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Abstract: This study aims to develop a comprehensive inventory of air pollutants and GHG emissions from the
waste sector for the 2024-2033 period and to formulate locally relevant mitigation strategies within the context of
Indonesia’s national climate mitigation framework. A mixed-method approach was applied, combining primary
data from transect walk surveys across 12 representative wards with secondary datasets. Air pollutant emissions
were estimated using the UNEP Atmospheric Brown Cloud (ABC) inventory method, while GHG emissions were
quantified based on the IPCC (2006) Tier 2 methodology. Dispersion modeling using AERMOD was conducted to
assess the contribution of waste-sector emissions to ambient air quality. Results indicate that the waste sector con-
tributes 1.9%, 5.6%, and 1.6% to ambient concentrations of total particulate matter (TPM), NO-, and SO, respec-
tively. The GHG inventory identified Jatibarang Landfill and industrial wastewater as the dominant emission
sources in the solid- and liquid-waste subsectors, respectively. The mitigation assessment indicates that methane
capture at Jatibarang Landfill and the expansion of waste collection and 3R-based treatment facilities provide the
greatest mitigation potential, while biodigester septic systems provide a comparatively smaller contribution because
of their limited implementation coverage. These findings highlight the dominant role of landfill methane recovery
and improved waste management infrastructure in emission mitigation. The proposed framework demonstrates a
scalable, data-driven approach for cities to simultaneously address air pollution and climate change through inte-

grated waste sector management.
Keywords: Air pollutants; Emission reduction strategy; Greenhouse gas inventory; Semarang City; Waste sector

1. INTRODUCTION

Urbanization and population growth in Indonesian metropolitan cities have increased pressure on munici-
pal waste management systems, leading to higher emissions of air pollutants and greenhouse gases (GHGs)

from inadequate waste treatment practices. Semarang City, the capital of Central Java Province, is one of the
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cities facing this and non-methane volatile organic compounds (NMVOCs) (Astuti' & Rauf, 2024; Shrestha et
al., 2013; Sukma, Kristanto, & Dahlan, 2025). Domestic wastewater management also remains limited, as up to
96.08% of households use septic tanks, while only about 7% are connected to regional wastewater treatment
plants (Enebe, Chigor, Obileke, Lawal, & Enebe, 2023; Raman et al., 2024; Semarang, 2023). At the same time,

wastewater loads generated from industrial zones continue to increase.

As a result, Semarang continues to face air quality challenges (Santosa, Okuda, & Tanaka, 2008). In the
broader Indonesian urban context, air quality degradation is commonly associated with elevated Air Quality
Index (AQI) levels and fine particulate matter (PM..s), which can exceed the World Health Organization (WHO)
air quality guideline (WELL, 2024). Total GHG emissions in Semarang reached 5,281.97 Gg COzeq in 2022,
with the waste sector contributing 28.37% of total emissions (Semarang, 2023). Open burning is an important
source of black carbon (BC) and other short-lived climate pollutants (SLCPs), while landfill decomposition
generates CHa and other gases such as hydrogen sulfide (H=S) and ammonia (NHs), which may pose environ-
mental and health risks (Abdel-Shafy, Ibrahim, Al-Sulaiman, & Okasha, 2024; Abidin, Maziya, Susetyo,
Yoneda, & Matsui, 2024; Coppola et al., 2022; Gangwar et al., 2019; Kannankai & Devipriya, 2024; Lott, Laux,
& Townsend, 2024).

In Indonesia, several policy frameworks have been established to address these issues, including Govern-
ment Regulation No. 22/2021 on Environmental Protection and Management, which regulates ambient air qual-
ity standards, and Presidential Regulation No. 98/2021 on Carbon Economic Value, which supports Indonesia’s
Nationally Determined Contribution (NDC) target of reducing GHG emissions by 29% against the business-as-
usual (BAU) scenario by 2030. However, local emission data for Semarang remain limited, and existing emis-
sion inventories are often simplified because they rely on broader national or regional studies and default Inter-
governmental Panel on Climate Change (IPCC) emission factors rather than localized activity data (Chaerul &
Wardhani, 2020; B. S. Ramadan, Rachman, Ikhlas, et al., 2022). Moreover, previous studies on SLCPs from
Semarang’s waste management system have shown that uncontrolled waste handling and open burning are ma-
jor sources of BC and CHa emissions, while also highlighting the mitigation potential of improved organic—

inorganic waste separation and treatment technologies (B. S. Ramadan, Fajar, & Puspita, 2024).

