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Abstract: Short-lived climate pollutants (SLCPs) and municipal solid wastes (MSWs) have been found
to be viable sources of clean energy. This study integrates the Intergovernmental Panel on Climate
Change (IPCC) guidelines for methane flow rate estimation in the software Long-Range Energy
Alternatives Planning-Integrated Benefit Calculator (LEAP-IBC) system to estimate and project the
methane emissions coming from the waste generated by Metro Manila, disposed in sanitary landfills.
It aims to analyze the environmental impacts of the emissions coming from the non-energy sector
using the IBC feature of LEAP and by developing two scenarios with 2010 and 2050 as the base
and end years: the baseline and methane recovery scenario, where the latter represents the solid
waste management undertaken to counter the emissions. Under the baseline, 97.30 million metric
tonnes of methane emissions are expected to be produced and are predicted to continuously increase.
In the same scenario, the cities of Quezon, Manila, and Caloocan account for the biggest methane
emissions. On the other hand, in the methane recovery scenario, the methane emissions are expected
to have a decline of 36% from 127.036 to 81.303 million metric tonnes by 2025, 52% from 135.358 to
64.972 million metric tonnes by 2030, and 54% from 150.554 to 69.254 million metric tonnes by 2040.
For the 40-year projection of the study under the 100-year global warming potential analysis, a total
of 10,249 million metric tonnes of CO2 equivalent is avoided in the methane recovery compared
to the BAU, and a maximum of 0.019 °C temperature increase can also be avoided. Moreover,
electricity costs without LFG technology increase from 2.21 trillion to 8.75 trillion, while costs with
LFG technology also rise but remain consistently lower, ranging from 2.20 trillion to 8.74 trillion. This
consistent reduction in electricity costs underscores the long-term value and importance of adopting
LFG technology, even as its relative savings impact diminishes over time. Finally, the fixed effects and
random effects panel data regression analysis reinforces and asserts that the solid waste management
is really improved by means of the methane recovery technology, leading the methane emissions
to decrease.

Keywords: solid waste; solid waste management; methane recovery; methane emissions; LEAP-
IBC software

1. Introduction

Solid waste management remains a persistent global issue, and the situation in the Philip-
pines exemplifies the challenges and opportunities in addressing it. Between 2012 and 2016,
the Philippines saw an increase in daily waste generation from 37,427 tons to 40,087.45 tons,
or about 0.40 kg per person per day. This situation is most acute in the densely populated
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and economically active National Capital Region (NCR), which produces the largest vol-
ume of waste. Moreover, the issue of solid waste is linked with climate change, particularly
through the emission of methane, a potent greenhouse gas (GHG). Methane emissions, 60%
of which are anthropogenic, contribute significantly to global warming [1]. Methane is a
greenhouse gas (GHG) that is 25 times more potent than carbon dioxide [2], making its
capture and recovery from landfill gas (LFG) crucial in preventing unexpected combustions
in landfills. Such combustions can produce more methane and exacerbate global warming
when methane escapes into the atmosphere. The Philippines aims to reduce short-lived
climate pollutants (SLCPs) from the municipal solid waste sector by 2025, 2030, and 2040 [3],
as seen in its two of the seven main strategies that focus on reducing methane emissions
by preventing further methane generation and treating existing methane at disposal sites.
The targets for these strategies were validated using the Emission Quantification Tool
(EQT) based on a January 2018 cost–benefit analysis (CBA) study. In the Philippines, key
sectors such as agriculture, coal mining, and municipal solid waste management account
for 18% of the country’s methane emissions, approximately 7.1 MMTCO2e [4]. The adverse
effects of methane on both the climate and human health, due to its transformation in
the troposphere, motivate the need for concerted efforts to mitigate these emissions [5].
In 2005, human activities such as agriculture, fossil fuel production, and waste manage-
ment were the source of 93% of methane emissions globally and projections indicate a
potential increase of 25% in anthropogenic methane emissions by 2030 if no mitigation
strategies are implemented, highlighting the critical need for action [6]. In the context of
waste management, the evolution of landfills from mere waste disposal sites to facilities
with significant pollution potential has led to stricter regulations. These include criteria
for the strategic location, preparation, and maintenance of landfills to prevent adverse
environmental impacts and safety hazards. A 2014 study by the National Solid Waste
Management Council (NSWMC) on sanitary landfill facilities (SLFs) in the Philippines
highlighted the rapidly changing landscape of landfill operations and the importance of
implementing waste management mitigation options sooner rather than later, particularly
in anticipation of 2020, which was projected to have the highest number of operational SLFs.
The development and implementation of sound policies by Philippine government units,
informed by comprehensive economic and financial analyses, is crucial for the effective
management of solid waste and mitigation of methane emissions, addressing not only
environmental and health concerns but also contributing to the sustainable development of
the country [1,4–6].

