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Abstract

Proper food waste management has been a growirngeofor densely populated urban cities,
like Singapore. The current practice of incinenai® questionable in terms of environmental and
economic sustainability. In order to alleviate #émyironmental impacts and improve resource
recovery, alternative solutions for food waste ngamaent i.e. food waste-to-energy biodiesel
and anaerobic digestion have been proposed thidagtycle assessment. The functional unit of
the study was set to be 1 tonne of food waste.syeem boundary included the collection,
processing, waste conversion and disposal of foastewvith three product outputs, electrical
energy, hydrochar, and glycerol. Process data ulaig@ned from lab-scale experiments,
literature, and SimaPro 7.3 libraries. The impatégories were assessed in terms of
acidification potential, eutrophication potentiglipbal warming potential for 100 years, and
cumulative energy demand using the CML 2 baseld@2/ersion 2.05 method and the CED
version 1.08 method. A cost-benefit analysis wae performed for the studied scenarios. The
life cycle assessment results show that food waseergy biodiesel system is favored for food
waste with oil content >5% and anaerobic digestoorthose with oil conternt5%. The cost-
benefit analysis results show that anaerobic digest the best choice if applicable in the local
environment. Otherwise, food waste-to-energy biselies the preferred choice over
incineration. In conclusion, this study presentsddvantages of anaerobic digestion and food
waste-to-energy biodiesel system in comparison inthneration of food waste. The results
from this study suggest a need for adaptive stydt@eged on the food waste type and
composition, and provide decision makers in Singapath insights into the three food waste
management strategies and directions to improvextsting system.

Key words: LCA, Food waste, Hydrothermal carbonization, Aedér digestion, Incineration
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1 Introduction

Tremendous amount of food waste (FW) is generadet gear worldwide, and the amount of
FW generation has increased over time (Thyberg,e2G@l5). For instance, in the United States,
FW accounts for 21.1% of the discarded municipate/atream in 2012 which is equivalent to
31.4 million tonnes (USEPA, 2014). In China, 90lmil tonnes of FW was generated in 2010
which made up about 51% of municipal solid wast&W) production (Wen et al., 2016). It is
estimated that over one-fourth of food producedldvaide yearly (i.e. around 1.6 billion tonnes)
is wasted during production, processing, distrdouticonsumption, and disposal (FAO, 2013). In
developed countries such as Japan, the United Kmg&outh Korea and Australia, the amounts
of FW generated per year were 9.9 (Kojima and Bhi 2013), 7.0 (WRAP, 2013), 5.7 (Hou,
2013) and 4.4 (National Waste Report, 2010) millmmes on average. FW presents disposal
challenges primarily due to its high moisture cotteil content (OC), and heterogeneous nature
(Eriksson et al., 2015; Karmee, 2016). Althoughuidn is the most preferred option in the FW
management hierarchy (Papargyropoulou et al., 2@i#bsequent approaches such as reuse,
recycling, recovery in terms of waste-to-energy disposal also require attention and technical
contribution from the research community in ordedévelop a comprehensive FW management

system.

Singapore is a modern city-state with high econgmidormance despite having little natural
resources. Its population density ranks among ijieelst in the world. It has a population of
5.535 million with land area of about 700 sq.kmg&ation in Brief, 2015). FW generated in
Singapore was 788,600 tonnes in 2014 which is ab@3tkg per person per day (NEA, 2014).
For years, Singapore has been a forerunner indliedf waste management being able to

manage most of its MSW through recycling and in@tien (NEA, 2013). The current MSW
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management practice of incineration can reduceviiste volume up to 90% while generating
electricity. Nevertheless, the recent economic igreents and technological advancements
leading to high carbon footprint, and together witd sustainability goals compel to improve the
waste management method in the city-state. Singapgespite having an effective waste
management system, now has the calibre to looknmut@ environmental friendly options and

