.4% of the carbon
remained in the biogas. During aerobic composting escaped 26 to 31% of the
input carbon of the solid fraction. In process B, 58 to 60% of the carbon es-
caped during aerobic composting. Even if the biogas yield would be threefold
more, there would still be 41 to 42.5% carbon available for composting of the
solid fraction. This confirms the hypothesis that the anaerobic digestion of
manure for biogas production and following aerobic digestion of the solid
fraction hardly has a negative impact on the humus balance (Moéller 2003)
compared to mere aerobic composting.

Total nitrogen losses ranged between 19% and 29% in process A and be-
tween 30% and 48% in process B. Similar values we found for NHa: up to
6% losses in process A versus 96% in process B. The results confirm the
calculations of Moller (2003) that biogas production increases recycling of
NH, and reduces overall nitrogen losses compared to mere aerobic compost-
ing. Potassium and phosphorus losses should not occur. However, the calcu-
lated losses were higher in process A than process B. The reason may be that
the error margin of the laboratory analysis is 10%. Further, the mass balance
results may be not precise enough due to the low number of samples.

3.1.4 Energy balance

Produced and consumed energy between 23.11.2003 and 7.5.2004 is shown
in figure 20. The mean day temperature was about 0.4 °C. In average 76.3%
of produced methane was used for process heating. At most 56% of the pro-
duced energy was available for heating the farm estate. The calculated con-
ductive and convective heat losses of the reactors were only 9.5% in contrast
to 53.3% heat energy required for heating up the manure and the liquid frac-
tion respectively. The overall heat consumption was 206 kWh d'or 103 kWh
t' FM. Additionally 32 kWh d"' or 16 kWh t' FM electric power was con-
sumed. These values range above the energy demand of German biogas
plants. The most recent biogas plant survey reports 44 to 94 kWh t' FM heat
and 0.51 to 51 kWh t' FM electric power (Bundesforschungsanstalt fiir
Landwirtschaft (FAL) 2006). The mean energy efficiency of the whole plant
was 24% based on the produced energy and the maximum achieved effi-
ciency was about 49%.

Legrand (1993) calculated a thermal balance for a full size thermophilic bio-

mass reactor at -20°C. The total heat requirement of 5.1% of the total gas
production seems very optimistic.
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Figure 20. Produced and consumed energy of the biogas plant in Jarna be-
tween 15.11.2003 and 7.5.2004. AP: average methane production, CA: cal-
culated energy consumption, MP: maximum methane production, CO: re-
corded energy consumption.

3.2 Assessment of decontamination

The impact of the regulation (EC) No 1774/2002 on decontamination of sub-
strates of biogas plants is described in detail by Philipp et al. (2004). National
regulations are the environmental impact assessment law (468/1994), the
environmental impact assessment decree (268/1999), the environmental pro-
tection law (86/2003), the environmental protection decree (169/2000), and
the fertiliser manufacture law (71/2005).

During the measuring periods, only material of risk category 3 and oat husk
were used. Therefore, no decontamination measures were necessary. For use
of food residues, a pasteurisation/decontamination unit is required. This ma-
terial must be treated before entering the unit at 70°C for 60 minutes at parti-
cle size of 12 mm.

Figure 21 shows the effect of aerobic and anaerobic treatment on enterococ-
cus. Enterococcus ranged in manure between 3.3-10° and 2.5-10" colony
forming units (cfu) g”. After anaerobic digestion, remained in the solid frac-
tion 2.4-10° to 4.2:10° cfu g”'. After composting the solid fraction we found
still 1.5:10% to 4.4-10° cfu g'. Aerobic fermentation of manure reduced en-
terococcus to 50 to 270 cfu g”'. The results mirror the fact, that temperature
during aerobic process is usually higher than within the biogas reactor. Nev-
ertheless, anaerobic digestion improves the hygienic quality of manure too.
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Figure 21. Number of enterococcus colony forming units before and after
anaerobic and aerobic fermentation

Figure 22 shows the mean temperature of the organic material during com-
posting. A technical fault of the cooling machine caused the increase of the
environmental temperature above 15°C in May 2004. The process of the solid
fraction was faster in particular at high dry matter content and the tempera-
ture remained above 30°C about one week.
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Figure 22. The mean temperature during aerobic fermentation of manure and
solid fraction.
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The C/N ratio before composting ranged in fresh manure between 19 and 23
and in the solid fraction between 29 and 30. The C/N ratio after composting
ranged in fresh manure between 13 and 16 and in the solid fraction between
15 and 17.

3.3 Economic assessment

The biogas plant in Jirna cost about 200 000 € or 2 800 € m™ reactor capac-
ity. According to the survey in Germany investment cost of reactors range
usually between 200 and 400 € m” (Bundesforschungsanstalt fiir Land-
wirtschaft (FAL) 20006).

The biogas surplus was used for heating the farm estate. The monetary value
of saved light fuel oil (6 cent kW™'h™) replaced is about 1 600 € a™ for aver-
age biogas production and about 6 700 € a”' for the achieved maximum gas
productilon. Additionally the biogas plant saved about 300 kg N a™' or 150-
300€a".

If the depreciation period lasts 20 years the comparison of the Jirna plant
with other dry fermentation plants shows that the investment cost are ex-
ceeded only by the container module whereas the methane production cost
are competitive to other solutions if the plant generates the maximum yield.
The most important advantage compared to other solutions is, that the plant
works automatically and does not need any work for feeding the reactors.

120 O Concrete or steel container
(Kuusinen & Valo 1987)

110 A E
: B Plastic bag (Linke 2002)

100 — —

]

(Gronauer & Aschmann 2004)

]
]
]

B3 Anacom
(Baserga et al. 1994)

]
]
]

:: = — Dome reactor (Mumme 2003)
80 it 1 -
70 . I - *E - [ Foil cover (Schulze 2005)
60 | A |
+, o ] [J Container module
50 . 1 W N (Kusch et al. 2005)
40 :: [ & . B Container module

[
[
[
[
[

Investment Production cost
€a'm’ centm” CH,

[0 Jédrna average

@ Jarna maximum

Figure 23. Comparison of investment and production cost of dry fermentation
plants with the biogas plant in Jarna on average and maximum production
level.
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3.4 Environmental assessment

As shown in the nutrient balance, the reduction of nitrogen losses is the most
important advantage of the plant in respect of environmental impact. How-
ever, the saving of 300 kg N per year is not enough to justify the high in-
vestment cost. An overall assessment of the environmental benefits is diffi-
cult. If we apply the findings of Sneath et al. (2006) and assume that 2 m® in
door manure is produced 240 days per year than the biogas plant reduced the
CH, emissions by 8.2 kg Ca' (2 m’d’ 240 d a’-17.1 g C m” d) and the
nitrous oxide emissions by 197.3 g N 2 m*d"- 240 da™ -411 mg N m> d™).
If we apply the findings of Skiba et al. (2006) and assume, that the dung heap
for aerobic composting accumulated daily 2 m® manure over a period of 300
d a”' than the biogas plant reduced the N,O-N emissions by 126 to 3474 kg
N,O-N a' (300 m*a™ 300 d a™-1.4 to 38.6 g N,O-N m™ d'). However, these
figures do not take into consideration, that the compost of the solid fraction
may cause emissions too. On the other hand, the high dry matter content of
the solid fraction allows to set up higher compost heaps, facilitating high
temperatures and a low surface area to volume ratio.

An ideal environmental assessment should include the whole farm organism.
We present here a raw estimation of the nutrient flow based on the data we
got from the farmer. This draft includes only the nitrogen and phosphorus
balance during the winter period. The figures of N and P concerning the bio-
gas plant base on the mean values of our measurements in May and October
2004, see appendix 7.4.

The nutrient circuit of process A is described in figure 24, see numbers 1 to
10.

1. We assume the mean value of nitrogen and phosphorus in manure
measured in May and October 2004. The manure is fed into the bio-
gas plant. We observed losses of both nitrogen and phosphorus. The
phosphorus losses may be explained by uncertainty in measurement.

2. The solid fraction is composted. During composting, we observed ni-
trogen losses.

3. The urine, the effluent, and the composted solid fraction are spread
on the fields of the farm (135 ha).

4. The fields produce green fodder, hay and silage (89 ha), winter wheat
(26 ha) and oats (20 ha). Cereals are used as feed too. Straw and husk

from the harvested cereals are used as litter.

5. We assume that 6 kg ha" a” organic phosphorus fertilizer is applied.
This corresponds to 2.2 kg P d™.
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6. We assume that all nutrients are taken up by the field crops and the
yield is used for fodder.

