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ABSTRACT

The decarbonization of transportation and environmental quality enhancement have become more and more reliant
on eco-innovation, which incorporates both technological change and systemic coordination and governance. The review
is a summary of the evidence that can be translated into environmental sustainability outcomes on how smart vehicle
technologies, including electrified powertrains and vehicle-grid interfaces, connected and cooperative systems (Vehicle-
to-Everything, V2X), automation and advanced automation, and Artificial Intelligence (Al)-enabled optimization can be
transformed. Using a structured analytical framework linking technology capability to eco-innovation mechanisms and
sustainability impacts, we reconcile findings across operational, well-to-wheel, and life-cycle boundaries. The literature
indicates that electrification delivers strong local air-quality benefits and, in most contexts, substantial climate gains,
but net outcomes depend on grid carbon intensity, charging time profiles, battery production, and end-of-life pathways,
making managed charging and circularity pivotal complements. Connectivity and cooperative control improve energy
efficiency primarily through coordination effects such as traffic smoothing, eco-routing, and platooning, yet benefits
are non-linear and sensitive to penetration rates and infrastructure interoperability. Automation offers efficiency and
safety co-benefits but exhibits the widest uncertainty because induced demand, empty travel, and mode substitution
can offset per-vehicle improvements. Al-driven fleet optimization can reduce empty miles and extend component life,
although computational and hardware overhead and rapid obsolescence can introduce trade-offs. We identify persistent

gaps in comparability, non-exhaust emissions assessment, causal evaluation at scale, and equity-aware impact metrics,
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and propose a research and policy agenda emphasizing integrated Life Cycle Assessment (LCA) system modeling,

standardized reporting, interoperable data governance, and demand management to secure durable environmental gains.

Keywords: Eco-Innovation; Smart Vehicles; Vehicle Electrification; Connected and Automated Mobility; Life-Cycle

Sustainability

1. Introduction

Transportation is simultaneously a foundation of
economic activity and a leading source of environmental
pressure. Road, rail, aviation, and maritime systems enable
mobility and trade, yet they also generate greenhouse gas
emissions, local air pollutants, noise, and material demands
that accumulate across vehicle production, operation, and
end-of-life ", In many countries, the transport sector re-
mains among the most difficult to decarbonize because it
is tightly coupled to fossil energy, long-lived capital stock,
dispersed infrastructure, and behavioral routines that shape
travel demand. The pressure on mobility convenience and
the increasing demand to move goods and people freely
is exacerbated by fast urbanization, e-commerce, freight
movement growth, and growing expectations. It is on this
ground that the concept of eco-innovation, which reduces
the environmental impact but still creates economic and
social value, has taken center stage, on which the re-eval-
uation of how transportation systems can be taken to the
sustainable level without affecting performance, safety, or
accessibility has been taken into consideration .

In the meantime, digitalization is the technological
transformation in the transport sector. Cars are getting net-
worked, more automated, and electrified; they are part of
data-intensive ecosystems that also comprise intelligent
infrastructure, cloud computing, edge computing, and plat-
form-based mobility services. These innovations tend to
be marketed as part of the so-called smart mobility, but
these effects on the environment are neither homogeneous
nor universal. A connected vehicle is capable of saving on
energy consumption by achieving smoother driving and
optimizing routes, yet can also allow more vehicle kilome-
ters to be covered in case convenience improves and the
cost reduces. Electrified powertrains can eliminate tailpipe
emissions, but life-cycle benefits depend on electricity
generation mixes, charging behavior, and battery supply

chains. Autonomous driving may improve traffic flow and

safety, but it may also introduce new energy and material
burdens through sensors, computation, and induced de-
mand. The key issue is therefore not whether smart vehicle
technologies are environmentally beneficial in principle,
but how, when, and under what governance conditions
they become meaningful instruments of eco-innovation ),

This review links smart vehicle technologies to en-
vironmental sustainability outcomes through the mediating
mechanisms of eco-innovation. Smart vehicle technologies
are considered broadly to include electrified powertrains
and vehicle—grid interfaces; vehicle connectivity and co-
operative systems (e.g., V2X); automation and advanced
driver-assistance systems; and data-driven or Al-enabled
optimization across vehicles and fleets. These technolo-
gies interact with infrastructure (charging networks, roads,
communication systems), energy systems (generation, grid
management, storage), and institutions (standards, incen-
tives, data governance) *’. Environmental sustainability is
treated as multi-dimensional, encompassing climate met-
rics, local air quality, noise, and resource and material foot-
prints, as well as distributional concerns that shape who
experiences. Automation could enhance safety benefits and
harms. Eco-innovation is understood as a spectrum of tech-
nological, organizational, and systemic innovations that
improve environmental performance while enabling viable
adoption and diffusion pathways. In transportation, eco-in-
novation is rarely a single device or feature; it is typically a
bundle, a combination of technology, operational practice,
infrastructure, and policy capable of reshaping both supply
(vehicle efficiency, fuels, logistics) and demand (routing,
occupancy, mode choice) .

A growing body of research highlights the promise
of smart vehicle technologies for environmental improve-
ment. Electrification and smart charging can reduce opera-
tional emissions and facilitate renewable integration when
charging aligns with low-carbon generation and grid con-
straints. Connectivity enables real-time traffic management

and cooperative driving, potentially smoothing stop—and—
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go patterns that waste fuel and increase emissions. Predic-
tive cruise control and eco-driving assistance can decrease
energy consumption by matching the speed profiles to the
roadway and predicted traffic. Al-based logistics and fleet
telematics will have the opportunity to reduce empty miles,
improve asset utilization, and last-mile delivery, opening
an opportunity to cut freight-based emissions without cut-
ting services. However, these advantages depend much on
context and are typically counterbalanced by antagonistic
effects, and that has caused mixed results in the literature
and confusion among policymakers and practitioners '),
The selection of system boundaries is one of the
sources of inconsistency. A lot of analyses focus on tail-
pipe emissions or the energy consumption per vehicle,
whereas life-cycle assessments include vehicle manufac-
turing, battery production, electricity generation, mainte-
nance, and end-of-life treatment '?'. A technology with
lower operational energy could still result in higher overall
environmental impact when it is based on carbon-intensive
materials, regular replacement of hardware, or energy-in-
tensive computation. The other source is context depen-
dence. Even the same electric vehicle can be associated
with quite different life-cycle emissions based on the local
grid mix, climate (heating and cooling loads), driving pat-
terns, and charging infrastructure. Similarly, the efficiency
of connected and automated driving in terms of emissions
reduction is dependent on the level of traffic, the rate of
penetration, the shape of roads, and the implementation
of cooperative infrastructure. One-third of the source is
behavioral and economic response. In case smart features
decrease the perceived cost of travel, enhance comfort, or
reduce time stress, they will be capable of spurring more
travel, longer trips, or shifts in mode towards low-carbon
alternatives, including public transportation, walking, and
bicycling. Platform-based mobility and delivery services
are capable of enhancing convenience, but are also asso-
ciated with empty miles and aggravated congestion unless
designed and managed to internalize externalities .
These tensions suggest that smart vehicle tech-
nologies function less like deterministic solutions and
more like general-purpose enablers. They create new
capabilities, sensing, decision-making, communication,
and control that can be steered toward sustainability or

away from it, depending on how systems are designed,

governed, and used. This is precisely where an eco-inno-
vation framing adds explanatory power. Eco-innovation
highlights mechanisms such as efficiency optimization,
substitution, coordination and sharing, dematerialization,
and circularity, and it emphasizes diffusion and adoption:
an eco-innovative solution is not only environmentally
superior under ideal conditions, but also viable in mar-
kets and institutions, scalable across diverse contexts, and
aligned with social goals """/,

Several eco-innovation mechanisms map naturally
onto smart vehicle capabilities. Efficiency optimization is
the most direct mechanism: smart control of acceleration,
braking, and thermal management can reduce energy con-
sumption; cooperative driving and traffic smoothing can
reduce congestion-related waste; predictive maintenance
can extend component life and reduce material consump-
tion "”'. Substitution refers to replacing high-carbon energy
carriers with low-carbon ones through electrification or
hydrogen, but it also includes substituting resource-inten-
sive operational practices with data-enabled alternatives
such as consolidated routing and dynamic dispatch. Vehi-
cles that can communicate with other vehicles, as well as
infrastructure, will make coordination and sharing possible
and facilitate platooning, intersection management, harmo-
nize speed, and other smoother fleet interactions. Demate-
rialization is manifested in the ownership/service turnover
and hardware-intensive upgrades to software-defined vehi-
cles, but these tendencies may equally drive obsolescence
unless handled with responsibility. Circularity is linked to
battery second-line approaches, recycling, design-for-re-
pair, and modular systems that could be enhanced without
replacement !'*'7.

These mechanisms are not fully technical to be real-
ized. They rely on policies and the institutions that define
incentives, access to data, interoperability, and account-
ability. Smart charging can mitigate emissions in case it
is synchronized with the supply of renewable energy and
grid configurations, but it might boost peak demand and
related emissions in case incentives motivate simultane-
ous charging at high-carbon hours. The efficiency of V2X-
based traffic is reliant on shared standards, cybersecurity
guarantees, and roadside unit and Internet infrastructure
investments. It may make the drive safer and smoother,

but still, automation requires regulatory openness, liability
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frameworks, and moral values to ensure that the masses of
people are on their guard without pursuing perverse mo-
tives to increase travel demand. Eco-innovation is, in other
words, by definition socio-technical: the product of the in-
teraction between technological capability and policy for-
mation, market structures, and usage """,

Evidence base remains fragmented in the different
areas of investigation and is usually incomparable across
the fields of study, even with the scalding advancement
of research. The studies are varied in transportation engi-
neering, energy systems, computer science, environmen-
tal evaluation, economics, and policy, and tend to adopt
different assumptions and measurements. Without includ-
ing upstream emissions or induced demand, engineering
studies can claim fuel savings as a result of certain control
measures. Energy analysis can be used to model the effects
of Electric Vehicles (EVs) on the grid without considering
the dynamics of congestion or traveling. Mobility-service
studies can be dedicated to the efficiency of operations,
and they can neglect the material effects on life-cycle and
distributional results. Moreover, sustainability indicators
can be instantaneous fuel use, life-cycle CO, equivalent
emissions, citywide air quality indicators, and localized
exposure estimates. The methodologies can be simulation
and scenario modeling, pilots, and quasi-experimental
studies based on observational data. Counterfactual base-
lines, rebound assumptions, and sensitivity analyses are of-
ten not transparently reported in many studies, limiting the
generalizability and policy applicability "',

There are also uneven distributions of trade-offs
and distributional impacts. Environmental sustainability
is commonly boiled down to one climate indicator, but in
reality, the tradeoff between opposing goals of climate, air
quality, noise, land use, safety, and equity has to be negoti-
ated. EV implementation could increase air quality in cities
at the expense of electricity production and battery chain
supply. Autonomous mobility can also minimize collisions
and traffic congestion, as well as augment vehicle kilome-
ters flown by more convenient and empty repositioning
actions. Freight optimization can reduce emissions and
focus traffic and exposures in certain neighborhoods. The
question of equity: who can afford smart vehicles, who
enjoys the benefits of infrastructure improvements, who is

vulnerable to traffic jams or to higher pollution levels- is

becoming the cornerstone of sustainability transitions, but
not adequately reflected in most evaluations *' .