keep up with the technology trends and advancements

A World Bank report (1999) pointed out that thesibdity of an MSW incineration plant is
largely dependent on the nature of the waste anzhlbrific value. At present, one of the issues
with incinerating the MSW is the high moisture camttwhich is attributed to FW. Because of a
huge amount of vicinal and bound water thereinyel as the relatively high latent heat of
water, FW incineration are energy-intensive (Halgt2014). Removing the FW from MSW
stream will significantly improve the calorific wa of solid waste (Song et al., 2013, Erses Yay,
2015). Hence, FW should be removed from MSW straathtreated separately for better
incineration efficiency and resource recovery. Réog or other methods of energy recovery

from FW seems a more appropriate option (Rajagetpal., 2014).

Anaerobic digestion (AD) is considered as one eflibst alternatives for the FW management
(Xu et al., 2015). Extensive research has beenumiad over the past few decades showing the
benefits of implementing AD for organic fraction dSW. A study by Eriksson et al. (2015)
reported the carbon footprints of different FW ngaraent options, and claimed AD as a better
alternative than sending FW for animal feed, cortipgsand even donation in some cases, while
incineration can be suitable for dry FW such asthrélowever, the technology requires
thorough sorting of the waste due to its biologiwature. This presents a big challenge in

Singapore's context due to labour-intensive prasess/olved. As a proof, there has been a
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history of failure including the recent closurelofl Global Company, which used AD for

treating municipal FW (Eco-Business.com, 2011).

A novel food waste-to-energy biodiesel (FWEB) tealbgy using hydrothermal carbonization
(HTC) has shown prospective results for future i@pgibn in developed countries like
Singapore. The FWEB system mainly comprises twitspét) a HTC system and (2) an oil
refinery system. HTC is defined as a thermo-chehpicacess operating at moderate
temperatures (180-350 °C) and pressures (2-10 kRanvert organic feedstock in the
presence of water into carbonaceous product (hixdrd¢Mumme et al., 2011) and bio-oil
(depending on the available OC of the feedstock)efinery system involves transesterification
of the bio-oil obtained from HTC treatment usingbag acid, as the high moisture content of the

FW presents a barrier to alkali process.

Life cycle assessment (LCA) is a powerful tool qoiantifying, evaluating, comparing, and
developing goods and services in terms of theiemicd! environmental impacts (Rebitzer et al.,
2004). An LCA study provides valuable informatianaid government agencies in technology
selection for future waste management (Khoo e2810). Environmental LCA studies help the
decision makers to understand the technology freraraironmental perspective and identify

the technology that best suits the region/country.

The main objective of this study is to comparettiree technologies, i.e. incineration, AD and
FWEB system in Singapore's context from an enviremiad perspective in terms of acidification
potential (AP), eutrophication potential (EP), giblwarming potential in 100 years (GWP100),
and cumulative energy demand (CED) to help idemtifyappropriate FW management method

for urban societies. The results are presentedgifrthe LCA software SimaPro 7.3 which is a
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widely accepted and recognized tool in the LCA camity. Additionally, cost-benefit analysis
(CBA) was performed. Landfill was not included asgapore has stopped landfilling MSW
except for the incineration residues that are louoi#-shore. The demand for composting is

limited in Singapore and hence not a choice forstdy as well.

2 Methods

The goal and scope of an LCA defines the produstesy in terms of the system boundaries and
a functional unit (FU) (Rebitzer et al., 2004). THg was set as 1 tonne of FW, which acts as the
basis to compare the treatment technologies. T$tesyboundary for the three scenarios
included the collection, processing, waste conearand disposal of FW. The system boundary
included three product outputs, i.e. electricalrgpehydrochar from HTC, glycerol as by-

product from transesterification. The main processeolved in the system scenarios are shown

in Fig. 1.

The scope of this study covers the AP, EP, GWP400,CED for the three technologies
mentioned earlier. The impact categories were ssldzased on the relevance to the system
undergoing comparison. The major factor in consitien was the composition of FW, which
comprises minimal amount of heavy metals as congp@rether waste in the MSW. Negligible
heavy metal concentration signifies very minim&ii¢ay effect on the environment that
precludes the toxicity potentials in this studyeTimpact categories such as land use, water
footprint, abiotic depletion, photochemical oxygggmand and ozone layer depletion were not

assessed either due to insufficient data or bedheyenvere beyond the scope of this study.

