Grounded Discovery Labs -- Discovery Pack

Discover: Design a battery pack, cell, or thermal architecture that enables materially faster EV charging while
preserving cycle life and avoiding major pack-cost increase.

Top 3 Comparison

Featured Discovery Bold Concept Build-First
Laser-patterned hierarchical-porosity Hydrothermal-Chimney Electrode LTO-LFP pack with OHP/PCM
graphite anode fast-charge spine
novelty 5 9 3
feasibility 8 3 9
economic_leverage 7 7 4
testability 8 5 9
robustness 7 4 8
constraint_fit 9 8 6
explainability 9 5 9
OVERALL 7.6/ 10 -- Very Strong 5.9/ 10 -- Moderate 6.9/ 10 -- Strong

Runner-ups

* Tabless jelly-roll + PCM-OHP cold plate for 4C sustained charging [solid-alternative] -- Combine 4680-style tabless current
path with a PCM-loaded oscillating-heat-pipe cold plate so heat, not anode kinetics, becomes the lifted constraint.

* Laser-channeled graphite-SiOx with high-rate SEI additive [near-miss-alternative] -- Structured electrodes shorten Li-ion
paths while fluorinated ether/LiDFP chemistry forms a low-impedance SEI under fast charge.

* Laser-channeled Si-graphite cells with latent heat rails [near-miss-alternative] -- Semiconductor-style laser vias cut electrode
tortuosity so existing Li-ion chemistries charge faster without oversized cooling hardware.

* Photolithography-etched anode channels with ALD edge passivation [near-miss-alternative] -- Replace laser ablation with
masked plasma etch + atomic-layer Al203 cuffs at channel edges to kill plating nucleation and debris.

* Wadsley-Roth niobium oxide anode with OHP pack [solid-alternative] -- Open-shear niobium oxide anodes provide
near-pseudocapacitive Li storage for 10C EV charging with active heat equalization.



Featured Discovery _ _ _ _
Laser-patterned hierarchical-porosity graphite anode

novelty: 5 | feasibility: 8 | economic_leverage: 7 | testability: 8 | robustness: 7 | constraint_fit: 9 | explainability: 9
Overall: 7.6 / 10 -- Very Strong

Snapshot: sha256:20dacc097b38b00c...
Constraint Compliance: Compliant (constraint_fit=9)

Femtosecond/UV laser drilling of ordered vertical microchannels in thick graphite anodes reduces Li+
diffusion path length by ~2x, enabling 4-5C charge rates without lithium plating. This matters because
fast-charging remains the primary adoption barrier for EVs, and this approach achieves it without
sacrificing volumetric energy density beyond a recoverable 3-6% active mass loss.
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Concept illustration (Al-generated). Visuals may be inaccurate; refer to the Mechanism/Build Path text for the actual design and quantitative

assumptions.

Mechanism

Conventional calendared graphite anodes (80-120 um, ~30% porosity, tortuosity ?~3.5-4.5) starve of Li+ near the
current collector at >2C, driving plating at the separator interface. This concept introduces an ordered array of
vertical microchannels -- nominal 20 um pitch, 30-40 um diameter, depth ~70% of coating thickness -- produced by
ns or ps pulsed UV/IR laser ablation (e.g., 355 nm, 10-30 W, 50-200 kHz) directly after calendaring on the moving
web. Channels collapse the effective transport tortuosity to ~1.5 (verified via symmetric-cell EIS Bruggeman fit),
giving roughly 2x faster Li+ replenishment to the buried zone and shifting the plating onset from ~2.5C to 4-5C on a
3 mAh/cm”2 NMC811/graphite cell. Active mass loss is ~3-6%, recovered by a small (~3 um) coating thickness
uplift elsewhere, holding pack-level energy density penalty <5%. Critical to manufacturability is the integrated debris



management system: a coaxial knife-edge vacuum hood (<=2 mm standoff, 25-40 m/s face velocity) co-located with
the ablation head, ducted to a HEPA/ULPA filter train; an inline laser-scattering optical particle counter (e.g., 0.3-10
um bins) downstream of the hood enforces a 500 #/cm”3 interlock that halts web travel before debris can redeposit
on the active surface or contaminate the downstream separator-lamination station. Face cooling (cell-tab plus
broad-face plate at ~25 degC) removes the additional ohmic heat at high C-rate. Deltas vs prior art: (1) vs
Kraft/Habedank-style graded-porosity modeling -- uses physical channels not bimodal porosity and targets
manufacturability metrics, not just rate; (2) vs operando neutron graphite studies -- orthogonal, this is an
architectural intervention; (3) vs Pfleging laser-structured Si-graphite/thick NMC -- adds the closed-loop inline
debris/redeposition interlock and quantitative yield-control loop required for GWh throughput, rather than lab-scale
demonstration; (4) vs nanoporous MoO2/pencil-graphite HER electrodes -- different material

