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Abstract

Autonomous vehicles (AVs) are moving from pilots to regular urban service, yet the speed
of large-scale implementation remains uncertain. While prior research emphasizes techno-
logical feasibility and adoption, less attention has been paid to the socio-technical dynamics
that constrain deployment. This study examines how unintended consequences shape
the pace of AV implementation in cities. Drawing on a mixed-methods design combining
a structured scoping review with 18 expert interviews, interrelated dynamics are identi-
fied across institutional, behavioral, economic-platform, spatial, and normative-societal
domains. The findings indicate that implementation speed is not determined by technol-
ogy alone but emerges from reinforcing feedback loops that generate systemic frictions,
including governance lag, demand rebound, spatial bottlenecks, and legitimacy challenges.
The study advances a systems-oriented framework that conceptualizes implementation
speed as an emergent property of socio-technical dynamics, highlighting the importance of
adaptive and anticipatory governance for sustainable urban mobility transitions.
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1. Introduction
The implementation of autonomous vehicles (AVs) is accelerating rapidly, with large-

scale deployments emerging across China, the United States, and Europe. Advances in
artificial intelligence, sensor technologies, and large-scale simulation have significantly
shortened development cycles and enabled the transition from experimental pilots to
operational urban services [1–3]. As a result, the central question is no longer whether
AVs will be deployed, but how they can be integrated into cities in ways that support
sustainable and socially beneficial mobility systems [4,5].

While the technological feasibility of autonomous driving has largely been established,
its implementation within urban systems presents a fundamentally different challenge. AV
deployment constitutes a socio-technical transformation that extends beyond transport
systems to affect urban infrastructure, governance structures, market organization, and
everyday mobility practices [6,7]. Unlike traditional transport infrastructures, which
evolve incrementally within relatively stable institutional frameworks, AV systems are
characterized by high uncertainty, multi-actor coordination, and continuous reconfiguration
through digital feedback mechanisms [8].

A central challenge arises from the mismatch between the pace of technological devel-
opment and the adaptive capacity of urban governance systems. Municipal planning pro-
cesses have historically been designed for linear and predictable infrastructures, relying on

World Electr. Veh. J. 2026, 17, 376 https://doi.org/10.3390/wevj17070376

https://crossmark.crossref.org/dialog?doi=10.3390/wevj17070376&domain=pdf&date_stamp=2026-07-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://doi.org/10.3390/wevj17070376


World Electr. Veh. J. 2026, 17, 376 2 of 20

“predict and provide” approaches that assume stable demand and system boundaries [9,10].
In contrast, AV ecosystems are dynamic and evolving, shaped by changing business models,
user behavior, and platform-based coordination. This creates conditions under which im-
plementation trajectories become non-linear, path-dependent, and difficult to steer through
traditional planning instruments.

At the same time, AVs are expected to generate wide-ranging impacts across the
spatial, economic, and social fabric of cities. They may reshape land-use patterns, redefine
accessibility, and enable new service models that integrate mobility with retail, logistics,
healthcare, and leisure activities [11–13]. As travel time becomes increasingly productive,
mobility behavior itself may shift, lowering perceived travel costs and expanding demand
in ways that are difficult to anticipate ex ante [13,14]. These developments introduce the
risk that expected sustainability benefits may be offset by rebound effects and unintended
system-level consequences [15].

The introduction of transformative technologies has long been associated with unin-
tended consequences that diverge from initial design goals [16]. Such consequences emerge
when technologies interact with existing institutional arrangements, behavioral patterns,
and economic structures, often producing outcomes that were not anticipated ex ante. In
the context of autonomous mobility, these unintended consequences are likely to arise
across multiple domains, including governance, demand formation, spatial organization,
and market coordination. However, current research has largely focused on intended
performance outcomes, while the systemic role of unintended consequences in shaping
implementation dynamics remains insufficiently understood.

Against this backdrop, this study addresses the following research questions:
(1) Which unintended consequences do urban stakeholders anticipate or observe that

can slow or stall the scaling of autonomous vehicles in cities?
(2) How do these unintended consequences interact across socio-technical domains to

shape the speed and trajectory of AV implementation?
Despite growing interest in autonomous mobility, existing research has primarily

emphasized technological feasibility, safety performance, and adoption dynamics, often
treating implementation as a linear process driven by technological progress and policy
support [2,4,5]. This perspective underestimates the extent to which AV deployment
unfolds as a complex socio-technical transformation characterized by feedback effects,
cross-sectoral interactions, and non-linear system responses. In particular, the role of
unintended consequences as endogenous drivers of implementation dynamics remains
under-theorized.

This study addresses this gap by advancing a systems-oriented perspective on AV
implementation. Rather than conceptualizing implementation speed as an outcome of
technological readiness or regulatory efficiency, it is reframed as an emergent property
of interacting socio-technical dynamics. Drawing on a mixed-methods approach that
combines a structured scoping review with expert interviews, the analysis identifies how
unintended consequences arise across institutional, behavioral, economic-platform, spatial,
and normative-societal domains and interact through reinforcing feedback loops.