2.1 Impact assessment
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ISO 14044 (2006) standard procedure was followquetéorm the LCA. Energy consumption &
generation and environmental impact were the twmiapact groups classified in this study.
The LCA methodologies followed were, (i) for thegatt group of energy consumption &
generation, the impact category of CED was assassedCED version 1.08 (Frischknecht et

al., 2007); (ii) for the environmental impact grouppact categories of AP, EP and GWP100
were assessed usi@iIL 2 baseline 2000 version 2.05. All the emissions from the system, along
with supplementary production of utilities, wer@gped in the environmental impact group. The
different substances were weighed according to tek&itive impact when released into the
environment within each category. In this studfystitution method was followed in which the
co-products delivered from the system were sultetitto avoid the virgin material production.
The substitution was chosen in terms of equivatafdrific value and emissions which were

therefore subtracted from the corresponding FW mament system.

2.2 Scenario description

Three FW management scenarios were selected. ithe @mpares the existing baseline
scenario with two alternatives for FW managemehe fllowing scenarios were compared to
evaluate their environmental impacts:

Scenario 0 (S0): Incineration of FW in a centralineatment facility generating electricity on-
site with the ash being disposed at the off-shamndfill (Semakau landfill) (current practice in
Singapore)

Scenario 1 (S1): AD of FW in a centralized treattrfanility using hybrid anaerobic solid-liquid
(HASL) system with the biogas being converted &zeicity on-site. Conventional single-stage
reactors are not suitable for FW (Ahamed et all520Hence, two-phase system is applied for

FW treatment as it is an effective method (Han &hith, 2002; Lee et al., 1999; Mata-Alvarez et

7
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al., 2000; Raynal et al., 1998) with the advantagjdsetter process stability, shorter retention
time and higher methane yield (Cho et al., 1998¢)11998; Strydom et al., 1997; Xu et al.,
2002).

Scenario 2 (S2): FWEB of FW in a de-centralizedlitgavith bio-oil and hydrochar as

products. Bio-oil is further upgraded to bio-dieael glycerol through transesterification.

The following assumptions were applied in this gtud

- Construction and material requirements of theagament facility were not included in the
system boundary

- No pre-treatment of FW

- All the electricity requirement was supplied fr&mgapore's national grid

- AD digestate, rich in organic matter and nutrsecbuld be used as a soil amendment or as a
substitute for fertilizer (Borja et al., 2002; Fedtral., 2002; Muroyama et al., 2001), but since it
is difficult to estimate the amount obtainable fré, it was not included in this study.
Nevertheless, AD effluent of 1 tonne was sent éowhste water treatment plant to maintain the
volume balance

- Collection and transportation of the final prottuaf S2 was not included as it depends on the
on-site demand, and also the location & distandeettransported was not definitive

- Waste water from SO and S2 were not includedheys @are converted to steam and does not

require further treatment

2.3 Food waste characteristics

The study focuses on municipal FW collected fromadaholds, food retail and services in
Singapore.The FW in this study contained approximately 75%stuoe content, 20% solids

content and 5% OC obtained from the samples celliedthe higher heating value was found to

8
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be 20.333 KJ/g of dried FW, which was analyzedmykaA C2000 Basic bomb calorimeter.
The composition of Carbon (49.72%), Hydrogen (7.831%trogen (1.89%) and Sulphur

(8.91%) was analyzed using CHNS Elemental analfzementar, Germany).

2.4 Life Cycle Inventory

Life cycle inventory (LCI) is a crucial componentan LCA analysis. The results and outcomes
are directly dependant on the LCI. In this stud@] as carefully selected to justify the

circumstances and appropriately represent the sosrsudied.

