KRONES CFUSIEQN 5N EREN

BrASRIEI RS 2EAS 616 nt AT HE E S KR QN0 S BN 0225 6 S ES TEIRVIFERS
Data-Center Integration of a D—3He Tandem-Mirror Burner:
Four-Nines Uptime Against Plasma Transients, the PUE-
Reduction Pathway, and Waste-Heat Reuse for Behind-the-Meter
Dispatch

A compact DHe tandem-mirror burner sited next to the load it serves is not merely a
reactor but a facility, and a critical facility is held to reliability, efficiency, and...

Read it live — 3-D model - physics validator - film series

B RESEREOIRID 210126 ER ORI AT E D RTREOIN



https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
https://www.youtube.com/playlist?list=PLK7X4NzfmaAQ

THE OFFICIAL RECORD

\What this document is, and how to read its numbers

his is a combined editorial. It gathers, in one volume, the two design studies Kronos Fusion Energy released in 2026 — a compact
T spherical-tokamak tritium/helium-3 breeder and a deuterium-helium-3 tandem-mirror generator — together with the intellectual-
property estate, the people, and, in the internal edition, the full commercial case. The scientific text is the same text that appears in
the arXiv preprints and the journal submissions; the editorial adds the apparatus a reader needs to hold the whole program at once, and

nothing in the physics is altered to fit it.

THE HONESTY STANCE IS THE ASSET

Every headline quantity carries an evidence class — ( peEriVED | [ RECOMPUTED | [ MEASURED | [ REQUIREMENT | — and, where
a number is a modelled extrapolation rather than a demonstrated value, it is labelled as such and its downside is shown next to it. Several
quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.
This is deliberate: a diligence team will find the load-bearing assumptions, so the document surfaces them first.

TWO EDITIONS

This volume is issued in two editions. The public edition (light) carries the physics and the design only — no dollar, price, or per-kilo-
gram figure appears anywhere in it. The internal edition (dark) adds the economics, the funding architecture, and the defense-commer-
cial analysis, and is marked Confidential accordingly; it is not for public distribution. Where the commercial case rests on a modelled
assumption rather than a demonstrated one, it is labelled as such and its downside is shown alongside it, on the same terms as the physics.

TITLE The Kronos Fleet — Hyperion - Aegis - MetroVolt: A Combined Design &

Commercialization Study
AUTHOR Priyanca Ford, Founder & CEO, on behalf of Kronos Fusion Energy
EDITION 2026 Combined Editorial - first issue

COMPANION WORKS The five-paper arXiv drop — (1) Breeder, (2) Burner, (3) REBCO magnet & tape,
(4) Direct Energy Conversion, (5) AI/ML/Quantum control — with matching
numbered Zenodo deposits, plus the IOP journal and IAEA-FEC submissions.
Patents were filed before the drop.

NAMING Hyperion = the breeder; Aegis (defense) and MetroVolt (data-center) = one
generator in two housings. Internal mode letters (D1, L) do not appear on public
surfaces.

STATUS Conceptual design & simulation study. Nothing herein is a construction
commitment.



HOW TO READ THIS VOLUME

Thetleet at a glance, and the way its numbers are marked

Foundations sets out the three general results both machines rest on. Paper One is the Hyperion breeder; Paper Two the Aegis /

MetroVolt generator; Papers Three, Four and Five are the enabling science — high-field REBCO magnets and tape, direct energy
conversion, and the Al / ML / quantum control stack. A Digital Twin & 3-D Model part follows, then the Environmental profile. The
Economics and levelized cost and the Business Case and diligence record appear in the internal edition only; the Simulations proof record
and the Apparatus — patent portfolio, team, limitations, and sources — close both editions.

T his volume opens with Orientation, presents the five research papers as a bound sequence, and closes with the Apparatus.

THE FLEET AT A GLANCE

HYPERION AEGIS METROVOLT
Role Strategic-isotope foundry Defense installation power Campus power
Machine Spherical tokamak Tandem mirror Tandem mirror
Fuel Deuterium—tritium Deuterium—helium-3 Deuterium—helium-3
Delivers Tritium - *He - 14 MeV n Resilient installation power Firm campus power
Physics bar Fusion gain only Closure (gates named) Closure + lunar 3He
In the fleet Breeds the fuel Proves the generator Commercial destination

HOW THE NUMBERS ARE MARKED

Every headline quantity carries an evidence class — from first principles, from raw data,
in hardware, or a | REQUIREMENT |yet to be met. Financial figures carry a case label and are confined to the internal (confidential)
edition. Values that moved after first publication are shown as withdrawn or restated rather than quietly changed. A capability you can
evaluate is one whose limits are on the page.




