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Abstract—The future power grid comprises large shares of
inverter-based resources (IBRs) dominated by solar and wind
power. As a result, the grid’s resilience in terms of voltage and
frequency regulation capabilities can be significantly reduced. To
deal with this unsolved challenge, there is a potential for small
modular reactors (SMRs) to provide, in addition to electricity and
heat, system-bearing services that, at a reduced cost, can enable
higher penetration of renewables. This paper shows that the
alternative system-wide ancillary service cost for physical inertia
and short-circuit capacity can be approximately $20/MWh when
using synchronous condensers (SCs) to enable a 100 % renewable
energy system. SMRs can avoid these additional system costs
and, in addition, significantly increase the grid strength when
compared to the use of SC devices. Moreover, it is shown
that multiple SMR units instead of large nuclear power plants
significantly reduce the needed frequency reserves.

Index Terms—Turbogenerator, synchronous condenser, grid
strength, short circuit level, voltage regulation, frequency reg-
ulation, inertial response, power grid, system costs.

I. INTRODUCTION

Small modular reactors (SMRs) have recently received
attention as a potential solution to play a significant role in the
energy transition of global power and energy systems [1]–[3].
This also includes potential use in microgrids and standalone
energy systems, as investigated by Abu Saleem et al. (2020)
[4], Poudel et al. (2023) [5], and Huang et al. (2024) [6].
Recent research has also looked at the modeling of SMRs to
investigate their behavior in power system dynamic stability
studies. Poudel (2020) et al. developed a dynamic SMR model
in Siemens PTI PSS/E [7]. Moreover, Rahman and Zhang
(2024) investigated the integration of SMRs in the NREL-
118 bus network with a focus on implementing flexibility
constraints related to the phenomena of Xenon poisoning [8].

An often overlooked aspect of nuclear power plants (NPPs)
is their system-wide ancillary services that come as an added
value to their power delivery. In low-load summer periods,
NPPs can be scheduled to run on partial load to stabilize the
grid [9]. This is the reason why, during the decommissioning
of existing NPPs, the possibility of continued use of existing
electrical infrastructure has been considered, and running the
nuclear turbine-generator as a synchronous condenser (SC)
[10]. However, large NPPs are in the gigawatt-scale, as high-
lighted in Fig. 1 and Table I, which cause an NPP outage from

Small modular
reactors
(300 MW)

Large-scale
reactor

(1000 MW)

Fig. 1. Capacity comparison between a large, centralized nuclear power plant
and a potentially decentralized cluster of small modular reactors (SMRs).

TABLE I
IAEA ELECTRICAL CAPACITY CLASSIFICATION [12]

Type Lower Upper
Microreactor (MR) 0MW 10MW
Small modular reactor (SMR) 10MW 300MW
Medium-scale reactor (MSR) 300MW 700MW
Large-scale reactor (LSR) 700MW –

the grid to also create a need for frequency regulation services
to be able to handle such an outage. From this perspective,
multiple SMR units providing the same amount of power could
reduce the amount of backup power needed to step in if one
unit falls out (i.e., N-1 principle). The absence of SMRs and/or
other NPPs in the future power grid could be represented by
SCs [11], which has the same synchronous machine but lacks
the contribution from nuclear energy and operates at no-load.

Available literature typically investigates grid-forming
(GFM) inverters and SC for ensuring system-bearing services
in the future power grid [13]–[15]. This paper, on the other
hand, explores the potential of SMRs to provide grid strength,
reactive power capability, and inertial response. Due to their
smaller capacity compared to conventional NPPs, they can be
deployed in a decentralized manner, departing from the cen-
tralized power system paradigm from the past. As highlighted
in Fig. 2, SMR deployment can provide a myriad of system
services locally at the grid level where the power is needed.
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Fig. 2. Examples of system-bearing services that can be provided to the future
power grid by small modular reactors.

The paper is organized as follows. Section II quantifies
how SMRs contributes to power grid strength and voltage
stability before Sections III presents their frequency regulation
characteristics. Finally, the basics of synchronous condenser
economics is presented in Section IV to give insights into the
added value of SMRs in the future power system. Section V
concludes the paper.