2.4.1 Incineration and AD

Inventory data for incineration were obtained frbra LCI Bioenergy report (Jungbluth et al.,
2007) for incinerating the Biowaste, and Bolin'pad (2009) for conversion efficiency in
Singapore's case. AD data were adopted from HAStesytreating FW, with the results of pilot
plant experiments (Wang et al., 2005) scaled upetat centralized facility whereby methane
composition is assumed to be 60% as opposed toaf #€ lab-scale setup. The emission was

calculated based on Bolin's report (2009). All dlaga were collected to suit the local scenario.

24.2 FWEB

All the data for FWEB were obtained from lab-saak@eriments in a HTC reactor of 2L
capacity and followed by transesterification of-bibusing rotary evaporator (Heidolph,
Germany). The conversion efficiency of the biodi¢seslectricity was assumed to be 35% as
supported by the literatures for biodiesel fromeotbources (The Electropedia, 2015; Lin et al.,
2006; Mujahid et al., 2013). The gas compositiortfrane, carbon dioxide, hydrogen and

nitrogen contents) was analyzed by Gas Chromatbgrapilent Technologies 7890 A, USA)
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equipped with a thermal conductivity detector. Baortation and other standard data were

obtained from the in-built LCA software Ecoinveritabase.

3 Results and discussion

Fig. 2 shows the characterization results of the B, GWP100 and CED impact categories.
Incineration has the highest impact among all tygaict categories compared. The percentage
deviation of AP, EP, GWP100 and CED were 287%, 1282%0 and 498%, respectively for SO
as compared to S2. In a similar way, the deviatib80 as compared to S1 was 361%, 21%,
185% and 408% for AP, EP, GWP100 and CED, respdygtivith respect to S2. The positive
results of S1 and S2 could be mainly attributeth&appropriate utilization of the waste as
compared to incineration. The factual differenceMeen SO and the other two scenarios was that
the organic energy contained in FW was merely asdokeat in SO, whereas it was converted to
biogas, biodiesel and/or hydrochar in the other. tivehows that SO has a high negative impact
on the process as the energy input is higher thewatput. This implicates that even mixing the
FW with other MSW was not a favourable option fog sustenance of incinerators (Song et al.
2013). In fact, removing the FW from MSW would iease the overall higher heating value of
the MSW. Cheong (2012) mentioned that high quatigterials and larger combustion space for
the furnace are keys to improve incineration penfmce. Hence, the results suggest SO as the

least favoured option for FW management.

The comparison between S1 and S2 displayed mixeedtsdor different impact categories. For
AP and GWP100, S1 showed 0.74 and 1.03 times lowgact than the S2 whereas for the cases
of EP and CED it was 1.08 and 0.91 times highee rBason for better performance of S1 in the

cases of AP and GWP100, which are associated aglemissions, was utilization of fossil fuel

10



235  for the operation where AD uses much less elettrwehile HTC in S2 requires about 2 MJ/kg-
236  FW. Transesterification of the bio-oil in S2 addedher stress on AP and GWP100 via gas
237  emissions. Otherwise, there was no direct coniobub GWP100 from FW since all the carbon
238 was assumed to be biogenic in origin (IPCC, 200n)the other hand, EP shows negative

239 impact because of the inability of the AD systemamove the nutrients (N, P, K, etc.) which
240  were left in waste water treatment plant for furthecessing while most of the nutrients were

241  retained in the hydrochar from FWEB.

242 The impact category CED depended on the energy migifoa the process, background

243  processes and product contribution. Fig. 2d shbas32 required almost equivalent amount of
244  energy as SO in terms of fossil fuel consumptidme Primary reason was the requirement of
245  electricity for operation of the HTC system and ¢themical requirement for the

246  transesterification process. Nevertheless, theymtoouitput surpassed the energy demand by
247  vyielding useful products like hydrochar, biodieaed glycerol. In this regard, the conversion
248  efficiency of the precursors to biodiesel and gigtes a key factor for the feasibility of S2. S1
249  was the scenario that had the least fossil fueswamption and never had the highest score for
250 any of the impact categories, suggesting thattliesmost environmental friendly solution

251  among the three scenarios.

