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Preface

Nutrients for growing of crops are normally supplied from mineral fertilisers.
However, with increasing source separation of municipal and industrial waste,
the quantity of organic fertilisers is increasing. The main question in the present
project was to study the energy, economic and environmental consequences of
using organic fertilisers originating from wastes, in comparison with mineral
fertilisers.

The project was initiated and financially supported by Hydro Agri Europe, and
started in August 1997, The work was conducted by Huibert Qostra, JTT, Ulf
Sonesson, SL.U and Anna Bjorklund, KTH. Project leader was Magnus Dalemo
JTI. Co-ordinator of the project at Norsk Hydro was Avtar S. Jasser.

¥

We wish to thank all those involved in the completion of this project.

Ultuna, Uppsala in November 1997

Bjérn Sundell
Managing Director







Summary

Organic fertilisers such as anaerobic digestion residues and compost are compared
with addition of nutrients by means of mineral fertiliser. Four scenarios are simu-
lated using the ORWARE model. The scenarios are primarily evaluated from an
environmental point of view using the Life-cycle assessment method. Some eco-
nomic calculations are also included.

From both environmental and economic views, the emissions and costs arising
from production of mineral fertilisers has a minor influence on the results of the
studied system. The waste management processes together with soil emissions
are responsible for the major part of the emissions. The net energy yield from
waste management also has a large impact on the environmental evaluation.

The scenario with the largest net energy yield is the mineral fertiliser scenarioc
tollowed by the anaerobic digestion residue scenario. However, the anaerobic
digestion residue is the only scenario with net electricity production. To make
the scenarios comparable from an environmental point of view, external heat
and electricity production are included. External production of electricity from
oil resulis in a major environmental impact, while heat production from wood
chips has less influence.

The environmental impacts global warming potential, eutrophication and acidi-
fication are studied. Calculation of the impact categories human health and eco-
toxicity to water and soil are also included, but the weighting factors, and there-
fore the results, for these categories are insecure.

For global warming potential the anacrobic digestion residue scenario has the
lowest contribution in the large city region. The other scenarios have larger
emissions from the waste management. Furthermore, the total emissions from
these scenarios are larger due to emissions from external electricity production
and minor emissions from nitrogen fertiliser production. The relation between
the scenarios is almost the same in the small town region as in the large city
region.

The largest potential eutrophication impact in all scenarios is from sewage siudge
put on landfill. However these emissions will primarily arise in the long term.
The immediate emissions from waste management are on the same level for all
four scenarios, both in the large city and small town region. The major part of
these emissions are from landfilling and soil.

The lowest contributions to acidification arise from the mineral fertiliser and reac-
tor compost scenarios in the large city region. The emissions from waste manage-
ment are larger from the anaerobic digestion residue scenario and the windrow
composting scenario. In the small town region, the anaerobic digestion residue
scenario has the largest total emissions, while the emissions from the other sce-
narios are similar,

The spreading of organic carbon as a source of humus is largest in the reactor
composting scenario in both regions. However, the differences between the sce-
narios are quite small since most of the organic-bound carbon spread on farmland
originates from sewage sludge and manure in all scenarios.




Sewage sludge contains the largest amount of both fertiliser and heavy metals in
the large city region. In the small town region, manure is the dominating source.
However, the metal content has to be reduced, especially for the sewage sludge
and household waste if the metal content in organic fertilisers, compost, anaerobic
digestion residue and sewage sludge, should be below the permitted levels per kg
phosphorus proposed by the Swedish EPA for year 2000.

The calculation of costs results in almost similar costs for the four scenarios in
the large city region. However, the income from energy gives the mineral fertiliser
scenario the lowest total cost followed by anaerobic digestion. In the small town
region, the large volume of manure to be transported and treated in the anaerobic
digestion residue scenario results in the largest cost for this scenario.

Summary in Swedish

Huvudsyftet med projektet var att jimfora framstillning och anvindning av
organiska godselmedel och mineralgtdselmedel. Fyra ofika scenarier studerades;
mineralgtdselanviindning (och forbrinning av avfallet), rétning av avfall och
gddsel, stringkompostering av avfall och reaktorkompostering av avfall. Det
avfall som ingér i studien dr viixtnéringsrikt avfall frin samhiille och godsel

fran gérdar, samt slam frén reningsverk. Slammet och gédseln gar direkt ut pi
dkermark i alla scenarier utom i rétningsscenariot dir ocksa gddseln behandlas,
Konsekvenserna beriknades bide for en storstadsregion (Uppsala kommun) och
en region med en mindre ort (Ystads kommun). Simuleringsmodelien ORWARE
anvindes for berdkningarna.

Scenarierna utviirderas huvudsakligen ur miljosynpunkt med hjilp av livscykel-
analysmetodik. Miljoeffekterna vixthuseffekt, dvergddning och forsurning, samt
floden av metaller studeras. Aven kategorierna; paverkan pa minniskors hilsa
(toxikologisk, dock ej arbetsmiljo) och ekotoxicitet till vatten och mark beriknas.
Viktningsfaktorerna och didrmed ocksd resultaten 4r dock mer osikra fér dessa
kategorier. Berdkningamna av miljgpaverkan kompletteras med nagra foretags-
ekonomiska berikningar.

Processer och dmnen som fick stor inverkan pa resultaten
Néigra dversiktliga iakttaganden frin projektet ir att;

e Produktion av mineralgédsel har relativt liten betydelse i de studerade scenarierna,
bide ur miljosynpunkt och ekonomisk synpunkt.

¢ Avflallsbehandlingsprocesserna tillsammans med emissioner fran dkermark stir
for den storsta pverkan pd miljén.

e Nettoutbytet av energi fran avlallshanteringen har ocksd stor paverkan vid
atvirdering av miljon.

De aktiviteter och dmmnen som har storst paverkan pd viixthuseffekten i de stude-
rade scenarierna var CO; frin extern elektricitetsproduktion, CH, fran deponering
och dkade utsldpp av N,O frén dker orsakade av organiska godselmedel. Den
dominerande kiillan for vergddning var lickage av P frin deponering pa 1ang sike,




och NOj™ frén dkermark. Storst piverkan pa forsurning har utslipp av NH; frén de
organiska restprodukterna och olika utslipp frin avfallsbehandlingsprocesserna.

Dessa resultat understryker vikten av att undvika deponering av organiskt material
bade pé grund av dess hoga innehall av néiring och nedbrytbarhet. Vidare 4r det
viktigt att anviinda bista mojliga appliceringsteknik for organiska restprodukter
for att begrinsa emissionerna fran mark. Storst miljopaverkan frin behandlingen
av aviallet dr forbrinnings- och rétningsprocessen utslipp av NO, och SO, och for
komposteringsprocesserna utslipp av NH; och CHy. Dessa emissioner paverkas
naturligtvis av hur processerna skots och vilken reningsutrustning som anvinds.

Jamfdrelse av de fyra scenarierna i en storstadsregion

Mineralgidselscenariot med forbrinning av storsta delen av avfallet ger det
storsta bidraget till vixthuseffekten (bild 1). Detta giller om viirmen som produ-
ceras vid forbrianningen ersitter virme frin biobrinsle. Om den istillet ersitter
olja skulle situationen bli annorlunda. Det stora bidraget till vixthuseffekten i
detta scenario beror pd deponering av fettvatten, produktion av mineralgtdsel-
kvive, langtidseffekter frén deponering av aska och att ingen elektricitet produ-
ceras frén avfallet utan istillet frin oljekondens i detta scenario. Utsliipp av ver-
gddande &mnen fran mineralgtdselscenariot dr i samma storleksordning som i
de andra scenarierna och kommer frén forbrinningsprocessen, néringslickage
frén gdsel och slam pé &kern och langtidseffekter frn deponering av aska. For-
surningseffekten fran mineralgtdselscenariot dr lagt och kommer huvudsakligen
frdn ammoniakemissioner fran slam och godsel.

1.4
B Mineralgidsel

1.2
T mRStrest
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i EReaktor kempostering
@ 0.8 —— SNy A — o
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E o8 = e
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Vaxthuseffekt Overgddning Férsuming

Bild 1. Miljbpdverkan fran de fyra olika scenarierna i en storstadsregion {inklusive
fangtidseffekter fran deponering). Se vidare Figure 3, 5 och 7.

Rotning dr att foredra ur vixthuseffektsynpunkt om biogasen ersiitter fossila briins-
fen. Niér det giller 6vergédning resulterar rotrestscenariot i reducerade emissioner
av kvive fran aker tack vare att lickaget av nitrat fran organiskt bundet kvive
minskar. Dock okar ammoniakemissionerna ndgot. Dessa ammoniakemissioner
tillsammans med utsliapp av NOyx och SO frén forbrinning av biogasen innebir att
rétningsscenariot medfor storst utsldpp av férsurande dmnen.



10

Komposteringsscenarierna har relativt héga emissioner av gaser som bidrar till
vixthuseffekten beroende pé emissioner frin komposteringsprocessen, samt att
vare sig elektricitet eller virme produceras fran denna avfallsbehandling. Emis-~
sionerna av vixthusgaserna N>O och CH; frin komposteringsprocessen ir starkt
beroende av substrat och hur processen skots. Dessa emissioner reduceras i
reaktorkomposteringsalternativet genom rening av utgdende luft. Overgtdnings-
emissionerna frin komposteringsscenarierna beror huvudsakligen pé den stora
andelen organiskt bundet kvéve i restprodukten. Med hig andel organiskt bundet
kvive blir dock ammoniakemissionerna ldga. Komposteringsprocessen resulterar
dock i relativt hoga ammoniakemissioner med en stor paverkan pa férsurnings-
effekten. Komposten har stor positiv effekt p jorden da den innehéller en hig
ande! mullbildande dmnen.

