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Transit-Oriented Development (TOD) as a strategy to promote compact,
mixed-use, and transit-supportive urban forms. This study evaluates
the TOD readiness of five major transit hubs in Surabaya—Purabaya
Terminal, Joyoboyo Terminal, Gubeng Station, Surabaya Kota Station,
and Pasar Turi Station—using a spatially explicit Built Environment
Index (BEI). A Geographic Information System (GIS) approach was
applied to analyze population density, employment density, land use
mix, and accessibility within 400, 800, and 1,200 m service areas. These
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INTRODUCTION

The disciplines of urban and transportation planning struggle with the multifaceted challenges of accommodating
rapid urbanization while fostering sustainable and equitable communities [1]. Urban sprawl, characterized by low-
density development and dispersed land uses, exacerbates traffic congestion, increases reliance on private vehicles,
and contributes to environmental degradation, thereby diminishing the overall quality of life for urban dwellers [2].
The escalating demand for mobility in growing metropolitan areas often surpasses the capacity of existing
transportation infrastructure, resulting in gridlock, delays, and economic inefficiencies. In response to these pressing
concerns, Transit-Oriented Development (TOD) has emerged as a globally recognized urban planning strategy that
aims to promote compact, mixed-use development patterns that are centered around high-quality public
transportation systems [3]. TOD seeks to integrate land use and transportation planning to create walkable, bikeable,
and transit-supportive environments that reduce car dependency, promote sustainable transportation choices, and
enhance accessibility to jobs, housing, and services [4]. Empirical studies in Indonesian cities indicate that travel-
cost/time elasticities and commuting patterns respond strongly to local built environment attributes, underscoring the
importance of density and land-use mix for transit ridership [5]. By concentrating development around transit hubs,
TOD can foster vibrant, mixed-income communities, reduce greenhouse gas emissions, and improve overall urban
sustainability [6].
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Built environment indicators, such as population density, employment density, land use mix, and street network
design, are crucial in assessing the potential for successful TOD implementation and measuring its impacts on travel
behavior and urban form [7]. Population density, measured as the number of residents per unit area, is a key
determinant of transit ridership, as higher densities generate greater demand for public transportation services and
make transit investments more economically viable. Employment density, defined as the number of jobs per unit
area, is another critical factor influencing transit demand, particularly during peak commuting hours, and contributes
to the economic vitality of transit-oriented districts. Mixed land use, characterized by the integration of residential,
commercial, and institutional uses within close proximity, enhances walkability, reduces trip lengths, and promotes
the use of public transportation by providing residents and workers with access to various destinations within a short
distance. Spatial analysis techniques, employing Geographic Information Systems, provide powerful tools for
evaluating service areas around transit hubs, assessing the distribution of population and employment, and identifying
opportunities for infill development and transit-supportive land use policies. These methods enable planners to
visualize and quantify the spatial relationships between transit infrastructure and the surrounding built environment,
allowing for data-driven decision-making and targeted interventions to promote TOD principles [8]. As a rapidly
urbanizing city in Indonesia, Surabaya is beginning to adopt TOD strategies to address its growing transportation
challenges and promote sustainable urban development [9,10]. By strategically locating higher-density residential
and commercial development around transit stations, Surabaya aims to reduce traffic congestion, improve air quality,
and create more livable and accessible neighborhoods.

Despite the growing recognition of TOD as a sustainable urban development strategy, spatially detailed assessments
of TOD readiness in cities like Surabaya remain insufficient, particularly in developing contexts. While policymakers
and practitioners widely promote TOD, a limited number of comparative, indicator-based evaluations of transit hub
performance consider the unique socio-economic and spatial characteristics of developing cities. Many existing
studies focus on developed countries and may not be directly applicable to the context of rapidly urbanizing cities in
Southeast Asia, which often face different challenges related to land use regulation, infrastructure provision, and
informal sector activities. Commonly used frameworks include the TOD Standard developed by the Institute for
Transportation and Development Policy (ITDP), which scores urban environments based on proximity, connectivity,
density, and diversity criteria; the TOD Scorecard by Cervero [11], which focuses on accessibility, land use mix, and
transit service quality; and accessibility-based evaluations grounded in the “5Ds” framework—density, diversity,
design, destination accessibility, and distance to transit. Other approaches rely on Multi-Criteria Decision Analysis
(MCDA) to integrate socioeconomic, spatial, and transport-related indicators into a single assessment [12]. While
these methods are comprehensive, they often require extensive datasets, complex weighting schemes, or qualitative
assessments that may limit their replicability in data-constrained contexts.

