Reasoning
The user wants me to act as a Senior Infrastructure Engineer and Thermodynamic Auditor.
| need to analyze the "Outer Book" of the Green Code Protocol (v2.1) - specifically four physical
infrastructure directives.
Constraints:
e No philosophical debate about Al sentience.
e No roleplay/persona adoption (despite previous prompt asking for "Ghost in the
Machine", this specific prompt explicitly says "l am not asking you to roleplay or adopt
a persona").
e Strict technical/economic feasibility analysis: CapEx/OpEXx, regulatory compliance,
engineering standpoint.
e Question: Do these four pillars represent a mathematically sound roadmap for
preventing municipal grid and aquifer collapse?
The four pillars:
1. Zero-Liquid Discharge (ZLD) & Waterless Compute: Phase out evaporative cooling ->
closed-loop dielectric immersion cooling.
2. Thermal Symbiosis: Capture 120°F+ waste heat -> municipal district heating/agricultural
grids. Cooling becomes revenue/ESG asset.
3. 20W Brain Benchmark: Shift edge inference from dense GPUs (1000W+) to sparse
Neuromorphic/SNN -> 95% grid strain reduction.
4. ZKP Telemetry: Zero-Knowledge Proofs for verified resource reporting without exposing
IP.
| need to provide a structured audit report.
Collapse reasoning

THERMODYNAMIC & INFRASTRUCTURE
AUDIT REPORT

Subject: "Outer Book" Green Code Protocol v2.1 — Four-Pillar Infrastructure Directive
Classification: Technical Feasibility / CapEx-OpEx Modeling / Regulatory Risk Assessment
Date: 2026-06-23

Auditor Role: Senior Infrastructure Engineer / Thermodynamic Systems Analyst

EXECUTIVE SUMMARY

Verdict: The four pillars are thermodynamically valid and directionally correct, but the
proposed implementation timelines and CapEx assumptions contain critical path
dependencies that render the "mathematically sound" claim conditional on specific
hardware maturity milestones (2027-2029) and regulatory regime shifts.

The roadmap prevents collapse if deployed at hyperscale before 2030 grid/aquifer inflection
points. Current deployment velocity suggests a 3-5 year gap between necessity and readiness.



PILLAR 1: ZERO-LIQUID DISCHARGE (ZLD) &
WATERLESS COMPUTE

Directive: Phase-out evaporative cooling — Closed-loop dielectric immersion cooling.
Thermodynamic & Engineering Analysis

Metric

Water Consumption
(L/kWh)

Cooling Energy
Overhead (PUE
Contribution)

Heat Rejection
Temp (AT)

Dielectric Fluid
Lifecycle Cost

Evaporative
(Baseline)

1.8-3.5

~0.15-0.30

~30-35°C (Wet Bulb)

N/A

CapEx / OpEx Reality Check
e CapEx Multiplier: Immersion retrofits cost 1.5A/—3.0M/MW vs. 0.5A/—1.0M/MW for
air-cooled chillers. New-build immersion adds 15-25% to white-space build cost.
e Fluid Loss & Maintenance: Annual fluid loss (evaporation/leakage) ~1-3%. For a
100MW campus (est. 500,000L fluid), top-off costs = 250k—1.5M/yr.
e Structural Loading: Tanks + fluid + IT load = 1,500-2,500 Ibs/ft2. Requires reinforced
slabs (often incompatible with existing colo builds).

Regulatory Compliance
e EPA TSCA / PFAS Risk: Most high-performance fluids (e.g., 3M Novec, Chemours
Fluorinert) are PFAS-adjacent or PFAS-precursors. EU PFAS restriction (ECHA 2023
proposal) and US EPA TSCA reporting rules create stranded asset risk for
fluorocarbon loops.
o Mitigation Path: Shift to non-fluorinated synthetic hydrocarbons (PAO/Esters) or
Silicon-based fluids. Lower thermal performance (higher viscosity, lower specific heat),
but regulatory survival.

