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Abstract: Urban transport systems face increasing challenges related to congestion, emissions, and inefficient first- and 

last-mile connectivity. This study proposes a methodological framework for evaluating the integration of Internet of 

Things (IoT)-enabled docked electric scooter systems with urban public transport through a composite index combining 

travel time, emissions, and cost. A case study based on the transport network of Sofia, Bulgaria, compares a 

conventional public transport scenario with an integrated metro and shared e-scooter scenario. The results demonstrate 

that the integrated approach can reduce travel time by approximately 27% and transport-related emissions by 

approximately 29%, while providing improved overall mobility performance despite slightly higher direct user cost. 

The proposed framework offers a simple and adaptable methodology for evaluating integrated micromobility solutions 

in sustainable urban transport systems. 
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1. INTRODUCTION 

Transport is a fundamental component of modern 

societies, enabling economic activity, social 

interaction, and access to essential services [1]. 

However, transportation is also a major contributor 

to environmental degradation and public health 

challenges. In the European Union (EU), transport 

accounts for approximately 29% of total 

greenhouse gas emissions and remains the only 

major economic sector where emissions have 

consistently increased since 1990 [1]. Road 

transport represents the largest share of these 

emissions, accounting for 73.2% of total transport-

related emissions in the EU [2]. The growing 

volume of passenger and freight transport has 

intensified congestion, air pollution, noise, and 

other negative urban impacts [1, 3]. 

To address these challenges, the EU aims to 

reduce transport-related emissions by 90% by 2050 

under the European Green Deal framework [1]. 

Achieving this objective requires a transition towards 

more sustainable urban mobility systems, including 

public transportation and micromobility solutions [1, 

4]. Urban areas are particularly important in this 

transition, as they accommodate over 70% of EU 

citizens and generate approximately 23% of transport-

related greenhouse gas emissions [4]. 

Micromobility solutions, particularly electric 

scooters, have emerged as a promising approach for 

improving first- and last-mile connectivity and 

reducing reliance on private vehicles [7]. However, 

many existing shared scooter systems rely on 

dockless operational models, which often suffer from 

unreliable vehicle availability, urban clutter, and 

inconsistent service quality, limiting their suitability 

for regular commuting applications [7-10]. 

In Sofia, the transport system includes private 

cars, buses, trolleybuses, trams, metro, and shared 

micromobility services [11]. Despite this diversity, 

the city remains highly dependent on private vehicles 

and experiences significant air quality and congestion 

challenges, particularly during peak commuting 

periods [11]. While Sofia’s public transport network 

provides integration between metro, bus, and tram 

systems, effective integration with environmentally 

friendly individual transport modes such as shared 

electric scooters remains limited. At the same time, 

high-activity urban corridors, including the 

Tsarigradsko Shose area, experience concentrated 

traffic flows and mobility demand [11]. 

Despite the growing adoption of micromobility 

systems, there remains a lack of simple and applicable 

evaluation frameworks capable of simultaneously 

assessing travel time, environmental impact, and cost 

within integrated public transport scenarios. This 

study addresses this gap by proposing a 

methodological framework for evaluating the 

integration of shared electric scooters with urban 

public transport systems. The framework introduces a 

composite index combining travel time, emissions, 

and cost and applies it to a case study in Sofia. 

2. LITERATURE REVIEW 

2.1. Micromobility Systems - Docked vs. Dockless 

Approaches 

Micromobility solutions, particularly electric 

scooters, have gained significant attention as a 

sustainable alternative to conventional urban 
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transportation modes, primarily due to their ability 

to alleviate congestion, reduce pollution, and offer 

convenient short-distance travel. Electric scooters 

are currently available through two primary 

deployment methods - docked systems, featuring 

dedicated parking stations, and dockless systems, 

allowing scooters to be freely parked within 

designated zones. Dockless solutions, despite their 

flexibility, face issues regarding scooter clutter, 

uncertain availability, and vandalism, all of which 

significantly diminish their attractiveness for regular 

commuting [8, 9]. Conversely, docked systems have 

demonstrated higher reliability for commuters by 

ensuring predictable scooter availability and 

consistent service quality, thus addressing common 

barriers to habitual adoption [8, 10]. 

In European cities like Paris and Berlin, the 

preference is shifting towards docked or semi-

docked systems, integrating dedicated docking 

stations into public infrastructure to manage urban 

space more effectively and reduce visual and 

environmental impacts [10, 12, 13]. Furthermore, 

the presence of physical docking stations enhances 

the safety and reliability perception of micromobility 

systems, which in turn positively influences 

commuter behaviour and acceptance [10, 13]. 