Ovriga slutsatser

Om man istillet studerar en region med en mindre ort genereras en mindre méngd
kommunalt organiskt avfall, vilket medfor att gédseln blir det dominerande av-
fallet. Eftersom gddseln gér direkt ut pa dkermarken i alla scenarier utom i rotrest-
scenariot blir det naturligtvis inte ndgon strre skillnad mellan dessa scenarier
(bild 2). Rétrestscenariot medfor dock betydligt ligre utsldpp av vixthusgaser och
hégre utslidpp av férsurande dmnen beroende pi att godsel ocksa tas in och behand-
las vid rétningsanldggningen.

1.6

MMineralgddsel
1.4

1.2 mRbtning

medel)

-
5

N Reaktorkompost

Strangkompost

Relativvarde (1.
Lo
o

Vaxthuseffakt Ovaergédning Farsurning

Bild 2. Miljépaverkan fran de fyra ofika scenarierna i en region med en mindre ort
(inklusive langtidseffekter fran deponering). Se vidare Figure 20, 21 och 22.

Berikning av de foretagsekonomiska kostnaderna for de olika scenarierna resul-
terar i likartade totalkostnad for alla alternativ i storstadsregionen. Tack vare
inkomsten frin energi innebir dock mineralgbdselscenariot de ligsta totala
kostnaderna, foljt av rétningsscenariot. I sméstadsregionen resulterar rtnings-
scenariot i de hogsta totala kostnaderna p g a den stora volymen godsel som skall
transporteras och behandlas.
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Introduction

In the present project, four scenarios for addition of fertiliser are studied in two
areas.
The four scenarios for addition of fertiliser:

¢ Mineral fertiliser. Incineration of the municipal organic waste fraction. Manure
is transported and spread directly on farmland.

= Sludge from anaerobic digestion of all organic waste and manure. Manure is
collected with return transport for residues.

¢ Compost from a windrow composting plant for municipal organic waste. Straw
is used as amendment. Manure is transported and spread directly on farmland.

s Compost from a reactor composting plant for municipal organic waste. Straw is
not used as amendment. Manure is transported and spread directly on farmland.

In all scenarios, 50 % of the sewage sludge is landfilled and 50 % is spread on
farmland.

The two areas:
» Uppsala, a densely populated area with large amounts of municipal organic
waste and a minor amount of manure,

® Ystad, a relatively small town with less municipal organic waste and more
manure.

Waste fractions included in the study are easily degradable organic waste from
municipal sources and farms.

Municipal organic waste:

¢ households in flats, detached houses and rural areas
e restaurants and trades

® greasce separalors

® sewage sludge

Farm waste:

e Slurry manure from cows
¢ Slurry manure from pigs

The processes included in the present study, and their type of emissions, are
presented in Table 1. Energy turnover and economy are also calculated for
these different activities.
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Table 1. Emissions from different processes.

Air emissions Water emissions Soil emnissions

Landfilling X X

Landfilling of sludge X X

Incineration X X

Anaerobic digestion X X
Reactor composting X X
Windrow composting X X
Collection of waste X

Transport of residues X

Spreading X

Soil X X

Sludge X
Manure X
Straw X

A simulation model, ORWARE, is used for calculation of energy turnover, econ-
omy and emissions from all the processes. This model has been developed in a
previous project (Dalemo et al., 1997).

S{ Grease i issi
Hgiéa;;%vg separators ] Straw l |A|r Emissions
(@ Manure

Flais Rural

Sewage Sludge Detached Arcas
i houses

part to ; E

{armiand/ W

Tandfill @

+ bt
X

Tractor transport
with spreader

; Y
b4
—re 1 |

of residuas I E

Soif

X h: ¢ % 3
Nutrianis to soil Water Emissions !

Figure 1. The anaerobic digestion scenario, as an example of a scenario in the ORWARE-
maode,
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To reduce the data for evaluation of the results, life-cycle analysis methodology is
used to aggregate the emissions in environmental impact categories. In this project
the global warming potential, eutrophication, acidification, human health and eco-
toxicity effects are studied.

Scenarios

Life-cycle assessment (LCA) techniques are adopted to help when choosing sys-
tem boundaries and functional units. System boundaries and functional units are
chosen to make all scenarios comparable with respect to the amount of waste
treated, nutrients supplied to arable land, and the provision of district heating and
electricity. Therefore production of mineral fertiliser is included in a quantity so
that all scenarios result in the same amount of nitrogen and phosphorus spread
on farmland as in the anaerobic digestion scenario. In this scenario 170 tonnes
of nitrogen and 111 tonnes of phosphorus are recirculated to the crops as organic
fertiliser. With the same principle, heat production from wood chips and elec-
tricity production from oil are included in the scenarios in a quantity so that all
scenarios produce the same net amount of heat and electricity. The largest pro-
duction of heat from waste is found in the mineral fertiliser scenario (77 TJ), and
the largest production of electricity is found in the anaerobic digestion scenario
(17 TI).

Mineral fertiliser

In the mineral fertiliser scenario the easily degradable organic fraction of the mu-
nicipal waste from restaurants, trade and households is incinerated. The ash from
incineration is landfiiled. Grease water from grease traps at, e.g., restaurants, is
very wet and therefore landfilled. Slurry manure from pigs and cows in the sur-
rounding area is stored and spread directly on farmland. The straw from cereals
is left on the farmland without any treatment. Half of the sludge from the sewage
plant is stored and spread on farmland and half is landfilled.

This handling of the waste results in 77 TJ of heat produced, together with organic
fertiliser (sludge and manure) spread on farmland containing 98 tonnes nitrogen
and 93 tonnes phosphorus. Therefore external production of nitrogen (72 tonnes),
phosphorus (18 tonnes) and electricity 17 TT are included in this scenario.

Table 2. Material flow in the mineral fertiliser scenario of a large city.

Mineral fertiliser 1000 tonnesfyear  Treatment Cutput

Organic waste

Hestaurants and trade 3 = Incineration 77 Td heat
Households 13 ~
Grease water 3 - Landfill
Manure 25 7 : :
Straw 34+ - Farmiand 98 tonnes N
Sludge - g 93 tonnes P
.................................................. B - S .11
External production Natural gas Nitrogen 72 tonnes N

Qre Phosphorus 18 tonnes P

Oil Electricity 17 TJ electricity
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Anaerobic digestion residue

In the anaerobic digestion residue scenario, organic waste from restaurants, trades,
households, grease traps and manure from pigs and cows is anaerobically digested.
The residue from digestion is stored and spread on farmland. Manure is collected
with trucks for transportation to the anaerobic digestion plant, Emissions from this
collection are not included, since the manure is coliected by trucks on their way
back when digester sludge has been transported to farms for storage. An extra
tractor transport is added for transportation of residues from the farm to farmland
for spreading. Straw is not collected, but left on farmland. Half of the sludge from
the sewage plant is stored and spread on farmiand and half is landfilled.

The biogas from digestion is used for production of heat and electricity and this
scenario results in a net production of 32 TJ heat and 17 T7 electricity. The
organic fertiliser (anaerobic digestion residue and sludge) spread on farmland
contains 170 tonnes of nitrogen and 111 tonnes of phosphorus. Therefore only
external production of heat with 45 TJ is included in this scenario.

Table 3. The material flow in the anaerobic digestion residue scenario of a large city.

A. D. residue 1000 tonnes/year Treatment Cutput

Organic waste

Restaurants and trade 31 32 TJheat
Households 13 4 17 TJ electricity
Grease water 3 +4Anaerobic dig. 170 tonnes N
Manure 25 - ~ 111 tonnes P
Straw 3T - Farmiand

Sludge g -

e 8. T Landfil
Exiernal production Wood chips Heat 45 Td heat

Reactor compost

In the reactor compost scenario, organic waste from restaurants, trades, house-
holds and grease traps is composted. The compost is stored, and spread on the
{ields. Slurry manure from pigs and cows in the surrounding area is stored and
spread directly on farmland without any treatment. Straw is not collected, but
left on farmland. Half of the sludge from the sewage plant is stored and spread
on farmland and haif is landfilled.

The organic fertiliser (compost and sludge) spread on farmland contains 127 ton-
nes of nitrogen and 111 tonnes of phosphorus. Therefore only external production
of nitrogen (43 tonnes) is included. Reactor composting does not result in any
production of electricity and heat. Therefore also electricity production from oil
(17 TI) and heat production from wood chips (77 TJ) are included in this scenario.
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Table 4. The material flow in the reactor composting scenario of a large city.

Reactor compost 1000 fonnes/year Treatment Output
Organic waste
Restaurants and {rade 31
Households 13 4 - Reactor c. 127 tonnes N
Grease water 3 ~ 111 tonnes P
Manure 25 7 Farmland
Straw 3+ ”
Sludge -» g
S B N -1, .| DO
External produciion Natural gas Nitrogen 43 tonnes N
Oil Electricity 17 TJ electricity
Wood chips Heat 77 TJd heat

Windrow compost

In the reactor compost scenario, organic waste from restaurants, trades and house-
holds is composted. Straw is used for amendment. However, processes of collec-
tion and "pressing” of straw are not included in the study. The compost is stored,
and spread on farmland. Grease water from grease traps at, e.g. restaurants is very
wet and therefore landfilled. Slurry manure from pigs and cows in the surrounding
area is stored and spread directly on farmland without any treatment. Half of the
sludge from the sewage plant is stored and spread on farmland and half is land-
filled.