7. Biological N-fixation on the green land and pasture generates addi-
tional nitrogen on the field. We assume 50 kg ha™ a™ (Grénroos and
Seppila 2000).

8. The dairy cattle use the fodder for meat and milk production.

9. Milk and meat remove nitrogen and phosphorus from the farm. We
apply figures of (Gronroos and Seppild 2000).

10. The difference between the nutrients in fodder and the removals by
milk, meet, and excretions results in a surplus.

The nutrient circuit of process B is described in figure 25 using the same

assumptions as in process A. Because the losses of aerobic manure compost
are higher, the nutrient surplus is smaller compared to process A.
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MEAT and MILK
Input - output N 7.0 kg d-!

N 4.0 kg d-! 10 P 1.1kg d

P 0.6 kg d- to

Losses
N 0.6 kg d”’
P0.6kgd"!

Losses
N 0.6 kg d”’

Figure 24. Nitrogen and phosphorous balance of process A for 55 LU.

MEAT and MILK
Input - output N 7.0 kg d-!
N 1.8 kg d-! P 1.1 kg d"’
P 0.7 kg d*

Losses
N 3.4 kg d
P 0.4 kg d"

Figure 25. Nitrogen and phosphorus balance of process B for 55 LU.
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4 Discussion

Dry fermentation technology up to now does not offer competitive advan-
tages in biogas production compared to slurry based technology as far as only
energy production is concerned. However, the results give an overview of
existing technical solutions of farm-scale dry fermentation plants. The results
also show that the ideal technical solution is not invented yet. This may be a
challenge for farmers and entrepreneurs interested in planning and develop-
ing future dry fermentation biogas plants on-farm. Development of new dry
fermentation prototype plants requires appropriate compensation for envi-
ronmental benefits like closed energy and nutrient circles to improve the
economy of biogas production. The prototype in Jirna meets the objectives of
the project since beside energy a new compost product from the solid fraction
was generated. On the other hand the two-phase process consumes much
energy and the investment costs are high (>2000 € m™ reactor volume).

We did not find any refereed scientific paper that includes a documentation
of an on-farm dry fermentation biogas plant. It seems that we tried first. We
also could not find any results about the biogas potential of oat husks, so we
may have found these results first.

Farm scale production of anaerobically treated solid manure for composting
is new. Dry fermentation biogas plants offer the possibility to design solid
manure compost by variation of fermentation process parameters.

4.1 Conclusions for farmers

Anaerobic dry fermentation on—farm technology is not yet competitive. Pio-
neer farmers, who want to try this technology, should follow up these steps:

e Estimate the quantity of organic matter and the availability during the
year.

e Measure dry matter content and organic dry matter content of the or-
ganic matter.

e Review literature for the biogas potential of similar organic material.
Even exotic mixtures of organic material can be found. E.g., a mix-
ture of wood chips and potato waste inoculated with cattle slurry
generated within 30 days 250 1 biogas kg TS at 35°C (Schelle &
Linke 1995).

e Analyse the biogas potential of the organic matter you want to digest
in case there are no data available. This can be done in laboratories
e.g. at the University of Jyviskyld or at the University of Stuttgart
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Hohenheim (Helffrich & Oechsner 2003) or in a small self-made
laboratory reactor.

e Look at existing plants most suitable for your farm and your condi-
tions and choose the appropriate type or develop a better prototype.

e Estimate or analyse the process heat required.
e (Calculate the potential income according to table 6.

e Estimate whether the potential income covers depreciation, operat-
ing, and work costs.

e If you still want to continue, search for assistance (research and/or
advisory services) to plan and set up your prototype as a research and
development project and look for funding agencies.

4.2 Conclusions for biogas plant manufacturers

Farmers need both, continuous and batch processing biogas plants. Latter
ones are suitable for deep litter housing systems. The ideal dry fermentation
plant on farm fulfils following criteria:

e Automatic feeding and discharging
e Digestion of high dry matter content.
e Low process energy

e Low retention time

e Competitive investment costs
The successful biogas plant manufacturer will:

e Invent a prototype that is cheaper than the plants described in this
paper.
e Search for farmers ready to co-operate.

o Follow the steps described under 4.1.

Ideas for improvements you get from experienced scientists working since
decades on biogas technology. The most important institutes in the world are
mentioned in the following chapter. As an example of a new approach to
improve dry fermentation technique we want to draw your attention to rota-
tional drum fermentation systems (Jiang et al. 2002, 2003, and 2005).
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4.3 Conclusions for decision makers

From different scientific publication databases we found about 10 000 refer-
ences concerning biogas research during the past 10 years. Less than ten are
dealing with biogas reactors for non-liquid substrates on-farm. Recent re-
search mainly concentrates on basic research, biogas process research for
communal waste, large-scale biogas plants, and research on laboratory level.
This mirrors the fact, that production of research papers is rather financed
than product development on site.

The literature review revealed that progress in biogas research related to agri-
culture is focused on several institutions and persons. We list frequently cited
names throughout our review in table 12. This table is not necessarily com-
plete. An excellent overview about biogas research institutes and research
workers is given by Marchaim (1992).

Another observation is that technical progress first takes place on-farm. This
means that farmers, constructors, and enterprises working on biogas plants
are often the driving force in developing new technologies or technical solu-
tions. The biogas plant in Jédrna is a typical example of this approach too. As
a following, there is a gap between progress in research findings and progress
in biogas technology on-farm. Usually the pilot plants are not documented by
scientists, or the documentation is rather published in non-public reports than
in scientific journals.

Our conclusion is that it seems worldwide to be very difficult or even impos-
sible to find financial support for on site research, especially for on-farm
prototype biogas reactors. We suppose the following reasons for this fact:
biogas plant research requires proficiency in many different scientific disci-
plines, lack of co-operation between engineering and life sciences, high de-
velopment costs to transfer basic research results into practical technical solu-
tions, low interest of researchers because on site and on-farm research enjoys
low appreciation in terms of scientific credits, portability of farm specific
design and process management is difficult.

Based on these findings, we recommend the following measures to improve
co-operation between funding agencies, farmers, and entrepreneurs’:

e On-site and on-farm research using a “radical holistic research strat-
egy” (Baars 2002) has to be supported by funding agencies if integra-
tion of biogas and bio energy into the farm organism is considered as
an important target within the agriculture policy framework.

e Public subsidies for developing prototype plants should include the

obligation to scientific documentation and monitoring. Thus, scien-
tific monitoring of existing biogas plants in Finland is necessary to
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assess the biogas production costs and the long-term environmental
impact. Oechsner et al. (1998), Gronauer & Aschmann (2004), and
Bundesforschungsanstalt fiir Landwirtschaft (2006) present excellent
examples.

Long-term research is necessary. E.g., the dry fermentation pilot
plant established at the Labby farm run only one year (Kuusinen &
Valo, 1987). Despite of considerable public investments the results
did not meet the expectations and the operation of the plant seemed
to be unprofitable. Steady improvement in co-operation between sci-
entists and the farmer over decades would have given the chance to
develop the leading dry fermentation technology today. This report
may be the basis for long-term improvement and optimisation of the
prototype plant in Jarna.

A competence centre for on-farm biogas plants should be established
in Finland. The centre could be located at a university. It should em-
brace scientists form engineering, agriculture, and environmental sci-
ences.
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Table 12: Institutions and key persons in biogas research related to agricul-

ture

Country

Institute

Key person

Finland

Sweden

Germany

Germany

Germany

Germany

Austria

Austria

Nether-

lands

Israel

USA

University of Jyvaskyla, Department of Biological and
Environmental Science
http://www.jyu.fi/science/laitokset/bioenv/en/

Swedish Institute of Agricultural Engineering, UPPSALA
http://www.jti.slu.se/jtieng/jtibrief.htm

Leibniz-Institute of Agricultural Engineering Bornim ATB

(reg. Assoc.)

www.atb-potsdam.de/

Bavarian State Research Center for Agriculture, Institute for
Agricultural Engineering, Farm Buildings and Environmental
Technology, Freising-Weihenstephan
http://www.Ifl.bayern.de/ilt/

Federal Agricultural Research Centre FAL, Institute of
Technology and Biosystems Engineering
http://www.tb.fal.de/en/index.htm

University of Hohenheim, The State Institute of Farm
Machinery and Farm Structures (reg. Assoc.)
http://www.uni-hohenheim.de/i3ve/00000700/00390041.htm

University of Natural Resources and Applied Life Sciences,
Vienna (BOKU), Department f. Nachhaltige Agrarsysteme
http://www.boku.ac.at/