There is more complexity due to scaling. Most of the
reported advantages occur in a controlled or pilot context
and cannot be sustained with large-scale deployment, het-
erogeneous user behavior, or mixed fleets. Scaling would
need interoperable standards, strong cybersecurity and pri-
vacy measures, data governance structures to facilitate co-
ordination and protect rights, and infrastructure investment
that meets system-level objectives. When these conditions
are not present, the smart vehicle technologies can end up
scattered in ways that bring comfort and commercial bene-
fits without meeting the environmental goals ",

To fill these gaps, this review is a synthesis of the
available research on eco-innovation in transportation by
directly connecting smart vehicle technologies to environ-
mental sustainability effects through a rigorous framework
of analysis ). Instead of listing the technologies separate-
ly, the review focuses on a cause-and-effect chain of smart
vehicle capability, eco-innovation mechanism, and sustain-
ability impact, assessed by suitable life-cycle and system
boundaries, and taking into consideration the behavioral
and governance conditions. The synthesis is structured
around four guiding questions: which technologies demon-
strate the most evidence of benefits to the environment and
how those benefits differ by context; what mechanisms can
bring about sustainability and what complementary infra-
structure or policy is needed; what trade-offs and rebound
effects are repeated across studies and how they should be
considered; and what research and policy gaps best limit
efforts to make impact at scale "'*** ",

The article continues with a description of the review
design and analytical framework, and elaborates on an
evolution of a taxonomy of smart vehicle technologies that
match the processes of eco-innovation, synthesis of evi-
dence regarding sustainability impacts and their conditions
of boundary, and analysis of enablers and barriers; policy,
infrastructure, market adoption, and measurement chal-
lenges to define the real-world outcomes. The conclusion
of the review takes an integrative approach to these in-
sights with a tailored research and practice agenda in order
to have the next generation of smart vehicles development
deliver quantifiable and fair environmental sustainability

benefits.
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2. Review Design and Analytical
Framework

The article has a structured review design in the
sense that it synthesizes the role of smart vehicle technolo-
gies in eco-innovation of transportation and, consequently,
quantifiable environmental sustainability results. Since the
subject is multidisciplinary, involving transportation engi-
neering, energy systems, environmental evaluation, com-
puter science, and policy, this review is intended to com-
bine incoherent evidence with remaining transparency and
reproducibility. The section will include the description of
the review protocol, the process of the literature identifi-
cation and selection, the method of the quality of the stud-
ies, and the method of analyzing the data in order to relate
technologies to the eco-innovation processes and effects on

the environment #",

2.1. Review Approach and Rationale

The review should be structured as a synthesis that is
guided by theory. Systematic means having a documented
search strategy, having clear eligibility criteria and having
traceable screening processes. Theory-guided is an appli-
cation of an analytical framework, which connects smart
vehicle capabilities with eco-innovation processes and
sustainability performances within the context of systems
boundaries of relevance. Such a hybrid method is correct
since the empirical background comprises quantitative im-
pact research and conceptual or methodological research
papers that influence the definition and measurement of
impacts. Unless the systematic review is purely qualitative
and gives all studies the same level of relevance, a sys-
tematic review would risk obscuring the dependence on
context and effects on boundaries, and the narrative review
would risk selection bias. The review will strive to achieve
a balance between breadth, rigor, and interpretability by
incorporating systematic identification and a clear organiz-
ing structure %,

In addition to peer-reviewed sources, grey literature
was systematically identified and screened to capture prac-
tical and policy-relevant insights. Sources included gov-
ernment reports, NGO (Non-Governmental Organizations)
publications, white papers, and conference briefs that focus

on smart vehicle deployment, regulatory frameworks, and

urban mobility outcomes. Documents were selected based
on relevance to environmental impacts, policy interven-
tions, equity, or technological performance. This approach
complements academic studies and ensures that actionable
lessons and emerging practices are captured, even if not

yet reported in peer-reviewed journals.

2.2. Information Sources and Search Strategy

The literature search will be aimed at collecting
peer-reviewed articles published in journals and conference
papers, usually indexed in major citation databases. Mul-
tidisciplinary databases containing Web of Science Core
Collection and Scopus are searched, and discipline-spe-
cific databases are added where necessary to address such
technical areas as vehicle automation, connectivity, and
battery systems. The search strategy employs parallel da-
tabase queries, which are then deduplicated to minimize
database-specific blind spots.

Search strings will be built on three groups of con-
cepts, including: smart vehicle technologies, eco-innova-
tion or innovation mechanisms, and environmental sus-
tainability outcomes. The technology category contains the
words connected, electrification, intelligent or connected
vehicles, V2X communications, autonomous driving,
Al-enabled control, telematics, and fleet optimization.
Regarding innovation, it has eco-innovation, sustainabili-
ty-oriented innovation, green innovation, and system inno-
vation and mechanism terms, which include optimization,
coordination, sharing, and circularity. Life-cycle emis-
sions, energy consumption, air quality, criteria pollutants,
noise, resource use, and material footprints belong to the
outcomes group. These themes intersect with each other to
select the studies that are retrieved using the sets of rules
of proximity and binary operators. To enhance relevance,
transportation context terms included in the search consist
of terms like mobility, freight, logistics, traffic flow, and
intelligent transportation systems >,

The temporal scope is selected to reflect the acceler-
ation of connected, automated, and electrified vehicle re-
search, while still capturing foundational work in eco-driv-
ing, traffic smoothing, and life-cycle assessment. The final
scope is reported explicitly in the manuscript, including
the date of the last search, to support reproducibility and to

clarify the currency of the evidence base.
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2.3. Eligibility Criteria and Study Selection

Eligibility criteria are defined a priori to ensure that
included studies directly inform the research questions.
Studies are included when they analyze, measure, or model
a smart vehicle technology (or a closely coupled vehicle—
infrastructure capability) and link it to at least one environ-
mental sustainability outcome. Outcomes may be direct,
such as changes in energy use, greenhouse gas emissions,
or air pollutant emissions, or indirect, such as network-lev-
el congestion changes that affect emissions. Studies are
also included when they develop methods that substan-
tially shape environmental evaluation in this domain, such
as life-cycle assessment frameworks for electric vehicles,
emissions modeling for connected and automated traffic,
or causal inference designs for mobility service impacts ",

Exclusion criteria remove studies that mention
smart mobility only tangentially, do not specify a vehicle
technology component, or discuss sustainability without
measurable or clearly defined indicators. Articles focused
exclusively on non-vehicle digital systems without a ve-
hicle technology linkage are excluded unless they directly
govern vehicle behavior at scale, as in corridor-level coop-
erative control systems. Non-peer-reviewed sources can be
included selectively when they provide essential standards
context (e.g., communication protocols) or policy base-
lines, but such inclusions are treated as contextual rather
than primary evidence and are clearly labeled as such "\

The selection process proceeds in stages. Titles and
abstracts are screened first to remove clearly irrelevant re-
cords, followed by full-text screening to confirm eligibility
against the criteria. Screening decisions are documented,
and reasons for exclusion at the full-text stage are record-
ed to enable a Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA)-style reporting
of the selection flow. Where ambiguity exists, the study is
retained for full-text review to minimize false exclusions,
and the final decision is made based on whether the paper
provides a defensible link between a smart vehicle technol-

. 37
ogy and environmental outcomes "7

2.4. Quality Appraisal and Risk-of-Bias Con-
siderations

Because of the methodological heterogeneity of the

literature, quality appraisal is structured around internal
validity and transparency as opposed to one scoring ru-
bric. In case of empirical studies, it specifically focuses
on whether the design can be used to interpret causally or
whether the research outcomes are correlational. Simula-
tion and modeling research is evaluated in accordance with
the clarity of assumptions, the suitability of baselines and
counterfactuals, as well as the sensitivity analysis. In the
case of life-cycle assessment studies, appraisal focuses on
defining the system boundaries, choice of functional units,
data provenance, treatment of electricity mix, temporal dy-
namics, and end-of-life assumptions of important compo-
nents like batteries. In the context of traffic and emissions
modeling, the appraisal is concerned with the representa-
tiveness of driving cycles, emissions model calibration,
and whether the fleet composition and penetration rate of
the technology are realistically addressed ****.

Reporting completeness is considered a fundamental
quality criterion across the types of studies. Those stud-
ies that are not explicit in determining the important pa-
rameters, i.e., grid carbon intensity, penetration rates, and
boundary conditions, are not automatically eliminated, but
their conclusions are given a heavy weight in the synthesis.
This will enable the review to maintain coverage without
making uncertainty implicit, which is imperative to a Sci-
ence Citation Index (SCI)-standard article meant to inform

both research and policy.