2.2. The Role of IoT in Micromobility 

Management and Optimization 

IoT (Internet of Things) technology is essential in 

optimizing micromobility solutions by providing real-

time monitoring, fleet management, and predictive 

maintenance capabilities [14, 15]. IoT enables 

continuous tracking of scooter locations, battery 

statuses, and mechanical conditions, facilitating 

proactive maintenance and efficient redistribution 

strategies [14]. Furthermore, IoT integration supports 

optimized charging cycles, ensuring scooters are 

readily available for users while maximizing battery 

life and overall operational efficiency [15, 16]. 

A critical advantage of IoT is the ability to 

deliver real-time data to both users and system 

operators through mobile applications and 

centralized management systems. This capability 

enhances user convenience by providing real-time 

navigation, reservation options, and instant service 

notifications, significantly improving the commuting 

experience and promoting regular use [14, 16, 17]. 

2.3. European Examples and Practices in 

Micromobility Integration 

Several European cities have successfully 

implemented integrated micromobility systems, 

highlighting both opportunities and challenges. For 

instance, in Paris, the integration of micromobility 

docking stations with public transport hubs has 

notably improved first-mile and last-mile 

connectivity, thereby enhancing public transport 

attractiveness and reduced private car usage [10, 18]. 

Berlin has adopted similar practices, strategically 

placing docking stations near public transport 

stations to facilitate multimodal commuting, 

resulting in positive shifts in commuter preferences 

towards micromobility [13, 18]. 

However, not all attempts have been uniformly 

successful. Copenhagen faced significant challenges 

with dockless scooters, prompting regulatory 

interventions and eventual transition to regulated 

docking systems to curb sidewalk clutter and 

improve user reliability [8, 12]. Such examples 

underline the necessity for careful planning and 

integration strategies, emphasizing the critical role 

of local regulatory frameworks and public 

acceptance in determining system effectiveness [12, 

19]. 

2.4. Commuter Behaviour and Adoption Barriers 

Understanding commuter behaviour is pivotal in 

evaluating the feasibility of integrating micromobility 

solutions into existing public transportation 

frameworks. Commuters prioritize reliability, 

affordability, and convenience when adopting new 

modes of transport. Existing research suggests that 

unpredictable availability, high costs, and perceived 

safety risks significantly deter regular use of dockless 

scooter systems among daily commuters [8, 10]. 

Surveys conducted in European urban centres indicate 

a strong preference for integrated micromobility 

options that complement public transport 

infrastructure, providing seamless transfers and 

predictable service availability [13, 20]. 

Additionally, environmental awareness among 

commuters positively correlates with willingness to 

adopt sustainable transport modes, including electric 

scooters. However, practical issues, particularly 

regarding availability and service reliability, remain 

significant barriers that must be addressed through 

effective system design and management [20, 21]. 

2.5 Research Gap and Contribution  

While the integration of micromobility solutions 

with public transport is recognized as beneficial, 

literature consistently highlights a lack of 

comprehensive studies explicitly focusing on the 

feasibility and effectiveness of integrating IoT-

enabled, docked scooter stations within existing 
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public transportation infrastructure [16, 19, 22]. 

Most current studies and pilot projects address 

micromobility either independently or in parallel 

with public transport, without explicit operational 

integration, thereby limiting potential benefits of 

seamless multimodal commuting [16, 23]. 

This literature review highlights the existing 

body of knowledge surrounding micromobility 

systems and commuter behaviours in urban contexts. 

While micromobility solutions clearly demonstrate 

potential for sustainable commuting improvements, 

considerable gaps remain, particularly concerning 

direct integration with public transport 

infrastructure. Addressing this gap, particularly 

within the context of Sofia, Bulgaria, could provide 

valuable insights and practical guidance for urban 

mobility planning and policy development, 

potentially serving as a benchmark for similar urban 

areas aiming to achieve sustainable commuting 

practices [23, 24]. 

Despite the extensive body of research on 

micromobility systems, existing studies primarily focus 

on either system design, user behavior, or standalone 

deployment models. There remains a lack of simple, 

quantitative, and applicable evaluation frameworks that 

integrate micromobility directly into public transport 

systems while simultaneously accounting for travel 

time, environmental impact, and cost. 

This gap is particularly relevant for cities such 

as Sofia, where high reliance on private vehicles and 

significant air quality challenges necessitate 

integrated and scalable mobility solutions. 

3. PROPOSED SYSTEM CONCEPT  

To support the evaluated scenario, a conceptual 

system architecture is considered, consisting of 

shared electric micromobility vehicles and modular 

docking stations integrated with public transport 

infrastructure. 