Therefore, this study develops a detailed inventory of air pollutants and GHG emissions from the solid and
liquid waste sectors in Semarang City using city-level reports and localized data (Budihardjo, Humaira,
Ramadan, Wahyuningrum, & Huboyo, 2023; Budihardjo, Yuliastuti, & Ramadan, 2021; Nasional, 2023). The
objectives are to quantify emissions from landfilling, open burning, composting, recycling, and domestic and
industrial wastewater treatment, and to identify major emission sources requiring integrated GHG reduction
strategies. The findings are expected to provide local evidence for prioritizing waste-sector mitigation measures
and supporting monitoring efforts aligned with Indonesia’s NDC target and national ambient air quality stand-

ards.
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Indonesia's climate mitigation framework has continued to evolve following the submission of the Second
Nationally Determined Contribution (Second NDC) in 2025. The Second NDC provides updated national emis-
sion pathways using 2019 as the reference year and presents projected emission levels for 2030 and 2035 under
different development and mitigation scenarios. Therefore, national NDC targets should not be directly inter-
preted as uniform reduction requirements for individual cities or waste-sector inventories without an official
sectoral or subnational allocation. In this study, the national NDC framework is used as a policy context rather
than as a formally allocated emission-reduction target for Semarang City. Accordingly, the mitigation assess-
ment focuses on quantifying the potential emission reductions achievable through locally relevant waste-man-

agement strategies and evaluating their contribution to Indonesia's broader climate mitigation objectives.
2. MATERIALS AND METHODS

2.1 Study Area and Data Collection

|
Central Java Province
]
250 500 km
| |
LEGEND
[ SEMARANG CITY
[ CENTRAL JAVA PROVINCE
[ INDONESIAN COUNTRY
................ ..

Fig 1. Study area

This study was conducted in Semarang City, Central Java, Indonesia (6°50'-7°10'S; 109°35'-110°50'E),
with a coverage area of all 16 sub-districts and 177 urban wards (area of the city is 37,378 ha) during the
planning period for years 2024-2033. Transect walk surveys were conducted for the collection of primary data
on open burning waste characteristics (November 19 — December 5, 2024; 10 km/ward) in three cluster types

(peri-urban/rural/city center) across twelve representative wards. Burning site dimensions, rate of burning,
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waste density and distance from the observer were among the parameters that were measured. Waste was then
collected, sorted and weighed by composition category. The 12 survey wards were distributed across three urban
typologies of Semarang City: peri-urban, rural, and city-center areas. Within each selected ward, a 10-km tran-
sect walk was conducted to identify and characterize observable unmanaged-waste and open-burning locations.
The observations were used to derive the proportion of unmanaged waste and the fraction of unmanaged waste
subjected to open burning for each urban cluster. The citywide fractions were subsequently obtained by com-
bining the cluster-level results across the surveyed wards and applying the resulting citywide fractions to the
total municipal solid waste generation projected for Semarang City. The resulting citywide estimates were then
used to estimate the quantity of openly burned waste across all 177 wards using ward-level population data.
Secondary data were collected from Semarang Environmental Agency, BPS, SIPSN, and climate databases
(Copernicus CDS, NASA Power). The characteristics of domestic wastewater in Semarang and methane emis-
sion factors from communal WWTPs were also incorporated into the inventory (Nuraeni & Ashuri, 2018;

Sumiyati, Sutrisno, Sudarno, & Wicaksono, 2023).
2.2 Population and Waste Generation Projections

Population projections for 2024-2033 were estimated using a geometric growth model based on historical

population data for Semarang City. The projected population was calculated using:
Pl' = Po(l + T)t

Where P: is the projected population in year t, Py is the population in the baseline year, r is the annual

population growth rate, and t is the number of years from the baseline year.

Municipal solid waste generation for 2024-2033 was projected using an urban-growth approach that
incorporates population growth and socioeconomic indicators, including per-capita GRDP growth, agricultural-
sector growth, and industrial-sector growth. The composite annual growth rate of waste generation (Cs) was

calculated as:

G +Cy+Cym
3
1+P

1+

C, = -1

Where C; is the composite annual growth rate of waste generation, C; is the annual industrial-sector growth
rate, C, is the annual per-capita GRDP growth rate, Cqn is the annual agricultural-sector growth rate, and P is

the annual population growth rate. All growth rates were expressed as decimal fractions in the calculation.