The organic fertiliser (compost and sludge) spread on farmland contains 112 ton-
nes of nitrogen and 111 tonnes of phosphorus. Therefore only external production
of nitrogen (58 tonnes) is included. Reactor composting does not result in any
production of electricity and heat. Therefore, also electricity production from oil
(17 1J) and heat production from wood chips (77 TJ) are included in this scenario.

Table 5. The material flow in the reactor composting scenario of a large city.

Reactor compost 1000 tonnesfyear  Treatment Qutput

Organic waste

Restaurants and trade 37

Households 13 +-» Windrow c. 112 tonnes N

Straw 34 o 111 tonnes P
Manure 25 71 g Farmland

Sludge -» g

" 8 - Landfill
Greasewater . S M,
External production Natural gas Nitrogen 58 tonnes N
Ot Electricity 17 Td electricity

Wood chips Heat 77 Td heat
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Sources and processes

A lot of different sources and processes for waste management can be included in
the ORWARE model. A brief description is given below of some of the assump-
tions used in this study. A more complete description of the model can be found in
Dalemo et al. (1997). A thorough description of the transportation and composting
models (Sonesson, 1996), incineration and landfilling (Mingarini, 1996), and sew-
age plant and anacrobic digestion models (Dalemo, 1997) are published in sepa-
rate reports.

Sewage sludge

The sewage sludge composition is primarily taken from the sludge in Uppsala.
However, for the content of heavy metals, figures from statistics on sewage plants
<25000 pe are used for the sludge in Ystad and >100000 pe for the sludge in
Uppsala.

Slurry manure

Slurry manure from farms within a distance of about 10 km is included in the
study. Solid manure is fairly rare around Uppsala and Ystad. Slurry manure is
preferred for anaerobic digestion while solid manure would be better in com-
posting processes. However, there is no advantage in including manure in a com-
posting plant from an economic viewpoint or for the process. Therefore, the slurry
manure is treated in the anacrobic digestion residue scenario, but spread directly
on farmland in the mineral fertiliser and composting scenarios.

Energy sources

Oil is assumed to be used for production of electricity in a condensation plant.
This is because the electricity produced from waste is from biogas in the anacrobic
digestion residue scenario and this is produced all year around. The most expen-
sive electricity source consumed all year is imported electricity from coal or oil
condensation plants in Denmark and Finland. The electricity from biogas produc-
tion 1s therefore assumed to substitute electricity production from oil condensation
plants.

Biofuel (wood chips) is the source used for heat production. In new district heat-
ing systems the most common fuel is wood chips. Heat production from waste in
the mineral fertiliser scenario is therefore substituted with heat production from
wood chips in the other scenarios.

Incineration

The incineration plant model mirrors the waste incineration facility in Uppsala,
which has a capacity of incinerating 250 000 tonnes/year. It is equipped with flue
gas condensation, dust removal in electrostatic precipitators, SNCR with urea for
NOy-reduction, and dry removal of acid gases with CaCO; and Ca(OH),. There is
no electricity production, all heat is recovered for district heating.
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In the Uppsala scenarios, the facility is located near the centre of town, as is the
case today. In the Ystad scenarios, it is not considered realistic that such a small
town has its own incineration facility. The waste is instead transported to a larger
city 50 kilometers away with an incineration facility of the same capacity and
equipment as in Uppsala.

Landfilling

The landfill model mirrors an average Swedish landfill, and is thus not specifically
adjusted to any site specific circumstances. Four specific submodels are included,
landfilling of household waste, sewage sludge, incinerator bottom ash and incin-
erator fly ash. The leachate is treated for removal of phosphorus and nitrogen.

50 % of the landfill gas is collected and burned in a gas engine, generating heat
and electricity.

To meet the difficulties arising from the time lag between the addition of waste
material to the landfill and emissions occurring from that same material, the
landfill emissions are modelled as occurring either during surveyable time or
during remaining time. Surveyable time is in the order of 100 years, and covers
the most active phases of landfill degradation. Remaining time is defined as lead-
ing to complete degradation and spreading of alf landfilled material, thereby
giving maximum potential emissions,

The conditions modelled in the household waste landfill during surveyable time
are anaerobic methanogenic. Under these conditions, easily and moderately
degradable carbon fractions are almost entirely degraded, generating about 50 %
each of CO; and CHy. Metals are only emitted to a very small extent during sur-
veyable time. Remaining time includes some oxygen intrusion and erosion, so
that CHy-emissions are lower.

Landfilling of sludge is modelled in an approach different to that used for house-
hold waste. Most of the sludge is used as final cover. Therefore a larger part is
degraded aerobically. We assume that 90 % of the sludge is used as final cover,
and is consequently completely aerobically degraded to CO,. The leaching of
phosphorus is lower under aerobic conditions than anaerobic. During remaining
time, 50 % of the remaining cellulose and hemicellulose will degrade anaero-
bically, the rest being aerobically decomposed together with lignin after intrusion
of oxygen or erosion of landfill material,

Anaerobic digestion

The anaerobic digestion plant simulated includes pre-treatment of the waste in the
form of separation, maceration and different levels of hygienisation. The substrate
is diluted with fresh water if exceeding 15 % DM, The digester is a continuous,
single stage, mixed tank reactor (C.S.T.R.) operating under mesophilic tempera-
ture. After digestion the residue passes through a heat exchanger, reducing the
microbial activity and transferring the heat to the influent substrate. The digested
material is finally stored in covered lagoons until the spreading season. The gas
produced is used for production of electricity and heat in a stationary engine with-
out any previous treatment,
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Reactor compost facility

The reactor compost facility modelled is a rotating drum, followed by maturing
in open air windrows with controlled aeration. The rotation of the dram is driven
by electricity and the open air windrows are managed with mobile, diesel-fuelled,
equipment. The exhaust gas equipment is first a condensation step and thereafter
a biofilter consisting of mature compost. The waste is treated in the drum for
approximately one week. During that time half of the total degradation takes
place, and all gases produced during the reactor phase are treated in the exhaust
gas equipment. The gases produced during maturation are to 80 % treated in the
exhaust gas equipment, the rest is emitted to air.

Windrow compost facility

The windrow compost facility modelled is an open-air compost with forced
aeration but no exhaust gas equipment. All operations necessary for managing
the compost, e.g. sieving, turning, loading, is performed with mobile, diesel-
fuelted equipment. The compost process is assumed to be the same as for the
reactor compost, i.e. the amount of NH,, CH,, N»,O formed is a result of the
incoming material’s contents of nitrogen and carbon of different degradability.

Tractor transport

Energy consumption varies. Studies with an average of 12 tractors gave consuimp-
tion of 0.24 1/km without load and 0.29 with an 8-tonne load (SMP, 1983). Con-
sumption for trucks is 0.2 I/km without load and 0.4 I/km with 12-tonne load. The
model calculates with a consumption of 10 I/h and an average speed on 20 km/h
as an average with a slurry spreader with 12 tonnes loading capacity, resulting in
about 0.5 I/km on the road. In addition, it takes about 0.5 minutes per tonne to
load the spreader at the storage tank. The loading is done with the pump on the
spreader and the consumption is assumed to be 10 I/h.

Soil Emissions

Organic fertilisers can be substitutes for mineral fertiliser in agriculture. The
losses of nutrients when using organic fertilisers are often larger than for mineral
fertilisers. However, the losses vary due to weather conditions, type of soil and
crop, and equipment for spreading and time between spreading and cultivation.
The efficiency of nutrients in organic waste residues as compost and anaerobic
digestion residues is compared with mineral fertiliser. The efficiency is assumed
to be 100 % for phosphorus, 8¢ % for ammonium and 30 % for organic-bound
nitrogen.

The environmental impact due to emissions of nutrients from organic fertiliser is
primarily as NHj to air, NOy™ to water and small emissions of N.O to air. Emis-~
sions of N are large but have no environmental impact.

Emissions of NHj are, among other things, related to the content of NHy in the
residue. When spreading anaerobic digestion residues in Denmark, NH; emissions
were found to be about 15 % of the total nitrogen content (Energistyrelsen, 1995).




19

Nitrate emissions occur when there is water transportation down to the drainage.
These emissions are largest in spring and autumn with little vegetation and much
rain. About half of the organic-bound nitrogen losses are assumed to be emitted
as NO3™ and half as N».

Emissions of NyO occur under conditions between anaerobic and aerobic. An
assumption of these emissions is that about 1.25 % of the total added nitrogen is
lost as N,O (OECD, 1996).

The emissions of nitrogen are related to the content of organic-bound nitrogen and
ammonium in the organic fertiliser to be useful for both anaerobic digestion resi-
dues and composts. Only the extra emissions compared with mineral fertiliser are
included. The assumptions used in the ORWARE model are presented below.

Mineral nitrogen: Of the total 20 % losses, about 75 % is emitted as NH3, 1.25 %
as N»O and the remaining 23.5 % as N,.

