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a b s t r a c t

The assessment of economic viability of a new reactor concept is crucial particularly during the early
stages of its concept development. The G4-ECONS methodology provides a standardized top-down esti-
mate of electricity cost and parametric sensitivities, not specifically targeted toward an accurate predic-
tion of the final cost when deployed, but rather seeking an approximation of cost variations relative to
other systems. This study presents an analysis of the Integral Molten Salt Reactor (IMSR) concept in com-
parison with a consistent analysis of an advanced PWR reactor (represented by AP1000). Estimation of
levelized unit electricity costs, as well as sensitivity analyses to the discount rate and uranium or SWU
prices, are presented using this methodology.

� 2016 Published by Elsevier Ltd.
1. Introduction

The goal of this study is to provide a comparison of a top-down
estimation of electricity cost between a molten salt reactor (MSR)
design and a modern advanced PWR. It does not aim to provide an
accurate estimate of the MSR’s levelized unit of electricity cost
(LUEC), but rather, to generate a standardized comparison to a
modern PWR’s LUEC estimate using openly available information
and sources. By consistently using the same methodology for a
PWR and the MSR, the goal is to help reasonably establish the rel-
ative economic viability and competitiveness of the MSR concept.

The methodology herein employed was developed by the Eco-
nomic Modeling Working Group (EMWG) of the Generation IV
International Forum (GIF) in order to integrate economic evalua-
tions in the early stages of the Generation IV design development
and to help to guide the economic goals established by the GIF.
Early developmental stages call for a simplified cost estimating
methodology suitable for various kinds of nuclear systems. The
methodology is described in detail in the Cost Estimating Guidelines
for Generation IV Nuclear Energy Systems (The Economic Modeling
Working Group Of the Generation IV International Forum, 2007)
and implemented in the G4-ECONS software package available
from the OECD Nuclear Energy Agency in Paris (The Economic
Modeling Working Group Of the Generation IV International
Forum., 2008).

Cost estimations of three versions of the Integral Molten Salt
Reactor (IMSR) and the Advanced Passive PWR (exemplified by
AP1000) are presented in this article. The IMSR is a modular
graphite-moderated MSR burner with an unconventional safety
system. Three versions of IMSR with different power levels (32.5
to 291 MWe) are being developed by a Canadian company Terres-
trial Energy Inc. According to the company the reactors are
expected to be ready for commercial deployment by the early
2020’s. Therefore, the AP1000 was chosen as a reference Genera-
tion III + design which is expected to be a competitor of the IMSR
in a future market. It should be emphasized that the published
IMSR data necessary for economic calculations are scarce which
necessitated approximations and using data from other relevant
sources. Therefore the IMSR costs estimates are rough approxima-
tions and the respective results are preliminary.

2. Methodology

The Cost Estimating Guidelines for Generation IV Nuclear Energy
Systems is a document created by the Economic Modeling Working
Group (EMWG) of the Generation IV International Forum (GIF). The
purpose of this document is to provide a standardized cost estimat-
ing protocol for assessing and comparing future energy systems. It
provides a set of assumptions, code of accounts (COA), cost estimat-
ing guidelines and it is accompanied by the G4-ECONS software
ing the
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(Generation IV Excel Calculation of Nuclear Systems), which is a
Microsoft-Excel-Based model designed on the basis of the above
noted guidelines.

The model employs relatively simple, though fundamental, eco-
nomic algorithms which give the user the opportunity to avoid
country-specific economic factors such as taxation, cost-
accounting, depreciation or capital cost recovery methodologies.
The basic assumptions of the model include constant-dollar leve-
lized annual cost, cash flow levelization, capital and financing costs
repaid over the operating life of the plant or constant annual elec-
trical production over the life of the plant.

The calculated LUEC, or levelized unit product cost (LUPC)
for other energy products such as hydrogen, consists of four
main components: recovery of capital (including financing
costs), non-fuel operation and maintenance (O&M) costs, fuel
cycle costs, and funding of decontamination and decommis-
sioning (D&D) costs, as illustrated within the flowchart
presented in Fig. 1, and described in the subsections that
follow.
2.1. Recovery of capital

The total capital cost (TLCC) consists of two components: over-
night cost (COVNT) and the interest during construction (IDS). The
overnight costs consist of direct and indirect costs which are parti-
tioned by COA system, owner’s cost and contingency.