ABSTRACT

Data-Center Integration of a D-°l1e Tandem-
Mirror Burner: Four-Nines Uptime Against Plasma
Transients, the PUE-Reduction Pathway, and
Waste-Heat Reuse Yor Behind-the-Meter Dispatch

/ held to reliability, efficiency, and heat-management standards that no plasma-physics result answers. We formalise the facility-inte-
gration problem for the Kronos MetroVolt burner (design point ~ 850 MW net electric at a recirculating fraction of 0.76; burner
physics Qg = 1.318, plug field 26.49 T, direct-conversion efficiency nprc = 0.49) integrated with a co-located data center, and we resolve
three questions with explicit mathematics and a GPU-accelerated Monte-Carlo campaign. Reliability. We derive the fleet-availability
model as a repairable k-out-of-M system, Agys = zgiN (If)ak(l —a)M~* whose leading unavailability ~ (Tﬁ_ll) (1 — a)™1 exposes
exactly two levers—per-module reliability and redundancy order 7. A 2500-trial Monte-Carlo model resolves the Tier-IV service level
(99.995) precisely: a baseline N+1 fleet of 2000 hour-MTBF modules clears the target only 13 of the time, whereas higher-reliability
modules (MTBF = 8000 hour, 85) or an N+2 configuration (77 ) meet it—so four-nines availability is engineered, grid-tied, with an
honest islanded ceiling near 99.9 . Placement. Behind-the-meter delivery raises delivered availability by 6.3 points (98.5 vs 92.2 ) and cuts

j compact D®He tandem-mirror burner sited next to the load it serves is not merely a reactor but a facility, and a critical facility is

time-to-power from 78 to 30 months by skipping the interconnection queue. Efficiency and heat. A composed lever stack takes facility
power usage effectiveness from PUE = 1.35 to 1.17, reaching energy-reuse effectiveness ERE = PUE — ERF ~ 0.92 at 25% reuse
uptake; a double-effect LiBr absorption chiller (cooling coefficient COP ,s = 1.35) covers the full 100 facility cooling load on 74 of the
~800 MWy reject, cutting electric cooling by 91 (16.7—1.5 MW, ); and direct-liquid
capture at 55 °C lifted to 75 °C at a heat-pump coefficient COPyp = 8.7 delivers a useful-heat reuse factor ERF = 1.0, with the capture-
temperature dependence following COPyp = 017 T/ (Th — Te) at iz ~ 0.5. The burner integrates as a facility that meets its service
standards, at competitive efficiency, and that exports rather than dumps its heat.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645919 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: data-center integration service-level availability Tier-1V behind-the-meter dispatch PUE ERE

waste-heat reuse absorption cooling tandem-mirror burner
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NOMENCLATURE

Symbols, units, and the names of things

Q plasma (fusion) gain, Pg,s/Pux

Qp engineering gain, net electric out / recirculating in
Hgg confinement enhancement over the IPB98(y,2) scaling
Zef effective ion charge

Cee electron—electron bremsstrahlung leading coefficient, 2.120022 (exact)
Tp energy confinement time

1, plasma current

Ry a major radius, minor radius

0] elongation, triangularity

By normalized plasma beta (Troyon-normalized)

1BR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK/NOAK/BOAK  first [ n'™ | best of a kind

Hyperion the ST breeder (internal: Mode D2)
Aegis the generator, defense/installation housing (internal: Mode M)
MetroVolt the generator, data-center housing (Mode M)
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Introduction

The fastest-growing electrical load of the present decade is computation. Hyperscale and artificial-intelligence data centers are being built
at hundreds of megawatts per campus, and their demand is firm, dense, and rising faster than transmission can be permitted and
built [7*3], A generator that could sit next to such a load—compact enough to co-locate, firm enough to run baseload, and clean enough to
permit in a populated area—would collapse the transmission problem and let the plant and the load be engineered as one system. The
Kronos MetroVolt concept is exactly that: a neutron-lean D3He tandem-mirror burner whose charged-particle power is recovered by direct
energy conversion into a high-voltage DC bus and delivered behind-the-meter to a co-located data center 27:28:32],

The burner physics is settled elsewhere in this series. The MetroVolt operating point is a tandem mirror with an electrical gain
Qe = 1.318, a central-cell burn sustained against end-loss by a 26.49 T high-field plug, and a direct-energy-converter efficiency
noec = 0.49; the neutron-lean fuel choice (~90% of the fusion power in charged particles) is what makes urban and demand-adjacent
siting credible [?73!]. At the module scale the plant delivers roughly 850 MW net electric at a recirculating fraction of 0.76, and modules
stack to a facility's demand. None of those numbers, however, answers the questions a data-center operator actually asks. Can the plant
hold the service-level agreement that a critical facility is written to—four or five nines of availability—given that a single fusion module will
occasionally trip? Can the integrated site run at a power usage effectiveness (PUE) competitive with the best air- or liquid-cooled data
centers? And can the plant's very large reject heat be turned from a cooling liability into a delivered product? These are facility-integration
questions, and they are the subject of this paper.

