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1. Introduction

Gigawatt-scale artificial-intelligence (AI) data-center
projects are moving forward in Korea [1-3], and the
loads will be served by an isolated power system with
expanding carbon-free commitments [4]. A facility
drawing about a gigawatt continuously raises a supply
question that annual renewable-energy accounting does
not answer: which carbon-free portfolio can follow the
load hour by hour, and at what cost.

Small modular reactors (SMRs) are often proposed
for this application, and the Korean i-SMR program
provides a concrete 170-MW module around which the
case can be examined [5]. Most techno-economic
studies, however, evaluate a plant whose size or module
count is fixed before the analysis begins [6,7], and
previous work on reactor sizing for data centers has
treated the question parametrically, without hourly
competition against renewables and storage [8]. Studies
on 24/7 carbon-free energy (CFE) have mostly
addressed grid-connected procurement [9,10]. In this
work the module count is determined endogenously. Up
to eight 170-MW module slots compete with
photovoltaics (PV), offshore wind, and battery storage
for a gigawatt-class Korean data-center load across 24
cost and financing cases, and the full assessment is
reported in [11]. This paper examines one question
from that assessment in detail, namely, when one more
SMR module is worth building. We refer to this as the
economics of the marginal module.

2. Model and Scenario Summary

The system is an off-grid, all-carbon-free microgrid
dispatched in HOMER Pro over 8,760 hours and a 60-
year project horizon. The load represents a hyperscale
Al campus. A constant 800-MW IT block scaled by a
climate-adjusted monthly power usage effectiveness
yields 8,760.6 GWh per year, and stochastic variability
of 5% day-to-day and 2% per timestep raises the
realized simulation peak to 1,190.7 MW. Solar
irradiance and ambient temperature are taken from
Korea Meteorological Administration Mokpo ASOS
station 165, and offshore wind from a NASA POWER
reference point near the Yeonggwang-Nakwol offshore
wind area; both are 2016-2025 hour-by-hour mean
profiles. Candidate assets are up to eight 170-MW i-
SMR module slots, utility-scale PV, 8-MW-class

offshore wind units, lithium-ion battery storage (BESS),
and a bidirectional converter, with cost inputs anchored
to Korean and U.S. reference sources [12—-14]. No grid
connection, fossil backup, or demand response is
available, so every feasible portfolio must serve the full
hourly demand without external support. Dispatch must
hold an operating reserve equal to 10% of hourly load
plus 80% of PV output and 50% of wind output, and the
annual capacity-shortage input is set to 0%, for which
HOMER applies an effective evaluation tolerance of
about 0.1%.

Twenty-four cases are obtained by crossing six SMR
overnight-cost levels with three real discount rates. The
cost ladder runs from the i-SMR target cost (4,288
$/kW) [5], through three intermediate beyond-first-of-a-
kind estimates from an INL/GAIN meta-analysis
(5,895-10,719 $/kW) [16], to a U.S. DOE model-based
first-of-a-kind estimate (13,000 $/kW) [15] and a cost
derived from the NuScale CFPP demonstration project
(17,550 $/kW) [7]; the DOE-based level serves as the
base case. The discount rates of 2.0, 4.5, and 7.0%
represent sovereign-backed nuclear financing, the
Korean public-appraisal standard, and a private hurdle
rate, respectively [12,17]. Two variants additionally
apply nth-of-a-kind (NOAK) renewable cost reductions
at the base and high-cost anchors; we refer to these as
the base and high-cost cases with renewable learning.
Two exogenous modeling assumptions deserve explicit
mention. First, a staggered planned-maintenance
calendar (monthly outage windows arranged to avoid
the summer load peak) is imposed on the module slots
in order to enforce a 93% capacity-factor anchor; the
realized fleet availability under this calendar is 92.0—
92.3%. Second, the discount rates are input assumptions
rather than observed financing terms. The single SMR
operation-and-maintenance input includes fuel cost and
an annualized decommissioning provision. Full input
documentation and verification records are given in [11].