II. POWER GRID STRENGTH AND VOLTAGE REGULATION

The short circuit level (SCL) of a power grid is a measure
of its system strength, where the key contributors are its
grid-forming synchronous generators. A high SCL means that
the short circuit current that is achievable at the point of
connection (POC) is high relative to the nominal current. A
grid with an SCL of 3 or higher at the POC is considered
a strong grid [16]. The importance of these properties is
related to their overcurrent abilities during faults, which are
essential for power system operations, such as grid protec-
tion devices, black-start functionality, restoration services, and
transient voltage stability. For inverter-based resources (IBRs)
like solar and wind power facilities, the overcurrent ability is
about 1.1–1.2 pu, implying that the grid strength of a 100%
inverter-based grid can be very weak [17]. SCs or alternative
solutions will be needed if the IBRs are not mixed together
with synchronous production units like SMRs that have these
system-bearing functionalities in-house and can provide the
bulk of stability and reliability as an added value to the system.
Another research paradigm is the use of grid-forming (GFM)
IBRs in regions with high penetration of IBRs beyond 70%
instantaneous share [13]. Li, Nie, and Wang (2022) argue for
co-locating IBRs with SCs to solve the overcurrent problem
[14]. Similarly, Kenyon et al. (2020) proposed an SC and
an IBR as a GFM pair [15]. From this perspective, SMRs
could be considered an alternative to SCs with even better
functionalities to complement IBRs, as explored herein.

Fig. 3 depicts a single SMR connected to an interconnected
power grid through a front-end synchronous turbogenerator
and a step-up transformer, providing both active and reactive
power. To analyze the SMR’s contribution to the power grid’s

Transmission
line

Synchronous
turbogenerator

Steam
turbineSmall

modular
reactor

Step-up
transformer

Power
grid

Fig. 3. Three-phase diagram of an SMR connected to a power grid.
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Fig. 4. Single-line diagram of an SMR during a grid fault at the POC.

TABLE II
REPRESENTATIVE STANDARD PARAMETER VALUES

FOR A GENERIC TURBOGENERATOR [18], [19]

Parameter Symbol Lower Upper
Synchronous reactance Xd 1.80pu 2.00pu
Transient reactance X′

d 0.22pu 0.30pu
Subtransient reactance X′′

d 0.17pu 0.25pu
External reactance Xt 0.10pu 0.15pu
Total inertia H 6.50 s 8.70 s

strength, Fig. 4 presents the same SMR through its turbo-
generator characteristic in a single-line diagram with a three-
phase short circuit at the POC. Eq. (1) expresses the internal
phasor voltage (E) of the SMR’s turbogenerator relative to the
terminal voltage (U ) and assuming a round, cylindrical rotor
with non-salient poles, which simplifies the electrical analysis.
The internal voltage prior to the short circuit can be used to
estimate the subtransient, transient, and stationary short circuit
currents (I ′′sc, I ′sc, and Isc) expressed in eq. (2). Representative
turbogenerator parameter values are provided in Table II.

E = U + j(Xd +Xt)Ie
−jφ (1)

I ′′sc =
|E|

X ′′
d +Xt

, I ′sc =
|E|

X ′
d +Xt

, Isc =
|E|

Xd +Xt
(2)

The SCL of a turbogenerator is related to its loading condi-
tion prior to faults. Fig. 5 depicts the capability diagram of a
representative turbogenerator, including isoefficiency curves,
with a power level compatible with SMRs. We can observe
that the reactive power consumption capability on the left-hand
side of the diagram is not as good as its supply of reactive
power. This is generally the case for turbogenerators, which
makes them slightly less favorable than salient-pole hydro-
generators in terms of reactive power capability. Nevertheless,
different from large-scale hydropower, SMRs are like large
NPPs baseload electricity sources with a low marginal price
throughout the year and a high capacity factor. This implies
that SMR’s active power output will be high for most of the
year, and their reactive power support will be readily available



50

0-50-100 50 100 150 200

100

150

200

250

300
A
ct
iv
e
po
w
er
[M
W
]

Reactive power [MVAr]

99.1 %

98.9 %

98.7 %

98.5 %

97.0 %

93.0 %

Fig. 5. Capability diagram of the Siemens SGen5-2000P 300MVA turbo-
generator compatible with small modular reactors (SMRs). An isoefficiency
map is indicated, describing the efficiency of different operating points [20].

at a stable, low marginal cost. Their reactive power output
can vary more widely than the active power, depending on the
voltage conditions in the interconnected power grid.