Organic-bound nitregen: Of the total 70 % losses, about 30 % is emitted as
NG5, 1.25 % as N2O and the remaining 48.5 % as Na.

Results for a large city region

In this section, the results from comparison of scenarios for a large city area are
presented. Specific parameters needed in the study are primarily taken from
Uppsala.

Materiais

In the large city area, 25 % of the organic waste is from sludge, 30 % from other
municipal waste and 40 % from manure. The remaining 5 % consist of straw used
in the windrow composting scenario (Table 6).

Table 6. Waste quantities included in the study of a large city region, and their content
of nitrogen and phosphorus (metric tonnes per year).

Sludge Flats Houses Rural Trade Restau- Grease Cow Pig Straw
areas rants water manure manure

Dry matter 3900 2161 1583 801 150 550 108 1512 288 25580
Wet weight 16250 6175 4550 2288 500 2200 3000 21600 3200 3000

Total N 152 432 31.9 16.0 2.3 121 0.1 84.7 17.0 128
Total P 137 8.2 6.1 3.0 0.8 0.6 0.1 18.1 4.6 1.8
Energy

The mineral fertiliser scenario has the largest production of heat and the anaerobic
digestion residue scenario the largest production of electricity (Figure 2). How-
ever, 1t is important to observe that all energy i$ added in one diagram, even
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though the quality of energy differs. When comparing energy turnover in different
countries the electricity is often valued as 3 times the heat.

Heat is produced in the incineration plant. Gas from the landfill and anaerobic
digestion plant is used for production of heat (2/3) and electricity (1/3). The fuel
consumption is primarily from collection of waste, transportation and spreading
of manure and residues.

The fuel consumption in the mineral fertiliser scenario consists of collection
(70 %), transport of residues to arable land (10 %), and spreading of residues
(20 %). In the other scenarios, transports increase as recycling transports and
spreading primarily in the anaerobic digestion residue scenario.

80 000 000
70 600 00D - I Heat
€0 000 000 B Etectricity
50 000 000 - M Fuel consumption
Ef Phosphorus production
% 40000000 - NOSPROfuS prod
¢ £ Nitrogen production
2 30000 000 -
-
= 20000000
10 060 000
o
-10 000 000 A
-20 009 000
Minaral Anaerobic Reactor Windrow
fertiliser digestion compest compost

residue

Figure 2, Energy conversion for the studied scenarios in the large city region. Observe
that all energy is added in one diagram, even though the quality of energy differs.

In the mineral fertiliser scenario the main part of the heat is produced in the incin-
eration plant. The production of electricity originates from landfill gas produced
from landfilling of sludge and grease water. Electricity is consumed in the incin-
eration plant,

In the anaerobic digestion residue scenario electricity and heat are produced
primarily from biogas. Heat is consumed for hygienisation and digestion in the
anaerobic digestion plant. Electricity is consumed for maceration, pumping and
mixing in the plant. This scenario has the largest consumption of fuel due to
transportation and spreading of the wet residue.

The reactor compost scenario has production of electricity and heat from land-
filling of siudge and a coarse fraction. The windrow compost scenario has slightly
larger production since grease water also is landfilled in this scenario.

Global warming

The global warming potential is calculated as CO,-equivalents using weighting
factors for a time-frame of 100 years (Nordic Guidelines on Life-Cycle Assess-
ment, 1995).
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Nutrients from anaerobic digestion residue have the lowest potential contribution
to the environmental impact global warming, followed by reactor compost, min-
eral fertiliser and windrow compost (Figure 3). The major emissions come from
treatment of waste and emissions from landfiil during remaining time (after ca
160 years). The functional units, production of electricity and nitrogen, also result
in emissions of importance.
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Figure 3. Total contribution to global warming potential from the scenarios in the large
city region.

Production of nitrogen, phosphorus, heat and electricity

The emissions from nitrogen production contributing to global warming potential
are N,O (85 %) and CO; (15 %). Emissions from production of phosphorus are
only CO,.

Heat production from wood chips does not result in any emissions of greenhouse
gases. Production of electricity in oil condensation plant results in CO, emissions.

Waste management

The major sources for global warming potential from waste management are soil,
landfilling and, in the windrow composting scenario, also the composting process
(Figure 4). The transportation also has significant impact. The substances contrib-
uting to global warming are from soil N;O, from landfilling CH4 and from trans-
portation CO,. contributing

The mineral fertiliser scenario has large emissions from landfilling of waste due
to the landfilling of grease water. The emissions from soil are somewhat lower
than in the other scenarios since only manure and sewage sludge are spread as
organic fertiliser. There are also emissions of N>O from incineration (treatment)
of the organic waste, but these are small compared with the other sources.
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Figure 4. Gilobal warming potential from urban/agricuftural waste management in the farge
city region.

The dominating sources in the anaerobic digestion sludge scenario are from land-
filling and soil. The soil emissions of N»O are larger than in the mineral fertiliser
scenario. The addition of total nitrogen to soil is larger with organic fertilisers
since the losses of nitrogen are larger. The N,O emisstons are 1.25 % of the total
nitrogen added and therefore these emissions are larger in this scenario.

The emissions from the reactor compost scenario are quite similar to the ones
from anaerobic digestion. However, the emissions of N,O from soil are somewhat
higher, and there are also some CH, emissions from the reactor composting pro-
cess.

The emissions from landfilling of sludge and soil are the same in the windrow
compost scenario as in the reactor compost scenario. However, there are also CHgs
emissions from landfilling of grease water that is landfilled instead of composted
as in the reactor compost scenario. The windrow composting process also has
larger emissions of CHa, since this process does not include any purification of
exhausted gas as in the reactor composting process.

Eutrophication

The eutrophication category is calculated using weighting factors for a maximum
scenario including eutrophication effect from both nitrogen and phosphorus
(Nordic Guidelines on Life-Cycle Assessment, 1995).

Nutrients to arable land from anaerobic digestion residues result in the lowest
contribution to the eutrophication effect (Figure 5). However, anaerobic digestion
residue, reactor compost and windrow compost have almost the same total emis-
sions of eutrophication substances. This primarily consists of emissions of eu-
trophication substances in the long-term and treatment of waste.
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Figure 5. Total potential contribution to eutrophication from the scenarios in the large
' city region.

Landfilling (remaining time)

It is emission of phosphorus that gives a potential eutrophication effect in the
long-term for all four scenarios. The landfilling includes purification of the
leachate during surveyable time, but since the sediment residue from purifica-
tion is put back on the landfill the phosphorus emissions are simply postponed.

Production of nitrogen, phosphorus, heat and electricity

From the production of nitrogen, NOy (50 %) and NHj; (50 %) are the major
emissions contributing to the eutrophication effect. For production of phosphorus,
the eutrophicating emissions originate from NOy (50 %), and NH; (50 %).

Heat and electricity production result in eutrophication effects only from emission
of NO,.

Waste management

The major eutrophication effect from the waste management occurs from nitrogen
emissions from soil (Figure 6). Emissions come also from landfilling of sludge (P)
and in some scenarios emissions of different substances from the waste treatment
process.

In the mineral fertiliser scenario the soil emissions are from sludge and manure
as NO3™ (80 %) and a minor part as NH3 (20 %). The emissions from incineration
(treatment) are as P to water from water used in the gas purification process.

The soil emissions in the anaerobic digestion residue scenario are larger than in
the mineral fertiliser scenario. This increase is primarily NH; emissions from the
digestion residue spread on farmland. Anaerobic digestion of waste and manure
result in mineralisation of organic-bound nitrogen. Therefore, this process in-
creases the emissions of ammonia but decreases the nitrate emissions. The nitro-
gen emissions from soil in this scenario are 32 % NHs and 68 % NOs'.
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Figure 6. Eutrophication potential frorn urban/agricultural waste management in the large
city region.

In the reactor compost scenario the nitrogen emissions from soil are even larger.
These emissions are 88 % NOax " and 12 % NHs. This is because the compost con-
tains primarily organic-bound nitrogen in contrast to the anaerobic digestion resi-
due. The windrow compost process also contributes to the eutrophication effect
from emission of NHa.

Acidification

In this category the potential maximum acidification is calculated (Nordic Guide-
lines on Life-Cycle Assessment, 1995). This includes acidification from nitrogen
compounds,

The scenarios with nutrients from mineral fertiliser and reactor compost have the

lowest contribution to the acidification impact (Figure 7). The emissions of acidi-
fication gases are primarily from waste handling, but there are also some from the
heat production.
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Figure 7. Potential contribution to acidification from the scenarios in the large city region.
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Production of nitrogen, phosphorus, heat and electricity

From production of nitrogen, NO, (50 %) and NH; (50 %) are the major emissions
contributing to the acidification effect. For production of phosphorus, the acidifi-
cation emissions originate from SO, (80 %), NOy (10 %) and NH; (10 %). Heat
production results in acidification effect from SO, (45 %) and NO, (55 %) and
production of electricity from SO, (50 %) and NOy (50 %).

Waste management

Emissions of gases contributing to the acidification effect are primarily from soil
and the treatment processes (Figure 8). In all scenarios the acidification emissions
from soil are NH3 while the substances from the treatment processes differ be-
tween the scenarios.
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Figure 8. Acidification potential from urban/agricultural waste management in the large
city region.

In the mineral fertiliser scenario, the treatment process incineration emits several
compounds contributing to the acidification effect. The gases are NO, (46 %), SO,
(41 %), HCI (10 %) and NH; (3_%).

