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ABSTRACT

To date, food waste remains a critical issue in most developing countries, where capacities differ among mu-
nicipalities. This study examines whether food waste convergence occurs among Indonesian municipalities that ex-
perience persistent disparities in infrastructure, governance, and fiscal capacity. Using a 3-convergence framework
(unconditional and conditional) and panel data from 345 observations (2020-2023), this study examines whether
areas with a higher initial level of food waste reduce food waste more rapidly, whether socioeconomic characteris-
tics influence convergence, and whether convergence patterns differ across municipal classifications. Results show
strong evidence of convergence and confirm that convergence persists even after controlling for GRDP per capita,
poverty rate, and recycling rate. However, not all those factors significantly affect convergence, suggesting the
influence of institutional and behavioral dynamics. The study also identifies heterogeneity in convergence speeds,
where municipalities with higher population densities, larger environmental budgets, or stronger development in-
dicators converge more quickly than their counterparts. This study presents a novel application of -convergence
modeling for municipal food waste analysis, offering empirical insights into circular economic development from
a local perspective. Its policy importance lies in identifying where convergence is lacking and why. These findings
offer a diagnostic tool to help local governments allocate resources more effectively and prioritize lagging munici-
palities in food waste reduction efforts.
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1. Introduction

The global food system faces dual crises of exces-
sive waste and growing resource scarcity. Nearly a third
of global food is wasted annually, contributing up to
10% of total greenhouse gas (GHG) emissions 2], While
food loss occurs along the supply chain, food waste is
particularly pronounced at the municipal level, where
it constitutes 30-40% of total municipal solid waste
(MSW) 341,

strains local waste management systems but also ham-

This volume of organic waste not only

pers sustainability and circularity goals by contributing
to methane emissions and resource inefficiency. In land-
fills, food waste decomposes into methane—a green-
house gas many times more powerful than carbon diox-
ide[>3 56l Poorly managed food waste leads to eco-
nomic losses, environmental degradation, and public
health risks due to methane emissions from landfills 78l

These challenges are particularly critical in devel-
oping countries like Indonesia, which ranks among the
world’s top producers of food waste. In Indonesia, the
yearly estimated amount of food waste per capita is 300
kg !> 10, Most of this waste ends up in poorly managed
landfills. In turn, it contributes to environmental degra-
dation and intensifies food insecurity. Additionally, food
waste also carries significant economic and social costs.
The economic loss due to food waste in Indonesia from
2000 to 2019 is estimated at IDR 213-551 trillion (USD
14.9-38.5 billion) per year!'!), Moreover, food waste
exacerbates food insecurity by diverting edible surplus
from redistribution to those in need!'?]. Limited in-
vestment in waste processing infrastructure, weak pol-
icy enforcement, and low public awareness in Indone-
sia further complicate municipal-level responses13 141,
Moreover, despite the existence of innovative technolo-
gies such as bioconversion, their implementation re-

mains limited [1% 131,

Therefore, addressing food waste
at the municipal level presents an environmental im-
provement, opens circular economic opportunities, and
reduces long-term economic and social burdens.
Despite growing awareness and waste manage-
ment strategies, food waste levels remain uneven across
regions, with municipalities playing a key role in deter-

[16]

mining the effectiveness of reduction efforts How-

ever, most existing research on food waste focuses on

household behavior, supply chains, or national-level
policies 17181 with less attention on how waste is gener-
ated, reduced, and managed at the municipal level [13 191,
This oversight is particularly problematic in Indonesia,
where municipalities play an important role in waste
governance. Yet, they operate under diverse economic,
institutional, and geographic constraints[?%21, While
some local governments have demonstrated progress,
it remains unclear whether such improvements are
widespread or if disparities in food waste reduction are

(171 In particular, there is a lack of understand-

widening
ing regarding whether municipalities with high food
waste levels are catching up with those that perform bet-
ter over time. Therefore, it raises the following ques-
tions: (1) Do Indonesian municipalities with higher ini-
tial food waste levels exhibit faster reductions over time?
(2) Do structural and institutional variables influence
the rate of food waste convergence? and (3) Does the
speed of convergence vary across municipalities with dif-
ferent socioeconomic and geographic characteristics?

Understanding these dynamics is essential to de-
signing an effective policy for waste management that
aligns with Indonesia’s sustainability goals and the SDG
target to reduce 50% of food waste by 2030. Reaching
this goal will require dramatic changes in behavior, poli-
cies, and analytical capacity to track progress and de-
velop new strategies. Growing pressure to reduce food
waste as part of circular economic goals has intensified
the need for more adaptive and data-driven municipal
strategies. Yet, policy designs often lack clear bench-
marks to assess whether interventions are closing the
gap between high- and low-performing municipalities.
Without subnational-level evidence, it is challenging to
determine whether interventions work where they are
most needed.

This gap highlights the need for a convergence anal-
ysis to investigate if areas with high food waste are
catching up to those with lower levels. Some munic-
ipalities have made strong progress due to improved
funding, policies, and community involvement, while
others continue to fall behind due to weaker resources

and limited public awareness 2% 23],

Meanwhile, con-
vergence theory—originally applied in economic growth

literature—offers a valuable framework for assessing
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whether municipalities with higher initial food waste
levels are catching up with better-performing regions.
Applying convergence analysis to food waste enables
researchers to determine whether progress is evenly
distributed across municipalities or concentrated in al-
ready well-performing areas. Incorporating conver-
gence analysis into this landscape offers an actionable
approach to evaluating whether municipal food waste
improvements are equitably distributed. It also identi-
fies where policy support is most needed to bridge insti-
tutional and performance gaps.