Several studies have effectively harnessed the Long-Range Energy Alternatives Plan-
ning (LEAP) system for robust energy planning, employing scenario analysis and energy
projection planning to chart pathways toward sustainable energy futures. One of them
is the work by Ref. [7], which leveraged LEAP for energy planning processes in the West
Java region towards alternative and renewable energy sources. In a similar vein, Ref. [8]
quantified energy demands while evaluating the environmental and socio-economic im-
pacts of renewable energy adoption in Zhangjiakou, offering a forward-looking projection
of energy consumption and associated GHG emissions across various sectors for the
2016–2050 period. The insights revealed the tangible benefits of renewable energy, no-
tably in GHG mitigation, job creation, and cost efficiencies compared with traditional
energy systems. The integration of sustainable energy planning with economic insights,
as introduced by Ref. [9], emphasizes a strategic approach aimed at minimizing energy
consumption while optimizing economic outcomes. This perspective aligns with the en-
deavors of Ref. [10], who utilized LEAP for comprehensive scenario analyses targeting the
electricity sector in Bangladesh from 2022 to 2041, with an eye on navigating and surmount-
ing emerging power challenges. The research conducted in Korea by Ref. [11] presents a
case study in employing LEAP to evaluate the economic and environmental implications of
adopting landfill gas (LFG) methods for electricity generation, revealing a potential reduc-
tion in the global warming potential by 75% through the expanded use of LFG compared
to conventional methane release practices. The critical role of municipal solid waste (MSW)
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as a significant methane emission source, and its potential for mitigation through energy
recovery, was studied by Ref. [12], with subsequent studies like that of Ref. [13] using LEAP
to envision scenarios that capitalize on renewable energy sources, including MSW, thus
showcasing an anticipated annual growth rate of 39% due to the increasing volume of
solid wastes. In Ghana, the work by Ref. [14] presents a forward-thinking application of
LEAP in modeling energy production, consumption, and resource extraction processes,
aiming at a strategic replacement of fossil fuels with biomass-based alternatives and energy
generation from MSW through landfill gas capture technologies. This endeavor anticipates
renewable sources contributing 10% to the total electricity generation capacity. The integra-
tion of the IPCC model for methane flow rate estimation with LEAP, as demonstrated by
Ref. [15] in Tehran, highlights the development of two pivotal scenarios: business-as-usual
(BAU) and Sustainable-Waste-Management (SWM), highlighting the cost implications and
environmental benefits of LFG plants and advocating for their strategic role in reducing
environmental concerns under the SWM scenario. The cost-effectiveness of landfilling,
especially in converting poorly managed dumpsites into effective LFG recovery projects,
was emphasized by Ref. [16], pointing to a pathway for reducing GHG emissions from
landfills and aligning with the highest standards of waste management. Given methane’s
pronounced global warming potential relative to biogenic carbon dioxide, this paper cen-
ters on leveraging the methane content in waste for energy generation. This emphasis
is crucial, particularly in assessing and strategizing mitigation efforts within a methane
recovery scenario in the Philippines, as articulated by Ref. [17]. As a developing nation, it
is imperative for the Philippines to judiciously allocate its budgets to maximize the benefits
and minimize risks associated with methane recovery initiatives. This entails a thorough
cost–benefit analysis to identify viable solutions and alternatives, factoring in essential
assumptions and potential risk scenarios.

In this paper, a comprehensive framework is proposed to model effective govern-
ment strategies for addressing climate change through the implementation of landfill gas
technology and modernizing waste management practices. The framework emphasizes
the recovery of valuable materials such as papers, plastics, and rubbers as opposed to
traditional disposal methods. The main goal is to evaluate the environmental and economic
impacts of targeted waste management and to estimate methane emissions from landfills
using the Intergovernmental Panel on Climate Change (IPCC) methane estimation method-
ology in conjunction with LEAP-IBC Software version: 2020.0.12. Additionally, the paper
assesses the methane recovery policy for key short-lived climate pollutants (SLCPs) and
compares the costs of mitigation options with those of the business-as-usual scenario.
Specifically, the study aims to achieve the following:

1. Gather historical data on the MSW disposed of in landfills.
2. Calculate the degradable organic carbon (DOC) content in the landfills.
3. Calculate methane emissions from the SLF data.
4. Build the methane recovery scenario in LEAP-IBC.
5. Calculate the methane emissions of Metro Manila cities using LEAP-IBC in the

baseline scenario.
6. Calculate the methane recovered using SLCP’s rate of methane capture.
7. Calculate the projected methane emissions of Metro Manila using LEAP-IBC by inputting

the historical values, rates, constants, and solving for the relevant equations/formulas.
8. Analyze Long-Range Energy Alternatives Planning–Integrated Benefits Calculator (LEAP-

IBC) output and evaluate its implications on health, the economy, and the environment.

The study used LEAP-IBC software to project significant data on Metro Manila’s
total waste generated and methane emissions and analyzed data from LEAP-IBC using
Stata 15 by building a panel dataset for the 17 cities in Metro Manila from 2010 to 2050.
Then, it examined the economic implications through a cost–benefit analysis, identifying
estimated costs and benefits, calculating the net present value (NPV) and benefit–cost ratio,
and performing a sensitivity analysis to see how the NPV is affected by changes in parame-
ters such as discount rate, waste-to-energy transformation efficiency rate, and recycling rate.
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This paper provides a reference for understanding how methane emissions from landfills
affect the environment and focuses solely on methane emissions from disposed municipal
solid waste in Metro Manila, using 2010 as the base year. In generating data and results in
LEAP-IBC, the researchers used variables and constants from the 2006 IPCC guidelines for
methane estimation: the oxidation factor was set to 0, the fraction of methane in landfill
gas was set to 50%, and the fraction of DOC dissimilated was also set to 50%. Additionally,
the researchers assumed that the SLFs used by Metro Manila were categorized as semi-
aerobic managed solid waste disposal sites, which involve controlled waste placement
and include structures to introduce air to the waste layer: (i) a permeable cover material;
(ii) a leachate drainage system; (iii) regulating pondage; and (iv) a gas ventilation system
(IPCC 2006 Guidelines for National Greenhouse Gas Inventories). Thus, a methane cor-
rection factor of 0.5 was used, as stated in Volume 5 (Waste) of the 2006 IPCC guidelines.
In estimating the overall methane emissions of Metro Manila, the researchers used an
MSW generation rate of 0.69 kg/capita/day, the average rate in Metro Manila according
to the NSWMC in 2016, and the total population of Metro Manila in 2020 provided by the
Philippine Statistical Authority.

However, for the estimation of methane emissions of each city, their respective pop-
ulations and MSW generation rate per capita were used. The researchers also set the
fraction of MSW disposed in landfills to 54.81% as, according to the Metropolitan Manila
Development Authority (MMDA), 45.19% of MSW in the metro is not disposed properly
and does not end up in the SLFs. The DOC fraction, although it has a default value of 18%
for developing countries in the IPCC guidelines, was manually calculated in this study
and was found to be 15.83%, which is only applicable for Metro Manila. The researchers
set the amount of methane recovered to zero in the baseline scenario and used DENR’s
targets for methane capture for the years 2025 (36%), 2030 (52%), and 2040 (54%) in the
methane recovery scenario. Developed countries can expect data on a large collection
of available information, while some developing countries have to construct data from
scratch [18]. With this, in conducting the cost–benefit analysis of this paper, the capital
costs and operating & maintenance costs are computed from scratch using the guidelines
of CCC/USAID-B-LEADERS in 2018, and the 2003 reference from Department of Envi-
ronment and Natural Resources–Environmental Management Bureau (DENR-EMB) was
used to establish the collection, transportation, and segregation costs in the model. Benefits
like recyclables revenue and electricity savings were computed by the researchers, using
market prices from the year 2010. The environmental impact was computed by assuming a
2.87mtCO2e/ton of waste recycled avoided emissions from landfilling [19], while the health
and employment impact were directly transferred from the CCC/USAID-B-LEADERS
study in 2018 into the model. The panel dataset used for analysis in Stata 15 only contains
the variables methane emissions, population, GDP per capita, and life expectancy, wherein
the methane emissions, population, and GDP per capita were all taken from the LEAP-IBC
results of the study and the variable life expectancy specific to the Philippines was taken
from the World Bank.