The study contributes to the literature in three ways. First, it introduces an unintended
consequence perspective to the study of autonomous mobility, shifting attention from
intended performance outcomes to system-level effects that shape implementation trajec-
tories. Second, it reconceptualizes implementation speed as a dynamic and endogenous
system property rather than a linear function of technological progress. Third, it develops
a structured framework of socio-technical dynamics that explains how feedback loops
between governance, behavior, markets, and space generate systemic frictions that can
slow or redirect AV deployment.
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2. Background
2.1. Potential Sustainability Benefits of Autonomous Urban Mobility

Cities now anchor strategy in time-bound sustainability targets, notably 2030
and 2050 roadmaps toward net-zero, reinforced by the EU Cities Mission that desig-
nates municipalities to reach climate neutrality by 2030 as demonstrators for broader
diffusion by mid-century [17–19]. “Sustainability” is operationalized through the
environmental–social–economic triad derived from the UN’s 2030 Agenda, emphasizing
integrated progress across these dimensions [20,21]. Within this policy frame, research
increasingly treats autonomous vehicles as a sustainability-relevant technology; when cou-
pled with electrification, pooling, and strong integration with mass transit, AVs can advance
energy and spatial efficiency, safety, accessibility, and network performance [4,15,22,23].
Early field evidence is consistent with these pathways, suggesting AVs can be mobilized to
support municipal 2030/2050 commitments under appropriate design and governance [24].

The potential contribution of autonomous vehicles to urban development extends
across environmental, social, and economic dimensions, as summarized in Figure 1.

 

Figure 1. Anticipated benefits of autonomous vehicles across environmental, social, and economic
dimensions [4,5,14,24–30].

Autonomous urban mobility can enable cities to shrink their environmental footprint by
pairing operational efficiency with electrification, which lowers CO2 emissions and reduces
noise while allowing the reclamation of land from parking to parks and people-oriented space;
smarter curb and fleet management further cuts cruising and idling and improves air quality
at street level [4,15,22,23,25]. Socially, autonomy can widen access for non-drivers, older adults,
and people with disabilities, support more affordable mobility for low-income households,
reduce human error crashes, and strengthen late-night and early-morning coverage when
conventional service is thin [4,24,26,27,31,32]. Economically, AVs are able to convert travel
into productive time, unlock more flexible and often cheaper trips for households and firms,
expand effective job and customer access within the commonly acceptable 45–60 min window,
create local jobs in operations, charging, maintenance, and mapping, and open the door to
usage based revenue streams that can stabilize city finances [4,29].

2.2. Deploying Autonomous Vehicles Is No Longer a Matter of Technical Feasibility

From an operational standpoint, autonomous driving has cleared the technical-
feasibility threshold for bounded urban service areas. Fully driverless fleets now operate
continuously in mixed-traffic environments under formal regulatory approval [31]. Inde-
pendent evaluations show significantly lower crash rates than human-driven benchmarks
across multiple categories, demonstrating urban-scale reliability of perception, predic-
tion, and planning systems [24,31]. Regulatory authorities in several jurisdictions have
accepted structured safety cases and operating procedures, granting authorizations for
public passenger service, indicating that AV systems have achieved the public-service safety
benchmark (CPUC/State permits; Chinese municipal approvals). Redundancy in sensing,
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computation, actuation, and power, combined with remote assistance and continuous
monitoring, enables safe fail-operational performance (engineering disclosures; operator
safety reports). Importantly, the core technology stack has been replicated across cities and
cultural contexts, with millions of driverless miles in the U.S. and China demonstrating
transferability beyond single markets. The remaining constraints are therefore operational
and commercial rather than technological feasibility [24,31].

2.3. Unintended Consequences and the Paradox of Technological Innovation

The introduction of transformative technologies such as AVs often produces unintended
consequences that diverge from initial design goals. This phenomenon is long described
as the paradox of progress [16]. Historically, technologies designed for one purpose have
been repurposed in ways that generate new societal risks. The evolution of the Sport Utility
Vehicle (SUV) illustrates this dynamic: conceived for military and agricultural use, it became a
popular urban family car, increasing road danger and emissions due to its mass and regulatory
exemptions [33]. Likewise, disruptive technologies tend to reshape markets and behaviors in
unforeseen ways, with downstream effects on equity, environment, and governance [34]. For
autonomous mobility, potential rebound effects could offset expected sustainability gains [15].
Managing such unintended outcomes is therefore critical: the net benefit of technological
innovation depends not only on technical performance but also on the governance frameworks
that anticipate and mitigate its social and spatial externalities.

3. Methodology and Research Design
This study adopts an exploratory mixed-methods design combining a structured

scoping review with qualitative expert interviews. Such designs are particularly suited
for investigating emerging socio-technical phenomena where empirical evidence remains
fragmented and causal mechanisms are not yet fully understood [35,36].

The objective is not statistical generalization but theory building and the identification
of mechanisms that shape the implementation dynamics of autonomous vehicles (AVs)
in urban contexts. The research design follows a sequential logic: the scoping review
provides conceptual grounding and informs the empirical inquiry, while the interview
data constitute the primary basis for identifying and analyzing unintended consequences.
Figure 2 illustrates the overall research design, showing how literature-based insights and
empirical data are integrated into a unified analytical framework.

Figure 2. Mixed-methods research design for identifying unintended consequences of autonomous
vehicle implementation.
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3.1. Scoping Review

A structured scoping review was conducted following the methodological framework
proposed by [37] and refined by [38]. The purpose of the review was to map the breadth of
existing research, clarify key concepts, and identify knowledge gaps related to autonomous
vehicles, urban mobility, governance, and unintended consequences.

Search Strategy and Selection Criteria

The literature search was conducted across major academic databases, including
Scopus, Web of Science, and Google Scholar. The search combined keywords such as
“autonomous vehicles,” “self-driving cars,” “urban mobility,” “smart cities,” “governance,”
“policy,” “unintended consequences,” and “rebound effects.” In addition, targeted screening
of policy reports from organizations such as the International Transport Forum (ITF) and
the OECD was conducted, complemented by backward and forward citation tracking of
highly cited studies.