2.5.Data Extraction and Coding Scheme

The data extraction procedure was made to address
what is being described in the studies and how the find-
ings describe the underlying mechanisms. In each study
that we included, we had to note the most important de-
tails, including the location of the study, the mode or
sector in which the study was conducted, the type of road
environment (either urban streets or highways), and the
nature of analysis that was carried out by either individ-
ual vehicles, fleets, or platform-based services. Technol-
ogies were split into two levels: first by their particular
implementations (predictive cruise control, cooperative
adaptive cruise control, managed charging, or platooning)
and then by their themes, including electrification and en-
ergy systems, connectivity and cooperation, automation

and control, data-driven optimization, as well as fleet or
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service bundles. In order to ensure transparency and con-
sistency in all disciplines, we outlined our review proto-
col, eligibility criteria, and a coding framework in Table
1. This framework formed the basis of categorizing tech-
nologies, mechanisms, and sustainability results during
the entire review “**",

Environmental outcomes are extracted with attention
to units and comparability. Where possible, outcomes are
normalized to functional units commonly used in the field,

such as per vehicle-kilometer, per passenger-kilometer, or

per ton-kilometer. They are also interpreted at the system
level when studies report corridor, city, or fleet impacts.
The extraction also records whether outcomes are oper-
ational, well-to-wheel, or full life-cycle, and whether the
study incorporates non-exhaust emissions, noise, or ma-
terial footprint indicators. Finally, the extraction captures
mediating factors that determine impact magnitude, such
as electricity mix, temperature and climate, traffic density,
technology penetration rates, user behavior adaptation, and

policy constraints **!,

Table 1. Review protocol, eligibility, and coding framework.

Component Operational Definition in This Review

Implementation Details to Report Output in This Paper

Review type Structured, theory-guided systematic synthesis

Databases, timeframe, last search date ~ PRISMA-style flow + narra-

tive synthesis

Core constructs Smart vehicle tech; eco-innovation mechanisms; sus-

tainability outcomes

Definitions and boundary conditions Unified analytical framework

Inclusion criteria ~ Vehicle technology + link to at least one environmental

outcome

Peer-reviewed; transport context; mea-
surable indicator

Final corpus size (n)

Exclusion criteria No vehicle component; no defined outcome; purely

conceptual without relevance

Screening reasons Transparent scope limits

Boundary
classification

Operational vs. well-to-wheel vs. life-cycle

Electricity mix treatment, end-of-life
assumptions

Comparable evidence buckets

Context coding Mode, geography, road type, fleet/private, penetration

Study setting and deployment maturity ~Evidence stratification

Methods coding  Simulation, field trial, observational causal, LCA,

hybrid

Validation, sensitivity analysis Quality-weighted synthesis

Outcome coding
rials/circularity, equity

GHG (greenhouse gas), energy, air quality, noise, mate- Functional unit and metrics

Cross-domain evidence map

2.6. Evidence Synthesis Strategy

The synthesis uses a configurational approach that
emphasizes “what works, for whom, and under what con-
ditions,” rather than assuming that a single pooled effect
size is meaningful across contexts. Where studies are suf-
ficiently comparable in technology definition, boundary
conditions, and outcome metrics, results are summarized
quantitatively in terms of ranges and central tendencies
reported in the literature. However, formal meta-analysis
is treated as conditional on adequate homogeneity and is
not presumed as the default because many studies differ in
system boundaries, baseline assumptions, and context.

To ensure interpretability, the synthesis is organized
around the technology-to-impact pathway. Evidence is
first summarized within technology categories, then re-
assembled by sustainability outcome domain to highlight
cross-cutting patterns and trade-offs. Findings are contex-

tualized by identifying moderators, such as grid carbon

intensity for electrification or penetration rate thresholds
for cooperative driving benefits. Contradictory findings
are treated as informative signals of boundary-condition
effects rather than as noise, and are analyzed by tracing
differences in assumptions, modeling frameworks, or mea-

sured contexts .

2.7. Analytical Framework Linking Technolo-
gy, Eco-Innovation Mechanisms, and Out-
comes

A central contribution of the review is an analytical
framework that structures the evidence into a causal chain.
The first element of the chain is smart vehicle capabili-
ty, defined as the ability to sense, communicate, decide,
and actuate in ways that alter energy use, emissions, or
resource flows. The second element is the eco-innovation
mechanism that translates capability into environmental

performance. Mechanisms include efficiency optimization,
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substitution toward lower-carbon energy carriers, coordi-
nation and sharing that improve system utilization, dema-
terialization through software-enabled functionality and
mobility services, and circularity through life-extension
and end-of-life recovery.

The third element is sustainability outcomes,
defined across multiple dimensions: climate impacts
(greenhouse gases across appropriate boundaries), energy
demand, air quality and pollutant emissions, noise, and
material and resource footprints. The framework explic-
itly accommodates multi-scale effects by recognizing

that impacts can occur at the vehicle level, network lev-

el, and system-of-systems level, which includes the grid
and built environment. This is essential because some
technologies generate minimal benefit per vehicle but
substantial benefit at scale through coordination, while
others yield per-vehicle gains that are diluted or reversed
by behavioral responses such as increased travel demand
(4441 The analytical framework used to structure the re-
view linking smart vehicle capabilities to Eco-innovation
mechanisms and environmental sustainability outcomes
is shown in Figure 1. This framework underpins the tax-
onomy in Section 3 and the evidence synthesis in Sec-

tions 4 and 5.

/ Smart Vehicle \ /

Eco-Innovation

\ / Environmental \

Examples:
BMS/thermal control; V2X;
ADAS/automation; Al

thimization

Coordination & sharing
Dematerialization
Circularity

J

Capabilities Mechani Sustainability
Sense, Communicate, Effici cc a]_"S_mts, QOutcomes
. > iciency optimization > .
Decide, Actuate " yop Climate & energy (GHG)
Substitution

Air quality & exposure
Noise & urban quality
Materials & circularity

\Equity distribution /

'

Life-cycle boundary (vehicle + energy + infrastructure)

System boundary (traffic + networks + grid interactions)

Behavioral response (adoption, rebound, mode choice)

Governance & market design (standards, pricing, data rules, equity)

Impacts are context-dependent and mediated by boundaries, behavior, and governance.

Figure 1. Conceptual framework linking smart vehicle technological capabilities to eco-innovation mechanisms and multi-dimen-

sional environmental sustainability outcomes across life-cycle, system, behavioral, and governance boundaries.

The framework also treats context and governance as
conditioning layers rather than externalities. Infrastructure
readiness, standards interoperability, cybersecurity and
privacy rules, pricing and incentives, and market adop-
tion pathways are modeled as determinants of whether the
eco-innovation mechanism activates and whether net ben-
efits persist. In practice, this means that the review does
not interpret a technology as inherently sustainable, but as
sustainable under a definable set of conditions that can be

influenced by design and policy.

2.8. Methodological Limitations and Robust-
ness Steps

No review design can eliminate all sources of bias,
especially in a rapidly evolving technological domain.
Publication bias is possible if studies with favorable en-
vironmental outcomes are more likely to be published or
cited, while negative or null results remain underreported.
Database coverage bias may occur if relevant engineering

conference proceedings or regional journals are unevenly
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indexed. To mitigate these issues, the search is conducted
across multiple databases, forward and backward citation
tracking is applied to key papers, and the synthesis explic-
itly records when evidence is drawn from simulations rath-
er than measured deployments.

The second limitation is on comparability. Direct nu-
merical comparison can be unreliable or even misleading
due to variations in the definitions of the functional units
of study, system boundaries, and baseline scenarios in a
study. To overcome this, the review groups are based on
the type of boundaries, explicitly state main assumptions,
and indicate the dependence of interpretations on certain
circumstances. The third constraint is related to the fast
development of smart vehicle technologies and electricity
systems that can make empirical estimates obsolete in a
short period of time. As a way of remaining relevant, the
review also prioritizes research with clear parameter set-
tings and sensitivity analyses, which enables readers to
modify the findings to suit the changing circumstances. All
these measures combine to form a review method that is
both transparent and reproducible and is adaptable to pub-
lish in SCI-standard journals, though it is elastic enough to
incorporate evidence across disciplines and methodologi-

cal views ™%,

3. Taxonomy of Smart Vehicle Tech-
nologies for Eco-Innovation

The environmental contribution of smart vehicle tech-
nologies cannot be assessed meaningfully without a clear
taxonomy that distinguishes what is being implemented,
how it operates, and which eco-innovation mechanism it ac-
tivates. In the literature, “smart mobility” is often used as an
umbrella term that mixes powertrain change, digital connec-
tivity, automation, and service reconfiguration, sometimes
obscuring causal attribution and complicating comparison
across studies. This section, therefore, develops a technol-
ogy taxonomy oriented toward eco-innovation, grouping
technologies by the core capability they add to the vehicle
system and the pathway through which that capability can
translate into environmental performance. The taxonomy
recognizes that many real-world applications are not sin-
gle technologies but integrated bundles, and that the same
enabling technology can produce different environmental
outcomes depending on operational context, infrastructure

coupling, and behavioral response *"**.

3.1. Electrified Powertrains and Vehicle-Ener-
gy Interfaces

Electrified powertrains represent the most visible
technological shift in contemporary transportation eco-in-
novation because they directly alter the energy carrier and
enable deep reductions in tailpipe emissions *”. Battery
electric vehicles, plug-in hybrid vehicles, and fuel cell
electric vehicles are typically discussed as distinct cate-
gories, but from an eco-innovation perspective, their rel-
evance is better understood through the degree to which
they enable substitution away from fossil fuels and the ex-
tent to which they can be coordinated with low-carbon en-
ergy systems. The environmental outcomes associated with
electrification depend not only on drivetrain efficiency but
also on upstream electricity generation, charging behavior,
and the material intensity of energy storage systems. Con-
sequently, research in this domain increasingly treats the
vehicle as a flexible energy asset rather than an isolated
consumer of energy .