University of Natural Resources and Applied Life Sciences,
Vienna (BOKU), Umweltbiotechnologie
http://www.boku.ac.at/

Wageningen University & Research Centre, Agrotechnology
& Food Innovations
http://www.afsg.wur.nl/NL/

Migal Galilee Technology Center
www.migal.org.il

College of Tropical Agriculture and Human Resources,
University of Hawaii At Manoa
http://www.ctahr.hawaii.edu/acad/Admin/Dean/

DeansCV.html

Prof. Jukka
Rintala

Dr. Ake
Nordberg

Dr. habil.
Bernd Linke

Dr. Andreas
Gronauer
Dr. Heinz
Schulzt

Prof. Peter
Weiland
Prof. Batelt

Dr. Hans
Oechsner

Prof.
Thomas
Amon

Prof. Rudolf
Braun

Prof. Uri
Marchaim

Prof.
Andrew G.
Hashimoto



http://www.jyu.fi/science/laitokset/bioenv/en/
http://www.jti.slu.se/jtieng/jtibrief.htm
www.atb-potsdam.de/
http://www.lfl.bayern.de/ilt/
http://www.tb.fal.de/en/index.htm
http://www.uni-hohenheim.de/i3ve/00000700/00390041.htm
http://www.boku.ac.at/
http://www.boku.ac.at/
http://www.afsg.wur.nl/NL/
www.migal.org.il
http://www.ctahr.hawaii.edu/acad/Admin/Dean/DeansCV.html

5 Summary

Chapter 1 of this feasibility study describes the farm scale dry fermentation
prototype biogas plants developed up to now based on a literature review and
visits at several plants. There is only one manufacturer offering farm scale
dry fermentation plants. The present technical development shows that slurry
biogas plants are improved to digest organic material of high dry matter con-
tent too. This is because digestion of energy crops (NAWARO = nach-
wachsende Rohstoffe) is supported at least in Germany. However, farmers
using a solid manure chain or deep litter housing still cannot compete with
farmers using the slurry technology if they want to produce biogas from ma-
nure.

Chapter 2 describes the methods used in this feasibility study for documenta-
tion, sampling, analysis, and modelling. Additionally we developed a new
calculation method for the mass balance. By this method, we may save ex-
pensive measuring costs of high volume mass flow of organic material. The
description of this method is subject of a future publication.

Chapter 3 presents the documentation and measuring results of the prototype
biogas plant in Jirna. The plant is the first farm scale plant digesting fully
automatically solid manure. It is also the first plant where a solid fraction is
separated after the hydrolysis and before the methanisation phase. We present
first time a complete mass, nutrient and energy balance of a continuously
working solid manure biogas plant.

In chapter 4, we conclude that long-term research and development on dry
fermentation on-farm is necessary. A more holistic approach is recommended
because the economical assessment of on-farm biogas plants should always
include the whole farm organism.
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Appendix 2.
Symbols and Abbreviations

A m’ reactor surface

o Wm?K"' heat transfer coefficient

B kg d’ biogas mass

C kg d’ carbon dioxide in biogas

CHP-unit combined heat power unit

E kg d’ effluent mass

F kg d! faeces mass

c % average carbon content in biogas

C % carbon content in biogas of reactor 1
C % carbon content in biogas of reactor 2
G m’ d’ biogas yield

Gg m’ d’ biogas consumption of the process burner
G, m’ d’ biogas yield of reactor 1

G, m’ d’ biogas yield of reactor 2

H kg d’ oat husk mass

1 kgm™d' loading rate

I kgm>d' loading rate of reactor 1

1, kgm>d' loading rate of reactor 2

L kg d’ losses

La kg d' losses process A

Ly kg d' losses process B

LPG liquid petrol gas

LU livestock unit

M kg d! manure mass

ME kg d' methane in biogas



Qe
Qex
Qu
Q
Qr
Quin
Qzin
Qiout
Qaout

SC
STR

Vs
VSe
VSm

Whd'
Whd"
Whd"
Wh d'
Whd"
m’ d’

m’ d’

m’ d’

m’d’

kg d!

kg

kg d’

°K
°K
%
%
%
%

electric power consumption
energy losses of exhaust gas
energy heating organic input material
energy input

energy maintaining reactor process temperature
volume of input reactor 1
volume of input reactor 2
volume of output reactor 1
volume of output reactor 2
solid fraction mass

solid fraction compost

straw mass

retention time

environmental temperature
process temperature

total solids of effluent

total solids of oat husks

total solids of manure

total solids of manure compost
total solids of solid fraction
total solids of straw

volume efficiency

volume of reactor 1

volume of reactor 2

volatile solids of effluent

volatile solids of manure



VSs

Xnmc
Xg
Xn
XM
Xs
Xsc

XsTR

pc
PE
Pm
PME
pw

P1

%
%

kg d'
kg d’
kg d!
kg d!
kg d'
kg d’
kg d!
kg d!
kg d’
1kg' VS
kg m’
kg m’
kg m’
kg m’
kg m’
kg m’

volatile solids of solid fraction
vapour content of biogas

mass of vapour

nutrient (N, P, K)

nutrient in manure compost
nutrient in effluent

nutrient in oat husks

nutrient in manure

nutrient in solid fraction

nutrient in solid fraction compost
nutrient in straw

gas yield rate

specific weight of carbon dioxide
specific weight of the effluent
specific weight of manure
specific weight of methane
specific weight of vapour

specific weight of the liquid fraction of reactor 1



Appendix 3.
Poster biogas plant in Jarna
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Appendix 4.

Laboratory results
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TUTKIMUSRAPORTTI N:o K 242/5/1-6 (114) K 242/5/1-6

Tilaaja

Tilaus
Tulopiiva

Tehtava

Nayte

Maatalouden tutkimuskeskus Vakola
Vakolantie 55
03400 Vihti

Tilaus 16.3.2005 / Marja Lehto, tilausno 04404, fax. 224 6210

Analyysimenetelmit

16.3.2005 Analysoinnin aloituspdivd 17.3.2005

Néytteen kuiva-aineen, til pai liukoi typen, kob ypen,
ammoniumtypen, fosforin ja kaliumin pitoisuuden seka enterokokkien analysointi
Kuusi ndytettd

Liukoi typpi ja iumtypp uutettlinCH M K:S0,-liuckseen ja analysoitiin
Kjeldahl menetelmalla. Kok i lysoitiin Kjeldahl menetelmilld (Novalab 001).

Kuiva-aine mééritettiin Iampakaappimenatelmﬁllﬁ (Novalab 010). Tilavuuspaino
midritettiin mittalasia ]a vaakaa kdyttden. Kuivattu néyte jauhsttiin Ja siitd maaritettiin
kuivapolton ja lah liuotuksen jélkeen atomiat pektrometrilld kaliumi
Novalab 007.A) ja spektrofi ill4 fosforin pitoisuus (No\ralab 005).

Nayﬂesn enterokokit analysoitiin NMKL 68:2004 menetelméllid * Enterococcus.
Méadrittaminen elintarvikkeista ja rehuista’ (NMKL=The Nordic Committee on Food
Analysis). Menetelmaa voidaan soveltaa myés lanta- ja kompostindytteille.
Enterokokit varmistettiin katalaasitestilld, eskuliinin hydrolyysilld sappieskuliini-
atsidiagarilla sekd Ani Biotech Oy:n ANI Strep D agglutinaatiotestilld.

Tulokset Nayte 1: 5. Lanta, tulokset tulokost ndytt lask
MAARITYS TULOS
kuiva-aine 28.6 %
kg/tn kg/m®
tilav 526
Ilukolnen typpi 0.12 0.07
kokonaistyppi 6.7 3.5
ammoniumtyppi .05 0.03
kali 12, 6.2
fosfori 2. 1.1
Maaritys Tulos
pmylg
Enterokokit arvio 5.0 x 10°
Toimisto ja laboratorioc T (09) 2252 860 Pankki Y-tunnus 0733227-8
Lepolantie 5 fax (09) 2252 8660 Lansi-Uudenmaan Op Kotipaikka Karkkila
FIN-03600 Karkkila www.novalab.fi Karkkila Alv.rek.