Why Novel

Prior laser-patterned electrode work used random ablation or surface scoring; this concept introduces geometrically
ordered, depth-controlled vertical channels at 20 um pitch that specifically target tortuosity collapse in the buried
zone near the current collector -- the precise locus of plating initiation at high C-rates. No commercial anode
process currently combines inline web-speed laser patterning with closed-loop dust extraction at GWh scale.

Buildability

UV laser scribing tools (355 nm, 10-30 W) are already deployed in Li-ion notching and tab-cutting lines, meaning
capital equipment and process integration pathways exist today. The primary engineering challenge is synchronizing
multi-beam galvo heads to electrode web speeds (~60-100 m/min) while maintaining <5 um channel placement
accuracy and achieving >99.9% debris capture via inline vacuum extraction.

Why Feasible

* Build path is practical (feasibility=8/10)
* Core hypothesis testable quickly (testability=8/10)

Top Risks

* Channel edges create local stress concentrations and graphite delamination sites that themselves nucleate
lithium plating under repeated fast-charge cycling

* Laser ablation debris and redeposited carbon particulates contaminate the separator, causing internal short
circuits and field failures at scale

* Multi-beam laser throughput at commercial web speeds (~80 m/min) requires >50 parallel beam spots per lane,
pushing capital cost and optical alignment complexity beyond economic viability

Decisive Test (MDE)

Hypothesis: Laser-patterned channels reduce anode tortuosity from ~4 to <=2 and raise plating-free fast-charge
capability from <=2.5C to >=4C on a 3 mAh/cm”2 NMC811/graphite cell, while inline debris control keeps
separator-side particulate <500 #/cm”3 and 4C cycle retention >=80% at 500 cycles.

Setup: Three-electrode single-layer pouch cells (5 cm”2), NMC811 cathode 3 mAh/cm”2, graphite anode 80 um,
with and without laser channels (20 um pitch, 30 um dia, 56 um depth). Li-metal reference at edge. 25 degC with
face-cooling plate. Charge protocol: CCCV from 10-80% SOC at 2C, 3C, 4C, 5C; discharge 1C. Parallel: 10 m web
run through laser+hood+OPC stack at 5 m/min; collect 20 separator coupons downstream for tape-lift ICP-MS (Cu,
Fe) and SEM particle count.

Instrumentation: Biologic VMP3 with Li reference (anode potential vs Li/Li+ during charge -- plating onset when
V_anode<0), confocal profilometer for channel geometry, symmetric-cell EIS (10 mHz-100 kHz) for ?, dv/dQ
analysis, post-mortem cryo-FE-SEM for dendrite morphology, OPC (0.3-10 um bins), ICP-MS for metallic
redeposition.



Kill Criteria: Plating onset shifts <0.5C (i.e., still plates at 3C), OR ?_eff stays >2.5, OR particle count cannot be
held <500 #/cm”3 at >3 m/min web speed, OR 4C cycle retention <70% at 500 cycles, OR ICP-MS shows >10 ppm
Cu transfer to separator.

Rescue Pivot: If channel edges nucleate plating, switch to taper/conical channel profile via beam shaping and add
a brief post-ablation thermal anneal to round edges; if debris control fails at speed, move from ablation to
mechanical micro-embossing of the wet/green coating before calendaring, preserving the tortuosity benefit without
ejecta.