Although (-convergence has been applied to eco-
logical footprints, emissions, and energy efficiency 24,
its application to food waste remains limited. To date, no
studies have examined food waste convergence across
municipalities in Indonesia, despite the country’s wide
regional disparities. Developing countries are known
to have highly decentralized waste governance and
pronounced institutional disparities[?>26], Even fewer
studies have disaggregated this analysis further to ex-
amine heterogeneity based on population density, ge-
ography, institutional investment, or recycling infras-

tructure [#4 27, 28],

Disaggregating convergence by geo-
graphic, structural, and institutional variables allows for
the identification of whether institutional and socioeco-
nomic conditions influence convergence speeds differ-
ently.

This study addresses that gap by analyzing food
waste convergence across Indonesian municipalities be-
tween 2020 and 2023 using a (3-convergence panel re-
gression framework. Specifically, the goals of this study
are threefold: (1) Investigating whether municipalities
with high initial levels of food waste are reducing waste
more quickly than others (f-convergence); (2) Assess-
ing the extent to which structural (Gross Regional Do-
mestic Product (GRDP), poverty) and institutional (recy-
cling systems) factors influence convergence; and (3) Ex-
amining heterogeneity in convergence speed based on
key municipal characteristics: geographic location (Java
vs. non-Java), population density, environmental budget,
and Human Development Index (HDI) score.

This study makes contributions to the literature
and offers relevant policy recommendations. First, it in-

troduces the -convergence framework into municipal

food waste research in a developing country. The anal-
ysis captures not only unconditional convergence (i.e.,
whether high-waste municipalities are catching up over-
all), but also conditional convergence that accounts for
structural and institutional differences across regions.
Second, it explores heterogeneity in convergence speeds
across socioeconomic and geographic subgroups. In
terms of policy relevance, this study provides a practical
tool for identifying gaps in convergence and uncovering
their underlying causes, thereby enabling municipalities
to design more targeted and effective interventions. As
cities worldwide transition toward circular models, this
tool is increasingly vital for aligning sustainability goals
with on-the-ground realities.

2. Literature Review
2.1. B-Convergence

[-convergence has served as a foundational
concept for understanding how poorer regions or
economies catch up with richer ones over time[?% 301,
The framework is typically applied to assess whether
disparities in income, productivity, or development in-
dicators narrow as lagging regions grow at a faster
rate than leading ones. To capture B-convergence, a
wide range of econometric approaches has been used

across various sectors, including agriculture 3]

g 132

, inno-
vation 31, and supply-demand dynamics 32!, Over time,
the B-convergence model has evolved beyond macroe-
conomic contexts to encompass a diverse range of ap-
plications, including regional innovation3, health ex-

34 Two core

penditures (33, and income inequality!
variants—unconditional and conditional 3-convergence
—distinguish whether convergence occurs irrespec-
tive of structural characteristics or is dependent on
them [32 351,

work’s flexibility and relevance in cross-disciplinary

Recent developments reflect the frame-

studies.

Despite its strengths, the B-convergence frame-
work has its limitations. Findings from prior applica-
tions are often context-specific. For example, while de-
veloped countries may show rapid convergence due to
established waste infrastructures, developing regions
like Indonesia face challenges such as limited budgets,
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weak institutional frameworks, and public unaware-

ness[1322],

Moreover, convergence studies often over-
look behavioral and cultural dimensions of food waste,
which may significantly influence outcomes but are chal-
lenging to quantify.

Applying the B-convergence framework to food
waste provides a novel lens through which to evalu-
ate regional disparities in waste reduction efforts. The
approach assumes that municipalities with higher ini-
tial food waste levels should, over time, reduce waste
more rapidly than those with lower starting points. This
could potentially lead to convergence in food waste
performance. This framing aligns with evidence that
regions with significant waste burdens often adopt
more aggressive interventions—including technological
upgrades, regulatory reforms, and public awareness
Further-
more, the framework can uncover how differences in

campaigns—to achieve waste reduction 3¢,

institutional strength, economic capacity, and policy
uptake influence the speed and direction of conver-
gence 3¢, Thus, B-convergence provides an empirical
method for tracking progress and identifying structural
or institutional determinants that either promote or hin-

der convergence in food waste reduction across munici-
palities.

The novelty of applying B-convergence to food
waste lies in its interdisciplinary dimensions—blending
environmental sustainability with economic growth the-
ory. This approach enables researchers not only to test
whether convergence is occurring but also to investi-
gate the structural and institutional variables that drive
it. This study addresses a critical gap by extending (-
convergence into municipal food waste governance—
an underexplored area despite its centrality to circular
economy goals and SDG 12.3.

2.2. Food Waste Convergence

Several studies suggest that regions with higher ini-
tial levels of waste tend to adopt more aggressive in-
terventions to reduce food waste more effectively, such
as improved waste sorting, composting infrastructure,
or public engagement programs (1737381 This behavior
aligns with the B-convergence hypothesis, which posits
that entities with poorer initial conditions improve at a

faster rate, thereby narrowing disparities over time (3%,
Case studies from cities like Milan and Mouans-Sartoux
demonstrate how strong policy frameworks and local in-
novation in high-waste contexts can yield rapid waste re-
duction (2],

constraints in high-waste municipalities can prompt

In addition, public pressure and resource

stronger policy responses and investment in technolo-
gies such as anaerobic digestion or composting ¢ 18],
These concentrated efforts enable faster progress com-
pared to municipalities where baseline waste levels are
already low, making it harder to achieve marginal gains.

Accordingly, the first hypothesis proposed is:

H1. Municipalities with higher initial levels of food waste
reduce their food waste faster over time (f < 0), indicating
unconditional convergence.

