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Proper management and recycling of huge volumes of food waste is one of the challenges faced by Singapore.
Semakau island — the only offshore landfill of the nation — only accepts inert, inorganic solid waste and therefore
alarge bulk of food waste is directed to incinerators. A remaining small percent is sent for recycling via anaerobic
digestion (AD), followed by composting of the digestate material. This article investigates the environmental
performance of four food waste conversion scenarios — based on a life cycle assessment perspective — taking into
account air emissions, useful energy from the incinerators and AD process, as well as carbon dioxide mitigation
from the compost products derived from the digestate material and a proposed aerobic composting system. The
life cycle impact results were generated for global warming, acidification, eutrophication, photochemical
oxidation and energy use. The total normalized results showed that a small-scale proposed aerobic composting
system is more environmentally favorable than incinerators, but less ideal compared to the AD process. By
making full use of the AD's Recycling Phase Il process alone, the Singapore Green Plan's 2012 aim to increase the
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recycling of food waste to 30% can easily be achieved, along with reduced global warming impacts.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Municipal solid waste (MSW) volumes from modern societies have
increased over the years, out of which, a considerable fraction of the
solid waste stream is food scraps. The annual generation of food waste in
Singapore was 542,700 tons in 2006 and reached about 570,000 tons in
the year 2008 (NEA, 2009). Proper treatment and management of food
waste is a challenge faced by any developing nation as untreated and
unmanaged food waste creates odor, hygiene concerns and cause
adverse environmental impacts.

Singapore is a highly populated, industrialized city with limited
land area that can be used as landfills. Semakau Landfill is Singapore's
only landfill for waste disposal. Singapore's offshore landfill may only
accept inert wastes that are inorganic. Therefore, no food waste is sent
to the landfill and the majority of food waste is directed to
incinerators (Tan and Khoo, 2006). A remaining 10-15% is sent for
recycling via anaerobic digestion (AD), followed by composting of the
digestate material.

According to the Singapore Green Plan 2012, up to 30% of food waste
recycling has to be achieved year 2012 (MEWR, 2008). This article will
focus on the present and future options of increasing food waste
recycling, which includes a proposed aerobic composting plant. The
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environmental impacts of the food waste conversion options are
projected based on a life cycle assessment perspective.

2. Food waste conversion options

Since Singapore has become a signatory to the Kyoto Protocol in
April 2006, energy efficient and more sustainable waste treatment
methods will be sought after. The food conversion methods that are
introduced in this article are: incineration, recycling via AD combined
with composting of digestate matter, and a proposed aerobic compost-
ing plant.

2.1. Incineration (waste-to-energy)

Incineration or waste-to-energy has been employed widely to
generate energy from waste materials, as well as to reduce the volume
of waste substantially. As land is limited, Singapore has adopted the
policy of incinerating all ‘incinerable’ solid waste, including food waste
(NEA, 2009). Incineration is a mature technology that involves the
combustion and conversion of MSW into heat and energy (McDougall
and Hruska, 2000). Incinerators are able to reduce the volume of solid
wastes by 80%, which makes them popular in countries that have limited
territory for landfills. Singapore's four incinerators are Ulu Pandan, Tuas,
Senoko and Tuas South. The proportions of food waste input treated by
the four incinerators are calculated to be 12.88%, 16.52%, 34.66% and
35.95% respectively. A typical incinerator requires the energy input of
70 kWh/ton waste and generates around 20% ash (Tan and Khoo, 2006).
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2.2. Anaerobic digestion and composting

The recycling of food waste is carried out by a Singapore-based
company IUT Global Pte. Ltd. (IUT Global, 2006) using anaerobic
digestion (AD) method combined with composting. The main product,
bio-gas, from the AD process is transferred into gas engines to generate
energy, which is then sold to the national grid. An additional step in the
process converts the residues from the anaerobic digester, or digestate
material, into bio-compost. Fig. 1 describes the process of the AD and the
composting of digestate.