Prior art. The three questions each have a mature literature that we adopt rather than reinvent. Data-center availability is codified by the
Uptime Institute's tier system, whose Tier-IV class targets 99.995 availability—about 26 minutes of downtime a year [4]. the reliability
mathematics of repairable redundant systems that underlies it is classical '4'5'], Facility efficiency is measured by PUE and, where heat is
exported, by the energy-reuse metrics ERE and ERF defined by The Green Grid 5%, and the measures that reduce PUE—DC-native power
conversion, direct-liquid and immersion cooling, and heat reuse—are individually validated in practice [7*%9!. Waste-heat-driven cooling
by lithium-bromide absorption chillers, and low-lift heat pumps for district-grade heat export, are standard thermal engineering ["'213],
What is new here is not any one of these components but their composition onto a compact fusion plant that makes its own firm power and
its own high-grade heat, and the quantitative demonstration that the composition meets the facility standards.

Contribution. This paper (i) states the facility-integration problem as a set of governing equations spanning repairable-fleet reliability,
behind-the-meter delivery, facility efficiency, and waste-heat thermodynamics (§3); (ii) resolves the binding reliability question with a
GPU-accelerated 2500-trial Monte-Carlo availability model whose levers are made explicit (§4, §5.1); (iii) quantifies the behind-the-meter
placement advantage in both delivered availability and schedule (§5.2); (iv) derives and closes the PUE-reduction pathway to 1.17 and the
energy-reuse effectiveness = 0.92 (§5.3); and (v) closes the waste-heat balance, showing that reject heat covers the facility's own cooling
and exports useful heat at a reuse factor near unity (§5.4). Every number traces to a frozen anchor in the Kronos Physics De-Risking

Register [?); the values used here are the MetroVolt facility-integration anchors MV-L1-A4 and MV-CX-12/13/14/15/18/19/22/23/24.



§ 2

The Yacility as a system

Figure 1 fixes the object of study. The burner core produces charged-particle power that a direct-energy converter turns into a high-voltage
DC bus; that bus feeds a co-located data center's dense compute halls behind the meter, with a modest grid tie retained for export, ancil-
lary services, and ride-through. The plant's mid-grade reject heat—of which some 800 is available at the module scale—drives an absorp-
tion chiller that cools the facility, while direct-liquid capture of the IT heat feeds a low-lift heat pump that exports useful heat. Reliability,
efficiency, and heat thus close three loops on the same hardware, and the integration is judged on all three.

MetroVolt facility integration: one system from burner to load and back

D-He tandem-mirro direct energy IT load
burner core conversion (DEC) MVDC campus (dense immersion
= 1.318, plug 26.49|T Noec = 0.49 distribution GPU halls)

DLC capture
grid tie (export / 90% @55°C

ancillary / ride-throughi)

balance of plant “{ ¥"“ldouble-effect LiBr facility cooling useful-heat export
mid-grade reject absorption chiller 100 MW ERF = 1.0
~ 800 MWty COP 1.35 (elec. —91%) (75°C loop)

The plant is a baseload source: it runs continuously at a high capacity factor, and the millisecond-class swings of an Al training load are
absorbed by a small electrical buffer rather than by throttling the plasma (a separate result in this series ®!). For the facility-integration
analysis this matters because it lets us treat the burner as a firm, high-capacity-factor generator whose availability—not its instantaneous
dispatchability—is the reliability quantity of interest.



§ 3

Governing equations and the Yormal problem

We now state the four models—availability, placement, efficiency, and heat—as explicit equations. Symbols are collected in Table 1 where
numerical.

REPAIRABLE-FLEET AVAILABILITY

A single power module is a two-state repairable component. With failure rate A = 1/MTBF and repair rate g = 1/MTTR, the continu-
ous-time Markov chain on {up, down} has the stationary availability

b MTBF
A+u  MTBF +MTTR'

A facility that requires [N carrying modules to serve its firm load installs M = N + 7, where 7 is the redundancy order (r=1 for N+1, r=2
for N+2). Modeling the M modules as independent and identically distributed, the number up K is binomial, K ~ Bin(M, a), and the
fleet delivers firm power iff at least N modules are up. The steady-state fleet availability is therefore the k-out-of-M reliability

M

Ags = Pr(E2N) = Y (1‘:) a* (1 — a)M*,

k=N
and the expected annual downtime is

D = (1 - Agys) Ty, Ty = 525600 minute.

Writing ¢ = 1 — a for the per-module unavailability, a Taylor expansion of (2) about g = 0 gives the leading fleet unavailability

M
l_Asys — (r+1)qr+1 + O(qr+2).

Equation (4) is the analytic origin of the design levers. The fleet unavailability scales as the (r+1)-th power of the module unavailability:
adding one spare raises the order of the leading term (the redundancy lever), and reducing g by improving MTBF suppresses it geometri-
cally (the reliability lever). No third lever exists at this order—a fact the Monte Carlo will confirm quantitatively.