2.3. Structural and Institutional Factors

GRDP plays a key role in shaping food waste conver-
gence. Municipalities with higher GRDP per capita may
experience increased food consumption and waste lev-
els due to greater purchasing power 3% 4%, Economic ca-
pacity, as reflected by higher GRDP, can also enable bet-
ter waste infrastructure, policy enforcement, and pub-
lic education efforts that accelerate waste reduction. In
contrast, lower-GRDP regions might exhibit lower waste
generation due to financial constraints and often lack

23,41-43] This sug-

the resources for long-term solutions!
gests that GRDP per capita influences how quickly mu-
nicipalities converge in food waste levels, highlighting
the role of economic structure in convergence analy-
sis[44 451

Next, poverty levels may also shape municipal food
waste levels. In high-poverty municipalities, food is of-
ten treated as a scarce resource, leading to more conser-

e [23, 41]. In

vative consumption and lower levels of wast
this setting, every bit of food holds significant value, lead-
ing individuals and families to adopt more frugal con-

s[23 411 Without food-sharing systems,

sumption pattern
some areas may experience both food insecurity and
food waste, which exacerbates regional inequality [*°].
Therefore, poverty rate serves not only as a structural
constraint, but also as a key variable in determining

whether food waste convergence unfolds.
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Lastly, the recycling rate reflects municipal perfor-
mance in managing solid waste. Regions with higher
recycling rates typically demonstrate more effective
systems for sorting, collecting, and processing food
waste, which in turn supports faster reduction in over-

all waste levels[*®!.

Recycling initiatives often coincide
with public awareness and supportive regulations that
strengthen convergence outcomes. Conversely, munic-
ipalities with poor recycling infrastructure may fall be-
hind due to limited coverage, low participation rates, or
weak policy enforcement? 471, Thus, the recycling rate
acts as an institutional indicator that can accelerate or
hinder food waste convergence efforts across municipal-
ities. Thus, the second hypothesis is formulated as fol-

lows:

H2a. GRDP per capita significantly influences the rate of

food waste convergence.

H2b. Poverty rate significantly influences the rate of food
waste convergence.

H2c. Recycling rate significantly influences the rate of
food waste convergence.

2.4. Municipal Heterogeneity

Municipalities can have different food waste con-
vergence rates based on their geographical location.
Java, as the economic and governance center, benefits
from more advanced infrastructure, greater fiscal capac-
ity, and stronger institutional frameworks that support

21,48] Regions in Java

effective food waste management!
are more likely to implement food waste policies through
collaborative efforts involving municipalities, local busi-

[49], The presence of a

nesses, and community networks
more mature food service sector and public awareness
campaigns further accelerates the adoption of sustain-
able waste practices. In contrast, many non-Java mu-
nicipalities experience slower progress due to limited
waste management infrastructure, low administrative
capacity, and geographic isolation, which pose logistical
challenges for food waste collection, redistribution, and

treatment 20501,

These differences highlight that geo-
graphic location is not only a spatial distinction but also
a proxy for disparities in readiness and capacity to en-

gage in food waste reduction, potentially slowing conver-

gence between regions.

Population density is another structural character-
istic that may differentiate the speed of food waste con-
vergence across municipalities. High-density urban ar-
eas typically face greater pressure to manage waste ef-
ficiently due to high waste volumes, limited landfill ca-
pacity, and increased visibility of environmental prob-
lems®Y.  Densely populated municipalities are also
more likely to attract funded pilot projects and private-
sector collaborations, which further support conver-
gence®2. On the other hand, low-density municipalities
tend to experience slower adoption of advanced waste
practices due to dispersed settlements, higher per-unit
531, As

a result, municipalities with higher population density

service costs, and weaker public engagement

may progress more rapidly in aligning with national food
waste targets, while low-density areas face structural
barriers that delay convergence.

Environmental budget levels may also differenti-
ate the capacity of municipalities to implement effective
food waste management strategies. High-budget munic-
ipalities are more likely to invest in technologies such
as composting, anaerobic digestion, and digital tracking
systems, which accelerate waste reduction®>>4, They
also tend to support public campaigns and provide in-
stitutional support that boosts community participation.
In contrast, municipalities with limited environmental
budgets often rely on outdated landfill practices and
face difficulties in sustaining long-term initiatives [>> 56,
These financial constraints can hinder their ability to
converge with better-funded counterparts, leading to
slower reductions in food waste.

HDI reflects social and economic conditions that
may shape the pace of convergence in food waste. Mu-
nicipalities with high HDI typically have better education
systems, stronger healthcare, and greater access to pub-
lic services, all of which contribute to higher awareness
and better implementation of sustainable practices 42,
These areas are more likely to support food recovery,
promote behavior change, and adopt innovative waste
reduction strategies. On the other hand, lower-HDI re-
gions may struggle with poor infrastructure and lim-
ited educational opportunities, making it more challeng-

ing to reduce waste effectively*>]. This suggests that
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HDI levels may influence the rate at which municipali-
ties achieve national goals for reducing food waste. This
leads to the formulation of the third research hypothesis:

H3a. The convergence speed varies across geographic lo-

cation (Java vs non-Java).

H3b. The convergence speed varies across population
density (high vs low).

H3c. The convergence speed varies across budget levels
(high vs low).

H3d. The convergence speed varies across HDI levels
(high vs low).

3. Materials and Methods

3.1. Empirical Model

The concept of B-convergence originates from
growth economics, aiming to assess whether poorer ar-
eas generally grow faster than the richer ones, thereby
The model tests
whether the change in an outcome variable—typically

reducing disparities over timel?°],

in log-difference form—is negatively associated with its
lagged level, indicating convergence. The 3-convergence
framework has been extended to non-economic indica-
tors, including environmental performance and public
policy outcomes such as carbon emissions and waste
management 7], Its flexibility has enabled researchers
to assess how environmental burdens evolve across re-
gions with varying starting conditions.

In this study, the [B-convergence approach is
adapted to examine whether Indonesian municipalities
with higher initial levels of food waste experience faster
reductions over time. This framework enables the identi-
fication of long-term trends in performance equalization
and supports a dynamic assessment of local policy out-
comes. Equations (1) and (2) represent the foundational
logic of the model, where a significant negative coeffi-
cient on the lagged food waste variable implies conver-
gence. Following empirical precedents in regional eco-
nomic studies 2%}, this study focuses on whether dispar-
ities in municipal food waste are narrowing over the ob-
served period.

