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1. Introduction

Al data centers require large and highly reliable power
supplies. Google and Amazon are pursuing multiple
advanced-reactor and Small Modular Reactor (SMR)
projects to support data-center electricity demand [1,2].
Reactor capacity selection must consider not only rated
power but also the minimum power, ramp rate, low-
power operating time, and repeated power maneuvers
imposed by the actual Al data-center load.

Long-term facility-level power data remain limited.
Choukse et al. reported rapid power variations during Al
training and a 5-15 min utility scheduling interval [3],
while Vercellino et al. combined H100 workload
measurements with a bottom-up facility model to release
one-year, one-minute whole-facility profiles for 20—80%
utilization [4,5]. Previous studies have examined
nuclear-powered data-center availability [6], flexible
dispatch of multi-unit SMRs [7], non-synchronous unit-
specific load-following control [8], LF (load-following)-
SMR scheduling [9], microreactor requirements for
high-performance computing (HPC) [10], and dynamic
SMR-data-center matching [11]. However, the effect of
unit granularity and post-downpower recovery on the
trade-off between direct-load service and unit-level
dynamic burden has not been quantified for the same 100
MWe total capacity across N=1—10. This study quantifies
that trade-off using a generic architecture-screening
framework.

2. Methodology
2.1. Al data-center load and analysis basis

The reference demand is a 100 MWe Al data center.
This point is selected because large-load interconnection
requests are expanding into the tens-to-hundreds-of-MW
range [12] and because it permits a direct comparison
from 1x100 MWe to 10x10 MWe at fixed total capacity.
The long-term loads are the 20%, 40%, 60%, and 80%
utilization time series from Vercellino et al. [4,5]. The
annual maximum of each series is mapped to 100 MWe
so that its temporal shape and scenario-specific
variability are retained.
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Fig. 1. Time-of-day power distributions from the one-year, one-
minute colocation time series of Vercellino et al., scaled to a
100 MWe peak demand.

Figure 1 applies the percentile representation used by
Vercellino et al.; the calculations use the full one-year,
one-minute time series rather than the percentile curves.
Reactor-level dispatch is updated using nonoverlapping
5 min averages. This interval is not assumed to be a
universal reactor response time; it uses the lower bound
of the scheduling interval reported by Choukse et al. to
retain short-term variability [3]. The facility simulation
by Vercellino et al. excludes cooling, power-distribution
losses, and other non-IT auxiliary loads [4]. The profiles
are used as load-shape scaling for architecture
comparison rather than as actual hyperscale site-meter
demand.

2.2. Reactor architecture and staged dispatch

Total nuclear capacity is fixed at 100 MWe and
divided into N=1-10 units. Rated unit power is
P.,i=100/N MWe, and N=10 represents approximately
the 10 MWe scale of the Holos-Quad microreactor [13].
In the non-synchronous staged dispatch, as many units as



Transactions of the Korean Nuclear Society Autumn Meeting
Gyeongju, Korea, October 29-30, 2026

possible remain at rated power while one regulating unit
supplies the residual demand. This unit-specific dispatch
follows the motivation of non-synchronous multi-unit
operation, which avoids forcing all units to follow the
same normalized trajectory [8]. Minimum stable power
is set to 0.2P,;; as a permissive screening lower bound
based on the 20-40% Rated Thermal Power (RTP)
extended low-power range discussed by the IAEA [14].

A unit that has reduced power is not allowed to
increase output during the effective recovery period Te..
Trec 1s not a universal reactor-specific constant; it is a
screening parameter representing the delay before a unit
can resume full regulating duty, and 0-9 h is examined.
The range is informed by the hour-scale stable-power
restriction used in the LF-SMR study by Yang et al. [9].
Because ramp capability varies across reactor
technologies, no common ramp constraint is imposed;
the required ramp is instead calculated as an architecture
output.

2.3. Flexibility metrics

The IAEA identifies minimum power, power-change
rate, reduced-power duration, and load-cycle
occurrence/depth as key dimensions of flexible operation
[14]. The OECD/NEA likewise discusses ramping and
daily load cycling as core characteristics [15]. These
sources do not prescribe equations for the present Al
time-series problem, so this study converts those
dimensions into four quantitative metrics.