Equation (2) assumes ample repair capacity (at least 741 repair channels) so that the module states remain independent. When repair is
resource-limited the correct object is the full birth—death chain on the number of modules down, j € {0, ..., M}, with up-transition rate
(M — j)X and down-transition rate min(4, s) u for s repair crews; its stationary distribution m; gives Agys = » j<r Tjs and reduces to (2)
in the ample-repair limit 8 > r+41. The Monte-Carlo model of §4 does not take that limit: it simulates finite repair crews and staggered
preventive maintenance directly, which is why its Tier-IV probabilities are the design-authoritative figures and Eq. (2) is the transparent
model that explains them.

BEHIND-THE-METER DELIVERY AND SCHEDULE

Where the plant sits relative to the revenue meter changes the availability the load actually sees. The delivered availability factors into
generation and path terms,

Adel = Agen Apat]n

where Agen = Agys from (2) and Ay, is the availability of the electrical path between generation and load. A grid-tied path interposes

transmission and distribution assets with their own outage exposure, so A;f:fh < 1; a behind-the-meter path deletes that segment, so

A;l?aTthM = 1 and the path also avoids the T&D loss £ in delivered power, Py = Pgen(l — £). The schedule to first power adds an intercon-

nection-queue term only on the grid path,
Tpower = Tbuild + 1 [ST ld] Tqueue,

with Tyuq & 30 months and an interconnection queue Tyyeqe & 48 months for a transmission-connected plant (18],



FACILITY EFFICIENCY: PUE, ERE, AND ERF

Let Pt be the compute (IT) power and decompose the total facility power drawn as

Ptot = PIT+Poool+Pconv+Pauxa

with Peoop the cooling power, Peopny the conversion and distribution loss, and P, auxiliary and lighting. The power usage effectiveness is
the dimensionless ratio
_ Ptot Pcool+Pconv+Paux
PUE = =1+ .
Py Prr
An efficiency measure 4 that removes overhead AP; contributes an additive first-order decrement APUE; = —AP;/Pit, and to the
extent the measures act on distinct overhead terms they compose,

PUEg, = PUE + ZAPUEi.

When the site also exports useful energy—here, heat—the more complete metric is the energy-reuse effectiveness. Defining the reuse factor
ERF = P,eyse/ Pi (useful exported energy per unit IT energy), the energy-reuse effectiveness is

P, tot — P, reuse

ERE =
Prr

= PUE — ERF.
A site is a net energy exporter over its overhead when ERF > PUE — 1, i.e. when the reuse it achieves exceeds its non-IT overhead.

WASTE-HEAT THERMODYNAMICS

Absorption cooling. A double-effect LiBr absorption chiller is a heat-driven machine whose cooling coefficient of performance is the ratio
of delivered cooling to driving (generator) heat, COPaps = Qc/Qgen. To meet a facility cooling load @, the driving heat required is

Q.

Qgen — m,

drawn from the plant's mid-grade reject. The electric demand it displaces is that of a vapour-compression chiller of electrical coefficient
COP,, namely P:lec =Q./ COP,; the absorption plant's residual electric parasitics P:bs (solution pumps,
tower fans) are small, so the cooling-electricity reduction is

pavs pabs COP,
Teool = 1 — e 1-— .
Pe a.

Heat reuse. IT electricity is, by conservation, almost entirely converted to heat; the constraint on reuse is therefore not quantity but grade.
Capturing a fraction fe,p of the IT heat at a coolant temperature T, and lifting it to a useful delivery temperature T} with a heat pump, the
heating coefficient of performance is bounded by the Carnot value T} /(T — T,) and, at a second-law efficiency 5y, is
T . .
COPgpr = 911 __—h (T in kelvin).
Th - Tc

Feeding the captured heat Qcap = feapPrr as the heat-pump source, the wuseful heat delivered at T} is
Qrevse = Qcap COPrp/(COPgp — 1), so the reuse factor is

Qreuse _ f COPgp
Pr  ""P COPmp-—1°

ERF =

Equation (13) makes the capture temperature the governing variable: a warm-water capture at T, = 55 °C needs only a 20 K lift to a 75 °C
export loop and reaches a high COPyp, whereas an air-cooled capture at 30 °C demands a 45 K lift and a COPgp less than half as large—
which is why reuse is practical for liquid-captured heat and not for air.



CAPACITY-FACTOR FIRMING

Finally, firming a continuous load Py, from a source of capacity factor CF requires energy adequacy, Prameplate CF > Pz, hence a name-
plate multiple

Pna.meplate > L
Py, =~ CF’

m =
plus a storage reservoir sized to bridge the low-generation tail of the source's output distribution. For a baseload source (CF — 1) the

multiple approaches unity and only a short buffer is needed; for a variable-renewable source (CF ~ 0.25) the multiple is several-fold and
the storage runs to hundreds of hours. Equation (15) is the physical statement of the co-located-baseload case for a firm compute load.

