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Abstract 

Shared electric scooters (e-scooters) are increasingly promoted as low-carbon urban mobility 
solutions due to their energy efficiency and zero tailpipe emissions. However, recent life cycle 
assessment (LCA) studies indicate that the environmental performance of shared e-scooter systems 
is highly sensitive to factors such as manufacturing processes, charging practices, fleet rebalancing 
operations, and limited vehicle lifetimes. Most existing assessments rely on static, average-based LCA 
models that fail to capture the influence of operational decisions and temporal variability. This study 
proposes a carbon-aware operational framework that reframes sustainability assessment in shared e-
scooter systems as an operational decision-making problem. The framework integrates ride-level 
vehicle telemetry, temporally varying electricity grid carbon intensity, and dynamically allocated 
lifecycle impacts to estimate greenhouse gas emissions on a per-ride basis. These metrics are 
embedded into operational control processes to enable carbon-aware charging and rebalancing 
strategies. To support early validation, we simulate 1,000 urban e-scooter rides under both 
conventional and carbon-aware scenarios. Results show that ride-level GHG emissions can be 
reduced by 24.5% solely through improved charging schedules and optimized logistics—without 
changes in hardware or fleet size. This work offers a data-driven and algorithm-agnostic decision-
support architecture that advances LCA from retrospective reporting to real-time environmental 
management in micro-mobility systems. 

Keywords: shared electric scooters; micro-mobility; life cycle assessment (LCA); ride-level emissions; 
carbon-aware decision-making; dynamic LCA; sustainable operations  
 

1. Introduction 

Urban transportation is a major contributor to global greenhouse gas emissions, prompting cities 
worldwide to seek low-carbon mobility alternatives [1]. Shared electric scooters (e-scooters) have 
emerged as a prominent micro-mobility solution, particularly for short-distance urban travel, due to 
their perceived energy efficiency and zero tailpipe emissions [2,3]. As a result, e-scooters are 
frequently promoted as environmentally sustainable substitutes for private car usage in dense urban 
environments [4]. 

However, recent life cycle assessment (LCA) studies challenge this assumption by 
demonstrating that the environmental impact of shared e-scooters extends far beyond electricity 
consumption during use. Manufacturing processes, limited operational lifetimes, frequent 
maintenance requirements, and fossil-fuel-based rebalancing operations can collectively dominate 
total lifecycle emissions [5–7]. In some urban contexts, these factors substantially reduce—or even 
negate—the anticipated environmental benefits of e-scooter deployment [6,8]. 
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Most existing LCA studies on shared e-scooters rely on static, average-based models that 
estimate emissions per vehicle-kilometer traveled under fixed assumptions [5,9]. While these 
approaches are useful for high-level comparisons across transport modes, they fail to capture the 
strong dependency of emissions on operational decisions such as charging time, fleet rebalancing 
strategies, usage intensity, and battery degradation [10,11]. Consequently, current methodologies 
remain insufficient for supporting real-time or operation-level sustainability decisions in shared 
micro-mobility systems. 

In this study, we argue that sustainability assessment for shared micro-mobility should be 
treated not merely as a reporting exercise, but as an operational decision-making problem. To address 
this gap, we propose a dynamic, ride-level carbon assessment and decision-support framework that 
integrates real-world vehicle telemetry with time-varying electricity grid carbon intensity and 
lifecycle inventory data. In this context, dynamic LCA refers to the amortization of production and 
end-of-life impacts combined with time-dependent modeling of operational emissions, including 
charging and logistics, consistent with recent developments in temporally explicit LCA 
methodologies [12,13]. 

The proposed framework enables the estimation of greenhouse gas emissions on a per-ride basis 
and uses these estimates to inform carbon-aware operational strategies, including optimized 
charging schedules, combined rebalancing tasks, predictive maintenance, and eco-driving 
interventions. By embedding carbon metrics directly into operational control loops, the framework 
extends beyond conventional static assessments toward actionable sustainability management, 
aligning with emerging research on carbon-aware energy and mobility systems [14–16]. 

The main contributions of this work can be summarized as follows: 

1. We present a multi-layered, telemetry-driven framework for ride-level carbon emission 
estimation in shared e-scooter systems. 