The acidification emissions from the anaerobic digestion process are NO, (30 %)
and SO, (70 %). The large emission from the soil is due to a high proportion of
NH,;" in the digestion residue.

In the compost scenarios the acidification emissions are primarily as NHz emis-
sions both in the reactor and windrow composting process. The lower level in the
reactor process is because this process includes purification of the exhausted gas.

Human health

Emissions influencing human health, as toxicological impacts, are calculated
using the CML provisional method (Nordic Guidelines on Life-Cycle Assessment,
1995). Impacts in work environment is not included. Moreover, the weighting
factors are uncertain for this category. Toxicological impacts from emissions to
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air, water and soil are presented below. These can be added together. However,
the air emissions have the largest total impact.

The mineral fertiliser and composting scenarios all have low impact on human
health from air emissions (Figure 9). In all scenarios the waste management has
the largest impact and for all activities it is emissions of NOy and to a minor part
SO,. The large emissions from the anaerobic digestion residue scenario is primar-
ily from combustion of biogas in a stationary engine producing electricity and
heat. This production has no NOy reducing equipment since the regulation only
includes large energy-producing plants. With catalysts, the NOx emissions could
be reduced by 90 %.
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Figure 8. Potential contribution to human health from emissions to air in the scenarios
in the farge city region. Impacts in work environment are not included.

The anaerobic digestion scenario is preferable when comparing the contribution
to human health from emissions to water (Figure 10). The dominating emissions
in all scenarios are long-term emissions from landfill leachate as Hg, Pb and Cr,
and in the mineral fertiliser scenario also dioxins. From urban/agricultural waste
management the NO5™ from soil.

'The mineral fertiliser and composting scenarios have the lowest contribution to
human health from emissions to soil (Figure 11). It is emissions of phenols, Cd
and Zn that have the major impact. The anaerobic digestion residue scenario has
largest emissions because phenols are not to the same extent degraded in this
process as in the incineration and composting processes.
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Figure 10. Pofential contribution to human health from emissions to water in the studied
scenarios in a large city region.
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Figure 11. Poteniial contribution to human health from emissions to scil in the scenatios in
the large city region.

Ecotoxicity

Emissions influencing ecotoxicity impacts, are calculated using the CML provi-
sional ecotoxicity method (Nordic Guidelines on Life-Cycle Assessment, 1995).
The weighting factors are very uncertain for this category, since this category
includes impact on a wide range of species of animals. Ecotoxicity impacts from
emissions to water and soil are presented below. These can not be added together.
The heavy metals have the largest impact on ecotoxicity. In the scenarios, the
heavy metals from waste are either put on landfills and the result in water emis-
sions with leachate, or they are spread with the residues on farmland. Therefore,
it is a choice between ecotoxicity in water or ecotoxicity in soil.
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The contributions from the anaerobic digestion residue and compost scenarios
have the lowest total emissions (Figure 12). However, the impact is totally domi-
nated by the long-term emissions from landfilling. These are emissions of the
heavy metals Cu, Cd and Zn with the leachate,
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Figure 12. Potential impact on ecotoxicity from emissions fo water in the scenatios in the
large eity region.

If the long-term emissions are excluded, the mineral fertiliser scenario still has
the largest impact (Figure 20). From the wasie management the largest impact is
given by emissions of Cd and Zn with the landfill leachate in the short time
(within 100 years).
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Figure 13. Potential impact on ecotoxicity from emissions fo water in the scenarios in
the large city region, exciuding fong-term emissions from landfilling.

The mineral fertiliser scenario has the lowest contribution to ecotoxicity from
soil (Figure 21). This is because the urban waste is incinerated and the heavy
metals landfilled with the ash. In the other three scenarios, a major part of the
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urban waste is treated and the residue spread on farmland. The greatest impact is
from heavy metals, in particular Zn, emitted to soil from spreading of residues.
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Figure 14. Potential impact on ecotoxicity from emissions fo soil in the scenarios in the
large city region.

Utilisation of organic carbon as a source of humus

The total amount that is put on farmland is largest in the anaerobic digestion resi-
due and the reactor compost scenario (Figure 15). The mineral fertiliser scenario
supplies less carbon to farmland, since some of the organic waste is incinerated.
The small amount of carbon from the windrow compost scenario is because the
straw is composted and then to some extent degraded (in the other scenarios the
straw is assumed to be left in the field, thus supplying all of its carbon to the soil).

£ Rapidly degradable carbon
E Moderately degradable carbon

B Slowly degradable carbon
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Figure 15. Carbon of different stability spread on arable land with the organic residues
from the large city region.

However, the total amount is perhaps of less interest, since the degradability of the
carbon is of utmost importance for its effect as humus-forming agent. The slowly
degradable carbon, mainly humus and lignin, is clearly important for the humus
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formation in soil. The two composting scenarios supply the largest amount of
slowly degradable carbon to farmland, since edification of bacteria is higher in
these aerobic digestion processes.

Another part of the carbon fraction that may be of importance is the semi-degrad-
able part, mainly cellulose and hemiceHulose. The spreading of this fraction is
almost the same in all scenarios except the windrow compost scenario, since the
straw is composted and a part of this carbon fraction is degraded or transformed
to humus.

The rapidly degraded carbon is probably of less importance. A large part of this
fraction is found in the sewage sludge which is spread on farmland in all scenar-
ios. The anaerobic digestion residue scenario has the largest amount of fast de-~
graded carbon. This is because in the one-stage totally mixed anaerobic digestion
process some of the material only has a retention time of one day and therefore
still contains rapidly degradable components.

Economy

The basis for economic ealculation depends on the demography and also the type
and size of the processing plant. The mineral fertiliser scenario result in the largest
total cost, followed by the reactor compost, anaerobic digestion and windrow
compost scenarios (Figure 16). The costs are roughly distributed on transportation
(1/4) treatment of waste (1/2) and landfilling of sfudge (1/4).
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Figure 16. Total cosis in the scenarios in the large city region (income below the x-axis).

The costs for collection of waste are primarily from collection of biodegradable
waste from households (80 %) (Figure 17).

The major costs are from processing the waste (Figure 18). These costs are highest
in the mineral fertiliser scenario followed by the compost and anaecrobic digestion
residue scenarios.
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Figure 17. Transportation costs in the scenarios in the large city régfon.
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Figure 18. Processing costs in the scenarios in the large cily region (incomes below
the x-axis).

In the mineral fertiliser scenario the total investment cost for an incineration facil-
ity with a capacity of 250 000 tonnes/year, is 550 mill. SEK. The yearly cost for
the entire facility is 88 mill. SEK, distributed on 50 % capital cost and 50 % run-
ning cost. The organic waste in the large city region only constifutes 16 000 ton-
nes/year, giving a cost of 5.5 mill. SEK/year.

For the anaerobic digestion treatment the total investment costs are ca 45 mill.
SEK. The yearly costs are distributed on 70 % capital cost, 10 % staff cost and
the remaining 20 % running cost.

"In the reactor compost scenario the investment cost for the compost facility is
only 3.4 mill. SEK. The yearly costs are divided in capital costs 5 %, wages 15 %
and running costs, mainly fuel, electricity and maintenance, 80 %. The windrow
compost facility has an even lower investment cost, 2 mill. SEK. The yearly costs
are divided as follows: capital costs 5 %, wages 10 % and running costs 85 %."
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Results for the small town region

In this section the results from comparison of scenarios for a small town area is
presented. These results are not presented in such detail as in the large city region.
Specific parameters needed in the study are primarily taken from Ystad.

Materials

Manure 1n the small town region (Ystad) is the dominating source of both dry
matter (75 %), wet weight (>90 %), nitrogen (90 %) and phosphorus (75 %). The
remaining parts originate from sewage sludge and, regarding DM, also solid urban
waste and straw contributes significantly.

Table 7. Quantities and nutrient content in waste from different sources in the small town
and the surrounding rural area (metric tonnes per year).

Sludge Flats Houses Rural Trade Restau- Grease Cow Pig Straw
areas rants water  manure  manure

Dry matter 1163 228 403 209 41 74 16 1895 1665 510
Wet weight 5815 650 1150 588 136 295 450 28500 18500 600
Total nitrogen  40.7 4.5 8.0 4.2 0.6 1.6 0.6 1.7 9B8.2 2.6
Total 38.4 0.9 1.5 0.8 0.2 0.1 0.0 23.9 26.6 0.4
phosphorus
Energy

The anaerobic digestion scenario has the largest energy turnover, this is explained
by the very large amount of manure that is handled (Figure 19).
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Figure 19. Energy conversion for the scenarios in the small town region.

The energy production in the anaerobic digestion scenario is approximately five
times bigger than in the incineration scenario, the composting scenarios produce
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non-usable energy. The energy consumption is also approximately five times the
mineral fertiliser scenario and seven times the composting scenarios (mainly heat
for heating the large volume of manure before digestion, but also some electricity
for pumping).

The fuel consumption for spreading of residues together with the transport, either
by truck or tractor, accounts for about 60 % of the total energy consumption. The
fuel consumption in the anaerobic digestion scenario increases due to transports
of the increased volumes, but not near the increase in energy production. The fuel
consumption for spreading the digestion residue is slightly larger than spreading
the manure slurry.