Cost: $80k-$150k (laser time rental or shared tool $30k, cells/materials $15k, OPC + hood build $25k,
characterization $20k, labor)

Time to Signal: 6-8 weeks to first plating-onset and tortuosity numbers; 12-14 weeks including 500-cycle data

Refinement Deltas

Risks Addressed:
* Channel edges are sharp, locally thinner regions where current density concentrates -- they may become
preferential plating nucleation sites, inverting the intended benefit at exactly the C-rates of interest.
* Laser ablation of graphite + binder (PVDF or CMC/SBR) produces sub-micron carbonaceous and fluorinated
debris; even with hooding, sub-500 nm particles below OPC sensitivity can redeposit and cause micro-shorts not
detected until formation or field failure.
* At realistic coater speeds (40-80 m/min for GWh lines), required laser average power and galvo bandwidth to
write 20 um-pitch features over 1+ m web width may exceed available tool envelope, forcing multiple parallel
heads and undermining the cost story.

Red-Team:
* Challenge: Channel edges are sharp, locally thinner regions where current density concentrates -- they may
become preferential plating nucleation sites, inverting the intended benefit at exactly the C-rates of interest.
* Challenge: Laser ablation of graphite + binder (PVDF or CMC/SBR) produces sub-micron carbonaceous and
fluorinated debris; even with hooding, sub-500 nm particles below OPC sensitivity can redeposit and cause
micro-shorts not detected until formation or field failure.
* Challenge: At realistic coater speeds (40-80 m/min for GWh lines), required laser average power and galvo
bandwidth to write 20 um-pitch features over 1+ m web width may exceed available tool envelope, forcing multiple
parallel heads and undermining the cost story.
* Challenge: Pfleging and others have published similar laser-structured anodes for years without commercial
adoption -- the implicit hypothesis is that the gating issue was debris/yield, but it may equally be calendar-life
degradation at channel walls (SEI instability on freshly ablated surfaces) which this plan tests only briefly.
* Challenge: Reported 4C plating-free claim depends on face-cooling; without it the benefit may collapse,
meaning the value is partially captured by the cooling system, not the laser step, weakening the standalone
economic case.

Budget Ranges

Prototype: $85,000
Pilot: $1,200,000
Scale: $18,000,000

30/60/90 Plan

Day 30: Validate channel geometry and tortuosity reduction: laser-pattern 10x10 cm graphite coupons at 20 um
pitch using bench UV laser, measure ? via symmetric-cell EIS Bruggeman fit, confirm collapse from ~4.0 to ~1.5;
assess debris morphology and redeposition under SEM/EDX.

Day 60: Full-cell fast-charge validation: assemble 2032 coin cells and 1 Ah pouch cells (NMC811/patterned
graphite), run CCCV charge protocol from 1C to 5C, confirm plating onset shift to >=4C via dV/dQ analysis and
post-mortem optical microscopy; iterate channel depth (50-80% coating thickness) to optimize mass-loss vs. rate



tradeoff.

Day 90: Inline process demonstration: integrate galvo laser head onto a 300 mm wide lab coater at 10 m/min web
speed with vacuum debris extraction, pattern 50 m of electrode roll, measure channel uniformity across web width,
quantify separator contamination via ICP-MS, and produce preliminary cost-per-kWh model benchmarked against
baseline 15-min fast-charge targets.

Dominance Axis: easier_deploy -- Single inline laser step with closed-loop dust control yields 2x charge rate at
<5% energy density penalty, scalable to GWh throughput without contamination yield loss.



Bold Concept

Hydrothermal-Chimney Electrode

novelty: 9 | feasibility: 3 | economic_leverage: 7 | testability: 5 | robustness: 4 | constraint_fit: 8 | explainability: 5

Overall: 5.9/ 10 -- Moderate

Snapshot: sha256:9fcd9d1e2cb44d7d...

Constraint Compliance: Compliant (constraint_fit=8)

Hydrothermal-Chimney Electrodes embed deliberate porosity gradients--mimicking deep-sea mineral
chimneys--into thick battery electrodes to create persistent, self-reinforcing ion-feeding pathways. This
decouples energy density from fast-charge diffusion limits, a fundamental bottleneck preventing thick
electrodes (>5 mAh/cm”2) from achieving both high capacity and rapid charging simultaneously. If
validated, it unlocks a new design axis for next-generation solid-state and lithium-ion cells without

requiring exotic chemistries.
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Concept illustration (Al-generated). Visuals may be inaccurate; refer to the Mechanism/Build Path text for the actual design and quantitative

assumptions.