3. Overview of Optimization Outcomes

Every case returns a valid least-cost portfolio, and the
winning module counts are not uniform: eight modules
win in four cases, seven in fifteen, six in two, five in
two, and zero in one. Table 1 organizes the outcomes as
a base case with four perturbations. The base case is
structurally stable, selecting seven modules plus 363—
401 MW of PV and roughly one gigawatt-hour of BESS
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at every discount rate, with the reactors supplying about
95% of annual energy. When the SMR is cheap enough,
the portfolio becomes an all-nuclear corner. At the i-
SMR target cost, eight modules win at all three rates,
and the only remaining asset is 0.21-0.25 GWh of
battery. When the SMR is expensive, the portfolio shifts
toward renewable—storage hybrids, but only under
financing stress; the high-cost case keeps the seven-
module architecture at 2.0 and 4.5% and drops to six
modules with 29 wind units at 7.0%. Renewable cost
learning matters mainly where the reactors are already
expensive. It improves NPC by only 0.9-2.1% at the
base anchor, but removes modules at every rate at the
high-cost anchor and, at 7.0%, eliminates nuclear
entirely. This zero-SMR case should be interpreted
carefully, since it outperforms the best SMR-retaining
candidate by $70.6M, a 0.31% margin, under three
simultaneous stresses. Raising the real discount rate
from 2.0 to 7.0% leaves the base-case architecture
unchanged but moves the two headline metrics in
opposite directions: NPC falls from $26.54B to
$20.58B, while LCOE rises from 0.0872 to 0.1674
$/kWh through the higher capital-recovery factor, so the
two metrics must be read separately [11]. Hourly CFE
matching stays between 99.968% and 100.000% in
every case and does not discriminate among the
portfolios; the meaningful differences appear in cost
and over-generation [11].

Table I: Base case and four perturbations
(winning architectures; NPC in $B at 2.0 / 4.5/ 7.0% real
discount rates).

Perturbation Winning architecture NPC [$B]
Base case 7 modules + PV 363-401 26.54 / 22.57 /
(DOE FOAK, | MW + BESS 0.96-1.05 20.58
13,000 $/kW) | GWh; no wind
i-SMR target | 8 modules + BESS 0.21- 15.97 / 12.00 /
(4,288 $/kw) | 0.25 GWh only 10.08
High cost 7-module bridge at 32.04 /28.10/
(NuScale 2.0/4.5%; at 7.0%: 6 25.74
FOAK, 17,550 | modules + PV 549 MW +
$/kw) 29 wind + BESS 3.1 GWh
Renewable Base: 7/7/5 modules Base : 26.16
learning High: 6/5/0 /22.36/20.15
(Base / High High :31.08
anchor) /26.60/22.58
Financing: Architecture unchanged NPC :
2.0% — 7.0% 26.54 — 20.58
(base case) LCOE($/kWh) :
0.0872 —
0.1674

4. The Economics of the Marginal Module

Module-level utilization explains most of what Table
1 shows. In the eight-module winner at the target cost

and a 4.5% rate, the first six modules run at capacity
factors of 85.6-92.3%, the seventh at 41.6%, and the
eighth at only 3.0%, or about 532 hours per year. The
last module in the stack therefore functions as
availability capacity for reserve provision and planned-
outage coverage rather than as a baseload asset, and
whether it is justified is essentially a question of capital
utilization. An eighth module costs $1.00B at an
overnight cost of 5,895 $/kW and $2.98B at 17,550
$/kW. The competing bundle, a few hundred megawatts
of PV plus about a gigawatt-hour of storage, supplies
the same marginal functions at a much lower capital
cost once the overnight cost rises above the low-cost
corner. Nor is the comparison biased toward the battery.
The BESS is assigned a 15-year life, so the bridge
carries three replacement events (years 15, 30, and 45)
within the 60-year horizon and still remains cheaper
than the eighth module.