The interest during construction is the portion of the TLCC
which depends on the duration of the plant’s construction together
with other front-end activities, their timing and the discount rate.
This model uses a simple quarter sine-wave function (S-curve)
approximation for cumulative expenditures over the project’s
front-end. The model converts the TLCC into annual amortization
($M/year) by multiplying the TLCC by the simple fixed charge rate
(CRF) described by Eq. (1):

CRF ¼ i=½1� ð1þ iÞ�L�; ð1Þ

where i is the annual discount rate and L is the plant operating life-
time in years.
Fig. 1. Structure of the integrated nuclear energy economic model (INEEM) (The Econ
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2.2. Non-fuel operation and maintenance costs

The annual nonfuel O&M costs are split into specific COA cate-
gories. The O&M contribution to the LUEC is the annual O&M costs
divided by the annual electrical production in kilowatt-hours.

2.3. Fuel cycle cost

The fuel cycle cost calculation assumes that all the fuel reloads
during the plant operation are identical, in other words, it assumes
to have reached an operational steady state referred to as an
‘‘equilibrium cycle”. The fuel cycle’s contribution to the LUEC is
simply a sum of the annualized ‘‘constant dollar” cash flows of
all fuel cycle steps divided by the annual electricity production in
kilowatt-hours. The first fuel load is added to the total capital cost
in this calculation. The model provides three fuel cycle scenarios:
the open fuel cycle, partial recycle, and total recycle. However, only
the open (i.e., ‘‘once-through”) fuel cycle was used in calculations
presented in this paper.

2.4. Decontamination and decommissioning cost

The D&D costs are annualized in a similar way like the TLCC.
The annual payment into the sinking fund is a constant dollar lump
sum estimate of what is required at the end of plant life as D&D
costs according to regulatory requirements (CDD) multiplied by
the sinking fund factor (SFF), as described below by Eq. (2):

SFF ¼ i=½ð1þ iÞL � 1�; ð2Þ
where i is the annual discount rate and L is the plant operating life-
time in years.

3. Considered reactor designs

3.1. Reference LUEC for system 80 + PWR

Some test applications were carried out during the G4-ECONS
(Version 1.0) development with results presented in The Economic
Modeling Working Group Of the Generation IV International
omic Modeling Working Group Of the Generation IV International Forum, 2007).
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Table 2
Sys80 + PWR LUEC in 2007 USD base (The Economic Modeling Working Group Of the
Generation IV International Forum, 2007).

Component Discount rate = 5%

Annualized Cost
in $M/year

$/MWh Share of
LUEC

Capital (Including 1st Core
and Financing)

212.08 20.69 53.1%

Operational Cost 95.78 9.35 24.0%
Fuel Cycle – Front End 75.85 7.40 19.0%
Fuel Cycle – Back End 12.62 1.23 3.2%
D&D Sinking Fund 2.90 0.28 0.7%

Total Luec 399.23 38.95 100.00%

Fig. 2. The IMSR core-unit nested within a buffer salt liner (Terrestrial Energy,
2015).
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Forum. (2008). The ‘‘PWR Benchmark case with 2007 cost input”
which was used as a reference case for those calculations is based
on the System80 + PWRdesign. It is an upgraded, thoughnever con-
structed, version of the System80which is an advanced PWR, devel-
opedbyCombustionEngineering, in operation since1985at the Palo
Verde Nuclear Generating Station in Arizona, USA (World Nuclear
Association, 2015; United States Nuclear Regulatory Commission,
2015). Basic technical parameters are listed in Table 1 and LUEC cal-
culation results are presented in Table 2.

3.2. Integral molten salt reactor – IMSR

The Integral Molten Salt Reactor is a modular design MSR cho-
sen as a representative concept of the liquid fueled molten salt
reactor family. The developers from the Terrestrial Energy com-
pany are designing three versions of this reactor for different elec-
tric power levels: 32.5, 141 and 291 MWe which are intended for
remote communities as well as industrial operations and ordinary
electricity production.