The study is valuable as it provides a comprehensive dataset that can be utilized for
future research on modeling, forecasting, analysis, and case studies related to reducing
municipal solid waste emissions. The use of LEAP-IBC allows for the easy calculation
and forecasting of methane emissions. Moreover, alternative scenarios, such as methane
recovery, can be assessed through the Integrated Benefits Calculator. This approach presents
a new way to address climate change mitigation in the area of methane emissions, providing
a valuable reference for future research and studies. In-depth studies on the composition,
generation, and emissions of MSW are crucial for creating sustainable waste management
plans, not only for environmental and health protection but also for economic purposes.
Local government units (LGUs) play a key role in selecting facilities such as the type
of technology to employ and how to utilize public funds for solid waste management.
The detailed cost–benefit analysis conducted in this study, which is available for editing
and adjustments, would be highly beneficial for LGUs in their budget proposals regarding
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solid waste management, enabling them to determine the economic viability of proposed
technologies. Additionally, there is a notable lack of studies addressing methane recovery
scenarios and scenario modeling for landfill gas technology in the context of the Philippines.
This study can serve as a foundational resource for the private sector interested in exploring
waste-to-energy technology and developing projects that address the issue of municipal
solid waste while also being economically advantageous. This is especially relevant, as
some landfills in the country are managed by the private sector, presenting an opportunity
for mutually beneficial solutions.

2. Materials and Methods
2.1. Study Area

The research is centered on the National Capital Region of the Philippines, home
to approximately 12.9 million people. On a daily basis, the region generates around
9500 tons (9.5 million kg) of municipal solid waste (MSW). Effective waste management
is essential to address global warming, economic challenges, and energy supply issues in
this densely populated metropolitan area. The study employed a scenario-based analysis
and modeling with LEAP-IBC to project the total waste generated, methane emissions,
and global warming potential under both baseline and methane recovery scenarios, while
conducting a fixed effects panel regression analysis in Stata 15 for policy evaluation and
economic analysis. The focus of the study was specifically on the MSW from residents of
Metro Manila, recognizing the varied waste generation rates and composition across the
Philippines, which make a unified waste management model challenging. Methane recov-
ery strategies may not be feasible for certain regions due to insufficient waste generation.
With 25% of the Philippines’ total waste being produced in Metro Manila, which has the
highest waste generation rate (0.69 kg/capita/day) and limited space for composting, it
serves as a fitting case study. The primary statistical treatment involved the time series
analysis feature of LEAP-IBC. Following data input and parameterization for each sce-
nario, LEAP-IBC calculated the results and forecasted future values through interpolation,
generating charts and bar graphs. Additionally, the Integrated Benefits Calculator, a new
feature of LEAP, integrates macroeconomics, demographics, and pollutant emissions data,
assisting policymakers in evaluating scenarios in terms of benefits and impacts. Economic
and health aspects were addressed using fixed effects and random effects panel regression
analyses in Stata. By focusing on Metro Manila, the study aims to provide an in-depth
assessment of methane recovery from SLFs for electricity generation, shedding light on
the environmental, economic, and health impacts of various waste management scenarios.
The findings from this study have the potential to influence policy-making processes, advo-
cating for climate change mitigation and the effective utilization of landfill gas technology
in urban environments.

2.2. The LEAP Model

The LEAP-IBC tool, developed by the Stockholm Environment Institute [20], is a
valuable resource for modeling climate change mitigation and assessing energy policy.
It employs a scenario-based approach that is widely utilized by many countries in their
UNFCCC reports and serves as a foundation for their INDCs. This software offers a
comprehensive energy system framework, encompassing both demand- and supply-side
technologies and their associated system impacts. In this study, a default LEAP file structure
developed for the Philippines was utilized and adapted to accommodate the specific
energy modeling approaches of the country. The initial step in building the LEAP-IBC
model involved the input of demographic and macroeconomic data sourced from the
Philippine Statistical Authority (PSA) while parameters such as population and GDP,
crucial for social and macroeconomic analysis, were organized under current accounts,
with values based on the year 2010, serving as the baseline for this study. To incorporate a
methane recovery scenario, waste-to-energy (WTE) plants were integrated into the demand
sector, covering various technologies with specific effects like carbon dioxide and carbon
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monoxide. To calculate methane emissions from sanitary landfills in the non-energy branch,
the default method (Tier 1) outlined in the IPCC guidelines was adopted [21], employing a
mass balance calculation to estimate the emitted methane from the solid waste disposal
site, assuming that all emitted methane is released in the same year that waste is disposed.
The methane emissions from solid waste disposal sites were calculated using the specific
equation provided in the default method:

CH4 Emissions = MSW × MCF × DOC × DOC_F × F × 16
12

× (1 − R)× (1 − OX)
(1)

where MSW represents the total mass of solid waste generated annually in gigagrams
(Gg/year), MCF is the methane correction factor (a fraction), DOC denotes the degradable
organic carbon content in solid waste (a fraction, measured in kg C/kg SW), DOCF stands
for the fraction of DOC that is dissimilated, F is the fraction of methane in landfill gas
(defaulted to 0.5 by IPCC), 16/12 is the conversion factor of carbon to methane, R indicates
the methane recovery rate from solid waste disposal sites in gigagrams per year (Gg/yr),
and OX is the oxidation factor (defaulted to 0 by IPCC). Each parameter plays a crucial role
in estimating methane emissions from landfills.

Most of the values for these variables can be obtained from the IPCC guidelines and
from the data provided by NSWMC. As for the DOC content of waste, waste character-
ization and composition are needed. The equation used to obtain the DOC is given by

DOC (%) =(DOCFW × PFW) + (DOCG × PG) + (DOCP × PP)

+ . . . + (DOCW × PW) + (DOCT × PT) + (DOCN × PN)
(2)

where DOC is the degradable organic carbon of FW (food waste), G (garden waste), P
(paper), W (wood), T (textile), and N (nappies/diapers). The P, placed before the acronym of
the type of waste, is the percent of FW (food waste), G (garden waste), P (paper), W (wood),
T (textile), and N (nappies/diapers). The DOC content was manually calculated after the
municipal solid waste from each city was characterized and tabulated. The data for the
waste characterization, population size, and waste generation rate were derived from the
10-year Solid Waste Management Plans (2015–2024) submitted by the local government
units of the National Capital Region to the DENR-NSWMC.