252 As the transportation presents an additional douitiion to the impact categories of SO and S1, a
253  simple impact comparison was discussed. The canitoid of transportation in SO was 11%,

254  15%, 5% and 5% for AP, EP, GWP100 and CED, resgsgti\While barring the effect of

255  transportation, the S1 showed a significant diffiessof 161%, 53%, 291% and 219% reduction
256 in the impact for AP, EP, GWP100 and CED, respettiimplying transportation was one of

257  the major process contributors in this scenarion@aring the sensitivity of transportation, the
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percentage improvement in S1 was 55.42%, 4.08%%8anhd 22.01% for AP, EP, GWP100
and CED, correspondingly with respect to S2. Thmss that even though the impact of
transportation on S1 was obvious, it was not asifsegnt as compared to S2 except for the

impact category AP.

The major process contributor for the impact catiegovas the energy demand of the treatment
process. The electricity demanded from the natigridlfor the operation of the facilities had the
highest impact as the process contributor. Thergkb@mgest contributor was the transportation
in the form of trucks and barges to carry the addld FW and ash for disposal. According to the
results shown in the Fig. 2, the implementatio®®fmay result in greater benefits in terms of

energy yielded per FU and avoid most of the enviremntal impacts.

3.1 Normalized results

The aim of normalization is to better understareldrder of magnitude and the relative
significance of each indicator of a system undedy{Lundie and Peters, 2005). Normalization
factor varies depending on the geographical lonafithe calculations were performed by
dividing each impact category with their respectieemalization factor for Singapore according
to Khoo et al. (2010). The normalized results coemmon dimension are presented in the Fig. 3.
The CED had the highest repercussion as compaithe tther impact categories. S1 resulted in
the lowest resource usage and cost of all the ffWéenanagement systems compared in this
study, which was in correlation with the study lyn8sson et al. (2000), who investigated the
effects of incineration, composting and AD on soliagste management. On the other hand, the
S2 system added more environmental benefits instefrenergy and material yield. The

technology generated energy from waste while sanelbusly showing significant potential to

12
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reduce the effects on eutrophication and the ingg@aoin air emission as compared to
incineration. As stated by Sonesson et al. (20006puld be claimed that FWEB is based on
theoretical system developed from laboratory resultiereas incineration is an old and proven
technology. But, the counter argument could beiti@neration is a state-of-the art technology
with high efficiency. Hence, there is not much sstpimprove further from the current
practice. Decisively, the advances made in incii@raould hardly compensate to the positive

effects of the other two systems.

3.2 Sengitivity analysis of oil content

The sensitivity analysis identifies sensitive paggans, whether a small change in an input
parameter would induce a large change in the imgategory (Song et al., 2013). OC in FW is
one of the most critical factors for the operatwdrs2 as the output products i.e. biodiesel and
glycerol are derived from it. Hence, a sensitiahalysis was performed to study the effect of
the OC% in FW. The baseline scenario was set agt8®% OC which was fixed as 100%. The
deviation of the rest of the scenarios from theshas is presented in Table 1. The OC% did not
have much influence on the incineration as it bdraleng with the FW with high moisture
content and the amount of carbon was assumedgoriiar (the calorific value of raw waste oil
and fat from FW is very low). The performance of Bl deteriorated with increasing OC% due
to limited participation of oil and fats in AD. Theain reasons were low solubility of oil, poor
biodegradability, and surface action whereby bigrilxs are shielded and does not participate
in biochemical reactions (Chu et al., 2002; Perg.e2014). Hence, in this study, the biogas
contribution from oil was neglected as it requispgcial treatment facility or reactor design to
facilitate the biodegradation of oil. In all thepact categories, S1 was around twice as good as