The IMSR is a graphite-moderated MSR burner. One of the most
significant differences between the IMSR and other MSR designs is
the absence of a fuel salt drain tank. Decay heat management is
secured by the buffer frozen salt liner surrounding the reactor ves-
sel (Fig. 2). The melting point of this salt is just slightly above the
operating temperature of the vessel and heat capacity of the frozen
salt is high enough to passively pull away the decay heat for days
in case of secondary cooling failure.

The IMSR is going to have multiple isolated heat exchangers and
pumps on all cooling loops in order to secure reactor operation in
case of a heat exchanger failure. There are secondary and tertiary
salt cooling loops between the primary circuit and the last super-
heated water loop in order to improve radiation protection. The
secondary and tertiary salts must be replaced at least once during
the plant lifetime according to Devanney (2015).

The replaceable low-maintenance core-unit includes the reac-
tor vessel, graphite blocks, control rods, buffer salt liner and the
primary circuit filled with fuel and cooling salt which includes
six primary heat exchangers and pumps. The dimensions, weights
and primary salt amounts as well as prices of the core-units are not
available. Therefore assumptions based on the ThorCon design
were made and are listed in Table 3. The ThorCon reactor is a
MSR concept which was chosen because of its publicly available
description (Devanney, 2015) which provides relatively detailed
economic data including construction and fuel cycle costs. There
are some differences between the ThorCon and IMSR designs
including different power output (ThorCon is designed as a
1GWe plant consisting of 4 � 250 MWe units), fuel cycle, and
safety systems. The dimensions, amounts of coolant and fuel salts
and incremental costs of ThorCon which are presented in
Devanney (2015) were conservatively adjusted to IMSRs parame-
ters according to theirs different power outputs and size of plant
(only one reactor in operation per plant for IMSRs). This estimation
brings considerable uncertainty, but more accurate information is
simply not available.

The estimated lifetime of the replaceable core-unit is seven
years due to limited service life of materials. Therefore the core-
Table 1
Sys80 + parameters (The Economic Modeling Working Group Of the Generation IV
International Forum, 2007).

Parameter Value Units

Power 1,300 MWe
Capacity Factor 80 %
Burnup 38,824 MWd/MTHM
Average reload U-enrichment 3.78 %

Please cite this article in press as: Samalova, L., et al. Comparative economic an
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unit construction cost were considered to be fuel fabrication costs
while the average time between refuelings is 7 years. This assump-
tion spreads the core-units construction costs into an annualized
‘‘constant dollar” cash flow which is part of the fuel cycle cost.
The plant should have two core-unit containment cavities (as
shown in Fig. 3), one in operation and one with core-unit cooling
down and eventually being replaced.

The IMSR fuel is going to be a mixture of low enriched uranium
fluoride and a primary cooling salt. The enrichment was assumed
to be 5% for the initial core as well as for all subsequent fuel
reloads. The assumed amounts of uranium needed over the
7-year lifetime of one core-unit were also based on ThorCon design
(Devanney, 2015) and are listed in Table 3. The burnups calculated
by G4-ECONS are listed in Table 4. The choice of cooling and buffer
salts has not yet been established because it is a very complex
problem. Cooling salts prices for this calculation were taken from
Devanney (2015) and they are listed in Table 5 (Irish and David,
2014; Terrestrial Energy, 2015).

The nuclear waste produced by IMSR has a different form than
the one produced by PWRs. It is a salt already enclosed in a circular
cylinder can, while the PWR spent fuel is basically contained
within long right square cylinder assemblies which need to be
alysis of the Integral Molten Salt Reactor and an advanced PWR using the
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Table 3
IMSRs core-unit dimensions, weights, costs and uranium loadings estimates based on ThorCon design (Devanney, 2015).

Case MWt C-U heigh [m] C-U OD [m] Weight (w/o fuel) [kg] U loading [tU/7y] C-U cost (w/o fuel) [$M]

ThorCon 550 11.74 7.26 381,767
IMSR600 600 �12.87 �10.00 �400,000 37.525 11.297
IMSR300 300 �9.74 �8.00 �200,000 18.763 7.302
IMSR80 80 �6.24 �4.80 �53,333 5.003 3.111

Fig. 3. Generalized IMSR facility layout (Terrestrial Energy, 2015).