Global warming

The largest potential contribution to global warming is from the mineral fertiliser
scenario and the windrow compost scenario; the reactor compost scenario is some-
what lower and the anaerobic digestion scenario is clearly lowest (Figure 20). In
all scenarios the major contribution is from waste treatment, and for all scenarios
except the anaerobic digestion scenario the production of electricity and nitrogen
mineral fertiliser is almost in the same range as the treatment. The long-term emis-
sions from the landfill do not affect the results significantly.
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Figure 20. Contribution to global warming potential from the scenarios in the small town
region.

Waste management

In all scenarios the major source of greenhouse gases is emissions of N2O from
farmliand. Since the windrow compost scenario has the largest amount of organi-
cally bound nitrogen, the largest nitrogen losses from farmland, the N,O emis-
sions, are largest from that scenario. Other sources are CO, from transports and
CH, from the landfilling of sewage sludge, and for the mineral fertiliser scenario
and windrow compost scenario also grease water,
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In the mineral fertiliser scenario, the emission of greenhouse gases from farmland
is 54 % of the total, the landfill emits 30 % and transports and spreading 14 %.
The remaining 2 % is from incineration.

The anaerobic digestion scenario has approximately the same proportions (farm-
land 55 %, landfill 25 % and transports and spreading 17 %) but the level of
emissions is lower, since the amount of organically bound nitrogen that is spread
on farmland is lower than in all the other scenarios.

The proportions of emissions in the reactor compost scenario is also rather similar
to the mineral fertiliser scenario; farmland 60 % of the total, the landfill accounts
for 23 %, transports and spreading 13 %, and the remaining 4 % is from the com-
post (mainly CH, that is not oxidised in the biofilter).

The windrow compost scenario has the largest emissions of greenhouse gases
from the waste management. The windrow compost has no exhaust gas cleaning,
and thus emits all the CHy and N»O produced in the composting process. These
emissions represent 15 % of the total emissions of greenhouse gases. The fact
that all grease water is landfilled also increases the emissions from the landfill,
the proportion, however, is in the same range as in the other scenarios (27 %).
Soil emits 48 % and transports and spreading 10 %.

Production of nitrogen, phosphorus, heat and electricity

In the mineral fertiliser scenario and the two composting scenarios, production
of both electricity and mineral nitrogen fertiliser contributes significantly to the
global warming potential, the reactor compost scenario has the smallest contri-
bution from nitrogen production and mineral fertiliser scenario the smallest con-
tribution from electricity, but the differences are small compared with the overall
level of global warming potential.

The emissions from nitrogen production contributing to global warming potential
are NoO (85 %) and CO; (15 %). Production of electricity in an oil condensation
plant resuits in CO; emissions.

Eutrophication

The eutrophication effect largely consists of long-term effects from landfilling half
of the sewage sludge, and in the mineral fertiliser scenario also the ashes from the
incineration (Figure 21). We have assumed that all phosphorus that is landfilled
will leach out even if there is leachate water treatment at the landfill. This is ex-
plained by the fact that a leachate treatment only returns the caught studge to the
landfill; the phosphorus in that sludge will sooner or later leach out again. Since
the leachate treatment will never be able to catch all phosphorus, ultimately all
phosphorus put into the landfill will reach the recipient. Cleaning the leachate is
simply postponing the emissions of phosphorus.
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Figure 21. Potential contribution to eutrophication from the scenarios in the smalf town
region.

Waste management

Within the surveyable time, the anaerobic digestion scenario has the lowest emis-
sions from the waste treatment. The contribution from the waste management
system in the other scenarios are mainly NOj™ from: soil (56-64 %) and NH; from
spreading sewage sludge and manure (23-24 %), the remaining emissions are
short-term leachate from the landfill (7-9 %), untreated gases from the windrow
compost (6 %), phosphorus due to the wet fluegas cleaning in the incineration

{8 %) and finally transports (1-3 %).

In the anaerobic digestion scenario, the NH; emissions are 36 % of the total and
emissions of NOjy™ stand for 34 %. This is due to the fact that more of the nitrogen,
both in solid waste and manure, is in mineralised form, thus causing lower losses
of nitrogen. The remaining emissions are NH; from slurry storage and also from
the same sources as in the other scenarios.

Production of nitrogen, phosphorus, heat and electricity

No emissions from production of nitrogen, phosphorus, heat or electricity have
a significant impact on the overall result for any scenario.

Acidification

The main sources of emissions of acidifying substances are the waste treatment;
the anaerobic digestion scenario has the highest total emissions and the mineral
fertiliser scenario the lowest, 45 % of the anaerobic digestion scenario (Figure 22).
Also the two composting scenarios have low emissions, 47 % for the reactor- and
57 % for the windrow compost scenario of the anaerobic digestion scenario.



36

1Long-term emissions
from landfiiling

& Nitrogen production

& Prosphorus production

3 Heat production

kmol H+/ year

8 Electricity production

B Urban/agricultural
- | waste management

Mineral Angerobic Reactor Windrow
fertiliser digestion compost cOmpost
residue

Figure 22. Potential confribution fo acidification from the scenarios in the small town
region,

Waste management

The absolutely dominating source is NHj from spreading of residues. For the
mineral fertiliser scenario and the reactor compost scenario this source accounts
for 89 %, the remaining emissions come {rom transports. Also in the windrow
compost scenario, the emissions of NHj from spreading of residues is the largest
contribution (74 %) but the composting process accounts for 19 %, due to emis-
sions of NHj in the exhaust gases.

The emissions from spreading depend on the amount of mineralised nitrogen
found in the residues that are spread. Since the slurry from anaerobic digestion
has the largest proportion of mineralised nitrogen, the absolute emissions will be
largest for that scenario. The part of acidifying substances that originates from
spreading is lower, however (61 %), since the combustion of biogas also results
in emissions (35 %) of NOy and SO, in the anaerobic digestion scenario.

Production of nitrogen, phosphorus, heat and electricity

None of these sources has any major effect on the overall outcome of any
scenario. The production of nitrogen causes some acidification in the mineral
fertiliser scenario and two composting scenarios. The production of heat causes
some acidification in all scenarios except the mineral fertiliser scenario.

Human health

The weighting factors for this category are uncertain. Also in the small city region
the contribution of emissions to human toxicity is primarily from gaseous sub-
stances. These emissions are primarily from waste management and a small part
from heat production (Figure 23).
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Figure 23. Potential contribution to human health from emissions to air in the scenarios
in the small fown region.

In the mineral fertiliser scenario the emissions contributing to human health tox-
icity are NOx from transportation (40 %) and spreading (25 %), and also NOx
from incineration (20 %). The dominating emissions from anaerobic digestion
residue scenario are NOx and SO2 from the digestion process (90 %). In the
composting scenarios, it is emission of NOx from transportation (45-50 %) and
spreading (30-35 %).

Ecotoxicity

The weighting factors for this category are very uncertain. For the effect category
we have called ecotoxicity from water emissions, the relation between the scenar-
jos is dominated by long-term emissions in the small town region as in the large
city region. The heavy metals, especially Pb, Zn and Cu are the major sources.
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Figure 24. Potential impact on ecotoxicity from emissions to water in the scenarios in
the small fown region.
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For ecotoxicity from soil, the dominating source is the urban/agricultural waste
management. There are only small differences between the scenarios. This is
because the dominating sources are sludge (20 %) and manure (80 %) and these
residues are spread on farmland in all scenarios. The major impact is caused by
Zn.
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Figure 25. Potential impact on ecotoxicity from emissions to soil in the scenarios in the
small town region.

Utilisation of organic carbon as a source of humus

The total amount of organic carbon put on farmland is highest in the reactor com-
post scenario. The mineral fertiliser scenario utilises a little less. This is due to
the incineration of urban waste, which produces no organic carbon, as done by
the composting process. The windrow compost scenario is third, since straw is
brought into the process and to some extent degraded before it is spread on farm-
land. The anaerobic digestion scenario has the lowest total amount of carbon to
farmland. This is explained by the digestion of manure, a large part of the carbon
in manure is degraded to CHy and CO; in that scenario compared with the other
scenarios, where the manure is spread directly on the field.
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Figure 26. Carbon of different stability spread on arable land with the organic residues
in the small town region.
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The amount of slowly degradable carbon, important for humus formation in soil,
is more equal between the scenarios, The mineral fertiliser scenario is lowest,
the two composting scenarios are highest and the anaerobic digestion scenario
in between.

The spreading of the moderately degradable fraction is highest for the mineral
fertiliser scenario and the reactor compost scenario, due to the high content of
semi-degradable carbon in straw and manure. The windrow compost scenario is
slightly lower since the straw is composted and a part of this carbon fraction is
degraded or transformed to humus. The anaerobic digestion scenario is lowest
due to the degradation of manure carbon in the process.

The rapidly degradable carbon is relatively constant when comparing the scenar-
ios, since a large part of this fraction is found in the sewage sludge which is spread
on farmland in all scenarios. However, the anaerobic digestion scenario shows the
lowest figure here since the manure also consists of some rapidly degradable car-
bon which is degraded in the process.