A defining element of “smart” electrification is the
vehicle’s interface with the grid and with distributed en-
ergy resources. Managed charging, time-of-use response,
and vehicle-to-home or vehicle-to-grid concepts extend
electrification from a product innovation into a system in-
novation by enabling temporal and spatial shifting of de-
mand. This capability can support renewable integration,
reduce peak loads, and potentially lower marginal emis-
sions, but it can also create new system stress if charging
demand clusters are under misaligned incentives. In addi-
tion, electrified vehicles rely heavily on battery manage-
ment systems and thermal control, which are themselves
smart subsystems that influence energy efficiency, range,
and battery degradation. As a result, the electrification cat-
egory in this taxonomy includes not only drivetrain choice,
but also smart charging control, battery health optimiza-
tion, and energy-aware thermal management, all of which
shape environmental performance across operational and

life-cycle boundaries ",

3.2.Connected Vehicles and Cooperative
Communication Systems

Connectivity expands the vehicle’s capability to
perceive and respond to its environment beyond onboard

sensors by exchanging information with other vehicles,
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infrastructure, and digital services. Vehicle-to-vehicle and
vehicle-to-infrastructure communications can enable coop-
erative behaviors that improve traffic efficiency and safety,
and can also increase the precision of routing, speed con-
trol, and energy management. Regarding the perspective
of eco-innovation, the main way through which connec-
tivity functions is by boosting coordination. It is used to
have vehicles, traffic lights, and fleets communicate with
each other to minimize system-wide waste such as stop-
and-go traffic, unnecessary idling, and redundant trips.
Connection is another aspect that transforms the way in-
formation operates in the transportation systems. Real-time
availability will assist drivers and operators to make more
intelligent route decisions, circumvent congested parts,
and embrace eco-routing strategies that will seek to reduce
the consumption of energy rather than time. In freight,
connectivity allows continuous tracking and movement of
dispatch, which could decrease empty miles and enhance
consolidation of loads. The mobility of passengers allows
navigation services, real-time tolling interconnection, and
communication with mobility platforms *. However, be-
cause connectivity can also reduce generalized travel costs
by increasing convenience and reliability, it may stimu-
late additional travel demand. The environmental effect of
connected vehicle systems, therefore, depends on whether
connectivity is embedded in governance structures that
internalize externalities and align individual optimization
with system-level sustainability goals.

3.3. Automation, ADAS (Advanced Driver As-
sistance Systems), and Eco-Driving Control

Advanced driver-assistance systems and automation
change the way vehicles are operated, with some systems
being advisory systems that change human driver control,
and others being automated control, which changes or ful-
ly removes human driver control. Green-wise, the technol-
ogies are often related to easier driving, better speed con-
trol, and less energy loss due to the elimination of rough
acceleration and braking. Examples of such a category
of eco-innovation include eco-driving support, predictive
cruise control, and intelligent speed adaptation, which take
advantage of control algorithms and anticipatory informa-
tion to optimize energy use without necessarily altering the
carrier of energy.

The major difference in the given category is be-

tween the automation that is performed at the individual
vehicle level primarily and the one based on the global
interaction of the system. Automation on the vehicle level
may enhance efficiency by ensuring a smooth and effi-
cient pattern of driving, but it is often constrained by the
traffic and road environments, and when motorists take
over. Greater benefits can arise when cooperative auto-
mation, including cooperative adaptive cruise control or
vehicle platooning, is used to provide stable traffic flow
and aerodynamic drag reduction among vehicle platoons
that are closely spaced, particularly in freight transport.
Such benefits, however, are subject to such variables as the
level of adoption, the interactions between the automated
and non-automated vehicles, and supportive infrastructure.
Greater automation also brings more general behavioral
and systemic issues: with travel becoming less uncomfort-
able and stress-inducing, individuals might decide to travel
more or be further compensated by some of the efficiency
benefits. In the end, automation of the environment is sub-
ject to environmental potential, which is pegged on bal-
ancing technological advances with careful demand man-
agement, pricing mechanisms, and planning provisions to

avert such rebound effects ™.

3.4. AI-Enabled Optimization, Data Analytics,
and Cyber-Physical Control

The development of smart vehicles is heavily in-
fluenced by artificial intelligence and the optimization of
data, which is why the systems would be able to predict
and adapt to the surroundings of the complex driving sce-
nario and learn ®*, Within the context of sustainability
studies, Al can be considered in two distinct perspectives,
namely, as an internal layer on vehicles, which improves
energy management, perception, and control, or as a sys-
tems layer on a wider level, where fleets, charging net-
works, and traffic can be coordinated. The most relevant
eco-innovation process associated with Al is its capability
to enhance efficiency in the context of uncertainty. The
predictive models can predict the traffic pattern, driver be-
havior, weather, battery, and demand, making more intelli-
gent decisions that reduce energy consumption and emis-
sions than reactive ones *”\

The Al can be found inside the car to assist with pre-
dictive energy management, predicting battery health, esti-

mating battery energy consumption along a route, and pre-
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dictive thermal control. Such capabilities not only maximize
the efficiency of the operation, but also increase the lifetime
of the components, bridging the gap between the material
benefits of increased durability and the material benefits
of consuming less energy daily. On a fleet-level, Al aids in
dispatch management, demand prediction, and dynamic re-
balancing, which may decrease empty miles and augment
utilization, especially in shared mobility and logistics. Nev-
ertheless, Al also brings along with it its environmental con-
siderations. The energy and hardware needs of sensing and
computation, the lifecycle impact of the regular changes of
sensors, and the hardware infrastructure of cloud services
can be material at scale. The overall net sustainability of
Al-enabled systems then lies in the question of whether the
level of computational overhead is minimal compared to the
operational savings, and whether the design of systems does
not create obsolescence induced by hardware, which raises

material throughput ",

3.5.Smart Fleet Operations and Service-Based
Mobility as Technology Bundles

Many of the strongest eco-innovation effects in
transportation arise not from isolated vehicle technologies
but from integrated operational models in which vehicles,
platforms, and infrastructure function as a coordinated sys-
tem. Fleet electrification combined with telematics, opti-
mized routing, and managed charging exemplifies such a

bundle, frequently delivering larger system-level benefits

than any single component. In freight, integrated bundles
can support load consolidation, warehouse coordination,
dynamic routing, and driver behavior management. In
transit, bundles can support energy-efficient scheduling,
depot charging optimization, and real-time headway man-
agement. In ride-hailing and shared mobility, bundles can
support pooling, dynamic pricing, and multimodal integra-
tion, though the sustainability outcomes depend strongly
on platform incentives and regulatory constraints °*,
Service-based models also reshape the innovation lo-
cus from the vehicle product to the mobility function. When
mobility is delivered as a service, environmental perfor-
mance can improve through higher utilization and right-siz-
ing of vehicles for trips, provided that the service reduces
reliance on private vehicles and complements rather than
substitutes for public transit and active modes. Conversely,
if service models increase total vehicle kilometers traveled
through empty repositioning, fragmented trip patterns, or
substitution away from high-occupancy modes, environ-
mental impacts can worsen. The eco-innovation relevance of
service bundles, therefore, depends on governance, pricing,
and integration with land-use and public transport systems.
In this taxonomy, fleet and service bundles are treated as a
distinct category because they operationalize smart vehicle
capabilities at scale and make the sustainability outcome
highly sensitive to institutional design. Figure 2 provides a
visual assessment of the smart vehicle technology taxono-
my, illustrating how major technology groups relate to dis-

tinct eco-innovation pathways >,

[ Smart Vehicle Technologies for Eco-Innovation ]
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Dominant Eco-innovation mechanisms activated by these categories include:
efficiency optimization, substitution, coordination & sharing, dematerialization, and circularity.

Figure 2. Taxonomy of smart vehicle technologies for eco-innovation, highlighting major technology categories, representative ap-

plications, and dominant innovation mechanisms.
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3.6. Enabling Infrastructure and Interopera-
bility Requirements

Although this review focuses on vehicle technolo-
gies, the taxonomy must explicitly acknowledge that many
“smart” functions are inseparable from enabling infrastruc-
ture and interoperability standards. Vehicle electrification
depends on charging networks and grid capacity; smart
charging depends on communication protocols, metering,
and pricing structures; V2X capabilities depend on road-
side units, spectrum allocation, and cybersecurity; and
automated driving depends on digital mapping, lane mark-
ings, and safety validation ecosystems. In eco-innovation
terms, these infrastructure elements can be understood as
complements that determine whether vehicle-level capa-
bilities can translate into system-level environmental im-
provements .

Interoperability plays a particularly important role
because eco-innovation benefits from coordination across
diverse actors. Without interoperable standards, cooper-
ative driving may remain fragmented, managed charging
may be limited to proprietary ecosystems, and mobility
platforms may be unable to coordinate efficiently with
public infrastructure goals. Cybersecurity and privacy pro-
tection are also enabling conditions rather than peripheral
concerns, because a lack of trust can suppress adoption
and because security failures can undermine the reliability
needed for cooperative efficiency gains. For this reason,
the taxonomy treats enabling infrastructure and interoper-
ability not as an external backdrop but as a core layer that

conditions the effectiveness of smart vehicle eco-innova-

tion pathways °".

3.7.Implications of the Taxonomy for Subse-
quent Synthesis

The taxonomy identified in this section gives a uni-
form framework for synthesizing environmental evidence
in Section 4 and analyzing scaling conditions in Section
5. The taxonomy can be used to assign the effects of tech-
nologies and to make more straightforward comparisons
across research that applies dissimilar assessment tech-
niques by categorizing technologies based on the ability
and mechanism of eco-innovation . This point of view
also helps explain why the findings of the empirical stud-
ies tend to diverge. The same mechanism can cause mixed
results based on the boundaries of a system or user behav-
ior, whereas similar technologies might cause different
mechanisms based on their implementation. The analysis
of the rest of the review is developed according to this
framework by connecting technological categories to the
arcas of the outcome and determining the contextual ele-
ments that influence overall environmental benefits and
the research gaps that prevent the conclusion on the sus-
tainability performance in real life. Table 2 depicts a sys-
tematic taxonomy of smart vehicle technologies based on
the core capabilities and eco-innovation pathways, which
were revealed in the literature, forwarding representative
implementations to predominant eco-innovation mecha-
nisms and sustainability pathways. This taxonomy serves
as a standard of reference for later interpretation of empiri-

. 3,64
cal evidence Y,

Table 2. Taxonomy of smart vehicle technologies and eco-innovation mechanisms.

Technology . . Primary Eco-Inno- Key Enabling Dominant Sustainability
Category Typical Implementations vation Mechanism(s) Conditions Pathways
Electrified BEV (Battery Electric Vehicle)/PHEV (Plug-in Hybrid Electric Substitution; effi- Charging access; grid  Tailpipe elimination;

powertrains & Vehicle)/FCEV (Fuel Cell Electric Vehicle); smart charging;
vehicle—grid
Management System)/TMS (Thermal Control System)

V2G (Vehicle-to-Grid)/V2H (Vehicle-to-Home); BMS (Battery system integration

time-shifted low-carbon
charging; reduced degra-
dation

ciency optimization; capacity; tariff design;

standards

Connectivity V2V (Vehicle-to-Vehicle)/V2I (Vehicle-to-Infrastructure);
& cooperation eco-routing; cooperative intersection; C-ITS (Cooperative
(V2X) Intelligent Transport Systems)

Coordination;
utilization gains

Interoperability; road-
side units; data gover-
nance; cybersecurity

Traffic smoothing;
reduced idling; net-
work-level efficiency

Automation & Eco-ACC (Eco-Adaptive Cruise Control); PCC (Predictive
ADAS Cruise Control); CACC (Cooperative Adaptive Cruise Con-
trol); platooning; automation levels

Efficiency optimiza-
tion; coordination (at
scale)

Mixed-fleet rules; safety Smoother speed profiles;
validation; infrastruc-  lower drag (platoons);
ture quality possible induced demand
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Table 2. Cont.