The composting process involves the use of microorganisms to
break down the residues in the presence of oxygen, thus avoiding the
production of methane. The bio-compost material can be used as a
replacement of mineral fertilizers. From the compost products, carbon
dioxide savings can be achieved by the avoided production of the
mineral fertilizers (Schleiss et al., 2008). The nutrient contents of the
bio-compost are assumed to be 0.0076 kg N and 0.0011 kg P per kg for
digested matter by AD process (Finnveden et al., 2000).

The waste food recycling process by IUT Global is separated into two
phases, each with similar AD processes but different capacities. The
present Phase I recycling has an installed capacity of 3.5 MW power and
treats 300 tons of food waste per day. From here, the digestate material
is sent to composting plant I to produce bio-compost. Phase II has an
installed capacity of 6 MW power and treats 500 tons of food waste per
day; digestate from Phase II is sent to composting plant I (CDM, Clean
Development Mechanism, 2006). The combined capacities of phases I
and II can achieve the goal of 800 tpd (tons per day) food waste
recycling for the whole of Singapore. In this analysis, we assume that the
present Phase I recycling plant is able to run at full capacity, and Phase II
will be also be operating at full capacity in the near future.

The recycling of food waste into electrical energy and compost is
IUT Global's solution to reduce the amount of food waste entering
incineration plants, and at the same time earn carbon credits from reduced
greenhouse gas emissions (CDM, Clean Development Mechanism, 2006).

2.3. Proposed small-scale composting facility

An additional composting plant is proposed for the purpose of
increasing the recycling options, and also for diverting food waste away
from incinerators. The proposed composting process is an aerobic type
based on Lee et al. (2007). As shown in Fig. 2, the only output of the
composting plant is bio-compost. It is assumed that sawdust material
does not impose any additional environmental impacts for the system
and is not included in the investigation.

The bio-compost from aerobic composting can also be used to
replace mineral fertilizer. Both AD bio-compost (from digestate
matter) and aerobic bio-compost products are expected to contain
different nutrients. The P and N content of compost product reported
by Finnveden et al. (2000) will be assumed in this case, which is
0.0083 kg N and 0.002 kg P per kg per bio-compost.

Table 1 summarizes the energy requirements of each process, and
the amounts of the main products — electrical energy and bio-compost.
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Electrical  r------- i._.______._.___._.__-____._.___________________________'
energy input | i
' ! Pretreatment Anaerobic Gas Generator 1
I Digestion (AD) Engine ;
i [
i

! Phase | Phase
_______________ - I 1 fmmmmmmm i mmmm e e
e

lDigestal

E Electricity (Output)

Bio-compost

Phase | Phase | |
1 1] i

Fig. 1. Food waste recycling facility — adapted from IUT Global (2006).
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Fig. 2. Aerobic composting food waste — adapted from Lee et al. (2007).

The information was supplied by IUT Global's Clean Development
Mechanism report document (CDM, Clean Development Mechanism,
2006) and Lee et al. (2007).

Greenhouse gas savings in terms of CO,-eq are reported to be 5.3 kg/
kg N mineral fertilizer and 0.52 kg/kg P mineral fertilizer (Schleiss et al.,
2008).

3. Life cycle assessment

The evaluation of the environmental impacts of waste treatment or
conversion options is extremely important for the purpose of protecting
the community at large as well as preserving the natural environmental
settings of a small island-nation. Life cycle assessment or LCA is seen as
an emerging tool to measure and compare the environmental impacts of
human activities (Rebitzer et al., 2004; Pennington et al., 2004). LCA
models have become the principal decision support tools for policy
makers at all levels for waste management strategies (Christensen et al.,
2007). One of the benefits of LCA is the identification and quantification
of the potential environmental impacts of different waste management
technologies (Buttol et al., 2007). In another example, the environmen-
tal performances of various solid waste treatment systems were
evaluated by Khoo (2009) to support a holistic approach to sustainable
waste management and to provide direction for developing environ-
mentally sound strategies.

