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TITLE: Performance of Takakura Composting Method in the Decentralised Composting Centre
and its Comparative Study on Environmental and Economic Impacts in Bandung City, Indonesia

ABSTRACT:

Purpose Takakura Composting Method (TCM) is a simple and cost-effective aerobic composting method
using locally available materials and has been widely introduced in Indonesia and other countries. This
study tracked the progress of scaling the TCM up to 1 tonne/day at the decentralised composting centre in
Bandung City, Indonesia.

Methods A comparative study using a combination of the Life Cycle Assessment (LCA) and Cost-Benefit
Analysis (CBA) was performed to compare the net greenhouse gas (GHG) emissions and Net Present
Value (NPV) of six different municipal solid waste treatment scenarios to treat 1 tonne of food waste. The
impacts were also assessed between different system boundaries with or without compost use, and by
applying different emission factors for composting to the static windrow and TCM.

Results Home composting showed the least GHG emissions and highest NPV, and is thus suggested to be
the most favourable option. The least favourable options were either landfilling that showed the highest
GHG emissions, or incineration that showed the lowest NPV. The expanded system boundary that included
compost use revealed higher emissions and was more costly compared to the core system boundary that
did not include compost use. The difference in net GHG emissions between the static windrow and TCM at
the decentralised composting centre was limited due to a large amount of avoided emissions from
landfilling and transportation.

Conclusion This study proved that TCM can potentially contribute to the reduction of GHG emissions and
would be a cost-effective tool for municipal solid waste management.
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Performance of Takakura Composting Method in the Decentralised Composting Centre and its

Comparative Study on Environmental and Economic Impacts in Bandung City, Indonesia

Abstract

Purpose Takakura Composting Method (TCM) is a simple and cost-effective aerobic composting method using
locally available materials and has been widely introduced in Indonesia and other countries. This study tracked the progress
of scaling the TCM up to 1 tonne/day of organic waste input at the decentralised composting centre in Bandung City,
Indonesia. A comparative study to assess the environmental and economic impacts was conducted by using its performance
data.

Methods A combination of Life Cycle Assessment (LCA) and Cost-Benefit Analysis (CBA) were performed to
compare the net greenhouse gas (GHG) emissions and Net Present Value (NPV) of six different municipal solid waste
treatment scenarios to treat 1 tonne of food waste. The impacts were also assessed between different system boundaries
with or without compost use, and by applying different emission factors for composting to the static windrow and TCM.
Results Home composting showed the least GHG emissions (-601 kg CO,-eq/t) and highest NPV (IDR
518,790/tonne) and is thus suggested to be the most favourable option. While the least favourable options were either
landfilling that showed the highest GHG emissions (628 kg CO»-eq/t), or incineration that showed the lowest NPV (IDR -
818,373/tonne).

Conclusion As the home composting was not considered to be a realistic option for wide application, a
combination of one large centralised composting centre and a small decentralised composting centre in each sub-district
was suggested in the case of Bandung City.

Keywords:
Municipal solid waste management, Life cycle assessment, Cost-benefit analysis, Composting, Takakura composting
method



Introduction

Southeast Asia is a rapidly growing economy, with a population that has been steadily increasing and is projected to
continue increasing toward 2050. More than half the population in this region reside in urban areas. Indonesia is the largest
country in the region by population and generates the largest amount of waste (64,000,000 tonnes per year as of 2016)
(UNEP, 2017). The main method of final disposal in Indonesia has been landfilling. Due to environmental and sanitation
issues as well as difficulty in acquiring sites for landfills, the government of Indonesia issued Act No. 18/2008 which
mandated all local governments to stop open dumping and follow the technical and environmental requirements of the
landfill by 2013. However, most landfills were still operating as open dumpsites as of 2019 (Emalya et al., 2020; Sutra et
al., 2020). A high proportion of food waste (60%)(UNEP, 2017) at open dumpsites generate CHs emissions under anaerobic
conditions, making landfills the largest greenhouse gas (GHG) emission source in the waste sector (Bogner et al., 2007).

As an alternative method for final disposal, the government issued Presidential Regulation No. 35/2018 (which replaced
Presidential Regulation No. 18/2016) to accelerate the development of waste-to-energy projects, selecting 12 candidate
cities in Indonesia as model cases to lead other cities. Bandung City, the capital city of West Java Province, is the fourth
largest city in Indonesia by population and is one of the target cities of Presidential Regulation No. 35/2018. The current
landfill site (Tempat Pembuangan Akhir, TPA) for Bandung City is the TPA Sarimukti which is the regional site for West
Java Province, accepting municipal solid waste from cities and regencies within the province. It is located to the north-
west of Bandung, approximately 50 km away from the city centre (approx. 100 km per round trip) and it is estimated to be
full by 2023. West Java Province is thus currently constructing an alternative regional landfill in Legok Nangka to the
south-east of Bandung, at a similar distance from the city centre. It plans to introduce an incineration facility with energy
recovery to generate electricity aside from the landfill in response to Presidential Regulation No. 35/2018 (Agunan, 2019).

Incineration with energy recovery helps to reduce the volume of waste and thus prolongs the lifespan of landfills as well
as provides a substitute to fossil fuel for generating power (Kamuk and Haukohl, 2013). However, in general, to maintain
stable combustion of waste at high temperatures and ensure efficient energy recovery as well as to reduce the generation
of toxic dioxins, the lower heating value (LHV) of waste must not fall below 6 MJ/kg, which is often difficult in many
low-mid income countries where there is a proportion of organic waste (Chen and Christensen, 2010; Kamuk and Haukohl,
2013). A study that analysed the waste composition in Bandung City revealed that LHV of waste without any treatment
was 3.15 MJ/kg and did not satisfy sufficient calories for incineration (Anggoro et al., 2017). Shifting from landfilling to
incineration also increases waste management costs and becomes a financial burden to local governments. The typical
waste management cost of open dumping is USD 3—10/tonne of waste in lower-middle-income countries while that of
waste-to-energy incineration in high-income countries would be in the magnitude of USD 40-200/tonne of waste (The
World Bank Group, 2018). The government of Indonesia is intending to cover the increased cost by a Power Purchase
Agreement with the national electric company on feed-in tariffs and by waste tipping fees (gate fees) of up to Indonesian
Rupiahs (IDR) 500,000/tonne of waste (approximately USD 36/tonne of waste from USD/IDR rate of 14,000) with a
contribution from the central government (Government of Indonesia, 2018). According to the Department of Environment
and Hygiene (DLHK) of Bandung City, the waste tipping fee at the landfill in Legok Nangka is expected to be IDR 386,000
upon application of government subsidy. However, this is about six-folds higher than the waste tipping fee at the current
landfill, TPA Sarimukti (IDR 65,000/tonne of waste as of July 2020). These costs are therefore likely to become a huge
problem for local governments in the West Java Province including Bandung City.

To tackle waste issues, the government of Indonesia has also set a target to achieve a 30% reduction of solid waste and
ensure that 70% of waste is properly handled by 2025 in Presidential Regulation No. 97/2017 on National Strategy and
Policy on Solid Waste Management (Jakstranas). To achieve these targets, all local governments including Bandung City
were mandated to develop and implement a local strategy on solid waste management (Jakstrada) in line with the
Jakstranas. In light of this, Bandung issued the Mayor's Regulation No.1426/2018 concerning Regional Policies and
Strategies in the Management of Household Waste and Types of Household Waste as the city’s Jakstrada in 2018 (Bandung
City Government, 2018). The city also placed solid waste management as one of the top priority policies in its Regional
Medium Term Development Plan (RPJMD) 2018-2023 (Bandung City Government, 2019a). Based on these policies and
strategic directions, the city identified the promotion of source separation of waste and composting of organic waste, which
makes up more than half of all municipal waste, as a core strategy in the Waste Management Action Plan 2019-2023 of
Bandung City (Bandung City Government, 2019b).

From past studies, composting has proved to be a cost-effective method in reducing and recycling municipal solid waste
and reducing environmental impacts in various regions (C. P. Bong et al., 2017; Jara-Samaniego et al., 2017; Mu et al.,
2016; Seng et al., 2013). Reducing organic waste helps to lower GHG emissions and also leads to a reduction in the use of
auxiliary fuel for incineration (Kamuk and Haukohl, 2013; Yang et al., 2012a). Composting itself is a biological degradation
process and is a source of GHG emissions. These emissions can be offset or could turn into net reductions, depending on
management and treatment across their entire lifecycle (Sanchez et al., 2015). Among various composting methods,
Bandung City identified the Takakura Composting Method (TCM) as the most appropriate technology for their pilot project,
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based on experiences in other cities in Indonesia. TCM is a simple and cost-effective aerobic composting method using
locally available materials such as fermentation foods. It was developed and introduced in Surabaya City in 2004 and
contributed to a 30% reduction of waste disposed in landfills — from 1,500 tonnes/day in 2004 to 1,000 tonnes/day in 2009
— through various waste reduction and recycling efforts including composting centres and home composting baskets (this
is generally called the Takakura Home Composting method). The method was gradually expanded to other cities in
Indonesia and other countries (Kurniawan and Puppim de Oliveira, 2014; Maeda, 2009; Nuzir et al., 2019).