Finland

529728-2716
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(214) K 242/5/1-6
Niyte 2: 6. Kuiva, tulokset tulok dytt lask
[MAARITYS TULOS
kuiva-aine 65.3 %
kg/tn kg/m’
tilavuuspaino 173
liukoinen typpi 0.31 0.05
kok istyppi 14.5 25
ammoniumtyppi 0.11 .02
kalium 15.( 26
fosfori 2.8 0.48
Madritys Tulos
pmylg
Enterokokit arvio 4.5 x 10°
Néyte 3: 7. Lanta, tulokset tulok néytt lask
MAARITYS TULOS
kuiva-aine 39.7 %
kg/tn kg/m®
tila paino 297
liukoi typpi 0.60 0.18
kol istyppi 9.9 2,
ammoniumtyppi 0.07 0.02
kalium 16.0 4.
fosfori 2.7 0.81
Médritys Tulos
me-‘g
Enterokokit <10
Néyte 4: 8. Kuiva, tulokset tulokc dy laskettuna
WRITYS TULOS
kuiva-aine 54.4 %
kgitn kg/m®
tilavuuspaino 236
liukoinen typpi 0.37 0.09
kokonaistyppi 12.8 3.0
ammoniumtyppi 0.09 0.02
kalium 14.0 3.4
fosfori 2.8 0.67
Madritys Tulos
p_mwg
Enterokokit arvio 1.5 x 10°
Toimisto ja laboratoric "B (09) 2252 860 Pankki Y-tunnus 0733227-8
Lepolantie 5 fax (09) 2252 8660 Lénsi-Uudenmaan Op Kotipaikka Karkkila
FIN-03600 Karkkila www.novalab.fi Karkkila Alv.rek.

Finland 529728-2716
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Néyte 5: 9. Lanta, tulokset tulokost néytt laskett
MAARITYS TULOS
kuiva-aine 429 %

kgltn kg/m®
| tilavuuspaino 306
liukoi i 0.52 0.16
kokonais! i 9.6 29
ammoniumtyppi 0.07 0.02
kalium 17.0 5.1
fosfori 2.7 0.84
Madritys Tules

pmylg
Enterokokit arvio 50

Niyte 6: 10. Kuiva, tulokset tulokosteaan niytteeseen laskettuna

Sivu3d_3

(314) K 242/5/1-6

 MAARITYS TULOS
kuiva-aine 61.2 %
kgtn kg/m”
tilavuuspaino 184
liukoinen typpi 0.54 0.10
kok istyppi 14.4 2.7
iumtyppi 0.26 0.05
kalium 17.0 341
fosfori 2.9 0.54
Madritys Tulos
pmylg
Enterokokit <10*
Tulosten mitt, pa d
Nayte | kuiva-aine N-kok N-liuk NH4-N P K
suht-% Yo % % % %
1. +1.0 10 + 50 + 100 +10 +10
2, +1.0 10 +30 + 50 +10 +10
3. 1.0 10 +20 + 50 +10 +10
4. +1.0 +10 +30 +50 +10 10
5. £1.0 +10 +20 + 50 10 +10
6. £1.0 +10 +20 *30 +10 +10
Mitt & udet kosh vain kgl/tn —yksikdssé olevia tuloksi
Toimisto ja laboratoric ‘T (09) 2252 860 Pankki Y-tunnus 0733227-8

Lepolantie 5

FIN-03600 Karkkila

Finland

fax (09) 2252 8660
www.novalab.fi

Lénsi-Uudenmaan Op

Karkkila
529728-2716

Kotipaikka Karkkila
Alv.rek.
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Sivud _ 4

(4/4) K 242/511-6

Yhdistetty suhteellinen mittausepdvarmuus
Néyte enterokokit
%
1. 31.8
2. 33.5
3. 0
4. 57.8
5. 70.8
6. 0
Niytteen enterokokkitulol pd on lask hiukkastilastollisen hajonnan,
k } til d pd iden, lai iksen epidvarmuuden, varmistuvuuden
pa den ja lul len yhdistettyni suhteellisena epdvarmuutena.
Karkkila 4.4.2005
Novalab Oy
Matti Makeld Terhi Tuomala-Saraméki
laboratorionjohtaja osastopéaillikkd
Tulokset pitevit vain p saa wain ilman lupaa.
Toimisto ja laboratorio T (09) 2252 860 Pankki Y-tunnus 0733227-8
Lepolantie 5 fax (09) 2252 8660 Lansi-Uudenmaan Op Kotipaikka Karkkila
FIN-03600 Karkkila www.novalab.fi Karkkila Alv.rek.
Finland 529728-2716
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TUTKIMUSRAPORTTI N:o K 677/411

Tilaaja MTT | Maatalousteknologlan tutkimus
Vakolantie 55
03400 Vihti
Tilaus Tilaus 7.5.2004 [ Winfried Schifer  Tulopiiivi 7.5.2004  Aloituspiivd 7.5.2004

Tehtiv Niytteen kuiva-aineen, tilavuuspainon, liukolsan typen, kokonalstypen, ammaonium-
typen, fosforin ja kaliumin pitolsuuden seki enterckokkien analysointi.

Niiyte Yksi lantandyte (No 1) [ locs o )

Analyysimenotelmit

Livkainen typpd ja ammoniumtyppl uutettiin 0.1 M K;50,-lluckseen ja analysoltiin
Kjeldahl menstelmilld. Kokonaistyppl analysoitiin Kjeldahl menotelmilld (Novalab
001). Kulva-aine m3aritettiin limpdkaappimenetelmélld (Novalab 010), Tilavuuspaing
mdifiritettiin mittalasia ja vaakaa kiyttien. Ih.iﬂltu n-ﬂrhiluh!ﬂﬂnjl sliti mdidritattiin
kuivapaolton ja suslahappolivotuksen jalkeen atomiabsorptios| il kaliumin
Jja spektrafotometrilli fosforin pitolsuus (Novalab 005), Entorckokit médritottiin
manatelmills NMKL 68:1992.

Tuloksat Niyte 1: Lanta, tulokset tulokost ndytteeseon laskettuna
Midiritys Tulos
kulva-ainge 24.T %

kgitn kglm’
tilavuuspai 476
liukainen typpi 0.51 025
kekonaistyppd 36 1.7
ammoniumtyppl 0.39 0.19
kallum 31 1.5
Tasfar 0.71 0.34
[Maaritys Tulos
pmyig
Entarokokil 4.2 x 10°
Karkkila 19.5.2004
Movalab Oy

- /__...---—

Matt] Mikold Tarhl Tuomala-Saramdki

laboratorionjohtaja osastopidllikks

Tulodsat pabevit vain bestabulle ndytieille. Raportin sas koplolda vain ilman bapaa.
Tolmisto ja laboratoric T (09) 22562 86D Paniki Kaupparek, nro, 441981
Lepclantia & fax ((rd) 2252 BEBD Lansi-Uudenmaan Op Kolipaika Karkkila
FIMN-03800 arkkila wiww.novalab b Karkkila Alv.rek.

Findand 520728-2716
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TUTKIMUSRAPORTTI N:o K 677/4/2

Lepolantie 5

Tilaaja MTT ! Maatalousteknologian tutkimus
Vakolantie 55
03400 Vihti
Tilaus Tilaus 7.5.2004 / Winfried Schiifer Tulopiivié 7.5.2004 Aloltuspdivd 7.5.2004
Tahtivh Niyttean kulva-aineen, tilavuuspainon, liukoisen typen, kokonaistypen, ammonium-
typen, fosforin ja kaliumin pitoisuuden analysointi.
Niyte Yhsi lantaniiyte ( No 3 ) ir{ £A P2 sl
Analyysimenatelmit
Liukoinen typpi ja ammoniumtyppi uutettiin 0.1 M K;50,-lluokseen ja analysoitiin
Kjeldahl menetelmalli. Kokonaistyppl analysoitiin Kjeldahl menetelmilli (Novalab
001). Kuiva-aine mdiliritettiin limpékaappimenetelmiili (Novalab 010). THavuuspaino
miédritattiin mittalasia ja vaakaa kiiyttien. Kuivattu niyte jauhettlin ja siith miaritettiin
k polton ja ppoliuc 1 jiilkoen atomiabsorptiospektrometrilid kaliumin
|a spektrofotometrilld fosforin piteisuus (Novalab 005).
Tuloksat  Niyte 2: Lanta, tuloksot tuloke nily laskettuna
Madritys Tulos
kuiva-alne 15.8 %
kgitn kgfm”
tilavuuspaino 968
liukoinen typpl 0.89 0.88
ok istypp! 4.0 3.8
ammoniumtyppl 0.83 0.80
kalium 4.1 4.0
fasfori 0,87 0.64
Karkkila 19.5.2004
Naovalab Oy
- j : ;
Mattl Mikeld
laboratorionjohtaja
Tulzksal pdtevii vain Rl kap waan fiman
Tokmisto ja laboratori T (09) 2252 860 Pankki Kauppareknro. 441981
faee (09) 2252 BEEOD Lansi-Uudenmaan Op Kotipaikka Karkkila
www.novalab fi HKarkkila Abrak.