S0 except EP. The performance of S2 escalatedstensly with increasing oil percentage. This
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trend suggests that it is more profitable to usetéichnology for the treatment of waste with high
OC% (as the yield of primary product is directlpportional to the OC). For the FW with 10%
OC, the impact of S2 in terms of EP and CED we®eand 3.3 times lower than the current
incineration practice respectively. On the otherdyavhen the OC was 2.5%, the GWP100
decreased to 115%, which was similar to any ofrthmeration scenarios and lower than all of
the impact categories of S1 except EP. Hencenivisecommended to opt to the S2 system
when the OC% of FW is lower than 5%. The optim&lison is to implement the S2 for FW
when OC >5% and S1 when it45%. Thus, a decentralized system for FWEB is pregas

this study as the technology is highly dependen®@nof the FW and is not applicable to

general FW per se.

3.3 Cost-benefit analysis

Cost-benefit analysis (CBA) is a method for assegstie total economics involved of products
or systems. Besides technical screenings and LGdiest, cost benchmarking is needed in the
search for sustainable alternatives (Schietteeattd, 2014). In this section, the running costs
were estimated for the three scenarios. The balsimeet of the CBA is presented in Table 2. All
the fundamental cost data were acquired from stdnoammercial sources as indicated. In this
section, for the purpose of estimating CBA, thewds changed to 1 tonne FW/day. All the
manpower cost involved were assumed to be the gamadl the scenarios except for the sorting
of FW. Sorting and macerating the FW for S1 werduded in the CBA as it primarily involves
manpower or a mechanical system. The sorting ofig-8\hecessity in the case of S1 as FW
would contain items that are not suitable for ABtsas bones, shells, and seeds/pits which does
not undergo decomposition inside a bioprocess sysdr emission treatment was disregarded
for the processes as all the £€nissions are of biogenic origin.
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Operation cost was the major contributor for therail cost in SO and S2 scenarios, mainly due
to high electricity consumption. The chemical canption cost for S2 was especially high
because of the transesterification process thainejmethanol in equivalent amount as the bio-
oil and sulphuric acid for acid catalysis (duefte high moisture content of FW alkali process is
not feasible). Transport and land occupation welatively minor contributors for all the three
scenarios. When considering the revenue, elegtficn heat and biogas were largest for SO
and S1, respectively. However, revenue from mdteugput surpassed the electricity in the case

of S2.

S1 showed the highest economic benefit despitediteng fee. S2 was the second best option
after S1. The major contributor to the cost wasaperation expenses followed by the
material/chemical demand. The least beneficiala@hwaias incineration, which could be
considered as a waste management option ratheathaste-to-energy/material alternative in

the case of FW.

The economic value of FW was calculated to estirtteggercentage recovery through the three
studied scenarios. According to Numbeo (2015)résemmended minimum amount of money
for Asian food types in Singapore was S$9.35 farapimately 1.75 kg/day per person. From
the Singapore FW statistics, the amount of foodethwas 0.39 kg/day per person, which is
about 22% of the total food purchased per persoatHer words, on average, about S$2/day per
person gets wasted that amounted to S$4.04 bifan/ With the recycling rate of 13% in
Singapore (NEA, 2014) and 19% of unavoidable FWhsagpeels and bones (Ventour, 2008),
approximately S$2.75 billion value of food gets tedsevery year. The estimated value of 1 FU
in this study is S$3631 (excluding the 13% recygtmd 19% unavoidable FW). Hence, the

benefits from SO, S1 and S2 would recover a vafe4:%, 0.28% and 2.63%, respectively. It
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could be concluded that S2 is a more promisingoboph terms of material recovery as it
recovered about S$72 million/year from the wastexddif Nevertheless, sustainable research and

development to the technology could further cut ddke costs incurred.