2.3. Scenario Formulation

The initial scenario, the BAU scenario, was developed using current accounts data that
include detailed simulations of demand growth based on population and economic activity
increases from 2010 to 2050. In this scenario, researchers indicate that no methane emissions
are captured, reflecting the conventional practice of landfilling. For a more comprehensive
analysis, a baseline scenario was created for each of the 17 cities in NCR in LEAP-IBC,
incorporating varying population sizes and waste generation rates and a second scenario
involved the implementation of methane recovery to reduce emissions. It assumes that,
by 2025, 36% of methane emitted by Metro Manila will be captured, with 52% captured
by 2030, and 54% by 2040. These baseline assumptions and targets are derived from the
Philippines’ SLCP reduction strategies (2019). After exporting the results from each city
in LEAP-IBC and organizing the data, a panel dataset was constructed containing cross-
sectional data from 17 cities spanning the years 2010 to 2050. LEAP-IBC provides projected
data for methane emissions, population, and GDP per capita, while the life expectancy
data were sourced from the World Bank 2019 and projected to 2050. Population represents
urbanization, GDP per capita serves as an indicator of human well-being (referred to as
income level in LEAP-IBC), and life expectancy is used as a proxy for health impact analysis.
The relationship between methane emissions (ME) and its predictors, population (Pop),
GDP per capita (GDPC), and life expectancy (LE), were investigated using Stata 15, with the
use of the following model below:
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lnME = lnPop + lnGDPC + lnLE + ϵ

It is important to acknowledge that the variables (ME, Pop, GDPC, and LE) in the
equation are in natural logarithmic forms, and ϵ represents the error term, encompassing
all unmeasured factors in the model. Panel time-series data often exhibit non-stationarity,
making it essential to ascertain the order of integration and co-integration [22]. Therefore,
as an initial step in empirical analysis, a unit root test is conducted to address the issue
of spurious regression. Additionally, it is crucial to determine the order of unit roots in
the variables and the number of differencing operations required. Once the stationarity
of all variables had been confirmed, researchers proceeded to assess the impact of health
and economic proxies on methane emissions using fixed effects or random effects models.
According to [23], panel data may exhibit individual effects, time effects, or both, which
can be analyzed using fixed effect and/or random effect models. In this study, both models
were employed to ascertain whether unobserved variables in the analysis were correlated
with the observed variables.

2.4. Cost–Benefit Analysis (CBA)

CBA allows us to compare the costs that will occur in the near future with the benefits
that will be evident in the distant future. Figure 1 enumerates the steps involved in
performing the CBA of the methane recovery policy. This involves understanding the
baseline scenario and providing the rationale for decisions about proposed alternatives.

Figure 1. CBA framework used in the study.

After carefully evaluating the costs and benefits, the quantities were expressed in their
present value through the use of discount rate to convert future costs and benefits into their
present value. The formula used for calculation is

Benefitstotal = ∑
Bt

(1 + i)−t

Costtotal = ∑
Ct

(1 + i)−t

where Bt is the benefits at time t, Ct is the cost at time t, i is the discount rate, and n is the
terminal year of the project implementation. After the calculation of the present value of
benefits and costs, the net benefits, or the net present value can now be calculated using
the formula

NPV = ∑
Bt − Ct

(1 + r)t . . . t = 1 . . . n
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The net present value (NPV) is calculated by finding the difference between the present
value of benefits and costs. For a project to be considered viable, the NPV should be greater
than zero, indicating a positive value. This means that the project’s benefits outweigh the
costs when evaluated at present values. Conversely, if the NPV is negative, it is advisable
to consider the option to be economically unacceptable. The benefit–cost ratio (BCR) is the
ratio of the present value of benefits to the present value of costs. It can be determined
using a specific formula. A BCR greater than 1 indicates that the project’s benefits outweigh
the costs and is, therefore, economically acceptable. Conversely, a BCR less than 1 suggests
that the project should be rejected. A higher BCR suggests more favorable outcomes.

BCR =
∑ Bt

(1+r)t

∑ Ct
(1+r)t

. . . t = 1 . . . n

It is important to consider that the costs and benefits of a project may change depend-
ing on variations in assumptions and input data. By employing sensitivity analysis using
the CBA methodology, it becomes possible to identify a range of probable outcomes under
changing inputs. This analysis is also essential for determining the threshold at which
the net present value of a project becomes negative, as factors such as project schedul-
ing, lifespan, geographic impact, and discount rates can all influence costs and benefits.
The benefit transfer method is used to quantify impacts and costs. For instance, in 2018,
the CCC/USAID-B-LEADERS conducted a cost–benefit study of the waste sector in the
Philippines, which is a pertinent point of reference due to similarities in research location,
population, and target variables.

The evaluation of costs related to the projects takes precedence, recognizing these
expenses as detriments to the welfare of humans and society, as cited in Ref. [24]. The ex-
penses identified in the study encompass (i) collection, transportation, and segregation,
(ii) capital costs, and (iii) operating and maintenance costs. The inclusion of these costs
is crucial due to the significant role that waste segregation plays in mitigating methane
production in SWDS. Reducing the quantity of biodegradables and organics in SWDS not
only diminishes methane emissions but also addresses related issues such as fires, and odor
during waste collection and transport, effectively lowering SWM expenses. There is an
emphasized need to improve waste diversion, augment waste segregation, and enhance
CH4 capture and utilization, recognizing that the waste sector, covering both MSW and
wastewater subsectors, significantly contributes to methane emissions, as noted by Ref. [25].
Furthermore, the analysis considers the expenses related to methane flaring and recovery
systems and the development and operation of an onsite functional facility. Capital costs,
listed in the third column, are calculated at a rate of USD 24.46 per ton of SLF capacity
designated for methane recovery, based on 2010 USD, while operating and maintenance
costs, presented in the fourth column, are calculated at a rate of USD 0.0134 per cubic
meter of LFG, also based on 2010 USD. These calculations are aligned with the Philip-
pine Government’s targets for waste management expenses. NSWMC’s goal for waste
allocation to sanitary landfills by 2020, aiming for a 15% target rate of total generated
MSW from 2010 to 2020, incorporates LEAP’s projection of total MSW for determining
waste allocated in SLF. The value of PHP 1103.39 included in these calculations converts
the USD 24.46 price per ton based on the 2010 USD/PHP exchange rate. For projections
covering the years 2025–2030, the additional SLF capacity requirements cited by Ref. [26]
were used in deriving the capital costs. Ref. [26] declared their target rates of recycling
materials for the year 2025, 2030, and 2040. In this CBA, the researchers aligned with this
target rates to derive a realistic amount benefit in SLCP reduction strategies.