Following prior empirical studies[®®], the uncondi-

tional B-convergence model is estimated using a fixed-
effects panel regression (equation 3). Thus, the model
controls unobserved time-invariant municipal charac-
teristics, j1;, and common shocks across years, ;. This
method isolates the within-municipality variation in
food waste changes, improving the precision of the con-
vergence estimates.

logFWiy —logFW;_1y = a+ BlogFW;—1) +ei (1)

AlogFWiy = o+ BlogFW;(; 1) + €it (2)
AlogFWiy = a+ BlogFWi—1) + pi + e + € (3)
AlOgFWZt =+ ﬂlOgFWi(t_l) + ’YIXZ't (4)

To better capture the variations between munici-
palities, the analysis used a conditional 3-convergence
model. This approach includes key characteristics—
such as the GRDP per capita, poverty levels, and re-
cycling rates—as control variables in the analysis (see
equation (4)). Including these covariates allows for a
more precise estimation of the convergence process by
isolating the effect of initial food waste levels from other

factors influencing waste dynamics 8.

3.2. Research Procedures

This study sequentially applies the procedures as
shown in Figure 1. First, the data are collected and pre-
pared for further analysis. The analysis utilized annual
panel data at the municipal level covering the period
from 2020 to 2023, resulting in 355 observations. Al-
though the original dataset spanned from 2019 to 2023,
the estimation began in 2020, as the first-difference
transformation was applied to the dependent variable.
For subgroup or heterogeneity analyses, the number of
observations decreased slightly to 345 due to missing
values in specific variables across certain municipalities.
All data used in this study were retrieved from publicly
accessible sources. Municipal-level food waste and re-
cycling data were obtained from the Ministry of Envi-
ronment and Forestry’s Solid Waste Information System
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(SIPSN), available at https://sipsn.menlhk.go.id. Socioe- rate, and HDI were sourced from Statistics Indonesia via
conomic indicators such as GRDP per capita, poverty https://www.bps.go.id.

[ Data Collection and Preparation ]

[ Classical Assumption Tests ]

——————

p B-Convergence »

%
[ Uncolldltlonﬂ Conditional J

o

H
[ log FWie1) 2 A log FWi ] e
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|
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Figure 1. Research Framework.
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Second, the selected variables were tested against
Table

1 summarizes the variables used in the model, all of

classical assumptions to ensure their validity.

which were selected based on their theoretical and em-
pirical relevance to convergence studies and municipal
solid waste management. The key explanatory variable,
lagged log food waste, captures convergence dynamics,
while GRDP per capita, poverty rate, and recycling rate
serve as controls. The inclusion of control variables aims

to capture the complexity of food waste performance at
the municipal level. Statistics indicate that variations ex-
ist between different municipalities. For example, the
standard deviation of the recycling rate emphasizes ma-
jor differences in how waste is managed across vari-
ous areas, with some municipalities reporting no recy-
cling at all. Similarly, the poverty rate varies slightly,
reflecting the different economic situations of local pop-

ulations.

Table 1. Descriptive Statistics.

Variable Definition and Unit Obs. Mean Std. Dev. Min. Max.
Alog Food Waste Year-to-year change in municipal 345 0.105 0.551 -1.616  4.625
food waste (log)
Log Food Waste (t-1)  "°lume of municipal food waste in 345 14.533 1.368 9469  17.879
the previous year (log)
Log GRDB per Capita  Ur0SS Regional Domestic Productper 5 5 16.806 1.109 14.165  20.134
capita (log)
Log Poverty Rate Percentage of the population living 345  -1.616 1.128 -3902  1.558
below the poverty line (log)
Proportion of municipal solid waste
Recycling Rate (t-1) that was recycled in the previous 345 0.097 0.112 0 1.192

year (%)

To ensure the appropriateness of including
these variables simultaneously, correlation and multi-
collinearity diagnostics were conducted. Table 2 shows
that the pairwise correlations among explanatory vari-
ables are relatively low, with the highest correlation
(0.377) occurring between log poverty and log GRDP
per capita. Meanwhile, the recycling rate (t-1) shows
negligible correlation with the other variables, suggest-
ing its inclusion does not distort the model. Table 3
further confirms the absence of multicollinearity, as all
variance inflation factor (VIF) values are well below the

conventional threshold of 10, with the highest VIF being
1.820. These findings suggest that the independent vari-
ables add distinct information to the model without mul-
ticollinearity problems. As such, the inclusion of these
variables in the conditional convergence model is statis-
tically sound and theoretically defensible. Meanwhile, to
ensure robust inference, the analysis employs variance-
covariance estimation (VCE), clustering the standard
errors at the municipal level. This adjustment corrects
for potential within-municipality heteroskedasticity and

serial correlation within municipalities.

Table 2. Correlation.

Variable Log Food Waste (t-1) Log GRDB per Capita Log Poverty Rate Recycling Rate (t-1)
Log Food Waste (t-1) 1
Log GRDB per Capita 0.238 1
Log Poverty Rate 0.157 0.377 1
Recycling Rate (t-1) 0.036 0.008 0.042 1
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Table 3. VIE.
Variable VIF 1/VIF
Log Food Waste (t-1) 1.070 0.936
Log GRDB per Capita 1.280 0.784
Log Poverty Rate 1.820 0.548
Recycling Rate (t-1) 1.010 0.989
Third, the unconditional and conditional (- at or below the mean were classified as “low.” This binary

convergence models were analyzed. The analysis was also
applied to various subsamples to explore heterogeneity
in convergence patterns across municipal characteristics.
These include location (Java vs. non-Java), population den-
sity (high vs. low), environmental budget (high vs. low),
and human development index (HDI) level (high vs. low).
The “high” and “low” categories were determined using
the sample mean as the threshold. Municipalities with val-

ues above the average were classified as “high,” while those

classification offers an interpretable and straightforward
method for distinguishing differences in convergence dy-
namics across various socioeconomic and institutional
backgrounds, with sufficient observations in each group

to support reliable statistical inference.