The conceptual system evaluated in this study 

consists of two primary components: an electric 

micromobility vehicle and a modular docking station 

integrated with public transport infrastructure. 

Figure 1 presents the electric scooter considered as 

the reference vehicle for the feasibility assessment, 

while Figure 2 illustrates the conceptual docking 

station configuration intended for deployment at 

transport nodes such as metro stations. 

As illustrated in Figures 1 and 2, the proposed 

system is based on docked electric vehicles 

positioned at key transport nodes, such as metro 

stations, enabling predictable availability and 

structured fleet management. Modular docking 

stations allow flexible deployment and scalability 

depending on demand patterns. 

Such systems can be enhanced through IoT-

based monitoring and management, enabling real-

time tracking, usage optimization, and integration 

with digital mobility platforms. This approach 

addresses common limitations of dockless systems, 

such as vehicle clutter, inconsistent availability, and 

operational inefficiencies. 

The proposed system serves as a representative 

model for evaluating the integration of micromobility 

into public transport networks, without being limited to 

a specific commercial implementation. 

 

Fig. 1: The figure illustrates the core vehicle considered 

for this feasibility study – an electric scooter Vinghen 

 

Fig. 2. A side and front view scheme of the vertical 

docking station in configuration for four scooters, 

illustrating the general packaging and dimensions 

with depth of 120 cm, length of 240 cm, and height 

of 212 cm. 

4. MATERIALS AND METHODS 

4.1. Scenario Definition 

The study evaluates the integration of shared 

electric scooters within the public transport system 

in Sofia through a comparative scenario-based 

approach. 

A representative commuting route is defined, 

reflecting typical urban mobility patterns during 

peak hours: 
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● Origin: Opalchenska Metro Station 

● Metro segment: Opalchenska - G.M. Dimitrov 

Metro Station (~7.5 km) 

● Last-mile segment: G.M. Dimitrov - The 

Mall (~1.8 km) 

Total route length: ~9.3 km. 

The selected corridor corresponds to a high-

activity urban axis associated with business and 

commercial zones and elevated traffic intensity . 

Two scenarios are defined: 

● S1 (Baseline): Metro + feeder public 

transport (bus) / walking 

● S2 (Integrated): Metro + shared e-scooter 

(last mile) 

4.2. Evaluation Metrics 

Three key performance indicators are defined: 

Travel Time TTT 

Total door-to-door travel time: 

T=Taccess + Twait + Tin vehicle +Tlast mile  

Representative values are derived from urban 

mobility studies and route analyses using publicly 

available transport information and travel time 

estimates obtained from Google Maps. 

Emissions E 

Total carbon dioxide (CO2) emissions per trip: 

𝐸 = ∑ ⬚

⬚

𝑖

(𝑑𝑖 ⋅ 𝑒𝑖) 

where: 

● di -  segment distance 

● ei -  emission factor (gCO₂/passenger-km) 

Cost C 

Two pricing schemes are considered: 

● S1: single public transport ticket (0.80 EUR) 

● S2: integrated daily pass (2.00 EUR), 

including e-scooter access 

4.3. Emissions Factors 

Emission factors were determined based on 

published transport emission data and measured 

vehicle energy consumption. 

For metro transport, an emission factor of 35 g 

CO₂/passenger-km was adopted based on published 

emissions data for electrified urban rail transport 

systems in the United Kingdom [26]. Due to the 

absence of publicly available operational emission 

factors for the Sofia Metro system, this value was 

considered representative for the purposes of the 

present study. 

For bus transport, an emission factor of 80 g 

CO₂/passenger-km was adopted based on reported 

emissions for urban bus operations in London [27]. 

This value was used as a representative estimate for 

conventional urban bus transport. 

For the electric scooter, emissions were 

calculated using the measured energy consumption of 

the Vinghen electric scooter and the average carbon 

intensity of electricity generation in Bulgaria. Based 

on an electricity carbon intensity of 305 g CO₂/kWh 

for Bulgaria in 2025 [28] and measured vehicle 

energy consumption, the resulting emission factor 

was calculated as approximately 15 g CO₂/km. 