10



§ 4

Computational methodology: the NVIDIA GPU HPC campaign

The facility-integration results were produced on the Kronos NVIDIA A100/H100 GPU HPC platform (an owned fleet of 8 x A100-80GB
nodes with H100 clusters, plus single A100/H100/A10 devices), with the reduced-order and closed-form gates cross-checked on an in-
house HPC node (56-thread, 768 GB). No economic quantity of any kind enters the computations reported here. Three computational
elements underpin the paper.

(i) Monte-Carlo availability simulator (MV-CX-22). The binding reliability question is answered by a discrete-event availability model.
Each of M modules is an alternating renewal process: times-to-failure are drawn ~ Exp(MTBF') and times-to-repair ~ Exp(MTTR),
with staggered preventive maintenance and a finite repair crew, propagated over a one-year horizon. Each yearly realisation returns a
time-averaged fleet availability by evaluating the k-out-of- M up-condition of Eq. (2) on the event timeline; the Tier-IV attainment proba-
bility is the fraction of 2500 independent realisations whose annual availability clears 99.995 . The realisations are mutually independent,
so the workload is embarrassingly parallel: one realisation per GPU thread, with the full parameter sweep (baseline N+1, N+2, and high-
MTBF configurations) resident in device memory and reduced on-device. The analytic closed form (2)—(4) is evaluated in parallel as an
independent cross-check and agrees with the Monte-Carlo mean availability to within sampling error.

(ii) Burner operating point (KRONOS Research Toolkit). The facility net-power and reject-heat budgets inherit the frozen burner design
point from the KRONOS Research Toolkit solve_mirror 0-D tandem-mirror power balance, which fixes @ = 1.318, the recirculating
fraction 0.76, and the ~ 850 MW net electric output, together with the plug-density sensitivity scan (MV-CX-26) that establishes the oper-
ating point as a regulated requirement rather than a free parameter. The underlying neutron-lean physics anchors that make urban siting
admissible are fixed upstream in the series by the reference-code stack (nonlinear gyrokinetics with CGYRO, Monte-Carlo neutronics with
OpenMC), and are consumed here as boundary data.

(iii) Deterministic systems and thermal models. The behind-the-meter delivery model (Egs. 5—6), the PUE lever algebra (Egs. 7-10), the
absorption-cycle and heat-pump balances (Egs. 11-14), and the capacity-factor firming relation (Eq. 15) are deterministic and are evalu-
ated in closed form; their outputs are the frozen anchors MV-CX-12/13/14/15/18/23. Two learning surrogates support the analysis without
setting any headline number: a tabular Q)-learning dispatch policy (MV-CX-31) that independently recovers a low effective PUE by prefer-
ring waste-heat absorption cooling, and a predictive-maintenance classifier (MV-CX-33, logistic regression) that flags impending module
failure at an area under the ROC curve of 0.99 with a median lead time of order 17 steps, converting a fraction of unplanned trips into
planned maintenance and thereby raising the effective module availability that enters Eq. (1). All anchors are regenerable from the
archived scripts (§8).

11
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Results

AVAILABILITY AND THE TIER-IV SERVICE LEVEL

Table 1 fixes the service-level targets. The demanding tiers leave almost no room: 99.99 availability is 52.6 minutes of downtime a year
and 99.999 is 5.3 minutes; the Tier-IV target of 99.995 is about 26 minutes. A single fusion module does not reach that alone—modelled
single-unit availability runs from 0.90 first-of-a-kind to 0.96 at maturity—so availability is engineered at the fleet level through Eq. (2).

SLA / CONFIGURATION METRIC VALUE
99.9 allowed downtime 526

99.99 allowed downtime 52.6

99.995 (Tier-IV) allowed downtime ~ 26.3 min yr‘1
99.999 allowed downtime 5.3

single unit (FOAK — NOAK) availability @ 0.90 — 0.96

per-module (baseload target) availability @ 0.995

N—+1, MTBF 2000 hour P(meet Tier-IV) 0.13

N-+2, MTBF 2000 hour P(meet Tier-1V) 0.77

N+1, MTBF 8000 hour P(meet Tier-IV) 0.85

Service-level targets, module parameters, and the reliability model (anchors MV-L1-A4, MV-CX-19, MV-CX-22). Downtime is (1 — A) Ty from
Eq. (3).

Figure 2 plots the fleet availability model of Eq. (2) for N = 6 as annual downtime versus per-module availability, for the three redun-
dancy orders. The curves make the g"*! scaling of Eq. (4) visible: each added spare rotates the curve to a steeper power law, and at a fixed
module availability the fleet downtime drops by orders of magnitude as  increases. At the baseload per-module target @ = 0.995 (a 2000
hour-MTBF module with a ~ 10 hour repair) an N+1 fleet sits near 99.94 —close to but short of Tier-IV—while an N+-2 fleet, or a high-
reliability module at @ =~ 0.999, clears the 99.995 line. This is the analytic statement of the design conclusion.