4. Results

4.1. Unconditional Convergence

Table 4. Unconditional B-convergence Estimates of Municipal Food Waste (2020-2023).

Alog Food Waste Unconditional
1) (2) 3) 4)
~0.358%+ 0.357%** 1.021%%* _1.049%%*
log Food Waste (t-1) (0.078) (0.077) (0.081) (0.079)
Constant 5.303%%* 5.339%% 14.926%** 15.290%%*
(1.149) (1.152) (1.173) (1.148)
Municipal FE - - v v
Year FE - v - v
Obs. 355 355 355 355
R2 Within 0.734 0.716 0.734 0.751
Wald x2 21.000%%* 21.560%* - -
F Statistics - : 159.600%+* 43.840%%

Standard errors clustered at the municipal level are in parentheses. ***: p < 0.01.

The initial analysis tests whether 3-convergence in
food waste exists across Indonesian municipalities with-
out controlling for other socioeconomic characteristics.
As shown in Table 4, Models (1) to (4) sequentially incor-
porate time and municipality fixed effects to examine the
robustness of the convergence pattern. Model (1) begins
with a basic regression without fixed effects. The result
reveals a significant negative relationship between the
lagged log of food waste and its change over time, sug-
gesting a tendency toward convergence. Yet, including
just the year fixed effects in Model (2) results in a slightly

weaker fit. When the municipality fixed effectis added in
Model (3), the 8 coefficient becomes more negative, con-
firming the presence of convergence. Model (4), which
includes both fixed effects, produces the most consistent
estimate, indicating that municipalities with higher ini-
tial food waste levels reduced their waste more rapidly
over time. This supports Hypothesis 1 and confirms that
[-convergence in municipal food waste occurred during
the observed period.

Across all four models in Table 4, the 8 coefficient

indicates a negative and highly significant effect at the
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1% level.

ence of unconditional convergence. The magnitude of

The results consistently indicate the pres-

the coefficient becomes notably larger when municipal-
ity fixed effects are included, as seen in Models (3) and
(4). This implies that unobserved, time-invariant mu-
nicipal characteristics play an important role in explain-
ing initial disparities in food waste levels. The within
R? improves from 0.716 in Model (2) to 0.751 in Model
(4), reflecting better model fit when both municipal and
year fixed effects are accounted for. These findings sug-
gest that convergence in municipal food waste is not
solely a result of common national trends but is also
shaped by persistent, locality-specific factors. Overall,
the estimates provide strong baseline evidence that food

waste disparities across Indonesian municipalities nar-

rowed during the observed period, consistent with (3-

convergence theory.

4.2. Conditional Convergence Based on Lo-
cal Socioeconomic Factors

Table 5 shows results from the conditional (-
convergence models, which incorporate control vari-
ables into the main model. Models 5-7 particularly em-
phasize how different factors within municipalities (e.g.,
GRDP per capita, poverty, and recycling rates) affect the
convergence of food waste. Across all three models, the
coefficient in lagged food waste remains negative and
statistically significant, reinforcing the presence of con-
vergence even after accounting for differences in eco-
nomic and institutional conditions.

Table 5. Conditional 3-convergence Estimates of Municipal Food Waste (2020-2023).

Alog Food Waste Conditional
(5) (6) (7)
—-1.051%** -1.052%** -1.053%**
log Food Waste (t-1) (0.080) (0.082) (0.081)
. 0.151* 0.149* 0.146*
Log GRDB per Capita (0.085) (0.079) (0.081)
- 0.011 0.011
Log Poverty Rate (0.046) (0.047)
. - - -0.109
Recycling Rate (t-1) (0.258)
Constant 12.806*** 12.887*** 12.957%**
(1.648) (1.561) (1.597)
Municipality FE v v v
Year FE v v v
Obs. 345 345 345
R2 Within 0.765 0.764 0.764
F Statistics 34.740%** 31.270%** 31.270%**

Standard errors clustered at the municipal level are in parentheses. ***: p < 0.01, *: p < 0.10.

In Model (5), GRDP per capita shows a signifi-
cant positive association with food waste growth, pro-
viding support for H2a. This suggests that economi-
cally stronger municipalities tend to experience faster in-
creases in food waste over time, possibly due to higher
consumption levels. This finding is consistent with pre-
vious research[***4 who note that wealth often leads

to over-consumption if not managed by strong waste-

reduction policies. As for Model (6), the poverty rate
is included but is not statistically significant. Model (7)
also indicates that the recycling rate has no significant ef-
fect on food waste convergence. These findings partially
support Hypothesis 2, indicating that while convergence
holds after accounting for municipal characteristics, not
all socioeconomic variables have a uniform or significant

impact on food waste reduction rates.
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The consistently significant -convergence coeffi-
cients across all conditional models suggest that munic-
ipal food waste convergence is robust to include struc-
tural socioeconomic variables. However, the explana-
tory power of these covariates appears limited, par-
ticularly poverty and recycling rates, which vary rela-
tively little across municipalities. These findings show
that convergence dynamics are complex [ >%). Therefore,
more detailed data is needed to truly understand how so-
cioeconomic factors impact convergence.

4.3. Heterogeneity in Convergence Patterns

Table 6 presents the group-specific heterogene-
ity by looking at the conditional -convergence model
across different types of municipalities. These findings
confirm Hypothesis 3, showing that the speed of food
waste convergence is not uniform. Instead, it is shaped

by local socioeconomic and institutional environments.