Annual municipal solid waste generation was subsequently estimated using:

Qn = Qo(1+C"
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Where Q is the projected waste generation in year n (tons/year), Qo is the municipal solid waste generation
in the baseline year (tons/year), Cs is the composite annual waste-generation growth rate, and n is the number
of years from the baseline year. The 2023 municipal solid waste generation of 431,534.65 tons/year was used
as the baseline. The calculation was applied sequentially for each year from 2024 to 2033 using the

corresponding annual growth parameters.

Population and socioeconomic data, including population, per-capita GRDP, agricultural-sector growth,
and industrial-sector growth, were obtained from Statistics Indonesia (BPS) and relevant Semarang City
statistical publications. Municipal solid waste generation data were obtained from the Semarang City waste-

management database. The input parameters used for the projections are summarized in Table 1.

Population projections (2024-2033) were made using geometric regression (R?=0.9931), from 1,708,773
(2024) to 1,840,414 inhabitants (2033). Cases of waste generation were calculated with an urban growth model
considering population, per capita GRDP (gross regional domestic product), agricultural and industrial sector
growth rates resulting in estimated values ranging from 442,572 tons/year (2024) to 527,078 tons/year (2033)
(Damanhuri & Padmi, 2019). The fraction of unmanaged waste (25.74%) and the open burning fraction (77.85

%) were obtained based on analysis of transect walk throughout all 177 wards.
2.3 Air Pollutant Inventory and Dispersion Modeling

For open burning, air pollutant (SO,, NO,, TPM) emission was calculated using the UNEP ABC method,
with reported emission factor EF(SO,) = 0.50 g/kg, EF(NO,) = 3.18 g/kg and EF(TPM) = 0.48 g/kg dry waste
burned (Nguyen et al., 2020; Okedere et al., 2019; B. S. Ramadan, Rachman, & Matsumoto, 2022; Wang et al.,
2022). Additional emission factors from open burning studies in Semarang were also considered for validation
(B. S. Ramadan, Rachman, & Matsumoto, 2022). For dispersion modeling, AERMOD View was used with
meteorological preprocessing via AERMET View using two years of climate data (2022—-2023) from Coperni-
cus CDS and NASA Power. R and RMSE were applied to model validation. Load carrying capacity was con-
sidered by comparing the maximum modeled concentration with national standard (PP No. 22/2021): TPM 230
pg/m?, NO> 200 pg/m?, SO, 75 pg/m? (24-hour average). Annual air pollutant emissions from open waste burn-

ing were calculated using Equation.
Ei’y:MyX EF;x1 03

where E;y is the annual emission of pollutant i in year y (Gg/year), My is the mass of openly burned waste
(Gg/year), EF; is the pollutant-specific emission factor (g/kg waste), and 107 is the unit-conversion factor. The
emission factors applied were 0.48 g/kg for TPM, 3.18 g/kg for NO-, and 0.50 g/kg for SO.. All calculations
were performed using unrounded waste quantities, while the values reported in the tables were rounded to three

decimal places.
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2.4 Greenhouse Gas Inventory

GHG inventories were conducted according to the IPCC (2006) Tier 2 approach (IPCC, 2006). Landfill
CH.4 emissions were estimated using a waste-type-specific first-order decay model, considering degradable or-
ganic carbon (DOC), the fraction of degradable organic carbon decomposed (DOCT), and the methane genera-
tion rate constant (k). Landfill gas emission characteristics from Jatibarang Landfill were used to refine the
model (Abidin et al., 2024). Composting emissions were estimated using emission factors namely EF(CH4) =
0.092 g/kg waste and EF(N20) = 0.42 g/kg waste (Lu, Li, & An, 2020). These emission factors were used as
proxy values because site-specific CHa and N>O emission factors for composting activities in Semarang are
currently unavailable (Themelis & Bourtsalas, 2021). The waste characteristics and composting conditions in
Baoding, China, are not assumed to be identical to those in Semarang; therefore, the use of these emission
factors introduces uncertainty (Sumiyati et al., 2023). However, composting contributed only a minor share of
total solid waste GHG emissions in this study. This assumption is not expected to change the identification of
dominant emission sources, namely landfilling and open burning. Future studies should develop locally meas-

ured emission factors based on direct CH4 and N2O flux monitoring from composting facilities in Semarang.