This study tracked the performance of TCM at a decentralised composting centre in Bandung City for one full year from
launch to full-scale operation (capacity: 1 tonne/day) as one of the pilot projects toward achieving the city’s waste reduction
target. The term ‘decentralised’ was used to illustrate the intended functionality of such a small scale composting centre
which treats organic waste collected from nearby communities in a dispersed manner throughout the city. It is differentiated
from ‘on-site’ treatment which refers to independent home composting at individual households and/or communal
composting by neighbourhoods, as well as being different from a ‘centralised’ composting centre which covers a wider
collection area and has a larger processing capacity. Based on the actual case studies of TCM at different scales, a
comparative study was undertaken using Life Cycle Assessment (LCA) and Cost-Benefit Analysis (CBA) in combination.

The objectives of this study were to provide a better understanding and insights on the environmental and economic impacts
of introducing TCM at different scales for decision-making by policymakers and practitioners. Although TCM has been
introduced and practised in many cities in Indonesia and other countries for more than 1.5 decades, to the best of our
knowledge, there is a lack of performance data on small-scale composting centres (capacity of approximately 1-2
tonne/day) and up to now, LCA and/or CBA studies on TCM have never been published. Moreover, food waste makes up
a high proportion of municipal solid waste in Bandung and the city is in the midst of a transition from the conventional
landfill-based final disposal to the modern incineration-based final disposal. This kind of situation is typical in some large
cities in growing economies, and therefore, the result of this study can serve as a useful reference widely in developing
nations.

Method

Project background

The study site for the decentralised composting centre was the TPS-3R Babakansari in Kiaracondong sub-district, Bandung
City. TPS (Tempat Pembuangan Sementara) is a temporary waste transfer station located in most Indonesian cities. Waste
is collected from neighbouring areas by a waste collector with a pushcart and then is placed temporarily in the TPS, to be
reloaded onto trucks before being transported to the landfill sites. TPS-3R is a new type of facility which applies the 3Rs
(reduce, reuse, recycle) as well as waste transfer functions. In Bandung, there are in total of 160 TPS and 10 of these have
TPS-3R functions (Bandung City Government, 2019a). The TPS-3R Babakansari is one such station and also served as the
satellite office for the Bandung City Cleansing Agency (PD Kebersihan Kota Bandung: PDK), a semi-government
enterprise providing cleansing services. The existing construction of the composting centre at the TPS-3R Babakansari is
a simple shed with a roof and concrete floor measuring 151.2 m? (21.6 m x 7 m). The facility used to apply a static windrow
composting method whereby market waste was chopped by a shredder and piled up without being turned. However, as the
acceptance capacity of organic waste was too small, DLHK decided to introduce TCM as a more efficient composting
method.

The process to introduce TCM in TPS-3R Babakansari was initiated in November 2018 by making seed compost
(approximately 2 m?) and the initial input amount of organic waste was about 15 kg per day. This amount was gradually
increased following an increase in the volume of the compost bed to ensure operators get accustomed to and confident with
the method. Mature compost was reused repeatedly as seed compost to prioritise the scaling of acceptance capacity and
was not extracted for use until there was a sufficient amount of seed compost. The acceptance capacity of organic waste
reached up to 1 tonne/day after one year (November 2019) of gradual scaling. Initially, 1-2 m? of compost piles were
separated and a continuous input system (adding of organic waste and turning took place every day continuously on the
same pile) was applied. However, at a later stage when available floor space became limited, a three-week rotation system
was introduced to increase the treatment capacity. Detailed methods of the three-week rotation system by TCM is available
(Hibino et al., 2020). The number of the operator was also increased from one staff to three staff following an increase in
the daily amount of waste accepted at the facility. Daily operations were carried out manually and data were monitored and
recorded on the daily amount of waste input, the temperature of compost bed, and moist content. The mature compost made
by TCM met the technical standards of the Indonesia National Standard (SNI) on domestic organic compost (SNI: 19-
7030-2004) in 2018 at Balikpapan City (Beetle Engineering Co., Ltd., personal communication, July 2020) and also met

the technical standard of organic compost in Vietnam (Circular No. 41/2014/TT —BNNPTNT) in May 2016 at Hai Phong
City (Nuzir et al., 2019).
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The organic waste generated from approximately 1,000 households mainly from 18 RW (rukun warga: community
associations) in Babakansari (administrative village) and some from outside Babakansari was used as the feed for
composting. These communities applied source separation and collection by two categories — biodegradable (organic)
waste and other waste. A bucket collection system was introduced where separated food waste from households was
collected in covered plastic buckets and carried to the compost centre by motorised tricycles. Non-organic waste was
collected separately and carried to the landfill site after taking out recyclable waste such as aluminium cans, pet bottles,
cardboard, etc. Figure 1 describes the mass balance for 1 tonne of solid waste when source separation and TCM were both
introduced at the TPS-3R Babakansari. The waste composition data sampled at the TPS-3R Babakansari (data provided by
DLHK, Bandung City) indicated that the materials used as the feed for composting (food waste 45.2% and garden waste
3.3%) occupied about half of the solid waste generated from the nearby communities. The organic separation rate was
generally high and foreign materials such as plastics were minimal. Therefore, this study assumed that all materials carried
to the composting centre were organic waste and 50% was used to calculate the ratio of organic waste for ease of
understanding and calculation.

388 kg

0,
Food waste 45.2% (80% of feed)
Separate Garden waste 3.3% Water vapour
collection of two
categories Biodegradable waste
485 kg - 97kg
C?mpostmg (20% of feed)
. TPS-3R Compost
Solid waste Babakansari) b
from
communities
1,000 k;
( g Landfill
Other waste Paper and cardboard 10.4%
515 kg — Textiles 5.2%
Rubber and leather 2.6%
Bottles and plastic cups 1.9%
Plastic wraps and containers 7.5% .
Plastic bags 6.0% Recycling
Metal 0.5% Recyclable waste
Glass 1.8%
Hazardous waste 10.4%
L Other 5.2%

Figure 1. Conceptual diagram of mass balance for 1 tonne of solid waste when source separation and TCM were
introduced at the TPS-3R Babakansari. The waste composition is based on 2016 data at TPS-3R Babakansari (data
provided by DLHK, Bandung City).

Goal and scope definition

Municipal solid waste management is a basic public service directly linked to the daily lives of the citizens and utilising
public funds. It requires balanced decision-making for investment, particularly considering both the environmental and
costs aspects for long-term sustainability. There are various sustainability assessment tools (International Organisation for
Standardisation, 2006), and each tool has specific boundaries and limitations. The combined use of these tools, for example,
focusing on environmental impact and costs, ensures that the methods can cover wider gaps and broaden the scope of the
assessment (Hoogmartens et al., 2014; Jeswani et al., 2010). LCA is a well-known sustainability assessment tool that
examines the environmental impacts of entire stages of the product, process or services — from the extraction of raw
materials, production and use, to final disposal. CBA and Life Cycle Costing (LCC) are similar sustainability assessment
tools that evaluate the monetary value of the entire lifecycle of the products or projects (Finnveden and Moberg, 2005).
LCC is viewed as an economic counterpart of LCA but typically does not include benefits (Finnveden and Moberg, 2005)
which is an important parameter for policy decisions. On the other hand, CBA is a more recognised and widely used policy
decision-making tool for projects (Thomas and Chindarkar, 2019). Therefore, as a matter of practical convenience, the
authors have chosen to use CBA for the economic evaluation carried out in this study, while keeping the same timeframe,
system boundaries, and functional units used by the LCA for consistency. Similar combined use of LCA and CBA has been
applied in several waste management studies for the selection of appropriate systems and/or optimising existing systems
(C.P.C.Bongetal., 2017; Lam et al., 2018; Lim et al., 2019; Sparrevik et al., 2014; Zhong et al., 2013).

This study followed the basic procedural steps for LCA, to i) define the goal and scope of the study, ii) develop an inventory
of relevant inputs and outputs of the system, iii) assess their potential impacts, and iv) interpret the results. Likewise, the
study also followed the basic procedural steps for CBA, to i) identify costs/benefits, ii) place values on the costs/benefits
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(avoid double counting), iii) compute net social benefits, and iv) select the best alternative based on the net social benefit
(Thomas and Chindarkar, 2019). The net social benefits were expressed in net present value (NPV).

Goal settings

The objective of the combined LCA and CBA studies was to evaluate the environmental and economic impacts of the
decentralised composting centre using TCM in comparison with other scales of TCM, static windrow method composting,
and case scenarios without introducing TCM (landfill and incineration).

Impact categories

Among many impact categories of LCA, the Global Warming Potential (GWP) as defined by the Intergovernmental Panel
on Climate Change (IPCC) (IPCC, 2014) was selected. Different gaseous emissions were normalised to kg CO,-eq/tonne
of wet waste to allow a comparison of the impacts of carbon footprints. It was selected as the most basic and widely studied
impact category in LCA studies on municipal solid waste management in Asian countries (Yadav and Samadder, 2018).

Functional unit

In LCA, the functional unit provides a reference in which the number of inputs and outputs can be compared between
different scenarios allowing comparative analysis of environment effects (International Organisation for Standardisation,
2006). The functional unit for this study was set as management of one tonne of food waste (wet waste) produced by
households in Bandung City per day. This is consistent with the actual operating capacity of the decentralised TCM system
performed at the TPA-3R Babakansari. This functional unit is also most commonly applied in LCA studies on municipal
solid waste management in Asian countries (Yadav and Samadder, 2018).

