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Abstract

As a small and land scarce country, effective waste management is of
outmost importance in Singapore. In this study the production of biogas
through anaerobic digestion from the organic fraction of municipal solid
waste (OFMSW) was compared to incineration of the waste. At the moment
almost all of the OFMSW in Singapore is incinerated. Three different
scenarios were compared to the reference scenario (incineration): one with a
large scale biogas plant that can treat half of all OFMSW in Singapore, one
with a medium scale biogas plant about 15 times smaller than the large one
and one with a small scale biogas plant that can treat waste from e.g. a
shopping center or a food center.

By using life cycle assessment (LCA) the different scenarios were compared
in terms of global warming potential (GWP), acidification, eutrophication,
energy use and land use. Two alternatives for utilization of the biogas were
also compared through LCA, generation of electricity and the use of the
biogas in heavy vehicles.

From an environmental perspective production of biogas is a better way to
treat OFMSW than incineration. When biogas is used for electricity
generation the impact on GWP decreased about 80-13@e@@n
compared to the incineration scenario and also has lower impact on
acidification and eutrophication. The result also showed that the use of the
gas as a vehicle fuel gives about the same impact on GWP as when the gas
is used to generate electricity but a much lower impact on both acidification
and eutrophication. In terms of scale, the medium and large scale plants
have less environmental impact than the small scale plant when the gas is
used as a vehicle fuel. When the gas is used to generate electricity, the small
scale scenario had higher GWP but lower acidification and eutrophication.

The prevention of leakage of biogas during production and upgrading is
crucial for the environmental impact on GWP. A leakage of only a few
percent of the produced gas will lead to a loss of all the gain in saved green
house gas emissions.






Sammanfattning

Bedomning av miljopaverkan fran energiutvinning ur organiskt
hushallsavfall i Singapore — en jamférelse mellan biogasproduktion och
forbranning

Singapore &r ett litet och tatbefolkat land med en vaxande befolkning. Pa
grund av detta har frdgan om hur landets sopor bast ska tas om hand blivit
allt viktigare. Det beror mycket pa att det inte langre finns nagon lamplig yta
att anlagga deponier pa och att uppférandet av nya
forbranningsanlaggningar har visat sig valdigt kostsamt. Av det avfall som
atervinns i Singapore kommer nastan allt ifrdn industrin. For hushallssopor
och sopor fran restauranger och shoppingcenter &r atervinningsgraden
valdigt 18g. Av det matavfall som genereras &tervinns bara car@%ien
hamnar i nagon av de fyra forbranningsanlaggningarna som finns i
Singapore.

Malet med detta projekt var att underséka om det skulle vara miljomassigt
motiverat att tillverka biogas fran det organiska avfallet i Singapore, istéllet
for att forbranna det. Dessa tva alternativ jamférdes med hjalp av
livscykelanalys (LCA). | studien inkluderades paverkan pa vaxthuseffekt,
forsurning och dvergddning samt energianvandning och markanvandning.

Fyra olika alternativa sétt att behandla det organiska avfallet i Singapore
jamfordes i studien:

e Forbranning av det organiska avfallet, i nagon av de fyra
forbranningsanlaggningarna.

» Tillverkning av biogas i en storskalig anlaggning som kan ta hand
om halften av det organiska avfallet i Singapore.

« Tillverkning av biogas i en medelstor anlagging som kan ta hand om
21000 ton avfall per ar och ar ungefar 15 ganger mindre &n den stora
anlaggningen.

» Tillverkning av biogas vid en smaskalig anlaggning som endast tar
emot 800 ton avfall per ar. Denna anlaggning kan ta hand om avfall
fran ett shoppingcenter eller "food court”.

| alla scenarier ingick insamling av avfallet och transport av avfall och
restprodukter. Indirekta miljoeffekter har ocksa inkluderats i berékningarna.

! MEWR (2007), solid waste management.



Tva olika alternativ for anvandning av biogasen jamfordes ocksa,
elproduktion och anvandning av biogasen i tunga fordon.

Studien visade att tillverkning av biogas ar battre &n forbranning av avfallet.
Nar biogasen anvandes for elgenerering minskar paverkan pa
vaxthuseffekten med 80-130 G@kv/ton, beroende pa vilken skala det ar

pa anlaggnigen. | fallet med elgenerering minskar paverkan pa forsurning
med 130-160 g Sgekv/ton, paverkan pa overgodning minskar dock ytterst
lite och &r ungefar den samma som for forbranningsalternativet. N&r
biogasen anvands som fordonsbréansle minskar paverkan pa vaxthuseffekten
med drygt 130 C@ekv/ton och for férsurning och 6vergodning s& minskar
paverkan drastiskt. Forsurningen miskar med drygt 2 kge&@ton och

drygt 200 g P@-ekv/ton. Utslappen minskar alltsd mer nér biogasen
anvands som fordonsbransle &n nar den anvands for elgenerering. Dock
anvands mer electricitet per ton avfall i fallet nar biogasen uppgraderas till
fordonsbransle.

Studien visar att lackage av biogas fran produktion och uppgradering ar
mycket viktig att forhindra eller begrénsa. Ett lackage av 5-9 % av den
producerade gasen gor att hela minskningen av vaxthuseffekt ats upp av
metanautslappen, och att metan helt dominerar utslappen av vaxthusgaser.



Terminology

Acidification — When the input of hydrogen ions to water or soil is greater
than what can be neutralized. This leads to a too low pH value in the water
or soil.

Anaerobic digestion — Biological decomposition of organic matter in
absence of oxygen. During the process biogas is formed.

Auxiliary oil burner — QOil burner that is used to start up the combustion of
the waste at the incineration plant.

Biogas— Gas that is formed during anaerobic digestion, consists mainly of
methane and carbon dioxide.

Bio reactor — The tank where the anaerobic digestion is performed.

Biogas yield— The amount of biogas that can be formed from a substrate,
usually per weight unit. The term sometimes refers to the methane yield, see
“methane yield”.

Characterization factors — Factors to aggregate all emissions from one
impact category to one number.

C:N ratio — Tells the ratio between carbon and nitrogen in the soil. Is an
indicator of eventual nitrogen limitation for plants and organisms.

Dioxins — Usually refers to polychlorinated dibenzodioxins (PCDDs).
Compounds that are accumulated in fatty tissue in humans. They cause
negative effects on reproduction, sexual development and the immune
system. There are indications that they might cause cancer.

Direct environmental impact — Environmental impacts that originate
directly from the product or service studied in an LCA.

DM — Dry Matter

Eutrophication — When water such as lakes or streams receive excess
nutrients that stimulate excessive plant growth. When plants die and
decomposes the dissolved oxygen in the water is reduced and this causes
other organisms to die.

Fertilizer — Compounds that are applied to the soil to promote plant growth.
The three main compounds are nitrogen, phosphorus and potassium.



Furans — Compounds that cause similar damage to human health as dioxins.
GHG — Green House Gases
GWP - Global Warming Potential

Indirect environmental impact — Environmental impacts that occurs as a
consequence of a product or service, but does not come from the life cycle
of the product or service it self.

IPCC - Intergovernmental Panel on Climate Change

ISO — International Organization of Standardization

LCA — Life Cycle Assessment

Mesophilic digestion process- Anaerobic digestion at about 35 °C-40 °C.

Methane yield — The amount of methane gas that can be formed from a
substrate, usually per weight unit.

Moving grate incinerator — A moving grate moves the waste through the
furnace, to allow more efficient and complete combustion.

OFMSW - Organic Fraction of Municipal Solid Waste

Soil improver — Is a material added to the soil to correct the deficiencies of
the soil. It can both add nutrition to the soil and help the soil to hold more
water.

Thermophilic process— Anaerobic digestion at about 55 °C.

Upgrading — Cleaning biogas from impurities, mainly @ get the same
quality as natural gas.



1  INTRODUCTION. ..ottt e 10

1.1 (O] o] 1T 1)Y= PR 11

1.2 Life CYClE @SSESSIMENT .. .. i i e 12

2 BACKGROUND.....ctiiiiis e 13

2.1 Refuse incineration in SINQAPOIE .......c.oovie i ae e e e e e 13

2.2 Biogas producCtion @Nd USE........uuuuiiiiiiiiiieeee e et s s e e e e e e e aaeaaaneeaeeaees 14
A R I o Lo o] o Lo =TS 14
2.2.2  ProCeSS PaAramELEIS ......cuiiiiiiiiiiiiiiee et e e e e e e 16
2.2.3 Different use Of DIOQAS ....cooeeeeiiii i ——————— 19

2.3 Biogas from the organic fraction of municipal solid waste.................cccceeeee. 20

3 METHODOLOGY AND SYSTEM DESCRIPTION..........c..u...e. 24

3.1 FUNCLIONAI UNIL....iiiiii e e e 24

3.2 Life CYClE @SSESSIMENT .. .uuiii it e 24

3.3 ASSESSMENT MELNO ....ooiiiiiiiie e 25

34 SCOPE AEFINITION vttt e e e e e e 26
3.4.1 Presentation Of the SCENANOS ........cccuviiiiiiiiiiie e 26
I Y £S3 (=T 0 0 o 01U [0 F= U= PSSR 28

3.5 (= = W0 [T 1 2SRRI 33

4 INVENTORY Lot 34

4.1 REfEIENCE SCENATO. ....ci it 34
O O N = T g 1< o o A0 = 1 (= O 34
4.1.2  INCINEIAtiON PrOCESS .. ..ciiiiiieiieeiieitttiit s aa s e e e e e e e e e ae e e et e e e ae e b aeeaaaaaaaaaaeees 35
4.1.3  Transport Of @SH ..o 35
o I S | o 1= Tod T ] = ot PR 37

4.2 The DIOgas SCENAIMOS........cciieieiiiiii et e e e e e e e s e s e ereeaeaeseses e nnenees 37
4.2.1  Methane Viel .......ouuuiiiiiiiiiiioe e 37
4.2.2  TranSPOIt Of WASEE ......uviiiiieeei it e e ee e s e e e e e e e e e anareneeeee s 38
o T = 1T Yo F= TSR o o o= ] R 39
o N | o o |1 (=T o T ] o = Lo £ USSR 42
4.2.5  COMPOSHNG PrOCESS....ceiiiiireiiiiiiitiiiiiasiaeteeeaaaettetteereaas et e asaaaeaaesaeerereeanns 43

S IMPACT ASSESSMENT ......coiiiiiiiii e 44



51 ENEIQY USE ..ttt ettt e e e et e e e e e e e e e e e e eer e e eee 44

5.2 Global warming potential ...............eiiiiiiiiiie e a7

5.3 ACTITICALION ...t e 48

5.4 ST 1 0] o] a1 To%= 1] o RSP 49

55 LBINGA USE ...tttk ettt e et ettt e e e et e e s et e e e e ne e e 49

6  SENSITIVITY ANALYSIS ...t 50

6.1 MEthanNe [EAKAGE ......coiiee i s 50

6.2 Transport Of SOIl IMPIOVET .......uviiiiieiii e e e enees 52

7 BIOGAS AS AVEHICLE FUEL........cooviiiiiiiiieeeeee, 53

7.1 SYSEEM DOUNTAIY ...evviiiiii e e e e e e et e e e e e e ae e rar s 53

7.2 LNV o] 0] Y PP TPPPPN 54
7.2.1  REfEreNCE SCENANIO. ... uuviiie ettt e s 54
7.2.2 Scenario Large and MediUM...........uuuuiiiiiiiiniieeeeee e e e e e e e e e 55
7.2.3  SCENAIO SMAUL......ueiiiiiiiiiie e ea e 58

7.3 IMPACT ASSESSIMEBNT ...ttt et e e e e e e et e e e e anaaa s 61
A0S T N =t 1T o |V U P PUPPPRTRR RPN 61
7.3.2  Global warming potential............ccccuuiiiiiiiieeee e 62
7.3.3 Acidification and EUtrophiCation...............cieiiiiiiiiiiiii e 63

8 DISCUSSION AND CONCLUSIONS.......cccviiiiieieeeii e 64

8.1 (O g0 11 F= UK 1T YO PPPPIIN 64

8.2 Biogas as @ VEhICIE fUEL..........ceeveei i 66

8.3 Suggested fUrther STUAIES........oiiiiiiii e a e 68

9  REFERENCES.. ... e 69

9.1 Printed refErENCES .....oooi i 69

9.2 ElECIIONIC rEfEIrENCES ....cii it e 72

9.3 Unpublished referEnCeS. ... 73



Appendix 1 — Methane Yield .........ccuuuiiiiiiiieee e e e e e e e e s e e nnennes 74

Appendix 2 — Heat use at biogas PlantS ........ceeeiiie oo a e 75
Appendix 3 — Emitted CO, when burning biogas ...........eiviiiiiiiiieeiieeeceeceeevvn 77
Appendix 4 — Characterization faCtorS............covvvviiiiiiiiii e 78
Appendix 5 — Estimation of transport diStanCes ...........cccccvvviieiiiiieie e 79
Appendix 6 — Input data to NTM CalC ........uuuuiiiiiieieieie e er e e e 81

Appendix 7 - Electricity from incineration of food waste .............cccccvvviiiiiiiiini e, 82






1 Introduction

Singapore has one of the highest population dessiti the world, with a
population of about 4.8 million people and a lamdaaof only about 710
km?, and the population has grown by almost one millimm 1998 to

2008. Singapore has had a tremendous and almostacbneconomic
growth since the land gained sovereignty in 196Be Thigh population

density in combination with a rapid economic growths made waste
management a very important issue for the country.