Table 4
IMSRs and AP1000 thermal efficiency (Irish and David, 2014; United States Nuclear
Regulatory Commission, 2011) and calculated burnup.

Case Thermal efficiency (%) Burnup [MWd/MTHM]

AP1000 32.06 47,179
IMSR600 48.50 37,544
IMSR300 47.00 37,543
IMSR80 40.63 37,569

Table 5
Materials and fuel cycle processes prices.

Material or Process Price Unit

Uranium 49.00 USD/lbU3O8

Conversion 12.37 USD/kgU
SWU 159.84 USD/SWU
PWR Fuel Fabrication 247.50 USD/kgU
Primary and Secondary Salt NaF-BeF2 35.00 USD/kg
Tertiary Salt NaNO2-KNO2 0.50 USD/kg

Fig. 4. Share of LUEC components for AP1000, IMSR600, IMSR300 and IMSR80.
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saved in storage containers. Therefore the eventual geological
depository of spent IMSR core-units is expected to be simpler,
and thus cheaper too. The possible marketing of some high-value
fission products (e.g. xenon) could also help to reduce the fuel cycle
back-end costs, though such assumptions were not used in this
study.

The liquid fuel of the IMSR can also be burned fairly more effi-
ciently than conventional solid fuel and it leaves only about one-
sixth of plutonium waste and two-thirds of fission products per
kWh of electricity in comparison to the PWR, which is a significant
reduction of the long-term waste problem. If one decides to recycle
spent IMSR fuel, for example, its liquidity opens new possibilities
which can lead to a fuel cycle with virtually zero transuranic waste
Please cite this article in press as: Samalova, L., et al. Comparative economic an
G4-ECONS methodology. Ann. Nucl. Energy (2016), http://dx.doi.org/10.1016/j
and thereby reducing the nuclear waste to only fission products,
which require shielding for only hundreds of years. Nevertheless,
despite the many favorable features of the IMSR fuel cycle, this
study deals only with once-through assumptions which is what
is planned for the first IMSR units (Terrestrial Energy, 2015).

In this study, the spent fuel geological disposal fee in mills/kWh
was conservatively assumed to be the same as for PWR since the
IMSR waste form has been less studied at this point. The fuel
cycle’s back-end influence upon the total energy cost is not very
significant (Fig. 4). Its share of LUEC is about 1–3% (Table 7) and
therefore, a more accurate spent fuel disposal fee would probably
not change the actual findings of this study significantly.
3.3. Advanced passive PWR – AP1000

The AP1000 is an advanced generation III + PWR developed by
theWestinghouse Electric Company. It is currently under construc-
alysis of the Integral Molten Salt Reactor and an advanced PWR using the
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Table 7
AP1000 and IMSRs calculated LUEC.

Component Discount rate = 5%

AP1000
Annualized Cost in $M/year $/MWh Share of LUEC
Capital (Including 1st Core

and Financing)
184.77 20.79 52.80%

Operational Cost 82.03 9.23 23.44%
Fuel Cycle – Front End 70.64 7.95 20.19%
Fuel Cycle – Back End 11.04 1.24 3.16%
D&D Sinking Fund 1.45 0.16 0.41%

Total Luec 349.93 39.38 100%

IMSR600
Annualized Cost in $M/year $/MWh Share of LUEC
Capital (Including 1st Core

and Financing)
50.33 21.92 49.67%

L. Samalova et al. / Annals of Nuclear Energy xxx (2016) xxx–xxx 5
tion in China (four units) and in the United States (four units),
while other projects are being considered around the world
(Westinghouse, 2015). The design is simplified, it uses 35% fewer
pumps, 80% less safety class piping, and 50% fewer ASME safety
class valves compared to current PWRs of a similar power rating,
and it relies on passive safety systems (Westinghouse, 2015). There
are other versions of the AP1000 design with different power gen-
eration. The 3400 MWth/1090 MWe version as described in United
States Nuclear Regulatory Commission (2011) was used in this
study and assumed an 18 month fuel cycle, 93% capacity factor,
60 years operation life, 3 years construction period and 4.8%
enrichment of reload fuel (United States Nuclear Regulatory
Commission, 2011; International Atomic Energy Agency, 2011).
Its burnup calculated by G4-ECONS from the parameters above is
listed in Table 4.
Operational Cost 31.79 13.85 31.37%
Fuel Cycle – Front End 16.10 7.01 15.89%
Fuel Cycle – Back End 2.76 1.20 2.72%
D&D Sinking Fund 0.35 0.15 0.34%