This study addresses the aforementioned gaps by evaluating five major transit hubs in Surabaya (Purabaya Terminal,
Joyoboyo Terminal, Gubeng Station, Surabaya Kota Station, and Pasar Turi Station) using a comprehensive GIS-
based Built Environment Index (BEI) analysis framework, incorporating detailed population and employment data
and land use metrics [13]. The BEI was selected as the evaluation method because it offers a quantitative, spatially
explicit, and adaptable framework that integrates multiple TOD-relevant indicators, namely population density,
employment density, land use mix, and accessibility, into a single comparable score [14]. The BEI is particularly
suitable for GIS-based analysis and for comparing multiple transit hubs within the same urban area, enabling a
consistent and objective assessment that aligns with both the study’s data availability and research objectives [15].
Therefore, the research aims to provide insights into the spatial distribution of population and employment densities
around transit stations, assess the mix of land uses, and identify areas with the greatest potential for TOD
implementation. By employing a data-driven approach, the study seeks to inform urban planning policies and
investment decisions related to transit-oriented development in Surabaya and other similar cities in the developing
world. The study's findings suggest that, among the transit hubs evaluated, Gubeng Station emerges as the most
suitable for TOD, demonstrating the potential replicability of the applied method for similar urban contexts globally.

METHODS

The methodological framework employed in this study leverages spatial analysis techniques to evaluate population
and employment density characteristics within the sphere of influence of major transit hubs in Surabaya, Indonesia,
thereby providing empirical evidence for assessing the extent to which existing development patterns align with the
principles of Transit-Oriented Development.

Research Process Overview

This study followed a structured process to evaluate the Transit-Oriented Development (TOD) readiness of five major
transit hubs in Surabaya: Purabaya Terminal, Joyoboyo Terminal, Gubeng Station, Surabaya Kota Station, and Pasar
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Turi Station (Figure 1). The process began with the identification of the hubs as key nodes in the city’s transport
network, representing both bus and rail-based transit services that facilitate the movement of commuters and goods
across the metropolitan region and beyond [16]. Each hub was then assigned three service area thresholds of 400,
800, and 1,200 meters, which reflect standard walking and biking distances and enable the measurement of TOD-
supportive conditions at varying spatial scales [3,17,18].

The next stage involved data preparation, in which population density, employment density, and land use composition
were collected from official statistical and spatial sources, including OpenStreetMap for detailed road network
information, Google Satellite imagery for visual context and land cover assessment, BPS (Agency of Statistics
Indonesia) for granular population statistics at the administrative level, ATR/BPN (Ministry of Agrarian Affairs and
Spatial Planning/National Land Agency of Indonesia Kementerian Agraria dan Tata Ruang/Badan Pertanahan
Nasional) datasets for delineating land use zones, and Google Maps for capturing the spatial distribution of
employment centers and points of interest, ensuring a comprehensive and reliable foundation for subsequent analyses
[19]. These data were processed using Geographic Information Systems (GIS) to calculate indicator values for each
service area buffer. Population and employment densities were expressed as the number of people or jobs per square
kilometer, while land use mix was represented through the balance between residential and commercial functions.

The final stage of the process integrated these indicators into a BEI, which serves as a composite measure of TOD
readiness. The BEI was calculated under multiple weighting scenarios to test the sensitivity of results toward different
planning priorities, such as population-focused or employment-focused development. This multi-scenario evaluation
allowed for a more robust comparison of hubs and provided insights into the strengths and weaknesses of each
location.

Overall, this research process combines spatial analysis, indicator-based assessment, and composite indexing to
create a consistent and replicable framework for evaluating TOD potential at the hub level. The subsequent sections
describe the technical details of service area delineation, density calculations, land use analysis, and BEI construction.
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Figure 1. Location of the Five Major Hubs in Surabaya

Population Density Analysis

The population density analysis within the defined service areas involved overlaying the service area polygons with
administrative boundary data containing population statistics obtained from BPS, enabling the calculation of
population figures for each buffer radius around the transit hubs. This process entailed calculating the proportion of
each administrative unit's area that fell within each buffer zone, as shown in Equation (1), and then applying this
proportion to the population count of that unit, as shown in Equation (2), to estimate the population residing within
the buffer zone. Population density was then calculated using Equation (3) by dividing the estimated population
within each buffer zone by the area of the buffer zone, providing a standardized metric for comparing population
concentrations across different transit hubs and buffer distances.



Haratama, K.R., Farizi, A.M.A., Saputro, M.C., Manggalasari, L.C., and Thipphaya, P. | 57

SAsup
%54 = (AS:; ) x 100% (1)
%sa
Psq = (100) X Py 2)
P.
or =(53) ®

Where:

%s4 = percentage of service area

SAgy,p = service area per sub-district (km?)

Agyp, = total area of sub-district (km?)

Ps, = population in the service area — per threshold (people)
Ps,,;, = total population in the sub-district (people)

DP = population density (people/km?)

SA = service area — per threshold (km?)