Economy

The largest cost is for the anaerobic digestion scenario and this is mainly due to
the treatment of manure. The increased cost is larger than the increase in revenue
from heat and electricity. Another large part of the cost is the transport of residues,
which is also explained by the manure, in all scenarios the manure has to be trans-
ported, either to the anaerobic digestion plant or directly to farmland. Another
cost is landfilling, mainly of sewage sludge but in the mineral fertiliser scenario
also ashes and grease water, and in the windrow compost scenario grease water.
The cost for treating waste in the mineral fertiliser scenaric and the two compost-
ing scenarios is less than 25 %. The cost for mineral fertiliser is relatively small
(3-5 % of total).
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Figure 27. Total costs for the scenarios in the small town region.
Regarding the transport costs, the cost for collecting the waste is smaller than

residue transports (incl. spreading). The collection of waste from rural areas has
a cost that is bigger per tonnes of waste than from detached houses in towns and
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even more expensive than collecting from flats. In the mineral fertiliser scenario
the incineration plant is situated 50 km from the city, but this extra transport has
little effect on the total cost for transporting waste. The transport of residues is
proportional to the amount of wet weight transported.

Flows of metal and nutrients in the large city
and small town

As a complement to the impact categories, also the content of metals and nutrients
in waste and residues are presented.

Metal flows
In the two areas, Uppsala and Ystad, the metals originate from the different

sources as presented in Table 8 and Table 9.

Table 8. Heavy metals in organic waste in Uppsala, total inflow and % contribution from
different fractions '

Element Total inflow sewage sludge household waste restaurants & trade  grease manure

kglyear] [% of total) [% of total] [% of total) {% of total} [% of total]
Cd 8 76 17 0.2 0.0 7
Ni 112 70 12 0.0 0.0 18
Zn 4322 74 _ 14 0.2 0.0 13
Cr 199 84 11 2 0.0 2
Pb 296 a2 15 0.0 0.0 3
Hag 8 93 5 0.0 0.0 1
Cu 1709 81 5 0.0 0.0 14

' Straw is assumed to be free from heavy metals,

Table 9. Heavy metals in organic waste in Ystad, total inflow and % contribution from
different fractions '

Element Totalinflow sewage sludge heousehold waste rest & trade grease manure

[kg/year} [% of total] [% of total] [% of total]  [% of total] [% of total]
Cd 2 60 12 0.0 0.0 27
Ni 35 34 7 0.0 0.0 59
Zn 3786 14 3 0.0 0.0 83
Cr 71 54 4] 2 0.0 39
Pb 92 43 9 0.0 0.0 48
Mg 2 69 4 0.0 0.0 27
Cu 1491 18 1 0.0 0.0 80

' Straw is assumed to be free from heavy metals.
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Sewage sludge contains the largest amount of metals from the included organic
waste fractions in Uppsala. Household waste and manure also contain consider-
able amounts of heavy metals.

The larger amounts of manure produced in Ystad in relation to the size of the city,
result in a different partitioning among heavy metal sources. Sewage sludge still
dominates as sources of Cd, Hg and Cr, whereas the other heavy metals originate
mainly from manure. Household waste is a minor contributor to heavy metals in
Ystad’s organic waste fractions.

Metals contaminating the organic waste fractions will be distributed differently

in residues in the scenarios. There are two restrictions for using sludge products
on farmland in Sweden. First the heavy metal in sludge has to be below certain
limits measured as mg/kg dry matter (SFS 1993:1271). All residue products in
this project are below these limits. The second restriction is defined as heavy
metal limits spread per hectare (ha) and year (SNFS 1994:2). The normal dosage
of residue is a quantity corresponding to 20 kg phosphorus per ha. However, If the
metal content is high related to the phosphorus content, the dose of residue has to
be reduced due to the restrictions of heavy metals spread per ha. Table 10 presents
the metal dosage per hectare in relation to the present (1995) and the forthcoming
(2000) limits in the various organic products in the large city region. The results
for the residues in the small town region is almost similar.

Table 10. Metal content per ha with a dosage of 20 kg P/ha for organic fertiliser products
in the large city region, in comparison with perritted levels by year 1895 and 2000,
proposed by the Swedish EPA, figures over 100 imply exceeding the limits

Metal fimits by limits by sewage anaerobic reactor windrow manure
1995 2000 sludge dig. residue compost compost
{g/hal [g/hal {% of maximum by 1985 (2000)]
Pb 100 - 25 53 (213) 39 (157) 73 (292) 87 (267) i2 (47)
Cd 1.75 0.75 91 (183) 94 (188) 148 (295) 135 (270) 51 (102)
Hg 2.5 15 69 (114) 16 (27) 29 (49) 27 (45) & (9
Cu 800 300 51 (101) 40 (79) 25 (49) 22 (45) 52 (104)
Cr 100 40 37 (92) 20 (49) 36 (G 33 (84) 6 (i5)
Ni 50 25 34 (69) 49 (99) 44 (88) 40 (81) 54 (108)
Zn 800 600 87 (116) 103 {138) 120 (160) 110 (146) 80 (120

With the organic fertilisers sewage sludge, anaerobic digestion residue and ma-
nure it is possible with a dosage of 20 kg phosphorus per ha without exceeding the
heavy metal limits. For the reactor and windrow compost residues it is necessary
to reduce the phosphorus dosage due to the high content of Cd and Zn. However,
with the forthcoming restrictions (by the year 2000) heavy metal contents has to
be reduced for all the organic fertiliser products, if a full 20 kg dosage of phospho-
rus per ha should be possible.
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Nutrient flows

In the two areas, Uppsala and Ystad, the conditions for recycling nutrients in
organic waste are very different, because of significant differences in the types
of organic waste produced in the area. In Table 11 and Table 12, the nutrient
inflow to the system is listed for the various waste fractions.

Table 11. Nutrient inflow to Uppsala, total inflow (kg/year) and % contribution from
different fractions of organic wasie.

Element Total inflow sewage sludge household waste rest & trade grease manure straw
{kg/year] [% of total] [% of total] [% of total]  [% of total] [% of total] {% of toial]
P 179 770 76 10 1 c.0 13 1
N 372 060 41 25 4 0.0 27 3
In Uppsala, sewage sludge is the dominating source of nutrients in organic waste.
Table 12. Nutrient inflow to Ystad, total inflow (kg/year) and % contribution from different
fractions of organic waste.
Element Total inflow sewage sludge household waste rest & trade grease manure straw
{kg/year] % of total] [% of total] [% of total}]  [% of total] [% of total] [% of total]
P 164 980 23 2 0.2 0.0 74 0.2
N 571720 7 3 0.4 0.0 89 0.4

Manure is produced in larger amounts in Ystad, and consequently manure is the
dominating source of nutrients in organic waste.

Despite the larger number of inhabitants in Uppsala than in Ystad, the total inflow
of nutrients in organic waste to the system is about the same in both areas. This is,
of course, due to the larger agricultural activity in Ystad. The smalier amounts of
primarily sewage sludge, but also of household waste in Ystad, are compensated
by manure.

If we compare nutrient flows and heavy metal flows, we find that the best nutrient
sources in each area, are also the largest sources of heavy metals; both sewage
shudge and manure are nutritious but contaminated.

Major differences in results from Ystad
compared with the results from Uppsala

Materials

The total amount of material inciuded in the large city area (Uppsala) is 63 000
metric tonnes per year and in the small town region (Ystad) 67 000 metric tonnes
per year. However, the main difference is the proportion of manure, that is much
larger in the small town region than in the large city region, 92 % and 53 %, re-
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spectively. The amount of nitrogen is approximately 30 % higher and the amount
of phosphorus is slightly lower.

Economy

In the large city region, the reactor and windrow compost scenarios have the

+ highest net costs. The mineral fertiliser and anaerobic digestion scenario have
almost the same costs but due to income from energy net costs are lower. In the
small town region the anaerobic digestion residue scenario has the largest costs.
The income from energy has not increased in the same proportion as the costs
when treating a larger amount of manure. Therefore, the anaerobic digestion resi-
due scenario has the highest net cost in the small town region, followed by the
reactor and windrow compost scenarios, and finally the mineral fertiliser scenario.

Energy

In the small town region, the anaerobic digestion residue scenario has the largest
energy turnover followed by the mineral fertiliser scenario. In the large city region
they are in the opposite order. However, the total energy turnover quantity in the
anaerobic digestion scenario in Uppsala is approximately twice as large as the one
in Ystad, since the dry matter and energy contents in the municipal organic waste
are higher than in the manure. The composting scenarios use proportionally the
same energy in Ystad as in Uppsala.

Global warming

When comparing the scenarios for global warming, the overall outcome is essen-
tially the same in the large city and the small town region. The difference is that
soil emissions (NO) account for a larger part. Since manure is the dominating
waste, the emissions from landfilling, both sewage sludge and other waste, are
of less importance.

The importance of mineral nitrogen fertiliser and electricity has the same relative
impact in Ystad as in Uppsala.

Eutrophication

The small town region has a lower total eutrophication. However, the relation
between the scenarios is almost the same in the two regions. The long-term
emissions (leachate) from the landfill do not have as large impact in Ystad as
in Uppsala. The soil emissions, especially NO4', have greater importance since
the total amount of nitrogen in Ystad is approximately 30 % larger than in
Uppsala.