However, the coefficient estimates for -convergence
remain consistently negative and of comparable mag-
nitude across most subsamples. This implies that the
overall convergence effect is irrespective of belonging to
certain groups, although convergence speed may differ.
This insight reinforces the robustness of the main find-
ings but also generates information on contextual policy
implications.

In terms of location, municipalities on Java Island
exhibit a stronger convergence pattern than those out-
side Java, as shown in Models (8a) and (8b). The 8 co-
efficient is more negative for Java, suggesting that mu-
nicipalities in this region—characterized by denser in-
frastructure, more mature waste management systems,
and closer administrative oversight—are reducing food
waste more quickly relative to their initial levels. In con-
trast, non-Java regions may face capacity constraints or
slower adoption of circular practices, resulting in more

gradual convergence.

Table 6. Subgroup Estimates of Conditional 3-convergence in Municipal Food Waste (2020-2023).

Location Density Environmental Budget Human Development Index
Aln FW Java Non-Java High Low High Low High Low
(8a) (8b) (9a) (9b) (10a) (10b) (11a) (11b)
L%ﬁaz(t’zd S1.085%**  —1.005%*  -1.055%% —0.991% 11110  -1.037%%  -1.087%* 0.971%
(t-1) (0.144) (0.083) (0.107) (0.115) (0.226) (0.081) (0.113) (0.126)
Log GRDB 0.181** 0.005 0.188** -0.048 0.088 0.236*** 0.067 0.217%**
per Capita (0.073) (0.254) (0.077) (0.223) (0.075) (0.077) (0.055) (0.064)
Pol;(;% 0.149** -0.105 0.091 -0.152** 0.007 -0.031 0.007 -0.016
Ratety (0.063) (0.065) (0.067) (0.061) (0.043) (0.078) (0.047) (0.095)
Recycling 3.869%** -0.387 2.961%** -0.496* 2.396** -0.210 0.504 -0.279
Rate (t-1)  (1.209) (0.287) (0.892) (0.279) (1.156) (0.272) (0.437) (0.243)
Constant 13.236%%*  14.236%**  12.394***  14.833***  14.988*** 11.065**  14.818%** 10.4971***
(2.500) (4.865) (2.075) (4.625) (3.886) (1.472) (2.034) (1.560)
Municipal = v J v v V v v
FE
Year FE v v v v v v v v
Obs. 104 233 121 216 93 244 194 143
R? Within 0.870 0.741 0.880 0.616 0.835 0.758 0.840 0.635
.F . 20.570*  38.730**  30.320*** 23.610***  9.060*** 37.420%%  20.460*** 117.980***
Statistics

‘High’ and ‘low’ categories are based on whether values are above or below the sample mean of each respective grouping variable. Standard errors clustered at the
municipal level are in parentheses. ***: p < 0.01, **: p < 0.05, *: p < 0.10.
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When grouped by population density, high-density
municipalities show faster convergence than their low-
density counterparts, as reported in Models (9a) and
(9b). This rapid convergence could be linked to stronger
regulatory enforcement, concentrated public awareness
efforts, or economies of scale in waste management ser-
vices. The recycling rate is particularly important in
these regions, suggesting that policies tend to work bet-
ter in densely populated areas compared to less popu-
lated ones.

Regarding environmental budget classifications,
municipalities with higher budget allocations demon-
strate steeper convergence rates (Model 10a). Mean-
while, those with lower budgets converge more slowly
(Model 10b). Having better finances at the municipal
level may accelerate local governments’ adoption of new
waste reduction technologies or create policies that sup-
port such efforts.

Finally, differences in convergence speed based on
HDI levels are also evident. Table 6 shows that food
waste convergence occurs faster in municipalities with
high (Model 11a) than low (Model 11b) levels of HDI.
Higher HDI levels may indicate greater institutional ca-
pacity and public participation in environmental pro-
grams. This municipality type often has better data col-
lection and coordination of actions, which allows for
more effective waste management interventions.

Table 6 also shows that the number of observa-
tions and the model performance vary between sub-
groups. Some groups provide relatively balanced obser-
vations among the subgroups, while others (e.g, the en-
vironmental budget group) provide composition dispar-
ities. Meanwhile, the “within R?” shows higher explana-
tory power in high-density areas (0.880) and munici-
palities located on Java (0.870). Lower “within R*” val-
ues, however, occur in low-density (0.616) and low-HDI
(0.635) municipalities. Lastly, the F-statistics are highly
significant in all models, confirming the joint relevance
of the explanatory variables. These findings demon-
strate the robustness of the model specifications and
highlight the convergence of food waste at the munici-
pal level across various institutional and socioeconomic
contexts.

Figure 2 presents the change in food waste

by subgroup—geographic location, population density,
environmental budget, and HDI—providing a visual
Although the figure
does not directly show convergence, it helps illustrate

overview of the average trends.

broader trends and subgroup differences that contextu-
alize the regression-based findings. In each panel, mu-
nicipalities classified with “higher” characteristics—J]ava
(a), high density (b), high budget (c), and high HDI (d)—
generally display more fluctuation but a sharper reduc-
tion in food waste by 2023 compared to their counter-
parts. These trends visually reinforce the 3-convergence
findings discussed in Tables 4-6, where higher initial
food waste levels were associated with faster declines.
Notably, the sharper year-on-year drop in Java and high-
density municipalities supports the regression evidence
that convergence occurs more rapidly in well-resourced
and administratively stronger areas.

(a) Food Waste Change: Java vs Non-Java (b) Food Waste Change: High vs Low Density

Food Waste Change
o LN w &
Food Waste Change
o - N w »

T T T T T T T T
2020 2021 2022 2023 2020 2021 2022 2023
Year Year

Java  —— —- Non-Java High Density ~ — — — - Low Density

(c) FW Change: High vs Low Env. Budget (d) FW Change: High vs Low HDI

Food Waste Change
Food Waste Change
o N w

T T T T T T
2020 2021 2023 2020 2021 2023

\
Figure 2. Average change of food waste (Aln FW, =
In FW; — In FW;_1) by group: (a) Location (Java vs. Non-
Java); (b) Density (High vs. Low); (c) Environmental Budget
(High vs. Low); and (d) Density (High vs. Low).

