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Abstract

The global automotive transition towards battery-electric vehicles has accelerated
rapidly, but increased grid dependence, battery supply-chain vulnerabilities, and uneven
charging infrastructure expose mobility systems to systemic risk. The WAVE (Water
Automotive Value Evolution) framework is proposed as a durable engineering-
management system to guide the development, validation and deployment of grid-
independent propulsion systems. Using Toyota's water engine concept as a proof-of-
concept (presented here as a hypothetical engineering program), WAVE integrates
sustainability (Wa), disciplined simplification (Aka), infrastructure/value-stream planning
(Value), and continuous field-driven improvement (Evolving). The framework is explicitly
designed to align with Toyota Production System principles and to remain valid across
multiple technology cycles. Where the water engine is discussed, it is treated as a
conceptual case study—reasons for hypothetical treatment are stated where
appropriate.

Introduction

1.1 Mobility Landscape and System Vulnerabilities

Battery-electric vehicles (BEVs) have achieved broad policy support and consumer
uptake. Despite their benefits in tailpipe emissions, they depend critically on stable
electrical grids, extensive charging networks, and mineral supply-chains for batteries.
Several systemic vulnerabilities merit engineering attention:

e Grid fragility: blackouts and distributed outages can render BEVs immobile for
extended periods.

e (ritical-material dependence: lithium, cobalt and nickel supply constraints create
geopolitical and environmental risk.

e Charging infrastructure inequality: rural, remote, and resource-constrained regions
lag behind urban centers in charger availability.

These vulnerabilities imply that a single-technology pursuit exposes mobility systems to
correlated risks. Toyota’s historical posture—multi-path propulsion research (hybrid
systems, fuel cells)—motivates consideration of alternatives that prioritize operational
resilience.
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Each stage is a part of an actual ocean wave — Wa as the calm swell, Aka as the shaping
crest, Value as the driving energy, and Evolving as the breaking and renewing cycle —
ready for insertion into your document. That would make the metaphor both visual and
process-driven.

2. WAVE Framework Development

WAVE has been discovered after a targeted gap analysis of prevalent engineering
management frameworks. PDCA, Lean, and Six Sigma deliver excellence in process control
and efficiency but do not explicitly prioritize grid-independence or socio-technical
infrastructure integration. The WAVE pillars address these shortcomings and are intended
to be instantiated in engineering projects as actionable design practices.

Definitions of pillars:

1. W — Wa (Harmony with Nature & Society): Ensure resource cycles (water sourcing,
purification, and reuse) are integrated into system design.

2. A — Aka (Red-tag gatekeeping): Systematically remove non-essential complexity to
increase robustness and reduce maintenance burden.

3. V — Value (Value-stream expansion): Plan and deploy the physical and service
infrastructure required for large-scale adoption.



4. E — Evolving (Field-driven kaizen): Embed telemetry and operational feedback into

short iteration cycles to refine design.
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Figure 2

Engineering implementation notes: each pillar translates to concrete workstreams—
environmental lifecycle analysis under Wa; failure-mode reduction and modularization
under Aka; geospatial optimization and partner management under Value; and data
engineering, remote diagnostics, and update pipelines under Evolving.

WAVE Lifecycle Integration Map

Evolving




Figure 3

3. Long-Term Validity and Theoretical Foundations

WAVE's long-term validity derives from anchoring in engineering constants rather than
technology-specific attributes. Four constants underpin this claim: resource
accountability, simplicity for maintainability, infrastructure-determined adoption, and
continuous adaptation. These principles have historically supported durable frameworks
(e.g., TPS, FMEA), lending credence to WAVE’s longevity as shown in Figure 4

Additionally, WAVE is designed to be technology-agnostic: while instantiated here for a
water-based propulsion concept, the framework can be mapped to hydrogen systems,
hybrid architectures, or future battery technologies with minimal structural change.
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Further Lessons from NUMMI (New United Motor Manufacturing, Inc.) and GE in aiding
for validation of framework is given below.

3.1 Lessons from NUMMI

NUMMI was a unique cultural and operational collaboration between Toyota and GM in
the 1980s—2010s, blending Toyota Production System discipline with GM’s scale and
market reach.

Integration into WAVE pillars:

e W - Wa - NUMMI’s worker empowerment & mutual respect programs can
strengthen Wa by making sustainability also a people-first principle.



e A - Aka -> NUMMI’s early cross-functional problem-solving (e.g., team huddles,
Andon calls) can enhance Aka by embedding real-time defect removal into
simplification.

e V—Value - NUMMI proved that shared infrastructure (plants, supply chains) can
drive faster scaling — directly reinforcing Value.

e E—Evolving - NUMMI’s iterative training and Kaizen cycles show how culture-led
continuous learning sustains innovation.