12



Fleet availability model Agys = > {’:)a"(l —aM-k N=6
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The Monte-Carlo model resolves the probabilities the closed form only bounds (Figure 3). A baseline N+1 fleet built from 2000 hour-
MTBF modules meets the Tier-IV target only 13 of the time—it misses. Raising module reliability to MTBF = 8000 hour lifts the proba-
bility to 85, and adding redundancy (IN+2 at the baseline MTBF) reaches 77. The two levers of Eq. (4) are therefore not merely
asymptotic: they are the physical knobs that move a real fleet across the line. Four-nines availability is delivered grid-tied through those
levers; islanded, the honest ceiling is near 99.9 , held with N+2 redundancy and battery storage for ride-through (§7).
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Tier-IV attainment (MV-CX-22, 2500-trial Monte Carlo):
module MTBF or added redundancy are the binding levers
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Where the plant sits relative to the utility meter is itself an availability lever (Figure 4). Delivering power behind the meter—directly to the
co-located load, per Eq. (5) with AgaTtlﬁ'I = 1— avoids transmission and distribution outage exposure and loss and raises delivered availabil-
ity by 6.3 points, 98.5 against 92.2 for a grid-tied path (MV-CX-18). It also collapses the schedule of Eq. (6): behind-the-meter time-to-

power is 30 months against 78 for a grid interconnection, skipping a roughly 48 months queue ", A modest grid tie is still wanted—for
export, for ancillary services, and for the islanded-to-grid ride-through that lifts the reliability ceiling to four nines—so the design answer is
a hybrid: behind-the-meter primary delivery with a grid tie for redundancy and export. That hybrid is what makes the Tier-IV result of §5.1
achievable in practice.

Behind-the-meter placement: more delivered availability, less schedule

Delivered availability (MV-CX-18) Schedule to power (MV-CX-18)

90
o B build
98.5% 80 BN interconnection queue
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6.3
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Facility efficiency follows the concrete lever stack of Egs. (8)—(9), taking the site from a PUE = 1.35 baseline to 1.17 (Table 2, Figure 5).
Four levers compose on distinct overhead terms: DC-native power conversion removes a rectification stage (APUE = —0.05); direct-
liquid cooling removes fan power (—0.07); waste-heat absorption cooling displaces electric chillers (—0.04); and auxiliary and lighting
optimisation takes the remainder (—0.02). Because the plant also exports useful heat, the completed metric is the energy-reuse effective-
ness of Eq. (10): at a modest reuse factor ERF = 0.25 (a 25% heat-reuse uptake) the site reaches ERE = 1.17 — 0.25 = 0.92. Since
ERF = 0.25 exceeds the non-IT overhead PUE — 1 = 0.17, the site exports more energy as useful heat than it spends on overhead—it is a
net energy exporter above its own facility load. Every one of these measures is a standard, individually validated data-center technique
[7:891: the novelty is applying them to a plant that makes its own power and its own heat.

APUE
DC-native power conversion —0.05
direct-liquid cooling (fans|) —0.07
waste-heat absorption cooling —0.04
auxiliary / lighting optimisation —0.02
baseline — final 1.35 — 1.17
energy-reuse effectiveness (ERF = 0.25) ERE =~ 0.92

1.35 —+ 1.17

PUE lever stack 1.35—=1.17; ERE = PUE — ERF =0.92 at 25% reuse (MV-CX-14)
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WASTE-HEAT REUSE

The plant's largest by-product is heat, and integration turns it from a cooling burden into a delivered output (Figure 6). Two mechanisms
do the work.

First, on the cooling side, the plant's own mid-grade reject heat drives a double-effect LiBr absorption chiller of COP s = 1.35. By

Eq. (11) the full 100 facility cooling load needs only Qgen = 100/1.35 = 74 MW, of driving heat—a small fraction
of the ~800 MW available. By Eq. (12), against a vapour-compression chiller of electrical coefficient

COP. =~ 6 (Pflec = 100/6 = 16.7 MW, ) and an absorption residual of
Pg’Lbs ~ 1.5 MW, , the electric cooling load falls by 91, 16.7 — 1.5 MW, (MV-CX-12). The

facility cools itself with heat it was going to throw away.

Second, on the capture side, direct-liquid cooling collects feap = 0.90 of the IT heat at a useful T, = 55 °C. A small heat-pump lift to
Tr =75 °C has, by Eq. (13) at 77 = 0.5, a coefficient COPgp = 0.5 x 348.15/20 = 8.7; then Eq. (14) gives a useful-heat reuse factor
ERF = 0.90 x 8.7/7.7 =~ 1.0—roughly one unit of exported useful heat per unit of IT electricity (MV-CX-13). Figure 7 shows why the
capture temperature is the governing variable: the measured ladder of capture technologies (air, rear-door, direct-liquid, immersion) falls
exactly on the COPgp = 1T} /(Th — T¢) curve at nr = 0.5, and air cooling at 30 °C lands in the low-COP regime where reuse is
impractical, whereas direct-liquid at 55 °C sits in the practical band.