2. We demonstrate how dynamic carbon metrics can be integrated into operational decision-
making processes, transforming sustainability assessment into an optimization objective rather 
than a retrospective indicator. 

3. We outline an experimental evaluation methodology based on real-world A/B field trials to 
assess the effectiveness of carbon-aware operational strategies in micro-mobility services. 

From a business and management perspective, the proposed framework enables fleet operators 
to integrate carbon considerations into daily operational decisions without requiring changes to 
vehicle hardware or fleet size. 

Early and influential studies evaluated the greenhouse gas emissions of shared e-scooters by 
accounting for vehicle manufacturing, electricity consumption during use, and end-of-life processes 
[4,5]. These studies played a critical role in challenging the widespread assumption that shared micro-
mobility systems are inherently environmentally sustainable. Subsequent analyses highlighted the 
dominant contribution of non-operational factors, particularly short vehicle lifetimes, frequent 
maintenance, and fossil-fuel-based rebalancing operations [6,7]. Several studies demonstrated that, 
in some urban contexts, rebalancing logistics alone can outweigh emissions from electricity 
consumption during riding [8]. Similarly, limited scooter lifespans were shown to significantly 
increase per-kilometer emissions due to amortized manufacturing impacts [17]. Beyond lifecycle 
impacts, recent analyses emphasize the importance of integrating shared e-scooters into broader 
urban policy frameworks to ensure systemic sustainability benefits [27]. 

Most scooter-related LCA studies rely on static, average-based assumptions, reporting a single 
emission value per vehicle-kilometer traveled [16,18]. While such models are useful for high-level 
comparisons, they inadequately represent operational variability and temporal dynamics inherent in 
shared micro-mobility systems. Battery degradation and maintenance intensity have been identified 
as critical but underrepresented factors influencing lifecycle emissions [11]. However, these effects 
are commonly treated as fixed parameters, limiting the applicability of results for operational 
decision-making. 
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Dynamic life cycle assessment (DLCA) has been proposed as a means of incorporating temporal 
variation into emission modeling [19,20]. These frameworks allow emissions to be distributed over 
time rather than aggregated into static averages. Despite their methodological relevance, DLCA 
approaches have rarely been applied to shared micro-mobility systems. Existing applications focus 
primarily on energy systems, buildings, and large-scale infrastructure, leaving a gap between DLCA 
theory and shared mobility practice [21]. Recent research on carbon-aware systems demonstrates that 
aligning energy consumption with low-carbon electricity periods can significantly reduce emissions 
[22]. Such approaches have been widely explored in computing and energy-intensive systems [23]. 
In transportation, carbon-aware charging strategies have been proposed for electric vehicles [24]. 
However, these studies typically operate at fleet or regional scales and do not integrate lifecycle 
emission accounting or ride-level telemetry data. Taken together, the literature indicates that while 
shared e-scooters have the potential to reduce urban transport emissions, their environmental 
performance is highly sensitive to operational decisions. Existing static LCA studies lack temporal 
resolution, dynamic LCA frameworks lack practical deployment in micro-mobility, and carbon-
aware mobility strategies lack lifecycle integration. This work addresses these gaps by unifying these 
perspectives within a single, operational decision-support framework. 

2. Methodology and System Architecture 

The proposed system is a multi-layered, carbon-aware operational framework for shared e-
scooter fleets. Its objective is to estimate greenhouse gas emissions at the ride level and integrate these 
estimates into operational decision-making. Unlike static LCA approaches [18], the framework 
incorporates temporally varying grid carbon intensity and operational telemetry [19,22]. 

Figure 1 illustrates the overall architecture of the proposed carbon-aware shared e-scooter 
framework. The system follows a layered design in which ride-level telemetry data collected from 
the scooter fleet are first processed to estimate energy consumption and associated carbon emissions. 
These estimates are then combined with dynamically allocated lifecycle impacts, including 
production, charging, and logistics-related emissions, to generate ride-level carbon intensity metrics. 
Finally, the resulting carbon information is integrated into an operational decision and optimization 
layer, enabling carbon-aware charging, rebalancing, maintenance, and eco-driving interventions. The 
figure provides a high-level conceptual overview, while implementation details of each layer are 
described in the following subsections. 