Inclusion criteria were defined as follows: (1) relevance to autonomous vehi-
cle deployment in urban contexts; (2) explicit discussion of systemic, behavioral,
governance-related, spatial, or unintended effects; and (3) publication in peer-reviewed
journals or as authoritative institutional reports. Studies were excluded if they focused
primarily on technical or engineering aspects without broader urban, societal, or
governance implications.

The review followed a structured multi-stage screening process to enhance trans-
parency and reproducibility. The initial database search across Scopus, shown in
Table 1, Web of Science, and Google Scholar identified 130 records. After the removal
of duplicates, 105 records remained for title and abstract screening. Based on the
predefined inclusion and exclusion criteria, 76 records were excluded during this stage.
The remaining 29 publications were subsequently assessed through full-text review.
Following eligibility assessment, 24 publications were retained for inclusion in the
final review sample.

Table 1. Scoping review screening process.

Review Stage Number of Records

Records identified through database
search 130

Duplicates removed 25

Records screened (title and abstract) 105

Records excluded after screening 76

Full-text articles assessed for eligibility 29

Final publications included in review 24

The structured screening workflow improved transparency and methodological con-
sistency throughout the review process. Full-text articles were evaluated regarding their
conceptual relevance and explicit engagement with governance, behavioral, spatial, or
systemic implications of autonomous vehicle implementation.

While the review was conducted iteratively, consistent with the purpose of scoping
studies [39], key elements of systematic review procedures were incorporated to ensure a
transparent and structured selection process.
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The scoping review served three primary purposes: (a) informing the development of
the interview guide, (b) identifying recurring themes and conceptual gaps, and (c) support-
ing the interpretation of empirical findings. It does not constitute a systematic meta-analysis
and is not used as a direct empirical basis for the findings presented in this paper.

3.2. Data Collection and Sampling (Interviews)

Primary empirical data were collected through 18 semi-structured expert interviews
conducted between 2021 and 2025.

Sampling Strategy

A purposive sampling approach was employed to capture a diverse range of stake-
holder perspectives relevant to AV implementation [40]. Participants were selected based on
their professional involvement in the planning, regulation, operation, or critical assessment
of autonomous mobility systems.

The final sample comprised 18 expert interviews. The sample was constructed to
ensure representation across key stakeholder groups, including public sector actors, private
sector organizations (both established firms and early-stage companies) and research
institutions. This approach enabled the inclusion of both implementation-oriented and
critical perspectives across institutional contexts.

The sample includes representatives from municipal and regional governments, urban
and transport planning agencies, public transport operators, autonomous vehicle compa-
nies and technology providers, startups and entrepreneurs, and civil society organizations.

The sampling strategy aimed for conceptual diversity rather than statistical represen-
tativeness, enabling comparison across institutional roles and governance contexts [41].
Recruitment continued until sufficient thematic saturation was reached.

To enhance methodological transparency, Table 2 summarizes the composition of the
interview sample across stakeholder groups and organizational contexts. A more detailed
anonymized overview of the interview participants is provided in Table 3.

Table 2. Summary of interview participants by Stakeholder Group.

Stakeholder Group Organizational Context Number of Participants

Public sector
City/Regional
Government &
Administration

6

Private sector
OEMs, Infrastructure
Providers, Consulting,
Start-ups

9

Research institutions Universities and Research
Organizations 3

Total 18

To preserve confidentiality, participant characteristics are reported in generalized and
non-identifiable categories.

Interview Procedure

Interviews were conducted either online or in person, lasted between 45 and 90 min,
and followed a semi-structured interview guide. The guide was developed based on in-
sights from the scoping review and focused on four main themes: (1) perceived opportuni-
ties and risks of AV deployment; (2) anticipated unintended consequences; (3) governance
challenges and institutional readiness; and (4) barriers to implementation and scaling.
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Table 3. Detailed overview of Interview Participants (Anonymized).

ID Stakeholder Group Organizational Context Domain Experience Level

I1 Public sector City/Regional
Government Mobility & Urban Planning Senior

I2 Public sector City Administration Urban Planning & Mobility Senior

I3 Private sector Infrastructure/Platform
Provider

Mobility Infrastructure &
Operations Mid-level

I4 Research University Robotics/Mobility Senior

I5 Private sector Consulting Urban Planning Senior

I6 Private sector Consulting Mobility & Transport
Strategy Senior

I7 Public sector City Administration Automotive & AV Systems Senior

I8 Private sector Automotive OEM Vehicle Technology &
Automation Mid-level

I9 Public sector City Administration Urban Transformation Senior

I10 Private sector Start-up Smart Cities & Infrastructure Mid-level

I11 Public sector City/Regional
Government Smart Cities Senior

I12 Public sector City Administration Transport Policy Senior

I13 Private sector Infrastructure/Platform
Provider

Mobility Infrastructure &
Operations Mid-level

I14 Research University Urban Planning Senior

I15 Private sector Technology Company Technology & Digital
Transformation Senior

I16 Private sector Automotive OEM Mobility & Transport
Strategy Senior

I17 Private sector Start-up Urban Mobility Senior

I18 Private sector Start-up MaaS Provider Mid-level

3.3. Data Analysis

Interview data were analyzed using reflexive thematic analysis as outlined by [42,43].
This method is particularly suitable for identifying patterns of meaning across qualitative
data while allowing for interpretive depth and theoretical sensitivity.