The delivery of active power (P ) and reactive power (Q)
is determined by the electrical angle (φ) between the terminal
voltage (U ) and the supplied current (I), according to eqs. (3)
and (4) formulated in per unit.

P = UI cos(φ) (3) Q = UI sin(φ) (4)

By forcing the active power (P ) in eq. (3) to be equal to
the maximum power output (Pmax) of the SMR, the current
loading is given by eq. (5).

I =
Pmax

U cos(φ)
(5)

Eq. (5) is inserted into eq. (4) to establish eq. (6).

Q

Pmax
= tan(φ) (6)

If the turbogenerator is operating in SC condition, the reactive
power is given by eq. (7), assuming that the current (I) is
perpendicular to the terminal voltage (U ).

Q = U
E − U

Xd +Xt︸ ︷︷ ︸
I

(7)

Eq. (7) can be expressed with respect to the internal voltage
(E) under SC condition, according to eq. (8).

E = U +
Q

U
(Xd +Xt) (8)

Fig. 6 plots the internal voltages of the turbogenerator under
both SMR and SC operation. It is evident that the internal
voltage is significantly weaker as an SC, especially when
reactive power is consumed from the grid. This negatively
impacts the SCL, as shown in Fig. 7. The SMR can provide
a subtransient SCL of six to nine times the nominal rating
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Fig. 6. Comparison of the internal machine voltage (E) under both SMR and
SC operation calculated from eqs. (1) and (8), respectively. Upper and lower
representative parameter values in Table II are used as input to the analysis.
SMR operation assumes Pmax = 0.8pu and capability diagram boundaries
are fixed to Q/Pmax = 0.65pu and Q/Pmax = −0.4pu [19].
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Fig. 7. Comparison of the short circuit currents (I′′sc, I′sc, and Isc) under
both SMR and SC operation calculated from eq. (7) with the internal machine
voltages calculated in Fig. 6.

at nominal conditions and can compensate for IBR’s weak
overcurrent capability.

A typical rated power factor of a turbogenerator is 0.8,
yielding a reactive power of 0.6 pu to make the apparent power
unity. This implies that the maximum power output of the
SMR (Pmax) will be 0.8 pu. As a result, the reactive-to-active
power ratio (Q/Pmax) of 0.75 but, in reality, it can be lower,
e.g., 0.65 [19], yielding a reactive power capability that is 65%
of the SMRs’ electrical rating. Due to stability constraints, the
capability of consuming reactive power is lower, e.g., Q/Pmax

= −0.4 [19]. The required reactive power envelope depends
on the grid code [21].
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dominated, 50Hz power system using eq. (9) and assuming an inertia constant
(H) of 6.5 s, consistent with the low case in Table II.

III. INERTIAL RESPONSE AND FREQUENCY REGULATION

Another benefit of SMRs and SCs is their ability to store
short-term rotational energy to stabilize the frequency of the
power grid. According to the swing equation, the initial rate
of change of frequency (RoCoF) in a power system can be
approximated using eq. (9), where f0 is the initial electrical
frequency, H is the inertia constant, Pg is the power generated,
Pl is the power consumed, and Sb is base apparent power.

RoCoF =
df

dt
≈ f0

2H
· Pg − Pl

Sb
(9)

An illustrative example of eq. (9) is shown in Fig. 8, where
a stylized SMR-dominated power system is assumed. As the
power system is composed of an increasing number of SMR
units relative to the proportion of the whole system, the
initial RoCoF is significantly reduced, reducing the need for
additional system inertia and fast frequency reserves (FFR) to
limit the frequency nadir. The potential of reduced frequency
regulation services needed with SMRs is indirectly a system-
bearing service provided to the grid.

IV. SYNCHRONOUS CONDENSER ECONOMICS

As explored in the earlier sections, SCs have properties,
such as voltage regulation and inertial response, which are
similar to those of SMRs in terms of their system-bearing
services. Nevertheless, SMRs provide superior grid strength
when it comes to short-circuit power. Moreover, the inertia
constant (H) of off-the-shelf SCs is 5–6 s [22], which is
slightly lower than the inertia of turbogenerators suitable for
SMRs with an inertia constant of 6-9 s [18], [19]. Although
SCs can aid in black-start situations, they cannot independently
provide this service as a synchronous generator driven by
SMRs. Table III compares the system-bearing services of
SMRs configured with synchronous generators, SCs, static var
compensators (STATCOMs), and IBRs.