Acidification

For the mineral fertiliser, anaerobic digestion and reactor compost scenarios,
the level of acidification is approximately the same in Ystad as in Uppsala, even
though the amount of urban waste treated decreases radically. This is because
there is more nitrogen spread on farmland (more manure) which causes large
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emissions of both NHs during spreading and, for the anaerobic digestion scenario,
also more SO; and NO,. For the windrow compost scenario the level of acidifi-
cation is approximately half as large in Ystad as that in Uppsala. This is explained
by the fact that in the windrow compost scenario a large part of the acidifying
emissions originate from the composting process, and that process treats much
smaller amounts in Ystad than in Uppsala,

Human health

The resuits on the impact on human heaith in the small town region are almost the
same as in the large city region. The emissions from the mineral fertiliser scenario
are somewhat lower.

Ecotoxicity

For the effect category we have called ecotoxicity from water emissions, the rela-
tion between the scenarios are the same in the small town region as in the large
city region. However, the level of contribution is about 20 % since the urban waste
fractions are smaller. The heavy metals are the major sources for this category.

Also for ecotoxicity from soil, the relation between the scenarios is the same in
the small town region as in the large city region. The levels are half the level in
the large city region. The major source is Zn from manure.

Utilisation of organic carbon as a source of humus

In Ystad there are not such large differences regarding the important part of the
organic carbon (slowly degradable), between the scenarios as in Uppsala. This is
because such a large part of the slowly degradable carbon originates from manure,
which is treated equally in all scenarios except the anaerobic digestion scenario.
In Uppsala, the solid waste has a greater impact, which separates the scenarios
since the solid organic waste is treated differently.

Conclusions and discussion
General conclusions for both the large city region and the small town region are:

@ None of the scenarios are best in all of the studied environmental impact cate-
gories. The anaerobic digestion residue scenario has the lowest emissions of
global warming, while the mineral fertiliser scenario and reactor composting
scenario have the lowest for acidification.

¢ The largest contribution to the global warming effect in this study comes from
electricity production (CO;), landfilling (CH,) and soil (N,O).

e The eutrophication effect is dominated by long-term emissions of phosphorus
from landfilling. The largest immediate emissions are NO3™ and NH; from soil.

¢ An important source for acidification is NH; from soil. In the windrow com-

posting scenario, also NH; from the composting process, and in the anaerobic
digestion residue scenario, NOy and SO, from burning the gas.
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® The source for the main part of nutrients and heavy metals is the sewége
sludge. The household waste also has a fairly large content of heavy metals.

@ The weighting factors for the environmental categories human health and
ecotoxicity are uncertain.

In the large city region the total costs are lowest for the mineral fertiliser scenario
and the anaerobic digestion scenario. However, this implies a market for the en-
ergy all year around and in the mineral fertiliser scenario, and also that a large
incineration plant is built, receiving waste from other surrounding city areas.

In the small town region, the anaerobic digestion residue has the largest costs.
This depends on the low energy content in the manure. With a larger degree of
municipal waste from industries or neighbouring towns as substrate, the costs
would decrease. The mineral fertiliser scenario presumes a large incineration
plant 50 kilometers away.

Organic fertilisers result in increased environmental impact from soil. The soil
contributes to the global warming potential with N,O, to the eutrophication with
NOj5™ and NHj, to acidification with NH;. The emissions of N,O are related to

the total quantity, the NO3 to the content of organic-bound nitrogen and the NHj
to mineralised nitrogen (NHy) in the organic fertilisers. Only the extra emissions
from organic fertilisers in comparison with mineral fertilisers are included in the
calculations. As an example from the large city region, one kilogram of total nitro-
gen in the compost results in emissions of 0.30 kg NO5” 0.29 kg N, and 0.0075 kg
N>O, and one kilogram of total nitrogen in the anaerobic digestion residue resuits
in emissions of 0.07 kg NHs, 0.19 kg NO3", 0.21 kg N and 0.006 kg N,O.

The incineration process results in environmental impact due to the landfilling of
ashes, emission of, e.g. NO, and N,O. However, the incineration process includes
purification equipment reducing the NOx emissions.

The environmental impact from the anaerobic digestion process is primarily
emissions of NO, and SO, from the combustion of gas in a stationary engine.
The emission of NO, would be lower if using a catalyst, or if only heat were pro-
duced. The gas from anaerobic digestion could also be used as vehicle fuel sub-
stituting diesel or petrol. Instead of larger NO, emissions than the other scenarios
this would result in lower emissions, since NO, emissions from gas are around
1/3 compared with diesel fuel. The overall effect from gas used as vehicle would
probably result in large positive effects for the anaerobic digestion residue sce-
nario in the majority of impact categories, even though refining the gas involves
electricity consumption and minor methane emissions.

The most serious emissions from the composting processes are CHy, NHs and
N,O. The emissions of these substances depend on the aeration, temperature, C/N
ratio and pH, and could be either increased or decreased by other amendments,
waste fractions and operation of the process. In the reactor composting process,
the air emission substances are reduced through purification of the exhausted gas.

The aim of this study was Lo compare organic fertilisers with mineral fertiliser.
However, the production of mineral fertiliser has only a minor influence on the
results. The major impact is from the waste management systems. The waste
sources and processes chosen therefore have major impact on the results.
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To produce attractive organic fertilisers it is important to reduce the content of
heavy metals in the waste. The largest heavy metal content is found in sewage
sludge and household waste. Therefore, further development of source separatjon
systems and information to the households to reduce the levels is necessary.

An important advantage with organic fertilisers is their content of organic carbon
as a source for humus. However, a lack of knowledge regarding different carbon
qualities and sources for building up humus has been identified, which makes it
impossible to compare the scenarios in this respect.

Further studies

The aim of the present pilot study was to compare organic fertilisers with mineral
fertiliser in two regions. With these results as base, a couple of interesting ques-
tions can be posed for further studies.

More detailed description of the soil emissions

The soil emissions have a large impact on the overall environmental impact.
However, the calculation model for soil emissions is generalised. Improved man-
agement of the organic fertiliser products might change the results. The emissions
from soil differ with type of soil. Simulation of the results for soil with, primarily,
sand or clay would also give other results.

A more detailed simulation of fertiliser dosage and number of spreading occasions
would also influence the simulation results.

Location and equipment of the processing plants

The equipment of the treatment plants is of major importance when evaluating
environmental impact. Other sorts of processing plants than the one used in this
study might lead to differcnt results being obtained. Also using, e.g. the biogas for
vehicle fuel instead of producing electricity and heat, would influence the results.

The anaerobic digestion and composting plants could be located outside the city
and then have closer transport distance for residue transport. Different sizes of
plants would also primarily influence the costs for waste management. The quan-
tity of manure included in the system could also be optimised from an economic
or environmental point of view. Some of the manure could also be replaced by
ley crops, resulting in higher gas production and nitrogen content.

Evaluation of humus as a replacement for peat or
production of crop biomass

The carbon in organic fertiliser as a source of humus was calculated. However,

the differences in carbon to soil are not included in the evaluation of environ-
mental impact. This could be done by including emissions from addition of carbon
with peat or growing of a ley crop with the purpose of increasing the humus con-
tent in the soil.
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ENVIROMNENTAL WEIGHTING FACTORS

Global Warming potential
CO2-f 1
CH4 24.5
N2O 320

Eutrophication

NOx 6
NH3 16
NH4 15
NO3 4.4
P 140
COoD !

Acidification

502 0.031
HC1 0.027
NOx 0.022
NH3 0.059

Ecotoxicity emissions to water

Phenols 3.9
CHX 59
PAH . 40
PCB 160
Dioxin 0
Pb 2
Cd 200
Hg 0.33
Cu 2
Cr i
Ni 0.33
Zn 0.38
Ecotoxicity emissions 1o soil
CHX 5.3
PAH 5.9
Phenols 532
PCB 40
Dioxin 1400
Pb 0.43
Cd i3
Hg 29
Cu 0.77
Cr (42
Ni 1.7

Zn 2.6

Human health, emissions to air

NOx 0.78
NH4 0.02
502 1.2
Cco 0.012
PAH (benzo pyrene) 17
Dioxin (2,3,7,8-TCDD)3300000
Pb 160
Cd 580
Hg 120
Cn 0.24
Cr 6.7
Ni 470
Zn (.033

Human health, emissions to water

NH4 0.0017
NO3 0.00078
P-fot 0.000041
CHX 0.1
PAH 14
PCB 32
Dioxin 290000
Pb 0.79
Cd 2.9
Hg 47
Cu 0.02
Cr 0.57
Ni 0.057
n (.0029
Phenols 0.048

Human health, emissions o soil

CHX 3.3
PAH 0.013
Phenoly 0.62
PCB {3
Ph (0LO25
Cd 7
Hg 0.15
Cu 0.0052
Cr 0.018
Ni 0.014
Zn .007

Bilaga 1
ECONOMIC FACTORS
Eleclricity 0.12 SEK/MJ
Heat 0.078 SEK/MJ
Diesel 0.11 SEK/MJ
N 7.7 SEK/MJ
P 10.5 SEK/MJ
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Bilaga 2

Emission data from the large city region

Data from the ORWARE simulation model are presented on the following pages.
The first page presents data for the waste fractions. These are data used in the
calculations. The other pages present results from the calculations. These are
data before grouping and weighting in environmental impact categories.

In the tables, emissions of NH,4' to water and soil are presented in the row for
NHa.
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Bilaga 3

Emission data from the small town region

Data from the ORWARE simulation model are presented on the following pages.
The first page presents data for the waste fractions. These are data used in the
calculations. The other pages present results from the calculations. These are
data before grouping and weighting in environmental impact categories.

In the tables, emissions of NH4" to water and soil are presented in the row for
NH;.
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