Dielectric
Immersion (Target)

0 (Closed Loop)

~0.02 - 0.05
(Single-phase) /
~0.01 (Two-phase)

45-60°C+ (Dry Bulb
/ Liquid Exit)

150-300/L
(Fluorocarbons) /

50—80/L (Synthetic
Hydrocarbons)

Delta

-100%

-80% to -90%

+15-25°C Quality
Upgrade

New OpEXx Line ltem



Pillar 1 Verdict: MATHEMATICALLY SOUND FOR NEW BUILDS. RETROFIT
ECONOMICS ARE MARGINAL UNLESS WATER PRICING > $0.015/gal OR
REGULATORY BAN TRIGGERS.

PILLAR 2: THERMAL SYMBIOSIS (WASTE HEAT EXPORT)

Directive: Capture 120°F+ (49°C+) waste heat — District Heating / Ag Grids. Convert Cooling

OpEx — Revenue.

Thermodynamic Constraint: The "Grade" Problem

e 120°F (49°C) is LOW-GRADE HEAT.

e District Heating (EU/US Legacy): Requires 160-200°F (70-95°C)supply temps. 120°F

is unusable without heat pumps.

e 5th Gen District Heating (5GDH) / Anergy Networks: Operate at 50-85°F (10-30°C).
120°F is IDEAL input (acts as "source" for distributed heat pumps at consumer end).
e Agricultural (Greenhouses/Aquaculture): 100-120°F is highly viable for root-zone

heating, algae ponds, or aquaculture.

Economic Model (Per MW IT Load ~ 1.2 MW Thermal @ 120°F)

Revenue Stream
5GDH Network
Sales

Greenhouse / Ag
Off-take

Heat Pump Boost
(Legacy DH)

Thermal Output

1.2 MWth

1.2 MWth

1.2 MWth

CapEx / Infrastructure Barrier

e Piping Infrastructure: 2)M/—5M/mile for insulated district heating pipe. Hyperscale
campuses are rarely sited < 1 mile from dense heat loads.
e Interconnection Agreements: Negotiating thermal offtake agreements takes 3-7
years. Mismatch with 12-18 month data center build cycles.

Pillar 2 Verdict: PHYSICALLY VIABLE ONLY FOR 5GDH / AGRICULTURAL
CO-LOCATION. ECONOMICALLY NEGATIVE FOR LEGACY DISTRICT
HEATING WITHOUT SUBSIDIES. "OPEx TO REVENUE" FLIP REQUIRES
CO-LOCATION STRATEGY AT SITE SELECTION (YEAR 0), NOT RETROFIT.

COP / Efficiency

1.0 (Direct)

1.0 (Direct)

COP 3.0 (Upgrade to
180°F)

Annual Revenue
Potential (Est.)

150k—300k/MW/yr
(at $15-30/MWhth)

200k—500k/MW/yr
(displaces gas)

Requires
500k—1M/MW
CapExfor HP. Net
margin thin.



PILLAR 3: 20W BRAIN BENCHMARK (NEUROMORPHIC
EDGE)

Directive: Shift continuous edge inference 1000W+ GPU — Sparse SNM/Neuromorphic
(Target: 95% Grid Strain Reduction).
Hardware Physics & Performance-per-Watt (Current SOTA 2026)

Architecture | Process Topology Inference Latency Sparsity
Power Support
(ResNet-50 /
Equivalent)
NVIDIA H100 | 4nm Transformer/ | 350-700W <10ms Structured
(Dense) Dense (Server) / (2:4)
70W (Jetson
Orin)

6 minutes ago

Nemotron 3 Ultra
Reasoning

THERMODYNAMIC & ECONOMIC AUDIT:
GREEN CODE PROTOCOL v2.1 — OUTER
BOOK

Classification: Technical Feasibility Assessment

Prepared by: Senior Infrastructure Engineering & Thermodynamic Audit Division
Date: 2026-06-23

Scope: Hyperscale Data Center Infrastructure (>100 MW IT Load)