The analysis followed six iterative phases: (1) familiarization with the data; (2) initial
open coding; (3) development of candidate themes; (4) review and refinement of themes;
(5) definition and naming of themes; and (6) integration into the analytical narrative.

Coding Approach

Coding was conducted by a single researcher. This approach is consistent with reflex-
ive thematic analysis, which does not prioritize inter-coder reliability in a positivist sense
but instead emphasizes analytical coherence, reflexivity, and interpretive consistency [43].

To enhance rigor and transparency, several measures were implemented. First, an
iterative codebook was developed and refined throughout the analysis. Second, constant
comparison across interviews and stakeholder groups was applied to identify recurring
patterns. Third, analytic memos were used to document coding decisions and emerging
interpretations, thereby strengthening the transparency of the analytical process [44].

https://doi.org/10.3390/wevj17070376
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Themes were retained when they appeared across multiple interviews and actor
groups, indicating broader relevance beyond individual perspectives.

Linking Data to Interpretation

To strengthen the connection between empirical data and analytical claims, the analysis
explicitly traces how themes emerge from interview material.

3.4. Integration of Methods

The scoping review and interview data were integrated sequentially. Insights from the
literature informed the development of the interview guide and the conceptual framing of
the study. The empirical findings, however, are primarily derived from the interview data.

Literature is used to contextualize and interpret these findings rather than to generate
them. This approach aligns with exploratory mixed-methods designs aimed at theory
development and mechanism identification [35].

3.5. Limitations of the Methodological Approach

This study has several limitations. First, the scoping review prioritizes breadth over
depth and may be subject to selection bias [37,39]. Second, the interview sample, while
diverse, is not statistically representative and reflects expert perspectives rather than general
population views. Third, the use of a single coder may introduce interpretive bias, although
this is mitigated through reflexive analysis, iterative coding, and systematic documentation
of analytical decisions [43].

Finally, the qualitative design does not allow for causal inference or quantitative
estimation of effects. The findings should therefore be interpreted as exploratory insights
into mechanisms and patterns rather than as predictive or generalizable results.

4. Findings
To structure the empirical results, this study adopts a systems-oriented perspective

on unintended consequences in autonomous vehicle (AV) implementation. The findings
indicate that these effects do not emerge in isolation, but as part of an interrelated system
of dynamics that jointly shape the trajectory and speed of AV deployment.

Figure 3 illustrates this framework. It organizes the findings into five interdependent
dimensions—institutional, behavioral, economic–platform, spatial, and normative–societal
dynamics—and highlights the feedback loops between them. The four core system dimen-
sions interact through mutually reinforcing mechanisms, while the normative and societal
layer operates as a cross-cutting influence shaping trust, acceptance, and legitimacy.

Figure 3. Systemic unintended consequences and autonomous vehicle implementation speed.
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Across interviews, participants repeatedly described increasing coordination chal-
lenges between regulation, infrastructure capacity, and platform operations. These recur-
ring patterns informed the interpretation of systemic frictions shaping AV implementation.
This perspective suggests that AV deployment is not determined solely by technological
readiness, but by the interaction of multiple socio-technical processes.

The following sections present the findings along these five dimensions.

4.1. Institutional Dynamics: Governance Lag, Scaling Risks, and Erosion of Public Control

The findings indicate that AV implementation is fundamentally constrained by institu-
tional dynamics, particularly by the mismatch between established planning paradigms
and the non-linear dynamics of AV systems.

A central mechanism underlying this mismatch is the “pacing problem,” defined
as the divergence between rapid technological advancement and slower institutional
adaptation [45,46]. Interviewees consistently described regulatory frameworks as reactive
rather than proactive, resulting in a governance lag.

In addition, several interviewees identified uncertainty regarding liability assignment
in the event of accidents as a further institutional barrier to large-scale AV deployment.
Participants emphasized that unresolved questions concerning responsibility between
manufacturers, operators, and users create regulatory uncertainty and increase institutional
risk aversion.

“Without clear liability rules, cities and operators remain cautious about scaling
autonomous systems.” (Interview 12, city administration)

These findings suggest that liability regimes may significantly influence implementa-
tion speed by affecting regulatory approval processes, investment decisions, and public
acceptance. regulatory frameworks as reactive rather than proactive, resulting in a gover-
nance lag.

Several participants emphasized that public institutions often struggle to adapt at the
same speed as technological development:

“Technology moves in months, but regulation moves in years.” (Interview 15,
technology company)

In addition, the analysis identifies a “scaling paradox,” whereby AV deployment may
accelerate faster than institutional readiness. While technological capabilities are advancing
rapidly, many municipalities delay regulatory action due to perceived uncertainty or lack
of immediate relevance. Historical research on the transition to automobility demonstrates
that such delays can lead to path-dependent outcomes, including infrastructure lock-in and
long-term spatial inequities [10,47].

Interviewees repeatedly linked this delay to uncertainty regarding responsibility and
long-term urban consequences:

“Cities hesitate because they fear making irreversible infrastructure decisions
too early.” (Interview 2, city administration)

Several interviewees emphasized that platform operators increasingly shape opera-
tional decision-making through proprietary algorithms and data infrastructures:

‘Cities no longer control mobility through roads alone—control increasingly
happens through data and digital coordination.’ (Interview 11, public sector)
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This dynamic introduces regulatory asymmetries and challenges the ability of cities to
steer mobility systems toward public objectives [5]. Participants expressed concern that,
without early intervention, governance authority may shift toward platform operators:

“If cities don’t define the rules early, platforms will define them instead.” (Inter-
view 7, city administration)

Additional complexity arises from decentralized fleet models, where privately owned
AVs participate in peer-to-peer systems. While these models increase efficiency, prior
research suggests they may contribute to increased vehicle kilometers traveled (VKT) and
reduced regulatory control [48,49].