2.5 Emission Reduction Strategy Development

The ammonium Strategies identified through literature review were assessed via sensitivity analysis. The
first design strategy was methane capture by HDPE geomembrane on 7.73 ha (58% of remaining landfill area),
using 12 extraction wells with a CH4 recovery rate of 0.024 ton/ton waste, a consistent with recovery efficiencies
reported for landfill gas recovery projects (Themelis & Bourtsalas, 2021). The second design would cover Bio-
gas Utilization System Unit (BSU) expansion (81 new units/year; get to 80% coverage in each ward) and Tem-
porary Waste Storage Facility (TWSF) has constructed per Semarang’s Waste Master Plan for Waste Manage-
ment in Semarang within the period of 2023-2042; and lastly biodigester septic tanks installations will be de-
livered to new residents build-in with replacing conventional septic tanks that have an average efficiency in-
stalling CH4 capture of about 80%, based on over literature review methods like (Bhatt & Tao, 2020). The use
of biodigesters for domestic wastewater treatment is also supported by local emission factor studies (Nuraeni &
Ashuri, 2018). Drawing from integrated mitigation approaches in the agricultural sector, which combine biochar
application, alternate wetting and drying (AWD) irrigation, and bio solar fuel substitution to achieve significant
GHG and air pollutant reductions, this study adopts a multi-strategy framework for the waste sector (B.
Ramadan et al., 2026). The mitigation strategies were evaluated based on their potential to reduce GHG emis-
sions relative to the projected business-as-usual (BAU) scenario for Semarang City. The assessment considered
the magnitude of emission reductions achieved by each strategy and the combined mitigation potential of the
integrated scenario. The previous 29% reduction benchmark was initially considered as a reference to the former
Indonesian NDC framework; however, it was not treated as an officially allocated target for the Semarang waste

sector. In view of the updated Second NDC, the present analysis does not claim formal compliance with a
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national NDC target. Instead, the mitigation results are interpreted as a city-level assessment of the potential

contribution of waste-sector interventions to Indonesia's broader climate mitigation objectives.
3. RESULTS AND DISCUSSION
3.1. Projection of Municipal Solid Waste Generation in Semarang City

The basic source of inventory data for the solid waste subsector is waste generation, which can be used to
quantify air pollutants and greenhouse gases (GHGs) emitted from this sector. Waste generation was projected
using the composite growth approach described in Section 2.2. Waste Generation in Development Based on
2023 Baseline Data (BPS Kota Semarang, 2024; RAD GRK, 2023), waste generation in 2023 was recorded at
431.534,65 tons/year. In 2024 population increased from 1694740 to 1708773 (0.83% growth rate), Per Capita
GDP increase IDR 91,190,000 to IDR 97,256,667 (6.65%), agricultural GDP increase from IDR billion to IDR
billion (1.62%) and industrial GDP increase from IDR billion to IDR billion (3.25%).

The composite growth rate for waste (Cs) was calculated as:

1+Cs+Cp+Cqm

= jadi

Cs=
1+P

where Ci represents industrial growth, Cp denotes per capita GDP growth, Cqm refers to agricultural
growth, and P indicates population growth. For the year 2024, the composite growth rate was estimated at Cs =

2.6%. Based on this value, the projected waste generation was calculated as follows:
Qn = Qt x (1+Cs)n = 431,534.65 x (1+0.026)1 = 442,572.47 tons/year

This process was repeated for the years 2024—-2033 as shown in Table 1. Waste evolution is expected to
grow gradually, from 431,534.65 tons/yr in 2023 to 527,078.41 tons/yr in the year of 2033 (cumulative growth
of around 22.1% over a decade). The increase is led mainly by per capita GDP growth (with average 1.59%
yearly, industrial growth) and population growth is still modest (0.82-0.83% a year). The calculations ascribed

waste to landfill, composting and open burning based on these projections in future emissions calculations.