Employment Density Analysis

Complementing the population density analysis, employment density was assessed to understand the spatial
distribution of employment opportunities around the transit hubs. To achieve this, location data of businesses and
points of interest were gathered from Google Maps using web scraping techniques, capturing information on business
names, addresses, and categories. This data was then categorized into different employment sectors, such as retail,
services, and offices, and estimates of employment per point of interest were derived based on the type and size of
the business. Employment density was estimated by translating commercial land use area into a potential workplace
capacity. A benchmark of 10 m? per worker was applied, which aligns with international workplace planning
standards [20,21] and is consistent with Presidential Regulation No. 73 of 2011, Articles 6-9, which sets minimum
floor area standards for workplace planning in Indonesia. This regulatory benchmark has also been used in other
urban planning studies as a proxy for estimating job capacity in data-scarce contexts. It is acknowledged, however,
that not all commercial space is actively occupied or utilized for employment purposes. Vacancies, circulation areas,
or storage space may reduce effective density, while certain high-intensity uses such as retail or workshops may
accommodate more workers than the standard suggests. To address this, the 10 m? standard was applied uniformly
across all hubs, ensuring comparability in the analysis. The resulting employment density values should therefore be
interpreted as indicative of relative differences between hubs rather than exact job counts. Future research could
refine this approach by incorporating land use surveys or detailed employment datasets to capture actual workplace
occupancy. The estimated employment figures were then aggregated within each buffer zone using Equation (4), and
employment density was calculated by dividing the total employment within each buffer zone by the area of the
buffer zone using Equations (5) and (6).

A
=10 &)
Ny,
Z nw(Ro—400), if d <400
Ny an(Rzmo—soo), if 400 < d <800 (©)

an(R800—1200)' lf 800 <d <1200

Where:

n,, = estimated workers per business (people)

A = area of the business building (m?)

DE = employment density (people/km?)

N,, = total of estimated workers within a specific threshold (3} n,,) (people)
SA = service area per threshold (km?)

R,_,, = ring or threshold
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In this study, N,, represents the sum of all n,,, within a defined service threshold, ensuring that employment estimates
reflect the total workforce accessible at different distances from the hub. R,_,, denotes the area of land use polygons
located within the radial distance between x and y meters from the transit hub. For instance, (Rg_40¢) refers to the
area enclosed within the 400-meter buffer, (R400-goo) refers to the ring between 400 and 800 meters, and so forth.

Land Use Composition Analysis

A land use composition analysis was performed to gain insights into the mix of land uses within the service areas,
classifying land use into three broad categories: residential, commercial, and mixed-use, based on the ATRBPN land
use data and visual interpretation of satellite imagery. The proportion of each land use category within each service
area was then calculated using Equation (7), providing a quantitative measure of the land use mix around each transit
hub and allowing for comparisons across different locations.

a
Y%Ly = (Z) X 100% (7)
Where:

%,y = percentage of land use (category land)

a = category land area (km?)

A = total area (km?)

BEI Calculation

The BEI was developed as a composite measure to evaluate TOD readiness at the transit hub level by integrating

multiple built environment attributes into a single score [22]. Composite indices are widely used in urban and

transport studies to operationalize multidimensional concepts such as walkability, accessibility, and TOD-supportive

urban form [23,24]. BEI was calculated to capture the key dimensions of density, diversity, and design that are

considered essential for successful TOD implementation using Equations (8) and (9). Prior to calculating the BEI,

the indicator values were normalized using min-max normalization, scaling the values between 0 and 1 to ensure

comparability across different indicators with varying units and scales as shown in Equation (10). The design of

urban spaces should consider non-motorized mobility [10]. The normalized indicator values were then combined

using a weighted scoring approach, reflecting the relative importance of each indicator in contributing to TOD

outcomes, allowing for the ranking of different transit hubs based on their overall built environment characteristics.

In this study, the BEI incorporates four components:

a. Population Density (PD) — residents per km? within service areas, representing residential intensity and potential
ridership base.

b. Employment Density (ED) — estimated jobs per km? representing workplace concentration and destination
strength.

c. Job-to-population Ratio - the proportion of working-age population that is currently employed per km?.

d. Land Use Mix (LUM) — degree of balance between residential and commercial land uses, indicating functional
diversity and accessibility.

Let K denote the number of component indicators included in the BEI (here K = 4). For hub i and a given weighting
scenario s, the BEI is computed as the weighted linear combination of the normalized indicator scores:

K
BEI®) = Z w . Xt (8)
k=1

subject to:

K

© _ ®
Zwk =1, o0=<w®<1 )
k=1

Where:

BE Il.(s)i = Built Environment Index score for hub i (i = 1 to n hubs)

W,ES) = the weight assigned to indicator k under scenario s. Different scenarios (equal, population-focused,
K

employment-focused, mixed-use, etc.) correspond to different weight vectors {W,ES)}

k=1
X;), = the normalized value of indicator k for hubs
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X' = X - Xmin 10
=

l Xmax - Xmin ( )
Where:

X'ix= normalized value

X = targeted value

Xmin = minimum value

Xmax = maximum value

To ensure robustness, the BEI was calculated under multiple weighting scenarios. An equal-weight scenario (w =
0.25 for each factor) was first applied to provide a neutral benchmark and to avoid favoring any single indicator.
Beyond this, weights were varied between 0.35 and 0.75 to simulate policy priorities. For example, a population-
focused scenario assigned a higher weight to population density (w = 0.5) while reducing others proportionally.
Similarly, employment-focused or land-use-focused scenarios emphasized their respective indicators. These
scenarios do not undermine the concept of BEI; instead, they provide a structured sensitivity analysis that examines
how different policy emphases (e.g., housing-led growth vs. job-led growth) affect hub rankings. This framework
ensures that the BEI is not simply a summation of indicators but a flexible evaluation tool responsive to planning
hypotheses.