Technology

Category Typical Implementations

Primary Eco-Inno-
vation Mechanism(s)

Key Enabling
Conditions

Dominant Sustainability
Pathways

Al/data-driv-
en control

Predictive energy management; degradation prediction; dis-
patch optimization

Efficiency optimi-
zation; circularity
support

Data access; model
robustness; compute
architecture

Reduced empty miles;
extended component life;
optimized charging/dis-
patch

Fleet/service
bundles

Fleet electrification + telematics + routing + charging; MaaS
(Mobility as a Service)/pooling

Coordination; dema- Pricing; integration with Higher occupancy/utili-

terialization; utiliza- transit; regulation zation; reduced redun-

tion gains dant trips or increased
empty miles

4. Environmental Sustainability Im-
pacts and Evidence Synthesis

This section synthesizes the empirical and modeling
evidence on how smart vehicle technologies influence en-
vironmental sustainability outcomes. The synthesis is or-
ganized by outcome domain rather than by technology cat-
egory because different technologies often affect the same
environmental indicator through distinct mechanisms, and
because trade-offs across indicators are a defining feature
of transportation eco-innovation. Across the literature, the
most robust findings are those that specify system bound-
aries and contextual conditions clearly, since the same
technology can yield opposite results under different elec-
tricity mixes, traffic states, adoption pathways, and behav-
ioral responses. Accordingly, the synthesis emphasizes not
only the direction of reported impacts, but also the condi-
tions under which impacts are most consistently observed

. . . 6
and the reasons for discrepancies across studies .

4.1. Climate and Energy Outcomes across Op-
erational, Well-to-Wheel, and Life-Cycle
Boundaries

Climate impacts are most frequently evaluated
through changes in energy consumption and greenhouse
gas emissions, but comparability depends on whether stud-
ies measure operational impacts only, well-to-wheel ef-
fects, or full life-cycle footprints. Operational assessments
typically report energy use per vehicle-kilometer or fuel
consumption changes attributable to control strategies such
as eco-ADAS, predictive cruise, or cooperative driving.
These studies often find measurable reductions in energy
demand under conditions where speed variability and stop-

and-go driving are major contributors to inefficiency. Ben-

efits are generally amplified in congested or unstable traf-
fic, where smoothing reduces frequent acceleration events,
while gains are smaller on uncongested highways, where
baseline driving is already steady "\

When the boundary expands to well-to-wheel or full
life-cycle, electrification and vehicle—grid coordination
become central. The literature consistently shows that tail-
pipe emissions reductions from electrification are imme-
diate and large in local terms, but net climate benefit de-
pends on electricity generation carbon intensity, charging
time profiles, and the marginal rather than average emis-
sions of electricity supply. Managed charging is frequently
identified as a leverage point because it can align demand
with lower-carbon generation and reduce peak reliance on
carbon-intensive peaking plants, although the magnitude
of benefit varies with grid structure and pricing regimes.
Conversely, unmanaged charging can shift emissions tem-
porally without reducing them, and may increase system
emissions if it exacerbates peak demand in regions where
marginal generation is carbon-intensive. These findings
highlight that it is not solely the efficiency of the various
electrified vehicle drivetrains that dictate the environmen-
tal performance of these cars, but rather that the dynamics
of the energy system and user charging habits co-deter-
mine the environmental performance of these vehicles .

According to life-cycle analysis, sometimes the man-
ufacturing phase, particularly of batteries, can be a major
part of the total climate footprint of a car. This is especially
so in areas where power consumed during operation is al-
ready low-carbon, and those vehicles that cover relatively
fewer kilometers in a year. Consequently, the fleet context
is a significant factor: since high-use fleets can distribute
manufacturing emissions across a large number of miles,
leading to better overall life-cycle performance, whereas

low-use personal cars are more likely to have a slower car-
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bon payback.

The literature on the life-cycle also identifies some
areas of improvement. It is possible to change the balance
towards less environmental impact through extending bat-
tery life, improving recycling, and decreasing the quantity
of raw materials needed. Smart battery control and pre-
dictive maintenance also lead to indirect gains through
lessening degradation, enabling second-life applications,
and delaying replacements, connecting digital control pol-
icies with climatic results of the life-cycle. The degree of
this benefit, however, is determined by whether increased
battery health in the field actually increases service life in
the field or just permits increased usage that may increase
overall travel and nullify some of the gains ***",

A recurring theme across climate studies is the im-
portance of demand-side response. Many evaluations im-
plicitly assume fixed travel demand, yet smart mobility
can alter demand by changing generalized travel costs.
Automation and platform-based services are the clearest
sources of potential induced demand through improved
comfort, reduced time costs, and the proliferation of empty
repositioning trips. Studies that incorporate these behavior-
al dynamics often find that per-kilometer efficiency gains
can be partially or fully offset at the system level if total
vehicle kilometers traveled rise substantially. This does
not imply that smart technologies are climate-negative by
default, but it indicates that net climate outcomes depend
on aligning technology deployment with complementary
measures such as pricing, occupancy incentives, and inte-
gration with high-capacity public transport.

4.2. Air Quality and Exposure: Tailpipe,
Non-Exhaust Emissions, and Spatial Dis-
tribution

The effects of air quality are commonly measured in
terms of criteria pollutant emissions, e.g., nitrogen oxide
and particulate matter, and in terms of exposure-oriented
measures that indicate when and where the emissions take
place. Electrification has the general impact of lowering
tailpipe emissions and potentially producing significant
co-benefits of local air quality, particularly in crowded ur-
ban or high-traffic settings. Current studies are pointing
more and more to the fact that the effects of air quality are

not only determined by the volume of pollution generated,

but also by its location and distribution. Since emissions
will no longer be tailpipe, but power plants, the impact of
these emissions on the population will depend on the loca-
tion of the power plants, the extent of emission control im-
plemented by the power plants, the atmospheric conditions
around the power plant, and the exposure of the imme-
diate population. Literature review. Studies that consider
non-vehicle emissions usually discover that urban air qual-
ity is enhanced through electrification, even with upstream
emissions. The level of that improvement, however, differs
greatly based on the electricity grid and the location of
generation facilities .

Non-exhaust emissions, such as particles from
brakes, tires, and road surfaces, have also become a major
uncertainty and a potential trade-off. Regenerative braking
can significantly reduce brake wear and its related par-
ticles, but the added weight of electric vehicles can lead
to more tire and road wear, potentially offsetting some
benefits. The overall balance depends on vehicle weight,
driving patterns, and braking behavior. Smart control and
traffic smoothing may reduce harsh braking events and
could therefore reduce non-exhaust emissions in stop—go
environments, but empirical evidence remains less consis-
tent than for operational energy metrics because measuring
non-exhaust emissions in real-world conditions is complex
and standardized methods are still evolving. This is a cen-
tral gap in the literature because non-exhaust particulate
matter becomes relatively more important as tailpipe emis-
sions decline .

For connected and automated systems, air quality
outcomes often depend on traffic flow changes and route
allocation. Speed harmonization, cooperative intersection
management, and platooning can reduce idling and accel-
eration-related emissions, but benefits may be unevenly
distributed spatially if routing optimization shifts traffic to-
ward particular corridors. Freight optimization is a partic-
ularly salient case: reducing total mileage and improving
load factors can lower emissions, yet changes in delivery
routing and depot siting can concentrate exposures in spe-
cific neighborhoods. The literature increasingly calls for
combining emissions modeling with exposure assessment
to avoid characterizing air quality impacts solely through

aggregate emissions totals.
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4.3. Material Footprints, Resource Demand,
and Circularity Outcomes

Material and resource impacts are central to evaluat-
ing whether smart vehicle technologies constitute eco-in-
novation rather than simple emission shifting. Electrifica-
tion and digitalization introduce new material demands,
including critical minerals for batteries and rare earth el-
ements, and semiconductors for electronics and sensing.
Life-cycle literature consistently identifies battery produc-
tion as a hotspot for both greenhouse gas emissions and
resource-related impacts, and it highlights supply risks and
ethical concerns in upstream extraction. These concerns
do not negate the sustainability potential of electrification
but indicate that eco-innovation must include strategies for
material efficiency, supply chain transparency, and end-of-
life recovery 7.

The impacts of smart vehicle technologies on mate-
rial footprints are interrelated in a number of ways. Firstly,
enhanced battery management, thermal control, and pre-
dictive maintenance would be able to prolong the life of
critical parts, which reduces replacement and total material
consumption. Condition-based maintenance is also possi-
ble because of connectivity and sophisticated diagnostics;
that is, parts are replaced only when they are needed, no
unnecessary waste is generated, and remanufacturing can
also be supported. Moreover, the software-defined vehicle
architectures can reduce the frequency of hardware im-
provements, as they can be enhanced with new features by
software modifications instead of physical modifications.