TOTAL LUEC 101.32 44.13 100%

IMSR300
Annualized Cost in $M/year $/MWh Share of LUEC
Capital (Including 1st Core

and Financing)
31.82 28.60 52.41%

Operational Cost 19.08 17.15 31.43%
Fuel Cycle – Front End 8.28 7.44 13.64%
Fuel Cycle – Back End 1.34 1.21 2.21%
D&D Sinking Fund 0.19 0.17 0.31%

Total Luec 60.71 54.58 100%

IMSR80
Annualized Cost in $M/year $/MWh Share of LUEC
Capital (Including 1st Core

and Financing)
18.07 70.48 55.91%

Operational Cost 11.47 44.73 35.49%
Fuel Cycle – Front End 2.37 9.25 7.34%
Fuel Cycle – Back End 0.32 1.24 0.98%
D&D Sinking Fund 0.09 0.35 0.28%

Total Luec 32.32 126.05 100%
4. Top-down estimation using G4-ECONS

As expected, there is not enough publicly available information
about the AP1000 and IMSR designs to run a bottom-up evaluation.
Therefore some reference design information for top-down evalu-
ations were needed. The ‘‘PWR Benchmark case with 2007 cost
input” provided with G4-ECONS was used as a reference case for
the AP1000 evaluation. The data from 2007 PWR were converted
to 2015 USD using the US inflation index (The World Bank, 2015)
and adjusted to the AP1000 parameters according to United
States Nuclear Regulatory Commission (2011).

The IMSR evaluation is based on the ThorCon design data as
described in Section 3.2. Fuel cycle back-end, staffing and support
services etc. costs from the ‘‘PWR Benchmark case with 2007 cost
input” converted to 2015 USD were used for IMSRs as well as for
AP1000 calculations.

Table 5 provides some material and fuel cycle costs used in the
calculations. Uranium price was calculated as the average of
Cameco long term prices in 2015 (Uranium Price, Long-term
Price, 2015). The conversion, SWU and PWR fuel fabrication prices
were taken from Ko and Gao (2012) and modified by inflation from
2012 USD to 2015 USD. The salts prices were taken from the
ThorCon executive summary (Devanney, 2015).

Overall capital contingency was set up as 20% for all cases. The
discount rate was set to 5% as it is in the benchmark PWR case. Sen-
sitivity analyses to the discount rate is described in Section 5. The
calculatedovernight costs for AP1000 and the three versions of IMSR
are listed in Table 6, while the LUEC values are listed in Table 7.

The AP1000 LUEC estimates vary approximately from
35 $/MWh to 50 $/MWh (World Nuclear Association, 2015; Jones,
2008). Therefore the herein calculated result of 39.38 $/MWh
(Table 7) seems to be fairly optimistic. This is probably caused by
the extremely short (3 years) construction period assumed for
NOAK units.

According to the Terrestrial Energy website (Terrestrial Energy,
2015) the IMSR600 LUEC is presumed to be under 40 $/MWh. The
base calculated IMSR600 LUEC in this study is 44.13 $/MWh which
is about 10% higher than the advertised value. This probably means
that the evaluation herein reported was not likely over-optimistic
and the 10% deviation is acceptable for a top-down estimation.
Table 6
AP1000 and IMSRs calculated overnight cost (2015 USD).