4.4. Index Formulation 

A composite evaluation index is defined: 

𝐼 = 𝜔𝑇 ⋅ 𝑇𝑛 + 𝜔𝐸 ⋅ 𝐸𝑛 + 𝜔𝐶 ⋅ 𝐶𝑛 

where: 

● 𝑇𝑛, 𝐸𝑛, 𝐶𝑛  are normalized values 

● 𝜔𝑇,𝜔𝐸, 𝜔𝐶 are weighting coefficients 

Subject to: 

𝜔𝑇 + 𝜔𝐸 +  𝜔𝐶 = 1 

The study adopts environmentally weighted 

coefficients: 
● 𝜔𝑇 = 0.3  

● 𝜔𝐸 = 0.5  

● 𝜔𝐶 = 0.2 

4.5. Normalization 

Min–max normalization is applied according to: 

𝑋𝑛 =
𝑋 − 𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛
 

where X is the evaluated parameter (travel time, 

emissions, or cost), Xmin is the lower reference 

value, and Xmax is the upper reference value. The 

lower and upper limits are selected based on 

representative urban mobility conditions and are 

used to enable comparison between different 

transport scenarios. 

For the purposes of this study, the following 

reference ranges are adopted: 

● Travel time: Xmin = 15 min, Xmax = 45 min 

●  Emissions: Xmin = 0 g CO₂, Xmax = 500 g CO2 

● Cost: Xmin = 0 EUR, Xmax = 5 EUR 

This approach provides a continuous normalization 

scale between 0 and 1 and allows comparison beyond 

the specific scenarios considered in the case study. 

4.6. Calculation Procedure 

1) Define route and transport modes 

2) Estimate T, E, C for each scenario 

3) Normalize indicators 
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4) Compute index I 

5) Compare scenarios 

5. CASE STUDY 

The defined route is evaluated under peak-hour 

conditions, consistent with observed traffic patterns 

in Sofia (08:00–09:00 and 17:00–18:00) . Return trip 

assumed. 

The travel time for each scenario was calculated 

as the sum of access, waiting, in-vehicle, and last-

mile travel components. The resulting total travel 

times are presented below. 

Scenario S1: Metro + Bus 

● Metro travel time: ~13 min 

● Waiting time (metro + bus): ~10 min 

● Bus last mile (~1.8 km @ 18 km/h): ~6 min 

● Transfers and walking: ~4 min 

Total time: 

𝑻𝒔𝟏 ≈ 𝟑𝟑 𝒎𝒊𝒏 

Total emissions were calculated by multiplying 

the distance travelled by each transport mode by its 

corresponding emission factor and summing the 

results for the complete journey. 

Emissions CO2: 

● Metro: 7.5⋅35=262.5 g 

● Bus: 1.8⋅80=144 g 

𝑬𝒔𝟏 ≈ 𝟒𝟎𝟔. 𝟓 𝒈 𝑪𝑶𝟐 

Travel costs were estimated based on the 

pricing schemes defined for each scenario. For the 

baseline scenario, two single public transport tickets 

were assumed to account for a return trip, while the 

integrated scenario considered a daily pass including 

access to the shared e-scooter system. 

Cost: 

 𝑪𝒔𝟏 = 𝟎. 𝟖𝟎 ∗  𝟐 =  𝟏. 𝟔𝟎 𝑬𝑼𝑹 

Scenario S2: Metro + E-scooter 

● Metro travel time: ~13 min 

● Waiting time (metro only): ~4 min 

● E-scooter (~1.8 km @ 20 km/h): ~5 min 

● Transition time: ~2 min 

Total time: 

 𝑻𝒔𝟐 ≈ 𝟐𝟒 𝒎𝒊𝒏 

Emissions (CO2): 

● Metro: 7.5⋅35=262.5 g 

● E-scooter: 1.8⋅15=27 g 

𝑬𝒔𝟐 ≈ 𝟐𝟖𝟗. 𝟓 𝒈 𝑪𝑶𝟐 

Cost: 

𝑪𝒔𝟐 = 𝟐. 𝟎𝟎 𝑬𝑼𝑹  

6. RESULTS 

6.1. Raw Comparison 

Metric S1 S2 

Time (min) 33 24 

Emissions  

(g CO2) 

406.5 289.5 

Cost (EUR) 1.6 2.0 

6.2. Normalized Values 

Metric S1 S2 

𝑇𝑛 0.600 0.300 

𝐸𝑛 0.813 0.579 

𝐶𝑛 0.320 0.400 

Normalization was performed using 

representative urban mobility reference ranges rather 

than relative scenario extrema, enabling more 

scalable and continuous comparison between 

mobility alternatives. 

6.3. Index Calculation 

● S1: 

𝐼𝑆1 = 𝜔𝑇 ⋅ 𝑇𝑛 + 𝜔𝐸 ⋅ 𝐸𝑛 + 𝜔𝐶 ⋅ 𝐶𝑛=0.3 ⋅
0.600 + 0.5 ⋅ 0.813 + 0.2 ⋅ 0.320 = 0.651 

● S2: 

𝐼𝑆2 = 𝜔𝑇 ⋅ 𝑇𝑛 + 𝜔𝐸 ⋅ 𝐸𝑛 + 𝜔𝐶 ⋅ 𝐶𝑛=0.3 ⋅
0.300 + 0.5 ⋅ 0.579 + 0.2 ⋅ 0.400 = 0.460 

6.4. Interpretation 

The integrated e-scooter scenario (S2) demonstrates 

a significantly lower index value, indicating superior 

overall performance. 