Scenario creation

Six scenarios were set to analyse the life cycle inventory (LCI) and NPV of one tonne per day of organic waste treated, and
compared emissions of various greenhouse gases based on GWP in carbon dioxide equivalent (abbreviated as CO2-eq) as
well as the net social costs. All scenarios are based on actually available cases in Bandung City except S6 which assumes
construction of a large-scale composting centre on the outskirts of the city. S1 is the current ongoing practice in Bandung
and is considered as the ‘business as usual’ (BAU) scenario.

S1: Controlled landfill — TPA Sarimukti (BAU scenario)

S2: Incineration — TPA Legok Nangka

S3: On-site composting (TCM) — Kampung Takakura

S4: Decentralised composting centre (Static windrow) — TPS-3R Babakansari
S5: Decentralised composting centre (TCM) — TPS-3R Babakansari

*  S6: Centralised composting centre (TCM) — Pasir Impun

L] L] L] L]

TPA Sarimukti (S1) is a controlled sanitary landfill equipped with a leachate treatment pond, gas ventilation pipes (no gas
recovery), and regular soil coverage. It accepted municipal solid waste from cities and regencies in West Java Province
including Bandung City. The specifications of the planned incineration facility at TPA Legok Nangka (S2) are yet to be
clarified, therefore this study assumes a conventional stoker-type incinerator with a steam turbine electric generator.

Kampung Takakura (S3) is a community located in Sukamiskin administrative village, Arcamanik sub-district in Bandung
City. It is a mid-high income community composed of 342 households (data provided by PDK). The name of the
community ‘Takakura’ derived from TCM inspired by its success and the spirit of recycling. The majority of households
have a Takakura composting basket, a home composting tool specifically designed for TCM which materials can be
purchased and easily constructed with about USD 10 per unit (Calleja-amador and Romero-esquivel, 2018; Maeda, 2009)
for composting food waste. The members of the voluntary women’s association (PKK) of the community are acting as the
environment cadre and assisting communities in setting up the compost baskets, providing seed compost, and providing
technical support for home composting. The percentage of households that practice home composting is approximately
75% (data provided by PDK). The mature compost is then used on the community farm and/or for respective home
gardening. In effect, the majority of food waste is treated on-site and the amount of residual waste that is collected and
brought to the landfill is extremely small compared to other communities. This study, therefore, assumes that 75% of
organic waste in S3 is treated on-site and the remaining 25% is going to the landfill.

S4 and S5 are composting options in the decentralised composting centre at the TPS-3R Babakansari. S4 is a static windrow
with no turning of the compost piles, and S5 is active turning by TCM.

Pasir Inpun (S6) is the candidate site for a large-scale centralised composting centre owned by PDK. This study assumed
that a large-scale composting centre with an input capacity of 200 tonnes/day (mixed waste) will be developed at Pasir
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Inpun. All the input data were based on estimates from a successful demonstration facility in Wonorejo, Surabaya City,
with a capacity of 20 tonnes/day that applied TCM. That facility was developed in 2014 and operated by the Nishihara
Shoji Co., Ltd. with financial assistance from JICA (JICA and Nishihara Shoji, 2016). With an input of 200 tonnes/day, the
waste composition was assumed to be 50% (100 tonnes/day) organic waste for compost production, 20% (40 tonnes/day)
is recyclables and 30% (60 tonnes/day) of residue which will be transported to the landfill.

System boundaries

The extent of data availability and differences in scope lead to different results in GHG emissions and NPV accounting.
For transparency and consistency in GHG accounting for waste management, one study proposed an upstream-operation-
downstream (UOD) framework that distinguished between indirect upstream emissions, direct operation emissions, and
indirect downstream emissions (Gentil et al., 2009). Some LCA studies on composting have focused only on direct
emissions of waste management (operation) aspects (Abduli et al., 2011; Cadena et al., 2009; Colon et al., 2010). However,
how compost is used after production provides a holistic picture of its life cycle (Boldrin et al., 2009; Martinez-blanco et
al., 2013; Saer et al., 2013). In Bandung City, the city government is responsible for both waste management and
landscaping, meaning that the compost could be used by the city itself as part of public works for gardening in parks and
streets. However, the responsible departments are different. Therefore, this study examined the differences in GHG
emissions and NPV by applying two different system boundaries: A) core system boundaries which only focused on
operation, and B) extended system boundaries that included the upstream/downstream application of compost as a fertiliser.
The indirect upstream emissions including the production of waste, fuel and electricity, and the construction of facilities
and equipment, as well as the indirect downstream emissions from the demolition of facilities and equipment, were not
included following the ‘cut-oft” principle (Martinez-Blanco et al., 2009; Oldfield et al., 2018) as these burdens are not
directly relevant and can be considered independent from the system. Meanwhile, the production of mineral fertiliser, as
part of indirect upstream emissions, was accounted for as a substitute for organic fertiliser (compost). Based on this
understanding, the system boundaries of the different scenarios are illustrated in Figure 2.
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Life cycle inventory
The life cycle inventory analysis for all scenarios was conducted through the estimation of net GHG emissions by
normalising the emissions into kg CO,-eq per tonne of food waste treatment. CH4 and N>O emissions were converted to
CO; equivalent by multiplying the 100-year time horizon Global Warming Potential (GWP) from the IPCC Fourth
Assessment Report (AR4) (ie, CH4 = 25; N,O = 298) (Forster et al., 2007).

Non-biogenic emissions
Non-biogenic emissions associated with fuel consumption were calculated for CO,, CHs, and N»O, respectively, using the
IPCC Tier 1 method for mobile combustion and stationary combustion (IPCC, 2006) as shown in equation (1), and fuel
consumption was calculated using equation (2). The IPCC default emission factors were also applied as presented in Table
1. Activity data were obtained from PDK and literature.

Where:
Emissiony
Fuel

EFy

V

D

NCV

Emissiony = Za[Fuela X EFfa]

Da
1,000,000

Fuel, =V, X

= emissions in kg (CO,, CHs, N,O)

= fuel consumed, TJ (as represented by fuel sold)

= emission factor for fuel consumption, kg/TJ
= volume of fuel consumed, 1

= density of fuel, kg/l

= net calorific values, TJ/Gg

= fuel type a (diesel, gasoline)

X NCV,

(1
)

Table 1. Summary of input parameters and default values applied for calculating the GHG emissions of non-biogenic

emissions.
Symbol Parameter Value Unit Source
Non-biogenic emissions associated to fuel consumption: equations (1), (2)
EFy COz emission factor for fuel consumption (gasoline) 69,300 kg/TJ IPCC default value (IPCC, 2006)
CO: emission factor for fuel consumption (diesel) 74,100 kg/TJ IPCC default value (IPCC, 2006)
CHa4 emission factor for fuel consumption (gasoline) 33 kg/T] IPCC default value (IPCC, 2006)
CHs emission factor for fuel consumption (diesel) 3.9 kg/TJ IPCC default value (IPCC, 2006)
N20 emission factor for fuel consumption (gasoline) 32 kg/TJ IPCC default value (IPCC, 2006)
N20 emission factor for fuel consumption (diesel) 3.9 kg/TJ IPCC default value (IPCC, 2006)
NCV Net calorific value (gasoline) 443 TJ/Gg IPCC default value (IPCC, 2006)
Net calorific value (diesel) 43.0 TJ/Gg IPCC default value (IPCC, 2006)
D Density (gasoline) 0.745 kg/l (Crawley, 2013)
Density (diesel) 0.832 kg/l (Crawley, 2013)
Non-biogenic emissions associated with grid electricity consumption: equation (3)
EF. Grid electricity emission factors 0.862 tCO/MWh Java—Madura—Bali electrical system
(Institute for Global Environmental
Strategies, 2020)
Biogenic emissions from landfills: equations (4), (5), (6)
R Recovered CHy 0 Gg CHa4 is not recovered at TPA Sarimukti
ox Oxidation factor 0.1 IPCC default value (IPCC, 2006)
F A fraction of CHs in landfill gas 0.5 IPCC default value (IPCC, 2006)
DoC Degradable organic carbon 0.15 Gg C/Gg  IPCC default value for food waste (IPCC,
waste 2006)
DOCr Fraction of DOC 0.5 IPCC recommended value (IPCC, 2006)
MCF CHa4 correction factor 0.5 IPCC default value for managed semi-
aerobic type (IPCC, 2006)
Biogenic emissions from composting: equations (7), (8)
N Amount of N input 13.75 kg N/ Mean value of typical N content of food
tonne food  waste (6.0 —21.5 kg N /tonne food waste)
waste (Boldrin et al., 2009)
EF. Emission factor for N2O from N inputs 0.01 kg N2O-N  IPCC default value (IPCC, 2006)
/kg N
input
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Non-biogenic emissions associated with grid electricity consumption can be calculated using equation (3). The emission
factor for grid electricity consumption in Bandung City will apply the emission factor for Java—Madura—Bali electrical
system to which Bandung City belongs (Institute for Global Environmental Strategies, 2020). Applied default values are
presented in Table 1.