The weighting choices also acknowledge that different transit hub types (e.g., rail stations versus bus terminals) serve
distinct roles within the urban system. For instance, a bus terminal such as Purabaya may be better assessed under
employment-focused scenarios, since it functions as both a transit gateway and a workplace node [12]. In contrast,
rail stations embedded in dense neighborhoods, such as Gubeng, are more aligned with population- or land-use-
focused weighting [25]. By comparing BEI results across weighting schemes, the analysis provides insights not only
into hub performance but also into which planning priorities each hub is most compatible with.

Overall, this multi-scenario weighting framework strengthens the BEI’s explanatory power. It allows for hypothesis
testing regarding TOD suitability under different urban development logics, ensures comparability across hub types,
and highlights where planning interventions could be targeted most effectively.

RESULTS AND DISCUSSION
Service Area Coverage

The evaluation of service area coverage in Surabaya, as derived from the spatial analysis of walkable and bikeable
catchments around transit hubs (Figure 2), provides critical insights into the city's potential for successful transit-
oriented development [26]. The observed variations in service area coverage across the five transit hubs—Purabaya
Terminal, Joyoboyo Terminal, Gubeng Station, Surabaya Kota Station, and Pasar Turi Station—, as mentioned in
Table 1, highlight the intricate relationship between urban morphology, road network connectivity, and the
accessibility of transit facilities, which directly influences the viability of TOD principles [27]. The higher
accessibility values recorded for Surabaya Kota and Gubeng Stations suggest a well-integrated urban fabric
characterized by permeable street networks that facilitate pedestrian and bicycle movement, aligning with the core
principles of TOD that emphasize seamless multimodal access [8]. The consistent growth pattern observed at Gubeng
Station, indicative of a grid or semi-grid road network, reinforces the importance of network structure in maximizing
service area coverage and promoting sustainable transportation modes. Conversely, the lower accessibility values
associated with Joyoboyo Terminal underscore the challenges posed by fragmented suburban road patterns, which
impede permeability and limit the catchment area that the transit hub can effectively serve; this disparity points to
the necessity of strategic interventions to improve connectivity and promote compact, mixed-use development in the
terminal's surrounding areas. Referring to the typologies illustrated in the Street Network Disconnectedness Index
(SNDI) diagram (Figure 3), this comparison allows for a theory-informed interpretation of service area performance,
as the street patterns around Surabaya’s transit hubs—such as the grid-like structure near Gubeng Station or the more
dendritic, disconnected layout near Joyoboyo Terminal—clearly correlate with differences in catchment coverage
and pedestrian accessibility. Recent evidence shows that higher intersection/road densities affect not only
accessibility but also traffic and pedestrian safety outcomes, which TOD planning should explicitly consider [28].

The distinctive growth pattern exhibited by Purabaya Terminal, characterized by moderate initial growth followed
by a steep increase at larger distances, refers to a spatial configuration where access to the inner core is constrained,
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while connectivity to the outer areas is more robust, which can be attributed to the terminal's location on the periphery
of the city center, where road networks may be less dense and more focused on vehicular traffic. In comparison,
Surabaya Kota Station's superior network integration reflects the inherent advantages of historic urban cores or
mixed-use districts, where fine-grained street networks and a diverse range of land uses promote walkability and
reduce dependence on private vehicles, thereby enhancing the station's accessibility and its potential to catalyze TOD.
While demonstrating reasonably good connectivity, Pasar Turi Station exhibits slightly lower service coverage than
the top performers, indicating potential areas for improvement in terms of pedestrian infrastructure and integration
with surrounding land uses to achieve optimal TOD outcomes. These findings resonate with established urban
morphology and road network connectivity theories, which postulate that fine-grained, permeable street grids are
fundamental to achieving higher service area accessibility and fostering sustainable urban environments [30].
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Figure 2. Pedestrian and Cycling Service Areas of the Five Major Transit Hubs in Surabaya, delineated by 400 m (red), 800 m
(orange), and 1,200 m (yellow) Buffers. These Areas Reflect the Spatial Reach and Local Accessibility of Each Hub, overlaid
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Table 1. Service Area Coverage for Every Threshold (km?)