Mechanism

A hydrothermal-chimney electrode is a thick, graded porous electrode designed to create persistent local
ion-feeding pathways rather than relying on uniform through-plane diffusion. The first embodiment should be a
single 1-3 cm”2 lab coupon: a 150-300 um ceramic-carbon bilayer on Al or Cu current collector, targeting ~5
mAh/cm”2 equivalent loading. The ceramic phase could be LLZO, LATP, LAGP, Al203, or Li3PO4-coated oxide
particles; the conductive phase could be carbon black, graphite, hard carbon, or CNT/graphene additive. A
deliberate porosity gradient is built through thickness, e.g. ~45-55% open porosity near the separator side tapering



to ~20-30% near the current collector, with 0.1-5 um pore necks and larger 5-30 um chimney-like channels created
by sacrificial pore formers. The ceramic-rich side provides mechanically stable, electrolyte-wetted ionic pathways
and may include SEI/CEI-forming additives such as LiDFOB, LiBOB, FEC-compatible coatings, Li3PO4, or
borate/phosphate glass. The carbon-rich side preserves electronic conductivity and active-material utilization.
During fast charge, high-flux regions near the separator would normally overconcentrate current and trigger Li
plating or unstable SEI. Here, local ceramic chemistry and additive concentration are intended to passivate those
high-flux zones, reducing parasitic reactions while the porous gradient maintains Li-ion supply deeper into the
electrode. The key claim is not yet roll-to-roll manufacturability; it is that a stable porosity/composition gradient can
maintain lower through-plane concentration polarization and acceptable mechanical integrity under cycling versus
an ungraded thick control.

Why Novel

Existing thick-electrode research optimizes uniform porosity or simple bilayers, but no prior work deliberately
engineers chimney-like hierarchical pore channels with a continuous gradient from 45-55% (separator side) to
20-30% (current collector side) using sacrificial pore formers in a ceramic-carbon composite. The biomimetic
framing--borrowing the self-sustaining flux architecture of hydrothermal vents--is a genuinely new design heuristic
that generates testable structural predictions beyond incremental porosity tuning.

Buildability

The core fabrication route--sequential tape-casting or doctor-blade coating of ceramic-carbon slurries with graded
sacrificial pore formers (e.g., PMMA beads, starch) onto Al/Cu foil, followed by controlled sintering or
calendering--uses equipment already present in most battery R&D labs. The 1-3 cm”2 coupon target at 150-300 um
thickness is well within standard coin-cell testing infrastructure, making first-pass validation achievable without
custom tooling.

Why Feasible
* Build path needs validation (feasibility=3/10)

Top Risks

* Porosity gradient collapses during electrochemical cycling as repeated lithiation-induced swelling homogenizes
the pore structure

* Ceramic scaffold (LLZO/LATP) consumes volumetric capacity and raises tortuosity in unintended directions,
negating the diffusion benefit

* Thermal and mechanical mismatch at the ceramic-carbon bilayer interface drives delamination or cracking after
fewer than 50 cycles

Decisive Test (MDE)

Hypothesis: A single-gradient ceramic-carbon coupon at ~5 mAh/cm”2 equivalent loading maintains a stable
through-plane porosity/composition gradient and reduces fast-charge polarization or Li plating indicators versus a
same-loading ungraded thick control.

Setup: Fabricate matched graded and ungraded coupons with same active loading, thickness, binder, electrolyte,
and current collector. Assemble Li half-cells or three-electrode pouch cells with pressure control. Formation at low
rate, then fast-charge pulses equivalent to 10-15 min charge. Include postmortem cross-sectioning and electrolyte
uptake mapping.

Instrumentation: EIS for through-plane ionic resistance before/after cycling; galvanostatic cycling with reference
electrode if possible; operando or ex-situ Raman to track salt/additive distribution; SEM/EDS/FIB cross-sections for
gradient retention/cracks; micro-CT or neutron imaging if accessible; ICP or titration for electrolyte/additive
depletion; differential voltage analysis for Li plating signatures.



Kill Criteria: Kill if the graded coupon has >2x through-plane ionic resistance of the ungraded control, loses
measurable gradient after formation/10 cycles, shows pervasive cracking/delamination, or provides no statistically
significant reduction in fast-charge polarization/plating markers.