3.1. Goal and scope

The goal of the LCA is to provide information to governmental-level
organizations on technology selection for future food waste conversion
in Singapore. The following waste conversion scenarios are modeled to
compare their environmental impacts:

Scenario 1: Recycling of food waste (Phase I and Composting I), with
the rest incinerated

Scenario 2: Recycling of food waste (Phase Il and Composting II), with
the rest incinerated

Table 1
Information of waste treatment options.
Food waste Pretreatment Energy Energy Amount of
treatment (kWh/ton) consumption output compost
(kWh/ton) (kWh/ton) (tons/year)
Recycling by anaerobic digester (AD) and composting by IUT Global (2006)
Phase I recycling and 25.0 32.0 260.82 66,000
Composting I
Phase II recycling and 240 268.27 112,200
Composting II
Incinerators (waste-to-energy)
Ulu Pandan 0 70.0 89.0 0
Tuas 0 128.0 0
Senoko 0 136.0 0
Tuas South 0 174.0 0
Proposed aerobic composting plant (Lee et al., 2007)
Proposed composting  62.0 0 25,534.68

plant
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Scenario 3: Recycling of food waste (Phases I-1l and Composting I-II),
with the rest incinerated

Scenario 4: Recycling of food waste (Phases I-1l and Composting I-II),
with the rest of the food waste incinerated (50%) and
treated at a proposed aerobic composting plant (50%)

The LCA scope covers the national boundary of the amount of food
waste generated per year for processing at three options — incineration,
recycling and aerobic composting. Each stage starts with generation and
next, treatment/pre-processing, waste conversion and finally product
and co-product generation. Within the system boundary, the following
assumptions and limitations are applied:

- transportation emissions are not included. It is estimated that the
transportation distances between the waste collection points to
each waste processing plants (incinerators, AD, composting) are
all within 15 to 20 km, therefore the transport emissions for each
scenario will not pose any considerable differences in the LCA
results and are left out of the analysis

- the system boundary includes two product outputs: electrical
energy and bio-compost

- the LCA system takes into account the use of bio-compost. It is also
assumed that the replacement of mineral fertilizers with bio-
compost is suitable for the same application in the country

- all electricity requirements come from Singapore national grid
power

- Construction materials for all waste treatment plants and chemical
inputs are not included in the system boundary.

In LCA, the functional unit is the definition of the functional outputs
of the product system. The main purpose of the functional unit is to
provide a reference to which the inputs and outputs can be related
(Rebitzer et al., 2004). Since the goal is to provide information for future
food waste conversion options, the functional unit for all scenarios is the
potential future amount of food waste generated in Singapore, that is,
570,000 tons/year.

The distribution of waste sent for recycling, incineration and aerobic
composting for each scenario are shown in Table 2. The LCA model
representing the four different scenarios of food waste conversion is
displayed in Fig. 3. For all four scenarios, the distributed amount of food
waste sent to each incinerator is assumed to remain unchanged: a%=
12.88 (Ulu Pandan); b% =16.52 (Tuas); c% = 34.66 (Senoko); and d%=
35.95 (Tuas South).

3.2. Life cycle inventory (LCI)

In this part of the LCA, the LCI data is compiled and presented.
Rebitzer et al. (2004) explained that the aim of LCI is to “calculate the
quantities of different resources required and emissions and waste
generated per functional unit”. In this evaluation we take into account
energy as the main resource, the direct and indirect air emissions from

Table 2
Information of four scenarios for waste treatment.

Scenarios 2009 Future (tons/year)
(tons/year)
1 2 3 4
X 570,000 570,000 570,000 570,000
Y 60,888 387,500 300,408 150,204
Z (% recycled by AD) 97,092 182,500 269,592 269,592
(17.03%) (32.0%) (47.3%) (47.3%)
Z' (% recycled by 0 0 0 150,204

aerobic composting) (26.4%)

X: Amount of food waste generated (functional unit).

Y: Amount of food waste incinerated.