Taken together, institutional dynamics emerge as a critical determinant of AV imple-
mentation speed. Both the literature and the interview data suggest that existing gover-
nance structures are poorly aligned with the dynamic and cross-sectoral characteristics
of AV systems. Traditional urban mobility planning has historically been conceptualized
as a sequential ‘predict and provide’ process [9,10], assuming relatively stable demand
patterns. However, AV systems introduce uncertainty, feedback effects, and cross-sectoral
interdependencies that challenge this paradigm [49,50].

Across interviews, participants emphasized that current planning approaches are not
designed to handle such dynamics:

“Planning assumes stability. With AVs, we are dealing with a moving target.”
(Interview 8, automotive OEM)

Several interviewees also stressed that existing governance structures remain too
fragmented to address these cross-sectoral dynamics effectively:

“Transport, digital infrastructure, land use, and data governance are still handled
separately, but AVs connect all of them.” (Interview 12, city administration)

4.2. Behavioral Dynamics: Demand Expansion and Accessibility Effects

The findings identify behavioral responses as a key driver of AV system dynamics.
Both literature and empirical evidence indicate that AVs reduce the generalized cost of
travel by lowering both monetary costs and the perceived disutility of travel time [4,16].

Participants consistently described AVs as transforming travel time into a usable resource:

“Travel time becomes usable time, which changes how people think about distance.”
(Interview 10, start-up)

Several interviewees emphasized that AVs may fundamentally reshape everyday
mobility routines and commuting behavior by lowering psychological barriers to travel:

“People will tolerate much longer commutes if travel time can be used productively.”
(Interview 6, consulting)

This shift lowers the threshold for initiating trips and leads to an expansion of mobility
demand. Prior research suggests that such reductions in travel costs are associated with
rebound effects and increased travel activity [15,25]. Our findings confirm these dynamics,
with interviewees anticipating both increased passenger trips and additional empty vehicle
movements related to fleet repositioning.

Interviewees also raised concerns regarding empty vehicle circulation and operational
inefficiencies associated with autonomous fleet management:

“A significant share of AV traffic may actually consist of empty vehicles reposi-
tioning themselves.” (Interview 3, infrastructure/platform provider)

Furthermore, AVs are increasingly embedded within digital service ecosystems, en-
abling the delivery of services such as logistics, healthcare, and retail directly to users [11,12].
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This servitization of mobility further expands demand by integrating mobility with con-
sumption and service provision.

Table 4 summarizes the accessibility implications of these dynamics across different
user groups. While AVs have the potential to improve access for elderly populations,
non-drivers, and mobility-constrained individuals [4,27], both literature and interview data
indicate that these benefits are unevenly distributed. Without targeted policy intervention,
increased accessibility may coexist with rising inequality in service provision.

Table 4. Anticipated user groups and accessibility benefits of autonomous vehicles.

User Group Description Literature

Children/school-age

Supervision and licensing
barriers reduced, higher
perceived safety, reliable

door-to-door

Kashani et al., 2023 [51];
Milakis, van Arem & van

Wee, 2017 [4]

Older adults & persons
with disabilities

Door-to-door service
lowers effort and cognitive
load, improved reliability

Golbabaei et al., 2024 [27]

Non-drivers/low-income
users

Expanded temporal
coverage and spatial reach

where conventional
services are thin

Wadud et al., 2016 [15]

All users (off-peak)
Higher perceived safety

and reliability at night and
early morning

Milakis et al., 2017 [4]

Commuters and mobile
professionals

Productive in-vehicle time
reduces perceived time cost

Wadud, 2017 [14];
MacKenzie, Wadud &

Leiby, 2014 [52]

Caregivers/households
On-demand availability

lowers threshold to initiate
a separate leg

Kashani et al., 2023 [51]

Users of specialized
services (health, education,

childcare)

Expanded catchment areas
as distant facilities become

feasible within daily
schedules

Wadud et al., 2016 [15];
Milakis et al., 2017 [4]

Social networks at the
urban fringe

Lower perceived disutility
for longer distances

Milakis et al., 2017 [4];
Kellerman, 2018 [12]

Leisure travelers
Comfort and reliability

expand feasible day-trip
radius

Wadud et al., 2016 [15]

Fleet operations (system
companion effect)

Repositioning and
matching accompany new
access-driven person-trips

Fagnant & Kockelman,
2015 [53]; Henao &
Marshall, 2019 [54]

Overall, behavioral dynamics highlight a key tension: while AVs enhance convenience
and accessibility, they also increase system demand and contribute to congestion pressures
that may slow implementation.

Taken together, the findings suggest that behavioral adaptation represents not merely
a secondary effect of AV deployment but a central mechanism shaping long-term imple-
mentation dynamics and urban mobility patterns.
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4.3. Economic and Platform Dynamics: Market Restructuring and the “Vehicle-as-Venue”

The findings indicate that the deployment of autonomous vehicles (AVs) is closely
associated with the emergence of platform-based economic structures that fundamentally
reconfigure value creation in urban mobility systems. Rather than operating as discrete
transport technologies, AVs are increasingly embedded within digital ecosystems that
integrate mobility, data, and service provision [5,11,12]. This transformation shifts the locus
of value creation from vehicle ownership toward platform-mediated service orchestration.