Until 1979 all waste were disposed in land fillgjt hlo make the waste
management system less dependent on land fille@neration plant was
built in Ulu Pandan. After that, three other ingei@n plants have been
built and together the four plants incinerate ab8fo of the total waste
generated, while 54% is recycled and 3% is seettirto land fill®

Almost all of the recycled waste originates fronmymmestic sources while
many of the typical domestic waste streams havg kv recycling rates,
for example only 9% of the food waste is recycledyile the rest is
incinerated'.

Due to the lack of land where it is possible toropew land fills, and the
great cost of building more incineration plants ®ingapore government
has adopted a strategy in order to make the wastgagement system
sustainable. The two main targets are:

» Towards Zero Landfill
* Achieve 60% Recycling Rate by 2012

To reach these goals one is currently working wittee main strategies:
waste reduction, waste recycling and minimizingdfdh use through
incineration®

2 Statistics Singapore (2008). Key Annual Indicators
¥ MEWR (2007), solid waste management.

* MEWR (2007), solid waste management.

® MEWR (2007), clean land.
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When incinerating the waste the volume can be rediby 90%, but there is
still ash that has to be land filled. This is wiegycling and reprocessing of
waste is so important.

When it comes to the organic fraction of municipalid waste (OFMSW),

production of biogas through anaerobic digestio)4Aan be used with

good results, the arguments in favor of using A§tead of other treatments
such as land filling, composting or incinerationukcb be that if organic

waste is land filled, there will be a large amoahimethane emitted to the
air due to uncontrolled anaerobic digestion. In@tien of organic waste is
energy consuming because of the high moisture nbmtethe waste and
also generates ash that has to be land filled, ostmg might also cause
emissions of methane.

Anaerobic digestion has been considered a gootirtess of organic waste
also because of the product biogas, which can bd as a vehicle fuel or
for electricity and heat depending on the demar fiesidue from AD is
often used as fertilizer or soil improver and bsrgack important nutrients
to the soil.

When using AD all products from the process camused and no material
has to be land filled, which is in line with then§apore “Towards Zero
Landfill” strategy.

1.1 Objective

This project aims to investigate if production abdms from the organic
fraction of municipal waste (OFMSW) is sustainaloléSingapore, from an
environmental point of view.

The current handling of the OFMSW will be compatedhree scenarios
where biogas is produced from the OFMSW using difele assessment
(LCA). In the study the different alternatives wilé compared in terms of
global warming potential (GWP), acidification, eaghication, energy use
and land use. Emission of toxic substances willagoincluded in the study.

11



1.2 Life cycle assessment

The life cycle assessment methodology (LCA) is usedetermine what
impact a product or a service has on the envirohmBEme methodology
evolved because there was a need to regard the Wiedycle of a product
when examine the environmental impacts, insteapigiflooking into one

process at the time. When only dealing with onec@ss at the time, the
improvement in one area might lead to enhancedr@mviental impact in
another. To prevent this phenomenon, called suimgation, an LCA

includes all processes from cradle to grave. Howese LCA is always a
study of the environmental impacts from the proesssside the system
boundary that has been set for the study. It iomant to remember that all
environmental impacts, from a product or servieg gever be consideréd

® Rydh et al. (2002)
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2 Background

2.1 Refuse incineration in Singapore

The four incineration plants in Singapore are mgvgrate incinerators.
Before incineration the waste is stored in a bunkeom the bunker the
waste is fed into the furnace by grab-cranes. Thstevis moving through
the furnace on a grate while the furnace is fed¢h Wwat air through the grate
in order to dry the waste and make it burn mordyedhe air is taken from
the bunker and heated by steam before enterinfuthace. This makes the
pressure in the bunker lower than atmospheric presand prevents odor
from escaping the bunker. The ash and slag from cmbustion is
transported to an ash pit and from there transgddea land fill. Ferrous
materials are sorted out by electromagnets andteergcycling facilities.
The flue gases are cleaned before leaving the ,plardrder to meet the
demands of Singapore’s clean air restrictions. Aéegt generated is used to
generate electricity.

In 2007 the four incineration plants in Singapaneinerated 2.38 million
tons of waste. At the moment the incineration @are able to take care of
all the waste but the disposed waste increasesvimny year. From 1970 to
2000, the amount of solid waste disposed of ineeas times to 7600 tons
per day. Continuing at this rate Singapore hasuitdka new incineration
plant every 5-7 yeaf5The incineration plants also generate a large amou
of ash that is disposed at Semakau landfill everyHaeryday 1400 tons of
ash and 600 tons of incinerable waste are dispagethe landfill.
Continuing like this Singapore will need a new Idilidof the same size as
Semakau every 25-30 yedfs.For land-scarce Singapore this is not
sustainable in the long run.

" NEA (2002), brochures on incineration plants
8 MEWR (2008), Chapter 4

°® NEA (2002), brochure on Semakau landfill

Y MEWR (2008), Chapter 4
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2.2 Biogas production and use

The production of biogas by anaerobic digestioa matural process which
occurs in nature where there is no available oxygdémt could be in the
sediments of a lake, in a swamp, in the stomach afw or when organic
waste is land filled. The fact that the decompositdf organic material

could produce gas was first described in the ertiefl 7th century, but that
the gas was produced by microorganisms was notedromtil about 200

years later. When the details of the process weamee rknown of, attempts
were made to make use of the anaerobic digestmeeps. In the end of the
19th century the first practical digesters werelthioi treat sewage sludge
and that has been a common use of the anaerolastidig until present day.
Later on, the use of anaerobic treatment has witlema variety of different

substrates, such as waste water, agricultural was@nure, organic

municipal waste, and all sorts of organic industriaste™

2.2.1 The process

Biogas is formed when organic matter is digestethénabsence of oxygen;
this process is called anaerobic digestion. Theddign is made by enzymes
and bacteria during the below described four mapss®* The process is
also described in figure 2.

* Hydrolysis — In this step the organic polymers hreken down by
enzymes which are emitted when fermentative bacegdtach to the
molecules in the waste. Proteins are broken dowamo acids,
carbohydrates to sugars and lipids to fatty aclde carbohydrates
take a few hours to break down and the fats a feaysd
Lignocellulose and lignin are only hydrolyzed tdirait extent. The
residue from the anaerobic digestion contains ah0t80% of lignin
and 40-50% of cellulose and hemicellulose.

» Acidiogenesis — During this step the moleculesnfrihe previous
step is broken down further by bacteria, withoue thelp from
enzymes. The main products from acidification amnert chained
fatty acids, alcohols, carbon dioxide gas and hyenogas. The
carbon dioxide and hydrogen gas can be converted nrethane
directly by methanogenic bacteria.

* Acetogenesis — In this step the fatty acids andtbehols are broken
down to smaller components, mainly carbon dioxidegtate and

1 Braun (2007)
12 pesta (2006)
13 Deublein & Steinhauser (2008)
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hydrogen gas. During acetogenesis hydrogen anadwratioxide are
reduced to acetic acid; this is made by homoacetoge
microorganisms. The acetogenic bacteria produce®id the break
down of long-chain fatty acids to acetate can dake place during a
very low hydrogen partial pressure. This means thatacetogenic
bacteria must live in symbiosis with methanogeracteria which
need hydrogen for their survival.

» Methanogenesis — This is the last step in the ggaehere different
methanogenic bacteria convert carbon dioxide, hyelmogas and
acetate into methane. These bacteria can not eperdéhe presence

of oxygen.
complex organic matter
carbohydratesl, proteins, fats
1. Hydrolysis 1

v
soluble organic molecules

2. Acidogenesis

3. Acetogenesis
) sugars, amino acids, fatty acids
4. Methanogenesis |

2
'
volatile fatty acids
I |
3 3
b L
H, CO, [ . acetic acid
| !
4 4
! '
| CH,+CO, |

Figure 1 : The biogas process™*

The produced biogas consists mainly of methanecanion dioxide. The
composition varies between different substrates tantnologies. Usually
the gas from anaerobic digestion of food wastessistsrof 70 %—80 %
methane, by volum& while the rest is carbon dioxide. Traces of other

4 Based on Angenent & Wrenn (2008)
15 Harikishan (2008)
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substances can be found in the gas such as watdrogen sulfide,
siloxanes and particlés.

Methane is the energy carrier in biogas and thezetwe so called methane
yield is used to quantify how well a biogas prodsssorking. The methane
yield depends on several factors, but the subst@igposition is probably
the most important. Sometimes the term biogas ygeldsed, and it usually
refers to the amount of gas (¢tnd CQ) that is produced from the
substrate. In table 1 the biogas yields for thennt@imponents in organic
waste are listed.

Table 1: Biogas yield for different components in organic waste®’

Gas yield CH, CO,

L/kg % by volume % by volume
Carbohydrates 747 50 50
Lipids 1250 68 32
Proteins 700 71 29

The amount of crude fat in source sorted muniocgpghnic waste was in a
Swedish study determined to 4.1% and crude prdteit2.5 % of the wet
weight.® The waste had a dry matter content of 30.8%. btter study the
amount of carbohydrates in food waste was 37.8%hefdry weight’,
which is 11.6% of the wet weight if the dry mattentent is 30.8%.

2.2.2 Process Parameters

There are several parameters that affect the bipigeess; four of the most
important are listed in table 2.

Table 2: Important parameters in the biogas process20

Parameter Hydrolysis/ Acidogenesis Methanogenisis

Temperature 25-35 Mesophilic:32-42
Thermophilic: 50-58

pH value 5.2-6.3 6.7-7.5

Required C:N:P:S 500:15:5:3 600:15:5:3

DM content <40% <30%

1% Harikishan (2008)

" Braun (2007)

8 Nordberg & Edstrém (1997)

19 Shin et al. (2004)

20 Deublein & Steinhauser (2008)
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2.2.2.1 Temperature

There are two main temperatures where anaerobiestioyn is usually
performed. These are the mesophilic interval wigdh the range 35 °C -40
°C and the thermophilic of about 55 °C. The reafwnthis is that the
methanogenic organisms are most effective at tteesperatures. It is very
important to keep the temperature constant in gdsiaeactor to keep the
process working well, because the methanogeniehbadctre very sensitive
to sudden changes in temperature. Especially #othtermophilic organisms
it is important that the temperature does not felow 45 °C, or these
bacteria will be killed™

The fact that the mesophilic bacteria are less ibemsto temperature
changes is one of the reasons why it is often medddo perform the AD in
this temperature rangé Another positive thing is that the need for hegtin
is lower in the mesophilic process, which is venportant in cold climates.
In warmer climates such as in Singapore, the heatbe taken from waste
heat if the biogas is used to produce energy,rbabider climates where the
heat is sold as well as the electricity, a grea&dntr heating in the plant
will lead to a default of income.

There are several good arguments to use the théileoprocess despite
the high sensitivity to temperature change. Inttlemophilic process the
degradation of the ingoing material is about 50 fghér than for the
mesophilic proces® This means that the reactor can be half as biyg te
mesophilic case and still treat the same amounsulfstrate. When a
temperature exceeding 55 °C is used, all evenermhg in the substrate is
killed, which is not the case for the mesophiliogess where an extra
hygienic step might be need&4.