The first metric, direct-load coverage, measures how
closely nuclear output directly follows data-center
demand. For scenario u, the annual mismatch between
demand D, (k) and nuclear supply P, (k) is normalized by
total demand.

- _ Zk Py =Pu ()l
C, = 100[1 e ()

The minimum across the four scenarios is used as the
robust coverage. It is an energy-based matching metric,
not availability or loss-of-load probability.

The second metric, required unit ramp, corresponds to
power-change rate. For unit i, the output change over
consecutive 5 min dispatch intervals is normalized by
rated unit power.

r.(k) = 100 [Pi(k)—Pi(k—1)| )
PynitAt

To reduce sensitivity to a single extreme event, the P99
of nonzero ramp events is used, and the maximum across
the four scenarios is defined as the robust requirement.

The third metric, low-power residence, is the fraction
of online unit-hours with 0<P<0.4P,;;. The 40% value is
a screening threshold based on the IAEA discussion of
the 0—40% RTP range as a more challenging region for
flexible operation [14]; it is not a universal operating
limit.

E, = 100 Zowx (3
Hon,u

The fourth metric, maneuvering index, measures
cumulative repeated output variation. A 100—0—100%
sequence is counted as one equivalent cycle. It is not a

fatigue usage factor, but a screening indicator for
comparing repeated power-control burden across
architectures.

1
My = =% Ipi(k) —pi(k = D] (4)
2.4. Pareto-based architecture selection

The primary benefit of unit subdivision is direct-load
coverage, and the primary burden is required unit ramp.
At each T, solutions with lower coverage and equal or
higher ramp are removed to form the nondominated
Pareto front. The two objectives are normalized to 01,
and the N with the maximum perpendicular distance
from the line connecting the two end points is selected as
a knee reference without assigning preference weights
[16]. Low-power residence and maneuvering are
supporting metrics used to assess operability around the
knee. For T,e>5 h, the 5 min full-unit-transition ceiling
(=20% P.ni/min) affects the Pareto geometry, so the
corresponding knees are treated as screening results only.

3. Results and Discussion

3.1. Direct-load coverage
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Fig. 2. Scenario-robust direct-load coverage. Stars indicate
coverage-ramp Pareto knees.

-

In Figure 2, coverage at T,..=0 h is 99.73% for N=1,
and unit subdivision provides almost no additional
benefit. At T,..=3 h, coverage increases from 91.09% to
98.46% as N increases from 1 to 10; at 4 h, it increases
from 87.98% to 97.87%. The Pareto knees for T,.~1-4
h occur at N=5, 4, 5, and 6, respectively, while the
additional coverage from each knee to N=10 is only
0.15-0.52 percentage points. Thus, a multi-unit
architecture recovers direct-load service under a
recovery restriction, but the benefit shows diminishing
returns beyond an intermediate N.

3.2. Required unit ramp
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Fig. 3. Scenario-robust P99 unit-ramp requirement.

Figure 3 shows that the required unit ramp generally
increases with N because the same MW-scale adjustment
is concentrated into units with smaller rated power,
which increases the normalized ramp. Increasing Ty
further concentrates upward duty on units that have
completed recovery. At the T,..=1-4 h knees, the P99
requirement is 4.17-10.49% Pyui/min, rising to 7.46—
18.98% Puni/min at N=10. The 20% P...i/min plateau in
some T;.=5-9 h curves is not convergence of a physical
reactor ramp rate. It is the full-unit-transition ceiling
corresponding to a 0«>100% P, changes within one 5
min interval (100/5=20%/min). As recovery lengthens,
fewer units remain available for upward response, so
near-full-unit transitions enter the upper 1% of nonzero
events at smaller N, shifting the plateau to the left.

3.3. Low-power residence
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Fig. 4. Scenario-robust low-power residence below 40% of unit
rated power.

The low-power residence in Figure 4 decreases with
unit subdivision because a larger fleet can allocate online
units near rated power or place units offline. At 7;..=3 h,
it falls from 72.86% to 15.39% as N increases from 1 to
10. Reactor technologies for which prolonged low-power
operation is particularly undesirable may favor an N
above the Pareto knee.