A central mechanism identified across both the literature and the interview data is the
transition from mobility as a transport function to mobility as a multi-sided platform service.
In this configuration, AVs act as intermediaries that connect users, service providers, and
digital infrastructures, enabling the bundling of mobility with complementary services.
Participants consistently emphasized that this shift alters competitive dynamics within
the mobility sector by privileging actors capable of orchestrating ecosystems rather than
merely operating vehicles:

“Who controls the platform controls the system.” (Interview 8, automotive OEM)

Within this context, the findings reveal the emergence of the “vehicle-as-venue”
paradigm as a defining feature of AV-enabled business models. Table 5 synthesizes
the range of emerging and anticipated service applications across sectors, including
tourism, hospitality, commerce, healthcare, and work. Rather than representing iso-
lated use cases, these applications collectively illustrate a structural shift: the decou-
pling of services from fixed spatial infrastructures and their re-embedding into mobile,
platform-mediated environments.

A cross-sectoral analysis of Table 5 reveals a consistent underlying pattern. Across
all sectors, AVs enable (1) the relocation of service delivery from stationary facilities to
mobile units, (2) the monetization of in-vehicle time as a productive or experiential resource,
and (3) the integration of physical mobility with digital service ecosystems. This pattern
suggests that AVs function as mobile nodes within platform economies, where value
is co-created through the interaction of users, data, and services rather than through
transport alone.

This transformation has significant implications for value capture. Interviewees
highlighted that economic value is increasingly derived from data generation, service
integration, and user engagement rather than from the mobility service itself:

“The real value is not the ride—it’s what happens during the ride.” (Interview 6,
consulting)

These findings align with broader literature on platform economies, which emphasizes
the role of data-driven network effects and ecosystem control in shaping market outcomes.
As AV platforms scale, they are likely to exhibit tendencies toward concentration, as
first movers accumulate data advantages and establish dominant positions within urban
mobility ecosystems.

At the same time, the integration of service provision into mobility systems introduces
new forms of competition over urban infrastructure. While traditionally analyzed as a
spatial issue, the allocation of resources such as curb access can be understood as an
economic coordination problem shaped by platform logics. AV-based services rely on
high-frequency access to urban space, and platform operators are incentivized to optimize
this access according to demand and profitability.

Participants expressed concern that, in the absence of regulatory intervention, these
dynamics may lead to the commodification of public space and the prioritization of high-
revenue activities:
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“Public space risks becoming a marketplace if cities don’t intervene.” (Interview
9, city administration)

Table 5. Emerging and anticipated service applications of autonomous vehicles across sectors.

Sector Services Application Description Literature

Tourism Personalized
micro-tours

Small pods providing tailored
sightseeing with narrative layers

and synchronized ticketing; value
proposition centers on

hyper-personalized itineraries.

Cohen & Hopkins, 2019
[11]

Hospitality Mobile restaurants &
nightlife vehicles

Driverless “party vehicles” or
circulating dining rooms that

combine city views with curated
culinary experiences and event

timing.

Cohen & Hopkins, 2019
[11]

Accomodation Moving Motels

“Autonomous Travel Suites” (ATS)
that bundle lodging with nocturnal
repositioning, allowing travelers to
reach destinations while sleeping in

memory-foam equipped cabins.

Lee, 2019 [55]

Work Rolling offices/
creative studios

Work-enabled platforms that
monetize travel time as bookable
meeting pods or creative studios,
potentially minimizing required

in-office hours.

Wadud, 2017 [14];
Milakis et al., 2017 [4]

Retail & Commerce Pop-Up Retail &
Showrooms

Brand or boutique AVs that bring
curated inventory directly to
demand hotspots, blending

traditional retail with mobile
community activation.

Kellerman, 2018 [12]

Healthcare On-Demand
Wellness Clinics

Itinerant vehicles delivering
diagnostics, personal care, or pet

services to the curb, shifting access
from fixed facilities to scheduled

home visits.

Kellerman, 2018 [12]

Moreover, platform-driven optimization may result in uneven service distribution,
with a concentration of services in high-demand areas and among high-value users. This
dynamic introduces risks of economic and spatial stratification, as lower-demand areas and
cost-sensitive user groups may be underserved [25].

Taken together, the findings suggest that economic and platform dynamics are cen-
tral to understanding AV implementation. The transformation of vehicles into mobile
service platforms not only expands the scope of mobility systems but also reconfigures
the mechanisms of value creation, control, and distribution. As a result, the speed and
trajectory of AV deployment are closely tied to how platform-based economic structures
are governed, particularly with regard to data ownership, market concentration, and access
to urban infrastructure.

4.4. Spatial Dynamics: Infrastructure Constraints and Curb Competition as System Bottlenecks

The findings indicate that the spatial implications of autonomous vehicle (AV) de-
ployment are not independent phenomena but emerge as a consequence of behavioral
expansion and platform-driven service integration. While AV systems are often associated
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with reduced parking demand and more efficient land use, both the literature and the em-
pirical evidence suggest that these potential gains are offset by increased vehicle circulation
and intensified demand for curb access [4,5].

A central insight from the analysis is that platform-mediated mobility systems fun-
damentally alter how urban space is utilized. As outlined in Section 4.3, AVs enable the
integration of services into mobile platforms, thereby shifting economic activity into the mo-
bility system itself. This transformation generates new forms of spatial demand, particularly
for pick-up, drop-off, and service-related interactions. Consequently, curb space emerges
as a critical interface between digital platform logics and physical urban infrastructure.