Emission, = E, X EF, 3)
Where,
Emission. = emissions from electricity consumption, tCO»
E. = grid electricity consumption, MWh
EF, = grid electricity emission factors, tCO/MWh

Biogenic emissions from landfills

CO; and CHj4 are the major biogenic emissions from landfills (IPCC, 2006). CH4 emissions from landfills by the food
waste were estimated using the First Order Decay (FOD) Tier 1 method provided by IPCC (IPCC, 2006) as shown in
equations (4), (5), and (6). Applied default values are presented in Table 1. Activity data were obtained from PDK.

CHy pmissions = (CHy generatea — R) X (1 — 0X) 4)
16
CHy generatea = DDOC X F X 1z (5)
DDOC =W x DOC X DOCy X MCF (6)
Where:
CH4 Emissions = CH4 emitted, Gg
R = recovered CHs4, Gg
[0)¢ = oxidation factor, (fraction)
CH Generated = CHy4 generation potential, Gg CH4
DDOC = mass of decomposable DOC deposited, Gg
F = fraction of CH,4 in generated landfill gas (volume fraction)
16/12 = molecular weight ratio CH4/C (ratio)
w = mass of food waste deposited, Gg
DOC = degradable organic carbon in the year of deposition, fraction, Gg C/Gg waste
DOCy = fraction of DOC that can decompose (fraction)
MCF = CHj4 correction factor for aerobic decomposition in the year of deposition (fraction)

Emissions from incineration

The current landfill site for Bandung City (TPA Sarimukti) is expected to be full by 2023 (according to DLHK, Bandung
City), so the West Java Province is currently constructing a new regional landfill at Legok Nangka and an incineration
facility with electricity generation is also being considered. As the specifications of the incineration facility including
technologies and capacity are yet to be clarified, and there are no reliable performance data of a similar scale municipal
solid waste incinerator in Indonesia that could be used for reference, CO, emissions from incineration were calculated
using the Tier 1 method provided by IPCC based on waste composition (IPCC, 2006) as shown in equation (7). For waste
composition, country-specific data for Indonesia provided by IPCC (IPCC, 2006) were used. The result using equation (7)
was 229.36 kg CO»-eq/tonne of wet waste. This equation does not consider emissions recovered by the electric generator,
so it should be seen as a conservative estimation. This is backed by the emission factors identified from six incinerators
equipped with electricity generators in China where the waste composition is similar to Indonesia (LHV ranged between
3.7 and 6.5) that ranged 25 — 207 kg CO»-eq/tonne of wet waste (Yang et al., 2012b).

€Oz pmissions = MSW X 3. | (WF ;X dm; x CF; X FCFj x 0F,-) X g (7)
Where:
COZ Emissions = C02 emittedy Gg
MSW = total amount of municipal solid waste as wet weight incinerated, Gg
WF = fraction of waste type/material of component j in the MSW as wet waste incinerated

9
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dm = dry matter content in the component j of the MSW incinerated
CF = fraction of carbon in the dry matter of component j

FCF = fraction of fossil carbon in the total carbon of component j
OF = oxidation factor, (fraction)

44/12 = conversion factor from C to CO;

j = component of the MSW incinerated

Biogenic emissions from composting

Composting is an aerobic digestion process where a large fraction of degradable organic carbon in the waste materials are
converted to CO, (IPCC, 2006). CH4 and N,O are also emitted as a consequence of the management of the composting
process and will be subject to calculation as GHG emissions. The CH4 and N,O emissions of biological treatment can be
estimated using the IPCC Tier 1 method (IPCC, 2006), as shown in equations (8) and (9).

_ WXEFcH4

CH4- Emissions — 1,000 R (8)
WXEF,

N2 OEmissions = 1‘001520 (9)
Where,
CH4 Emissions = total CH4 emissions of type a in inventory year, Gg
N>O Emissions = total N,O emissions of type a in inventory year, Gg
w = mass of food waste treated for composting, Gg
EFcny = CH4 emission factor, g/kg waste treated
EFn20 = N,O emission factor for emission type a, g/kg waste treated
R = total amount of CH4 recovered in inventory year, Gg CH,4

IPCC (2006) provides default emission factors for CH4 and N,O for the biological treatment of solid waste. However, past
studies showed that both CH4 and N>O emissions vary depending on the conditions of composting including feedstock
types, C/N ratio, ventilation, temperature, moist contents, etc. (Amlinger and Peyr, 2008; Boldrin et al., 2009; Ermolaev et
al., 2015; Jiang et al., 2011; Sanchez et al., 2015; Thomas et al., 2020). To apply appropriate emission factors for TCM and
static windrow, emission factors of CH4 and N,O identified from similar conditions in past studies were applied. One study
measured the CHs and N>O emissions from food waste composting under different temperatures and aeration conditions
in a controlled laboratory experiment (Ermolaev et al., 2015). The results of high temperature and aerated conditions
(0.006g CH4/kg waste and 0.016g N,O/kg waste) were applied to TCM, and low temperature and limited aeration
conditions (1.26g CH4/kg waste and 0.003g N,O/kg waste) were applied to static windrow. The R-value for estimating CHs
emissions in equation (8) applied 0 (zero), as neither TCM nor static windrow had CH4 recovery systems.

Avoided emissions from the use of mineral fertilizers

Compost can supply mineral nutrients needed for plant growth that would otherwise have to be provided by mineral
(chemical) fertilisers. Thus, substituting the use of mineral fertiliser through compost can reduce GHG emissions caused
by the manufacturing and transportation of fertilisers. To estimate these values, data on typical nutrient contents of compost
as well as the GHG emission factors on the manufacturing and transportation of fertilisers are needed (Biala, 2011). In this
regard, analysis was carried out on potential GHG emissions from the production of mineral fertilisers from six works of
literature and the amount of mineral fertilisers that could be replaced by the use of compost from eight works of literature
(Boldrin et al., 2009). This study applied a mean value after adding the three main mineral fertiliser types (i.e. N, P, K)
which resulted in 42.7 kg CO»-eq / tonne of food waste.

Biogenic emissions from the use of compost

Compost contains readily degradable, slowly degradable and stable organic matters. The application of compost to the land
for farming or gardening as a soil amendment will facilitate oxidisation of the degradable organic matter and result in
emissions of CO,. The remaining fraction of stable organic matter will stay in the soil for a longer period (Boldrin et al.,
2009). Because the amount of carbon sequestration to the soil after 100 years is estimated to be 2-10% of the input of
compost (Boldrin et al., 2009) and as food waste generally consists of readily degradable organic matter, this study did not
account for the amount of carbon sequestration. Meanwhile, when compost is applied to the soil, N>O is also released
through the process of nitrification (aerobic microbial oxidation of ammonium to nitrate) and denitrification (anaerobic

10
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microbial reduction of nitrate to nitrogen gas). IPCC provides a methodology to estimate N>O emissions by human-induced
N additions or change of land-use and/or management practices that mineralise soil organic N (IPCC, 2006). By restricting
the factors to the input of compost to soils only, the equation for direct N>O emissions from managed soils (Tier 1) can be
simplified as shown in equation (9).

44
NyOpjrece = N X EF, x% ©)

Where,

N2Opirect = direct N>O emissions produced from managed soils, kg N>O / tonne food waste

N = amount of N applied to soils by compost, kg N / tonne food waste

EF. = emission factor for N>O emissions from N inputs, kg N O-N / kg N input

44/28 = conversion factor of N, O-N emissions to N>O emissions

Cost-Benefit Analysis

All the direct costs and benefits incurred in each scenario were valued in monetised terms using the Net Present Value
(NPV) in IDR. The USD/IDR = 14,000 conversion rate (as an approximate average for five years: 2016-2021) was applied
when the currency is shown in USD. Benefits also comprise avoided future capital and operational costs that may be
incurred in the BAU scenario. Indirect costs (non-monetary values) such as environmental values and social values were
not calculated in this study to avoid double counting. NPV was calculated using equation (10) (Thomas and Chindarkar,
2019).

Bt —Ct

NPV =Z(1+S)t (10)
Where,
NPV = net present value
B = total benefit of year t
C = total cost of year t
S = social discount rate
t = year

Calculation of costs included capital costs, operational costs and feedstock costs. Calculation of benefits included the sales
revenue of compost which is assumed to substitute purchasing of mineral fertilisers. The land procurement costs were not
considered in this study as the properties were mostly government-owned lands. Given the lack of reliable cost data
including government subsidies and to avoid double-counting, the waste tipping fees were considered to cover the capital
costs, operational costs, and closure costs of the landfill (S1) and incineration (S2). The amortization period of facilities
and equipment in all scenarios was set at 15 years for simplicity, so all the capital costs of facilities and equipment were
normalised for 15 years. A social discount rate (interest rate applied to costs and benefits that is expected to occur in the
future) of 10% was applied as a representative rate for public infrastructure projects in Indonesia following other CBA
studies (Prihandrijanti et al., 2008; You et al., 2017).

In general, in Bandung City, waste generated from households is collected by a waste collector using a pushcart and
gathered at TPS before being transported to TPA by truck. However, the organic waste carried to TPS-3R Babakansari for
composting was collected separately by small trucks and/or motorised tricycles under a special arrangement. For simplicity
and fair comparison, waste collection methods for all scenarios were considered to be by a waste collector using a pushcart
and not using small trucks and/or motorised vehicles. Waste management fees that each household pays to the city
government (called retribution) were originally meant to cover the transportation cost between TPS and TPA according to
Regional Regulation No. 11/2012. However, the fees are almost equivalent to the personnel expenditure of the waste
collectors who collect waste and bring it to TPS. Thus, it was considered that retribution will cover the cost of waste
collection from each household to TPS.