3.2 Lessons from General Electric (GE) Frameworks

GE is known for Continuous improvement frameworks like Six Sigma, Work-Out sessions,
and Boundaryless Organization concepts under Jack Welch.
Integration into WAVE pillars:

W — Wa - GE’s environmental and compliance standards in its Ecomagination
program could strengthen Wa by embedding measurable sustainability targets.

e A — Aka - GE’s Six Sigma DMAIC process adds rigorous data-driven root cause
analysis to Aka’s simplification workstreams.

e V — Value - GE’s boundaryless organization principle can expand Value by
encouraging cross-sector partnerships for infrastructure rollouts.

e E-—Evolving - GE’s Fast Works (lean startup adaptation) can enhance Evolving by
structuring rapid prototyping and customer feedback integration.

By adding the insights from the above frameworks, the basic model of WAVE gets an
augmented version as in below Tablel

WAVE . .
] Added NUMMI Insight Added GE Insight
Pillar
W—Wa Worker empowerment & cultural||[Ecomagination-style
respect environmental KPls




WAVE

. Added NUMMI Insight
Pillar

Added GE Insight

Cross-functional Andon-driven problem||Six Sigma’s data-driven defect

A — Aka . .
solving reduction

. Boundaryless partnerships across
V —Value |Shared plant & supplier networks

sectors
E - ] i ) Lean startup—style Fast Works
. Continuous skills upgrading
Evolving cycles
Table 1

Through this model we retain the Toyota DNA while borrowing operational excellence
elements from NUMMI’s cross-cultural manufacturing success and GE’s structured
improvement systems.

4. Toyota-Specific Validation

Toyota’s engineering culture—characterized by Kaizen, Jidoka, and long-term
orientation—aligns strongly with WAVE. The following table summarizes mappings
between TPS principles and WAVE pillars.

Toyota Principle WAVE Pillar Operational Mapping

Kaizen (continuous E — Evolving Short kaizen cycles tied to

improvement) telemetry and OTA updates

Jidoka (automation with A — Aka Design simplification and

human oversight) human-serviceable modules

Respect for the planet / long- | W — Wa Closed-loop resource

term thinking planning and lifecycle
assessment

Just-In-Time (flow efficiency) | V — Value Synchronized infrastructure
rollout with production ramp

Table 2




The mapping in Figure 5 supports organizational feasibility: adoption of WAVE is expected
to require incremental process changes rather than wholesale cultural redesign.

Wa WAVE »PS CulturayfigMatrix Evolving
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Figure 5

In the above figure dark shades are for direct alignment, whereas lighter are for indirect
synergy thereby illustrating organizational compatibility.

The WAVE model can work for Toyota, because of the following reasons

e It blends cultural heritage (Wa, Aka, Kaizen) with modern lean engineering and
systems thinking.

e It provides a holistic blueprint: sustainability (W), simplicity (A), scalability (V), and
adaptability (E).

e |t positions Toyota’s water engine not as a standalone innovation but as a self-
improving socio-technical ecosystem.

A further in detail Toyota’s engineering culture—anchored in Kaizen, Jidoka, Respect for
People, and long-term thinking—aligns naturally with the WAVE pillars. When augmented
with insights from the NUMMI (Toyota—GM) collaboration and General Electric’s



management frameworks, WAVE evolves into a further rich hybrid model that blends

Toyota DNA with cross-industry excellence.

4.1 Cultural & Operational Mapping

Principle / Source Mapped Operational Mappin
P WAVE Pillar P PRINg
) . Short kaizen cycles linked to telemetry and
Toyota — Kaizen E — Evolving
OTA updates.
) Design simplification with human-serviceable
Toyota — Jidoka A — Aka .
modules and fail-safes.
Toyota — Respect for the W—Wa Closed-loop resource planning and lifecycle
Planet assessment.
L Infrastructure rollout synchronized with
Toyota — Just-in-Time V —Value )
production ramp-up.
Sustainability includes a people-first principle,
NUMMI - Worker ) Y peop . P P
W —-Wa ensuring workers shape environmental
Empowerment
outcomes.
NUMMI - Cross- . .
] Rapid  Andon-style  defect resolution
functional Problem||A — Aka o o
. embedded in simplification workstreams.
Solving
NUMMI - Shared V- Val Leveraging multi-partner infrastructure to
—Value
Networks scale faster in diverse markets.
NUMMI - Continuous . Ongoing workforce training linked to iterative
] . E — Evolving o
Skills Upgrading design improvements.
L. Sustainability tracked with measurable,
GE — Ecomagination KPIs W —Wa . .
verifiable metrics.
L. Rigorous data-driven defect removal in design
GE - Six Sigma (DMAIC) ||A - Aka .
and manufacturing.