Z: Amount of food waste recycled via AD combined with composting of digestate.
Z': Amount of food waste sent to proposed aerobic composting plant.

the processes and energy requirements, and product output per
functional unit. The energy inputs for all food waste conversion or
recycling plants are supplied by Singapore national grid. The main
emissions per kWh power supplied are shown in Table 3. The inventory
data for emissions to air for bio-waste sent to incinerators and AD is from
Ecolnvent (2009a, 2009b). Emissions from aerobic composting were
extracted from Lee et al. (2007). These are compiled in Table 4.

Previous studies of national MSW management in Singapore showed
that transportation and landfill emissions hardly contribute to the
environmental impacts of waste disposal options (Tan and Khoo, 2006),
therefore the emissions from these two stages can be conveniently
dismissed.

4. Results and discussions
4.1. Impact assessment

The advantage of conducting an LCA lies in its holistic approach
of addressing a wide range of environmental impacts. The impact
assessment stage of any LCA case study topic consists of two main
procedures. The mandatory steps include the selection of relevant
impact categories, based on the substances released to the environment.
Further procedures such as grouping (normalized results) and data
analysis are considered optional steps (Fig. 4; Table 5).

The category indicator results selected are global warming potential,
acidification, eutrophication, photochemical oxidation, and energy use.
These were chosen on the basis that they are most relevant to the food
waste treatment options being compared. The Environmental Devel-
opment of Industrial Products or EDIP 2007 is used as the basis for the
environmental impact calculation (Hauschild and Potting, 2003).

The last impact category, energy use, is based on the amount of
electrical energy measured in MJ-eq that is supplied to, and generated
from, all waste conversion options. The inclusion of this fifth impact
category allows the evaluation of all scenarios not just based on
environmental performance alone, but also on useful product output.
The results are displayed in Figs. 5 (global warming), 6 (acidification), 7
(eutrophication), 8 (photochemical oxidation) and 9 (energy use).

As expected, a steady downward trend of environmental impacts is
observed for all four incinerators from Scenarios 1 to 4. The impacts of
global warming for the recycling of food waste by AD combined with
composting are relatively minimal in all four scenarios (Fig. 5). While
contributions to global warming are caused by indirect emissions from
energy consumption and direct emissions from the AD process itself,
these impacts are considerably reduced via carbon savings achieved
from compost products. The total amounts of CO,-eq, from avoided
mineral fertilizer production, for all four cases are: —2.7E+06 kg CO»-
eq (Scenario 1), —4.58E+06 kg CO,-eq (Scenario 2), —7.28E+06 kg
CO,-eq (Scenario 3), and —8.43E+06 kg CO,-eq (Scenario 4). There-
fore, with the employment of more advanced recycling technologies,
the greenhouse gas emissions due to food waste treatment and con-
version will likely reduce. An LCA case study by Giiereca et al. (2006)
on a near similar study of present and future options for processing
biowaste also presented results of reduced global warming impacts
due to the use of future biowaste management systems. One of the
options discussed by the authors was the composting of material
from biogasification, while reducing the amount of biowaste sent to
incinerators.

The global warming result for the proposed aerobic composting is
relatively higher than the incinerators in Scenario 4. This is due to the
high energy consumption (62 kWh/ton) for the proposed plant, along
with the small compost output, which is reported by Lee et al. (2007)
as 0.17 ton/ton food waste. This energy requirements, and associated
greenhouse gases from it, corresponds reasonably well with those
reported by Lundie and Peters (2005) for the centralized composting
of food and garden waste (72 kWh/ton bio-waste).
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Fig. 3. LCA model for four different scenarios of food waste conversion options.