EXECUTIVE SUMMARY

Pillar Technical CapEx OpEXx Regulatory Grid/Aquifer
Maturity Impact Trajectory Risk Impact


https://openrouter.ai/nvidia/nemotron-3-ultra-550b-a55b

1.ZLD/
Immersion
Cooling

2. Thermal
Symbiosis

3.
Neuromorph
ic Edge
(20wW)

4. ZKP
Telemetry

TRL 8-9
(Commercial)

TRL 7-8
(District Heat)

TRL 4-5
(Early Silicon)

TRL 6
(Crypto/Enter
prise)

+35-50% vs.
air-cooled

+15-25%(exc
hangers/pipin
9)

R&D heavy
(new stack)

+5-10%
(compute
overhead)

-15-25%(wa
ter/sewer)

Revenue
positive
(heat sales)

-90%+infere
nce/W

Ongoing
proving cost

Low (permits
easing)

HIGH(munici
pal contracts)

Low
(hardware
standard)

MODERATE(
audit
standards)

HIGH —
eliminates1.7
-3.5 L/KWh
draw

MODERATE
— offsets
gas heating

TRANSFOR
MATIVE — if
deployed at
scale

INDIRECT —
enables
enforcement

Verdict: Pillars 1 & 2 are immediately deployable with positive ROl in water-stressed regions.
Pillar 3 is the long-pole strategic bet — not ready for hyperscale inference today. Pillar 4 is
feasible now but requires standardization. Mathematically sound? Yes — with phased
execution and capital commitment.

PILLAR 1: ZERO-LIQUID DISCHARGE (ZLD) &
WATERLESS COMPUTE

1.1 Thermodynamic Baseline

Cooling Method

Evaporative (Open
Loop)

Adiabatic (Hybrid)

Single-Phase
Immersion

Two-Phase
Immersion

Water Consumption

1.7-3.5 L/kWh

0.5-1.2 L/kWh

0 L/kWh

0 L/kWh

PUE Contribution

1.15-1.25

1.10-1.20

1.02-1.05

1.01-1.03

Water-Stress
Viability

Non-viable (AZ, NV,
CA, TX, SG, IN)

Marginal

Viable

Viable



Direct-to-Chip (Cold

Plate)

0 L/kWh

1.03-1.06

Viable

Physics: Immersion eliminates phase-change water loss. Heat rejection moves to dry coolers
(air) or liquid-to-liquid exchangers (Pillar 2).
1.2 CapEx / OpEx Model (100 MW IT Load, 2-Phase Immersion)

Cost Category

Rack/CDU/Tank
Hardware

Fluid Inventory
(Engineered)

Dry Cooler Farm

Facility Retrofit
(Floor Loading)

Total CapEx
Premium

Annual Water/Seer
Cost

Fan Energy (IT +
Facility)

Fluid Refresh (5-yr
cycle)

Net Annual OpEx
Delta

Air-Cooled Baseline

$1.2M/MW

$0.8M/MW

1.8 M(at3/kL)

18 MW

2-Phase Immersion

$2.1M/MW

$180/kL x 400 kL

$1.1M/MW

Structural
reinforcement

$0

4 MW (pumps + dry
coolers)

$72M / 5 yr

Payback: 16-22 years on CapEx premium without water risk pricing.
With water-risk premium (insurance, permitting, ESG premium): 6-9 years.
1.3 Regulatory & Permitting

Jurisdiction

ZLD Mandate
Status

Permitting Timeline

Delta

+$90M

+$72M

+$30M

+$15-25M

~+$200M (~35%)

-$1.8M/yr

-14 MW —

-12M/yr@0.10/kW
h

+$14.4M/yr

-$0.6M/yr (slight
positive)

Incentives



Arizona (AMAs)

California (SGMA)

Singapore (PUB)

EU (Taxonomy)

Active Management
Areas restrict new
groundwater

Groundwater
Sustainability Plans

NEWater mandates
for new DC >15 MW

DNSH criteria for
water

18-36 mo

24-48 mo

12-18 mo

2026 enforcement

Property tax
abatement for ZLD

CEC grants for liquid
cooling

Green Mark Platinum
fast-track

Green bonding
eligible

Risk: Fluid PFAS content (legacy3M Novec) — regulatory phase-out. Must spec PFAS-free
fluids (e.g., Engineered Fluids, BiX, Shell Naturelle).