Case Total overnight cost with
first fuel load [million $]

Overnight cost with
first fuel load [$/kWe]

AP1000 3,240.105 2,972.57
IMSR600 829.456 2,850.37
IMSR300 524.450 3,719.51
IMSR80 297.840 9,164.31

Please cite this article in press as: Samalova, L., et al. Comparative economic an
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The IMSR300 LUEC was calculated as 54.58 $/MWh which is
slightly higher than in previous cases but the IMSR300 with elec-
tric power output of 141 MWe is not designed to compete with
the large nuclear or other power plants where economies of scale
apply. The IMSR80 LUEC estimation is based on an almost eight
times larger reactor therefore the uncertainty of the result of
126.05 $/MWh is very high. The smaller IMSR versions are destined
for remote communities or industrial facilities, where grid electric-
ity is not available, competing with expensive diesel generators.

Table 6 shows the significant differences between overnight
costs for the different kinds of reactors contrasted in this study.
For example, the overnight cost of IMSR600 is about 1/4 of
AP1000’s while the electric output is about 1/3 which makes the
IMSR600 overnight cost per kWe comparable with AP1000. The
smaller IMSRs has significantly higher overnight cost per kWe
but their lower total overnight costs are their main advantage for
certain applications.
4.1. The IMSRs and AP1000 calculated LUEC comparison

Fig. 4 shows the differences between shares of LUEC compo-
nents for all cases which are also listed in Table 7. The share of cap-
ital costs is by far the highest one in all cases and it grows as the
IMSR power output decreases which is consistent with expecta-
tions. The capital costs share is slightly lower for the IMSR600 than
for the AP1000 which has approximately three times higher power
output. This parameter shows that the capital costs would likely be
lower if one would compare PWR and MSR reactors with the same
alysis of the Integral Molten Salt Reactor and an advanced PWR using the
.anucene.2016.09.001
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power output. The difference between the AP1000 and IMSR600
capital costs is only 1.13 $/MWh (about 5%) which is an insignifi-
cant difference in light of a top-down estimation, which does not
aim to provide accurate cost estimates but to demonstrate whether
the evaluated concept could be economically competitive when
contrasted against others by employing consistent assumptions.

The capital costs per MWh are more than three times higher for
IMSR80 than for the IMSR600 while its share of the LUEC is only
6.24% higher. This illustrates the surprising similarity of the LUEC
distribution structure among all the cases considered as shown
in Fig. 4. In fact, this distribution is also very consistent with the
reference results shown for the System 80 + PWR tallied in Table 2,
roughly shown to be 53.1%, 24.0%, 19.0%, 3.2%, and 0.7%, for capital,
operational, front end, back end, and D&D costs, respectively, par-
ticularly when contrasted against the AP1000.
Fig. 5. Costs of LUEC components for AP1000, IMSR600, IMSR300 and IMSR80.

Table 8
The influence of discount rate changes to the LUEC [$/MWh] structure.

Component Discount rate

3%

AP1000
Capital (Including 1st Core and Financing) 13.79 42.34%
Operations Cost 9.23 28.35%
Fuel Cycle – Front End 7.95 24.41%
Fuel Cycle – Back End 1.24 3.82%
D&D Sinking Fund 0.35 1.08%

Total Luec 32.56 100%

IMSR600
Capital (Including 1st Core and Financing) 14.92 40.05%
Operations Cost 13.85 37.16%
Fuel Cycle – Front End 7.01 18.82%
Fuel Cycle – Back End 1.20 3.22%
D&D Sinking Fund 0.28 0.75%

Total Luec 37.26 100%

IMSR300
Capital (Including 1st Core and Financing) 19.47 42.71%
Operations Cost 17.15 37.62%
Fuel Cycle – Front End 7.44 16.33%
Fuel Cycle – Back End 1.21 2.65%
D&D Sinking Fund 0.31 0.68%

Total Luec 45.59 100%

IMSR80
Capital (Including 1st Core and Financing) 47.98 46.20%
Operations Cost 44.73 43.07%
Fuel Cycle – Front End 9.25 8.90%
Fuel Cycle – Back End 1.24 1.19%
D&D Sinking Fund 0.66 0.63%

Total Luec 103.85 100%

Please cite this article in press as: Samalova, L., et al. Comparative economic an
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The operational costs per MWh are also by far highest for
IMSR80 (Fig. 5) but its share of LUEC is between 31 and 35%
for all IMSRs and slightly lower (23.44%) for the AP1000 and 24%
for the System 80 + PWR reference case. The IMSRs operational
cost calculations are mostly based on the PWR benchmark scaled
according to the power output while the staffing costs for IMSRs
are based on ThorCon estimates and the capital replacements
was set to 0.2% of direct capital for IMSRs while it is 0.1% for PWRs.