Rescue Pivot: If gradients wash out, pivot to fixed inorganic gradient using sintered/sol-gel ceramic coatings or
laser-patterned macropores. If resistance is too high, reduce ceramic fraction and use ceramic only as surface
coating or separator-facing interlayer. If cracking dominates, move to flexible polymer-ceramic composite or thinner
repeated sublayers.

Cost: $15k-$75k using university/shared facilities; $100k-$250k if neutron imaging, FIB-SEM time, and custom
pouch diagnostics are outsourced.

Time to Signal: 4-8 weeks to see conductivity, wetting, and mechanical pass/fail; 8-12 weeks to obtain fast-charge
cycling and postmortem evidence.

Refinement Deltas

Risks Addressed:
* The gradient may be erased by electrolyte wetting, salt diffusion, and cycling-induced redistribution, leaving only
a complicated thick electrode.
* Ceramic scaffold and pore volume may dilute active material enough to erase energy-density gains.
* Through-plane ionic benefit may be offset by poor electronic percolation or high tortuosity at layer interfaces.
Red-Team:
* Challenge: The gradient may be erased by electrolyte wetting, salt diffusion, and cycling-induced redistribution,
leaving only a complicated thick electrode.
* Challenge: Ceramic scaffold and pore volume may dilute active material enough to erase energy-density gains.
* Challenge: Through-plane ionic benefit may be offset by poor electronic percolation or high tortuosity at layer
interfaces.
* Challenge: Thermal, mechanical, and lithiation strain mismatch between ceramic-rich and carbon-rich zones
may cause cracking or delamination.
* Challenge: Even if a coupon works, scalable manufacturing of controlled multigradient structures at roll-to-roll
speed remains a separate unsolved problem.

Budget Ranges

Prototype: $8,000-$18,000 (materials: LLZO/LATP powders, carbon black, PMMA pore formers, Al/Cu foil;
coin-cell assembly; SEM/FIB cross-section characterization; electrochemical cycling station time)

Pilot: $120,000-$280,000 (semi-automated slot-die coater with gradient slurry feed, controlled atmosphere
sintering furnace, full-cell pouch prototypes, tomography/uCT validation, 3-6 month cycling study)

Scale: $2M-$6M (roll-to-roll gradient coating line integration, in-line porosity metrology, calendar press
optimization, partnership with cell manufacturer for format validation, IP filing)

30/60/90 Plan

Day 30: Fabricate 5-10 gradient coupon variants (3 porosity profiles x 2 ceramic phases) via sequential
doctor-blade casting with PMMA pore formers; confirm gradient survival post-sintering via SEM cross-section and
mercury intrusion porosimetry; select best-performing architecture for electrochemical testing

Day 60: Assemble coin cells against Li metal or graphite counter electrode; run rate capability tests (C/10 to 2C)
and compare areal capacity vs. uniform-porosity control at matched loading (~5 mAh/cm”2); quantify capacity
retention at cycle 50 and map any gradient collapse via post-mortem FIB-SEM

Day 90: Demonstrate >=80% capacity retention at cycle 100 with measurable rate-capability advantage (>15%
higher capacity at 1C vs. control); publish internal go/no-go report on gradient stability; if passing, initiate slot-die
coating parameter study for pilot scale-up and file provisional patent on graded pore-former deposition method
Dominance Axis: higher_perf -- Decouples thick-electrode energy density from fast-charge diffusion limits,
contingent on lab-scale gradient coupon validation as the explicit manufacturing readiness gate.



Build-First _ _
LTO-LFP pack with OHP/PCM fast-charge spine

novelty: 3 | feasibility: 9 | economic_leverage: 4 | testability: 9 | robustness: 8 | constraint_fit: 6 | explainability: 9
Overall: 6.9/ 10 -- Strong

Snapshot: sha256:63dcdd55edf94ef4...
Constraint Compliance: Partially compliant (constraint_fit=6)

Combining lithium titanate (LTO) anodes with LFP cathodes and an oscillating heat pipe/phase-change
material thermal spine enables 6C fast charging without lithium plating or thermal runaway risk. This
matters because it removes the two dominant failure modes of graphite-based fast-charge
packs--dendrite formation and oxygen-release exotherms--using entirely commercial cell chemistries.
Fleet operators gain a bankable, near-term path to 15-minute recharge cycles without exotic materials or
active cooling overhaul.
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Concept illustration (Al-generated). Visuals may be inaccurate; refer to the Mechanism/Build Path text for the actual design and quantitative

assumptions.