According to Ref. [24], an observation can be deemed a benefit if it enhances human
welfare. This premise holds true in the context of methane recovery scenarios, which
are characterized by effective waste management and segregation strategies. One of the
primary benefits identified in such actions is the significant amount of recyclable materials
that can be recovered. By utilizing the LEAP’s projections for the total MSW generated in
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Metro Manila coupled with the segregation rates approximated by Ref. [3], a quantifiable
increase in the utilization of recyclables was observed. The study specifies recycling rates
of 14% for the base year, 2010, followed by 13.8%, 15%, and 16% for subsequent years 2025,
2030, and 2040, respectively.

Aiming to align with [3] targets for recycling materials in the years 2025, 2030, and 2040,
this study proposes a realistic benefit in the strategic reduction of SLCPs. It incorporated
recycling rates at 50%, 55%, and 60% of all aggregate recyclable materials for said years,
respectively, with a 25% rate being applied to the baseline year, 2010 [25]. Following
the determination of the volume of recyclables processed yearly in Metro Manila, their
per kilogram values were calculated using average prices derived from various junk
shops within the area, as showcased in the study conducted by the Japan International
Cooperation Agency (JICA) in 2008. The pricing assessment covered an array of materials
including plastics, papers, metals, glass, and aluminum. Plastics were further broken
down into subcategories such as clear/transparent cups, ordinary plastics (including
basins, containers, etc.), and plastic bottles (used for soft drinks, juices, water, etc.). Paper
recyclables encompassed old newspapers, white bond paper, carton, and cardboards.
Metals analyzed included ordinary steel and canned goods cans. Glass materials involved
bottles used for beer, soft drinks, selected hard liquor, soy sauce, and fish sauce, etc. Lastly,
this study evaluated aluminum recyclables, focusing on aluminum framing, bottle caps,
and cans, providing a comprehensive insight into the potential benefits associated with
methane recovery and waste segregation initiatives. To account for the assumption that the
baseline of this study is 2010, the future values of the prices in the year 2008 were computed
using inflation rates of 9.3%, 3.2 %, and 3.8% for the years 2008, 2009, and 2010 from
the records of the Philippine Statistics Authority (PSA). In identifying other benefits,
the researchers had to consider that this study was focused in the incremental benefit
of the methane recovery scenario. Incremental outputs are the results of the projects that
considered expanding, rather than totally replacing, existing supply and resources, to align
and satisfy the expected increase in demand of a particular variable involved in the future.
In the context of this study, the baseline scenario was retained with its business-as-usual
implementations and was, later on, integrated with the outputs of the proposed mitigation,
all throughout the years 2010–2050. Second, with the assumption that the outputs of the
projects were not marketed, a non-revenue generating project was considered and the basis
of benefits identification was the empirical relationship between the output of the project
and its measurable impact. This can be detailed in terms of identifying the impacts on the
economy through employment opportunities due to the construction of sites and facilities
in methane recovery. The amount of job years that will be generated when the methane
recovery scenario is implemented is 1413 for the years 2015–2030. The job years were then
monetized using the PHP 404 July 2010 minimum wage in the private sector in the National
Capital Region for the non-agriculture sector. According to Ref. [27], one job for one year is
defined to be one “job year”, and, if that job continues for another 2 years or 12 months,
it is now two "job years”. After obtaining the possible income of a person for one year,
this can now be multiplied to the 1413 job years generated. The resulting amount, and the
monetized employment impact, is 148.99 million. Another benefit to be considered is the
community’s direct benefit from the intervention, specifically the prevented costs of paying
for the amount of electricity.

It was assumed that the electricity that will be generated from the LFG technology
will be used across different sectors. The projected energy demand given by this study was
initially for the years 2010–2030 only, so the remaining years were extrapolated. Table 1
in column two, shows the equivalent kWh of LEAP’s projection of methane captured,
assuming that 50% of LFG is methane with a capture efficiency of 50%. From the same table,
there is a significant and consistent increase in the projected energy demand from 2010 to
2050, highlighting the growing energy needs over the years, and the amount of methane
captured shows an initial decrease, indicating potential changes in methane sources or
capture efficiency.
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Table 1. Electricity generated and projected energy demand from 2010 to 2050.

Year Methane Captured (kWh) Electricity Generated, 50%
Eff. (kWh) Projected Demand (kWh)

2010 2,752,897,075 1,376,448,538 209,340,000,000

2015 2,645,757,575 1,322,878,788 255,860,000,000

2020 2,464,394,664 1,232,197,332 314,010,000,000

2025 2,225,886,488 1,112,943,244 418,680,000,000

2030 1,778,769,214 889,384,607 511,720,000,000

2035 1,843,060,032 921,530,016 572,196,000,000

2040 1,896,032,950 948,016,475 663,607,800,000

2045 1,980,564,028 990,282,014 751,856,240,000

2050 2,057,095,371 1,028,547,686 829,084,092,000

Using the estimated electricity generated, the remaining amount of energy to be
shouldered by people’s own expenses, if the electricity generated should ever be used
to cover some of the projected energy demand in column 4, can now be solved. Table 2
gives the savings that can be obtained with the presence of LFG technology through time
calculate using a 5.84 per kWh rate from March 2010 for the cost of electricity, with sav-
ings from 2010 to 2050 amounting to almost PHP 103 billion. The savings achieved by
using LFG technology, although gradually decreasing from approximately 14.5 billion in
2010 to 10.9 billion in 2050, still represent a significant economic advantage. This consistent
reduction in electricity costs underscores the long-term value and importance of adopting
LFG technology, even as its relative savings impact diminishes over time. Implementing
LFG technology results in substantial cumulative savings, highlighting its potential as a
cost-effective strategy for sustainable energy production.