Simultaneously, conflicting forces are mentioned in
the literature. The constant demand for a stronger sensing
and computing ability, especially to assist a higher degree
of automation, may heighten the number and complexity
of electronic parts. This tendency can contribute to the ac-
celerated hardware replacement with the development of
sensor technologies. If business models continue to pro-
mote frequent hardware refreshes, overall material impacts
could rise even as vehicles become more energy efficient.
Circularity outcomes are, therefore, highly contingent on
governance and design choices. Studies that model high
recycling rates, effective second-life battery pathways,
and design-for-disassembly assumptions tend to report
substantially improved life-cycle sustainability metrics. In

contrast, pessimistic assumptions about recycling efficien-

cy, second-life feasibility, or collection rates can reduce
the net benefit of electrified and digitally intensive vehicle
systems. The evidence suggests that circularity is not a
passive consequence of technological change but a co-de-
signed system outcome that requires standards, reverse
logistics infrastructure, and market mechanisms for recov-
ered materials 7",

Equity and distributional effects remain critical con-
siderations in evaluating the sustainability of smart vehicle
technologies. Although limited, emerging evidence high-
lights several patterns. Access to AV (autonomous vehicle)
and shared mobility services often favours urban, high-
er-income populations, potentially exacerbating mobility
inequities, while suburban and low-income communities
may experience reduced accessibility. Shared mobility ser-
vices can deliver environmental benefits unevenly, with air
quality improvements concentrated in higher-density urban
areas. Additionally, incentive programs such as tax credits
or subsidies may disproportionately benefit wealthier early
adopters, underscoring the need for equity-sensitive policy
design. Integrating these considerations into environmental
assessments is essential to ensure that the deployment of
smart vehicle technologies does not inadvertently reinforce
existing social disparities. Notably, cities such as Los An-
geles and New York have begun pilot programs to monitor
equity impacts, providing preliminary lessons for inclusive

mobility governance.

4.4.Noise, Congestion, and Broader Urban
Environmental Quality

Noise and congestion are often treated as secondary
outcomes, yet they meaningfully shape urban environ-
mental quality and public acceptance. Electrified vehicles
generally reduce powertrain noise at low speeds, which
can improve urban soundscapes, although at higher speeds,
tire—road noise dominates and the advantage diminishes.
The literature also notes a safety-related dimension, since
lower noise can increase risk for pedestrians and cyclists
in certain contexts, leading to acoustic vehicle alert system
requirements that may reduce noise benefits. Consequent-
ly, noise outcomes depend on speed distribution, street
design, and the specific acoustic profiles mandated by reg-
ulation 7>,

Congestion-related impacts are closely tied to con-
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nected and automated driving claims. Traffic smoothing
through cooperative adaptive cruise control, platooning,
and coordinated signal timing can reduce stop—go condi-
tions and stabilize flow, producing energy and emissions
co-benefits. However, congestion impacts are not uniform-
ly positive. If automation increases road capacity, it can re-
duce congestion in the short run but may induce additional
travel demand over time, eroding both congestion relief
and environmental gains. Platform-based mobility services
can also change congestion patterns by adding circulat-
ing vehicles and repositioning trips, even as they increase
convenience. The evidence therefore suggests that smart
vehicle technologies can improve traffic efficiency but that
long-run outcomes depend on whether demand growth is
managed through pricing, curb management, occupancy
incentives, and land-use alignment.

Urban environmental quality also includes safety and
public realm impacts. Some studies treat safety improve-
ments as a co-benefit that can enable shifts to active modes
if streets become safer, while others warn that increased
vehicle dominance can suppress walking and cycling. Al-
though safety is not an environmental indicator in a narrow
sense, it interacts with sustainability through mode choice
and through the political feasibility of reallocating street
space to low-carbon mobility. In this sense, eco-innovation
in transportation is as much about shaping the mobility

ecosystem as it is about improving vehicle efficiency "%,

4.5. Trade-Offs, Rebound Effects, and Uncer-
tainty Drivers

Across outcome areas, trade-offs and rebound effects
consistently emerge as key reasons why studies reach dif-
ferent conclusions. Rebound effects occur when efficiency
gains lower the effective cost of travel, leading to increased
mobility that partially offsets emissions reductions. In the
context of smart vehicles, these effects can take several
forms: more travel due to greater comfort or productivi-
ty in automated vehicles, higher vehicle availability and
ease of use through on-demand platforms, and expanded
freight activity made possible by lower delivery costs. The
most significant change is the emergence of empty miles;
that is, car journeys with no passengers or cargo (e.g., re-
positioning in ride-hailing fleets, deadheading in freight,

: 75
or zero-occupancy travel in autonomous transport) 73,

The studies that consider those empty miles usually indi-
cate vastly different emission results of a system on a sys-
tem-wide basis than results of studies that simply consider
the per-trip efficiency.

The unpredictability of the outcomes is also en-
hanced by variations in the modeling assumptions and the
fast-changing technology and energy systems. The success
of the outcomes is largely influenced by the quality of co-
operative systems adoption, the ability to adapt behavior
fast, the quality of grid decarbonization, and battery manu-
facturing and recycling. Results can also change based on
methodological decisions, e.g., baseline definition, func-
tional unit, and geographic scope, sometimes turning a net
effect into positive or negative. All these findings point to
the significance of transparent reporting and integrated as-
sessment systems that would attach life-cycle analysis to

system-level travel demand and exposure modeling .

4.6.Integrative Interpretation and Implica-
tions for Evidence Mapping

When the evidence is interpreted through an eco-in-
novation lens, several integrative conclusions emerge.
Technologies that directly improve operational efficiency,
such as eco-driving control and traffic smoothing, tend to
yield relatively consistent per-vehicle energy savings but
smaller absolute climate impacts unless deployed at scale
and paired with broader decarbonization of energy supply.
Electrification tends to deliver strong local air quality ben-
efits and, in most contexts, substantial climate benefits, but
its life-cycle performance is highly sensitive to energy and
material system conditions, making smart charging and cir-
cularity strategies essential complements. Connectivity and
Al-driven optimization can generate system-level gains
through coordination and utilization improvements, espe-
cially in fleets and logistics, yet they also create pathways
for increased travel demand and spatial redistribution of
externalities. Automation has the widest range of projected
outcomes: it can support smoother driving and safer roads,
but it also poses the greatest rebound risk if it reduces trav-
el costs and enables large volumes of low-occupancy or
empty travel """,

These patterns motivate the structure of the subse-
quent section on enablers and barriers. The literature sug-

gests that the environmental sustainability of smart vehicle
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technologies is not only a question of technical perfor-
mance but also of governance, infrastructure, and market
design that determine whether eco-innovation mechanisms
translate into net system benefits. Section 5, therefore,
examines the policy, infrastructure, adoption, and mea-

surement conditions that appear most decisive in turning

smart vehicle capabilities into scalable and equitable envi-
ronmental outcomes . To synthesize the heterogeneous
findings across outcome domains and system boundaries,
Table 3 summarizes the direction, consistency, and contex-
tual sensitivity of reported environmental impacts for each
technology category.

Table 3. Evidence matrix linking technologies to environmental outcomes (with confidence and boundary conditions).

Technology . Energy . . Noise/Ur- Materials/Cir- . ..
Category Climate (GHG) Use Air Quality ban Quality cularity Main Boundary Conditions and Moderators
Electrification Net | (context-depen- ! Tailpipe |; up- Low-speed | Mixed: 1 materi- Grid carbon intensity (marginal/time-varying),

& vehicle—grid dent) stream varies

als; circularity
can |

charging timing, battery production, recycling
rates, vehicle utilization

Connectivity | (often non-linear) !
& cooperation

(V2X)

traffic

| via smoother Contextual

Neutral to mixed Penetration thresholds, interoperability, corridor
design, routing spillovers, induced demand risk

Automation & Uncertain (| per-km; 1 | per-km Mixed Mixed

1 sensors/com- Induced demand, empty travel, mode substitu-

ADAS VKT—vehicle kilome- pute possible tion, operational design domain, fleet composi-
ters traveled, possible) tion

Al & optimiza- | (stronger in fleets) 1 | If VKT/idle Contextual Potential | via Data access, model quality, organizational adop-

tion is reduced life extension  tion, compute overhead, hardware upgrade cycles

Fleet/service Mixed

bundles

Strongly context-de- Mixed to Mixed to |
pendent |

Mixed Pricing, pooling rates, empty miles, integration

with transit, regulation, demand growth

5. Enablers, Barriers, and Gover-
nance for Scaling Eco-Innovation

Synthesized evidence in Section 4 suggests that
smart vehicle technologies can be used to promote envi-
ronmental sustainability, though actualized gains are much
dependent on the context of deployment and institutional
circumstances that define the beginning, operation, and in-
tegration of systems. Transportation eco-innovation is not
solely an issue of technological performance; rather, it is
a socio-technical change that requires combined effort on
the part of public policy, investment in infrastructure, mar-
ket creation, organizational capacity, and behavioral legit-
imation. This section summarizes the key enablers and ob-
stacles that are repeated throughout the literature and how
governance set-ups can result in either a net environmental

benefit at scale, given smart vehicle capabilities ***”.

5.1. Policy and Regulatory Frameworks Shap-
ing Environmental Outcomes

The role of policy in the realization of whether smart

vehicle innovation would result in actual eco-innovation
is central since it limits the technological advance on the
way it is moving, as well as the context within which these
technologies are applied **. Emissions of vehicles and
fuel consumption, zero-emission vehicle requirements, and
carbon pricing systems can all help to direct markets to
electrified powertrains and to promote the elimination of
high-emission vehicles. But once policies are too narrow
on tailpipe emissions, they may have the impact of gener-
ating biased incentives that fail to consider upstream elec-
tricity generation emissions, non-exempt particulate emis-
sions, and a larger burden of material life-cycle. The recent
literature, in turn, recommends policy frameworks, which
clearly state boundaries of the system and initiate such
measures as incentives to controlled charging, mandatory
consideration of the life-cycle impacts, and such standards,
which would encourage durability and repairability of
products instead of the quick hardware replacement ™).

In the case of connected and cooperative systems,
regulatory frameworks can apply to both technical feasi-
bility and environmental performance. The choices of the

spectrum distribution, the standards of communications,
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and data-sharing regulations define whether cars and infra-
structure can organize their work successfully. Unless there
are clear interoperability requirements, market fragmen-
tation will ruin any potential efficiencies and entrap gains
within proprietary ecosystems. Cybersecurity and safety
policies are also important in developing the trust of the
people, which is a critical factor that is known to influence
adoption rates and the magnitude required to provide coop-
erative systems with network-level beneficial environmen-
tal results. The policy issues within the automation field go
beyond this to liability, certification issues, and limitations
in operations. The impact of these governance structures
on the speed of the adoption of automated technologies
and the usage of these technologies directly impacts the
trends in low-occupancy travel or vehicle repositioning,
which can erode sustainability objectives ***.