Waste-heat reuse: reject heat drives cooling and exported heat

Cooling electricity displaced (MV-CX-12) Direct-liquid capture, ERF = 1.0 (MV-CX-13)
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Why capture temperature governs reuse: COP model vs the ladder

s COP = Ny Th/(Th = T¢), nu=0.5

@® ladder anchors (MV-CX-13) DLC 55°C
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COPgp = nir Th/(Th = Tc) T,=175°C nrr = 0.5
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Two further results follow from the baseload character of the plant. Figure 8 evaluates the capacity-factor firming relation of Eq. (15): a
baseload fusion source (capacity factor ~ 0.93) firms a 24/7 compute load at a nameplate multiple of about 1.2 with buffer-only storage,
whereas variable-renewable sources (capacity factor 0.24—0.35) require 3.3—4.8 X nameplate and roughly 100—215 hours of storage to
reach the same firmness (MV-CX-23). Combined-heat-and-power delivery to the campus lifts annual energy utilisation from ~42% (elec-
tricity only) to ~64% (MV-CX-15), the balance being the exported heat of §5.4.

The capacity-factor case for co-located baseload fusion

Capacity to firm a 24/7 load (MV-CX-23) Storage to firm the same load (MV-CX-23)
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Finally, redundancy must survive not only random trips but planned maintenance. Figure 9 contrasts the two redundancy orders under
staggered servicing (MV-CX-24): an N+1 fleet keeps the IT load up through all planned maintenance but consumes its only spare while a
module is out, leaving ~ 10,190 minutes per year of single-fault exposure; an N+-2 fleet retains a spare during service and cuts that expo-
sure to ~ 856 minutes per year—a 12X improvement, and the reason Tier-1V service prefers IN+2. This is the operational complement of
the static availability result: the same redundancy order that clears the Monte-Carlo target also preserves fault tolerance during
maintenance.
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Maintenance without outage (MV-CX-24):
N+2 keeps a spare during service
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8§ 6

Discussion

Reliability in context. The Tier-IV target of 99.995 is the most demanding tier in wide commercial use 4, and the result here is that a
fusion fleet reaches it by the same means as any critical facility—redundancy and component reliability—rather than by any exotic assump-
tion. The closed-form scaling 1 — Agys ~ g™t of Eq. (4) is standard k-out-of-n reliability "4'%; the contribution is to quantify, by Monte
Carlo, that a 2000 hour-MTBF module needs either an eight-fold longer MTBF or a second spare to move a 13 chance of clearing Tier-IV
to 77 -85 . That places a concrete, falsifiable reliability requirement on the power module—MTBF and repair time—rather than leaving
availability as an aspiration.

Efficiency against published norms. A facility PUE of 1.17 is competitive with the best operating hyperscale data centers and well below the
industry-average PUE, which has sat near 1.5-1.6 for a decade '\ The pathway does not rely on climate (as free-air cooling does) but on

[28]

DC-native conversion and liquid cooling, both of which the compact fusion plant enables naturally: it produces HVDC directly "**’, so the

rectification overhead a conventional AC-fed facility carries is simply absent [*7). The energy-reuse effectiveness ERE =~ 0.92 is stronger
still: an ERE < 1 means the facility exports more energy (as useful heat) than its non-IT overhead consumes, a regime that conventional
grid-fed data centers reach only where a large, co-located heat off-taker exists. Here the heat off-take is the plant's own cooling load plus a
district-grade export loop, so the reuse is structural.

Waste-heat thermodynamics against benchmarks. A double-effect LiBr absorption cooling coefficient of 1.35 is squarely within the
measured range for double-effect machines "%/, and a low-lift heat-pump second-law efficiency of 577 ~ 0.5—the value that makes the
capture ladder of Figure 7 self-consistent—is typical of high-temperature industrial heat pumps ['3!. The result that reuse is grade-limited
rather than quantity-limited is a direct consequence of energy conservation (IT electricity becomes heat) combined with the Carnot depen-

dence of Eq. (13); it is the quantitative reason the industry has moved toward warm-water and immersion cooling ', and the compact
plant's own reject heat extends the same logic to the cooling side.