2.2.2.2 pH-value

Methanogenic bacteria are very sensitive to chamggsH-value. When
carbohydrates are acidified there is no produatibpH-buffering ions, as
there is when proteins are acidified. Carbohydrates also more easily
acidified than proteins. If the pH-value startglexrease and reaches a level
lower than 6.5 there will be a further decreaseth&f pH-value by the
hydrolytic bacteria and this might lead to a corwlestop of the
methanisatio>

2L wilkie (2008)

22 Wilkie (2008

23 Deublein & Steinhauser (2008)
24 pesta (2006)

% Khanal (2008)
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When having a well balanced biogas process theapiger remains buffered

in the range 7.2 to 8%.There are two buffering systems that guarantee tha
the pH-value will stay in a neutral range. Firserth is the carbon
dioxide/hydrogen carbonate/carbonate buffer systms system regulates
the pH-value by dissolving GOn the water. If the pH-value is to low, more
CO, will dissolve as uncharged molecules in the sabstif the pH-value is
too high the CQin the substrate will form carbonic acid, whictthen split
in£(7) ions, and will increase the concentration ydidogen ions, see equation
1.

Equation 1
CO, & H,CO, o« H"+HCO; « 2H" +2CO%"

The other buffer system is called ammonia-ammorbuffer system. If the
pH-value in the substrate is too low, ammonium ials be produced and
during this hydroxyl ions will be released. If thEl-value gets to high there
will be an increased formation of free ammonia rooles, see equation®?.

Equation 2
NH, +H,0 o NH, +OH"
NH, +H" « NH;

The buffering systems can be overloaded by e.girigeof acid waste, toxic
substances, decrease in temperature or feedingoahtch waste into the
reactor’

2.2.2.3 Required C:N:P:S

Since the production of biomass is very low in @maerobic process, there
IS no great need for nutrients, as can be seeabie 2. If there is too much
nitrogen in the substrate there will be an incrdgg®duction of ammonium
which will slow down the methane production. If taés a lack of nitrogen
it means that the microorganisms will not get sugit supply of nitrogen
and can not grow, thus the methane productiondeitirease. Therefore it is
very important to have the right C:N raffb.

% Deublein & Steinhauser (2008)
%" Deublein & Steinhauser (2008)
8 Deublein & Steinhauser (2008)
29 Deublein & Steinhauser (2008)
30 Braun (2007)
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2.2.3 Different use of biogas

Biogas can be used for different purposes depenaliinthe demand. Most
commonly the gas is used in a plant to generatetrelity and heat. An
alternative to this is to upgrade the gas to the@ddrds of natural gas, so
that it can be injected into a natural gas gridused as a vehicle fuel.
Upgraded biogas can be used in any appliance #sabéen constructed for
compressed natural g3s.

When upgrading the biogas the £ias to be removed in order to increase
the percentage of the methane content. This candole by several different
technologies, but scrubbing with water is the nemshmon. The technique
uses the fact that G@an easily solve in water while the hydrocarbores a
hydrophobic. When cleaning the biogas, the gasdléhvough a column
with pressurized warm water and the {®transferred to the water. When
the gas leaves the column the methane rate is ritan 95%. The
scrubbing process also removes traces & &hd other impuritie®:*?

3L wilkie (2008)
%2 Deublein & Steinhauser (2008)
% Linné & Dahl (2001)
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2.3 Biogas from the organic fraction of
municipal solid waste

There have been a number of articles written orsthi®ect of treatment of
organic waste the last years, some of them anagjythi@ option to produce
biogas from the organic fraction of municipal solcste (OFMSW) by
anaerobic digestion (AD). But one has to be carbifbre applying the
result on the Singapore situation. In a study fildmailand, incineration and
AD was compared for municipal waste. In the incatien scenario all
municipal waste was incinerated and in the oth&nago the organic
fraction was used to produce biogas trough AD &edibn-organic fraction
was land filled. The results from the study showat tthe option with AD
was to prefer to incineration in terms of G\WWRHowever, this is mainly due
to the large content of organic waste in the wasgam in Thailand. Of the
municipal waste more than 60% is biodegradable #msl is causing
problems with incineration due to the high moistaoatent in the wast®.
In Singapore only about 37% of the domestic wastaganic and only 24%
of the waste incineratel. This means that the study can not be used to
prove that AD is a suitable waste management opticGGingapore but parts
of the results can be used to make an assessmehe giossibilities in
Singapore.

To find studies that can be applied in the Singapantext; one has to look
in countries with similar waste streams like Sirm&p In many of the

studies made in European countries, Canada or t8Arganic fraction is,

or is assumed to be, around 30% of the municipateydherefore studies
from these countries are preferable to those froomties like Malaysia,

Thailand or Indonesia.

Several articles, analyzing the environmental inpat AD and comparing
with e.g. incineration, have been published thé yasrs. During 2006 and
2007 Berglund and Palsson published three artitdesit the energy use and
emissions from biogas production. The papers aralylze energy
performance and the emissions from the whole psoagsain, from
collecting or harvesting of the material used fiaglas production to the end
use of the biogas and the end use of the residuferakzer. Several
different substrates are compared as well as diftescales of the plants.

The first article deals with the energy balancethd systems, this study
shows that the energy input is somewhere betweear2040% of the

3 Chaya (2006)
% Chaya (2006)
% MEWR (2007), solid waste management.
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energy content of the biogas produéédThe variations can be caused by
differences between the substrates, differenceesign of the systems, and
by allocations made in the study. Raw materials tlead a lot of treatment
before the AD process, such as OFMSW causes disatiincrease to the
energy input. The energy needed only at the biqiast when treating
OFMSW is 6-17% of the energy content of the biggasluced for heat and
an additional 8-24% for electricity. For the recovef the material 25% of
the energy content in the biogas is u¥&this study is based on a report by
the same authors from 2003, the report analyzestieegy inputs in the
different processes in the biogas systems verytlghly, according to this
report the energy input to the whole biogas sydreating OFMSW is 20-
60% depending on what data is used, the differatda dlternatives can all
be found in the repoft.

The second and the third article by these authooth bdescribe
environmental impacts. The first one analyzes tle-¢ycle emissions and
the second one the impacts that occur when biogaduption replaces
different reference systems. Since the amount a$sams is partly based
on the energy use, some of the results are sinolahe ones from the
energy assessment. For example, the pre treatnfiethie oraw materials
causes a significant amount of emissions, as welicallection of the
OFMSW. Since methane leakage would contribute atdotGWP, the
authors point out that it is important to study #pecific plant to get more
reliable data on fuel-cycle emissioiis.

The environmental improvements that biogas can teaare often due to
indirect effects. That is the general conclusioonfrthe last article. The
results show that replacing incineration of orgamaste with AD in some
cases may increase the level of emitted GHG.

In a Danish study from 2003, similar results arscdéed. Three different
alternatives for handling of municipal waste aranpared in terms of
emissions. In the first scenario all the wastecnerated, in the second one
the organic fraction is sorted out and transpottea biogas plant and in the
third one the organic fraction is transported toomposting facility. The
results show that incineration has the least impmactthe environment
folowed by AD and then compostif§. This study focus mostly on

37 Berglund & Borjesson (2006)
% Berglund & Borjesson (2006)
%9 Berglund & Borjesson (2003)
0 Borjesson & Berglund (2006)
“1 Borjesson & Berglund (2007)
42 Baky & Eriksson (2003)
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acidification and eutrophication, in means of GWP AD alternative is not
worse than incineration according to the study.

In an Italian study from 2008 different scenarios the handling of urban
waste in Rome is compared. One of the scenaridsides AD of the
organic waste and recycling of ferrous materiald ather recyclables. The
rest of the waste is incinerated. The biogas isagey and used together
with natural gas. The residues from the AD proeeeddried and incinerated
to produce power. The result shows that this soenar preferable to
incineration of all the wast&. The result is partly from the fact that it is
unsustainable for Rome to incinerate all wast@efé is no way to recycle
all the ash, but also because the scenario induéb and recycling
produces more electricity. The AD and recyclingnsg® can supply Rome
with 15.47% of its energy demand compared to 13.4a&%he incineration
scenarid*

In a case study made in Sweden 2008, the resultshat it is better to
treat organic waste by AD than to incinerat& itmportant processes that
are included in the study are transport of the &ygstocesses at the biogas
plant and the incineration plant respectively apgrading of the gas to
vehicle fuel. Indirect impacts that are includedthe study are the use of
biogas in vehicles instead of fossil fuels and thet that less inorganic
fertilizer has to be produced. Incineration hadhbkigimpact on GWP,
acidification and eutrophication in this study. Ttmal emissions of CO
from the biogas system are 286 kg/ton dry mattenpared to 346 kg/ton
dry matter from the incineration scenaffo.

Another study that has similar results is a studynf2000. Three alternative
ways of treating organic waste are compared; imatien with heat

recovery, composting and anaerobic digestion. TRMEW is co-digested
with organic waste from industries, sewage sludye manure from farms
nearby. The non-organic fraction is incineratede Tgroduced biogas is
upgraded and used as fuel in buses. The alterneitoheding AD of the

organic waste has the lowest GWP as well as acadifin and

eutrophicatior’ In this study indirect impacts are included, sua
decreased use of fossil fuel due to the use ofasiag buses.

A pattern in these different studies seems to BeAD might not always be
sustainable in combination with incineration of @#lé remaining waste. In

“3 Cherubini et al. (2008)
44 Cherubini et al. (2008)
5 | jungkvist (2008)
8 | jungkvist (2008)
47 Sonesson et al. (2000)
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integrated systems where just a small amount isnenated, and the
different fractions are recycled AD seems to beoadgoption. When an
alternative with AD of 50% of the organic fractiamd incineration of the
rest of the waste was compared to incineration Ibfwaste, the AD

alternative had a higher environmental impgddn the contrary, an option
where as much as possible is recycled, and thenirdaaction is treated
with AD and only the non-recyclable waste is incated is the option with
the least environmental imp&Ct.

Assuming that more and more of the recyclable wasieh as glass, metals,
plastics and paper are recycled in Singapore, tganic fraction of the
incinerated waste becomes a bigger and bigger [dénen incinerating
waste with low dry matter content, fossil fuels s used to help combust
the waste. This is the case in Thailand where tbestore content of the
waste incinerated is 40-60%Since Singapore is striving towards increased
recycling rates, AD might be a good option for tneant of organic waste.

That Singapore is in need of higher recycling rademne of the conclusions
from Tan and Khoo (2006). This study analyzes fdifferent methods for

waste managing that to some extent already exiSingapore. These are
incineration, land filling, recycling and composginAccording to the study
“the energy gained from the incineration of wastatemals is outweighed
by the air pollution generated from the incinergtorThe intended

pollutions are mainly heavy metals and dioxinsffista

Different papers have presented very different kiens regarding what
the best way to treat OFMSW is. These differenessnsto originate from
the different system boundaries in the studies. i@pertant factor is that in
some studies, the energy supply to the biogasmyistéaken from the grid,
not from the biogas plant itself, this is usualBchuse the biogas is used as
a vehicle fuel instead of for power generation. €hassions will of course
be much higher if the electricity comes from fodsils instead of biogas.
For example the electricity supply comes from ratgas in Berglund and
Palsson (2005), Borjesson and Palsson (2006) amg<36n and Palsson
(2007). In Baky (2003) the electricity comes paftlym coal.

There are no articles written about the feasibiityusing AD for treatment
of OFMSW in Singapore and that is why the aim of pngject is to do an
analysis of the possibilities of using AD to tréla¢ OFMSW in Singapore,
and to point out in which areas further studiesusthte done.

8 Zhao et al (2008)
49 Zhao et al (2008)
%0 Chaya (2006)
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3 Methodology and system description

3.1 Functional unit

In order to make it possible to compare the envivental impacts from
different products or processes LCA methodologysusdunctional unit.
The functional unit defines the function of the dsad system and it is
important to choose the functional unit so thatdtgerent alternatives can
be compared in a fair way. If it is not possiblectone up with a functional
unit, the systems differ too much. If the systenos bt have the same
essential properties or functions they should rotdmpared using LCA.

Since the goal of this project is to study and carapalternative ways to
take care of the OFMSW, the functional unit is & td OFMSW. In order
to take in account indirect environmental impatts output of electricity
and fertilizer has been set to the same amountlfothe scenarios. For
example, the incineration scenario does not produnefertilizer why the
production of inorganic fertilizer has been addedhte system. The output
of electricity and fertilizer is 434 kWh/FU of elecity, 6.3 kg/FU of
nitrogen and 3.3 kg/FU of phosphate.

3.2 Life cycle assessment

In this study LCA methodology was used. In figurthé different stages of
LCA is shown. First of all the goal and scope & study should be defined.
The system boundaries must be clearly stated, siregemight have a big
impact on the result of the study. When the godl scope are defined the
inventory analysis can start. This is where dataualall the processes are
gathered; these data can be presented in a rapdrts then called LCI (life
cycle inventory). However, in LCA the data from tim¥entory analysis is
further processed in the impact assessment, whereifferent data is sorted
into different categories depending on what envitental impact they
have. These categories can be for example, glolzaming potential,
acidification, eutrophication etc. Through the iropassessment the total
environmental impact of the studied system can beeralearly evaluated.
Sometimes a fourth step is included in LCA, calleighing. Weighing is a
subjective method where the data is aggregated m@e. The different
environmental impacts are weighed against eaclr btsed on e.g. political
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goals, economical goals or the critical load ofati#nt substanced™*? In
this study no weighing has been performed.