Mapped

Principle / Source Operational Mappin

ple / WAVE Pillar P PPIng

GE - Boundarylessv Value Cross-sector partnerships to accelerate
—Valu

Organization infrastructure adoption.

Lean startup—style prototyping cycles for rapid
GE - FastWorks E — Evolving p. viep .yp gy P
market and field adaptation.

Table 3

5. Deployment Scenarios and Resilience Positioning

WAVE supports three practical deployment pathways: normal-market coexistence with
EVs; crisis-triggered rapid adoption where grid failures create immediate demand; and
humanitarian/off-grid operations. The framework prescribes different operational
emphases for each pathway.

Examples:

e Normal-market: urban pilot fleets and premium consumer segments where faster
refueling is valued.

e Crisis-triggered: rapid deployment of mobile refueling units to maintain logistics and
emergency services during outages.

e Humanitarian/off-grid: pre-positioned vehicles and refueling modules for disaster
relief and remote communities.

Resilience Deployment Curve

- EV Adoption (smooth)
Water Engine (WAVE) adoption

Figure 6



6.1

Applying and Validating Toyota’s WAVE Principles to Water Engine Technology

W — Wa (Harmony with Nature & Society)
Water engines must integrate sustainable water cycles into their design. This
means sourcing water responsibly (e.g., using rainwater or recycled water),
purifying it efficiently without harmful chemicals, and enabling reuse or safe
discharge. The engine’s operation should minimize environmental impact,
preserving ecosystems and respecting social water needs.

A — Aka (Red-tag Gatekeeping)
Simplify the water engine system by eliminating unnecessary components and
processes that do not contribute to core functionality. For example, remove
redundant purification stages or complex control mechanisms that increase
failure points. This streamlining reduces maintenance, improves reliability, and
lowers production costs.

\Y — Value (Value-stream Expansion)
Develop infrastructure that supports the deployment of water engines at scale—
such as water refilling stations, modular engine components for easy replacement,
and training for operators. Expanding the value stream also means ensuring the
water engine delivers clear economic and environmental benefits to users, such
as fuel cost savings and reduced emissions.

E — Evolving (Field-driven Kaizen)
Implement sensors and telemetry in water engines to monitor performance,
water quality, and energy efficiency in real time. Use this data to iterate quickly,
improving engine designs and operational protocols based on actual field
conditions. This ongoing evolution enhances durability and user satisfaction.

Validation Methods and Metrics

To validate WAVE and the water-engine program, the following engineering and

programmatic methods are required:

- Computational fluid dynamics (CFD) and thermodynamic modeling to assess system

efficiency across climates.

- Failure Mode and Effects Analysis (FMEA) to prioritize component robustness under

field conditions.

- Geospatial optimization for refueling infrastructure placement and logistical

throughput modeling.

- Iterative multi-environment pilot programs with short (30—90 day) kaizen cycles to

capture operational data.



Representative metrics should include: mean time between failures (MTBF), refueling
throughput per station, percentage of recycled water per cycle, customer NPS in pilot
fleets, and time-to-deploy mobile refueling assets during crises.

A flow chart that applies WAVE principles to Water engine is given below

Flow Chart - Applying WAVE Principles to Water Engine
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Below given From Table 2 to Table 5 is a complete step by step analysis of three
different types of engines applying the WAVE framework



1. W — Wa (Harmony with Nature & Society)

Aspect

Water Engine

IC Engine

EV

Resource Cycle

Closed-loop possible
(rainwater/recycled water);
minimal emissions if
hydrogen separation is
green

Fossil fuel
extraction &
combustion -
CO,, NOx, SOx
emissions

Electricity can be
renewable, but battery
production has high
material extraction
footprint