3.4 General outlook and future options

Overall, this study shows that S1 is a simple dfidient treatment option without involving

high energy consumption and generation while S2nmre sophisticated and advanced choice.
The major advantages of S2 over S1 are, (1) magonad separation from FW mixture, (2)
minimized waste volume via formation of hydroch@&), up to 85% of the carbon from the initial
feed stock are retained in the hydrochar (Kammamh,e2012), (4) efficient dewatering, (5)
evolved gas amount is small and mainly consisted@f (Berge et al., 2011; Kammann et al.,
2012), (6) hydrochars are biologically sterilizhae to thermal treatment (Park et al., 2011), (7)
flexible waste composition - impurities in wastergmsition does not affect the operation but
only the quality of the product. On the contrary,iSa biological process that requires strict FW
purity standards, which was one of the main reabeh@d its history of failure in Singapore.
The disadvantages of S2 are (1) sophisticated mesigstruction, operation and maintenance,
(2) very high capital cost that requires investorfund projects up front, (3) high pressure

treatment that requires thoroughly controlled emwnent.

Moreover, direct usage of biogas or biodiesel petglfrom AD and FWEB instead of
converting them into electricity would have higlhenefits, as the conversion efficiency was
only 35-40%. Hence, it is necessary to either imprhe conversion efficiencies or find an
appropriate domestic usage for the biogas or setligroducts. Using clean and compressed

biogas in place of natural gas or in diesel eng{8esesson et al., 2000) and biodiesel from
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371 MSW or FW in place of biodiesel from cultivated psowvould further reduce the environmental
372 impacts to a significant extent. For example, Lipikg, Sweden had adopted to use 100%

373  biogas-fuelled public transport buses in an efforteduce waste, produce renewable fuel,

374 improve air quality and develop sustainable trans{®ustainability Writer, 2012). Fallde and
375  Eklund (2015) described the 30-year-long-way Linkgpmoved towards a sustainable socio-
376  technical system of biogas for transport. The bsodvelopment process endured hardly a long
377  time span considering it as a development of ainedyyhew socio-technical system. Currently,
378 there are 229 plants that produce biogas in Swademunting to 1387 GWh biogas, of which
379  44% is upgraded and used as vehicle fuel (FalldeEdund, 2015). Additionally, as the FW
380  source is biogenic in origin it prevents the enus2f fossil CQ. With the recent concerns

381 about climate change, there is a pressing needitohsto renewable fuels from fossil fuels.

382  Further, the political, economic and environmebghefits of biofuels are more obvious as

383  discussed briefly in the review by Demirbas (2009).

384 Market demand is a key factor to make the besbttifee available resources and technologies,
385 and provide economic feasibility for resource comist governments. In the current scenario,
386  Singapore might not have the market demand foriéset] hydrochar, or biogas, but it is

387 possible to extend the existing facilities to acomydate them. For instance, if the

388  physicochemical properties of the biodiesel from F\kt the requirements for diesel engine
389 combustion, then there could be higher potentiatéonmercial application by blending it with
390 diesel fuel. Besides, diesel engines need to hgroesto accommodate fuel with large fraction

391  of biodiesel in the future (Lin et al., 2006) irder to further expand the application of biodiesel.

392  Participation of communities and general publiongl with their environmental awareness, is
393  another important factor of this FW conversion optiEspecially for S1 and S2, it would make a
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415

considerable difference if the local communitiegipgoate in the waste sorting process. For
moving towards an educated and civilized commumpitylic contribution to efficient usage of

the available resources is essential. To estahlfslothold in Singapore, the S2 systems could be
introduced in the food courts/centers where theegaare generally high in OC and are

consistent in the generation amount.

4 Conclusion

The LCA results have shown that FWEB is favoredd@dr with OC >5% and AD for O€5%,
under the assumptions made in this study. The GBAalts have shown that AD is the best
choice if applicable in the local environment. Otihiee, FWEB is the preferred choice over
incineration. The FWEB system utilizes FW as a ues® and was proved to be an appealing
alternative for the current practice in Singapdilee case of Linkoping serves as an example for
transition towards a sustainable socio-technicsiesy. It should be noted that, however, FWEB
is a method based on technology not yet fully dgwedl and there could be practical difficulties

associated with the implementation that has not bbealized thus far. Hence, in addition to

providing decision makers with insights into theeth FW management strateqgies and directions

to improve the existing MSW management systemrabelt suggests a need for adaptive

strategy based on the food waste type and compiositi
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580 " Figurecaptions'

581  Figurel. Flowchart showing thenain processes involved in the three system saes)&8D:
582 Incineration, S1: Anaerobic digestion, and S2: Faadte-to-energy biodiesel.