Goal and
scope
definition

A

A

A 4

Inventory
analysis

A4

Interpretation

A

A 4

Impact
assessment |[*

A 4

Figure 2: The basic stages of LCA>®

3.3 Assessment method

This study was made at Singapore Institute of Mactufing Technology in
Singapore. It would have been possible to perfdrisigtudy in Sweden, but
being in Singapore has made it possible to mordyefisd information
about the Singapore waste management system, tactqeople in NEA
and other agencies and to meet with people witlegsipce of performing
LCA in Singapore.

As can be seen in figure 2 LCA is not a linear pss; which means that one
usually is working with several stages at the séime. The goal and scope
for this study was redefined several times in thgifining of the study. At
first the systems did not include indirect envir@amtal impacts such as
decreased emissions due to replacing fossil fugilg. during literature
studies and especially studies of LCA papers,dtrsm fairer to include the
indirect impacts because that is the common peadicd it makes the
efficiency of the systems visible. In the initiahge of the study only GWP
was considered, but during collection of data onG=¢issions data on
other emissions was found as well. This made iy dasinclude also
acidification and eutrophication.

Because this study is mainly based on data fraeralitire, such as academic
papers, governmental reports, books etc. this siwatyypreceded by a quite

*1 Rydh et al. (2002)
%2|SO 14010 (2006)
*31S0O 14010 (2006)
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extensive literature study, which is partly repdria chapter 2. Data on
energy use and emissions from different processas mgcovered from
literature and contacts at the national environmagéncy (NEA) in
Singapore and at biogas plants in Sweden. Thiswasaused to model the
different scenarios using Excel. There are sesafilvare products that are
specialized to help perform LCA but Excel was useuate the time of this
project was limited to about 20 weeks and learrmngew soft-ware would
have been too time consuming.

All the data was recalculated to units per ton ¢tM3W, since 1 ton of
OFMSW is the functional unit. The emissions fronemvprocess were then
aggregated using characterization factors to be sbé the environmental
impact from every process. The characterizatiotofacused can be found
in appendix 4. After this some sensitivity analysias performed in the
areas where changes were considered to be abfeetd the end results in
particular.

3.4 Scope definition

3.4.1 Presentation of the scenarios

There are four scenarios that are being compard#teistudy. The reference
scenario is mainly based on data on how the cumaste management
system in Singapore is working>>>**"The biogas scenarios are models
which are not based on any real biogas plants etiBp. They are all
producing electricity because Singapore is in grestd of domestically
produced electricity, since almost all the eledlyi;n Singapore comes from
imported natural gas and oil. In all the biogasnac®s the biogas is
produced through a one step process, under therheogimditions. This is
because the thermophilic process is more effectwel since the mean
temperature in Singapore is so high that the heatled for heating the
substrate is still not that high, even with a thepimlic process.

In this study | have assumed the digestate to beatdeed and composted
after the digestion step. This is mainly becauseetiis almost no need for
fertilizer in Singapore, which means that the digeshas to be transported
to e.g. Malaysia. By dewatering and composting tteasport of the
compost material that is not used in Singaporedsemprofitable since it has
a higher dry matter content. By composting the st@ge it is further
decomposed, this also reduces the overall volunteeomaterial. A just as

*NEA & MEWR (2006), Integrated solid waste manageniersingapore
%5 NEA (2002), Brochures on incineration plants aethakadandfill

°6 Tan & Khoo (2006)

> NEA, Solid waste collection system
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important reason for dewatering the digestate imitimize the use of fresh
water, since water is a scarce commodity in SingapBy dewatering and
leading back this water to the bio reactor, the afsktesh water will be as
low as possible.

Below is a short description of the different scérs

Reference Scenariodescribes the current management of OFMSW
in Singapore. The waste is transported from thieeritor facility to
one of the four existing incineration plants whérés incinerated.
From the incineration plant the ash is transpotteduas marine
transfer station where it is loaded on barges. Gnday the ash is
transported by barge to Semakau landfill which isiased on
Semakau island about 25 km from the transfer statio

Scenario Large- the OFMSW is transported to a large scale biogas
plant where it is processed. The produced biogases to generate
electricity. The byproduct from the digestion istqmsted and the
compost is sold as soil improver.

Scenario Medium- the OFMSW is transported to several mid scale
biogas plants where it is processed. The producaghb is used to
generate electricity. The byproduct from the digesis composted
and the compost is sold as soil improver.

Scenario Smal the OFMSW is directly disposed into a small scale
biogas plant. The produced biogas is used to genelectricity. The
byproduct from the digestion is composted and trepost is sold as
soil improver. These plants can for example take o food waste
from a food centre or a shopping centre, they atenreant to take
care of all the OFMSW in Singapore.
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3.4.2 System boundaries

The system boundaries are very important in LCA #rely can have a
major impact on the results. In this section thsteay boundaries for the
different scenarios are presented and motivated.

3.4.2.1 Waste properties

The OFMSW is sorted out by the disposer, and piakedy trucks at the

house or facility. When the waste is separated ftloenplastic bags at the
plant some of the waste might cling on to the lhags is not taken into

account in this study. Since this happens in al shenarios, there is no
problem canceling out the effects from this. Irsteiudy dry matter content
of the OFMSW was assumed to 36%8%%°

3.4.2.2 Reference scenario

The material flow of the reference scenario is shawfigure 3, and all the
processes that are included and not included inrdéference scenario
appears in table 3. Methane leakage from the lhnmslfinot included in the
study because it has been shown that the leakagetbbine from Semakau
landfill is minimaf?, this is because the ashes contains almost naiorga
compounds. To make the output from all scenariagalegroduction of
inorganic fertilizer has been added to the incihenascenario. For the same
reason electricity from natural gas has been atlué¢loe scenario so that all
the scenarios will produce the same amount of retegt

Transport of 1ton
OFMSW OFMSW
OFMSW
’ Incineration ‘
: | Ash Production of | :
’ Transport of ashes ‘ fertilizer : 434 kWh of electricity
: Ash Electricity 6.3 kg of nitrogen
: from natural : 3.3 kg of phosphate
1 Landfil | gas :

Figure 3: Material flow of the reference scenario

%8 Zhang et al (2006)
%9 Borjesson & Berglund (2006)
9 Wong et al. (2008)
®1 Tan & Khoo (2006)
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Table 3: System boundaries for the reference scenario

Included processes Not included processes

— Transport of waste to — Manufacturing of vehicles or
incineration plant machines used

— Incineration - Methane from landfill

— Electricity used at the — Vehicles and machines used at
incineration plant the landfill site.

— Oil used to start up combustion — Production of diesel and fuel oil

— Transport of ash to landfill — Production of natural gas

— Production of fertilizer
— Electricity from natural gas

Assumptions made in the reference scenario:

 All heat and electricity needed in the incineratipmocess is
recovered from the plant.

3.4.2.3 Scenario Large

In figure 4 the material flow for scenario large Stated. The anaerobic
digestion step includes several pre-treatments. ddta on electricity use
was found as one number for the whole plant, ares$ dwt tell how much
electricity that is used in every treatment step.

The processes that are included and not includebtierscenario appear in
table 4. The waste water is led back into the bm@ctor, why there is no
reason to look into waste water treatment.

Table 4: System boundaries for scenario medium and large

Included processes Not included processes
— Transport of waste to bio-gas — Manufacturing of vehicles or
plant machines used
— Pre-treatment - Treatment of waste water
— Anaerobic digestion — Production of diesel
— Dewatering of residue — Spreading of soil improver
— Composting — Possible emission of methane from

soil improver when back in soil..
— Transport of compost
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1 ton of
OFMSW

Transport of
OFMSW

| oFmsw

Anaerobic
Digestion
Including:
Milling
Pumping
Stirring

l Digestate

Dewatering ‘

l Digestate

Composting ‘

434 kWh of electricity
6.3 kg of nitrogen
3.3 kg of phosphate

l Compost

Transport of
compost/fertilizer

Figure 4 Material flow of scenario Large

3.4.2.4 Scenario Medium

In figure 5 the material flow of scenario mediumsisown. The processes
included are the same as for scenario large, dde #a Electricity from
natural has been added to the scenario since #eaise generates less
electricity than scenario Large. The data on dlgttrat the biogas plant is
also in this case on figure for the whole plant.

Transport of
OFMSW

l OFMSW

Anaerobic
Digestion
Including:
Milling
Pumping
Stirring

l Digestate

1 ton of
OFMSW

’ Dewatering ‘

l Digestate

’ Composting ‘

l Compost | Electricity 434 kWh of electricity
Transport of from : 6.3 kg of nitrogen
compost/fertilizer natural gas | : 3.3 kg of phosphate

Figure 5 Material flow for scenario Medium
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3.4.2.5 Scenario Small

In figure 6 the material flow of scenario small da@ seen. The material

flow is the same as in the other biogas scendigisthere is no transport of

the waste. To make the output from this scenagostime as for the other

scenarios, electricity from natural gas has beee@dThe processes that are
included and not included in scenario small appe#able 5.

Anaerobic
Digestion
Including:
Milling
Pumping
Stirring

l Digestate

’ Dewatering ‘

l Digestate

’ Composting ‘

Compost

Transport of
compost/fertilizer

1 ton of
OFMSW

Electricity
from
natural gas

434 kWh of electricity
6.3 kg of nitrogen
3.3 kg of phosphate

Figure 6 Material flow of scenario small

Table 5: System boundaries for scenario small

Included processes

Not included processes

- Pre-treatment

— Anaerobic digestion
— Dewatering of residue
— Composting

— Transport of compost

— Electricity from natural gas

— Manufacturing of vehicles or
machines used

- Treatment of waste water

— Production of diesel

— Spreading of soil improver

— Possible emission of methane from
soil improver when back in sail.

- Production of natural gas

3.4.2.6 Assumptions made in all the biogas scenarios
» At the biogas plants the waste is mixed with wateget a dry matter

content of 10%

« The methane yield for the OFMSW is 0.4 @Hskg DM, see

appendix 1.

» The biogas that is produced during composting t®vered, thus
there is no emission of methane from the compastgss.
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» The leakage of biogas from the plant is assumebetd% of the
produced bioga¥

* The same amount of heat that is needed for a miisopfocess in
Sweden (south) is needed for the thermophilic m®de Singapore.
Based on that the temperature difference, see dpp2n

» Heat and electricity needed in the processes kem tthom the biogas
plant.

» There is no sale of heat from the plants; the belgt recovered is the
amount that is used at the plant.

« The produced biogas contains 70%.,Gidd 30% C@°3

» The efficiencies for the gas turbines are 40% e medium scale
scenario and 30% for the small scale scenario.

3.4.2.7 Transports

The emissions generated and the energy used dhengansports has been
calculated using a tool called NTM C&fcNTM Calc is software that

calculates emissions from transports based ondf/pehicle, distance, type

of fuel and the load. All transports are assumedhawe an empty return

transport. In NTM Calc the empty transport is addgdlividing the average

load by 2. For the collection routes there is ng@gntransport back, but the
average load has been divided by 2 to compensatbddact that the truck

is empty when starting and filling during the raute

It is hard to make assumptions about the exacamtiss that the waste will
be transported from the disposer to the plant.tBatimportant thing is not
the exact distance but the difference in distaneavéen the different
scenarios. The transport distance has been dividedwo sections. First
there is the collection, where the truck goes flwnse to house to pick up
the waste, after that there is the transport of wlaste to the plant The
collection route has been assumed to be 9 km gdiction truck for all
scenarios (scenario small does not have any trangpaaste). Information
on how the collection route was estimated is founappendix 5.

%2 Borjesson & Berglund (2007)
83 Ljungkvist (2008)
® NTM Calc (2003)
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3.5 Data quality

This study is not a case study, which means thexena specific biogas

plants where the data is taken from. The datakentdrom several other
studies, contacts at different plants, theoretiaddulations and assumptions.
In the reference scenario a lot of the data is nakem the actual

incineration plants in Singapore, or from a study waste management
made in Singapor®.