FIN-03600 Karkkila

Finand

529728-2716
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TUTKIMUSRAPORTTI N:o K 677/4/3

Tilaaja MTT | Maatalousteknologian tutkimus
Vakolantie 55
03400 Vinti
Tilaus Tilaus 7.5.2004 | Winfried Schifer Tulopdivid 7.5.2004  Aloituspiivi 7.5.2004
Tehtdva Naytteen kuiva-ai Rilav inom, li typen, kekenaistypon, ammonium-
typen, fosforin ja kaliumin pitoisuuden sekd rasvahappojen analysointi,
Nayte  Yisilantaniyte (No5) | /¢ {p
Analyysimenetelmat
Liukoinen typpi ja ammeniumtyppl uutettiin 0.1 M K;S0,-livckseen ja analyscitiin
Kjeldahl menetelmalla. Kokonalstyppi analysoitiin Kjeldahl menetelmdilla (Novalab
001), Kuiva-aine madritettiin limpakaappimenetalmalli (Movalab 010). Tilavuuspaing
mddritettiin mittalasia ja vaakaa kiyttien, Kuivattu niyte jauhettiin ja siitd madritettiin
kulvapolton ja suslahappelivotuksen [ilkesn atomiabsorptiospektrometrilli kaliumin
Ja spektrofotometrilla fosforin pitoisuus (Novalab 005), Vetesn liuctetuista niytteista
stikkahappo, propionihappe ja voihappo milritettiin nestekromatografisesti kiyttien
ulkoista standardia (Novalab 031),
Tulokset Niyte 3: Lanta, tulokset tulokosteaan niytteaseon laskettuna
Madritys Tulos
kuiva-aine T4 %
kgitn kg/m
tilavuuspaing 968
lukolnan typpl 1.4 11
kokonaistyppi 36 3.4
ammeniumtyppi 0.88 0.88
kalium 37 3.6
fosforl 0.85 0.83
Madritys Tulos
mglkg
etikkahappo 57
proplonihappo < 50
wvolhappo <10
Karkkila 19.5.2004
Movalab Oy
Matti Makeld
laboratorionjohtaja
Tulsksat pilavit vain lesistuils niyiteille. Raponin sus koplokds vain kob iiman tesial lupaa.
Toimisto ja laboratorio "B (09) 2252 860 Parikki Kaupparek.nro. 441881
Lepolantia 5 fax (09) 2252 BEBO Lansi-Uudenmaan Op Kaotipaikka Karkkila
FIN-03600 Karkkila www.nevalab.fi Karkkila Alv.rek,
Finland

520728-2716
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TUTKIMUSRAPORTTI N:o K 677/4/4

Tilaaja MTT | Maatalousteknologian tutkimus
Vakolantie 55
03400 Vihti
Tilaus Tilaus 7.5.2004 / Winfried Schiifer Tulopdivd 7.5.2004  Aloltusplivi 7.5.2004
Tehtdvd Néytteen kuiva-aineen, tilavuuspainon, liukoisen typen, I:nlmnalmpon ammanium-
typen, fosforin ja kaliumin pitoisuuden seks kien analy
Hiyle Yhksi lantandyte ( No 7 ) Luq.‘ F
Analyysimenetelmit

Liukoinen typpi ja ammoniumtyppl uutettiin 0.1 M K;S0.-liuckseen ja analysoitiin
Kjeldahl menetelmalli. Kokonaistyppi analysoitiin Kjeldahl menetelmails (Novalab
001). Kuiva-aine mifritettiin limp&kaappimenetalmlli (Novalab 010). Tilavuuspaing
miidiritettiin mittalasia ja vaakaa kiyttien. Kuivattu niyte jauhettiin ja siith miSritettiin
kuivapaolton ja suolahappolivotuksan jilkeen atomiabsorptiospaktromatrilld kaliumin
ja spektrofotometrilla fosforin pitoisuus {Movalab 005). Enterckokit mikritettiin
menetelmills NMKL 68:1992,

Tulokset Miiyte 4: Lanta, tulokset tulokosteaan niytteeseen laskettuna

Madritys Tulos
kulva-aine 19.6 %

kgitn kg/m’
tila ina 946
liukolnen typpl 0.58 0,55
kokonalstyppl 3.4 3.3
ammoniumtyppi 0.34 0.32
kalium 39 EX
fostor 1.1 1.0
Midritys Tules

pmiyg
Enterokokit 2.5x 10

Karkkila 19.5.2004

Hovalab Oy )
B = -
W{;—a el

Matti Mikela Terhi Tusmala-Saramaki

laboratorionjohtaja osastopaiilikka

Tuloksat pibevit vain testatullle niyttedlie, Raportin saa koplolda vain liman ton lupas.
Toimisto ja laboratorio ' (08) 2252 860 Pankki Kaupparek.nro. 441981
Lepolantie 5 fax (08) 2252 8560 Lansi-Uudenmaan Op Kotipaikika Karkkila
FIN-03800 Karkkila wananovalab. fi Karkkila Alvrek.

Finland 529728-2T16
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TUTKIMUSRAPORTTI N:o K 677/4/5

Tilaaja MTT / Maatalousteknologlan tutkimus
Vakolantie 55
03400 Vihti
Tilaus Tilaus T.5.2004 | Winfried Schifer Tulopdivi 7.5.2004  Aloituspiiva 7.5.2004
Tehtivi Mikytteen kulva-al il painon, liukoisen typen, kokonalstypen, ammanium-
typen, fosforin ja kallumin pitoisuuden analysainti,
Hiyte Yhsi lantandyte (No8]  Loct = v, 5
Analyysimenetelmit

Liukoinen typpl ja ammoniumtyppl uutettiin 0.1 M K;S0y-liuokseen ja analysoitiin
Kjeldahl telmilla. Kok Istyppi lysoitiin Kjeldahl menetelmalla (Novalab
001). Kuiva-aine malritettiin Ismpékaappimenatelmiilli (Novalab 010). Tilavuuspaing
middritettiin mittalasia ja vaakaa kdyttien, Kuivatiu niyle jauhettiin ja siitd mBSrnitattin
kuivapolton ja suolahappolluotuksen alkesn atomiabsorptiospektrometrilld kaliumin
ja spektrofotometrilld fosforin pitoisuus (Novalab 005).

Tulokset  Niyte 5: Lanta, tuloksat tulokost yiteeseen laskettuna
Masritys Tulos
| kuiva-aine 56%

kgitn kg/m”

tilavuuspaing g7
liukolnen typpi 1.4 1.4
kokonaistyppi 3.5 3.5
ammaoniumtyppi 1.2 1.2
kalium 3.4 34
fosfori 0.79 0.7

Karkkila 19.5.2004

Novalab Oy

Matti Mikeold

laboratorionjohtaja

Tubakse! pliev3 vain testatullle niytheilis, Rapontin fas kop wailn iiman testar lupaa.
Toimisto ja laboratoric T8 (09) 2252 860 Pankki Kaupparek.nro, 441981
Lepolantie 5 fax (08) 2252 8660 Lénsi-Uudenmaan Op Kotipaikka Karkkila
FIN-03600 Karkkila www.novalab. i Karkkila Ay rak,
Finland 529728-2T16
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TUTKIMUSRAPORTTI N:o K 677/4/6

Tilaaja MTT / Maatalousteknologian tutkimus
Vakolantie 55
03400 Vihti
Tilaus Tilaus 7.5.2004 / Winfried Schifer Tulopdivd 7.5.2004  Aloituspdivd 7.5.2004
Tehtivid Niiytteen kuiva-aineen, kokonaistypen, fosforin ja kaliumin pitoisuuden analysointi
Niyte Yksi olkindyte
Analyysimenetelmat
Kuiva-aine mééritettiin ldmpdkaappimenetelmilld (Novalab 010*). Kokonaistyppi
analysoitiin Kjeldahl menetelm#ll4 (Novalab 001*). Kuivattu ndyte jauhettiin ja siitd
madritettiin kuivapolton ja lahappoliuotuksen jilkeen atomiabsorptio-
spektrometrilli kaliumin (Novalab 007.A*) ja spektrof trilld fosforin pitoi
(Novalab 005.A%).
Tulokset Néyte 6: Olki, tulokset tulol dytt I
Médritys Tulos
kuiva-aine” 90.9 %
kgl/tn
kokonaistyppi* 5.5
kalium* 23
fosfori® 1.4
* Akkreditoitu menetelmé.
Karkkila 19.5.2004 P‘cKH
Novalab Oy & i )
g c.‘;(-— \ J g-
$ 40§
Matti Makela % B N
et
laboratorionjohtaja o kf:l\’.r':.'ﬁt{'- o
T071 (EN ISO/iEC 17025)
Tulokset pitaviit vain testatuille ndyttellle. Raportin saa ioida vain kok fiman ion lupaa.
Toimisto ja laboratoric T (09) 2252 860 Pankki Kaupparek.nro. 441981
Lepolantie 5 fax (09) 2252 8660 Lénsi-Uudenmaan Op Kotipaikka Karkkila
FIN-03600 Karkkila www.novalab.fi Karkkila Alv.rek.