 

Figure 1. Overview of the proposed carbon-aware system architecture for shared e-scooter operations. 

Operational data are collected from on-board sensors including IMU, BMS, GNSS, wheel 
encoders, and optional TPMS units. Telemetry streams are synchronized and segmented into discrete 
ride events, forming the fundamental unit of analysis. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 February 2026 doi:10.20944/preprints202602.0524.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.0524.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 11 

 

Ride-level electrical energy consumption is estimated using battery voltage and current 
measurements obtained from the BMS. Total energy consumption for a ride r is calculated as: 

𝐸𝐸𝑟𝑟  =  ∫ 𝑉𝑉(𝑡𝑡)𝐼𝐼(𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡1
𝑡𝑡0

     (1) 
where V(t) is the battery voltage, I(t) is the current, and t0–t1 denotes the ride duration. 

Manufacturing and end-of-life emissions are treated as fixed lifecycle quantities amortized over 
the expected service lifetime [4,17]. Let Cprod denote total production emissions and L the expected 
lifetime distance. The amortized emission factor is: 

𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  =  
𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐿𝐿

       (2) 
The production-related emission allocated to ride r with distance dr is: 
𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑟𝑟 =  𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ·  𝑑𝑑𝑟𝑟      (3) 
Charging emissions are modeled dynamically using time-varying marginal grid carbon 

intensity γ(t) [22]. Charging emissions associated with ride r are computed as: 
𝐶𝐶𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑟𝑟  =  𝐸𝐸𝑟𝑟  ·  𝛾𝛾(𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)   (4) 

where tcharge denotes the charging time corresponding to energy replenishment. This formulation 
allows identical rides to result in different carbon footprints depending on charging time and grid 
conditions. Fleet rebalancing emissions are allocated to rides proportionally based on spatial demand 
imbalance, following simplified allocation methods in shared mobility literature [7,8]. 

Ride-level carbon estimates are embedded into operational decision-making, enabling carbon-
aware charging schedules, combined rebalancing tasks, predictive maintenance, and eco-driving 
interventions. The framework remains algorithm-agnostic and compatible with heuristic or learning-
based approaches [23,24]. The algorithm-agnostic nature of the framework allows integration with 
both heuristic and AI-based optimization techniques that are increasingly used in transportation 
systems [26]. 

The methodology is evaluated through a real-world A/B field trial comparing a treatment fleet 
applying carbon-aware strategies with a control fleet operating under baseline conditions. Metrics 
include ride-level emissions, energy efficiency, and logistics emissions per serviced ride. 

To illustrate the operational logic of the proposed framework, Figure 3 presents a high-level 
flowchart. It highlights how telemetry data and grid carbon intensity signals are processed to 
generate emission estimates, which then inform carbon-aware charging and rebalancing decisions. 
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Figure 1. Carbon-Aware Operational Flow. 

The diagram illustrates the sequential decision-making process underlying the proposed 
carbon-aware operational framework for shared e-scooter systems. It begins with data acquisition 
from ride-level telemetry and real-time grid carbon intensity, which are jointly used to estimate ride-
specific greenhouse gas emissions. These estimates then inform two critical operational decisions: 
whether to proceed with immediate charging or defer it based on grid conditions, and whether to 
perform standard or eco-optimized fleet rebalancing. The framework concludes with the logging of 
emissions data and route adjustments, closing the control loop and enabling continuous 
environmental performance management. 

3. Results 

3.1. Experimental Setup 

The primary objective of the experimental evaluation is to assess the effectiveness of the 
proposed carbon-aware operational framework in reducing ride-level and system-level greenhouse 
gas emissions in shared e-scooter operations. The evaluation is designed to quantify the impact of 
carbon-aware charging, rebalancing, and operational decision-making strategies enabled by the 
proposed architecture, relative to conventional baseline practices. 

The evaluation is planned as a real-world A/B field trial involving a shared e-scooter fleet 
operating under identical external conditions. The fleet is divided into two groups: a control group 
operating under existing baseline operational strategies, and a treatment group operating under 
carbon-aware strategies derived from the proposed framework. 