When it comes to data about the biogas scenaribasitbeen taken from
studies made mainly in Europe. This is because tdegnlike Germany,
Sweden and Denmark is leading in biogas and bicggesarch. This may in
some cases lead to uncertainties, but it has beesssary because there is
almost no data to get from Singapore, and many h& tountries
surrounding Singapore have very different wasteastrs from Singapore
and are much less economically developed. Theretfoeedata from Europe
is often easier to apply to the Singapore cont&entdata from e.qg.
Malaysia, Thailand or Indonesia.

For data on the properties of the organic waste@anevaste management
most of the data could be found through NEA (Natlo&Environment
Agency) and MEWR (Ministry of the Environment ancht® Resources) in
Singapore

Since almost all data is taken from literatures tstiudy can not be used to
describe the properties of any biogas plant ini@ddr, the study is meant
only as a comparison between these different wayseat OFMSW in
Singapore.

% Tan & Khoo (2006)
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4 |nventory

4.1 Reference scenario

4.1.1 Transport of waste

The collection and transport of waste in Singapamre provided by four
waste management companies. Singapore is divided9nareas and in
every area one of the four companies provides dieation and transport
of municipal solid wast& The waste is collected from residences and other
facilities, such as food centers or shopping centafter that the waste is
transported to one of the four incineration plaiaturally, there is no way
to know the exact distance a collection truck aveéting to collect the waste
and to get to an incineration plant. Thereforedistance for collection has
been assumed to be the same as for the biogagissemdich is 9 km. The
assumption of the distance to the incineration tglas based on the
assumption for biogas scenario large. However, esitltere are four
incineration plants, the distance has to be shorthave set the transport
distance to 15 km. Details on how the transpotadises were estimated can
be found in appendix 5.

The energy use and emissions from collection agsport of the waste to
an incineration plant can be seen in table 6.

Table 6: Emissions and energy use due to the transport from disposer to
incineration plant®’

Emissions Unit
CO, 3.6 kg/FU
NOy 32 g/FU
HC 1.8 g/FU
CO 3.5 g/FU
SO, 0.0046 g/FU
Energy use

Diesel 13.9 kWh/FU

6 NEA, Solid waste collection system
8" NTM Calc (2003)
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4.1.2 Incineration process

In 2007 there was 974 945 MWh of electric energyegated from
incineration of waste in Singapore, 20 % of tha¢rgyg was used at the
plants while the rest was sdftlin table 7 the energy use is listed together
with emissions from the combustion. The electriaise is calculated by
taking 20% of the total amount of generated eleityrin 2007 divided by
the total amount of waste incinerated that yeawe €lectricity generated
from OFMSW was calculated by using the calorifitueafor food waste in
Singapore, see appendix 7. No data on how muchthetis used at the
plants was found. But since the used heat is adolyjat from the electricity
generation, the heat does not add on to the emissiio the emissions from
combustion of the waste, emissions from the auyilal burners needed for
start up are included. Data on emissions from gration of OFMSW is
taken from Tan and Khoo (2006). Data on use ofwais given by NEA?
and emissions from combustion of the oil are takem Uppenberg et al.
(2001).

Table 7: Energy use and emissions from combusting at the incineration plant

Electricity use 79.6 kWh/FU
Electricity from OFMSW 251 kWh/FU
Net electricity out-put 171 kWh/FU
Heat use n.a. kWh/FU
Heat generated n.a. kWh/FU
Land use” 10.1 FU/yr m3
CO, (fossil) 0.376 kg/FU
CO; (bio) 586 kg/FU
CH, 2.48 mg/FU
N,O 2.48 mg/FU
NO, 376 mg/FU
({0 74.6 mg/FU
SO, 891 mg/FU

4.1.3 Transport of ash

The four incineration plants in Singapore produd@QLtons of ash every
day. The ash is transported to Tuas marine trasséion (TMTS) by 35-
ton trucks. After that the ash is transported byagge to the off shore land
fill on Semakau island: The distance between the incineration plants and
TMTS has been calculated by taking the distanca feach plant to TMTS

8 NEA (2002), Brochures on incineration plants

%9 e-mail correspondence with Wong Chak Huat, NEA
O NEA (2002), Brochures on incineration plants
"INEA (2002), Brochure on Semakkndfill

35



and then multiply it by the share of the total amtoof ash that comes from
the plant. The distance is then estimated to tme stithese four figures.
This makes the calculated distance from the inatn@n plant to TMTS 11
km. The distance from TMTS to Semakau island i&r25

The emissions and the energy use of the transpasgtoare listed in table 8-

10.

Table 8: Emissions and energy use from transport of ash by truck?

Emissions

CO, 0.78 kg/ton ash
NO, 7.0 g/ton ash
HC 0.40 g/ton ash
Cco 0.77 g/ton ash
SO, 0.001 g/ton ash
Energy use

Diesel 3.06 kWh/ton ash

Table 9: Emissions and energy use from transport of ash by barge”

Emissions

CO, 1.1 kg/ton ash
NO, 27 g/ton ash
HC 0.75 g/ton ash
CO 1.3 g/ton ash
SO, 9 g/ton ash
Energy use

Fuel oil 1.94 kWh/ton ash

Table 10: Total use of energy and emissions from transport of ash™

Emissions

CO, 0.32 kg/FU
NO, 5.8 g/FU
HC 0.20 g/FU
(6{0) 0.35 g/FU
SO, 1.54 g/FU
Energy use

Fuel 0.861 kWh/FU

2NTM Calc (2003)
SNTM Calc (2003)
" NTM Calc (2003)
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4.1.4 Indirect impacts

Since the incineration scenario does not produgdeatilizer and generates
less electricity than the large biogas plant (thesimefficient plant),
emissions from fertilizer production and electgcitom natural gas has
been added. In table 11 the emissions from prooludf fertilizer are listed
No data on energy use during fertilizer producti@as found. In table 12 the
emissions from the extra electricity from naturas gire listed.

Table 11: Emissions from production of fertilizer

Emissions”®

CO,(fossil) 24.8 kg/FU
CO 8.81 g/FU
NO, 76.0 g/FU
SO, 85.6 g/FU
HC 6.74 g/FU
CH, 29.9 g/FU

Table 12: Amount of electricity and emissions from combustion of natural gas

Emissions’®

CO,(fossil) 130 kg/FU
(60) 57 g/FU
NO, 236 g/FU
SO, 1.97 g/FU
HC 1.97 g/FU
CH,4 7.86 g/FU
Energy

Electricity 257 kWh/FU

4.2 The biogas scenarios

4.2.1 Methane yield

There are no available data on the composition hef food waste in

Singapore. This makes it impossible to calculageekpected methane yield
from the waste. Data from several studies thatdaading with anaerobic

digestion of OFMSW under thermophilic conditionsreveecovered. From

this data an average methane yield of 04Ghi/kg TS was calculated.
This methane yield has been used to perform sewatallations in the

study. Details about what references the biogdd isebased on, and further
explanation can be found in appendix 1.

> Borjesson & Berglund (2007)
® Borjesson & Berglund (2007)
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4.2.2 Transport of waste

4.2.2.1 Scenario Large

The collection route is 9 km and the distance ftbecollection area to the
plant has been estimated to 25 km, see appendikebemissions caused by
the transport of the waste and the energy usetétriick are listed in table
13.

Table7713: Emissions and energy use due to the transport from disposer to biogas
plant

Emissions

CO, 5.1 kg/FU
NOy 46 g/FU
HC 2.1 g/FU
(6{0) 5 g/FU
SO, 0.0065 g/FU
Energy use

Diesel 19.4 kWh/FU

4.2.2.2 Scenario medium

In this scenario the transport distance from tHeection area to the plant is
shorter than in the large scale scenario, dueatdett that there is a need for
a larger number of plants to take care of all tH®MSW of Singapore. In
the large scale scenario all the waste is transgdd the same place but in
this case there is a need for 27 plants, assumied &venly spread out over
Singapore. This means that the area around evany [@ 27 times smaller
than in the large scenario. In this scenario tlséadce is estimated to 5 km,
see appendix 5. The emissions caused by the trdredfpthe waste and the
energy used by the truck are listed in table 14.

Table 14: Emissions and energy use due to the transport from disposer to biogas

plant’®
Emissions
CO, 2.1 kg/FU
NOy 19 g/FU
HC 1.1 g/FU
CcO 2.1 o/FU
SO, 0.0027 g/FU
Energy use
Diesel 8.06 kWh/FU

"NTM Calc (2003)
8 NTM Calc (2003)
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4.2.3 Biogas process

4.2.3.1 Scenario Large

In table 15 the energy use and emissions fromaftgelscale biogas plant
can be seen. Since all the energy is suppliednaligy there is no use of
electricity from the grid. The emissions from thiedas process originate
from the combustion of biogas and from leakageiofds. The electricity is
generated by burning the biogas in a gas turbmé#his scenario the turbine
has the efficiency of 40%6and 45%ea: The emissions from the combustion
are taken from Boérjesson and Berglund (2003) with £xceptions. The
emitted carbon dioxide has been calculated, asguoomplete combustion
of methane and that the carbon dioxide in the gasniitted to the air. The
calculations can be found in appendix 3. The datamitted NO is taken
from IPCC’®

Table 15 Energy use and emissions from the large scale biogas plant

Electricity use® 31.5 kWh/FU
Electricity generated 466 kWh/FU
Net electricity out-put 434 kWh/FU
Heat use® 88.9 kKWh/FU
Heat generated 524 kWh/FU
Land use® 10.7 FUlyr m®
CO, (fossil) 0 kg/FU
CO; (bio) 335 ka/FU
NO, 210 g/FU
CO 214 o/FU
N,O 0.168 o/FU
SOy 7.13 g/FU
CH, 14.3 g/FU
CH4 (leakage) 859 g/FU

IPCC (2006)

8 UNFCCC (2006)

81 Berglund & Borjesson (2003)
82UNFCCC (2006)
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4.2.3.2 Scenario Medium

The only thing that is different between the mediand large biogas plant
is the electricity use, which is higher at the nuediscale plant. The energy
use at the medium scale plant can be seen in f@blegether with the
emissions from the plant. The emissions from tlegds process originate
from the combustion of biogas and from leakageiofds. The electricity is
generated by burning the biogas in a gas turbméhis scenario the turbine
has the efficiency of 40%6and 45%ea: The emissions from the combustion
are taken from Boérjesson and Berglund (2003) witbh £xceptions. The
emitted carbon dioxide has been calculated, asguoomplete combustion
of methane and that the carbon dioxide in the gaammiitted to the air, see
appendix 3. The data on emittegNis taken from IPCE3

Table 16: Energy use and emissions from the medium scale biogas plant

Electricity use® 425 kWh/FU
Electricity generated 466 kWh/FU
Net electricity out-put 423.5 kWh/FU
Heat use® 88.9 kKWh/FU
Heat generated 524 kWh/FU
Land use® 2.10 FUlyr m*
CO, (fossil) 0 kg/FU
CO; (bio) 335 kg/FU
NO, 210 g/FU
CO 21.4 g/FU
N,O 0.168 g/FU
SOy 7.13 g/FU
CH,4 14.3 g/FU
CH, (leakage) 859 g/FU

8 |pPCC (2006)

8 Berglund & Borjesson (2003)

% Berglund & Borjesson (2003)

86e-mail correspondence Carl-Magnus Pettersson, 8Wéingkraft AB
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4.2.3.3 Scenario Small

The outputs from the biogas plant in scenario sl listed in table 17.
The electricity demand is supplied by the plantlftas well as the heat
demand. The emissions originate from combustiobi@jas and leakage of
methane. The heat use in this scenario is higlaer ithscenario large.

The electricity is generated by a gas turbine;atfieiency of the turbine is
30%; and 50%ea: The emission data is taken from Borjesson andlBed
(2003) with two exceptions. The G@missions is calculated, see appendix
3. The data on emitted, is taken from IPC&’

Table 17: Energy use and emissions from the small scale biogas plant

Electricity use® 23.8 kWh/FU
Electricity generated 349 kWh/FU
Net electricity out-put 326 kWh/FU
Heat use® 150 kWh/FU
Heat generated 582 kWh/FU
Land use® 0.08 FUlyr m*
CO, (fossil) 0 kg/FU
CO, (bio) 335 kg/FU
NOy 107 o/FU
CO 10.1 g/FU
N,O 0.168 g/FU
SOy 6.71 o/FU
CH, 134 o/FU
CH, (leakage) 859 g/FU

87 |pCC (2006)

8 Berglund & Borjesson (2003)

8 Berglund & Borjesson (2003)

% e-mail correspondence with Krister Andersson, WagRiogas plant
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4.2.4 Indirect impacts

4.2.4.1 Scenario Medium

In order to make the output from all the scenati@ssame, some electricity
from natural gas has to be added to scenario meditma amount of
electricity that has to be added and the emissfom® combusting the
natural gas are listed in table 18.