T T
2022 2022
Year Year

High Budget

— — — - Low Budget ‘ ‘ HighHDI  — — — - Low HDI ‘

Interestingly, all subgroups show a moderate in-
crease in food waste change in 2022, following the de-
cline in 2021. This pattern likely reflects the national
post-COVID recovery, as pandemic-related mobility re-
strictions and disruptions in food service sectors eased.
This recovery may lead to increased food consumption
and, subsequently, higher food waste generation. Munic-
ipal systems may have struggled to immediately recali-
brate, especially in rapidly growing urban centers. How-
ever, the regression models address this systemic shock
by including year-fixed effects, which absorb national-
level influences that impact all municipalities in the
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same period. As aresult, the 3-convergence estimates re-
main unbiased, and the subgroup comparisons continue
to reflect genuine differences in municipal capacity and
structural characteristics.

The disparities between the high and low groups
by 2021-2023 also illustrate the heterogeneity in the
regression-based subsample analysis (Table 6). How-
ever, local municipalities with low budgets and a low
HDI index showed a slower, yet steadier, decrease in
food waste. In other words, high-budget and high-HDI
areas experienced greater changes, notably improved
institutional responsiveness. These trends help justify
claims of non-uniform convergence, driven by gover-
nance, fiscal investment, and development levels. The
visual patterns offer a complementary perspective on
the regression results, illustrating the dynamics of food
waste change over time within each group.

5. Discussion

This study introduces the B-convergence model
into municipal food waste analysis within a develop-
ing country context—an application that has been un-
derexplored in existing literature. While prior studies,
such as those by Tonini et al.[®”) and Campoy-Mufioz et
al.[®!] focus on environmental impacts or economic sim-
ulations of waste reduction at macro levels, this study
employs a granular, municipal-level approach to mea-
sure the speed of food waste improvements. The in-
tegration of socioeconomic variables into a conditional
B-convergence model also adds methodological novelty,
bridging environmental convergence theory with public
policy and waste system design.

Unlike prior studies that examine convergence at
the national level[6%63] or in the context of emissions
or ecological indicators 4], this study provides a novel
municipal-level analysis of food waste convergence in a
developing country context. This research confirms the
B-convergence model in the context of Indonesian mu-
nicipal food waste. The results show that municipalities
with higher initial levels of food waste tend to reduce
their waste more rapidly. Furthermore, the analysis
reveals that structural factors—particularly GRDP per
capita—influence the speed of convergence, while other

variables such as poverty rate and recycling rate show
limited effects. Importantly, the convergence process is
not uniform; it varies across municipalities with differ-
ent socioeconomic and institutional profiles. Therefore,
policymakers should implement food waste minimiza-
tion strategies suited to local settings, rather than based
on a single template. This way, they can support circular
economy transitions with more impactful and context-
specific food waste management.

This research complements Cheng et al.!?8], who
emphasized regional disparities in solid waste gener-
ation across China and highlighted the importance of
location-specific policy responses. While Cheng et al.[28]
found persistent inequality in waste outcomes between
provinces, this study shows that convergence is evident
at the municipal level in Indonesia, suggesting effective
horizontal policy harmonization. Furthermore, the per-
sistence of convergence after accounting for both mu-
nicipal and year fixed effects indicates that Indonesia’s
efforts to strengthen local waste governance—through
regulation, performance evaluation, and standardized
reporting[®* —may have contributed to a national trend
of catching up among lagging regions. In this regard, the
findings extend the understanding of convergence be-
yond emissions to include material waste flows, reinforc-
ing the potential for decentralized waste management
reforms to produce measurable environmental conver-
gence.

In the conditional models, the 3-convergence coef-
ficient confirms that convergence continues even after
accounting for municipal differences in income, poverty,
and recycling behavior. GRDP per capita shows a pos-
itive association with food waste growth, aligning with
Environmental Kuznets Curve (EKC) logic, where waste
tends to increase with rising income until a threshold

is reached [2% 601,

This pattern supports previous find-
ings in the U.S.[%%], Europe[?* 0], and China[?®. In these
contexts, economic development initially leads to in-
creased waste generation. Over time, this trend begins
to reverse as environmental awareness >4, technologi-
cal adoption[®%], and market structures [®®! evolve.
However, this study finds that poverty rate and
recycling rate do not significantly affect convergence

speed. One plausible explanation, as noted by Grazh-
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dani67!

, is that household-level recycling and socio-
environmental behavior are difficult to capture accu-
rately using aggregated municipal indicators. Similarly,
Gul®8l observed discrepancies in waste generation be-
haviors between household types in China, suggest-
ing that socioeconomic predictors are more effective
when disaggregated. The limited impact of the recy-
cling rate may also reflect underdeveloped waste sep-
aration systems in many Indonesian municipalities (¢,
where community participation and recycling infrastruc-
ture remain uneven. Municipal recycling success de-
pends on stable logistics and market linkages, which are
often lacking in lower-income municipalities ?°). Incon-
sistencies in the local implementation of food waste col-
lection and treatment policies often neutralize the ex-
pected gains from household-level awareness or infras-
tructure presence?°l. Therefore, while income levels
influence convergence, deeper behavioral and institu-
tional drivers likely underlie the municipal disparities in
waste dynamics.