Table 2. Electricity cost with and without LFG technology.

Year Without LFG Technology With LFG Technology Savings

2010 2,210,504,796,000 2,195,970,325,313 14,534,470,687
2015 2,701,728,084,000 2,687,759,277,731 13,968,806,269
2020 3,315,757,194,000 3,302,745,929,492 13,011,264,508
2025 4,421,009,592,000 4,409,257,579,109 11,752,012,891
2030 5,403,456,168,000 5,394,064,800,181 9,391,367,819
2035 6,042,046,442,400 6,032,315,638,349 9,730,804,051
2040 7,007,300,203,320 6,997,289,718,154 10,010,485,166
2045 7,939,150,780,656 7,928,693,996,757 10,456,783,899
2050 8,754,630,561,065 8,743,769,714,635 10,860,846,430

On the other hand, by the benefit transfer method, the researchers included the
incremental human health impact value and GHG mitigation potential from the CBA
study in estimating the benefits of the methane recovery scenario. The human health
impact assessment included the amount of incremental cases of avoided premature deaths
from 2015 to 2030. The monetization amounted to 40.3 million 2010 USD. The mitigation
potential can be monetized by computing for the tons of waste recycled instead of landfilled,
and eventually computing for the possible revenue of those recycled materials. This can
be done by, first, using the net emission reduction from recycling compared with which
of the materials that are landfilled, or the avoided emissions from landfilling, which is
2.87 mtCO2e/ton of waste recycled instead of landfilled [19].
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3. Results

The projected waste generation in Metro Manila is seen to continuously increase
over the years, as seen in Figure 2. The LEAP-IBC tool calculated the projection from the
2010 base year to the 2050 end year by considering two variables, which are the population
whose waste is collected and the annual MSW generation rate. Due to the expected increase
in population as projected under the demographics branch inside the key assumptions of
LEAP-IBC, MSW generation is also going to increase over the years.

Figure 2. Projection of total waste generated in Metro Manila.

In 2010, it is observed that Metro Manila generated 3,811,230 metric tonnes of munici-
pal solid waste, which is higher compared to the 2.99 million metric tonnes projected by
DENR-EMB in 2014. However, in comparison to the same study, Metro Manila, by 2020, gen-
erates 4.489 million metric tonnes of MSW, which is much closer to the 4.441 million metric
tonnes projected by DENR-EMB. The deviation in the 2010 calculation may be explained by
the higher averaged MSW generation rate used in LEAP-IBC, which is 0.69 kg/capita/day,
whereas the study done by DENR-EMB (2014) used 0.40 kg/capita/day.

With MSW increasing over the years, Metro Manila’s methane emissions coming from
the MSW sector is also in an increasing trend. The IPCC model for methane emission
estimation was manually incorporated inside the LEAP-IBC tool for each of the 17 cities
with varying population and waste generation rates. From Figure 3, it can be seen that in
2010, 97.30 million metric tonnes of methane emissions were produced. Under the baseline
scenario, it is assumed that no methane emission was recovered, so the projection continued
to increase until the end year and, by 2050, Metro Manila could produce 158.06 million
metric tonnes of methane emissions from the waste sector alone. The increasing trend
of methane emissions in the baseline scenario agrees with the study done in Tehran;
however, these projected values are smaller compared to Tehran’s projections that range
from 150 to 200 million cubic meters of methane emissions. This can be explained by factors
in the equation that can affect the methane emission calculation such as Tehran’s higher
MSW generation rate of 0.84 kg/capita/day and better garbage collection efficiency. Even
though Metro Manila produces 9500 tons of MSW daily, Ref. [28] revealed that only 54.81%
of it ends up in the SLFs and 45.19% is not properly disposed.

From the 17 cities, there are three outliers in the plot of methane emissions versus
population density shown in Figure 4. Going back to Figure 2, these cities have the
biggest methane emissions as a result of their bigger population and waste generation
rates compared to the rest of Metro Manila. From the distribution of the plot, two extreme
behaviors can be seen. The first one is Quezon City, which exhibits the highest methane
emissions with a low population density. This behavior is explained by Quezon City having
the biggest land area of 171.71 km2, which is three to twenty-nine times larger compared
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to the other cities. On the other hand, Manila City has a lower methane emission relative
to Quezon City but has the highest population density, as suggested by Manila’s higher
population relative to its land area.

Figure 3. Projected methane emissions by cities in baseline scenario.

Figure 5 shows that methane emissions will decrease compared to the baseline sce-
nario where no methane is to be recovered. It is apparent that, with the three different
targets of methane capture, the amount of methane emissions will decrease significantly
from 127.036 million metric tonnes (baseline) to 81.303 million metric tonnes by 2025,
from 135.358 million metric tonnes (baseline) to 64.972 million metric tonnes by 2030,
and from 150.554 (baseline) million metric tonnes to 69.255. The trend of the methane recov-
ery scenario starts to increase after the biggest capture in 2030 as the volume of the methane
being emitted is expected to increase with more intensity, especially when considering that,
after 2040, no other target is specified. Hence, the trend continues to increase relatively
with the increase in waste generated and the population whose waste is being collected.

Figure 4. Methane emissions and population density from 2010 to 2050.
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Figure 5. Methane emissions under the methane recovery scenario from 2010 to 2050.

From the perspective of GHG emissions, as methane is also a greenhouse gas, it is
evident that the methane recovery scenario is better than the baseline as shown from the one
hundred years GHG emissions diagram in Figure 6. According to the baseline and methane
recovery scenarios, the global warming potential in 2010 is estimated to be 2112 million
metric tonnes of carbon dioxide equivalent. This value is much higher, since methane is
21 times more capable of warming the atmosphere than carbon dioxide. However, af-
ter 2010, the baseline’s global warming potential is much higher than the methane recov-
ery scenario in each year. By 2050, the global warming potential reaches to 3.430 and
1.578 million metric tonnes of CO2 equivalent for baseline and methane recovery, respec-
tively. In the span of 40 years, from 2010 to 2050, a total of 10.249 million metric tonnes of
CO2 equivalent is avoided in the methane recovery compared to the BAU.