Finland

529728-2716



<> NOVALAB OY

TUTKIMUSRAPORTTI N:o K 677/4/7

Tilaaja

Tilaus

Tehtédva

e Nayte

MTT / Maatalousteknologian tutkimus
Vakolantie 55
03400 Vihti

Tilaus 7.5.2004 / Winfried Schiafer Tulopdiva 7.5.2004  Aloituspdiva 7.5.2004

Analyysimenetelmit

Néytteen kuiva-aineen, tilavuuspai liukoi typen, koke ypen, fosforin
|a kaliumin pitoi far lysointi

Yksi akanandyte

Liukoi typpi ja lmtyppi uutat‘llln 0.1 M K;S0O,-liuokseen ja analysoitiin
Wiatdahd Imalls. 1

j PP ysoitiin Kjeldahl menetelmilla (Nwalab
001*). Kuiva-ainemaimaltiinlﬁmpél ppimenetelmélld (Novalab 010*). Til

maédritettiin mittalasia ja vaakaa kéyttiden. Kuival‘lu nayte]auhettiln ja suta maéadri-
tettiin kuivapolton ja suolal liuotuk jélkeen atomi ptiosp metrilla
kaliumin (Novalab 007.A") ja spektrofotometrllla fosforin pttoisuus (Novalab 005.A%).

Tulokset Niyte 7: Akana, tulokset tulokosteaan nédylteeseen iaskettuna
Médritys Tulos
kuiva-aine* 93.1 %

kgltn g/m®

tilavuuspaino 323
liukoinen typpi 0.07 0.02
kokonaistyppi* 2.2 0.70
kalium* 4.4 1.4
fosfori* 0.61 0.20
* Akkreditoitu menetelma.

Karkkila 19.5.2004

Novalab Oy

Matti Médkeld
laboratorionjohtaja TO71 (EN ISO/iEC 17025)
Tulokset pitevit vain ille nayttaill P saa vain kok ilman lupaa.

Toimisto ja laboratorio
Lepolantie 5
FIN-03600 Karkkila
Finland

T (09) 2252 860 Pankki Kaupparek.nro. 441981
fax (09) 2252 8660 L&nsi-Uudenmaan Op Kotipaikka Karkkila
www.novalab.fi Karkkila Alv.rek.

529728-2716
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TUTKIMUSRAPORTTI N:o M 743/4/1-3

Tilaaja Maatalouden tutkimuskeskus Vakola
Vakolantie 55
03400 Vihti
fax. 224 6210
Tilaus Tilaus / Winfried Schéfer
Tulopdivd  13.8.2004 Analysoinnin aloituspdivd 13.8.204
Tehtéva Néytteen kuiva-aineen, tilavuuspainon, liukoisen typen, kokonaistypen,
ammoniumtypen, fosforin ja kaliumin pitoisuuden sek# enterokokkien analysointi.
Niyte Kolme kompostindytetta
Tulokset Niyte 1: Komposti 1, tulokset tulol dytt lask
iMRITYS TULOS
kuiva-aine 45.1 %
kg/tn kgim”
tilavuuspaino 236
liukoinen i 0.07 0.01
kokonaistyppi 7.5 1.8
ammoniumtyppi 0.07 0.02
kalium 7.5 1.k
fosfori 1.7 0.41
Madritys Tulos
pmylg
Enterokokit 2.0 x 10°
Niiyte 2: Komposti 2, tulokset tulokost néytt laekatt
MAARITYS TULOS
kuiva-aine 24.1 %
kg/tn kg/m®
tilavuuspaino 750
liukoinen typpi 0.13 0.10
kokonaistyppi 53 4.0
ammoniumtyppi .06 0.05
kalium 5.8 5.1
fosfori 2.0 1.5
Madritys Tulos
pmy/i
Enterokokit arvio 2.7 x 10
Toimisto ja laboratoric T (09) 2252 860 Pankki Y-tunnus 0733227-8
Lepolantie 5 fax (08) 2252 8660 Lansi-Uudenmaan Op Kotipaikka Karkkila
FIN-03600 Karkkila www.novalab.fi Karkkila Alv.rek.

Finland 529728-2716
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(Tutkimusraportti M 743/4/1-3)

Néyte 3: Komposti 4, tulokset tulok dy lask
MAARITYS TULOS
kuiva-aine 24.9 %

kg/tn kg/m’

tilavuuspaino 708
liukoinen typpi 0.15 0.10
kokonaistyppi 5.3 3.8
ammoniumtyppi 0.05 0.04
kalium 7.0 4.9
fosfori 1.5 1.1
Méaritys Tulos

pmylg
Enterokokit 4.4 x 10°

Analyysimenetelmat
Liukoinen typpi ja ammoniumtyppi uutettiin 0.1 M K;SO,-liuokseen ja analysoitiin
Kjeldahl menetelmalld. Kokonaistyppi analysoitiin Kjeldahl telmdlla (Novalab 001).
Kulva-aine médritettiin lampokaappimenetelmailld (Novalab 010). Tilavuuspaino
madritettiin mittalasia ja vaakaa kayttien. Kuivattu nidyte jauhettiin ja siitd ma3iritettiin
kuivapolton ja suclahappoliuotuksen jilkeen atomiabsorptiospektrometrilld kaliumin ja
spektrofotometrilla fosforin pitoisuus (Novalab 005). Enterokokit méadritettiin
menetelmallda NMKL 68:2003 (Novalab 520).

Tamd tutkimusraportti korvaa 24.8.2004 pdivétyn raportin.

Karkkila 9.9.2004

Novalab Oy

— e
Matti Makela Terhi Tuomala-Saramaki
laboratorionjohtaja osastopdillikkd
Tulokset pitevit vain lestatuille P saa koj wvain kok ilman {f lupaa.
Toimisto ja laboratorio T (08) 2252 860 Pankki Y-tunnus 0733227-8
Lepolantie 5 fax (08) 2252 8660 Lansi-Uudenmaan Op Kotipaikka Karkkila
FIN-03800 Karkkila www.novalab.fi Karkkila Alv.rek.

Finland 529728-2716
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TUTKIMUSRAPORTTI N:o K 1859/4/1-6 (114) K 185814116
Tilaaja Maatalouden tutkimuskeskus Vakola
Vakolantie 55
03400 Vihti
fax. 224 6210
Tilaus Tilaus 27.10.2004 / Winfried Schifer
Tulopdivd  27.10.2004 Analysoinnin aloituspéiva 28.10.2004
Tehtdva Néytteen kuiva-ai tilavuuspai liukoisen typen, kok y

pen,
ammoniumtypen, fosforin ja kaliumin pitoisuuden seké enterokokkien analysointi.
Nayte Kuusi néytetts

Analyysimenetelmat
Liukoinen typpi ja ammoniumtyppi uutettiin 0.1 M K;SO,-liuckseen ja analysoitiin
Kjeldahl menetelmalli. Kokonalstyppi analysoitiin Kjeldahl menetelmilld (Novalab 001).
Kuiva-aine médritettiin |ldmp&kaappimenetelmalld (Novalab 010). Tilavuuspaino
maddritettiin mittalasia ja vaakaa kdyttden. Kuivattu niyte jauhettiin ja siitd maaritettiin
kuivapolton ja suclahappoliuotuksen jilkeen atomiabsorptiospektrometrilld kaliumil
Jja spektrofotometrilld fosforin pitoisuus (Novalab 005).
Néytteen enterokokit analysoitiin NMKL 68:2003 menetelmélld’ Enterococcus.
Madrittdminen elintarvikkeista ja rehuista' (NMKL=The Nordic Committee on Food
Analysis). Menetelméa voidaan soveltaa myds lanta- ja kompostinytteille.
Enterokokit istettiin katalaasitestilld, eskuliinin hydrolyysilld sappieskuliini-
atsidiagarilla sekd Ani Biotech Oy:n ANI Strep D agglutinaatiotestilld.