For the CBA analysis, NPK 15-15-15 fertiliser, a typical mineral fertiliser used in Indonesia, was assumed to substitute the
use of compost. From the past comparative studies on municipal solid waste compost and NPK 15-15-15 fertiliser, two
tonnes/ha of organic compost was comparable to 200 kg/ha of NPK 15-15-15 due to different concentrations of nutrients
(Adekayode and Ogunkoya, 2011). Thus, it was considered that the necessary amount of NPK 15-15-15 was 1/10 of the
amount of organic compost.

Assumptions and limitations

11
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Within the scope of system boundaries (Figure 2), the following assumptions and limitations were applied to the LCA and
CBA calculations unless stated elsewhere:

- Biogenic CO; emissions are considered to be carbon neutral and were not calculated

- Emissions in the form of leachate were not considered

- GHG emissions from water use were not calculated given the limited use in the processes and uncertainty of activity
data as well as the emission factors

- Home composting (S3) is carried out manually so it was assumed that electricity and/or fuel was not consumed and
cost for labour was not incurred

- GHG emissions concerning the construction and demolition of infrastructure and equipment are not considered

- Activities of landscaping and gardening (use of compost) were not accounted for as they are part of existing public
works services of the Bandung City and no additional costs would occur by composting.

- Methane is not considered to occur from the landfilling of ash after the incineration process (S2).

Result and Discussion

Performance of TCM in decentralized composting centre

The results of daily monitoring on the amount of organic waste input and the average temperature of compost beds in the
decentralised composting centre using TCM (S5) are shown in Figure 3. The monitoring was carried out for one full year
from 19 November 2018 until 28 November 2019. The discontinued portion of the line charts indicates that monitoring
and/or waste input had to be stopped due to holidays (when waste was not collected) and/or during changes in the
composting system. The amount of organic waste input gradually increased and reached 1,000 kg/day (Max: 1,097 kg/day).
Fluctuations in the daily input amount indicate that some adjustments were needed when the rotation system was changed
for scaling up or when the input amount had to be reduced temporarily for operational purposes. The average temperature
throughout the monitoring period was 68.6 °C (Min: 54.0 °C; Max: 79.8 °C). Space efficiency is another indicator for
effectivity in composting. The available floor space for composting at the TPAS-3R Babakansari was 151.2 m? (21.6 m x
7 m).
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Figure 3. The total amount of organic waste input (solid line) and average temperature (dotted line) of compost beds in a
decentralized composting centre at TPAS-3R Babakansari (S5).

Life cycle impact assessment
The results of the life cycle impact assessment on GHG emissions in the expanded functional unit are summarised in Table
2. There was a clear contrast in GHG emissions between the BAU scenario (S1) which exhibited positive net GHG
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emissions (628 kg CO,-eq/t) and other scenarios that exhibited net negative GHG emissions ranging between -281 kg CO»-
eqg/t and -601 kg CO»-eq/t (S2, S3, S4, S5, S6) (Figure 4). The percentage difference of net GHG emissions between the
four composting scenarios was limited and ranged between 0.7% and 4.9%. A major factor for this sharp contrast was a
large amount of avoided emissions from transportation and landfilling in the composting scenarios.

Table 2. Summary of life cycle inventory on the input and output energy reference flows and resulting GHG emissions of
six waste management scenarios to treat 1 tonne of food waste in the expanded functional unit.

Scenario

Element Flow 31 2 33 Sa 35 36 Unit
Input
Food waste 1 1 1 1 1 1 tonne/day
Transportation (waste) Diesel 21.79 21.79 0 0 0 5.84 1/tonne
Transportation (compost) Diesel 0 0 0 0.46 0.46 0.46 1/tonne
Landfilling Diesel 2.00 N/A 0 0 0 0 1/tonne
Electricity 0.50 N/A 0 0 0 0 kWh/tonne
Incineration Dies:el. 0 N/A 0 0 0 0 1/tonne
Electricity 0 N/A 0 0 0 0 kWh/tonne
Diesel 0 0 0 0 0 4.81 1/tonne
Composting Gasoline 0 0 0 0.30 1.30 N/A 1/tonne
Electricity 0 0 0 0 0 0.85 kWh/tonne
Output
CO2 57.78 57.78 0 1.06 1.06 15.79 kg COz/tonne
Transportation N20 <0.01 <0.01 0 <0.01 <0.01 <0.01 kg N2O/tonne
CH4 <0.01 <0.01 0 <0.01 <0.01 <0.01 kg CHa4/tonne
CO2 6.16 N/A 0 0 0 0 kg COx/tonne
N20 0.00 N/A 0 0 0 0 kg N2O/tonne
Landfilling CHa (non- 0.00 N/A 0 0 0 0 kg CHa/tonne
biogenic)
CHj4 (biogenic) 22.50 N/A 0 0 0 0 kg CHa/tonne
Incineration COz-eq 0 229.36 0 0 0 0 kg COz/tonne
CH4 0 0 0.01 1.26 0.01 0.01 kg CHa/tonne
Composting N20 0 0 0.02 0.00 0.02 0.02 kg N2O/tonne
CO2 0 0 0 0.69 2.97 13.47 kg CO2/tonne
Compost use N20 <0.01 <0.01 0.22 0.22 0.22 0.22 kg N2O/tonne
Mineral fertiliser CO2-eq <0.01 <001  -4270  -4270 4270  -42.70 kg COx/tonne
(avoided)
Gross emissions CO2-eq 628 288 27 56 31 56 kg COx/tonne
Avoided emissions CO2-eq 0 -569 -628 -628 -628 -628 kg CO2/tonne
Net emissions CO2-eq 628 -281 -601 -572 -597 -571 kg CO>/tonne
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550  Cost-benefit analysis

551 The result of the cost-benefit analysis in the expanded functional unit is summarised in Table 3. Four composting scenarios
552 (83, S4, S5, S6) exhibited positive NPV while other scenarios (S1, S2) turned out to be negative NPV. Home composting
553 (S3) showed the highest positive NPV (IDR 518,790/tonne) and incineration (S2) showed the highest negative NPV (IDR
554 -818,373/tonne) (Figure 5).

555
556
557
558 Table 3. Summary of economic costs and benefits to treat 1 tonne of food waste of six waste management scenarios in
559 the expanded functional unit. Costs are expressed in negative value. All values are in IDR.
Scenario
Items
S1 S2 S3 S4 S5 S6
Capital cost
Infrastructure N/A N/A 0 -265,670 -66,418 N/A
Truck (waste) -29,069 -29,069 0 0 0 -37,790
Truck (compost) 0 0 0 -9,963 -9,963 -9,963
Shredder 0 0 0 -1,411 -1,411 N/A
Home composting basket 0 0 -15,814 0 0 0
Seed compost materials 0 0 -3,163 0 -415 N/A
Capital costs for S6 (all inclusive) N/A N/A N/A N/A N/A -51,073
Sub-total ~ -29,069 -29,069 -18,976 -277,044 -78,207 -98,825
Operational and maintenance cost
Transportation (waste) -102,038 -102,038 0 0 0 -27,322
Transportation (compost) 0 0 0 -2,140 -2,140 -2,140
On-site machinery and electricity N/A N/A 0 -1,786 -7,741 -23,569
Maintenance (equipment) -581 -581 0 =227 =227 -955
Personnel cost (waste collection) -60,606 -60,606 -15,152 -60,606 -60,606 -60,606
Personnel cost (transport waste) -42,441 -42,441 0 0 0 -55,174
Personnel cost (transport compost) 0 0 0 -24,242 -24,242 -24,242
Personnel cost (composting) 0 0 0 -90,909 -272,727 -90,909
Waste tipping fee -118,182 -701,818 0 0 0 -35,455
Sub-total ~ -323,849 -907,485 -15,152 -179,912 -367,684  -320,372
Direct benefits
Compost replacement (with mineral fertiliser) 0 0 200,000 200,000 200,000 200,000
Sub-total 0 0 200,000 200,000 200,000 200,000
Avoided future capital and O&M costs
Avoided capital costs 0 0 29,069 29,069 29,069 29,069
Avoided O&M costs 0 118,182 323,849 263,243 263,243 263,243
Sub-total 0 118,182 352,918 292,312 292,312 292,312
Net present value (IDR/tonne) -352918 -818,373 518,790 35,356 46,421 73,115
560
561
562
563
564
565
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Figure 5. Comparison of six waste management scenarios on economic cost/benefit to treating 1 tonne of food waste in
the expanded functional unit. Capital and operation and maintenance costs are expressed in negative values.

All the composting scenarios (S3, S4, S5 and S6) exhibited higher GHG emissions in the expanded system boundaries
compared to the core system boundaries due to emissions occurring in the transportation of compost and compost use
(Table 4). Meanwhile, decentralised and centralised composting centre scenarios (S4, S5 and S6) exhibited higher NPV in
core system boundaries compared to the expanded system boundaries due to more costs incurred for capital (trucks),
transportation and personnel costs. Compared to the BAU scenario, the differences in net GHG emissions (22.8 kg CO,-
eq/tonne) and NPV (IDR -36,345/tonne) were 3.6% and 10.3%, respectively.