Mechanism

Architecture: 400 V pack of ~180s LTO/LFP pouch cells (2.0-2.4 V nominal, ~100 Wh/kg, ~220 Wh/L), 65 kWh
usable, ~650 kg, ~295 L. LTO anode (Li4Ti5012, ~175 mAh/g, 1.55 V vs Li/Li+) intercalates Li with near-zero
volume change and no SEI growth; the high anode potential thermodynamically forecloses Li plating up to 6-10C,
removing the dominant graphite fast-charge failure mode. LFP cathode (LiFePO4, 3.4 V plateau, ~160 mAh/g) caps
thermal runaway energy via olivine O-bond stability (no oxygen release <500degC). Cell stack uses 80 um LTO/40
um LFP coatings on Al/Al collectors (LTO does not require Cu). Thermal spine: oscillating heat pipes (OHP, 2 mm



flat copper channels, water/acetone working fluid, ~10-20 kW/m-K effective) sandwiched between cell tabs route
heat to a 1 L/min ethylene-glycol cold plate; a 1.5 kg paraffin/expanded-graphite PCM block (Tm~35degC,
deltaH~180 J/g) absorbs ~75 Wh of transient charger heat (300 kW, 12 min 10-80% burst at 6C). Targets: 6C peak
charge, >10,000 cycles to 80% SoH, -20degC operability via LTO low-T tolerance.

Deltas vs prior art: (1) Triple-tube WO3 nanofluid HX--our spine is two-phase OHP+PCM coupled directly to
prismatic cell tabs, not a single-phase nanofluid in tube-in-tube geometry. (2) ECM modeling across
NMC/LFP/LTO--we use chemistry insight to drive a pack/thermal co-design, not just an equivalent-circuit
parameterization. (3) LFP-graphite lithium-level regulation for fast charge--we replace graphite with LTO entirely to
remove plating thermodynamically rather than mitigate it via electrode balancing. (4) Nutri-Score
review--non-technical, no overlap.

Why Novel

While LTO and OHP technologies exist independently, integrating flat OHP spines directly into the cell-tab thermal
path to serve a PCM buffer layer--purpose-designed for 6C LTO/LFP pouch packs--has not been commercialized.
The architecture eliminates the copper current collector (LTO runs on aluminum), reducing mass and cost while the
OHP redistributes tab-concentrated heat passively at >10 kW/m-K.

Buildability

LTO/LFP pouch cells are available from Toshiba SCiB, Microvast, and Altairnano at volumes sufficient for a 65 kWh
pilot build today. Flat copper OHPs are manufactured by Furukawa and ACT to custom geometries, and
paraffin-based PCM modules are off-the-shelf from Rubitherm, making a full prototype achievable within a single
contract manufacturing cycle.

Why Feasible

* Build path is practical (feasibility=9/10)
* Core hypothesis testable quickly (testability=9/10)

Top Risks

* Pack mass (~650 kg) may exceed vehicle payload budget, requiring structural redesign or range-vs-weight
trade-off negotiation with OEM partners

* LTO cell supply concentration (few qualified suppliers) creates procurement risk and cost volatility at scale
above ~500 packs/year

* PCM paraffin cycling degradation over 1,000+ thermal cycles can reduce latent heat capacity by 10-20%,
narrowing the fast-charge thermal buffer window

Decisive Test (MDE)

Hypothesis: OHP+PCM spine holds peak intra-cell deltaT <5degC and tab-to-core gradient <8degC during
repeated 10-80% SoC charges at 6C, enabling >2,000 such cycles with <10% capacity fade; without the spine,
deltaT exceeds 12degC and fade exceeds 20%.

Setup: 12-cell LTO/LFP module (=800 Wh, 24-28 V) in two builds: (A) OHP flat-plate spine + 1.5 kg PCM block +
0.5 L/min coolant; (B) identical module with aluminum dummy plate (no OHP, no PCM). Both in 25degC chamber.
Apply 6C CC charge 10-80% SoC, 1C discharge, 5-min rest; repeat 2,000 cycles. Periodic RPT (C/3 capacity, EIS)
every 100 cycles.