From Fig. 6, one of the highest impacts is found in Scenario 4,
due to the proposed aerobic composting. Composting generates high
emissions of ammonia (NH3). Rather similar acidification result due
to NH3 was also reported by Giiereca et al. (2006) on various com-
posting methods. The amount of gaseous NH3, which is the main
available nitrogenous compound from nitrogen transformation
depends on the aerobic composting process parameters, types of or-
ganic matter treated, and their respective C:N ratios (Cronje et al.,
2002). De Guardia et al. (2008) reported that a an optimum C:N ratio
ranging between 15 and 30 was recommended for rapid composting.
Wang et al. (2003), on the other hand, stated that an acceptable C:N
ratio in composting material is in the range 20 to 30. It was also

suggested by the authors that sewage sludge can be added to food
waste in aerobic composting. The LCA model (Fig. 3), and subsequent
environmental impacts, was built based on the aerobic composting
conditions by Lee et al. (2007). The reported NH3 emissions are 6 kg/
ton, after assuming a 90% NHs removal by biological odor treatment.
However, there is still a need for a better understanding of
ammonification, ammonia emissions, and nitrification and denitrifi-
cation processes during aerobic composting.

Also on Fig. 6, the contributions to acidification show an overall
steady decrease for all four incinerators from Scenarios 1 to 4. But the
opposite is observed for the AD recycling process, where an upward
trend is displayed.

Table 3
Singapore electricity grid emissions (Wong, 2002).
Pollutant (kg/kWh) co CO, CH,4 N0 NO, SOy PM NMVOC
1.78E—04 5.00E—01 8.15E—06 3.03E—06 1.19E—04 7.34E—04 1.16E—05 2.17E—05
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Table 4 Table 5

Emissions to air from various bio-waste conversion processes. Normalized values for Singapore.
Air emissions Waste-to-energy® Anaerobic digestion Aerobic Impact categories Normalize values Unit
(kg/kg) and composting” composting® for the country
Cco 1.60E—04 1.13E—06 4.40E—03 Global warming potential 10,227.04 kg CO,-eq/capita/year
CO, 5.90E—01 6.00E—03 2.10E—01 Acidification 87.38 kg SO,-eq/capita/year
CH4 3.83E—05 1.64E—05 9.70E—04 Eutrophication 422 kg PO4-eq/capita/year
N,0 1.25E—05 8.15E—05 2.10E—07 Photochemical oxidation 16.37 kg C,H4-eq/capita/year
NO, 3.78E—04 4.50E—05 6.90E—05 Energy 29,358 M]J-eq/capita/year
SOy 1.30E—-05 3.19E—-05 1.10E—-04
Ammonia 3.45E—07 1.65E—07 2.40E—05 . . . ..
NMVOC 6.99E—05 270E—05 Not reported results, the previous impacts (from Figs. 5-9) are each divided by the

2 Ecolnvent (2009a) for bio-waste treated at incinerator.
b Ecolnvent (2009b) for bio-waste treated by AD.
€ Lee et al. (2007).

The same environmental impact trends for the incinerators are
repeated for eutrophication (Fig. 7) and photochemical oxidation
(Fig. 8) results. Contributions to eutrophication, caused by ammonia
and NO, emissions, for recycling is rather minimal. In Scenario 4, the
impacts of eutrophication from proposed aerobic composting is
comparable to two of the incinerators. These results differ from those
reported by Giiereca et al. (2006) in comparing present and future
biowaste treatment systems. Their case study in Barcelona, Spain,
displayed a significant drop in eutrophication impacts due to the future
technology of preventing leachates and other pollution from landfills. As
for the case study of food waste disposal in Australia, Lundie and Peters'
(2005) report on eutrophication was highest for food waste processor
and lowest for home composting. In the present case study for
Singapore, landfills are not considered at all in waste food disposal.

From Fig. 8, it is observed that the highest impact of photochemical
oxidation is from Senoko and Tuas South (Scenarios 1-2) and next, from
the recycling of food waste (Scenarios 3-4). Fig. 9 shows that the best
case of net energy generation comes from Scenario 3. The most efficient
net energy generation (difference between energy input and output) is
from IUT Global, which is an impressive 78% for Recycling Phase I and
82% for Recycling Phase I (CDM, Clean Development Mechanism, 2006).
For the last option, the proposed aerobic composting process does not
generate any form of energy output and displays a positive graph which
indicates the amount of energy spent or consumed.