Table 4. Comparison of net GHG emissions and net cost/benefit (NPV) among six waste management scenarios between
core and expanded system boundaries.

: Scenario

Items System boundaries ST 2 3 34 35 36
Net GHG A. Core (food waste treatment) 628 -281 -623 -595 -620 -594
emission B. Expanded (food waste treatment and 628 -281 -601 -572 -597 -571
(kg CO»2- compost application)
eg/tonne) Difference (B-A) 0 0 21.7 22.8 22.8 22.8

A. Core (food waste treatment) -352,918 -818,373 518,790 71,701 82,766 109,460
NPV B. Expanded (food waste treatment and -352,918 -818,373 518,790 35,356 46,421 73,115
(IDR/tonne)  compost application)

Difference (B-A) 0 0 0 -36,345 -36,345  -36,345

A dot diagram that combined both the results of the net GHG emissions and NPV is shown in Figure 6. It visualises the
comparative position of the scenarios combining both parameters at a glance. In general, scenarios plotted on the lower-
right-hand side of the diagram can be considered as the favourable options that satisfy both low emission and low cost, and
the scenarios plotted on the upper-left-hand side can be considered non-favourable options from high emission and high
cost. In the case of this study, home composting (S3) was the most favourable option and landfilling (S1) was the least
favourable option. If the cost dimension was more weighed, then the incineration (S2) option could also become a non-
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favourable option due to having the highest cost. There were limited differences between the decentralised and centralised
composting scenarios (S4, S5 and S6).
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Figure 6. Combined plot diagram on the net GHG emission (Y-axis) and NPV (X-axis) of six waste management
scenarios to treat 1 tonne of food waste in the expanded functional unit.

This study showed the scaling and performance data of food waste composting using TCM at a decentralised small-scale
composting centre (1 tonne/day waste input capacity) for the first time. It was also the first of its kind to demonstrate the
environmental and economic impacts of TCM in municipal solid waste management by using the combined LCA and CBA
studies based on real case scenarios. The combined study of LCA and CBA on municipal solid waste composting enabled
to provide better understandings and insights on GHG emissions and the cost/benefit of TCM in comparison with other
composting methods and municipal solid waste management options at different scales.

The compost beds at TPS-3R Babakansari were kept at a high temperature (average: 68.6 °C) which indicated that the beds
were constantly in a thermophilic phase (usually >40 °C) where the microbial breakdown of organic materials was actively
occurring due to continuous input of food waste in three-weeks intervals, and that they did not enter the mesophilic phase
(usually 10 — 40 °C) which is the maturation stage. The long-term exposure to a high temperature above 60 °C even under
waste input and mixing conditions suggests that the majority of weed seeds and pathogens that cause deterioration of the
quality of compost could have been effectively killed off (Dahlquist et al., 2007; Noble and Roberts, 2004).

The constant high temperature of the compost beds also suggested fast decomposition of organic materials which allowed
a quick turnover of compost within a limited time and space. The available floor space of 151.2 m? (21.6 m x 7 m) was in
a similar range compared to TCM composting centres in Surabaya City (Maeda, 2009). However, our experience suggested
that more space would be needed to treat 1 tonne/day organic waste input in a more relaxed manner. Any increase in space
would need to consider the ease of rotation of compost beds and account for extra space for stocking of mature compost
and input materials, as well as allowing some flexibility to accept a sudden increase of input amount. The suggested space
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for 1 tonne/day capacity of TCM would thus be approximately 200 m?. Compared to other large scale composting processes,
this required space was considered to be smaller or at least equivalent. One study has reported that the required space for
composting is 529.25 m? per tonne of feedstock per day (1.45 m? per tonne of feedstock per year) (McDougall et al., 2001).
On the other hand, it has also been reported that the required space would be 202 m? per tonne of feedstock per day (if a
feedstock density of 300 kg/m?> was applied) (Tchobanoglous and Kreith, 2002). The scaling period of one year by applying
a step-by-step approach was considered to be a reasonable timeframe and strategy in terms of avoiding failure, allowing a
method of trial and error including adjustments of the separate collection system, and raising the capacity of the operators.

The most notable results of this combined LCA and CBA studies were that the home composting scenario (S3) was the
most favourable option to take in terms of both net GHG emissions and NPV among the six scenarios, and the least
favourable options were either landfilling (S1) in terms of net GHG emissions, or incineration (S2) in terms of NPV (Figure
6). These results were partly anticipated from similar studies in the past that showed home composting to be one of the best
options in terms of least environmental impacts and cost compared to other waste treatment methods (Andersen et al.,
2012; Lundie and Peters, 2005; Ray et al., 2020). From a practical point of view, however, expecting the majority of citizens
to perform home/communal composting like Kampung Takakura (S3) is not realistic. The TCM’s home composting basket
gained popularity in Surabaya City where the city government disseminated more than 19,000 units to households free of
charge. This was considered to be one of the success factors that contributed to achieving the 30% reduction of waste over
five years in Surabaya City (Maeda, 2009). However, Takakura pointed out that the result could not have been so successful
without social mechanisms that supported the home composting practices, including training and appointment of
environment cadres in each community; effective utilisation of existing social networks (e.g., women’s associations);
promotion of waste banks (communal junk shops); and city-wide competition on green & clean communities (Takakura,
2016). Kampung Takakura created a way to operate this kind of self-supporting system but a social supporting mechanism
is generally lacking in Bandung City and is expected to require a long time to institutionalise. Thus, taking a decentralised
or centralised approach was considered to be a more realistic composting option in the case of Bandung City.

The capital costs of infrastructure and equipment for the 200 tonnes/day centralised composting centre (S6) was estimated
to be IDR 30 billion (approx. USD 2.1 million) (JICA and Nishihara Shoji, 2016) which is a large amount. However, due
to scale merit, NPV of centralised composting centre and 1 tonne/day small scale decentralised composting centres (S4,
S5) became comparable at a similar range (Figure 5). Looking at the literature, it has been shown that composting at the
centralised plant was the most economically feasible option (Rahim et al., 2012), while another study showed that medium-
scale and lower large-scale composting is more financially feasible compared to a smaller and larger capacity
(Pandyaswargo and Premakumara, 2014). These results suggested that the cost-effective scale options for composting can
vary depending on how comparable conditions are set. In addition, there was minimal difference in NPV between the two
decentralised composting options of the static windrow (S4) and TCM (S5). This was considered to be due to exclusion of
land prices in the calculation as well as land availability. Considering the time required for the entire composting process,
the static windrow requires a larger space than TCM (in this study, it was estimated that the space needs to be four times
as large). This is not realistic in Bandung City which is densely populated and where land availability is limited. Therefore,
from a practical point of view, a combination of one or a few large centralised composting centres and several small
decentralised composting centres distributed throughout the city at strategic locations using TCM would be the most
realistic and cost-effective option for Bandung.

A comparison of two different system boundaries enabled a better understanding of the dynamics of GHG emissions and
NPV with or without compost application as a fertiliser. The expanded system boundary revealed higher emissions and
more costly compared to the core system boundary but the differences were limited (3.6% on net GHG emissions and
10.3% on NPV compared to the BAU scenario). The increase of net GHG emissions under the expanded system boundary
was partly expected as the emissions from transportation and use of compost are positive GHG emissions. However, while
the benefits gained from replacing mineral fertiliser with compost did not contribute much to the increase of NPV, they
were offset by the additional costs incurred by the transportation of compost and labour for gardening works. This suggested
that collaboration between the responsible departments on waste management and landscaping in terms of production and
use of compost can potentially further reduce net GHG emissions and minimise, if not increase, the reduction of the NPV.

This study applied different emission factors for composting on CH4 and NO to the static windrow (S4) and TCM (S3, S5,
S6). Several past studies have demonstrated that aeration of compost beds either by frequent turning, forced aeration, or
keeping the compost piles small as well as keeping the appropriate moist content, reduces CH4 emissions which are usually
yielded under anaerobic conditions (Fukumoto et al., 2003; He et al., 2000; Shen et al., 2011; Szanto et al., 2007). On the
other hand, N>O emissions are more complicated. Some studies revealed enhanced ventilation or reducing the pile size
reduced N,O emissions (Fukumoto et al., 2003; Hellebrand, 1998; Shen et al., 2011; Szanto et al., 2007) while other studies
showed an increase in N,O emissions possibly by ammonia oxidization (Ahn et al., 2011; Jiang et al., 2011; Zhu-Barker et
al., 2017). To avoid complications, this study used the emission factors of CH4 and N,O identified from a controlled
laboratory experiment of food waste composting under different temperatures and aeration conditions (Ermolaev et al.,
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2015). Results from high temperature and aerated conditions (67°C, O, concentration 16%) were used for TCM, and low
temperature and limited aeration conditions (55°C, O concentration 1%) were used for static windrow. As a result, there
was a major difference in gross emissions between S4 and S5 (44.9%) but this was reduced to 4.2% by net emissions due
to a large amount of avoided emissions from the landfilling and transportation compared to the BAU scenario (Figure 4).
This suggested that the advantage of active aeration in terms of reducing GHG emissions may be minimised if the other
avoided emissions are large.