With the calculation done in the IBC feature of the software, this study was able to
distinguish the temperature increase in each scenario. It is observable in Figure 7 that
the deviation from the temperature increase in each scenario becomes more observable
as the years go on. Generally, the temperature increase is much higher in the baseline
scenario compared to the methane recovery scenario, since the methane emissions
keep on growing without any action or mitigation in the baseline. A minimum of
4.1 × 10−4 °C (year 2015) and a maximum of 1.9 × 10−2 °C (year 2050) increases in
temperature can be avoided under the methane recovery scenario. It is implied that, in
both scenarios, the temperature will still continue to increase over the years, but the
increase will be slower if a mitigation like the methane recovery scenario from the
waste sector is implemented. The slower increase in temperature aligns with the result
of having a lower global warming potential of methane emissions under the mitigation
scenario. Thus, it implies that, with a slower temperature increase and a lower global
warming potential seen under the proposed mitigation scenario, the adverse effects
of climate change brought about by the SLCP, methane, can be lessened and future
costs due to damages or drastic adaptation measures can be avoided. For the ambient
temperature change, there is a slight difference in projection compared to the actual
temperatures during the COVID-19 situation, wherein the temperature change is seen
to decline during 2019 to early 2021.

The Harris–Tzavalis unit root test, which is a specified unit root test for panel data,
was used to check whether the variables methane emissions (ME), population (Pop), gross
domestic product per capita (GDPC), and life expectancy (LE) were stationary. All of the
variables used are in logarithmic form. The results indicated that the p-values of lnME,
lnPop, lnGDPC, and lnLE are 0.9965, 0.9965, 1.000, and 0.9995, respectively. It can be
seen that the p-values are greater than 0.01. Thus, the researchers failed to reject the null
hypothesis at a 1% level of significance. This means that the researchers were confident
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that each of the panels contain a unit root, which implies that lnME, lnPop, lnGDPC, and
lnLE are all stationary at their levels. Because they are stationary, the researchers confirmed
that we do not have a spurious regression. In the fixed effects model, when the Prob > F
has a value that is less than 0.05, it indicates that the model used is appropriate. This is a
test to see whether all the coefficients in the model are different than zero. From the results
generated by Stata, it is seen that the Prob > F is 0.0000. Thus, the fixed effects model was
clearly the right model to use since the probability based on the F-test is less than 0.05.
The variables lnPop and lnGDPC are significant variables since the Prob> |t|, which are
0.000 and 0.044, respectively, are less than 0.05.

Figure 6. GHG emissions under each scenario.

Figure 7. Ambient temperature change due to direct methane emissions from MSW.

Looking at the coefficients in Table 3, there is a one percent increase in lnPop that
leads to a 1.000001 increase in lnME. This information confirms and agrees with the result
of the previous studies regarding methane emissions and urbanization. As people move
to the cities and the population grows, waste generation increases, leading to a linear
increasing effect on methane emissions. Furthermore, the result states that a one percent
increase in lnGDPC causes a 0.00000137 decrease in methane emissions. As the GDP
per capita is an indicator of human well-being, this only proves that, as the economic
state of an area improves, the solid waste management also improves, which leads to a
decline in the emission of said pollutant. Finally, a one percent increase in lnLE causes
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a 0.0000347 increase in methane emissions. This result only relays the information that
the longer a human person lives, the more waste the individual generates and the more
emissions the person leaves behind. From these results, it is seen that the improvement
of solid waste management through the representation of GDP per capita is a vital key in
reducing methane emissions as the population growing or the length of time a person lives
on this planet cannot be controlled.

Table 3. Statistical overview of the variables in logarithmic forms: methane emission (ME), population
(Pop), GDP per capita (GDPC), and life expectancy (LE).

Variable Mean Std. Dev. Min. Max.

log(ME)

overall 15.39895 0.9964883 12.92618 17.52593

between 1.015738 13.20438 17.31896

within 0.1433888 15.12076 15.60593

log(Pop)

overall 13.3759 0.8811646 11.06893 15.31653

between 0.8955343 11.34713 15.10956

within 0.1433888 13.0977 13.58288

log(GDPC)

overall 8.685239 0.6463468 7.66997 9.814021

between 0 8.685239 8.685239

within 0.6463468 7.66997 9.814021

log(LE)

overall 4.264056 0.0232842 4.224203 4.303216

between 0 4.264056 4.260456

within 0.0232842 4.224203 4.303216

In order to determine if the random effects model is the appropriate model to use,
the Prob > chi2 should be less than 0.05. This is a test to see whether all the coefficients
in the model are different than 0. From the generated result from Stata, it is clearly seen
that the Prob > chi2 is equal to 0.0000. Hence, the random effects model, as seen in the
results in Table 4, can also be used for these panel data. The RE model has almost the
same interpretation as the FE model (Table 5), except that, unlike the fixed effects model,
the variation across entities for RE models is assumed to be random and uncorrelated with
the predictor or independent of the variables included in the model. Again, the random
effects model suggest that, to reduce methane emissions, better solid waste management is
needed through the improvement of the economic state.

Table 4. Random effects model results.

Coef. Std. Err. z P > |z|

lnPop 1.000001 1.99 × 10−6 5.0 × 105 0.000
lnGDPC −1.37 × 10−6 6.78 × 10−7 −2.02 0.043
lnLE 0.000347 0.000188 1.85 0.065
cons 2.022909 0.0841854 24.03 0.000

Table 5. Fixed effects model results.

Coef. Std. Err. t P > |t|

lnPop 1.000001 1.99 × 10−6 5.0 × 105 0.000
lnGDPC −1.37 × 10−6 6.79 × 10−7 −2.02 0.044
lnLE 0.000347 0.000188 1.85 0.065
cons 2.022909 0.000704 2.9 × 104 0.000

After getting the NPV and BCR, a sensitivity analysis was performed in order to
identify how the net present value will change if particular parameters deviate from their
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target and anticipated values. In this analysis, three analysis scenarios were considered.
Analysis 1 varied the discount rate, Analysis 2 varied the efficiency of LFG technology
electricity generation, and Analysis 3 varied the rate of recycling collected waste from the
total MSW generated. For Analyses 1 and 2, the researchers started at a 10% discount
rate, and 50% efficiency, respectively. On the other hand, for the recycling rate of Analysis
3, the researchers started at 50%, 55%, and 60%, the same rates used in the calculations
of recyclables above. The results in Figure 8 show the different behavior of NPVs when
specific parameters are accordingly varied by percent. The analysis with the largest positive
slope on the positive range ahead of the base scenario, i.e., after the (0,0) point, is considered
to be the highest contributor to the project’s economics, in this case, Analysis 2. It can also
be observed how large its negative slope is, which means that it also has a negative impact
on the project if its parameters are varied, in this case, specifically, the efficiency of methane
transformation for electricity generation. It should be noted that the behavior of the graph
of Analysis 1, when there is too much increase in the discount rate, will eventually have a
negative effect on the project economics.