4.2. Normalized results

Many methods allow the impact category indicator results to be
compared by a reference, usually a regional value. In normalization of

Mandatory Elements

Selection of relevant Impact Categories, Categoery Indicators,
Characterization Models

'

Assignment of Life Cycle Inventory results

|

Calculation of Category Indicator Results

.

Category Indicator Results (LCIA Profile)

Optional Elements

Calculation of the Magnitude of Category Indicator
Relative to Reference Information
Grouping (Nermalization)

Weighting
Data Quality Analysis

Fig. 4. Elements of life cycle impact assessment according to ISO 14042 (2000).

selected reference values. This is done to aid in the interpretation of
the individual and separate impact category indicators, and generate a
single score for comparison of two or more technological options
(Sleeswijk et al., 2008). In other such LCA case studies, normalization
was performed to better understand the relative significance of each
waste disposal impacts (Lundie and Peters, 2005).

Normalization is made in LCIA to indicate the relative significance of
the various environmental impacts of the LCA system, taking into
account the geographical area where the activities in the LCA occur. The
aim of normalization is typically to place the LCIA indicator results into a
broader context and to create a common dimension for all five results
(from Figs. 5-9) so that they can be combined to compare Scenarios 1 - 4
side by side (Pennington et al., 2004). In this case study, normalization
was carried out based on the national inventory of pollutants in
Singapore as the reference system.

Normalization follows a few basic steps. The national inventory of
pollutants for Singapore (e.g., country's total greenhouse gas or acidic
emissions) is first used to calculate each of the impacts (e.g., country's
total kg CO,-eq or SO,-eq). The total is then divided by the country's
population, which is reported to be 4.84 million in June 2008 (Statistics
Singapore, 2009). The emission inventories are extracted from United
Nations Statistic Division (2007) and Ohara et al. (2007). As an example,
the total acidic gases for Singapore are reported as 287,000 tons of SO,
and 157,000 tons of NO,. According to the EDIP 2003, the characteriza-
tions for SO, and NO, are 1.2 and 0.5 respectively. Hence the normalized
value selected for acidification impact is:

[(287,000,000% 1.2) 4 (157,000,000 x 0.5)]/(4.84 x 1,000,000)
= 87.38 kg SO,-eq/capita

For last impact category on energy use/generation, Singapore's total
electricity consumption per capita is taken into consideration, that is,
29,358 MJ-eq/capita (Energy Market Authority, 2009). This is because
the results generated in Fig. 9 are all based on electrical energy input and
output alone. The normalized results are shown in Fig. 10.

Global warming results of food waste conversion options
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Fig. 5. Global warming results.
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Acidification results of food waste conversion options
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Fig. 6. Acidification results.

Step-by-step efforts to divert food waste away from incinerators
towards recycling or composting facilities are known to deliver
environmentally improved results. Fig. 9 shows the environmental
improvements that can potentially be obtained: 25.5% from Scenario 1
to 2; 38.0% from 2 to 3; and finally 30.3% from 3 to 4. The final results
from Fig. 10 agree with other near similar waste treatment studies.
Sonesson et al. (2000) indicated that anaerobic digestion (AD) results in
the lowest environmental impact of all solid waste management
systems, while composting offers environmental advantages over
incineration methods.

Although the proposed aerobic composting system delivers low
yield of compost material without the benefit generating energy
outputs, Scenario 4 is still environmentally favorable compared to
treating solid waste in incinerators. Compost materials are rich in
organic matter, so its ability to replace mineral fertilizers is difficult to
estimate. In this article we estimated the P and N output of compost
from AD and aerobic systems as suggested by Finnveden et al. (2000):
0.0076 kg N and 0.0011 kg P per kg compost from AD digested material;
and 0.0083 kg N and 0.002 kg P per kg per kg bio-compost from aerobic
composting. It is also worth noting that other amounts of P and N values
were reported from the output products of various bio-solids and
wastes treatment processes (Peters and Rowley, 2009; Lundin et al.,
2000). Peters and Rowley (2009) tested the reuse of biosolids content
from sludge, whereas Lundin et al. (2000) examined different
treatments of wastewater.