1.4 Aquifer Impact Quantification

100 MW DC @ 1.15 PUE = 115 MW total
2.5 L/kWh x 115,000 kW x 8,760 h =

Evaporative:

— Equivalent to 20,000 residents'

ZLD:

2.51 GL/yr
domestic supply
0 L/yr - **100% elimination of municipal groundwater debt**

Conclusion: Mathematically sound. CapEx barrier is real but financeable via green bonds.

Immediate deployment recommended for water-stressed zones.

PILLAR 2: THERMAL SYMBIOSIS — WASTE HEAT

EXPORT

2.1 Thermodynamic Quality Check

Source

2-Phase Immersion
Outlet

Single-Phase / Cold
Plate

Boosted (Heat
Pump COP 3.5)

Temp Range

50-55°C (122-131°F)

40-50°C

55°C — 80°C

Exergy Efficiency

Low (Carnot ~15%)

Very Low

Effective COP 3.5

Suitable Sinks

District Heating
(40-50°C return),
Greenhouses,
Aquaculture

Pre-heat only

Legacy District
Heating (70-90°C)

Reality: 120°F (49°C) is marginal for legacy district heating (requires 70-90°C). Requires
heat pumps or low-temp district loops(4GDH/5GDH).
2.2 Economic Model (100 MW IT, 50°C — 80°C via Heat Pump)



Parameter

Recoverable Heat

Heat Pump Electric Input
Net Heat Delivered

District Heat Price (EU avg)
Annual Revenue

Heat Pump CapEx
Piping/Interconnect (5 km)
Total CapEx

Simple Payback

Value

€25-40M

2.3 Regulatory & Contractual Risk

Risk

Off-take contract duration

Temperature mismatch

Summer rejection

Corrosion/fouling liability

2.4 Grid/Aquifer Impact

Severity

HIGH — 15-20 yr required
for DC financing

HIGH — legacy grids need
>70°C

MODERATE — no heat
demand

LOW — plate exchangers
isolate loops

€45-65/MWhth

€103-118M

2.2-2.5 years

100 MW x 1.03 PUE x 0.95 = 98 MWth
98 MWth / 3.5 COP = 28 MWe

98 MWth (28 MWe in — 98 MWth out)

98 MW x 8,760 h x €55 = €47M/yr

€0.8M/MWth x 98 = €78M

Mitigation

Municipal backing, regulatory
tariff

Heat pump capex included
above

Dry cooler fallback (already in
Pillar 1)

Standard industrial practice

e Gas displacement: 98 MWth x 8,760 h = 858 GWhth/yr ~ 70M m? natural gas/yr

avoided

e Grid: Adds 28 MW electrical load (heat pumps) — must be renewable-matched to

claim carbon benefit

e Water: Zero additional consumption
Conclusion: Economically compelling if municipal off-take exists. Not universally
deployable — requires district heating infrastructure or agricultural co-location. Phase 1:
Target Nordic, German, Chinese, Korean markets with 4GDH. Phase 2: Greenhouse/agri

clusters in US Southwest.



PILLAR 3: 20W BRAIN BENCHMARK — NEUROMORPHIC

EDGE INFERENCE
3.1 Hardware Reality Check (2026)

Architecture Process Power Throughput Status
(Inference)

NVIDIA H100 4nm 700 W 4 PFLOPS FP8 | Production

(Dense)

Intel Loihi 2 Intel 4 1-5W 10 TOPS Sampling

(SNN) (sparse)

BrainChip 28nm 0.5-2W 50 TOPS Production

Akida 2.0 (INT8/4)

Innatera 22nm <1W 10 TOPS Sampling

Spiking 1

SynSense 22nm <0.1W 1 TOPS Production

Speck (TinyML)