Another policy aspect is the management of the total
travel demand. Since the efficiency benefits of smart vehi-
cles can be rebounded, the environmental benefits of smart
vehicles frequently rely on strategies to minimize unnec-
essary travel and promote increased occupancy. Pricing of
congestion, curb space management, low-emission zones,
parking reform, and incentives to shared or multimodal
transport are commonly mentioned as effective supple-
ments. The technology policy and demand management
interaction is of particular concern to platform-based and
even potential autonomous mobility services, where the
growth due to convenience might otherwise surpass sys-

tem-level sustainability benefits.

5.2.Infrastructure Readiness and System In-
tegration Constraints

Infrastructure can be viewed as a fundamental back-
bone of smart vehicle technologies, as well as a possible
chokepoint that can reduce their uptake or change their

t ™. The availability, reliabili-

effect on the environmen
ty, and geographic dispersion of charging stations have a
strong impact on both consumer acceptance and fleet tran-
sition decisions in the case of electrification. However, the
issue is not as simple as the installation of chargers. The
voltage of the grid and local distribution capacity are what
determine the potential of electrification, resulting in more
actual cleaner energy consumption or, instead, a redistri-

bution of demand to the carbon-intensive peak generating

stations. Surveys are pointing towards the necessity of en-
suring that the planning of charging infrastructure is made
coherent with the rest of the power system planning, with
an important focus on the concentration of electrified fleets
around depots and logistics hubs. Stressors such as man-
aged charging, demand response, and on-site generation
of renewable energy can assist in alleviating these strains,
although they depend on hardware, software, and institu-
tional alignment that is uneven among regions .

Connectivity and cooperative driving require both
digital and physical infrastructure, roadside units, com-
munication networks, and effective maintenance systems,
with the help of stable roadway conditions. Sensing and
control systems are not reliable in a lot of places due to
the decayed lane markings, uncoordinated signage, and
unmatched coordination of the traffic lights. Due to this,
the environmental payoffs observed in pilot-programmed
controlled environments might not be readily scaled un-
less there is massive roadway modernization. This brings
in equity and governance issues, as the upgrades to infra-
structure are expensive and can be clustered in different
regions; they may put benefits in richer areas or on other
freight corridors that are given priorities due to economic,
rather than environmental, factors .

Institutional interoperability is also required to carry
out system integration. The providers, manufacturers of
vehicles, utilities, and mobility platforms often have differ-
ent objectives, infrastructures, and data systems. In the ab-
sence of a common set of standards and governance struc-
tures, system-wide coordination opportunities are limited,
and the results are locally optimized but globally ineffi-
cient. More and more interoperability per se is recognized
in the literature as a pillar to sustainability, and as such, all
coordination-based eco-innovations, such as cooperative
speed harmonization, optimal charging, and efficient fleet
dispatching, can be effective across multiple actors and

networks !,

5.3. Market Adoption Dynamics and Organi-
zational Capabilities

Scalability of eco-innovation relies on the methods
of the diffusion of technologies in markets and organiza-
tions, and whether this diffusion maintains or increases

environmental advantages. The overall cost of ownership
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is also one of the key variables when it comes to electri-
fication, particularly in connection with fleets that have
foreseeable routes and are used extensively. Such savings
in fuel and maintenance can be used to counter increased
upfront expenditures. Nonetheless, large-scale implemen-
tations are usually hindered by the uncertainty regarding
the residual value, battery deterioration, charging battery
delays, and the dependability of the existing infrastructure.
Such risks can hold transitions up even when it is evident
that they will benefit the environment. Individual pref-
erences, perceived risk, and information gaps are the de-
terminants of adoption in consumer markets, whereas the
factors influencing adoption in fleets are the procurement
cycles, operational constraints, and risk management ca-
pacity .

In the case of connected and automated systems, the
adoption is based on trust, which is typically based on the
safety, reliability, and usefulness, as well as the integra-
tion with existing workflows. When these systems can be
incorporated into performance management systems and
provide quantifiable savings, fleet operators are more like-
ly to accept technologies such as telematics, eco-driving
assistance, and routing optimization. However, the transi-
tion may pose the following organizational issues, such as
opposition to change by drivers, labor issues, and addition-
al experience requirements in data analytics and cyberse-
curity. Studies are also beginning to indicate that organi-
zational capability, i.e., data use, change management, and
partnership management skills are a silent factor in wheth-
er intelligent technologies become sustainable eco-innova-
tions or isolated pilot projects.

Mobility services based on platforms make ev-
erything more complicated. Since platforms are market
share-driven and performance-based on service, their effect
on the environment is highly centered on pricing systems
and regulation policies. In the absence of incentives, plat-
forms may drive up the number of kilometers covered by
vehicles by over-supply, empty seats, and competing with
transit. Nonetheless, policies to pool, combine platforms
with established transit, and the external cost in terms of
prices can contribute to changing travel to low-carbon
modes and increased use. The bigger point here is that
market adoption in itself is not a guarantee of eco-innova-

tion, and efficient incentive regimes and governance mech-

anisms are needed to match the technological development

with the sustainability objectives .

5.4. Behavioral Responses, Acceptability, and
Distributional Considerations

Human behavior forms a very critical direct connec-
tion between technological potential and environmental
outcome. Any technological advancements that make trav-
el more comfortable, reduce the uncertainty of travel time,
or enable individuals to utilize the time spent on traveling
can contribute to an increase in travel involuntarily by re-
ducing the perceived cost of travel. Efficiency gains can
be compensated to some extent by this growth in demand.
Behavior further determines the effects of electrification,
by charging habits, route choice, and openness towards
participating in managed charging schemes. Studies con-
tinue to discover that even managed charging incentives
that are well designed can fail in cases where the end user
perceives them as a hassle, or where there is a lack of trust
in utilities and information systems. Similarly, eco-driving
systems have the potential to produce quantifiable energy
savings, although their effectiveness over the long term
will depend on how drivers react to the feedback, whether
incentives are consistent with their motivation, and wheth-
er the organizations will promote a culture that will help
maintain the change in behavior .

Equity is directly related to acceptability. The ad-
vantages of smart vehicle systems frequently benefit early
adopters, who tend to be wealthier, whereas the downsides
of infrastructure disturbances, spillover effects on traffic,
or even proximity to freight operations are likely to endan-
ger underprivileged groups out of proportion. As much as
electrification is inclined towards air quality in urban cen-
ters, the upsurge in effects in mining and manufacturing
are often found in areas that have weaker environmental
protection. Also, mobile-driven systems generate privacy
and surveillance issues that can have a higher burden on
the marginalized. This is why there is a growing need in
the literature to have eco-innovation evaluations that con-
tain equity-sensitive measures that describe who gains,
who incurs the expenses, and how the infrastructure and
data decisions are managed .

Public acceptance is also influenced by the work-

force. The automation and platform-based business model

144



Journal of Environmental & Earth Sciences | Volume 08 | Issue 03 | March 2026

are changing the working conditions of drivers and logis-
tics workers, which are posing new social and economic
issues. When these changes are viewed as a threat to live-
lihoods, they can be met with resistance, slackening the
adoption of technology or leading to regulatory backlash.
On the other hand, transition policies that put more empha-
sis on training of workers, labor protection, and involving
all stakeholders can enhance legitimacy and assist in in-
creasing the adoption of innovations that can be of benefit

to the environment “®,

5.5.Data Governance, Cybersecurity, and
Trust as Enabling Conditions

A great number of intelligent vehicle eco-innova-
tions rely on the successful data exchange and on-the-fly
coordination. Data governance, literally, the policies that
regulate access to which data, under what circumstances,
and with what responsibility, can therefore be essential.
The full potential of connected mobility is beyond reach
without definite mechanisms that will ensure privacy, com-
mercial confidentiality, and social good are balanced. As it
is observed consistently, decentralized ownership of data
and proprietary platforms may impede the cooperation of
traffic management, coordinate charging strategies, and
interconnected multimodal planning. Instead, these effi-
ciencies can be transformed through a well-designed data
governance model like data trusts, standardized APIs (Ap-
plication Programming Interface), or public-private data
partnerships that do not affect the required protections and
safeguards.

Cybersecurity is also an essential prerequisite and not
a fringe technical issue. The security breaches may under-
mine security by interfering with the operation of vital mo-
bility services and destroying the confidence of the people.
Environmentally, poor cybersecurity will hinder the im-
plementation of connected systems to allow network-level
efficiency gains. Furthermore, security standards affect the
design of hardware and software architecture, determining
the material and energy consumption throughout the life
cycle. Such strategies as security-by-design, reporting of
their incidents, and powerful certification systems can thus
be perceived as facilitators of sustainability, as they will
assist in making sure that digital coordination infrastruc-

ture is not only secure, but scalable and contributes to the

stable deployment of eco-innovations ",

5.6. Measurement, Reporting, and Standard-
ization Challenges in Scaling Evaluations

More than massive implementation is needed to
scale smart vehicle eco-innovation, but it also needs sta-
ble methods of measuring environmental performance and
utilizing that data to inform policy and investment. One
of the ongoing problems with the literature is the inability
to provide standard measures and reporting practices that
would allow researchers to make their studies comparable
and synthesize significant results. The variation in defining
functional units, baselines, and boundaries of researchers
makes results difficult to interpret and may allow people
to use only positive results. Even in the studies of electri-
fication, such as how to treat grid emissions (average ver-
sus marginal, or static versus time-varying), one can get
quite different conclusions depending on whether to treat
the results as average or marginal. To enable automation
and connectivity, the assumptions regarding the saturation
of technology, driver habits, and the initial traffic state
can change the outcomes of reported findings to negative.
Equally, the non-uniformity in the accounting of empty
miles and induced demand during the fleet and platform
analysis persists in compromising comparability among
the studies ¥,

To fill in these gaps, the increased disclosure of as-
sumptions and systematic sensitivity analyses is demanded
by numerous researchers nowadays. There is an increased
recommendation of hybrid assessment methods that com-
bine the life-cycle assessment with real-life operational
data. Natural and quasi-experimental designs can be par-
ticularly effective in testing platform and policy interven-
tions, whereas long-term field trials are important in test-
ing cooperative and automated systems. However, one of
the most challenging governance restrictions is access to
data. Even the data from most of the operations is in the
possession of private companies, and the public agencies
do not usually have the authority, infrastructure, or techni-
cal capacity to access and analyze the data. It implies that
measurement standardization efforts and data governance
should be co-led: in the absence of powerful institutions to
facilitate data sharing, transparency, and open approaches,

scaling decisions could be informed by incomplete evi-

145



Journal of Environmental & Earth Sciences | Volume 08 | Issue 03 | March 2026

dence or short-term measures of performance.