Tulokset Néyte 1: Lanta M16, tulo} tulol néytt laskettuna
MAARITYS TULOS
kuiva-aine 18.1 %
kg/tn kg/m’
tilavuuspaino 969
liukoinen i 0.69 0.66
kokonaistyppi 3.5 34
ammoniumtyppi 0.45 0.44
kalium 4.7 4.6
fosfori 0.68 0.66
Médritys Tulos
pmy/g
Enterokokit 3.3x10°
Toimisto ja laboratorio ‘T (09) 2252 860 Pankki Y-tunnus 0733227-8
Lepolantie 5 fax (09) 2252 8660 Lansi-Uudenmaan Op Kotipaikka Karkkila
FIN-03600 Karkkila www.novalab.fi Karkkila Alv.rek.

Finland 529728-2716
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Sivu2_ 4
(2/4) K 1859/411-6
Néyte 2: Kuivafraktio D20, tulokset tulokost: naytt ket
MAARITYS TULOS
kuiva-aine 27.3%
kg/tn kg/m®
tilavuuspaino 487
liukoinen typpi 0.63 0.31
kokonaistyppi 3.7 1.8
ammoniumtyppi ).44 0.21
kalium 39 1.9
fosfori 0.71 0.35
Miiritys Tulos
pmylg
Enterokokit 24 x10°
Niyte 3: Neste L22, tulokset tulokost: niytt I
MAARITYS TULOS
kuiva-aine 5.5 %
kgltn kg/m’
tilavuuspaino 1015
liukoinen typpil 0.99 1.0
kokonaistyppi 31 3.2
ammoniumtyppi 0.87 0.88
kalium 3.6 37
fosfori 0.66 0.67
Néyte 4: Effluent E24, tulokset tulokosti Hytt I
| MAARITYS TULOS
kuiva-aine 3.9 %
kgitn kg/m’
tilavuuspaino 1026
liukoinen typpi 1.4 1.1
kokonaistyppi 2.5 26
ammoniumtyppi 1.0 1.0
kalium 3.2 3.3
fosfori 0.51 0.52
Médritys Tulos
pmylg
Enterokokit 4.5x10*
Toimisto ja laboratorio T (09) 2252 860 Pankki Y-tunnus 0733227-8

Lepolantie 5
FIN-03600 Karkkila
Finland

fax (09) 2252 8660
www.novalab.fi

Lénsi-Uudenmaan Op
Karkkila
529728-2716

Kotipaikka Karkkila
Alv.rek.
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Néyte 5: Olki S26, tulokset tulokosteaan néytteeseen laskettuna

MRIT‘(S TULOS
kuiva-alne 82.2%
kgltn kg/m®
tilavuuspaino 485
liukoinen typpi 0.19 .09
kokonaistyppi 41 2.0
ammoniumtyppi 0.13 .07
kalium 5.4 2.
fosfori 0.88 ).43
Néyte 6: Akana H28, tulokset tulokost: 1 ndytt lask
_mRITYS TULOS
kuiva-aine 92.5 %
kg/tn kg/m”
tilavuuspaino 17
liukoinen typpi 0.10 .02
kokonaistyppi 3.0 L
ammoniumtyppi 0.05 A
kallum 5.5 0.92
fosfori 1.0 0.18
Tulosten mittausepdvarmuudet
Néyte | kuiva-aine | N-kok N-liuk NH4-N P K
suht-% %o % % Yo %
1. x1. 1 +20 +30 +10 +10
2. x1. 1 +20 + 30 +10 +10
3. +2. 1 +20 +20 +10 +10
4. +2. 1 +20 +20 +10 10
3 +1. 1 + 50 +50 10 10
6. % 1.( +10 + 50 + 50 +10 10
Mittausepdvarmuudet koskevat vain kg/tn —yksikdss4 olevia tuloksia.

Yhdistetty suhteellinen mittausepidvarmuus

Néyte | enterokokit
%
1. 121
2. 14.1
4. 14.6
Niytteen enterokokkitulol mitt: pévarmuus on lask hiukkastilastollisen hajonnan,
ke ' til H H i L . 2 d

epdvarmuuden ja lukemaa[;avarmuudan yhdistettyna ht llisena epd

var

Toimisto ja laboratorio ‘T (09) 2252 860 Pankki Y-tunnus 0733227-8
Lepolantie 5 fax (09) 2252 8660 Lansi-Uudenmaan Op Kotipaikka Karkkila
FIN-03600 Karkkila www.novalab.fi Karkkila Alv.rek.

Finland 529728-2716
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Appendix 5.

Data of dry fermentation plants on-farm

Concrete or

Dome

Container

Container

. Plastic bag Foil cover Anacom  Jarna Jarna
steel container reactor module module
Kuusinen & . Mumme (Schulze Kusch et al, (Gronauer & - (Baserga maxi-
(Valo o (Linke etal. 2002) ¢ e 2005) ( B Asggom:;nn o SAI,') average ot
Volume m® 100,0 246,2 226,2 7,5 20,0 514,8 112,0 9,6 90,0 90,0
Working volume m® 80,0 472,3 7,0 20,0 420,0 40,0 5,6 70,6 70,6
26% farm
48% farm | yard
yard ma- manure
nure 24% fresh 75% green .
pig manure 18% green | manure 85% beef 10t corn cuttings 40% green beef dairy dairy
i cuttings 10% green Manure  silage cuttings manure manure - manure
Input turnip rape 09 15% 0.2% straw
straw 16% corn | cuttings ; 25% . 2.5-3kg straw
wheat straw silage 23% corn gﬂzzz g}?; ukI;m Inoculum sg)ﬁulum straw ﬁitsk oat husk
4% grass  |silage 400-440 kg
14% potato | 2% grass
residues 15% potato
residues
FM/reactor t 36.9 160.0 147.0 2.9 10.6 252.0 33.5 5.6 52.8 44.0
Retention time d 120 40 26 100 99 72 64.00 28.00 22.00 22.00
FM kg d’ 307 4000 5654 29 107 3500 523 200 2400 2000
Density kg m® 460.9 650.0 650.0 386.7 530.0 600.0 837.5 1.0 989.0 989.0
TS kg 5981.0 43809.5 40250.0 812.0 35934 116676.0 9796.0 994.0 9187.2 7656.0
TS % FM 16.2 % 274 % 274 % 28.0 % 33.9% 46.3 % 29.2 % 178% 174% 174 %
VS kg 5391.0 36800.0 33810.0 682.1 3464.0 72072.0 6007.0 8479 8184.0 6820.0
VS % of TS 90.1 % 84.0 % 84.0 % 84.0 % 96.4 % 61.7 % 61.3 % 81.5% 89.1% 89.1%
VS % of FM 14.6 % 23.0 % 23.0 % 23.5 % 32.7 % 28.6 % 17.9 % 151% 155% 155%




Concrete or

Dome

Container

Container

. Plastic bag Foil cover Anacom  Jarna Jarna
steel container reactor module module
3
Ve kg VS m 0.4 37 58 0.9 1.7 1.9 0.8 3.2 41 34
efficiency d
a 3
Effective volume = kg VS m 0.6 37 5.8 1.0 1.7 24 23 5.4 5.3 44
efficiency d
Temperature °C 35 35 28-38 32 38 38
Energy kWh 3000.0 350.0 2494.1 306 5236.0 5236.0
% 455 % <30% 16.9 % 42.7 % 200% 76.3% 43.8%
Yield m® biogas 1131.4 7100.0 258.0 371.0 1150.0 268.8 1144.0 1994.3
Yield m® CH, 660.0 3905.0 154.8 207.5 3964.0 584.0 1532 6864 1196.6
Yield m® CH,d” 55 97.6 15 2.1 55.1 9.1 55 312 54.4
Yield % CHa 58.3 % 55.0 % 60.0 % 55.0 % 50.8 % 57.0% 60.0% 60.0%
-1
Methaneiproducay | CH. kg 122.4 55.3 227.0 107.1 55.0 97.2 180.7 839  160.0
tion VS
g ICH
f"facmr EleEie b 55.0 206.7 206.4 104.8 106.9 81.5 570.0 3467 7704
ivity m3d’
3L
S ™ biogas 0.4 02 02 1.0 06 1.0
tivity m~d
Cost calculation
Capacity m? 200 4309.8 75 20.0 514.8 224.00 56.00  90.0 90.0
Investment cost € 66 667 110 352 5 000 5000 300 000 263472 111360 200000 200 000
Depreciation a 15 10 10 10 20 20 20 20 20
Investment €a'm?® 22 23 66.67 25.00 29.14 58.81 99.43 111.11  111.11
3
Production cost MM 111 31 88 65 75 99 48 88 40