The net present value for the years 2010–2050 is PHP 52 billion. Since the NPV is
greater than 0, this indicates that the project is economically viable and gives a better return
on investment. In Figure 9, the NPV across each year is uniformly positive, since the
benefits are continuously greater than the costs and the slight tweak in the present costs
in the year 2030 of the same figure is due to the fact that the full potential of the methane
recovery system is set to be achieved during this year, deploying 56% of the SLFs’ waste
capacity for methane recovery. Overall, the decreasing trend of the costs and benefits is
also caused by the government’s target to close and rehabilitate the SWDS towards the end
of the project period. For the benefit–cost ratio, a value of 2.10 was obtained. Through the
benefit–cost ratio, the confidence regarding the costs and benefits can be justified. The BCR
of 2.10 implies that the project is worth the investment. If the BCR is close to 1, then there is
a risk than any cost overrun or changes in the key parameters could bring it below 1, which,
in turn, indicates that the project is not worth the investment. With the BCR that is obtained,
there is a safety margin that the researchers can hold onto if specific assumptions and target
are not met along the way. However, even with this kind of safety margin, the researchers
also have to look at how each benefit is sensitive to each change in the parameter. With the
sensitivity analysis, it is found that changing the efficiency of the LFG technology has a
great effect on the net benefits of the project. Therefore, this kind of risk should also be
considered along the process of policy evaluation.

Figure 8. NPV vs. percent change of different analysis.



Sustainability 2024, 16, 6246 17 of 20

Figure 9. Present values of costs and benefits from 2010 to 2050.

4. Conclusions

This research provided a comprehensive analysis on the environmental, financial,
and economic impacts of implementing methane recovery for electricity generation for
SLFs from 2010 to 2050. The LEAP-IBC results signify that megacities like Metro Manila
have huge potential to turn their problems with managing MSW into clean energy and
aid in the energy demand sector. Since methane recovery for electricity production is
considered a renewable energy, this would help policymakers to lessen their dependence
on non-renewable energies. The study calculated that Metro Manila generated about
3.8 and 4.5 million metric tonnes of MSW in 2010 and 2020, respectively—which will
continue to grow until 2050. As a result, the methane emissions from the waste sector will
also follow the same behavior and, by 2050, Metro Manila will be able to produce 158.06
million metric tonnes of methane emissions. The three most populous areas, which are
Quezon, Manila, and Caloocan, comprise the largest parts of this accumulated methane
emissions. There are different alternative technologies to treat waste in a more sustainable
process. In this study, the methane recovery scenario was explored and assessed in order to
derive possible costs and benefits that may come along with the project. The computation
produced a positive net benefit, indicating that methane is a viable option for electricity
generation.

In assessing additional benefits of the methane recovery scenario, the study consid-
ered the incremental economic impacts, particularly in job creation and electricity cost
savings. From 2015–2030, methane recovery is anticipated to generate 1413 job years, with a
monetized employment impact of PHP 148.99 million, calculated using the minimum
wage rate of PHP 404 in July 2010. Regarding electricity, the study projected the growing
energy demand up to 2050 and the potential electricity generation from landfill gas (LFG)
technology, assuming 50% methane capture efficiency and its conversion to electricity
with the same efficiency rate. This implies a direct benefit from avoided electricity costs
across different sectors, highlighting the study’s comprehensive approach to evaluating the
advantages of methane recovery in the context of sustainable waste management and its
economic implications.

Although a large amount of costs is needed, these costs were compensated with the
project’s significant benefits to human health, the environment, and the economy. Project
risks such as the crucial MSW management and varying discount rates were identified,
which shows that they greatly affect the benefits that will be derived from the methane
recovery scenario. The study detailed that only 4% of the LGUs in the Philippines use SLFs
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as their disposal facilities. With this, the project’s effectiveness relies on the success of the
most basic unit of waste initiatives of not just the Philippine Government Departments,
but also LGUs. Since waste management cannot be done alone by the government, LGUs
are strongly encouraged to participate in future waste management plans. For example,
their participation in terms of collaborative planning and implementation of waste disposal
to SLFs is significant, since not all municipalities have SLFs that they can use for electricity
generation projects. SLFs in the Philippines are located in different places, they vary in solid
waste capacities, and their life time is also limited. In 2016, since only 15 percent of LGUs
had access to SLFs, it was recommended to also cluster sanitary landfills in the country in
order for the LGUs to share costs in establishing each landfill site. These recommendations
are supported by Republic Act 7160 Section 33, of the Philippine Constitution, that LGUs
may group themselves and coordinate their resources, efforts, and their services for their
benefit and the environment, as long as they abide by the law. This collaboration is also
important because if the capacity of some SLFs is not maximized, or at least the mini-
mum amount of waste needed to generate a substantial amount of methane for electricity
generation is not achieved, then the costs associated with the whole investment of the
landfill project might fail to generate the expected benefits above. With this, the researchers
strongly assert that, in order to run an effective and efficient MSW management, LGUs’
compliance with RA 9903 is required, through participation in the waste management plans
of the government. For further research, it is recommended to tackle the input and output
associated with the facilities of methane recovery systems, for example, by exploring if
the amount of fuel needed to run the facility is efficient, and the amount of emissions
that will be generated is still sustainable and non-destructive to the environment. This
kind of analysis can help discover new findings if the proposed mitigation will affect the
benefits calculated above and formulate new alternatives or proposal in maintaining the
project’s economic viability. It is also preferable to consider, first, the amount of methane
being emitted by an area, since it is crucial to the success of implementing the mitigation
scenario proposed in this study. Areas like the Municipality of Pateros and the City of
Taguig with lower populations and annual organic waste generation naturally have low
methane emissions, which may infer the possibility of coming together in order to come up
with a better cost and bigger benefits.
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LEAP Long-Range Energy Alternatives Planning Software
DOC Degradable Organic Carbon
GHG Greenhouse Gas
NSWMC National Solid Waste Management Council
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