Table 18 Electricity amount and emissions from combustion of natural gas

Emissions®"

CO,(fossil) 5.53 kg/FU
CcO 2.43 g/FU
Noy 10.1 g/FU
SO, 0.0838 g/FU
HC 0.0838 g/FU
CH, 0.335 g/FU
Energy

Electricity 11 kWh/FU

4.2.4.2 Scenario Small

Since scenario small generates less electricity ftanario large this has to
be compensated by electricity from natural gas. &tiditional emissions
due to this fact are listed in table 19.

Table 19: Electricity amount and emissions from combustion of natural gas

Emissions®

CO,(fossil) 54.9 kg/FU
CcO 24.1 g/FU
NOy 99.8 o/FU
SO, 0.832 g/FU
HC 0.832 o/FU
CH,4 3.33 g/FU
Energy

Electricity 109 kWh/FU

°1 Borjesson & Berglund (2007)
92 Borjesson & Berglund (2007)
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4.2.5 Composting process

I have not included any extra energy use for threpmsting step, but for the
dewatering there is a need of 6 MJ electricity foer digestate® | assume
that 1 ton of substrate mixture (10% DM) gives i & digestate, and then
1 ton of raw material gives 3 tons of digestateisTmeans that the
electricity used for dewatering 1 ton of raw maikris 18 MJ. The
electricity for dewatering is taken from the biogdant. The electricity use
for dewatering is included in the total electricitye of the plants that can be
seen in table 15-17.

When composting the digestate there might be samma@uption of biogas.

In all the scenarios this biogas is assumed toolleated, thus the compost
process does not contribute to the GWP of the simend he methane yield
has not been increased due to the biogas produg@tydhe composting

since no data was found on how much gas is formed.

% Berglund & Borjesson (2003)
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5 Impact assessment

In the impact assessment the different emissioam fthe inventory is
categorized and aggregated so that the impact o ,Gbidification and
eutrophication can be seen. In table 36 in Appeddike compounds that
are included in the impact assessment can be smgrther with the
characterization factors used in the assessment.

5.1 Energy use

5.1.1 Electricity

There are three types of energy included in thidystelectricity, diesel and
heat. The electricity demand at the plant is a waportant parameter, since
it determines how much of the generated electrittigt can be sold. In
figure 7 the net electricity out put from the diff@t scenarios can be seen.
From the diagram it is obvious that the incinematiplant is the least
efficient of the four plants.
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Figure 7 Net electricity out put from the different scenarios

In figure 8 the electricity demand at the plantssi®own along with the
generated electricity. Biogas scenario large andliune generates the
largest amount of electricity and also has the dsgltoutput of electricity
that can be sold. The incineration scenario has Hhighest electricity
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demand and the lowest net electricity output. Tihidecause of the low
efficiency when incinerating OFMSW. Electricity ised in the production
of fertilizer, but no data on how much electricttyat is used was found
during research. Because of this the electricity imsludes only the plants
in the different scenarios.

500
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-100 ~
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Figure 8: Electricity use and electricity generated at the different plants

5.1.2 Diesel

The use of diesel should be minimized since itlteso a large amount of
emissions. The diesel use of the scenarios is shovigure 9. The diesel
consumption is proportional to the total transmhstance, which is why the
diesel consumption is highest in the large scendhe transport of compost
contributes a lot to the use of diesel in the lsogaenarios. If the soil
improver could be used in Singapore both the sswlle and the medium
scale scenario would use less diesel than thegration scenario.
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Figure 9: Diesel use in the different scenarios

5.1.3 Heat

Generated heat
B Heat use

Heat [kWh/FU]

Large/Medium Small

Figure 10: Heat use and generated heat at the different plants

When it comes to the use of heat, the most impbtieémg in these scenarios
is that the heat demand is smaller than the amolimtaste heat that is
generated from electricity generation. If there \@gsossibility to distribute

and sell heat in Singapore, then the importandeeping the heat demand
as low as possible would be much greater. The Heatand and the
generated heat are shown in figure 10. The incilmgrascenario is not

included, since no data was found on heat use gmemation plants in

Singapore.
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5.2 Global warming potential

In this study only the fossil C{are included in the impact assessment, this
is because of the common practice not to includgdnic CQ when doing
LCA. In figure 11 the total GWP from the studiecesarios can be seen,
excluding the biogenic CQIncineration has the highest GWP, followed by
scenario small. This is mainly because of the Idficiency of these two
systems, when generating electricity. As can ba& sedigure 11, most of
the GHG in these two scenarios comes from elegtriodom natural gas. In
scenario large and medium the plant contributeb thié largest amount of
GHG. This is because of the methane leakage aléims; since methane is
a 21 times stronger GHG than carbon dioxide this ddig impact, even
though the leakage is only 1% of the produced nmetha
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20 1 i B8
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Figure 11: GWP from fossil CO, and other GHG
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5.3 Acidification

Also for acidification the incineration scenarioshitie greatest impact, see
figure 12. The biggest contribution comes from pcitn of fertilizer and
from electricity from natural gas. This is becattse production of fertilizer
causes large amounts of both,Shd NQ and the combustion of natural
gas gives large amounts of emitted ,N@ the biogas scenarios the plant
causes a lot of acidification, this is mainly besmwwombustion of biogas
generates quite high emissions of NDhe small scale scenario has a lower
impact on acidification than the other biogas sdesabecause the micro
biogas turbine causes less emissions of; Ni@n the large turbine and
because there is no diesel used for collectioh@fitaste.
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Figure 12: Acidification from the scenarios
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5.4 Eutrophication
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Figure 13: Eutrophication from the scenarios

For eutrophication the difference between the Il8ogazenarios and
incineration is smaller than for both GWP and dmdtion, see figure 13.
This is because the quite high emissions of, MOm the combustion of
biogas. The small scale scenario has a lower impa&utrophication than
the other biogas scenarios because the micro bibhghse causes less
emissions of NQ than the large turbine and also because thereois n
collection and transport of the waste.

5.5 Land use

Land use is very important in Singapore since thentry has such limited
land area. According to data given by two biogantd in Sweden, one
medium scale plant and one small scale plant, blogly use 1 ha of land for
their plants. This makes the small scale plant weefficient compared to
the medium scale plant. The fact that the datakert from Sweden means
very high uncertainty in this case, since Swedessdwt have any lack of
land, and has a very low population density. In &svethere is no need to
try to use as little land as possible. However, data on land use for the
large scale biogas plant are taken from a CleareldDpment Mechanism
(CDM) project design document for a large scalegas plant in
Singaporé€? This data shows that the large scale biogas maut the
incineration plant use about the same amount of taea.

% UNFCCC (2006)
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6 Sensitivity analysis

6.1 Methane leakage

Due to the fact that methane has such big impadcherGWP, even quite
small amounts that are emitted from the biogastplaan cause a great
difference in the results of this study. The methbgakage from the plants
was to 1% of the produced gas, but with insuffitisantrol of the leakage it
might reach higher levels.
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Figure 14: Impact from methane leakage on GWP in scenario Large

If the large scale scenario has a methane leakfgl- 9% of the
produced gas, all the gain of producing biogaseawbtof just incinerate the
OFMSW is lost, see figure 14. The same is validifiermedium scale plant,
se figure 15. If the small scale biogas scenaiahies a methane leakage of
just over 5% the gain in GWP compared to incinerais lost, see figure
16.
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Figure 15: Impact from methane leakage on GWP in scenario Medium
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Figure 16: Impact from methane leakage on GWP in scenario Small
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6.2 Transport of soil improver

The environmental impacts from the transports argeqgbig in all the
scenarios. The transport of compost is the onep@m that could vary very
much, depending on the demand of soil improvethdfsoil improver could
be used in Singapore the transport would be negladet and the emissions
would decrease for all the biogas scenarios.

A change in transport distance for the compost matange the result
significant. Listed in table 20 are the needed gkann transport distance
for the compost to reach the same impact levetheasicineration scenario.
The compost in the large scale scenario has todmsgorted additionally

235 km for the scenario to reach the same levedubfophication as the
reference scenario; the same figure for the medicae scenario is 295 km
and for the small scale scenario 410 km. For dcatibn the distance has to
increase much more to reach the incineration leaatj for GWP the

transport distance has to reach quite unreasomglensions to reach the
same level as incineration.

Table 20: Change in transport distance for the compost to reach the same impact
levels as the incineration scenario

Change in distance to reach same level as incineration [km]

Large Medium Small
GWP 4194 4111 2580
Acid. 660 720 833
Eutroph. 235 295 410
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7 Biogas as a vehicle fuel

An alternative to the use of biogas for electriggneration is to use it as a
vehicle fuel. To be able to do that it is necessarypgrade the biogas to a
higher methane content. Usually the methane corgbatild be at least
97%. During the upgrading process the gas is ctedrmam impurities,
usually by a scrubber, and than compressed tossyme of 250 bar.

7.1 System boundary

To see if production of vehicle fuel is a bettdeaiative than generation of
electricity the system has been changed, the netersyboundaries can be
seen in table 21 and 22. Indirect environmentakictp have been taken into
account in the same way as in the original study.example is the amount
of diesel that is replaced in the biogas scenadfed to the incineration
scenarios and the electricity generated in thenaraition scenario added to
the biogas scenarios in form of electricity fromtural gas. The output from
each of the scenarios is 171 kWh/FU of electriottyd kg/FU of nitrogen,
3.3 kg/FU of phosphate and 1036 kWh of vehicle.fuel

Table 21: New system boundaries for the reference scenario

Included processes Not included processes

— Transport of waste to — Manufacturing of vehicles or
incineration plant machines used

- Incineration — Methane from landfill

— Electricity used at the — Vehicles and machines used at
incineration plant the landfill site.

— Oil used to start up combustion — Production of diesel and fuel oil

— Transport of ash to landfill
— Production of fertilizer
— Use of diesel in heavy vehicles

% Berglund & Bérjesson (2003)
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Table 22: New system boundaries for the biogas scenarios

Included processes Not included processes
— Transport of waste to biogas — Manufacturing of vehicles or
plant machines used
— Pre-treatment — Treatment of waste water
— Anaerobic digestion — Production of diesel
— Dewatering of residue — Spreading of soil improver
— Composting — Possible emission of methane from
soil improver when back in sail.
— Transport of compost — Production of natural gas

— Upgrading of biogas
— Use of biogas in heavy vehicles
— Electricity from natural gas

a Not included for small scale scenario, since tlier® transport of the OFMSW

When upgrading the biogas instead of generatingredty in a gas turbine,
the electricity needed for the biogas productiorstine taken from the grid
instead. This leads to increased emissions oflf@€3i and other emissions
such as NQand SQ. Some of the biogas must be combusted in a furttace
heat the biogas reactor, which makes the net dutfphiogas smaller.

7.2 Inventory

7.2.1 Reference scenario

The reference scenario is only changed by two patensi No electricity
from natural gas has to be added to the scenastead the use of diesel has
to be added in order to compensate for the prodbemghs in the biogas
scenarios. In table 23 the emissions from the @isltesel in heavy vehicles
are listed.

Table 23: Energy in used diesel and emissions due to use of diesel in heavy
vehicles

Emissions®®

NO, 2.69 kg/FU
SOy 5.97 g/FU
CcoO 41.0 g/FU
HC 41.0 g/FU
CO, 272 kg/FU
N,O 11.2 g/FU
CH, 22.4 g/FU
Energy

Diesel 1036 KWh/FU

% Uppenberg et al. (2001)
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7.2.2 Scenario Large and Medium

For the large and medium biogas scenarios the tomerdata for the
collection and the transport of compost are theesasin the original study.
To this data, new data on upgrading, use of bicgagavy vehicles, biogas
combusted for heating, electricity from natural gais the plant and
electricity from natural gas, corresponding to #@maount of electricity
generated in the incineration, has to be added.

In table 24 the emissions from upgrading of thegagare listed together
with the amount of electricity that is needed. Bmaissions originate from
the use of electricity from natural gas. In tabtetBe emissions from using
the produced biogas in heavy vehicles are listed.