Interviewees consistently emphasized that existing urban infrastructures are already
operating under significant pressure from competing uses, including private vehicles,
logistics, and active mobility. The introduction of AV-based services is expected to further
intensify this competition:

“The challenge is not moving vehicles—it’s managing where they stop.” (Inter-
view 3, research)

In addition to passenger-related curb demand, interviewees emphasized that large-
scale AV deployment may also generate new forms of operational infrastructure pressure
associated with fleet maintenance and servicing. Participants highlighted that autonomous
fleets require regular sensor cleaning, charging, inspection, and repair operations, particu-
larly under adverse weather and urban operating conditions.

“AV fleets do not only need space for passengers—they also need space for
continuous maintenance and servicing.” (Interview 16, OEM)

Several interviewees further noted that operational disruptions caused by dirt,
weather-related sensor obstruction, or delayed repair turnaround times may influence
vehicle availability and public trust in AV systems.

The literature on curb management supports this observation, identifying curb space
as a scarce and strategically important resource in future mobility systems [5]. Unlike
traditional parking demand, which is relatively static, AV-related curb demand is dynamic
and high-frequency, requiring continuous allocation and coordination.

Importantly, the findings suggest that spatial constraints are not merely a function
of increased traffic volumes but are structurally linked to platform dynamics. As AV
systems enable new service models—such as mobile retail, healthcare delivery, and in-
vehicle workspaces (see Table 5)—the demand for curb access becomes economically driven.
Platform operators optimize vehicle routing and stopping behavior based on efficiency and
profitability, which may conflict with broader urban planning objectives.

Participants highlighted that, without regulatory intervention, these dynamics could
lead to inefficient and inequitable allocation of urban space:

“If left unmanaged, the most profitable uses will dominate the curb.” (Interview
10, policy)

This introduces a distributional dimension to spatial dynamics. High-demand loca-
tions and high-value services are likely to receive preferential access, potentially crowding
out public transport, pedestrians, and lower-priority uses. Prior research suggests that such
dynamics may reinforce existing spatial inequalities and reduce the accessibility of urban
environments [25].

Moreover, increased vehicle circulation associated with AV systems—including empty
vehicle movements for repositioning—further exacerbates spatial pressure. Studies indicate
that these additional movements can significantly increase vehicle kilometers traveled
(VKT), thereby contributing to congestion and reducing system efficiency [53,54].
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Taken together, the findings suggest that spatial dynamics represent a critical system-
level bottleneck for AV implementation. The interaction between platform-driven service
models, increased mobility demand, and limited urban space generates coordination
challenges that cannot be resolved through infrastructure expansion alone. Instead, the
effective management of curb space and urban infrastructure emerges as a central condition
for scalable and sustainable AV deployment.

4.5. Normative and Societal Dynamics: Trust, Legitimacy, and the Social Acceptability of
Autonomous Mobility

The findings indicate that normative and societal dynamics act as a cross-cutting
layer influencing how autonomous vehicle (AV) systems are perceived, accepted, and
implemented. Unlike other dimensions, these dynamics operate indirectly by shaping trust,
legitimacy, and public acceptance.

A central mechanism concerns trust in AV systems and their operators. While techno-
logical performance may be high, acceptance depends on transparency, accountability, and
perceived reliability. Interviewees emphasized that system functionality alone is insufficient
to ensure adoption:

“It’s not just about whether the system works—it’s about whether people feel
comfortable with how it works.” (Interview 2, city administration)

Closely related are issues of data governance and privacy. AV systems rely on extensive
data collection, creating tensions between system optimization and societal expectations
regarding data protection. Uncertainty about data ownership and usage was identified as a
potential barrier to acceptance.

Several interviewees emphasized that questions of data sovereignty are central to adap-
tive urban governance. Participants discussed whether operational and mobility-related
data generated by AV systems should primarily remain under the control of operators,
municipalities, or users themselves.

“Who controls the data ultimately controls the mobility system.” (Interview 15,
technology company)

Interviewees further argued that limited municipal access to AV-related operational
data may reduce the ability of cities to monitor system performance, regulate curb usage,
and adapt mobility planning dynamically.

Participants repeatedly linked societal acceptance to perceived fairness and trans-
parency in platform governance:

‘People will only trust these systems if they understand who benefits and who
controls the data.’ (Interview 9, public sector)

Without clear governance frameworks, AV systems may be perceived as privileging
commercial over public interests.

In addition, emerging social norms within AV environments remain unsettled. As
vehicles evolve into multifunctional spaces, expectations regarding use and behavior are
still forming, which may contribute to uncertainty in adoption.

Overall, normative and societal dynamics influence implementation by shaping the
conditions under which AV systems are considered acceptable and legitimate. These
dynamics interact with institutional, economic, behavioral, and spatial processes, and may
slow or redirect deployment where trust, fairness, or transparency are contested.

4.6. Impact on Implementation Speed: Systemic Frictions and Scaling Constraints

The findings provide a direct answer to the central research question of this study:
the speed of autonomous vehicle (AV) implementation is not determined by technolog-
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ical readiness alone but by the interaction of unintended consequences emerging across
multiple socio-technical dimensions. As one interviewee (Interview 17, start-up) noted,
“The technology is moving faster than the institutions around it,” highlighting the growing
mismatch between technological progress and governance capacity.

Rather than acting as isolated barriers, these unintended consequences generate sys-
temic frictions that shape both the pace and trajectory of AV deployment.