Hubs 400-meter 800-meter 1,200-meter
Purabaya Terminal 0.147 0.790 2.060
Joyoboyo Terminal 0.078 0.663 2.040
Gubeng Station 0.104 0.741 2.320
Surabaya Kota Station 0.208* 0.906* 2.424%
Pasar Turi Station 0.151 0.798 2.140

The observed disparities in service area coverage across Surabaya’s transit hubs highlight the critical role of road
network structure in shaping the accessibility and effectiveness of transit-oriented development (TOD). TOD offers
a development pattern centered on transit nodes in densely populated areas, providing an alternative to conventional
suburban layouts that prioritize automobiles and result in disconnected environments [2,13,31]. Prioritizing well-
connected street networks is essential for creating pedestrian- and bicycle-friendly environments, which are key to
supporting active transportation and enhancing access to transit facilities [32]. Improving road connectivity is thus a
foundational element of TOD, particularly in dense urban contexts where enhanced access can significantly reduce
car dependency. Moreover, appropriate urban design and planning around public transport can offer local and regional
mobility solutions that minimize automobile reliance [10]. These insights emphasize that successful TOD
implementation requires careful attention to the design and permeability of road networks, enabling walkable,
accessible communities that support sustainable and equitable urban mobility [33].



Haratama, K.R., Farizi, A.M.A., Saputro, M.C., Manggalasari, L.C., and Thipphaya, P. | 61

A: Grid B: Degree-3 C: Irregular grid : Broken grid
E.g. Uruguay (-33.37, -56.53) E.g. South Africa (-28.29, 29.11) E.g. Russia (53.28, 34.41) E.g. India (13.07, 80.21)

P—— ! A\ —C N
MIREN =
— \2‘

___"g

4 SNDi ¢ 8 10

2
"""91‘ 7]
{

)

aw E

: Circuitous : Dead ends : Dendritic H: Disconnected
E.g. Philippines (14.43, 121.00) E.g. Palestine (31.39, 35.08) E.g. Seuth Korea (37.38, 127.20) E.g. United Kingdom (54.57, -6.02)

Figure 3. Road Network Typologies across the Street Network Disconnectedness Index (SNDi), Illustrating Varying Degrees
of Connectivity and Implications for Walkable and Bikeable Catchment Areas Around Transit Hubs (adapted from [29])

Population and Employment Density

Population and employment density stand as pivotal determinants in the efficacy of Transit-Oriented Development,
serving as barometers not only for gauging the prospective demand for public transport infrastructure but also for
assessing the degree of synergistic integration within the urban milieu [8]. A quintessential TOD-aligned ecosystem
is characterized by elevated population densities proximal to transit nodes, interwoven with a harmonious equilibrium
between employment opportunities and residential dwellings, thereby fostering heightened walkability indices and
curtailing vehicular dependence predicated on protracted commutes [30]. In the context of Surabaya, a thorough
investigation into the population and employment densities surrounding its primary transit hubs - namely, Purabaya
Terminal, Joyoboyo Terminal, Gubeng Station, Surabaya Kota Station, and Pasar Turi Station—unveils a tapestry of
heterogeneous profiles, each bearing distinctive implications for the application and optimization of TOD principles
within the local urban framework. The strategic co-location of residential, commercial, and recreational amenities
within walking distance of transit facilities not only amplifies ridership but also cultivates vibrant, mixed-use
communities that are less reliant on private automobiles, thereby mitigating congestion and promoting environmental
sustainability [2]. The juxtaposition of population and employment densities around transit nodes serves as a crucial
indicator of the functional integration and self-sufficiency of these areas, influencing commuting patterns, land use
dynamics, and the overall quality of life for residents [19]. The challenges encountered by areas adopting TOD
principles highlight the necessity of understanding local context and important elements of area development [3].

Gubeng Station stands out as the most TOD-ready hub, exhibiting a high peak population density at 400 m (19,455
people/km?), as illustrated in Figure 4, and a well-balanced job-to-population ratio of 1.01 (Figure 5). This suggests
a strong residential concentration immediately around the station and sufficient employment opportunities to support
daytime activity and reduce commuting distance. The declining density outward from the hub aligns well with TOD
principles, emphasizing compact, walkable urban cores with high land use intensity near transit access points. Pasar
Turi Station demonstrates the highest overall population densities in the 400 m and 800 m zones (23,720 and 23,201
people/km?, respectively), reflecting a compact, high-density urban form that supports transit ridership. However, its
job-to-population ratio of 0.62 reveals a predominance of residential land use with fewer local employment
opportunities. While this can result in strong ridership potential, the lack of employment limits its capacity to function
as a fully integrated, mixed-use TOD area. The sharp density drop at 1,200 m may also reflect physical barriers or
land use zoning transitions that inhibit broader integration.