Both groups are expected to operate within the same urban area and time period to minimize 
confounding effects related to weather, demand patterns, and infrastructure conditions. All scooters 
are equipped with identical sensing and telemetry capabilities to ensure comparability. Table 1 
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summarizes the key differences between the control and treatment groups and highlights the 
evaluation dimensions considered in the planned experimental design. 

Table 1. Overview of experimental groups and evaluation dimensions. 

Dimension Control Group Treatment Group 

Operational 
strategy 

Baseline operational 
practices 

Carbon-aware operational strategies 

Charging 
schedule 

Conventional time-based 
charging 

Carbon-aware charging based on grid 
intensity 

Rebalancing Standard rebalancing 
operations 

Carbon-aware and combined 
rebalancing 

Carbon metrics 
used 

Not explicitly considered Integrated into operational decisions 

Telemetry 
availability 

Standard fleet telemetry Identical telemetry with carbon-aware 
processing 

The effectiveness of the proposed framework will be assessed using a set of ride-level and 
system-level performance metrics, including: 

• Ride-level energy consumption (Wh per ride and Wh per kilometer), 
• Ride-level greenhouse gas emissions (gCO₂e per ride and gCO₂e per kilometer), 
• Charging-related emissions, accounting for time-varying electricity grid carbon intensity, 
• Logistics and rebalancing emissions per serviced ride, 
• Operational efficiency indicators, such as charging frequency and fleet utilization. 

These metrics are selected to capture both direct and indirect emission impacts associated with 
shared e-scooter operations. 

Performance metrics from the treatment group will be compared against those of the control 
group using aggregated ride-level statistics and distributional analysis. Differences in emission 
intensity and energy efficiency will be attributed to the carbon-aware operational strategies enabled 
by the proposed framework. Rather than focusing solely on absolute emission values, the analysis 
emphasizes relative differences between control and treatment groups to isolate the effect of carbon-
aware decision-making under comparable operating conditions. 

Based on prior literature and the design of the proposed framework, the experimental evaluation 
is expected to demonstrate measurable reductions in charging-related and logistics-related 
emissions, as well as improvements in overall ride-level carbon intensity. While the magnitude of 
these effects is expected to be context-dependent, the evaluation framework is designed to enable 
systematic quantification of emission reductions attributable to carbon-aware operational 
interventions. 

To complement the proposed field evaluation framework and provide an early quantitative 
validation of the carbon-aware operational strategies, we conducted a synthetic simulation of shared 
e-scooter operations. The objective of this simulation was to estimate the potential reduction in 
greenhouse gas (GHG) emissions achievable through carbon-aware scheduling and rebalancing, 
prior to real-world deployment. 

3.2. Simulation Design and Assumptions 

A simulation of 1,000 ride events was constructed, representing typical urban e-scooter usage. 
Ride-level energy consumption was modeled using a normal distribution (µ = 200 Wh, σ = 20 Wh), 
based on empirical estimates from micro-mobility telemetry studies. Charging-related carbon 
intensity was represented using a 24-hour grid profile reflecting temporal variations in electricity 
generation mix, with peak-hour intensity reaching 320 gCO₂/kWh and off-peak values as low as 60 
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gCO₂/kWh. Each simulated ride was assigned a random charging time to reflect uncontrolled 
charging behavior in the control scenario. 

Two operational strategies were compared: 

• Control scenario: Charging times were randomly distributed across the 24-hour grid profile 
without carbon-awareness. Fleet rebalancing emissions were fixed at 50 gCO₂e per ride, 
representing standard routing without optimization. 

• Treatment scenario: Charging was scheduled during low-carbon intensity periods, and logistics 
emissions were reduced to 30 gCO₂e per ride by applying combined and demand-informed 
rebalancing strategies. 

• The simulation accounted for both direct (charging) and indirect (logistics) emissions, while 
keeping all other parameters constant to isolate the effect of operational strategies. Simulation-
based decision support approaches have been widely applied in sustainable transportation 
planning to evaluate emission trade-offs and operational strategies [27]. 