CH,




Appendix 6.
Data collected

Sample Date| Vakola| Novalab | Volume [ pH V| Freshmass [ 752 | Ash
No. No. | g g g

A B C D E F G H |

Solid fraction 11.5.2004 2 8,160 20,157) 4,888] 0,507

Solid fraction compost ) 6.5.2004 K1 50 20840,000

Solid fraction compost * 18.5.2004 K1 18,696 6,562

Solid fraction compost 3) 1.6.2004 K1 19,846 6,999

Solid fraction compost > 22.6.2004 K1 11,122 4,825/ 0,629

Solid fraction compost > 17.8.2004 K1 1 8,410 14,207| 5,279]0,779

Solid fraction compost > 17.8.2004 K1%) 30 8300,000

Solid fraction compost fresh > 6.5.2004 K4 50 30940,000

Solid fraction compost fresh > 18.5.2004 K4 21,632| 4,773

Solid fraction compost fresh > 1.6.2004 K4 20,020( 4,420

Solid fraction compost fresh > 22.6.2004 K4 20,105| 5,230(0,774

Solid fraction compost fresh ) 17.8.2004 K4 3 8,420 21,494 4,419] 0,880

Solid fraction compost fresh > 17.8.2004 K4 30 14600,000

Solid and liquid 11.5.2004 4 8,170 20,035] 2,985] 0,420

Liquid fraction 11.5.2004 6 8,090 20,533 1,426] 0,363

Faeces + straw + husk 11.5.2004 8 7,330 20,420) 3,992] 0,433

Faeces+ straw+ husk compost 3 6.5.2004 K2 50 42120,000

Faeces+ straw+ husk compost ) 18.5.2004 K2 20,023 4,265

Faeces+ straw+ husk compost 3 1.6.2004 K2 21,718 4,277

Faeces+ straw+ husk compost ) 22.6.2004 K2 25,469 5,297|0,756

Faeces+ straw+ husk compost 3 17.8.2004| K2+K3 2 8,460 23,991 5,416] 1,019

Faeces+ straw+ husk compost3) 17.8.2004 K2 30| 0,000 17200,000

Faeces+ straw+ husk compost ) 6.5.2004 K3 50 41320,000

Faeces+ straw+ husk compost > 18.5.2004 K3 16,704 3,593

Faeces+ straw+ husk compost 3 1.6.2004 K3 19,540| 4,094

Faeces+ straw+ husk compost 3 22.6.2004 K3 28,478 5,95210,849

Faeces+ straw+ husk compost ) 17.8.2004| K2+K3 2 8,460 23,991 5,416] 1,019

Faeces+ straw+ husk compost 2 17.8.2006 K3 30| 19160,000

Effluent 11.5.2004 10 8,620 20,665| 1,115] 0,329

Husk 6.5.2004 11 barrow 64120,000

Husk 22.6.2004 13 7 17,176] 15,8391 1,330

Straw 6.5.2004 12 6| barrow 13320,000

l>sample is diluted with water (1:2,5), left overnight and measured

2105°C, 20h SFS 5542

3Composting period 10.5.2004 - 13.8.2004. Mixing 14.5., 19.5., 31.5.11.6.8.7.2004.
924.6.2004 3 dl water was added, 2.7.2004 1 1 water was added




Sample Date [Vakola|Mass |Volume| pH |Fresh| TS | Ash
No. | mass | g g
g
A B C kg E F G H |

Faeces+straw+husk 29.10.2004 M13 6,99 23,688] 4,262 0,46
Faeces+straw-+husk 29.10.2004 M14 7,00] 20,638 3,664 0.4
Faeces+straw+husk 29.10.2004 MI5 6,89] 25,729 4,530 0,44
Solid fraction 29.10.2004] D17 8,15] 19,041] 5,073]0,430)
Solid fraction 29.10.2004] D18 8,25] 22,383] 5,097|0,493
Solid fraction 29.10.2004] D19 8,26 21,396] 5,212/0,508]
Liquid fraction 29.10.2004] L21 8,24] 20,533 1,112] 0,31
Effluent 29.10.2004] E23 8,66] 21,986] 0,821/0,270)
Wheat straw 29.10.2004] S25|57,570) 1,400{ 0,985| 0,14
Husk 29.10.2004] H27|197,53 19,55 17,75
Faeces+straw+husk compost
Faeces+straw+husk compost 46,900f 4,292

K9 23,772

29.10.2004] 50

Solid fraction compost 23,500f 5,624

K10 23,732

K7
Faeces+straw-+husk compost| 16.3.2005 K9 9,060]18,140]5,831|1,442
Solid fraction compost 16.3.2005 K6 8,830]13,273[8,063|1,369
Solid fraction compost 16.3.2005 K8 8,780]14,773]6,353|1,161
Solid fraction compost 16.3.2005 K10 8,840]11,880]7,053]1,231




Appendix 7.
Mass balance

For the calculation of biogas mass we used following figures: pc = 1.977 kg
m”, the py = 0.717 kg m™, and py =0.804 kg m™, valid at 0°C and 1.0132 bar
barometric pressure (Brockmann, 1987). Because the carbon dioxide meas-
urement was done only once we use for ¢; =40 % and for ¢;= 32 %. Vapour
content is assumed to be 3 volume % of the biogas.

G =A +C+W; or

Bi=A;pat+Cirpct W, pyand

A =G, —Gic;—G0.03 or A; =Gy: (0.97-c)

Bi =G - (0.97-¢) -pa + Grrepc + Gy - 0.03: pw

Bi1 =G - ((0.97-¢1) *pa + ci'pc + 0.03 pw)

B, =G, - ((0.97-c) 'pa + c2'pc + 0.03- pyw)

B=G; - ((1-w- ¢1) -pateipctwpw)+ Gy ((1-w-¢2) -patcrpetw-pw)
B= G pa - Gi'pa 'W- Gi-pa <1+ Greppet Grwpwt
Gapa - Gorpa “W- Go-pa -+ GoCopet Gorw-pw

B=Gy ((pa” (1- w-¢1)) + cipct wpw)

B =Gy - ((0.97-¢1) -0.717 + -¢;-1.977 + 0.03- 0.804)

Bi =G - ((0.97-¢1) -0.717 + -¢;1-1.977 + 0.02412)

B; =Gy - (0.69549-c; -0.717 + ¢4-1.977 + 0.02412)

B =G; - (0.71961+ ¢, - 1.26)

B, =G, (0.71961+ ¢, - 1.26)

B=B; +B,=G; - (0.71961 +¢; - 1.26) + G, - (0.71961 + ¢, - 1.26)
B=G;-(0,71961 + ¢;- 1,26) + G, - (0,71961 + ¢, 1,26)
B =G 1.22361+ G, - 1.12281

C=Gi-crpct+ Gyt cope

C=G; - 0.7908 + G, - 0.63264

A =pa (G (0.97-¢)) + Gy (0.97-c,))

A =Gy 0.40869+ Gy 0.46605



Appendix 8.

Calculation of the reactor capacity

Reactor Data

Reactor 1
Diameter 2850 m
Height 10.500 m®
Inside volume of reactor A 66.984
Volume of top void B 10.093
Area of heater pipe 0.193 m
Length of heater pipe 20.386 m°
Volume of heater pipe C 3.943
Area of feeding pipe 0.126 m
Length of feeding pipe 10.000 m
Volume of feeding pipe D 1.257
Effective volume of reactor 1: V=A-B-C V 52.948 m?
Filter
Diameter 0.150 m
Height 0.050 m
Volume of corners min 0.001 m®
max 0.003 m’
Volume (with voids) 65.000 ml
Reactor 2
Diameter 2850 m
Height 4000 m
Inside volume of reactor A 25518 m°
Top void 0.700 m
Bottom void 0.500 m
Total void 1.200 m
Volume of void B 7.655 m°
Volume occupied by heater pipe 80mm, 6 time coil C 0265 m’
Effective volume of reactor 2: V=A-B-C \% 17597 m°
Number of filters occupying the reactor min 15641
max 5213
Total volume of filter min 0.339 mz
max 1.017 m
Vinin 16.580 m’
Volume occupied by effluent Vmax 17.258 m°
Vinean 16.919 m°
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