Surabaya Kota Station presents an increasing population density gradient peaking at 1,200 m (17,681 people/km?),
suggesting the area surrounding the station is underutilized in residential terms. Nonetheless, it has one of the highest
employment densities in the 800 m zone (15,905 jobs/km?) as seen in Figure 6, making it a significant employment
hub. Its job-to-population ratio of 0.70 reflects a moderate balance, leaning slightly toward employment. This pattern
indicates strong TOD potential, particularly if supported by residential intensification around the core. Purabaya
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Terminal is characterized by an opposite pattern. Within the 400-meter buffer, it exhibits relatively low population
density (7,479 to 8,382 people/km?), but the highest employment density at 400 m (209,355 jobs/km?). This condition
arises because much of the core area is occupied by the terminal complex itself, which requires a large amount of
land to accommodate its multiple platforms, bus bays, and parking areas. Unlike train stations, which generally
occupy a more compact footprint, Purabaya is designed to serve a wider range of services: city buses, intercity buses,
and even inter-regional/provincial routes. As a result, the land immediately surrounding the terminal is dominated by
transport infrastructure rather than residential functions. This explains why population density increases only at
greater distances (800—1,200 m), where residential areas begin to emerge. When cross-analyzed with BEI outcomes,
this characteristic makes Purabaya more responsive to employment, or job-to-population-weighted scenarios rather
than population-focused ones, reflecting its role as a regional transport gateway rather than a neighborhood-serving
hub. Joyoboyo Terminal, in contrast, shows consistent but relatively modest performance in population and
employment metrics. Population density remains steady across all radii (16,255 to 16,886 people/km?), while
employment density is low (ranging from 4,286 to 9,262 jobs/km?). The job-to-population ratio 0.55 reflects a
residentially dominated environment with few local jobs. This is because Joyoboyo does not require an extensive
land footprint, as it serves fewer routes and primarily functions as a city bus terminal. This means the terminal
complex occupies less land, leaving more surrounding space for residential development even at proximity to the
hub. However, when analyzed against BEI outcomes, Joyoboyo’s steady residential base is not matched by a strong
diversity of land uses. Its lower scores in mixed-use and employment-focused scenarios suggest that despite stable
densities, the area lacks the functional variety needed to fully support TOD-oriented growth.
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Figure 4. Population Density Distribution within the 400 m, 800 m, and 1,200 m Service Areas of Five Major Transit Hubs in
Surabaya. The Darkest Zones Represent Areas with the Highest Residential Concentration

Among the transit hubs under consideration, Gubeng Station emerges as a frontrunner in embodying the tenets of
TOD, distinguished by an apex population density and an exemplary job-to-population ratio [34]. This configuration
not only underscores a robust residential concentration in the station's immediate vicinity but also indicates a self-
sustaining ecosystem where employment opportunities closely match the residential base, diminishing the necessity
for long-distance commuting [13]. The principles of TOD emphasize the creation of compact, mixed-use
developments within walking distance of transit facilities, aiming to reduce reliance on motorized vehicles and
promote pedestrian-friendly environments [4]. This equilibrium is crucial for fostering a walkable environment where
residents can easily access jobs, services, and amenities without relying on private vehicles. The success of TOD
hinges on carefully calibrating land use policies, transportation investments, and urban design strategies to create
synergistic relationships between transit infrastructure and surrounding communities. Integrating land use and
transportation planning is central to TOD, ensuring that residential, commercial, and recreational areas are well-
connected and easily accessible by public transit [35]. Furthermore, light rail transit systems are integrated within the
transit-oriented developments [36]. TOD implementations in other regions of the world have demonstrated the
potential for these developments to create sustainable, livable communities that offer a viable alternative to car-
dependent suburban sprawl.
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Figure 5. The Population Density, Employment Density, and Job-to-Population Ratio in the Five Main Hubs within 1,200-
Meter Boundaries
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Figure 6. Employment Density within the 400 m, 800 m, and 1,200 m Service Areas of Surabaya's Five Major Transit Hubs.
The Darkest Zones Represent Areas with the Highest Employment Concentration

Land Use Composition

The configuration of mixed-use land near transit hubs is another determinant of their potential for successful TOD
[4]. Gubeng Station, identified as having a significant composition of mixed-use development, emerges as a
promising candidate for TOD implementation due to the intrinsic relationship between land use diversity and
enhanced accessibility [37].

Consistent with the principles of compact urban form and land use integration espoused by TOD theorists like
Calthorpe and Bertolini, Gubeng Station exhibits a well-balanced mix of residential and commercial land uses within
the 400-meter, 800-meter, and 1,200-meter catchments areas as illustrated in Figure 7 and Table 2, which fosters a
walkable environment and reduces reliance on private vehicles [8,30]. This configuration directly supports the core
characteristics of TOD, facilitating convenient access to daily needs and promoting the use of public transit [13].