583  Figure?2. Bar chart representation of thkaracterization results of (a) AP, (b) EP, (c) G\,
584 and (d) CED for the three system scenarios.

585  Figure 3. Bar chart representation of thermalized comparison for the impact categories AP,
586 EP, GWP100, and CED.
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604 " Tablecaptions"

605 Tablel. Chart showing the sensitivity analysis based ofeht oil content (2.5%, 5%, 7.5%
606 and 10%) of food waste.

607  Table?2. Chart showing the cost-benefit analysis of thedlsgenarios.
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634

635

636

637

638

I mpact Category AP EP GWP100 CED
Incineration 5% as baselihe 100%

S0 (2.5 - 10%) 99-102%

S1(2.5-10%) 194 -192% 172-170% 203 -200% -2P30%
S2: 2.5% 141% 417% 115% 175%
S2: 5% 174% 541% 145% 225%
S2: 7.5% 207% 665% 175% 275%
S2:10% 240% 789% 206% 326%

%Current practice in Singapore

Table 1. Chart showing the sensitivity analysis based ofeht oil content (2.5%, 5%, 7.5%

and 10%) of food waste.
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Item?® Unit Incineration AD FWEB
Distance to treatment facility km 9 9 0
Distance to the port km 11 0 0
Distance from the port to Semakau km 25 0 0
Land occupation per tonne FW m? 20 20 10
Internal electricity consumption per tonne FW MJ 2055 23.27 2000
Wastewater generation per tonne FW t 0 1 0
639
ltem” Unit Cost, SGD
Diesel (Caltex, 2014) L 1.62
Electricity (SP, 2014) MJ 0.07
Glycerine (Malaysia, 2014) kg 0.6277
Land occupation (HDB, 2014) m?*day 0.3653
Lignite (India, 2014) kg 0.4725
Manpower for sorting FW (MOM, 2014) Person*day 54.17
Methanol (Methanex, 2014) kg 0.4615
Petrol (Caltex, 2014) L 2.35
Wastewater treatment (PUB, 2014) m° 0.6
640
Cost* Incineration FWEB
FW sorting 0.00 0.00
Transportation 0.25 0.00
Land occupation 7.31 3.65
Operation (Electricity input) 143.85 140.55
Chemicals (HSQO,, Methanol) 0.00 24.76
Wastewater treatment 0.00 0.60 0.00
Benefits I ncineration FWEB
Electricity output 15.97 40.85
Products (Hydrochar, Glycerol) 0.00 0.00 54.66
Balance -135.43 -73.44

641 °Key inventory for each scenario
642  "The fundamental cost for all scenarios

643  “Cost and benefit calculations for the three scesg$GD/t*d)

644

645  Table?2. Chart showing the cost-benefit analysis of thedlsgenarios.
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PUB, 2014
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Ltd.
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glycerine_134173033.html
HDB Pricing, Vol 2014.

http://www.alibaba.com/product-detailkihg-Coal-Coking-
Coal_50008606848.html

Singapore Yearbook of Manpower Statistixl4). Manpower
Research and Statistics Department, Ministry of poarer, Republic
of Singapore.

https://www.methanex.com/our-busifesing

Water Pricing in Singapore Vol. 2014.
http://www.pub.gov.sg/general/Pages/WaterT ariffxasp
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This study isnovel and advantageous in the following aspects:
» Food waste management strategies were overviewed with crucia environmental impacts
» Food waste-to-energy biodiesel system was proposed as a novel FW management option

» Oil content plays akey role for sustainable food waste-to-energy biodiesal system