Table 24: Electricity use and emissions from upgrading

Emissions®”’

CO,(fossil) 26.9 kg/FU
CO 11.8 o/FU
Noy 49.0 g/FU
SO, 0.408 g/FU
HC 0.408 o/FU
CH, 1.63 o/FU
CH, leakage 0.764 kg/FU
Energy

Electricity®™ 53.4 kWh/FU

Table 25: Energy in produced biogas and emissions due to use of biogas in heavy
vehicles

Emissions®®

NO, 623 g/FU
CO 6.27 g/FU
HC 15.7 g/FU
CO; (bio) 214 kg/FU
Energy

Biogas 1036 kWh/FU

" Borjesson & Berglund (2007)
% Nilsson (2001)
% Uppengerg et al. (2001)
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Because there is no heat production when upgrati@ediogas instead of
generating electricity, some biogas has to be catelduto heat the biogas
reactor. The emissions caused by this are listadlle 26. In table 27 and
28 the emissions from the production of the bioges listed. Since the
electricity can not be taken from the plants thecticity originates from

natural gas. In table 29 the emissions from gemgrahe same amount of
electricity as in the incineration scenario, froatural gas, are listed.

Table 26: Heat use and emissions from heating in scenario medium and large

Emissions®

CO,(bio) 29.0 kg/FU
Cco 5.93 g/FU
No, 3.56 g/FU
SO, 2.13 g/FU
Energy

Heat 88.9 kWh/FU

Table 27 Electricity use and emissions at the large scale biogas plant

Emissions®*

CO, (fossil) 15.9 kg/FU
CO 6.00 g/FU
NOy 29.0 g/FU
SO, 0.241 o/FU
HC 0.241 o/FU
CH, 0.965 g/FU
CH, (leakage) 859 g/FU
Energy

Electricity 315 kWh/FU

Table 28 Electricity use and emissions at the medium scale biogas plant

Emissions'®

CO, (fossil) 21.5 kg/FU
CcO 9.43 o/FU
NOy 39.0 o/FU
SO, 0.325 g/FU
HC 0.325 g/FU
CH, 1.30 o/FU
CH, (leakage) 859 g/FU
Energy

Electricity 42.5 kWh/FU

190 yppengerg et al. (2001)
101 Bgrjesson & Berglund (2007)
192 Bgriesson & Berglund (2007)
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Table 29: Amount of electricity and emissions from combustion of natural gas

Emissions'®

CO,(fossil) 86.6 kg/FU
CcO 38.0 o/FU
Noy 157 g/FU
SO, 1.31 o/FU
HC 1.31 g/FU
CH,4 5.25 g/FU
Energy

Electricity 171 kWh/FU

193 Bgriesson & Berglund (2007)
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7.2.3 Scenario Small

For the small scale biogas scenario the same chdrageto be done as in
the medium and large scale scenario. In table 20 dmissions from
upgrading are listed, the emissions comes from afselectricity from
natural gas. In table 31 the emissions from heatirthe biogas reactor are
listed.

Table 30: Electricity use and emissions from upgrading in scenario small

Emissions™®*

CO,(fossil) 24.8 kg/FU
(60) 10.9 g/FU
No, 45.2 g/FU
SO, 0.376 g/FU
HC 0.376 g/FU
Particulates 0.182 g/FU
CH, leakage 0.705 kg/FU
CH, 1.51 g/FU
Energy

Electricity™® 49.2 kWh/FU

Table 31: Heat use and emissions from heating in scenario small

Emissions®

CO,(bio) 48.9 kg/FU
co 10 g/FU
No, 6 g/FU
S0, 3.6 g/FU
Energy

Heat""’ 150 kWh/FU

In table 32 the emissions from the production @f lbiogas are listed. The
electricity comes from natural gas, since it cahb®taken from the plant.

104 Borjesson & Berglund (2007)
105 Niilsson (2001)

198 Uppengerg et al. (2001)

197 Berglund & Borjesson (2003)
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Table 32: Electricity use and emissions at the small scale biogas plant

Emissions'®

CO,(fossil) 3.33 kg/FU
CcO 1.46 o/FU
NOy 6.06 g/FU
SO, 0.0505 o/FU
HC 0.0505 o/FU
CH,4 0.202 o/FU
CH, leakage 859 g/FU
Energy

Electricity 23.8 kWh/FU

Because there is less biogas produced in the scallt scenario, due to the
large amount of biogas used for heating, the et#stneeded for upgrading

is less than in the large and medium scale scendimissions from the use
of the produced biogas in heavy vehicles are liste¢dble 33.

Table 33: Energy in produced biogas and emissions due to use of biogas in heavy
vehicles

Emissions™®®

NOy 574 g/FU
CoO 5.78 g/FU
HC 14.4 g/FU
CO, 198 kg/FU
Energy

Biogas 955 kWh/FU

Because scenario small produces less biogas thamarse large end
medium, the use of diesel in heavy vehicles, cpoeding to this difference
in output must be added. The emissions from theafis#iesel in heavy
vehicles can be seen in table 34.

198 Bgrjesson & Berglund (2007)
19 Uppengerg et al. (2001)
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Table 34: Energy in used diesel and emissions due to use of diesel in heavy
vehicles

Emissions™*°

NOy 0.209 kg/FU
SO« 0.465 g/FU
CO 3.194 g/FU
HC 3.19 o/FU
CO, 21.2 kg/FU
N.O 0.871 o/FU
CH, 1.74 g/FU
Energy

Diesel 80.8 kwh/FU

The use of natural gas to produce the same amduweledricity as in the
incineration scenario is also added to the smadllesscenario. These
emissions can be seen in table 29.

H1oyppengerg et al. (2001)
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7.3 Impact assessment

7.3.1 Energy use

When it comes to energy use, the heat use and d&sén the scenarios are
the same as in the original study, not including ithdirect use of energy,

such as use of diesel in heavy vehicles to reddamgas. The electricity use
in the biogas scenarios has however changed dine topgrading. In figure

17 the electricity use of the different scenarias e seen. The medium
scale biogas scenario uses the most electricitpwied by scenario large

and incineration. The small scale scenario usest keactricity due to the

small electricity demand at the plant.

120

100

80

Upgrading
B Plant

60

40

Electricity [kwWh/FU]

20

Large Medium Small Incineration

Figure 17: Electricity use in the different scenarios, when upgrading is done
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7.3.2 Global warming potential

In figure 18 the GWP from the scenarios is showre ihcineration scenario
has the highest GWP and this originates mainly ftbenuse of diesel in
vehicles. The small scale biogas scenario has hiGh®P than the other
biogas scenarios because of the high heat demaiucth whuse a lower net
output of biogas that can be used in vehicles.

M Collection Plant 8 Upgrading
O Biogas in heavy vehicle B Transport of compost O EL-prod
B Fertiliser production Diesel in heavy vehicle

Incineration

Small Ei

Meduim [t

Large

0 50 100 150 200 250 300 350
GWP [kg CO ,-eq/FU]

Figure 18: GWP from the scenarios when biogas is used for vehicle fuel.
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7.3.3 Acidification and Eutrophication

Also for acidification and eutrophication the highenpacts comes from the
incineration scenario, see figure 19 and 20 respaygt The use of diesel in
heavy vehicles is the parameter that causes thetegteimpact. This is
because combusting of diesel emits high levels 65.Nn the biogas

scenarios the use of the biogas in heavy vehiadasributes the most to
both acidification and eutrophication. This is hesa of the quite high
levels of NQ when combusting biogas.

M Collection Plant & Upgrading
O Biogas in heavy vehicle B Transport of compost [ EL-prod
O Transport of ash B Fertiliser production Diesel in heavy vehicle

Incineration [F—
Small [
Meduim [

Large

0 500 1000 1500 2000 2500 3000
Acidification [g SO ,-eq/FU]

Figure 19: Acidification from the scenarios when biogas is used for vehicle fuel.

H Collection & Plant ® Upgrading
0O Biogas in heavy vehicle B Transport of compost O EL-prod
@ Transport of ash H Fertiliser production Diesel in heavy vehicle

Incineration

Small

Meduim

Large

0 50 100 150 200 250 300 350 400

Eutrophication [g PO ,*-eq/FU]

Figure 20: Eutrophication from the scenarios when biogas is used for vehicle fuel.
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8 Discussion and conclusions

The most important thing to remember about thesalteis that they are
only valid for the system boundaries that have ksrfor this study. With

changed system boundaries the results might hawn hlmmpletely

different. A source to uncertainty in the resultsthe data quality. In this
study a lot of the data comes from foreign literatand facilities outside
Singapore which means that there is no way to be that the data is valid
for a Singapore context. However, there is stilsan to believe that the
results of the study are valid, since a lot of taa should not be site
specific.

8.1 Original study

8.1.1 Emissions

With the system boundaries given in this studydpotion of biogas from
OFMSW is a better option than incineration. Forregke the reference
scenario gives about 130 kg more £&£/FU than the medium and large
scale scenarios and about 80 kg.@@/FU more than the small scale
scenario. The higher GWP from the reference scemannainly due to the
indirect environmental impacts, which is productioh fertilizer and
electricity from natural gas. Thus, the reason wWieyincineration plant has
higher GWP is low conversion efficiency, and tha¢ tscenario does not
make use of the waste in a way where everythingevered. For
acidification the large, medium and small biogasnseios generates about
130 g SG-eq/FU, 140 g S@eq/FU and 160 g S&eg/FU less than the
reference scenario respectively. However the biogasnarios and
incineration had about the same impact on eutragibic, the biogas
scenarios had only about 8 g P@q/FU -15 g P@-eq/FU lower
eutrophication than the reference scenario, whidbercause the combustion
of biogas gives high emissions of NO

It is of utmost importance to prevent leakage ofhaee at biogas plants, as
can be seen in 6.1. Methane leakage has very Ipgdimon the GWP from
biogas systems. When biogas is leaking; methaneakdll determine the
GWP of the biogas system. Therefore leakage ofdsiagust be controlled
and carefully monitored on a biogas plant.

64



8.1.2 Energy Use

When it comes to energy use the incineration pliaes the most electricity
and has a lower electricity output then all thegh® plants. The net output
of electricity from incineration of OFMSW is onljpaut 40 % of that from
the large or the medium scale biogas plant. Thdl stale biogas plant has
also a much higher electricity output than the nexfee scenario. But the
data on electricity use at the small scale plard guite uncertain figure,
since the data is actually data from a farm scalgds plants for e.g. ley
crops or straw, not for OFMWS. Due to the troubte find data on
electricity use when producing fertilizer, only tekectricity use at the plants
is included. There is data that shows that ther@ dgite large amount of
energy used when producing fertiliZér'*2 but the data does not say
anything about how much of this energy that i form of electricity.

The small scale scenario has the lowest diesel bseause it has the
shortest transportation distances. Since Singdpasesuch small land area,
the collection distances will probably stay quiteod, but the sensitively
analysis in 6.2 shows that the transportation & tomposted material
might have an impact on the results. Before stgtip a biogas plant, one
has to be sure that there is a buyer of the corfipdsizer and that this

buyer is not to far away. The best option wouldtbeuse as much as
possible of the soil improver in Singapore.

Of the biogas scenarios the small scale scenasdheahighest use of heat
energy. The small biogas plant uses about 1.7 timese heat than the

medium and large scale plants. This is probablytdugoor insulation at a

small scale facility. In Singapore the heat useasa big issue, since waste
heat is not usually sold. But when building a begdant, this can be

strategically placed near an industry that is iechef steam, so that the
waste heat can be utilized.

8.1.3 Land Use

The data on land use that was recovered during gshidy might say
something about how much land that would be neddedhe different
facilities, but the data on the medium and smaibhs plants are not valid
for Singapore. The data is taken from biogas plan®weden, where there
is no lack of land area to use, as is the cas8ifggapore. Especially for the
small case scenario the data on land use is uicestace the owner of the
biogas plant is a farmer who does not have to pathe land used, since he
was already the owner of the land when he builplhat.

111 Bgrjesson & Berglund (2007)
12 Ahligren et al. (2008)
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8.1.4 Scale

A large or medium scale facility seems to be pedfbr to a small scale
facility. Small scale biogas plants are inefficieahd probably too land
consuming for Singapore. Small scale biogas plamsid probably be a
good alternative when the transport of the wasta tentralized plant is
very long and there is no lack of land area toduwih. In Singapore the
transport distances will always stay quite shartpy because of the small
land area. In cold climates, where there is a denfianheat, a small facility
can be utilized in a better way, since all the wdstat can be used, which
means the low conversion efficiency to electrigtyot such a big problem.