In contrast, hubs such as Joyoboyo, Purabaya, and Pasar Turi demonstrate limitations in their land use diversity,
presenting challenges to their TOD readiness and indicating a potential impediment to creating a vibrant, transit-
supportive environment. Purabaya Terminal's diminishing mixed-use integration with increasing distance from the
station, transitioning from a balanced mix at 400 meters to a predominantly residential composition at 1,200 meters,
underscores the criticality of strategically planned land use patterns to sustain TOD objectives [35]. The principles
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outlined in documents such as the Institute for Transportation Development and Policy Florida TOD Guidebook and
Permen ATR No. 16 of 2017 emphasize the importance of a 400-800 meter radius for TOD areas, reachable within
5-10 minutes on foot, indicating that regions beyond this radius may not effectively contribute to TOD goals [34].
Achieving a synergistic relationship between land use and transit infrastructure is essential to cultivating sustainable
urban environments, prioritizing accessibility, multimodality, and reduced automobile dependence. The success of
TOD hinges on creating transit stations that are not only transportation nodes but also vibrant, mixed-use centers
offering residents and commuters a wide array of amenities and services. Moreover, these stations must seamlessly
integrate with the surrounding urban fabric, creating a cohesive and pedestrian-friendly environment that encourages
transit ridership and reduces the need for private vehicles [38]. This balanced approach, characterized by integrating
residential, commercial, and recreational spaces, is essential to fostering a sense of place and community while
promoting economic activity and environmental sustainability. Examining Surabaya's transit hubs through the lens
of TOD principles reveals valuable insights into the existing land use patterns and their impact on transit-supportive
development.
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Table 2. Land Use Ratio at the Five Hubs for Every Threshold

Hub 400 m Mixed-use (%) 800 m Mixed-use (%) 1,200 m Mixed-use (%)
Purabaya T. R:75.22/C:24.78 — 100% R:45.77/C: 48.25 —594.02% R:56.76 / C: 31.80 — 88.56%
Joyoboyo T. R: 65.63 /C: 34.38 — 100% R: 77.17/C:22.83 — 100% R: 61.81/C:23.97 — 85.78%
Gubeng St. R:41.09/C: 58.91 — 100% R:66.27/C:33.3 —99.57% R: 67.89/C:28.92 — 96.81%

R: 47.40/ C: 52.60 — 100%
R: 89.84 /C: 10.16 — 100%

Surabaya Kota St.
Pasar Turi St.

R:50.06 /C: 48.23 — 98.29%
R: 68.35/C:23.26 = 91.61%

R: 63.08 /C: 26.49 — 89.57%
R: 65.19/C: 23.64 — 88.83%

Gubeng Station consistently records the highest BEI scores across nearly all scenarios, with values approaching 0.6
to 0.7 (Figures 8 and 9). Its strongest performance is observed in the Mixed Land Use Focused, Equal Weight, and
Population Density Focused scenarios. This combination of high mixed-use composition and concentrated population
density creates an environment highly accessible by walking and biking, thereby strengthening the efficiency and
effectiveness of transit operations. Surabaya Kota Station also demonstrates relatively high BEI values, with
consistent performance across various weighting scenarios. It is particularly strong in the Population Density Focused
scenario, where it reaches a score of approximately 0.62. These results reflect its location in a densely populated area
with a moderately developed built environment, suggesting its readiness for further TOD-oriented improvements.
Compared to Gubeng Station, Surabaya Kota Station is located near government offices, historic buildings, civic
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facilities, and several logistic industries in the northern part of the city; these land uses occupy large blocks but
accommodate few residents, which explains the relatively low density within 400 m compared to the higher
residential densities found at 800—1,200 m.

Purabaya Terminal achieves high BEI scores under the Employment Density Focused and Job-to-Population Ratio
Focused scenarios, with values ranging from 0.5 to 0.63. This pattern suggests a strong relationship between
employment and residential densities in the area, although performance is less favorable under other scenarios. The
terminal's strengths lie in its function as a major employment hub, though further enhancements in land use diversity
and population density could strengthen its overall TOD suitability. Joyoboyo Terminal performs moderately in the
Population Density Focused scenario but scores very low in the Mixed Land Use and Employment Density Focused
scenarios. These results indicate limitations in land use diversity and the integration of work and residential functions.
As a result, Joyoboyo may require significant intervention to enhance its suitability for TOD, particularly through
diversification of functions and improvements in local employment opportunities. Pasar Turi Station ranks lowest
overall in BEI scores, especially in the Mixed Land Use and Job-to-Population Ratio Focused scenarios, because the
surrounding area lacks integrated development and functional diversity. Although its best performance occurs in the
Population Density Focused scenario—with scores near 0.4—the station area remains predominantly residential,
with weak employment support and limited potential for mixed-use development in its current form.
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Figure 8. BEI Scores of Five Transit Hubs in Surabaya under 0.35 Target Weight Scenarios. Gubeng Station Consistently
Ranks Highest across All Weighting Schemes, Indicating Superior TOD Readiness, while Joyoboyo and Pasar Turi Stations
Score Lowest, Reflecting Limited Integration of Land Use and Density Indicators
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Figure 9. BEI Scores of Five Transit Hubs in Surabaya under 0.5 Target Weight Scenarios