This study also finds evidence of heterogeneity
in convergence patterns. Although convergence holds
across all subsamples, municipalities in Java, high-
density areas, and those with larger budgets or higher
HDI levels demonstrate faster convergence. These re-
sults show that municipalities with more “superior”
characteristics tend to experience faster convergence
than their counterparts. The variation in convergence
speeds underscores the significance of municipal-level
capacity in translating national policy into operational
outcomes. Municipalities with higher resource capac-
ities might be better able to develop and enforce in-
terventions. On the other hand, regions with resource
limitations may struggle to reduce waste over time
consistently. Thus, capacity, governance, and socio-
institutional readiness are crucial for accelerating im-
provements in environmental performance.

For example, faster convergence in Java compared
to non-Java regions reflects better administrative capac-
ity, infrastructure access, and data reporting systems—
factors that Kurniawan et al.!®* emphasized as criti-
cal for zero-waste program implementation in urban In-
donesia. The role of population density is similarly sig-
nificant, as noted in Tonini et al.[®%), who emphasize that

food waste is highly sensitive to urban structure and the
reach of policy. Urban density facilitates economies of
scale in waste collection, monitoring, prevention, and
enforcement, all of which may explain the sharper de-
cline in food waste among densely populated municipal-
ities [27,28,60]

Additionally, convergence is faster in municipal-
ities with greater environmental budgets, where the
This
aligns with Cobo et al.[®°l and Allevi et al.[’%, who

recycling rate becomes statistically significant.

demonstrated that well-funded municipal programs in
the waste sector resulted in more efficient system opti-
mization and better integration with circular economy
goals. At the country level, failing to invest in local
food systems results in longer-term environmental bur-

dens!2l

—a lesson underscored by slower convergence
in low-budget municipalities.

Municipalities with higher HDI levels also converge
more quickly, likely due to stronger institutions and
community participation. This supports insights from

Castillo-Giménez et al.[?4]

, who observed that gover-
nance and institutional maturity drive the success of
EU waste treatment performance. These municipali-
ties may also have better access to public services and
waste-related education, which can accelerate behav-
ioral shifts. In contrast, low-HDI areas have limited edu-
cational access and administrative bottlenecks that slow
convergence*°], despite national targets. Overall, the re-
sults confirm that enabling conditions—financial, infras-
tructural, and social—facilitate convergence in reducing
food waste.

This convergence also aligns with circularity goals
described by Cobo et al.[®°l, where systems transition
from linear to circular models, enabling waste reduction
through integrated municipal action. In Indonesia’s case,
the findings suggest convergence may reflect the scal-
ing of decentralized waste systems (e.g., via the national
SIPSN platform) combined with data standardization ef-
forts. Thus, the municipal-level convergence adds em-
pirical weight to global goals of harmonized food waste
management under frameworks like Sustainable Devel-
opment Goal (SDG) 12.3., which ensures production and
consumption sustainability.

The findings provide scientifically supported policy
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recommendations to reduce food waste at both the local
and national levels. First, the heterogeneity of these con-
vergence speeds exhibited across subsamples suggests
the importance of context-specific interventions. The
convergence framework allows policymakers to identify
which municipalities are falling behind and why. By iden-
tifying which and why convergence is lagging, this re-
search provides a diagnostic framework for allocating
resources and interventions. Municipalities with slow
convergence—particularly those with low HDI, limited
budgets, or non-Java status—require targeted interven-
tions such as fiscal transfers, technical assistance, and
community engagement programs [** 71, Therefore, the
convergence rate can serve as a diagnostic and moni-
toring tool, complementing existing metrics like recy-
cling rates or landfill volumes. In addition, the con-
vergence framework can also serve as a dynamic indi-
cator of how quickly municipalities improve over time.
While traditional tools measure environmental impact
at a fixed point, the convergence rate captures whether
lagging municipalities are catching up, thus offering in-
sight into the progress of sustainability interventions.
Second, policymakers should incentivize circular econ-
omy adoption through performance-linked grants, as fis-
cal support leads to waste behavior changes!”!. The fis-
cal incentive is even more effective when complemented

with strategies, regulations, and market behaviors [66]

6. Conclusions

This work offers strong support for $-convergence
in Indonesian municipal food waste. The findings indi-
cate that municipalities with higher initial waste levels
experience faster reduction rates in food waste relative
to those with lower initial levels. The analysis confirms
unconditional convergence and shows that food waste
convergence persists even after accounting for struc-
tural municipal characteristics such as GRDP per capita,
poverty rate, and recycling rate. Notably, the analysis
reveals heterogeneity in convergence speeds across ge-
ographic regions, levels of population density, environ-
mental endowments, and human development. The vari-
ation in convergence speeds reflects disparities in local

capacities to plan, fund, and implement effective waste
reduction strategies.

These findings have significant implications for cir-
cular economic practices and sustainable governance.
The food waste convergence trend suggests that waste
monitoring may help narrow performance gaps between
higher- and lower-performing municipalities. However,
the unequal speed of the convergence across munic-
ipal groups highlights the need for more municipal-
specific policy responses. High-performing municipal-
ities benefit from stronger institutions, better infras-
tructure, and fiscal capacity—factors that should guide
capacity-building in lagging municipalities.

The study contributes methodologically by apply-
ing a conditional 3-convergence framework to municipal
food waste data. Furthermore, the framework provides
a replicable model for other developing countries seek-
ing to achieve the SDG 12.3 targets. It also advances the
literature by integrating structural and institutional di-
mensions into the analysis of food waste performance.
In addition, the findings provide policymakers with a
tool to identify where support is most needed and mon-
itor progress toward accelerating food waste conver-
gence toward sustainability.

While the analysis provides robust findings, the
convergence framework assumes linearity, which may
oversimplify the policy response in complex munici-
pal systems. Despite its linearity assumption, the (-
convergence model remains theoretically grounded and
empirically practical for municipal-level policy analysis.
Future research should explore nonlinear models and
consider household or sectoral-level food waste dynam-
ics. It would also be valuable to integrate behavioral
and institutional indicators more explicitly, following ap-
proaches used in circular economy adoption studies ¢!,
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