Table 1. Projected Municipal Solid Waste Generation in Semarang City, 2024-2033

Year Ci (%) Cp (%) Cqm (%) P (%) Cs (%) Qn
(tons/year)
2024 2.042 4.725 6.744 2.051 02.06 | 442,572.47
2025 3.147 1.590 6.238 0,570 02.05 | 453,143.97
2026 3.051 1.590 5.872 0,570 02.04 | 463,316.84
2027 2.961 1.590 5.546 0,570 02.03 | 473,146.78
2028 2.876 1.590 5.254 0,570 02.03 | 482,680.17
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2029 2.796 1.590 4.992 0,570 02.02 | 491,956.00
2030 2.719 1.590 4.755 0,570 02.02 | 501,007.34
2031 2.647 1.590 4.539 0,570 02.01 | 509,862.47
2032 2.579 1.590 4.342 0,570 02.01 | 518,545.78
2033 2.514 1.590 4.161 0,570 02.00 | 527,078.41

3.2 Waste Generation Projection and Open Burning Quantification

In 2023, the baseline waste generation of Semarang City amounted to 431,534.65 tons/year. Using com-
pound growth rate with population (0.83% year™), per capita GDP (6.65% year™"), agricultural GDP (1.62%
year ') and industrial GDP (3.25% year™'), waste generation was predicted to increase from 273,557 tons/year
in 2017 to 527,078.41 tons/year in 2033, as shown in Table 2. Waste grew at an average annual rate of 2.0—
2.6%.

Table 2. Projected Waste Generation (tons/year) and Openly Burned Waste (Gg/year)

Year Total MSW (tons/year) Open burning waste (Gg/year)
2024 442,572 88.70
2025 453,144 90.82
2026 463,317 92.85
2027 473,147 94.82
2028 482,68 96.73
2029 491,956 98.59.00
2030 501,007 100.41.00
2031 509,862 102.18.00
2032 518,546 103.92
2033 527,078 105.63

The transect-walk survey across the 12 selected wards was used to characterize unmanaged waste and
open-burning practices across the three urban typologies. The survey estimated that unmanaged waste repre-
sented 25.74% of total municipal solid waste (MSW). Among the unmanaged waste observed, 77.85% was
estimated to be openly burned at the citywide level. Cluster-level open-burning fractions were 82.71% for peri-
urban areas, 82.08% for rural areas, and 68.75% for city-center areas. These cluster-level results were combined
to obtain the citywide estimate, which was subsequently applied to the projected municipal solid waste genera-
tion to estimate the annual quantity of openly burned waste. Accordingly, the estimated openly burned waste
was 88.70 Gg in 2024 and increased to 105.63 Gg by 2033 under the BAU scenario. The highest open burning
rates were in peri-urban (82.71%) and rural (82.08%) clusters, whereas it’s the lowest was for city-center
(68.75%). Thus, the amount of waste incinerated in open conditions increased from 88.70 Gg in 2024 to 105.63
Gg within the business-as-usual (BAU) scenario until 2033.
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Because the primary survey covered 12 wards rather than the entire 177-ward population, the citywide
estimate is subject to sampling and spatial representativeness uncertainty. A formal statistical confidence inter-
val could not be calculated because the available survey results did not include sufficient ward-level replicate
data for variance estimation. Therefore, a cluster-based sensitivity assessment was conducted using the observed
open-burning fractions across the three urban typologies (68.75-82.71%). Holding the estimated unmanaged-
waste fraction constant at 25.74%, the corresponding 2024 openly burned waste ranged from approximately
78.32 to 94.22 Gg/year, compared with the central estimate of 88.70 Gg/year. This range represents approxi-
mately —11.7% to +6.2% variation around the central estimate and indicates the uncertainty associated with

extrapolating the survey results to the citywide scale.

3.3 Open Burning Emissions of Air Pollutants

Open burning of unmanaged waste was modeled as an area source aggregated from 177 villages. Per capita
open burning was 0.010976 tons/person/year (1.65 x 107 kg/person/s) in Semarang. Using these rates and vil-
lage level population data, the open burning waste mass for each village was estimated. Calculations of emis-
sions of TPM, NO: and SO: were made using emission factors from Shrestha et al. 2013: 0.48 g TPM/kg waste;
3.18 g NOz/kg waste; and 0.50 g SO2/kg waste Emissions from the example can be seen for Cepoko village
(total population 3,441): TPM-0.00272 g/s, NO>— 0.01801 g/s, SO>— 0.00283 g/s. Among the three pollutants,
NO: exhibited the highest emission load because the NO2 emission factor used in the inventory (3.18 g/kg) was
substantially higher than those used for TPM (0.48 g/kg) and SO: (0.50 g/kg).