Figure 1 plots the lowest candidate NPC at each
module count for four representative cases. The curve
shapes differ considerably among the cases. At the
target cost (at a 4.5% rate) the curve falls monotonically
all the way to eight modules. At the base and high-cost
anchors (same rate) it reaches a shallow minimum at
seven modules and bends upward at eight. The region
around the optimum is flat but not symmetric: in the
base case at 4.5%, adding the eighth module raises NPC
by $1.31B, whereas reducing the fleet to six modules
raises it by $1.07B. In the zero-SMR stress case (high
cost with renewable learning, at 7.0%) the interior
minimum disappears and the curve declines to zero
modules. Figure 2 summarizes the same comparison
across the whole cost ladder. ANPC(8—7) increases
monotonically with overnight cost at every discount
rate, and its sign change, that is, the cost level at which
the eighth module ceases to be economical, lies
between 5,895 and 8,575 $/kW at a 2.0% rate and
between 4,288 and 5,895 $/kW at 4.5 and 7.0%. Linear
interpolation places the crossing near 6,984, 5,056, and
4,340 $/kW, respectively. These values are interpolated
between simulated cost points and should not be read as
simulated thresholds.

359 n

)
8

25 4

20 H

Lowest candidate NPC ($B

—8— Target cost (4,288 $/kW), 4.5%
15 - —®— Base case (13,000 $/kW), 4.5%
High cost (17,550 $/kW), 4.5%

High cost + renewable learning,
7.0% (zero-SMR winner)

0 1 2 3 4 5 6 7 8
SMR module count

Fig. 1. Lowest candidate NPC by SMR module count for four
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representative cases (stars mark winners). All values are taken
directly from the HOMER optimization result files of [11].
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Fig. 2. NPC difference between the best eight-module and
best seven-module candidates along the SMR cost ladder, by
discount rate. All values are taken directly from the HOMER
optimization result files of [11].

Two portfolio details support this interpretation.
Storage appears in every winner, including the all-
nuclear corners, which keep 212-247 MWh of battery
while carrying no PV at all. This indicates that the
BESS is selected to meet the operating-reserve
requirement described in Section 2 rather than for bulk
energy storage. In the seven-module winners the battery
grows to roughly a gigawatt-hour and additionally
covers planned-outage backfill, and only in the
renewable-heavy cases does it become bulk storage,
reaching 20.8 GWh in the zero-SMR stress case. Wind
behaves as a strictly marginal resource at business-as-
usual costs. It enters only where high overnight cost and
high financing cost coincide (29 units in the high-cost
case at 7.0%) and expands with renewable learning.
Keeping seven modules also imposes little over-
generation burden. The CFE over-generation gap is
0.52 percentage points in the base case at 4.5% and 0.1—
0.7 points across the SMR-dominant winners, against
46.0 points in the zero-SMR stress case [11].

These results have a practical implication for
module-count planning. The redundancy margin that a
dedicated nuclear campus would conventionally hold as
an extra unit is allocated, in this setting, to a small PV-
plus-storage bridge, because the functions of the
marginal module can be replicated at a much lower
capital cost. The curve in Fig. 1 is flat enough near its
optimum that the choice between seven and eight
modules remains a genuine design decision. As the
overnight cost rises, however, the balance shifts steadily
against the eighth module, and this tendency holds at all
three discount rates.

5. Conclusions
Treating the SMR module count as an optimization

outcome rather than a design input yields information
that fixed-configuration studies cannot provide. Across

the 24 cases the winning architectures span eight-,
seven-, six-, five-, and zero-module portfolios. The
seven-module configuration with a small PV and BESS
complement is the dominant pattern, an all-nuclear
corner appears at target-level SMR costs, and complete
nuclear displacement occurs only under the
combination of high SMR cost, renewable cost learning,
and high financing cost, and even then by a margin of
0.31%. The marginal-module analysis suggests that
fleet sizing for nuclear-powered data centers comes
down to capital utilization. The reactors carry the load
in nearly every case, and the remaining question is
which asset supplies the last increment of availability at
the lowest cost. The results are bounded by the study
design, which assumes a single Korean site, 20162025
mean weather profiles, and a deliberately off-grid
configuration serving as a diagnostic boundary; grid-
connected variants remain future work. The full
assessment, including sustainability indicators and
diagnostic sensitivities, is given in [11].
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