The simulation revealed a significant reduction in ride-level emissions under the carbon-aware 
strategy. As shown in Figure 2, the treatment scenario exhibited a clear leftward shift in the 
distribution of emissions per ride. Histogram comparing ride-level greenhouse gas emissions 
(gCO₂e) between the control scenario and the carbon-aware operational strategy. Carbon-aware 
scheduling significantly reduces average emissions per ride and shifts the distribution toward lower 
values. 

 

Figure 2. Distribution of Ride-Level Emissions – Control vs. Carbon-Aware Scenarios. 

• Average emissions per ride decreased from 82.8 gCO₂e in the control group to 62.5 gCO₂e in the 
treatment group. 

• This represents a 24.5% reduction in ride-level GHG emissions. 
• Total emissions across 1,000 rides were reduced from 82.8 kg CO₂e to 62.5 kg CO₂e, yielding an 

absolute reduction of over 20 kg CO₂e. 

Table 2. Simulation Results – Summary Comparison. 

Metric Cont
rol 

Treatme
nt 

Avg. Emissions per Ride (gCO₂e) 82.8 62.5 
Total Emissions (kg CO₂e) 82.8 62.5 

Emission Reduction (%) – 24.5% 
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4. Discussion 

4.1. Interpretation of the Proposed Framework 

This study proposes a carbon-aware operational framework that reframes sustainability 
assessment in shared e-scooter systems as an operational decision-making problem rather than a 
retrospective reporting exercise. By integrating ride-level telemetry, temporally varying electricity 
carbon intensity, and lifecycle impact allocation, the framework enables carbon considerations to be 
embedded directly into daily operational control loops. 

Unlike conventional static LCA studies, which provide average emission factors detached from 
operational context, the proposed approach emphasizes variability and decision sensitivity. Identical 
rides may result in different carbon footprints depending on charging time, fleet utilization patterns, 
and rebalancing strategies. This highlights the importance of operational timing and coordination in 
determining the true environmental performance of shared micro-mobility systems.  

The framework is intentionally designed to be algorithm-agnostic, allowing it to be integrated 
with rule-based, heuristic, or learning-based optimization approaches. This flexibility supports 
adoption across diverse operational contexts without prescribing a specific control strategy. Our 
findings build upon prior dynamic LCA studies [6,16] and operational carbon-aware frameworks 
[15], offering ride-level granularity within urban fleet applications. 

4.2. Implications for Shared Micro-Mobility Operations 

From an operational perspective, the proposed framework demonstrates how carbon metrics 
can transition from passive indicators to active control variables. Carbon-aware charging enables fleet 
operators to exploit temporal variability in electricity carbon intensity, while combined rebalancing 
strategies offer opportunities to reduce indirect emissions associated with logistics. Importantly, the 
framework illustrates that improvements in environmental performance do not necessarily require 
hardware changes or fleet expansion. Instead, meaningful emission reductions may be achieved 
through improved coordination of existing assets and data streams. This has practical implications 
for fleet operators seeking near-term emission reductions without significant capital investment. 
Furthermore, ride-level carbon visibility creates opportunities for downstream interventions, 
including eco-driving feedback, predictive maintenance, and demand-aware fleet management. 
These mechanisms collectively support a shift from static sustainability reporting toward continuous 
environmental performance management. As demonstrated in the simulation study (Table 2, Figure 
2), carbon-aware operations achieved up to 24.5% reduction in ride-level emissions under 
representative deployment scenarios. 

From a managerial standpoint, the framework provides a decision-support structure that can be 
directly embedded into existing fleet management systems. By treating carbon intensity as an 
operational variable, operators can balance environmental performance with cost efficiency, service 
quality, and asset utilization, which are central concerns in shared mobility business models. 

4.3. Methodological Limitations 

Several limitations of the proposed framework should be acknowledged. First, lifecycle 
inventory parameters related to scooter manufacturing, battery production, and end-of-life treatment 
are subject to uncertainty and variability across manufacturers and deployment contexts. In the 
absence of detailed supplier-specific data, such impacts must be estimated using representative 
values or scenario ranges, which may affect absolute emission estimates. Second, the dynamic 
allocation of logistics and rebalancing emissions relies on simplified attribution rules that 
approximate the relationship between ride demand and redistribution effort. While sufficient for 
comparative evaluation, this approach does not capture the full complexity of routing decisions and 
may underestimate or overestimate indirect emissions in highly dynamic urban environments. Third, 
the use of time-varying electricity carbon intensity assumes access to reliable marginal or average 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 February 2026 doi:10.20944/preprints202602.0524.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.0524.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 11 

 

grid emission signals. In regions where such data are unavailable or coarse in temporal resolution, 
the accuracy of charging-related emission estimates may be reduced. Finally, the absence of empirical 
field data in the present study limits quantitative validation of the proposed framework. While the 
experimental design outlines a clear pathway for future evaluation, observed emission reductions 
and operational impacts will ultimately depend on local conditions, user behavior, and operator 
practices [28]. 