Based on the projected amount of openly burned waste and the stated emission factors, NO2 emissions are
estimated to increase from 0.282 Gg/year in 2024 to 0.336 Gg/year in 2033. Over the same period, TPM emis-
sions increase from approximately 0.043 to 0.051 Gg/year, while SO2 emissions increase from approximately
0.044 to 0.053 Gg/year. The higher NO: emission load reflects its larger emission factor of 3.18 g/kg compared
with 0.48 g/kg for TPM and 0.50 g/kg for SO.. These values are in accordance with historically documented

inventories for Semarang (B. S. Ramadan, Rachman, & Matsumoto, 2022).

Table 3. Annual Air Pollutant Emissions from Open Burning in Semarang City (2024-2033)

Year Open burning TPM NO: SO:
waste (Gg/year) (Gglyear) (Gglyear) (Ggl/year)

2024 88.70 0.043 0.282 0.044
2025 90.82 0.044 0.289 0.045
2026 92.85 0.045 0.295 0.046
2027 94.82 0.046 0.302 0.047
2028 96.73 0.046 0.308 0.048
2029 98.59 0.047 0.314 0.049
2030 100.41 0.048 0.319 0.050
2031 102.18 0.049 0.325 0.051
2032 103.92 0.050 0.330 0.052
2033 105.63 0.051 0.336 0.053
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*Emission factors: TPM = 0.48 g/kg, NO2 = 3.18 g/kg, SO2 = 0.50 g/kg

3.4 GHG Inventory — Liquid Waste Subsector

Emissions from liquid wastes were assessed for domestic (communal, septic tanks, IPLT sludge treatment
plant, N2O emitted via effluent discharged) and three industrial sources (steel, organic chemicals, flour
processing). Since domestic methane from communal WWTPs was very low (0.0048-0.0052 Gg CHa/year)
because just 8.57% population coverage, redundancy of centralized systems would probably be lower than the
randomized configurations in their respective assortments. Performance of Domestic Emissions Data until
October 2023Septic tanks were the dominant contributor with their emissions from507.7Gg CHa/year during
last decade which increased t02462.6 (0.211-0.227Gg CHa/year) over2024-2033, equivalent to a 91.26%
coverage, as presented in Table 4. The second stage of the IPC also added CH. to total emissions: IPLT
contributed 0.0735-0.0792 Gg CHa/year The estimated annual direct N2O emissions from domestic effluent
ranged from 0.0525 to 0.0565 Gg N.O/year, which expanded the uncertainty of the conventional risk assessment
because there were limited data availability of emission factors used in this study.

Among the industrial sources, the flour processing industry generated 4,585 kg CHa/year (constant) by
discharge of wastewater containing a precipitation waste factor of 9 m*/ton product and COD load amounting
to 18.5 kg/m*. This study also indicated rising emissions in the organic chemicals industry (3,222 to 3,308 kg
CHa/year) and zero values for steel (36.5 kg CHa/year). Industrial CHa emissions increased from 7,844 to 7,930
kg CHa/year. The total GHG emissions from the liquid waste subsector (expressed in COzeq, using GWP CHa
=28, N20 = 265) were estimated to be of about 187.05 Gg CO:eq/year for 2024 (year base year of the projection
period) and approximately approximately190.59 Gg CO.eq/year for2033 Of the total, 88 percent of subsector

emissions came from industrial wastewater.
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Industrial: 88.0%

Domestic N,O: 7.7%
Septic tanks: 3.2%

IPLT: 1.1%

Communal WWTP: <0.1%

L<0.1%

Fig 2. Contribution of different liquid waste sources to total GHG emissions in Semarang City (2024)

This dominance emphasizes that it also needs GHG policies for industry, in addition to those at the
municipal level. Table 4 summarizes the components.

GHG emissions were converted to CO2-equivalent using the global warming potential (GWP) values of 28
for CH4 and 265 for N2O. For each emission source, CH4 and N2O quantities were first calculated in Gg and
subsequently converted to Gg CO2eq by multiplying the respective gas mass by its GWP. The total GHG
emissions were then obtained by summing the CO--equivalent contributions from all relevant sources.