8.2 Biogas as a vehicle fuel

8.2.1 Emissions

In this study the biogas scenarios also had legsagrmental impacts than
the reference scenario, for all emission categoiiég difference between
the biogas scenarios and the reference scenaridbigygsr here then in the
original study. This means that in terms of emissid is better to use the
biogas as vehicle fuel in heavy vehicles (repladisel) than for electricity
generation (replacing incineration of OFMSW andureit gas). This is
mainly because the diesel used in the referenceasoegives such high
amounts of emissions. Even though both diesel atdral gas are fossil
fuels, diesel has higher emissions of GHG,xNfdd SQ. In this case the
reference scenario also gives about 130 kg-&§0FU more than the biogas
scenarios. For acidification and eutrophication éeer the difference is big.
The reference scenario generates about 2 kge§M®U more than the
biogas scenarios and about 0.2 kg,R€g/FU more than the biogas
scenarios. If only looking into GWP the biogas ntigje used either for
electricity generation or as a vehicle fuel. But ewhlooking into
acidification and eutrophication the use of the gasa vehicle fuel gives
much higher environmental gain. The difference&WP, acidification and
eutrophication is larger in this study than in tr@inal study, and it seems
that the use of biogas as a fuel for heavy vehides better option than
using it for electricity generation. Other studrem/e shown similar results,
that biogas is best utilized in vehicfgd!**

One problem that exists in both studies is thedgakof methane. If the
leakage of methane gets to big; the gain in GWPnwising AD instead of
incineration is lost. Upgrading usually causes aiglosses of gas than the

113 Borjesson & Berglund (2003)
14 ADEME (2007)

66



production of the gas, why the upgrading plant nimgsinonitored as well as
the biogas plant.

8.2.2 Energy Use

The negative aspect is that the electricity inguthigher for two of the

biogas scenarios than for the reference scenaubjthis not a very big

difference. The reference scenario uses less igiectthan scenario large
and medium. However, the electricity use showngarg 17 includes only

the electricity used at the plants. Data on eleityriuse for production of

fertilizer has not been found. Scenario small usedeast electricity, but as
for the original study, this is a quite uncertaigufe, since the data on
electricity use at the small scale plant is acjudita on electricity use on a
farm scale biogas plant for e.g. ley crops or straw

8.2.3 Distribution and use of the biogas

A problem with the use of biogas in vehicles is th&ribution of the fuel.
In Sweden this problem sometimes is solved by g af biogas in local
busses, instead of in other commercial vehiclea personal cars. The local
busses can go to the same place every day to sefilhat the distribution
does not have to be a problem. In Singapore theraleeady some buses
running on compressed natural gas (CNG), in thesedupgraded biogas
might as well be used. Since Singapore struggldssép emission levels
down also on a local level, not only GWP should demsidered. Most
probably, the use of biogas in vehicles will redeogissions of particulates,
since diesel produces 11 particulates/MJ fuel aogas less than 0.002
particulates/MJ fuel™® Thus, the use of biogas in heavy vehicles, such as
buses, might help significantly to achieve cleaaiem Singapore.

8.2.4 Scale

In this study scenario small has a higher envirartaleimpact for all
categories than scenario medium and scenario lafge.is because of the
low efficiency on the small plant. Since biogasised for heating, and the
heat demand in the small plant is much higher tharthe two other
scenarios, the output of biogas is lower for sderamall.

115 Uppenberg et al. (2001)
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8.3 Suggested further studies

This study gives an overall view on how OFMSW skiobk treated in
Singapore, but more detailed research in seveealsas needed. Since the
leakage of methane is a very important issue adasiglants, studies should
be done on both how much gas that is leaking fraogas plants and where
in the process the leakage takes place.

Another area that needs further investigation is tdomposition of the
OFMSW in Singapore, to be able to predict biogatdg and how to run the
biogas reactor in an optimal way. In many countties OFMSW is co-
digested with sewage sludge which could be anasterg alternative for
Singapore.

In order to evaluate if biogas production coulddssible in Singapore from
an economical perspective, economical assessmeuntdshe done, where
biogas production is compared to the current treatry incineration.

There is also a need to come up with effective waysollect the organic

waste and to encourage citizens to source sortlbesehold waste. This is
very important since the source sorting of the wastnecessary to make
any treatment of OFMSW possible.
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Appendix 1 — Methane yield

Table 35 Methane yields from different studies

Methane yield Methane yield

Reference [m*/kg VS] [m®/kg TS] Comment

Rintala & Ahring Thermophilic

(1994) 0.588 0.529 digestion of OFMSW

Zhang et al. Thermophilic

(2007) 0.435 0.371 digestion of OFMSW
Thermophilic
digestion of 50%

Del Borghi et al. OFMSW and 50%

(1999) 0.36 0.27 sewage sludge

Berglund & Theoretical

Palsson (2003) 0.51 0.46 calculation

Berglund & calculation,

Palsson (2003) 0.35 ORWARE"

Davidsson et al. Thermophilic

(2007) 0.336 0.292 digestion of OFMSW

a. The calculation is based on the carbon content in OFMSW, it is not based on input from Singapore.
For details about how to perform the calculation see Berglund M (2003), Bilaga 1, p. 1.

b. The calculation is based on a sub model in the simulation model ORWARE (ORganic WAste
REsearch) For details about how to perform the calculation see Berglund M (2003), Bilaga 1, p. 3.

The biogas yield that | have chosen to use in mglysts an average of the
values in table 35. However, | have chosen nototintin the value from
Del Borghi, since it is the result from digestidnbeth OFMSW and sewage
sludge and it the article is not very clear orhé value 0.36 fifkg VS is the

methane production or the total amount of gas predincluding CQ).

The average value that is used in this study i@ fi#kg TS.

74



Appendix 2 — Heat use at biogas plants

The values for heat use in the biogas scenarioga&en from Borjesson
(2006). In that study the biogas production takkexe under mesophilic
conditions in Sweden. | have used this value in study based on the
assumption that the heat used in Sweden in a m#sopiocess, Iis

approximately the same as the heat used in a thpdviliwo process in

Singapore. This assumption is based on the fattthigagiven the same
mass and the same specific heating value for tlweswbstrates, the heat
energy needed only depends on how many degreesubistrate has to be
heated.

In southern Sweden the yearly mean temperature°@ 6 10 °C and the
substrate in the mesophilic process is heated f&€.3This means the
substrate has to be heated around 29 °C. In Singape yearly mean
temperature is 27.5 °C and the substrate has teebed to 55 °C, which
means it has to be heated 27.5 °C.

To verify this | have done some calculations ontikat needed to heat the
substrate in Singapore. No heat losses are inclutleel specific heating
value of the waste (TS) is assumed to be 1.0 M3@on

E =heat energy needed [MJ]
m =mass of substrate [ton]
C, mixure = SPECIfic heating value of substrate [MJ/ton °C]
C,water = SPecific heating value of substrate [MJ/ton °C]
C,uwese = SPecific heating value of the waste [MJ/ton °C]
T,, =0perating temperature for biogas process [°C]
T,, =Yyearly mean temperature of air [°C]
E = mmp,mixture mT Eq x
100-T9)[C +TSIC

o mixture - ( ) p,water p,waste Eq x

’ 10C
AT =T, -T, Eqg. X
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_ (100-10)[ 418+10[10

ture = =3.862
p,mixture 10C

C

AT =55-275=275

E=mC,@T - B/ =C @t
B = Cpmure [T = 38620275 =106205

=106205[3=318615

Since the mixture feeded to the biogas reactorahdsy matter content of
10% and the raw material has a dry matter conteB0%, the heat use per
functional unit is 319 MJ. The value from Borjes$2603) is 320 MJ.

Based on this | have used the value for heat uskdih the medium scale
biogas plant and the small scale plant in Boreje$2603).
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Appendix 3 — Emitted CO , when burning biogas

The methane yield is 0,4°nCH4J/kg TS which means that it is 0,12°m
CHy/kg raw material since the TS content in the wast@0%. This means
that 1 ton of raw material corresponds to 120QH,. There is a 2% loss of
biogas during the process, thus the real methasid ig 117,6 m CH,/ton
raw material.

Assuming complete combustion of @H
CH, +20, -~ CQ +2H,0

The molecular weight of CHand CQ is:
M(CH,) =12+1[4 =16 [g/mol]
M(CO,) =12+16[2=44 [g/mol]

This means that combustion of 16 g of Qives 44 g of CQ the density of
CH, is 0,716 kg/m, thus the combustion of 117.6°mf CH, gives 232 kg
CO..

1176 Eﬂ).?lGEI;% =2316  [kg]

The biogas contains 70% GHand 30% CQ@ the CQ will be emitted
directly to the air, and must be added to the 1G] emissions.

The volume CQ

1176 G‘;% =504 [m]
The density of C@is 1.977 kg/mso the emitted CQOs

504(1.977=996 [ka]
The total amount of C&from the combustion of the biogas from 1 ton raw
material is:

99.6+2316 =331 [ka]
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Appendix 4 — Characterization factors

Table 36 Characterization factors

GWP 100™° Acidification™’ Eutrophication™
[9 CO,-eq/g] [9 SO.-eq/g] [g PO,>-eq/g]

cO, 1

N,O 320

CH, 25

NO, 0.696 0.13

SO, 1

NH; 1.88 0.35

18 EDIP 1997, LCA center
H7EDIP 1997, LCA center
18 Rydh et al. (2002)
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Appendix 5 — Estimation of transport distances

Collection route

Table 37 Data used to estimate the collection distance

Unit Reference

Statistics Singapore (2008), Key
Population 4839400 persons Annual Indicators
Average pax/house  Statistics Singapore (2008), Key
household size 3.6 hold Annual Indicators
Households per
house 24 Assumption
Amount of f&b Singapore department of statistics
outlets 4958 (2006)
Total amount of
domestic waste MEWR (2007), solid waste
Singapore 15 million t/yr management
Truck capacity 11.9 ton Assumption

Statistics Singapore (2008), Key
Singapore area 707.1 km2 Annual Indicators
Distance
between pick up
places 50 m Assumption

Total amount of domestic waste per day: 150000643650 tons

Number of houses for pick up: 4839400/(3.6*24)=5601

Total number of stops for pick up: 56012+4958=60970

Total collection route distance: 60970*50=3048508649 km

Collection route per truck: 3049/(4110/11.9)=8.8 km

79



Transport to treatment plant

The transport for the large scale biogas was eston@ 25 km. In the large
scale scenario the two plants are assumed to lwedlia the same area.
From this the other transport distances was estiinbased on how many
plants there are in the different scenarios. Imtieelium scale scenario there
are 27 plants. The transport distance in this st@iimestimated to 2527
that is about 5 km. For the incineration theredapdants, but two of them is
situated in Tuas at almost the same place, thamtietwas estimated to
25A3 that is about 15 km.
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Appendix 6 — Input data to NTM Calc

Table 38 Input-data to NTM Calc, collection in the reference scenario

Motor Euro 2

Distance 24 km
Truck size (max load) 14 tons
Average load rate 42.5 %
Fuel consumption 3.5 I/km
Transport in city 100 %

Table 39 Input-data to NTM Calc, transport of ash with truck

Motor Euro 2

Distance 11 km
Truck size (max load) 40 ton
Average load rate® 425 %

Fuel consumption 4.9 1/20 km
Transport in city 100 %

Table 40 Input-data to NTM Calc, transport of ash with boat

Boat 2000-8000 dwt
Distance 25 km
load 1400 ton
Average load rate® 30 %

Sulphur content in fuel 2.6 w%

Table 41 Input-data to NTM Calc, collection in scenario large

Motor Euro 2

Distance 34 km
Truck size (max load) 14 tons
Average load rate 42.5 %
Fuel consumption 3.5 I/km
Transport in city 100 %

Table 42 Input-data to NTM Calc, collection in scenario medium

Motor Euro 2

Distance 14 km
Truck size (max load) 14 tons
Average load rate 42.5 %
Fuel consumption 3.5 I/km
Transport in city 100 %
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Appendix 7 - Electricity from incineration of
food waste

Table 43 References on calorific value in food waste

DM content Calorific value Calorific value

[%0] [MJ/Kkg] DM=30% [MJ/kg]
IUT Singapore 16 3.115 5.8 (used in study)
Davidsson et al. 27 5.805 6.6

Calorific value: 5.8 MJ/kg = 5800 MJ/FU = 1600 kWhV

Table 44 Calculation of electricity from OFMSW

Ulu
Parameter Unit Pandan Tuas Senoko Tuas S
Plant conversation
efficiency** % 10.3 14.1 16.0 21.5
Food handled™* FUlyr 68415 105732 149268 186585
Calorific value'®* KWh/FU 1600 1600 1600 1600
Electricity from
OFMSW MWh/FU 11275 23853 38212 64185
Electricity per FU kWh/FU 165 226 256 344
Average per FU  kWh/FU 248

M9 UNFCCC (2006)
120 yNFCCC (2006)
121 UNFCCC (2006)
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