Institutional dynamics slow implementation through governance lag and regulatory
uncertainty. Behavioral dynamics increase system demand and operational complexity. Eco-
nomic and platform dynamics introduce coordination challenges and regulatory tensions.
Spatial dynamics create physical bottlenecks, particularly in curb space and infrastructure
capacity. Normative dynamics influence trust, legitimacy, and societal acceptance. One
respondent (Interview 9, city administration) emphasized that “everyone wants the curb
space, but nobody is coordinating it,” illustrating how spatial and governance-related
frictions increasingly overlap in urban environments.

These dimensions do not operate independently but interact through reinforcing
feedback loops. Increased demand intensifies spatial pressure, spatial constraints require
institutional responses, and governance lag reinforces platform-driven outcomes. At the
same time, societal concerns influence both regulation and user adoption.

As a result, AV implementation follows a non-linear and path-dependent trajectory,
where scaling is contingent on the ability to manage these systemic frictions.

This suggests that the key question is not whether AVs can be implemented, but
under which conditions they can be implemented efficiently and at scale. As summarized
by one expert (Interview 6, consulting), “Autonomous vehicles are not just a technology
problem—they are a system transformation problem.”

5. Conclusions
While research on autonomous vehicles (AVs) has expanded rapidly over the past

decade, much of the academic and policy discourse has focused on technological feasibility,
safety, and ethics rather than on the dynamics of real-world implementation. Yet AV deploy-
ment unfolds under conditions of deep uncertainty, where outcomes are shaped not only
by technological performance but also by complex interactions between behavior, gover-
nance, and urban systems. Understanding what accelerates or constrains implementation is
therefore essential for anticipating broader societal, economic, and infrastructural impacts.

This study addressed this gap by examining (1) which unintended consequences can
slow or stall the scaling of AVs in cities, and (2) how these consequences contribute to
misalignment between AV deployment and its intended societal objectives. Drawing on a
mixed-methods design combining a scoping review and expert interviews, the findings
indicate that AV implementation is less constrained by technological readiness than by
systemic socio-technical dynamics.

The analysis shows that unintended consequences emerge across five interconnected
domains, including a cross-cutting normative and societal layer. These consequences do
not occur in isolation but interact through reinforcing feedback loops. Reduced travel costs
and new use cases increase mobility demand, which intensifies spatial pressures such as
curb competition and traffic congestion. At the same time, institutional arrangements often
lag behind technological developments, while platform-based business models reshape
control over mobility systems. Taken together, these dynamics can generate governance
frictions, rebound effects, and public resistance that may ultimately slow the large-scale
deployment of AVs.

This perspective contributes to the literature on sustainable urban mobility, smart cities,
and socio-technical transitions by shifting the analytical focus from vehicle performance to

https://doi.org/10.3390/wevj17070376

https://doi.org/10.3390/wevj17070376


World Electr. Veh. J. 2026, 17, 376 17 of 20

implementation dynamics. The study introduces a structured framework of unintended
consequences and demonstrates how these mechanisms influence implementation speed.
By linking qualitative stakeholder insights with systems-oriented theory, it advances the
understanding of AVs as catalysts of broader urban transformation rather than as isolated
technological innovations.

From a managerial and policy perspective, the findings suggest that the implemen-
tation of AVs is closely linked to how cities structure key system-level conditions. Three
interrelated areas appear particularly relevant. First, the pacing and conditions of deploy-
ment emerge as a critical factor. Approaches such as phased rollout strategies combined
with performance-based evaluation criteria may enable cities to align scaling processes
with system outcomes rather than technological availability. Second, the management
of urban space—particularly curb access and vehicle circulation—represents a central
leverage point. Mechanisms such as dynamic allocation and pricing of street space can
influence how efficiently AV systems operate and how potential rebound effects unfold.
Participants further highlighted that cities may require new curb-pricing hierarchies and
dynamic allocation systems to balance competing demands between AV fleets, logistics
services, public transport, and active mobility.

Third, questions of data governance and system oversight become increasingly im-
portant as mobility services are organized through digital platforms. The definition of
data access, usage rights, and performance monitoring frameworks may shape the extent
to which public actors retain the ability to steer mobility systems toward broader soci-
etal objectives. Several interviewees argued that adaptive governance will likely require
mandatory reporting frameworks for AV operators, including standardized disclosure of
operational data related to congestion, fleet occupancy, empty repositioning trips, service
coverage, and system reliability. Taken together, these findings suggest that AV governance
may increasingly shift from static approval systems toward continuous monitoring and
adaptive regulatory management.

The study has several limitations. First, the findings are based on qualitative expert
interviews and reflect informed perspectives rather than statistically representative data.
Second, the scoping review prioritizes breadth over depth and may be subject to selection
bias. Third, the analysis focuses on conceptual mechanisms and does not provide quantita-
tive estimates of effects. These limitations suggest caution in generalizing results across
different urban contexts.

Future research could build on these insights by empirically testing the identified
mechanisms across cities and through quantitative or simulation-based approaches. In
particular, comparative studies of governance models, as well as agent-based simula-
tions of AV-induced behavioral and spatial dynamics, could provide further evidence on
how unintended consequences shape implementation trajectories. Additional research
should further examine how liability regimes, operational fleet maintenance challenges,
and evolving data governance structures influence large-scale AV deployment across dif-
ferent urban and regulatory contexts. Such research may help identify which governance
approaches are most effective in balancing implementation speed, public legitimacy, and
sustainability objectives.

In conclusion, the implementation of autonomous vehicles is shaped not only by
technological progress but by the ability of urban systems to anticipate and respond to
unintended consequences. Cities that develop adaptive, system-oriented approaches to
governance may be better positioned to manage the complexities associated with AV de-
ployment and to align emerging mobility systems with sustainability and equity objectives.
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