Table 4. GHG Emissions from Liquid Waste Subsector (Gg COzeq/year)

Source 2024 2033 Share (%)

Communal WWTP 0.14 0.15 <0.1

(CHy)

Septic tanks (CHa4) 5.91 6.36 3.16

IPLT (CH.) 2.06 2.22 1.01
Domestic N-O 13.91 14.97 7.44
Industrial (CH.) 165.03 166.90 88.23
Total 187.05 190.60 100

3.5 GHG Inventory — Solid Waste Subsector
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Jatibarang landfill was responsible for most emissions from solid waste in Semarang City: Methane

emissions at ladfill peaked at 13.10 (Gg CHa/year) in 2022 after methane recovery stopped, followed by decline

to stabilize projected to be at 10.52 Gg by2033 (Figure 3).

14 -

12:4

10 |

CH, Emissions (Gg/year)

Fig 3. Methane emissions from Jatibarang landfill in Semarang City (2013-2033)

Year

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

The second-largest source of solid-waste GHG emissions was open burning. Emissions from open burning

increased from approximately 102.05 Gg CO-eq/year in 2024 to 122.01 Gg COzeq/year in 2033. Composting

contributed only a minor share of total solid-waste emissions, increasing from approximately 1.09 Gg

COzeq/year in 2024 to 2.02 Gg COzeq/year in 2033. Overall, total GHG emissions from the solid-waste

subsector increased from 409.14 Gg COzeq/year in 2024 to 418.59 Gg COzeq/year in 2033. Jatibarang Landfill

remained the dominant emission source, followed by open burning, whereas composting contributed less than

1% of the total solid-waste GHG emissions.

Table 5. Solid Waste GHG Emissions (Gg CO-eq/year)

Source 2024 2033 Share (%)
Jatibarang landfill (CH4) 306.00 294.56 74.79
Open burning 102.05 122.01 24.94
(CO:+CH++N:0)
Composting (CH++N:O) 1.09 2.02 0.27
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Total 409.14 418.59 100

3.6 Air Pollutant Dispersion Modeling (AERMOD)

AERMET View was applied to process meteorological data (2022—2023) obtained from Copernicus CDS
and NASA Power. The wind rose plot indicated that the prevailing winds mostly blew from northwest to
southeast direction (toward Banyumanik District) with calm wind condition (1.06%). The emission data of TPM,
NO: and SO: due to open burning from 177 villages are entered in AERMOD View with a domain size of 30
kmx25 km having 529 receptors. Model performance was evaluated by comparing the modeled concentrations
with ambient monitoring data for 2023 and 2024 using equivalent averaging periods. Based on the corrected
results presented in Table 5, the correlation coefficients ranged from 0.666 to 1.000, while the RMSE values
ranged from 0.178 to 3.09 pg/m3. These results indicate variable model performance among pollutants and
assessment years; therefore, the model should not be described uniformly as demonstrating strong correlations
for all pollutants. Details of the monitoring locations, number of paired observations, data sources, and
averaging periods are provided in Section 2.3.

Table 5. Statistical Evaluation of AERMOD Performance against Ambient Monitoring Data

Pollutant | R RMSE (2023), |R RMSE (2024),
(2023) | pg/m? (2024) | pg/m®

TPM 0.670 | 0.178 0.670 | 3.09

SO, 1.000 | 1.13 0.670 |3.09

NO, 0.666 | 1.39 0.690 | 0.85

Predicted maximum concentrations due to the waste sector alone were: TPM 0-793 pg/m?3, NO2 4-40 pg/m?,
and SO2 0-808 pg/m? (2024), all well below national ambient standards. Nevertheless, when the background
was considered — that is, after accounting for contributions from other sectors (transport, energy etc.) — total
NO: concentration breached the 65 pg/m? threshold in 2028 (146.6 pg/m?®), and achieved absolute levels as high
as 1,037 pg/m?® by 2033 due to strong sustained growth in non - waste NO: emissions (+48.7% per annum).
Ambient concentrations (% total) sourced from the waste sector for all pollutants exhibited a dismal share with
TPM 1.90% (g), NO2 5.62% (h) and SO: 1.60% (i) respectively, showing graphically a predicted dispersion for
NO: in 2028 (Figure 5). Kemijen Ward (East Semarang) consistently exhibited the highest concentration for