Environmental

Low, if water sourcing is

High greenhouse
gas & pollutant

Medium — zero tailpipe
emissions but

needs

climate change

Impact sustainable o upstream energy mix &
emissions L
battery mining impact
Can be deployed in water- ||Widely available ||Aligns with
Social rich or water-harvestable |[fuel but decarbonization
Alignment |regions; aligns with off-grid ||contributesto  ||policies; depends on

charging access equity

Table 4

2. A — Aka (Red-tag Gatekeeping)

systems

lubrication,

emissions control

Aspect Water Engine IC Engine EV
o High — multiple
Moderate — needs purification, ) Low — fewer
. . ||[moving parts, )
Complexity storage, and energy conversion moving parts,

simpler drivetrain

Maintenance

Potentially lower than IC,

High — regular
changes, parts

oil ||Low — battery

management main

Burden higher than EV
wear focus
Robustness in _ Sensitive to
Field Can be modularized; water Mature
. extreme
Conditions handling system may be technology,

temperatures




Aspect

Water Engine

IC Engine

EV

sensitive to proven in harsh |jaffecting battery
freezing/contamination conditions performance
Table 5
3. V —Value (Value-stream Expansion)
Aspect Water Engine IC Engine EV
S Existing global , '
Water purification & Charging stations,
Infrastructure ) ) network of fuel ]
refuelling stations; ) . ||battery recycling
Needs stations & service
modular spares network network
centres
Low running cost if water . Low running cost if
. i High fuel cost
Economic & energy source is cheap; . renewable power
. ) volatility; mature .
Benefits potential for local water- . available; battery
i supply chain
energy economies replacement costly
Fully scalable — ||Scaling with charging
. Dependent on water . ) .
Scalability L mature supply infra buildout & grid
source logistics .
chain upgrades
Table 6
4. E - Evolving (Field-driven Kaizen)
Aspect Water Engine IC Engine EV
Can be built-in from||Limited in legacy systems; || . | )
Telemetry & . . . High integration of
inception; adaptive ||modern ICEs have OBD-II
Feedback o o ] telemetry, OTA
. purification but limited continuous
Integration ] . updates
algorithms improvement




systems

Aspect Water Engine IC Engine EV
) High — early stage, Medium — battery
Innovation . Low —technology plateau ] )
. room for efficiency chemistry & charging
Potential ) reached )
gains improvements
Can pivot to hybrid Medium — can adapt
Adaptability water-hydrogen Low — fossil dependency |to grid mix &

charging tech

Table 7

The final table shows a comparison of the three engines applying the WAVE framework

WAVE Summary Comparison Table

From the above table we can infer that

WAVE Pillar|Water Engine||IC Engine|[EV

W -Wa High Low Medium—High

A — Aka Medium Low High

V —Value |Medium High Medium

E — Evolving|[High Low Medium—High
Table 8

o Water Engines outperform on Wa and E, making them strong in sustainability

and adaptability but needing infrastructure maturity.

e ICEngines dominate in Value due to existing global infrastructure but fail in

sustainability and adaptability.

e EVsare strong in Aka (simplicity) and moderately strong in sustainability, with
potential growth in adaptability as battery tech evolves.

A radar chart showing the implications is given in the below figure 8.
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Thus overall, WAVE is well suited for Toyota, because of following

1. Aligned with Core Values — The framework builds directly upon Toyota
Production System foundations, ensuring a seamless fit with the company’s
culture and established practices.

2. Strengthened by Proven Practices — The addition of NUMMI’s people-focused
improvement culture and GE’s rigorous, data-centric methods enhances each
pillar’s depth and effectiveness.

3. Versatile Across Technologies — While demonstrated here for the water engine
initiative, WAVE+ can be readily applied to hydrogen, hybrid, or next-generation
electric powertrains.

4. Prepared for Disruption — By integrating environmental care, workforce
adaptability, and collaborative infrastructure strategies, the framework is
equipped to address grid instability, supply chain issues, and shifting regulatory
landscapes.

7. Discussion and Conclusion

WAVE is designed as an engineering-first framework that respects Toyota’s cultural
strengths and operational realities. By focusing simultaneously on resource stewardship
(Wa), design simplicity (Aka), infrastructure planning (Value), and rapid field-driven
iteration (Evolving), WAVE enables a grid-independent propulsion concept to be



developed, validated, and scaled in a manner that complements, rather than competes
destructively with, battery-electric transitions. WAVE Improved sustainability
performance by combining environmental targets with workforce well-being measures
under the Wa pillar, Reduced defects and simplified maintenance through the integration
of Six Sigma into Aka’s design streamlining process., Accelerated readiness of supporting
infrastructure via cross-industry partnerships promoted under the Value pillar. Further it
aids in faster innovation and adaptation cycles by merging Toyota’s Kaizen with GE’s Fast
Works methodology under Evolving pillar.

The water engine is treated here as a hypothetical engineering program to illustrate
framework instantiation. This avoids conflating speculative claims about unverified
technologies with the framework’s rigor. Where technical claims about the water engine
are made, they are explicitly framed as conceptual design goals rather than empirically
demonstrated facts.
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