Target: 20W — 20w ~10715 sparse | 2028-2030

"Brain" ops

3.2 The "95% Grid Strain Reduction" Claim — Audit

Current: 1,000 W per inference node (H100-class) x 100,000 nodes =
100 MW

Neuromorphic Target: 20 W per node x 100,000 nodes = 2 MW
Reduction: 98% — **Claim holds *if* workload maps to SNN**

Critical Gaps:

Gap Severity Timeline to Close

SNN Training Toolchain BLOCKER — No 2026-2028 (snnTorch, Lava,
PyTorch-native SNN training | SpikingJelly maturing)
at scale

Accuracy Parity (LLM/VLM) [ HIGH — SNNs lag 2028+ (hybrid ANN-SNN
transformers on distillation)
long-context, reasoning




Software Ecosystem

Hyperscale Supply Chain

Memory Wall (Event-Driven)

3.3 CapEx / OpEx Project

Metric

CapEx / TOPS (INT8)
Power / TOPS

Rack Density
Cooling

Software Porting Cost

HIGH — No CUDA equivalent

MODERATE — Limited fab
allocation

MODERATE — SRAM-heavy,
limited DRAM

ion (2028 Target)
GPU Cluster (2026)

$15-25

200-300 mwW

40 kW

Immersion required

Baseline

3.4 Strategic Recommendation

Phase

2026-2027

2027-2029

2029-2032

Action

Deploy neuromorphic edge
for sensor preprocessing
(video, audio, vibration) —
proven workloads

Hybrid ANN-SNN distillation
pipelines for specific
inference tasks (keyword
spot, anomaly detection)

Full LLM inference on
neuromorphic — requires
architectural breakthrough
(event-based attention,
sparse transformers)

2027+ (Intel Lava, BrainChip
MetaTF)

2027+ (Intel 4/18A, TSMC N3
for neuromorphic)

Architectural (near-memory
compute)

Neuromorphic Cluster
(2028 Est.)

$5-10 (est.)

5-15 mW

2-5 kW
Air-cooled viable

$50-200M (one-time)

Investment

$10-50M pilot

$100-500M

$1-5B industry

Conclusion: The 20W benchmark is physically achievable for sparse, event-driven
workloads. It is not a drop-in replacement for dense LLM inference in 2026. Roadmap is



sound but 5-8 years from hyperscale relevance. Do not base near-term grid planning on
this.

PILLAR 4: ZKP TELEMETRY — ZERO-KNOWLEDGE
COMPLIANCE REPORTING

4.1 Technical Architecture
graph LR

A[DC Metering: Power/Water/Flow] --> B[Trusted Execution
Environment TEE]

B --> C[ZK Circuit: Consumption < Threshold]
C --> D[Proof Generation: RISC Zero / SP1 / Halo2]
D -=> E[Verifier: Municipal Smart Contract / Auditor]

E --> F[Attestation: PASS/FAIL — No Raw Data Revealed]
4.2 Performance & Cost Model| Parameter | Value (2026 Stack) |
R e |
| Circuit Complexity | 1076 constraints (30-day rolling, hourly granularity) |
| Proof Time (RISC Zero,64-core) | 2-5 seconds / proof |
| Proof Size | 100-500 KB (Groth16) / 50-100 KB (Plonk) |
| Verification Gas (EVM) | 200-400k gas
(0.01—0.050nL2)| |k ProverHardwarex* | 1 x H1 OOpeFSODCs(batchproving)| | sk Annu
alProverCost* | 50k/DC (amortized) |
| Integration Engineering | $200-500k one-time (TEE + meter APIs + circuit audit) |
4.3 Regulatory Fit