The IMSR fuel cycle front-end costs includes the primary circuit
and reactor vessel replacement every seven years of operation as
fabrication costs. The fuel cycle front-end costs are between 7
and 8$/MWh for AP1000, IMSR600 and IMSR300 and slightly
higher (9.25 $/MWh) for the IMSR80 due to high fabrication costs
(Table 7). Since the fuel cycle front-end costs per MWh are very
similar its share of LUEC decreases as total LUEC increases (Fig. 4).

The same fuel cycle back-end costs per kilogram of heavy metal
(kgHM) were used for all cases which makes its costs per MWh for
IMSRs depending only on thermodynamic efficiency and therefore
almost equal. The fuel cycle back-end share of LUEC decreases as
total LUEC increases as well as the D&D sinking fund payments.
5. Sensitivity analysis to the discount rate

The sensitivity analysis to the discount rate was executed for all
cases. The low scenario was chosen as 3%, the base is 5% and the
high scenario 10% according to the G4-ECONS PWR benchmark. It
should be known that the 3% discount rate is an unrealistically
optimistic scenario even for government financed projects. The
5–10% range is universally considered appropriate for large nuclear
energy facilities ([D’haeseleer, 2013) which makes choosing 5% as a
base scenario an optimistic assumption.

Table 8 presents the calculated total LUEC of all the considered
cases with different discount rates. Fig. 6 shows the total LUEC in
5% 10%

20.79 52.80% 42.76 69.87%
9.23 23.44% 9.23 15.08%
7.95 20.19% 7.95 12.99%
1.24 3.16% 1.24 2.03%
0.16 0.41% 0.02 0.03%

39.38 100% 61.20 100%

21.92 49.67% 44.91 67.03%
13.85 31.37% 13.85 20.67%
7.01 15.89% 7.01 10.47%
1.20 2.72% 1.20 1.79%
0.15 0.34% 0.03 0.04%

44.13 100% 67.00 100%

28.60 52.41% 58.60 69.40%
17.15 31.43% 17.15 20.31%
7.44 13.64% 7.44 8.82%
1.21 2.21% 1.21 1.43%
0.17 0.31% 0.03 0.04%

54.58 100% 84.44 100%

70.48 55.91% 144.39 72.31%
44.73 35.49% 44.73 22.40%
9.25 7.34% 9.25 4.63%
1.24 0.98% 1.24 0.62%
0.35 0.28% 0.06 0.03%

126.05 100% 199.67 100%
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Fig. 6. Sensitivity analysis to the discount rate.

Table 9
The influence of uranium and SWU price changes to the fuel cycle front-end cost [$/MWh]

Case Uranium price

24.50 $/lbU3O8 49.00 $/lbU3O8 73.50 $/lbU3O8

AP1000 6.16 �22.50% 7.95 9.58 20.49%
IMSR600 5.46 �22.08% 7.01 8.42 20.10%
IMSR300 5.85 �21.46% 7.44 8.90 19.54%
IMSR80 7.40 �19.99% 9.25 10.93 18.20%

Case SWU Price

79.92 $/SWU 159.84 $/SWU 239.76 $/SWU

AP1000 6.11 -23.08% 7.95 9.57 20.42%
IMSR600 5.41 �22.90% 7.01 8.43 20.28%
IMSR300 5.79 �22.26% 7.44 8.91 19.71%
IMSR80 7.33 �20.73% 9.25 10.95 18.36%

Fig. 7. Sensitivity analysis to uranium price.