TPM and SO, whereas Sendangguwo Ward (Tembalang) has the highest NO- from waste-sector emissions.
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Figure 4. Dispersion pattern of NO2 concentration in Semarang City (2028)

3.7 Emission Reduction Strategies and Outcomes

The mitigation assessment used the projected BAU scenario as the reference for evaluating the effectiveness
of the proposed strategies, while the national NDC framework was considered a broader policy context rather
than an officially allocated mitigation target for the Semarang waste sector. For 2030, the projected BAU
emissions of 505.64 Gg CO:zeq/year were established as the baseline for calculating the mitigation outcome.
Under the integrated mitigation scenario, emissions were projected to decrease to 356.78 Gg CO-eq/year. For
the solid-waste subsector, which was responsible for approximately 63% of total waste-sector GHG emissions,
two principal strategies were evaluated: (1) methane capture at Jatibarang Landfill and (2) the expansion of
waste-collection and treatment services through additional Waste Bank Units (BSUs) and 3R-based Waste
Processing Facilities to reduce open waste burning. Methane capture across 7.73 ha, representing 58% of the
remaining landfill area, was estimated to recover 4.14 Gg CHa/year, reducing landfill GHG emissions by 35.15%
(74.59 Gg CO2¢q) in 2030. Meanwhile, expanding BSUs and 3R-based Waste Processing Facilities to cover 80%
of the RW (neighborhood units) was projected to reduce the amount of unmanaged waste subjected to open
burning, resulting in a 76.79% reduction in open-burning emissions (79.68 Gg CO:eq) by 2030. In the liquid-
waste subsector, biodigester septic tanks were projected to be installed in 7,700 new households (717 units/year).
However, this intervention reduced liquid-waste GHG emissions by only 0.09% because of its limited
implementation coverage. Based on the 2030 BAU baseline, the integrated mitigation scenario produced an
absolute reduction of 148.86 Gg CO:eq/year, equivalent to a 29.44% reduction, decreasing emissions from
505.64 to 356.78 Gg CO:eq/year in 2030, as shown in Table 6. Hence, the proposed strategies demonstrate
substantial potential to contribute to Indonesia’s broader climate mitigation objectives if implemented at the

city level.

Table 6. Total GHG Emissions Before and After Reduction Strategies (Gg COzeq/year)

Year | BAU emissions | After mitigation | Reduction (%)
2024 508.44 508.44 0.00
2025 500.03 416.31 16.74
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2026 496.53 412.82 16.86
2027 496.27 412.57 16.87
2028 498.15 414.47 16.80
2029 501.44 417.77 16.69
2030 505.64 356.78 29.44
2031 510.42 360.80 29.31
2032 515.58 365.05 29.20
2033 520.98 369.64 29.05

4. CONCLUSIONS

This study assessed air pollutant and greenhouse gas (GHG) emissions from the solid- and liquid-waste
sectors in Semarang City for the 2024—2033 period and evaluated locally relevant emission-reduction strategies
within the context of Indonesia’s national climate mitigation framework. Open waste burning was estimated to
emit approximately 0.051 Gg/year of TPM, 0.336 Gg/year of NO, and 0.053 Gg/year of SO2 by 2033. The
GHG inventory identified Jatibarang Landfill as the dominant source in the solid-waste subsector, contributing
294.56 Gg COq2eq/year in 2033, followed by open burning at 122.01 Gg CO2eq/year, while composting contrib-
uted 2.02 Gg COqeq/year. In the liquid-waste subsector, industrial wastewater remained the dominant source,
contributing 166.90 Gg COzeq/year in 2033. Among the evaluated mitigation measures, methane capture at
Jatibarang Landfill and improved waste collection and treatment through waste bank units and 3R-based facil-
ities provided the greatest mitigation potential, whereas biodigester septic systems provided a comparatively
smaller contribution because of their limited implementation coverage. These findings provide a city-level evi-
dence base for prioritizing waste-sector mitigation measures in Semarang. The estimated mitigation potential
should be interpreted as the contribution of the proposed local interventions to broader climate mitigation efforts

rather than as evidence of formal compliance with an officially allocated national NDC target.
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