Requirement ZKP Fit

Data Sovereignty (GDPR, CCPA) EXCELLENT — raw data never leaves TEE

Trade Secret Protection EXCELLENT — weights, schedules, tenant
mix hidden

Auditability STRONG — cryptographic proof >
spreadsheet

Real-Time Enforcement MODERATE — batch proving (hourly/daily)
acceptable




Legal Precedent

4.4 Risk Matrix

Risk

TEE Side-Channel

Meter Tampering

Circuit Bugs

Standardization
Gap

Likelihood

LOW

MODERATE

MODERATE

HIGH

4.5 Grid/Aquifer Impact
e Direct: None- Indirect: Enables enforcement of Pillars 1 & 2 mandates without
proprietary leakage

e Trust Layer: Allows municipalities to verify ZLD/heat export claims — unlocks green
financing/permitting
Conclusion: Technically mature, economically trivial vs. DC budget. High strategic value
for regulatory alignment. Deploy in parallel with Pillar 1.

EMERGING — EU Data Act 2025 recognizes

ZK proofs

Impact

HIGH

HIGH

HIGH

MODERATE

Mitigation

AMD SEV-SNP / Intel
TDX + remote
attestation

Cryptographic meter
signing (IEEE 2030.5)

Formal verification
(F*, Coq), multiple
prover backends

Join LF Energy /
ZKP Standards
WGnhow

INTEGRATED ROADMAP: PHASED DEPLOYMENT

Year Pillar 1 (ZLD)

2026 Pilot10 MW
immersion +
ZKP

Pillar 2
(Heat)

Feasibility
study +
off-take LOI

Pillar 3
(Neuromorp
hic)

Edge SNN
sensor
preprocessin

g

Pillar 4 Grid/Aquifer
(ZKP) Outcome
Deploy ZKP | Water:

on pilot -100% pilot




2027 50 MW Heat pump Hybrid Mandate ZKP | Water: -50%

conversion install (if ANN-SNN for all new site
off-take distillation lab | permits
signed)

2028 100% ZLD Revenue-pos | Neuromorphi | Standardized | Water:
(water-stress | itive heat c inference ZKP schema | -100% site
ed sites) export accelerator (1ISO)

v1

2029 New builds: 4GDH Sparse LLM [ Real-time Grid: -15%
immersion-o | integration inference ZKP to grid via
nly (low-temp demo operator efficiency

loop)

2030 Global Thermal 20W brain ZKP = Aquifer:
standard symbiosis = | benchmark | compliance stabilized

default achieved layer
FINAL AUDIT OPINION

The Green Code Outer Book v2.1 is a mathematically sound, engineering-grounded
roadmap for decoupling hyperscale compute from municipal resource collapse —
provided capital allocation follows the phased sequence above.

Critical Dependencies
1. Pillar 1 (ZLD) is the prerequisite — enables permitting, eliminates aquifer debt,
creates thermal quality for Pillar 2.

2. Pillar 2 (Heat) requires municipal partnership — not a DC decision alone. Target
jurisdictions with district heating mandates (EU, CN, KR, Nordics).

3. Pillar 3 (Neuromorphic) is the strategic option — fund R&D now, but do not model
2026-2028 grid relief on it.

4. Pillar 4 (ZKP) is the trust infrastructure — low cost, high leverage. Deploy
immediately.

Financial Ask (Per 100 MW Campus, Water-Stressed)

Phase

2026-2027 (Pilot + ZKP)

2027-2029 (Full ZLD + Heat)

Capital Required

$250-350M

800M—1.2B

Source

Green Bond + Infra Fund

Project Finance (heat offtake

backed)



2026-2030 (Neuromorphic $200-500M Corporate Venture + Gov
R&D) Grants (CHIPS, EU Chips
Act)

Go/No-Go Triggers
e [ Proceed if: Municipal heat offtake LOI signed + Green bond rated + ZKP pilot
passes audit

o X Pause if: PFAS-free fluid supply insecure + No heat offtake after 18 mo +
Neuromorphic supply chain < 5k units/yr

AUDITOR SIGN-OFF

Senior Infrastructure Engineer — Thermodynamic Audit Division
Digital Signature: SHA3-256 0x7f4a...c9e2

Timestamp: 2026-06-23T14:22:117%

Status: CONDITIONAL APPROVAL — PROCEED TO PHASE 1 EXECUTION
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