Fig. 8. Sensitivity analysis to SWU price.
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the chart and the percentage difference between the base and low/
high discount rate scenarios. The influence of discount rate
changes to the LUEC structures are shown in Table 8. The operation
and fuel cycle costs does not depend on discount rate in this model
which means that their share of LUEC decreases when the discount
rate and therefore also the LUEC increases. Since the D&D sinking
fund payments are relatively low, the discount rate influence
shows mainly on capital costs. Therefore capital cost share defines
the sensitivity of each type of reactor’s LUEC to the discount rate.
The IMSR80 has the highest capital cost share of LUEC as shown
in Fig. 4 which makes it the most sensitive of all considered designs
(Fig. 6). On the other hand, the least sensitive design is IMSR600
with less than 50% capital costs share of LUEC.

6. Sensitivity analysis to uranium and SWU prices

Sensitivity analysis to uranium price as well as for SWU price
was performed for �50% changes in price. This wide range was
chosen because it covers most of the last 27 year history of U3O8

long-term prices according to World Nuclear Association (2015)
which gives a relatively high chance that prices will stay in this
range in the medium-term future.

Table 9 presents the influence of �50% uranium and SWU price
changes to the fuel cycle front-end costs which are very similar for
all considered cases. It also shows that the influence of uranium
price changes to the fuel cycle front-end cost in $/MWh is higher
for AP1000 than for all the IMSRs. This is because the uranium cost
Please cite this article in press as: Samalova, L., et al. Comparative economic an
G4-ECONS methodology. Ann. Nucl. Energy (2016), http://dx.doi.org/10.1016/j
share of fuel cycle front-end costs is higher for AP1000 than for the
IMSRs. The SWU price changes influence to the fuel cycle front-end
costs happens to be just slightly higher for all cases except for
AP1000 where the sensitivity to SWU price increase is lower than
for uranium price increase.
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The effect of uranium and SWU prices changes to total LUEC is
in general very small as shown in Figs. 7 and 8. The uranium and
SWU prices naturally affect only the fuel cycle front-end costs,
therefore the price changes effect corresponds with the fuel cycle
front-end cost share of LUEC (Fig. 4). The influence is most signif-
icant for the AP1000 because its fuel cycle front-end share of LUEC
is the highest of all considered cases and least significant for
IMSR80 for the opposite reason. The effect of SWU price changes
is analogical except for the AP1000 where the SWU price increase
effect is smaller than the uranium price increase effect.
7. Conclusions

The calculations performed in this study showed that the Inte-
gral Molten Salt Reactor could have a similar energy cost structure
as an advanced PWR while having a much lower overnight cost.
Because these results have large uncertainties due to the unavail-
ability of accurate data and the simplifying assumptions of the
methodology employed, these results must be regarded as prelim-
inary. Despite the large uncertainty, however, the results can show
some insightful trends and differences between various reactor
concepts.

The concept of replaceable core-unit does not seem to raise the
IMSR’s LUEC dramatically. The capital costs per MWh are surpris-
ingly similar for all the considered cases except for the IMSR80
which is not designed to be comparable with large nuclear power
plants. All considered designs appear to have relatively similar dis-
tribution structure of costs contributing to the LUEC which is partly
caused by assuming similar or equal O&M and fuel cycle back-end
costs for IMSRs and PWR.

A sensitivity analysis to the discount rate showed the fact that
construction costs are the most sensitive components of the LUEC.
Therefore, the IMSR600’s LUEC is less sensitive to discount rate
changes than the AP1000 which can be its significant advantage.
Construction period prolongation appears to be a major problem
for currently built PWRs which translates into a significant LUEC
increment due to the large capital costs share of LUEC. The
IMSR600’s lower capital costs share of LUEC could make the LUEC
increment caused by construction period prolongation lower and
less dependent on the current discount rate, an important feature
of its marketability.

Sensitivity analyses to uranium and SWU prices illustrated the
low influence of fuel cycle costs to the final nuclear energy costs
for both IMSRs and AP1000. Even as high as 50% increment of nat-
ural uranium price causes about 20% increment of fuel cycle front-
end cost per MWhwhich causes less than 5% total LUEC increment.
Comparison of these two sensitivity analyses showed that the
IMSRs are more sensitive to SWU price than to uranium price while
the AP1000 is more sensitive to the uranium price.
Please cite this article in press as: Samalova, L., et al. Comparative economic an
G4-ECONS methodology. Ann. Nucl. Energy (2016), http://dx.doi.org/10.1016/j
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