Bandung City is composed of 30 sub-districts (kecamatan) and 151 administrative villages (kelurahan). Assuming that one
large centralised composting centre (200 tonnes/day capacity by TCM) will be developed on the outskirts of the city and
that each sub-district will be equipped with one small decentralised composting centre (1 tonne/day capacity by TCM),
then a total of 230 tonnes/day of food waste can be processed. This corresponds to 20.9% of the baseline amount of waste
dumped in landfills from Bandung City in 2017 (1,101.19 tonne/day) (Bandung City Government, 2019a). By applying
the results of this study, the potential impact of GHG reduction would be 132 tCO»-eq/day and NPV would be IDR
16,015,635/day (USD 1,144 /day) of benefits. Based on this assumption, centralised and decentralised composting centres
using TCM can make a massive contribution to the achievement of the 30% waste reduction target by 2025 in the
Jakstranas/Jakstada.

Conclusion

A comparative study of combined LCA and CBA between six municipal solid waste treatment scenarios to treat 1 tonne of
food waste revealed that home composting was suggested to be the most favourable option while the least favourable
options were either landfilling that showed the highest GHG emissions or incineration that showed the lowest NPV. As the
home composting was not considered to be a realistic option for wide application, a combination of one large centralised
composting centre and a small decentralised composting centre in each sub-district was suggested in the case of Bandung
City. This study proved that TCM can potentially contribute to the reduction of GHG emissions and would be a cost-
effective tool for municipal solid waste management.

Compliance with Ethical Standards

Conflict of interest: The authors declare that they have no conflict of interest.

19



718
719

720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755

References
Abduli, M.A., Naghib, A., Yonesi, M., Akbari, A., 2011. Life cycle assessment ( LCA ) of solid waste management

strategies in Tehran : landfill and composting plus landfill. Environ. Monit. Assess. 178, 487—498.

Adekayode, F., Ogunkoya, M., 2011. Comparative effects of organic compost and NPK fertilizer on soil fertility, yield
and quality of amaranth in southwest Nigeria. Int. J. Biol. Chem. Sci. 5, 490—499.

Agunan, P.S., 2019. Management of Waste Treatment as an Alternative Energy Source and its Fiscal Support Agunan,.
Inf. Manag. Bus. Rev. 11, 1-12.

Ahn, H.K., Mulbry, W., White, J.W., Kondrad, S.L., 2011. Pile mixing increases greenhouse gas emissions during
composting of dairy manure. Bioresour. Technol. 102, 2904-2909.

Amlinger, F., Peyr, S., 2008. Green house gas emissions from composting and mechanical biological treatment.

Andersen, J.K., Boldrin, A., Christensen, T.H., Scheutz, C., 2012. Home composting as an alternative treatment option
for organic household waste in Denmark : An environmental assessment using life cycle assessment-modelling.
Waste Manag. 32, 31-40.

Anggoro, B., Aprilian, A., Halimi, B., 2017. Potency of Waste to Energy - Bandung City Case Study. In: International
Conference on High Voltage Engineering and Power System. Bali, Indonesia, pp. 135-139.

Bandung City Government, 2018. Regional Policies and Strategies in the Management of Household Waste and Types of
Household Waste.

Bandung City Government, 2019a. Regional Medium Term Development Plan of Bandug City 2018-2023.

Bandung City Government, 2019b. Waste Management Action Plan of Bandung City 2019-2023.

Biala, J., 2011. Short report: The benefits of using compost for mitigating climate change.

Bogner, J., Ahmed, M.A., Diaz, C., Faaij, A., Gao, Q., Hashimoto, S., Mareckova, K., Pipatti, R., Zhang, T., 2007. Waste
Management, In Climate Change 2007: Mitigation. Contribution of Working Group III to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New York, NY,
USA.

Boldrin, A., Andersen, J.K., Meller, J., Christensen, T.H., Favoino, E., 2009. Composting and compost utilization:
accounting of greenhouse gases and global warming contributions.

Bong, C.P., Kar, R., Goh, Y., Lim, J., Shin, W., Lee, C., Hashim, H., Naha, N., Mansor, A., Siong, C., Rahim, A.,
Takeshi, F., 2017. Towards low carbon society in Iskandar Malaysia : Implementation and feasibility of community
organic waste composting. J. Environ. Manage. 203, 679-687.

Bong, C.P.C., Goh, RK.Y., Lim, J.S., Ho, W.S., Lee, C.T., Hashim, H., Abu Mansor, N.N., Ho, C.S., Ramli, A.R.,
Takeshi, F., 2017. Towards low carbon society in Iskandar Malaysia: Implementation and feasibility of community
organic waste composting. J. Environ. Manage. 203, 679-687.

Cadena, E., Colon, J., Artola, A., Sanchez, A., Font, X., 2009. Environmental impact of two aerobic composting
technologies using life cycle assessment. Int. J. Life Cycle Assess. 14, 401-410.

Calleja-amador, C., Romero-esquivel, L.G., 2018. Food Waste Recovery with Takakura Portable Compost Boxes in
Offices and Working Places. Resources 7.

Chen, D., Christensen, T.H., 2010. Life-cycle assessment (EASEWASTE) of two municipal solid waste incineration
technologies in China. Waste Manag. Res. 28, 508-519.

20



756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793

Colon, J., Martinez-Blanco, J., Gabarrell, X., Artola, A., Sanchez, A., Rieradevall, J., Font, X., 2010. Environmental
assessment of home composting. Resour. Conserv. Recycl. 54, 893-904.

Crawley, G.M., 2013. The World Scientific Handbook of Energy. World Scientific Publishing.

Dahlquist, R.M., Prather, T.S., Stapleton, J.J., 2007. Time and Temperature Requirements for Weed Seed Thermal
Death. Weed Sci. 55, 619-625.

Emalya, N., Munawar, E., Rinaldi, W., Yunardi, Y., 2020. Landfill Leachate Management in Indonesia : A Review
Landfill. IOP Conf. Ser. Mater. Sci. Eng. 845.

Ermolaev, E., Jarvis, A., Sundberg, C., Smars, S., Pell, M., Jonsson, H., 2015. Nitrous oxide and methane emissions from
food waste composting at different temperatures. Waste Manag. 46, 113-119.

Finnveden, G., Moberg, A., 2005. Environmental systems analysis tools - An overview. J. Clean. Prod. 13, 1165-1173.

Forster, P., Ramaswamy, V., P. Artaxo, T.B., Betts, R., Fahey, D.W., Haywood, J., Lean, J., Lowe, D.C., Myhre, G.,
Nganga, J., Prinn, R., Raga, G., Schulz, M., Dorland, R. Van, 2007. Changes in Atmospheric Constituents and in
Radiative Forcing. In: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Avery, K.B., Tignor, M., Miller,
H.L. (Eds.), Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.

Fukumoto, Y., Osada, T., Hanajima, D., Haga, K., 2003. Patterns and quantities of NH3, N20 and CH4 emissions during
swine manure composting without forced aeration - Effect of compost pile scale. Bioresour. Technol. 89, 109—114.

Gentil, E., Christensen, T.H., Aoustin, E., 2009. Greenhouse gas accounting and waste management. Waste Manag. Res.
27, 696-706.

Government of Indonesia, 2018. Presidential Regulation No. 35/2018 concerning the Acceleration of the Construction of
Waste Processing Installations into Electrical Energy Based on Environment-Friendly Technology.

He, Y., Inamori, Y., Mizuochi, M., Kong, H., Iwami, N., Sun, T., 2000. Measurements of N20O and CH4 from the aerated
composting of food waste. Sci. Total Environ. 254, 65-74.

Hellebrand, H.J., 1998. Emission of nitrous oxide and other trace gases during composting of grass and green waste. J.
Agric. Eng. Res. 69, 365-375.

Hibino, K., Takakura, K., Febriansyah, Nugroho, S.B., Nakano, R., Ismaria, R., Hartati, T., Zusman, E., Fujino, J., 2020.
Operation Manual for Small-to-Medium Scale Compost Centres Using the Takakura Composting Method.

Hoogmartens, R., Van Passel, S., Van Acker, K., Dubois, M., 2014. Bridging the gap between LCA, LCC and CBA as
sustainability assessment tools. Environ. Impact Assess. Rev. 48, 27-33.

Institute for Global Environmental Strategies, 2020. List of Grid Emission Factors version 10.8. [WWW Document].
URL https://www.iges.or.jp/en/pub/list-grid-emission-factor/en

International Organisation for Standardisation, 2006. ISO 14040: 2006 (en) Environmental management — Life cycle
assessment — Principles and framework [WWW Document]. URL
https://www.iso.org/obp/ui/#iso:std:is0:14040:ed-2:v1:en

IPCC, 2006. IPCC guidelines for national greenhouse gas inventories.

IPCC, 2014. Climate Change 2014: Synthesis Report. Geneva, Switzerland.

Jara-Samaniego, J., P?erez-Murcia, M.D., Bustamante, M.A., Perez-Espinosa, A., Paredes, C., M.Lopez, Lopez-Lluch,

21



794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831

D.B., Gavilanes-Teran, 1., Moral, R., 2017. Composting as sustainable strategy for municipal solid waste
management in the Chimborazo Region , Ecuador : Suitability of the obtained composts for seedling production. J.
Clean. Prod. J. 141, 1349-1358.