4.4. Scope and Generalizability 

The proposed framework is designed to be modular and extensible, but its applicability may 
vary across deployment contexts. Differences in urban density, electricity grid composition, 
regulatory environments, and fleet scale may influence both the feasibility and effectiveness of 
carbon-aware operational strategies. 

Nevertheless, the conceptual principles underlying the framework—ride-level resolution, 
temporal sensitivity, and lifecycle-aware decision integration—are broadly applicable beyond shared 
e-scooters. With appropriate adaptation, the approach may be extended to other shared micro-
mobility modes and light electric vehicle fleets. 

4.5. Future Research Directions 

Future work will focus on implementing the proposed framework in real-world shared e-scooter 
deployments and conducting controlled field experiments to quantify emission reductions and 
operational trade-offs. These insights are supported by simulated results presented in Table 2 and 
Figure 2, illustrating the potential operational gains of the proposed framework. Such studies will 
enable validation of model assumptions, refinement of lifecycle parameters, and assessment of user 
and operator responses to carbon-aware interventions. Additional research is also needed to explore 
the integration of demand forecasting, user incentives, and policy mechanisms with carbon-aware 
operational control. These extensions may further enhance the environmental benefits of shared 
micro-mobility systems while supporting broader urban sustainability objectives. 

5. Conclusions 

This study presented a carbon-aware operational framework for shared e-scooter systems that 
redefines sustainability assessment as an operational decision-making problem rather than a 
retrospective reporting exercise. By integrating ride-level telemetry, temporally varying electricity 
grid carbon intensity, and dynamically allocated lifecycle impacts, the proposed approach enables 
carbon considerations to be embedded directly into day-to-day fleet operations. 

Unlike conventional static life cycle assessment approaches, which rely on average emission 
factors detached from operational context, the proposed framework emphasizes temporal variability, 
operational sensitivity, and ride-level resolution. This perspective highlights how identical mobility 
services can exhibit substantially different environmental impacts depending on charging schedules, 
fleet utilization, and rebalancing strategies. 

A key contribution of this work lies in its modular and algorithm-agnostic design, which allows 
carbon-aware metrics to be incorporated into diverse operational control strategies without 
prescribing specific optimization methods. By treating carbon intensity as an explicit operational 
variable, the framework demonstrates how meaningful emission reductions may be achievable 
through improved coordination of existing data streams and operational practices, without requiring 
changes to vehicle hardware or fleet size. As demonstrated in the simulation study (Table 2, Figure 
2), carbon-aware operations achieved up to 24.5% reduction in ride-level emissions under 
representative deployment scenarios. 

While empirical validation is reserved for future work, this study establishes a clear 
experimental design and evaluation framework to support systematic assessment of carbon-aware 
operational interventions. The proposed approach provides a foundation for future real-world 
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deployments and controlled field experiments aimed at quantifying emission reductions, operational 
trade-offs, and scalability across different urban contexts. 

Overall, this work contributes to the growing body of research on sustainable micro-mobility by 
bridging the gap between lifecycle assessment methodologies and real-time operational decision-
making. By moving beyond static sustainability metrics toward actionable, data-driven 
environmental management, the proposed framework offers a pathway for improving the true 
environmental performance of shared micro-mobility systems. 
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The following abbreviations are used in this manuscript: 

AI Artificial Intelligence 

BMS Battery Management System 

CO₂e Carbon Dioxide Equivalent 

DLCA Dynamic Life Cycle Assessment 

EV Electric Vehicle 

GHG Greenhouse Gas 

GNSS Global Navigation Satellite System 
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