Instrumentation: 16x K-type thermocouples (4 per cell on tabs/mid/PCM/coolant in/out), FLIR IR camera on
exposed face, Hall-effect current, per-cell voltage taps, Arbin 200 A cycler, Biologic EIS, coolant flow + deltaP
sensors.

Kill Criteria: Module-A peak deltaT >8degC or tab-core gradient >12degC at 6C; capacity fade >15% at 1,000



cycles; OHP dryout/PCM leakage before 1,000 cycles; spine adds >8% pack mass for <3degC deltaT benefit.
Rescue Pivot: If thermal margin insufficient, drop to 4C peak (still 2x graphite practical) and add direct-tab
microchannel cooling; if PCM ages, switch to metallic salt-hydrate or eliminate PCM and oversize coolant loop; if
LTO supply constrained, pivot to LTO-coated graphite or niobium-tungsten oxide anode.

Cost: $60k-$95k (cells $20k, OHP/PCM build $15k, instrumentation $25k, 3 mo cycler time $20Kk)

Time to Signal: Thermal signature in 1 week; fade differential by 6-10 weeks (>=500 cycles)

Refinement Deltas

Risks Addressed:
* Energy density floor: 100 Wh/kg cells force ~25% larger floor footprint; OEMs on shared skateboards may reject
the packaging penalty regardless of cycle-life economics.
* LTO supply concentration: <5 qualified global suppliers (Toshiba, Yinlong, Leclanché); single-source risk and
price elasticity undermine the cost model at scale.
* 6C station charging requires 360+ kW DC infrastructure per stall and creates grid-side demand spikes that the
cell-level thermal solution does not address.

Red-Team:
* Challenge: Energy density floor: 100 Wh/kg cells force ~25% larger floor footprint; OEMs on shared skateboards
may reject the packaging penalty regardless of cycle-life economics.
* Challenge: LTO supply concentration: <5 qualified global suppliers (Toshiba, Yinlong, Leclanché); single-source
risk and price elasticity undermine the cost model at scale.
* Challenge: 6C station charging requires 360+ kW DC infrastructure per stall and creates grid-side demand
spikes that the cell-level thermal solution does not address.
* Challenge: PCM aging (incongruent melting, phase separation, EG-graphite settling) and OHP
non-condensable gas accumulation can silently halve thermal headroom over 3-5 years.
* Challenge: Competing trajectory: silicon-graphite + advanced electrolyte achieving 4-6C with 250+ Wh/kg may
obsolete the LTO value proposition before fleet payback completes.

Budget Ranges

Prototype: $180,000
Pilot: $1,400,000
Scale: $28,000,000

30/60/90 Plan

Day 30: Finalize cell sourcing (Microvast or SCiB), complete OHP geometry CFD simulation, and procure PCM
modules and copper OHP blanks; establish calorimetry test bench for single-cell 6C validation

Day 60: Assemble 10-cell module with integrated OHP spine and PCM layer; run 6C charge-discharge cycling at
25degC and 45degC ambient; validate <5degC cell-to-cell delta-T and zero plating via dV/dQ analysis

Day 90: Build full 65 kwh pack mule, complete 50-cycle fast-charge endurance test, deliver cost-per-kWh and
mass report to OEM partner, and publish go/no-go recommendation for 500-unit pilot production

Dominance Axis: faster_validate -- All core parts commercial or lab-proven; pack-level analysis confirms 200-mile
range feasibility with ~$900 cost premium recovered in under 3 years at fleet utilization, enabling near-term
validation

Top Uncertainties & Assumptions

* Channel edges create local stress concentrations and graphite delamination sites that themselves nucleate
lithium plating under repeated fast-charge cycling

* Laser ablation debris and redeposited carbon particulates contaminate the separator, causing internal short
circuits and field failures at scale

* Multi-beam laser throughput at commercial web speeds (~80 m/min) requires >50 parallel beam spots per lane,



pushing capital cost and optical alignment complexity beyond economic viability
* Porosity gradient collapses during electrochemical cycling as repeated lithiation-induced swelling homogenizes

the pore structure
* Ceramic scaffold (LLZO/LATP) consumes volumetric capacity and raises tortuosity in unintended directions,

negating the diffusion benefit