Jeswani, H.K., Azapagic, A., Schepelmann, P., Ritthoff, M., 2010. Options for broadening and deepening the LCA
approaches. J. Clean. Prod. 18, 120-127.

Jiang, T., Schuchardt, F., Li, G., Guo, R., Zhao, Y., 2011. Effect of C/N ratio, aeration rate and moisture content on
ammonia and greenhouse gas emission during the composting 23, 1754-1760.

JICA, Nishihara Shoji, 2016. Report on Verification Survey on Intermediate Waste Recycling and Composting Facility
in Surabaya City, Indonesia (in Japanese).

Kamuk, B., Haukohl, J., 2013. Report ISWA Guidelines: Waste to Energy in Low and Middle Incomme Countries. Vie
enna Austria.

Kurniawan, T.A., Puppim de Oliveira, J.A., 2014. Technology Adaptation and Assimilation of Takakura for Promoting
Environmental Protection in Surabaya (Indonesia) Through City Level Cooperation. In: Vazquez-Brust, D.A.,
Sarkis, J., Cordeiro, james J. (Eds.), Collaboration for Sustainability and Innovation: A Role for Sustainability
Driven by the Global South? Springer Science+Business Media Dordrecht, pp. 177-191.

Lam, C., Yu, LK.M., Medel, F., Tsang, D.C.W., Hsu, S., 2018. Life-cycle cost-bene fit analysis on sustainable food
waste management : The case of Hong Kong International Airport. J. Clean. Prod. 187, 751-762.

Lim, LY., Lee, C.T., Bong, C.P.C., Lim, J.S., Klemes, J.J., 2019. Environmental and economic feasibility of an
integrated community composting plant and organic farm in Malaysia. J. Environ. Manage. 244, 431-439.

Lundie, S., Peters, G.M., 2005. Life cycle assessment of food waste management options. J. Clean. Prod. 13, 275-286.

Maeda, T., 2009. Reducing waste through the promotion of composting and active involvement of various stakeholders :
Replicating Surabaya’s solid waste management model. IGES Policy Br. 9, 1-12.

Martinez-blanco, J., Lazcano, C., Boldrin, A., Mufioz, P., Rieradevall, J., Mgller, J., Anton, A., Christensen, T.H., 2013.
Assessing the Environmental Bene fi ts of Compost Use-on-Land through an LCA Perspective. In: Lichtfouse, E.
(Ed.), Sustainable Agriculture Reviews, Sustainable Agriculture Reviews. Springer Science+Business Media
Dordrecht, pp. 255-318.

Martinez-Blanco, J., Munoz, P., Anton, A., Rieradevall, J., 2009. Life cycle assessment of the use of compost from
municipal organic waste for fertilization of tomato crops. Resour. Conserv. Recycl. 53, 340-351.

McDougall, F.R., White, P.R., Franke, M., Hindle, P., 2001. Integrated Solid Waste Management: a Life Cycle
Inventory, Second Edition.

Mu, D., Horowitz, N., Casey, M., Jones, K., 2016. Environmental and economic analysis of an in-vessel food waste
composting system at Kean University in the U.S. Waste Manag.

Noble, R., Roberts, S.J., 2004. Eradication of plant pathogens and nematodes during composting: A review. Plant Pathol.
53, 548-568.

Nuzir, F.A., Hayashi, S., Takakura, K., 2019. Takakura Composting Method (TCM) as an Appropriate Environmental
Technology for Urban Waste Management. Int. J. Build. Urban, Inter. Landsc. Technol. 13, 67-82.

Oldfield, T.L., Sikirica, N., Mondini, C., Guadalupe, L., Kuikman, P.J., Holden, N.M., 2018. Biochar , compost and

biochar-compost blend as options to recover nutrients and sequester carbon. J. Environ. Manage. 218, 465¢476

22



832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869

Contents.

Pandyaswargo, A.H., Premakumara, D.G.J., 2014. Financial sustainability of modern composting : the economically
optimal scale for municipal waste composting plant in developing. Int. J. Recycl. Org. Waste Agric. 3.

Prihandrijanti, M., Malisie, A., Otterpohl, R., 2008. Cost — Benefit Analysis for Centralized and Decentralized
Wastewater Treatment System (Case Study in Surabaya-Indonesia ). In: .A., B., R., O., C., W. (Eds.), Efficient
Management of Wastewater. Springer-Verlag Berlin Heidelberg, pp. 259-268.

Rahim, .R., Nakayama, H., Shimaoka, T., 2012. Cost Analysis of Municipal Solid Waste Management in Major
Indonesian Cities. J. Japan Soc. Civ. Eng. Ser. G (Environmental Res. 68, II_79-II 88.

Ray, H., Qu, X, El, A., 2020. Towards a better environment - the municipal organic waste management in Brisbane:
Environmental life cycle and cost perspective. J. Clean. Prod. 258, 120756.

Saer, A., Lansing, S., Davitt, N.H., Graves, R.E., 2013. Life cycle assessment of a food waste composting system:
environmental impact hotspots. J. Clean. Prod. 52, 234-244

Sanchez, A., Artola, A., Font, X., Gea, T., Barrena, R., Gabriel, D., Sanchez-Monedero, M.A., Roig, A., Cayuela, M.L.,
Mondini, C., 2015. Greenhouse Gas from Organic Waste Composting: Emissions and Measurement. In:
Lichtfouse, E., Schwarzbauer, J., Robert, D. (Eds.), CO2 Sequestration, Biofuels and Depollution. Springer
International Publishing, pp. 33-70.

Seng, B., Hirayama, K., Katayama-hirayama, K., Ochiai, S., Kaneko, H., 2013. Scenario analysis of the bene fi t of
municipal organic-waste composting over land fi Il , Cambodia 114, 216-224.

Shen, Y., Ren, L., Li, G., Chen, T., Guo, R., 2011. Influence of aeration on CH4, N20 and NH3 emissions during aerobic
composting of a chicken manure and high C/N waste mixture. Waste Manag. 31, 33-38.

Sparrevik, M., Lindhjem, H., Andria, V., Fet, A.M., Cornelissen, G., 2014. Environmental and socioeconomic impacts of
utilizing waste for biochar in rural areas in indonesia-a systems perspective. Environ. Sci. Technol. 48, 4664—4671.

Sutra, N., Asih, R., Soemitro, A., Warnana, D.D., Mukunoki, T., Ekaputri, J.J., Arsyadi, A.Q., Yadi, K., 2020. The
impact of open dumping method in Ngipik landfill investigated with electrocal resistivity tomography (ERT) and
low-frequency electromagnetic (VLF-EM) 19, 116-125.

Szanto, G.L., Hamelers, H.V.M., Rulkens, W.H., Veeken, A.H.M., 2007. NH3, N20 and CH4 emissions during
passively aerated composting of straw-rich pig manure. Bioresour. Technol. 98, 2659-2670.

Takakura, K., 2016. Research on Technical Transfer of Takakura Composting Method Through International Technical
Cooperation. Kyushu Institute of Technology.

Tchobanoglous, G., Kreith, F., 2002. Handbook of solid waste management, Second Edi. ed, McGraw-Hill. The
McGraw-Hill Companies, Inc.

The World Bank Group, 2018. Municipal Solid Waste Management: a roadmap for reform for policy makers.

Thomas, A.R., Arulraj, P.R., Kranert, M., Philip, L., 2020. Investigation on greenhouse gas emissions and compost
dynamics during in-vessel co-composting of septage and mixed organic wastes. Int. J. Environ. Sci. Technol. 17,
1675-1690.

Thomas, V., Chindarkar, N., 2019. The Picture from Cost-benefit Analysis. In: Economic Evaluation of Sustainable
Development. Springer Nature, pp. 63-94.

UNEP, 2017. Summary Report: Waste Management in ASEAN Countries.

23



870
871
872
873
874
875
876
877
878
879
880
881

882

883
884

Yadav, P., Samadder, S.R., 2018. A critical review of the life cycle assessment studies on solid waste management in
Asian countries. J. Clean. Prod. 185, 492-515.

Yang, N., Zhang, H., Chen, M., Shao, L., He, P., 2012a. Greenhouse gas emissions from MSW incineration in China :
Impacts of waste characteristics and energy recovery. Waste Manag. 32, 2552-2560.

Yang, N., Zhang, H., Chen, M., Shao, L.M., He, P.J., 2012b. Greenhouse gas emissions from MSW incineration in
China: Impacts of waste characteristics and energy recovery. Waste Manag. 32, 2552-2560.

You, S., Tong, H., Armin-hoiland, J., Wah, Y., Wang, C., 2017. Techno-economic and greenhouse gas savings
assessment of decentralized biomass gasi fi cation for electrifying the rural areas of Indonesia. Appl. Energy 208,
495-510.

Zhong, J., Wei, Y., Wan, H., Wu, Y., Zheng, J., Han, S., Zheng, B., 2013. Greenhouse gas emission from the total
process of swine manure composting and land application of compost. Atmos. Environ. 81, 348-355.

Zhu-Barker, X., Bailey, S.K., Paw U, K.T., Burger, M., Horwath, W.R., 2017. Greenhouse gas emissions from green

waste composting windrow. Waste Manag. 59, 70-79.

24



	srt permintaan.pdf (p.1-2)
	bukti komunikasi 2.pdf (p.3)
	Reviewers.comments.pdf (p.4)