Placement. The behind-the-meter advantage is a systems result, not a physics one, but it is large: a 6.3-point gain in delivered availability
and a halving of time-to-power. Interconnection queues of several years are now the dominant schedule risk for new large loads and gener-
ators alike [®); a co-located plant that serves its load behind the meter simply does not enter that queue for its primary delivery path,
retaining a grid tie only for export and ride-through. Read together, the reliability, efficiency, and heat results describe a plant that behaves
as a facility—and it is the compactness and neutron-leanness of the D3He tandem-mirror burner 73, not any facility trick, that makes
demand-adjacent siting admissible in the first place.
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§7

Limitations

One gate is stated plainly. Fully islanded operation—the plant serving its load with no grid connection at all— reaches an availability ceiling
near 99.9 , not four nines, because a self-contained fleet has no external source to draw on during a coincident-outage tail. True four-nines
availability uses a grid tie for ride-through, which is exactly the hybrid behind-the-meter-plus-grid topology that the dispatch analysis of
§5.2 independently recommends. The constraint and its resolution are therefore the same design choice: the grid tie that carries export
and ancillary value is also the ride-through path that lifts the islanded ceiling to Tier-IV. Where a genuinely islanded deployment is
required (a forward base, say), the honest figure is 99.9 with N+2 redundancy and battery storage, and that is the number this paper

stands behind for that case [3°/.
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§ 8

Conclusion

MetroVolt integrates the Kronos D3He tandem-mirror burner as a facility that meets its service standards. Tier-IV availability is reached
through module reliability (MTBF ~ 8000 hour) or N+2 redundancy, grid-tied, with a ~99.9 islanded ceiling; the fleet model
Ags = Yion (F)a*(1 — a)™~* and its g™ scaling make those levers explicit, and a 2500-trial Monte Carlo turns them into probabili-
ties (0.13 — 0.77-0.85). Behind-the-meter delivery adds 6.3 points of delivered availability and cuts time-to-power from 78 to 30 months.
A composed lever stack takes PUE from 1.35 to 1.17 at an energy-reuse effectiveness ERE = 0.92, and waste-heat reuse cuts electric cool-
ing by 91 while exporting useful heat at a reuse factor near unity, with the capture temperature governing reuse through
COPup = n11Th/(Th — T). The burner is deployable not merely as a reactor but as an integrated, demand-adjacent energy facility.
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INTELLECTUAL PROPERTY

The patent portiolio

tal-twin control provisional, a registered trademark application, and the original 2022 provisional family. Every patentable disclo-

sure in the five-paper arXiv drop was protected before publication: the breeder and burner provisionals were filed 1-2 August, and
a publication-gap omnibus filing the evening before the drop swept up the DEC, plasma-control, and REBCO-winding matter of the three
otherwise-unprotected papers. Patent numbers and application serials are matters of public record; claim scope is summarised, not
reproduced.

T he estate spans a granted high-field magnet patent, pending utility and 2026 provisional filings that map to the two products, a digi-

GRANTED & PENDING UTILITY

US 12,009,112 High-field tilted graded-REBCO magnet architecture (KRONO-002A) - app. 17/878,550 GRANTED

US 17/878,507 Core device / method (KRONO-001A) - utility

2026 PROVISIONAL FILINGS — MAPPED TO THE PRODUCTS

64/124,209 Hyperion — spherical-tokamak tritium / helium-3 foundry - breeder - filed Aug 2026 FILED
64/124,220 Aegis [ MetroVolt — synchrotron-cutoff, fuel-selection & plug-winding - generator - filed Aug 2026 FILED
64/115,167 KRONOS-CTRL digital-twin plant control - provisional - filed Jul 2026 FILED
64/005,440 Integrated spherical-tokamak fusion architecture - early integrated-architecture filing - filed Mar 2026 FILED
64/105,530 Negative-triangularity spherical-tokamak architecture - foundational ST filing - filed Jul 2026 FILED
64/128,097 Publication-gap omnibus — quasineutral two-species expander DEC - provenance-gated | latency-split plasma FILED

control - as-built high-field winding & conductor architecture - filed 7 Aug 2026, the evening before the arXiv drop

TRADEMARK & ORIGIN

FTK-98801894 Kronos Fusion Energy — trademark application FILED

KR-2022-% Original provisional family (KR-2022-00001 ... 00027) - 27 filings, 2022 PRIORITY

The narrow, defensible magnet novelty — the specific conductor and the digital-twin winding optimisation, not high-field REBCO as a
category — is the commercial core that can earn ahead of any Q > 1 milestone, with markets in fusion magnet supply, MRI/NMR, accelera-
tors, and proton therapy. The claim is scoped honestly: the high field is a system field result, not a stand-alone-coil record; the small-bore
plug coil is structurally infeasible as a bare winding but resolved by a stress-managed structural shield (feasible-pending-FEA); and the
winding-tape experiment returned a null result. The value is the method, not a field record.
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One programme, many papers

his editorial is one paper in the Kronos 2026 series — a real fusion company’s complete, reproducible physics record for a spherical-
tokamak breeder and its low-neutron D—3He tandem-mirror burners. Every headline number is a frozen anchor in the Physics De-
Risking Register.

Explore the whole programme: the De-Risking Register, the interactive 3-D model, and the physics validator.
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