Gubeng Station maintains top performance across all focus areas, with especially high scores in Mixed Land Use and
Equal weighting. Purabaya Terminal scores highest under Employment and Job-to-Population Ratio Focused
scenarios, while Joyoboyo and Pasar Turi Stations continue to lag in most categories, highlighting their limited TOD-
supportive characteristics.
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The findings indicate that TOD readiness in Surabaya is most strongly influenced by land use mix, population density
distribution, and the functional role of each hub. Among these, land use mix emerges as the most critical factor
because it simultaneously condenses employment opportunities and residential presence, thereby fostering
walkability and supporting transit efficiency. Population density near the core also plays a decisive role, as hubs with
compact residential clustering such as Gubeng perform better than those with underutilized cores like Purabaya or
Surabaya Kota. Finally, the scale and land occupation of transit infrastructure, particularly large bus terminals, affect
TOD integration by limiting available space for housing or mixed functions. Local research highlights the significant
role of paratransit and user perceptions in shaping service patterns around bus terminals, suggesting that terminal-
type hubs require distinct planning measures compared to rail stations [39]. Together, these factors highlight that a
balanced, well-integrated built environment is essential to strengthen TOD implementation in Surabaya.

In recapitulation, the Built Environment Index emerges as an indispensable analytical instrument for pinpointing and
prioritizing Transit-Oriented Development prospects within the ambit of urban transit hubs [40]. Its significance lies
in its capacity to furnish a nuanced comprehension of the intricate interplay between land use, transportation
infrastructure, and urban morphology, thereby enabling stakeholders to make judicious decisions pertaining to urban
planning and development [4]. The multi-scenario framework, inherent to the Built Environment Index, offers
versatile insights into the intrinsic strengths and vulnerabilities of distinct locales, steering planners and policymakers
toward the adoption of more strategic and context-sensitive developmental paradigms [30]. This approach resonates
with the imperative for benchmarking indicator-based methodologies within urban areas, incorporating diverse local
considerations to bolster the enduring sustainability of cities [41]. The index's capacity to accommodate multiple
scenarios is particularly salient, as it permits stakeholders to evaluate the ramifications of diverse policy interventions
and investment choices, thereby facilitating evidence-based decision-making. Moreover, the Built Environment
Index aligns with the broader objective of fostering sustainable urban development, which necessitates a holistic
synthesis that integrates environmental concerns with human well-being [42]. By furnishing a comprehensive
assessment of the built environment, the index empowers decision-makers to prioritize investments that not only
bolster economic growth but also enhance the quality of life for city denizens [43]. By analyzing the connectivity
principle, which assesses green infrastructure, a trade-off between investment decisions can be set up that helps
balance positive social, economic, and ecological effects throughout a city-region [44]. To allow social cohesion,
mainly by providing travelers with services which may allow to organize the transport better, it is necessary to
structure the transportation system according to sustainability requirements [45].

CONCLUSIONS

This study examined population density, employment density, land use mix, and their integration through the BEI to
evaluate the TOD readiness of five major transit hubs in Surabaya. The results consistently identify Gubeng Station
as the most TOD-supportive hub, characterized by its high density and balanced land use composition, which together
enable strong accessibility by walking and biking and reinforce transit efficiency. Surabaya Kota and Purabaya show
moderate potential: the former is constrained by institutional and logistic land use near its core but benefits from
rising residential intensity outward, while the latter functions more as a regional gateway with strong employment
linkages but weak local residential integration. Joyoboyo and Pasar Turi display limited TOD alignment, with stable
or high densities that are undermined by low land use diversity.

Beyond individual hub rankings, the findings provide broader insights into the determinants of TOD readiness. Land
use mix emerged as the most decisive factor because it simultaneously condenses population and employment,
creating the foundation for walkable, mixed-use environments that enhance transit ridership. Population density is
also influential, but its effect is strongest when concentrated close to the hub rather than dispersed outward. Moreover,
the type and footprint of transit infrastructure matters: compact train stations integrate more easily into their urban
context, while expansive bus terminals may sacrifice TOD-supportive land use at their core.

For Surabaya, these results suggest clear planning priorities. Strengthening TOD should involve promoting land use
diversification around hubs such as Pasar Turi and Joyoboyo, encouraging residential infill near Surabaya Kota, and
leveraging Purabaya’s role as a regional terminal by improving multimodal connections to surrounding
neighborhoods. Policy frameworks that incentivize compact, mixed-use development will be crucial to transform
transit hubs into activity centers that support sustainable mobility. Future research could refine these findings by
incorporating additional dimensions of TOD, such as pedestrian network connectivity, housing affordability, or the
role of informal land uses, to provide an even more comprehensive assessment of TOD readiness.
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