Eutrophication results of food waste conversion options
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Fig. 7. Eutrophication results.
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7.0E+03
7
6.0E+03 .
Z
g 5.0E+03 1 —"/’;
o 4.0E+03 7
N 7 7
O 3.0E+03 A Z /
2.0E+03 - 7 7
A “
1.0E403 1 | [/ Z
Z Z
Z A
0.0E+00 - T T
Scenario 1 Scenario 2 Scenario 3 Scenario 4
Ulu Pandan Incinerator o Tuas Incinerator
@ Senoko Incinerator o0 Tuas South Incinerator
mRecycling (AD & Compost) o Proposed aerobic composting

Fig. 8. Photochemical oxidation results.

Compared to the AD combined with the composting facility by IUT
Global (2006), aerobic composting can only be proposed or recom-
mended as a small scale facility. Bjorklund et al. (1999) concluded that
large-scale centralized composting might increase environmental
impacts relative to AD processes. Another study performed by Komilis
and Ham (2004) reported that high gaseous emissions of CO, and NH3
were produced during aerobic composting process of solid waste, which
is in accordance with the results shown in Figs. 5 (global warming) and 6
(acidification). Therefore, the long-term sustainable solution that
should be recommended is to expand the capacity or the AD recycling
plants employed by IUT Global (2006).

As opposed to LCA investigations of bio-waste or food/garden
wastes carried out by others (Giiereca et al., 2006; Lundie and Peters,
2005), transportation was not included in the system boundary. This
may be one of the limiting factors in the case study. However, it
should be highlighted that the estimated travel distances are
approximately the same (15-20 km) from waste collection points to
all waste processing centers — therefore no considerable differences
will be shown on all LCA results. It is also worth noting that the
management of food waste, or any other organic or biowaste, in
Singapore is a unique case since the nation's only offshore landfill in
Semakau island only accepts inert and non-organic waste materials.

5. Conclusions

Proper management and recycling of food waste is one of the
challenges faced by Singapore in its pursuit to maintain a good ‘Clean
and Green’ image of a garden-city state. The environmental impacts of
food waste distribution to the following were compared: incineration,

Net Energy generated/consumed for food waste
conversion options
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Fig. 9. Energy use/generation results (due to electricity).
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Fig. 10. Total normalized results.

recycling via AD combined with composting of digestate matter, and a
proposed small-scale aerobic composting plant. The conclusions can
be summarized as follows:

- Significant reduction of global warming impacts can be realized by
implementing the food waste AD recycling process. This was
achieved by both reduced energy requirements for the process itself
and CO, savings from the compost produced from the digestate
material.

- Aerobic composting showed environmentally favorable results
compared with the mass incineration of food waste. However,
aerobic composting is less preferred compared to AD due mainly to
CO, and NHs emissions, as well as, low amount of bio-compost
produced.

- It was suggested, however, that further investigations is needed to
test the value of N and P nutrients of the compost products from both
methods. Additional studies are also required to examine aerobic
composting on local food waste samples to test its potential to obtain
higher output.

- Energy generation from the food waste AD recycling process was
projected to be an impressive 78% for Recycling Phase I and 82% for
Recycling Phase II, assuming that both recycling phases are operating
at full capacity.

- The AD's Recycling Phase Il operating at full capacity alone will allow
Singapore Green Plan's 2012 aim to increase the recycling of food
waste to 30% to be achieved; combined Phase I and Il increases the
recycling rate to about 47%; further increase in recycling rate is
possible with a proposed aerobic composting plant.

- Small-scale composting can be recommended as a way to divert food
waste away from incinerators, however, a more sustainable solution
will be to expand the operating capacity of the AD recycling facility.
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