100 % capture rate (v)
50 % capture rate (v)

Fig. 9. Levelized cost of operation (LCOO) of SC facilities as a function
of capacity factor and capture rate of wholesale electricity price. Calculations
are based on eq. (10) using economic model parameters in Table IV.

TABLE III
COMPARISON OF SYSTEM-BEARING SERVICES [23]

Service SMRs SCs STATCOMs IBRs
Physical inertia High Moderate No Virtual
Reactive power Yes Yes Yes Yes
Voltage regulation Yes Yes Yes Yes
Short-circuit current Yes Moderate Limited Limited
Overload capacity High High Limited Moderate
Black-start capability Yes Limited No Limited
Fault ride-through High High Moderate High
Harmonic filtering Limited Limited Yes Yes

To estimate the economic value of SMR’s contribution to
system-bearing services, the economics of SCs could provide
an alternative cost. Power electronic devices like STATCOMs
have no moving parts and, thus, lower expected maintenance
costs but provide fewer ancillary services than SCs. They are,
therefore, not included in the economic analysis herein but
could be included in future research. For simplification, we
assume that an additional SC kVA of SC is needed for every
kW of IBR. In existing power systems, synchronous produc-
tion has a minimal share of 30% when renewables are in
surplus. However, as shown in this paper, SCs have lower SCL
capabilities than SMRs. We, therefore, assume a 50%-50%
share of SC vs. IBR capacity. Nevertheless, this assumption is
in practice depending on grid-specific requirements.

Table IV presents the parameters used to evaluate SC
economics. These are inserted into eq. (10) to calculate the
SC’s levelized cost of operation (LCOO), where t = 8765.8 h.

LCOO =
c+

∑n−1
i=0

σvpkt+dc
(1+r)i∑n−1

i=0
(1−σ)kt
(1+r)i

(10)

Fig. (9) presents the evaluated LCOO based on the given
model parameters. In general, the LCOO is more sensitive
to the SC capacity factor than to the captured electricity price
to supply the electricity needed to overcome the losses in the



TABLE IV
SYNCHRONOUS CONDENSER ECONOMIC MODEL PARAMETERS

Parameter Symbol Value Ref.
Capital expenditure (CAPEX) in 2024 $ c $427/kVA [24]
Operational expenditure (OPEX) d 2% [25]
Capacity factor (utilization rate) k 21–52% [26]
Power losses relative to nominal rating σ 3% [27]
Wholesale electricity price p $127.2/MWh [28]
Capture rate of electricity price v 50–110% [29]
Weighted average cost of capital (WACC) r 9.7% [30]
Expected lifetime in number of years n 30 [24]

SC. This is because the power losses are low relative to the
SC power capability. Notably, this relationship can encourage
potential investments in SCs, as the cost associated with power
loss costs will decrease with lower capture rates, which is
more likely to happen in periods with ample IBRs on the
grid, thereby slightly improving SC economics. For an average
scenario of the expected SC utilization rate of35%, the LCOO
is around $20/MWh, which serves as an estimate of the
system-bearing value an SMR, or any synchronous generation
unit, would have in the same system if replaced by the SC.
However, further economic measures are needed to assess the
value of the investment accurately, considering the uncertainty
in the future activated volume of ancillary services. Currently,
GFM inverters do not influence the economic evaluation
of SMRs’ ancillary service provision in the short term, as
standalone IBRs would depend on support from SCs [15].

V. CONCLUSION

This paper has shown that small modular reactors (SMRs)
can reduce system-wide ancillary service costs by approxi-
mately $20/MWh in the future power grid and significantly
improve the short circuit level (SCL) of the power grid when
compared to synchronous condensers (SCs). Although this
may rather not be the primary reason for deploying SMRs,
these findings emphasize their additional benefits to contribute
together with inverter-based resources like solar and wind
in a future decarbonized power grid. Nevertheless, SMRs
are expected to be commercially competitive within the next
decade, which inevitably will limit their role in the short term,
where other options need to be considered in parallel.
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