In the literature, a general trend can be found where-
by smart vehicle technologies can only be regarded as
true eco-innovations when they are implemented as a sys-
tem-level approach. The local benefits of electrification
are most easily and tangibly immediate, though to achieve
its full climate potential, one should think of managed
charging, decarbonization of the grid, and material circu-
larity. The ability to be connected and use data to achieve
higher efficiency through better coordination and utiliza-
tion requires these to be interoperable, data governance to

be strong, and investments in supporting infrastructure.

Automation offers highly efficient opportunities but also
has serious rebound risks, and demand control, occupancy
rewarding, and functional restraint are essential to achiev-
ing sustainable results. Fleet and platform-based models
are scalable and potentially create systemic benefits, yet
raise the significance of governance- since platform in-
centives are equally likely to expand as well as diminish
aggregate vehicle activity and environmental externalities.
This scaling pathway is outlined in Figure 3 with a major
focus on the most salient governance and system levers
that can define whether smart vehicle innovations will re-

sult in long-term environmental benefits .

Pilot / Trials Early Adoption Scaling Phase Mature System
1 T 1 1
| ! g ! '
4 Y4 4 Y4 N\
Evalgatlon & Monltorlpg Interoperability Standards Infrast‘ructurle Readlr!ess Data governarllce & Privacy
baselines, LCA boundaries, . charging, grid, roadside trust, sharing rules,
V2X, charging, data APIs . .
real-world data access units accountability
\ A AL A /
1 1 1 1
4 2 ¥ ¥
4 Y ' ' N
Safety Validation & Targeted Incentives & D_er_nand Management Equity Safeguards
Cybersecurity-by-design Procurement pricing, curb, occupancy exposure, access, workforce
Y ty-by g fleets, corridors incentives transition
\ A A A J

Sustainable outcomes are most likely when technology performance is aligned with
clean energy supply, interoperable infrastructure, externality pricing, and equity-aware governance.

Figure 3. Conceptual pathway from pilot deployment to system-scale adoption of smart vehicle technologies, showing key gover-

nance, infrastructure, and market levers shaping environmental outcomes.

These conclusions imply that the policy and tech-
nology must go through a transformation in unison and
not independently. Sustainable scaling requires that both
governance systems and technological systems are de-
signed simultaneously, the behavior is expected to rise in
response, it is ensured that there is definite accountability
regarding system-wide effects, and market incentives are
aligned with performance on the environment, both on a
life-cycle basis and on an exposure basis. To support the
sustainable deployment of smart vehicle technologies, Ta-
ble 4 provides practical recommendations across policy, in-

frastructure, market adoption, and measurement domains.

These recommendations are complemented with illustra-
tive examples of successful implementations. For instance,
market adoption can be accelerated through targeted incen-
tives such as Norway’s electric vehicle purchase subsidies,
which have led to EVs representing over 80% of new car
sales in certain regions. Infrastructure readiness is exem-
plified by the Netherlands’ nationwide smart-charging net-
work, which ensures high interoperability and grid optimi-
zation. Policy interventions such as London’s low-emission
zones demonstrate how regulatory frameworks can reduce
urban emissions while encouraging adoption of clean vehi-

cle technologies. Finally, for measurement and monitoring,

146



Journal of Environmental & Earth Sciences | Volume 08 | Issue 03 | March 2026

cities like Singapore and Los Angeles have implemented
real-time air quality monitoring coupled with mobility data

to evaluate the environmental outcomes of smart mobility

interventions. These examples provide actionable guidance

for cities and governments seeking to operationalize rec-

ommendations !,

Table 4. Recommendations for sustainable deployment of smart vehicle technologies, supplemented with illustrative examples of

successful policies, infrastructure initiatives, market adoption strategies, measurement practices, and equity-focused interventions.

Domain Key Recommendations

Actionable Examples/Implementation

Policy & Gov- Establish regulatory frameworks, incentives, and stan- London’s Low-Emission Zone; Singapore’s AV pilot regulato-

ernance dards for deployment ry framework

Infrastructure Deploy interoperable charging networks, V2X com-  Netherlands smart-charging network; California EV charging
munication, and smart-grid integration corridors

Market Adop- Encourage adoption through subsidies, procurement  Norway EV purchase subsidies; municipal fleet electrification

tion programs, and public-private partnerships in Shenzhen

Measurement Implement real-time emissions and mobility monitor- Singapore urban mobility dashboards; Los Angeles air quality

& Monitoring ing for evaluation monitoring linked to shared mobility usage

Equity Con-  Design incentives and deployment strategies to ensure Pilot programs monitoring AV access in low-income neigh-

siderations inclusive access borhoods; fare integration for underserved communities

6. Conclusion

This review set out to clarify how eco-innovation in
transportation can be advanced by smart vehicle technolo-
gies, and under what conditions these technologies trans-
late into measurable environmental sustainability gains.
Across electrification, connectivity, automation, and Al-en-
abled optimization, the evidence indicates that “smartness”
is best understood as a set of enabling capabilities, sensing,
communication, prediction, and control—rather than as a
guarantee of sustainability. Environmental outcomes are
shaped by the eco-innovation mechanisms these capabili-
ties activate, the boundaries used to evaluate impacts, and
the socio-technical context in which technologies diffuse.

Several synthesis insights emerge consistently from
the literature. First, electrification remains the most direct
route to large local environmental co-benefits through
elimination of tailpipe emissions, and in most contexts, it
offers substantial climate advantages as grids decarbonize.
However, the magnitude and robustness of climate ben-
efit depend on upstream electricity dynamics, charging
behavior, and life-cycle factors, especially battery pro-
duction and end-of-life management. Smart charging,
vehicle—grid integration, and battery health optimization,
therefore, function as core eco-innovation complements

to electrified powertrains rather than optional add-ons.

Second, connected vehicle technologies and cooperative
systems tend to generate environmental benefits primarily
through coordination mechanisms that reduce stop—and—
go traffic, improve routing, and support higher utilization
in fleet operations. These gains are most credible when
evaluations account for penetration thresholds, mixed-fleet
interactions, and spatial redistribution effects, since coor-
dination benefits are often non-linear and can be unevenly
distributed across corridors and communities. Third, au-
tomation and advanced driver assistance can improve en-
ergy efficiency through smoother control and can deliver
important safety co-benefits, but they also introduce the
widest uncertainty in net environmental outcomes because
of induced demand and empty travel. Without demand
management, occupancy incentives, and operational con-
straints, rebound effects can erode or overwhelm per-ve-
hicle efficiency improvements. Fourth, Al and data-driven
optimization can strengthen eco-innovation by improving
predictive control, maintenance, and dispatch efficiency,
especially in high-utilization fleets, yet net benefits depend
on whether computational and hardware overhead remain
modest relative to operational savings and whether de-
sign choices avoid accelerating obsolescence and material
throughput.

A cross-cutting conclusion is that eco-innovation

in smart mobility is most effective when technologies are
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deployed as coordinated bundles that link vehicles, in-
frastructure, and institutions. The strongest evidence for
durable sustainability improvement appears in contexts
where (i) clean energy supply and managed charging align
vehicle electrification with low-carbon electricity, (ii) in-
teroperable connectivity enables system-level coordination
rather than isolated optimization, (iii) governance frame-
works price or constrain externalities to prevent induced
travel from dominating outcomes, and (iv) circularity strat-
egies and durability-oriented design reduce material bur-
dens associated with batteries and electronics. Conversely,
environmental performance is most fragile when studies
or deployments narrow the assessment boundary to tail-
pipe or per-vehicle metrics, treat travel demand as fixed, or
overlook the spatial distribution of impacts and exposure.

The review reveals that there are a number of per-
sistent gaps that restrain scientific agreement as well as
confidence in policymaking. The empirical base is still
uneven in terms of regions and modes of transport, and
the research environment is still mostly characterized by
simulations and small-scale pilots, but not long-term and
real-life assessments. Comparability is also limited by in-
consistent reporting of the important parameters, including
(but not limited to) functional units, baseline definitions,
and boundary conditions, particularly those of grid emis-
sions (average versus marginal, static versus time-varying),
non-exhaust PM (Particulate Matter), and empty mileage,
attributed to platform-based mobility. The importance of
material and circularity has become a fundamental com-
ponent of sustainability evaluation, but there is a lack of
reliable and standardized information about battery supply
chains, recycling efficiency, and the obsolescence of elec-
tronic parts. Moreover, equity and distributional effects are
recognized, although they are not formally integrated in
environmental analysis, and even though they are critical
to legitimacy and clarity in terms of who gains and who in-
curs costs.

These gaps in evidence lead to an evident research
and practice agenda. Further research needs to implement
combined appraisal frameworks connecting life-cycle
assessment with system-level travel demand and traffic
modelling, and clearly capture behavioral and rebound
effects, and broaden air quality analysis to encompass

exposure-based and non-exhaust emissions. The field

would also be methodologically improved by the use of
standard reporting conventions, open and reproducible
tools and shared datasets that can allow meaningful cross-
study comparison, without breaching privacy protection.
Practically, governance and infrastructure should not be
seen by policy-makers and industry leaders as peripher-
al aspects of eco-innovation, but rather as core elements.
The role of managed charging programs, interoperability
standards, cybersecurity and data governance systems, de-
mand management measures, and their applicability have
crucial roles to play in ultimate environmental outcomes.
Equity-sensitive planning that is based on distributional
metrics, community engagement, and transition support
of the workforce should be built in at the initiation so that
sustainability gains would be long-term and socially ap-
propriate.

To sum up, intelligent vehicle technologies have
immense opportunities to hasten environmental sustain-
ability, although only in the case of their development and
implementation along specific eco-innovation trajectories,
balancing technical capacity to clean energy systems with
coordinated infrastructures and prudent governance. The
move to sustainable mobility is not a mere issue of replac-
ing smarter vehicles into already existing tendencies; it is
a more profound change whereby vehicles, infrastructure,
markets, and institutions are co-evolving. To realize such
a change requires the shift of a limited efficiency agenda
towards coordinated, open, equity-based approaches to
change that can convert technological advancements into

testable, system-wide environmental benefits.
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