3.4. Maneuvering burden
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Fig. 5. Scenario-robust maneuvering index.

In Figure 5, the T;..=0 h curve lies above the other
recovery cases because, without a recovery restriction,
the architecture executes more short-term reversals in the
Al data-center load. For N=1, the maneuvering index
decreases from about 430 to 287, 238, and 159
cycles/unit-y as T, increases from 0 to 1, 3, and 9 h,
while coverage simultaneously falls from 99.73% to
97.27%, 91.09%, and 78.53%. A lower maneuvering
index is not inherently better and should be compared
among architectures that provide similar service levels.

3.5. Pareto-based unit-count selection
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Fig. 6. Coverage—P99 ramp Pareto fronts for 7,.c=0—4 h.

Figure 6 shows the Pareto fronts between direct-load
coverage and required unit ramp for 7;.=0—4 h. At T,...=0
h, N=1 simultaneously provides high coverage and the
lowest ramp, so there is little practical trade-off. At
Trec=1-4 h, higher service requires greater unit ramp, and
the knees occur at N=5, 4, 5, and 6, respectively. For
example, at T,...=3 h, increasing N from 5 to 10 raises
coverage only from 98.04% to 98.46% (+0.42 percentage
points), whereas the P99 ramp increases from 6.06% to
10.21% Pupi/min.
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Fig. 7. Pareto-knee unit count versus recovery period.

Figure 7 summarizes the Pareto knee as a function of
recovery period. The difference between the maximum-
distance criterion and a normalized ideal-point criterion
is shown by the error bars. Both methods retain an
intermediate granularity of N=4—6 for T,.~1-4 h. For
Tre>5 h, the 5 min transition ceiling affects the Pareto
geometry, so the shaded-region results are treated as
ceiling-affected screening results rather than quantitative
optima.

The knee is not a universal optimum. It marks an
architecture at which the service benefit of further
modularization begins to diminish sharply. If direct-load
coverage is the overriding objective, subdivision beyond
the knee remains possible, but the additional service gain
is small. Reactor technologies that strongly avoid low-
power operation may favor a larger N, whereas
technologies with limited ramp or repeated maneuvering
capability may favor the knee or a smaller M.

The analysis uses ideal staged dispatch and an effective
Ty and does not establish the feasibility of a specific
reactor design. Intra-step PCS dynamics, reactor-specific
xenon and thermal constraints, reserve and storage
requirements, and the economics of increasing unit count
are not included. The knees in Figs. 6 and 7 serve as
architecture references for subsequent reactor/PCS
dynamic assessment and for allocating the roles of
storage and workload management.

4. Conclusions

This study maps the publicly available one-year, one-
minute Al facility profiles of Vercellino et al. to a 100
MWe peak demand and compares N=1-10 over 7..~0—
9 h. With no recovery restriction, N=1 provides about

99.7% direct-load coverage and the lowest required ramp.

For T,..=1—4 h, multi-unit architectures recover coverage
but increase unit-level ramp, and the Pareto knee lies at
an intermediate granularity of N=4-6. Further
subdivision from the knee to N=10 improves coverage by
only 0.15-0.52 percentage points, while the P99 ramp
increases by 3.1-8.5% P,ui/min.

From a design standpoint, additional subdivision
beyond the knee remains reasonable when direct-load

coverage is the overriding objective, although the service
gain is limited. Reactor technologies that strongly avoid
low-power operation may favor an N above the knee,
whereas technologies with limited unit ramp or repeated
maneuvering capability may favor the knee or a smaller
N. For Tye>5 h, the P99 approaches the 5 min transition
ceiling; unit subdivision alone is insufficient, and reactor
recovery, PCS decoupling, storage, or workload
management should be considered together. The results
do not define a universal optimum; they provide an
application-side architecture-screening map that can be
compared with the actual dynamic capability of
candidate SMR and microreactor systems.

Future work will couple reactor-specific xenon and
thermal-hydraulic behavior with PCS dynamics to test
the physical basis of 7. and the required ramp. It will
also examine coordinated operation with storage and
workload management, cycle-depth-dependent fatigue,
and the economics and maintainability associated with
increasing unit count.
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