Key findings: 

● ~27% reduction in travel time 

● ~29% reduction in emissions 

● Higher direct cost, but improved system 

efficiency 

The results align with the need for sustainable 

mobility solutions in Sofia, where high traffic 

density and air pollution remain critical challenges. 
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7. DISCUSSION 

The results of the case study demonstrate that 

the integration of shared electric scooters into the 

public transport system can significantly improve 

the overall performance of urban mobility. The 

proposed scenario (S2), combining metro and e-

scooter transport, achieves notable reductions in 

both travel time and emissions compared to the 

baseline scenario (S1), which relies on conventional 

feeder transport. 

The reduction in travel time is primarily driven 

by the elimination of waiting times associated with 

secondary public transport modes, such as buses, as 

well as the increased flexibility of point-to-point 

movement provided by e-scooters. This is 

particularly relevant in urban environments like 

Sofia, where peak-hour congestion and irregular 

service intervals can significantly affect travel 

reliability. 

From an environmental perspective, the results 

indicate a substantial decrease in emissions when 

replacing bus-based last-mile transport with electric 

micromobility. Given the broader context of air 

quality challenges in Sofia, this reduction is of 

particular importance. The findings are consistent 

with the need for sustainable mobility solutions that 

reduce the environmental footprint of urban 

transport systems . 

The cost analysis shows that the integrated 

scenario has a higher direct cost when based on a 

daily transport pass. However, this difference should 

be interpreted in the context of system-level 

benefits. In practical scenarios, many users already 

rely on daily or monthly public transport passes, 

which effectively reduces the marginal cost of e-

scooter usage to near zero when integrated into the 

system. This highlights the importance of 

considering pricing models and policy design when 

evaluating mobility solutions. 

The proposed index-based methodology proves 

effective in capturing trade-offs between different 

performance criteria. By assigning higher weight to 

environmental impact, the model aligns with policy 

priorities in cities facing air pollution challenges. At 

the same time, the framework remains flexible and 

can be adapted to different weighting schemes 

depending on specific policy objectives. 

The obtained results are consistent with findings 

reported in previous studies on micromobility 

integration and multimodal urban transport systems. 

Olabi et al. [18] identify micromobility solutions as 

an effective approach for reducing transport-related 

emissions and improving urban mobility efficiency. 

Similarly, Li et al. [7] report that shared e-scooter 

systems can provide an attractive alternative for 

short-distance urban trips and first- and last-mile 

connections. The observed reduction in travel time 

and emissions in the present study is therefore 

aligned with broader trends reported in the literature, 

supporting the potential benefits of integrating 

shared electric scooters with public transport 

systems. 

It should be noted that the analysis is based on 

representative values derived from literature and 

urban mobility studies rather than detailed empirical 

datasets. While this approach is suitable for 

demonstrating the applicability of the methodology, 

future work could enhance accuracy through the 

integration of real-time transport data and user 

behavior analysis. 

8. CONCLUSION 

This study proposes a methodological 

framework for evaluating the integration of shared 

electric scooters with urban public transport systems. 

The framework is based on a composite index that 

combines travel time, emissions, and cost, allowing 

for a structured comparison of alternative mobility 

scenarios. 

The application of the methodology to a case 

study in Sofia demonstrates that integrating e-

scooters as a last-mile solution can lead to 

significant improvements in both travel efficiency 

and environmental performance. Despite a higher 

direct cost under certain pricing schemes, the 

integrated approach offers clear system-level 

advantages, particularly when considering existing 

public transport usage patterns. 

The main contribution of this work lies in the 

development of a simple and applicable evaluation 

framework that can support decision-making in the 

context of sustainable urban mobility. The 

methodology is adaptable and can be applied to 

different cities, transport configurations, and policy 

scenarios. 

From a practical perspective, the results suggest 

that the integration of micromobility services into 

public transport systems represents a viable strategy 

for reducing traffic congestion and improving air 

quality in urban environments. This is particularly 

relevant for cities such as Sofia, where transport-related 

environmental challenges remain significant. 

Future research directions include the 

incorporation of real-world mobility data, the analysis 
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of user behavior and adoption patterns, and the 

extension of the model to include additional factors 

such as reliability, safety, and infrastructure 

availability. 
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