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Nowadays interest in small- to medium-size modu-
lar reactors (SMRs) is growing in several countries,
including those economically and infrastructurally de-
veloped. Such reactors are also called “deliberately
small reactors” since the reduced size is exploited from
the design phase to reach valuable benefits in safety,
operational flexibility, and economics. A rough evalua-
tion based only on the economies of scale could label
these reactors as economically unattractive, but that
approach is incomplete and misleading. An eco-
nomic model (INCAS—INtegrated model for the Com-
petitiveness Assessment of SMRs) is currently being
developed by Politecnico di Milano university within
an international effort on SMR competitiveness fos-
tered by the International Atomic Energy Agency, suit-
able to compare the economic performance of SMRs
with respect to large reactors (LRs). INCAS performs
an investment project simulation and assessment of
SMR and LR deployment scenarios, providing monetary
indicators (e.g., internal rate of return, levelized cost of
electricity, total equity employed) and nonmonetary in-
dicators (e.g., design robustness, required spinning
reserve).

This paper presents the general features and pur-
pose of the INCAS model, detailing the input required,
and points out the main differences with other simulation
codes. INCAS is applied to evaluate the financial attrac-
tiveness of an investment in four SMRs with respect to a
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single LR with the same power generation capacity in-
stalled, in different deployment scenarios. Then, a sen-
sitivity analysis highlights the degree of elasticity of the
key output parameters for the investors, with respect to
the most sensitive input parameters.

Given the uncertainties of the main input param-
eters, INCAS results are affected by uncertainties as well.
However, the financial output parameters provide a gen-
eral understanding on the investment economics: INCAS
shows that the economy of scale is not the only cost
driver, because the economies of multiples may compen-
sate for most of the gap in the economic performance of
the SMRs. The uncertainties that affect the input data
and the model do not allow declaration of a straightfor-
ward and neat economic performance superiority of SMRs
versus LRs, or vice versa. Nevertheless, some trends have
been highlighted. In particular, in “supported” market
scenarios, where overnight construction costs have the
highest incidence and the market conditions are less vol-
atile, the most suitable strategy is to pursue the econo-
mies of scale. In contrast, SMRs behave better in
“merchant” scenarios, where the cost of financing is
higher and financial risk is sensitive. A “modular” in-
vesting strategy with a step-by-step power block deploy-
ment process allows lower financial exposure and less
capital at risk and may mitigate the impact of scenario
uncertainties on a project’s profitability.
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I. INTRODUCTION

In the framework of a renewed interest in nu-
clear energy, first-of-a-kind as well as subsequent
units of new-generation nuclear power plants (NPPs)
are currently under construction and planned world-
wide, after a break of decades in the United States and
Western Europe.

Nowadays, the issue of economic sustainability and
profitability of new NPP projects is controversial mainly
due to changed market conditions and liberalization and
to the decay of experience in plant construction, ques-
tionably balanced by the technological advancements in
reactor design.

Moreover, small- to medium-size modular reactors
(SMRs) have come to the scene,!”” where plants’ size
maximization has been pursued by the nuclear industry
since its beginning. The loss of economies of scale seems
to be undermining the economic competitiveness of such
designs; however, the size reduction can be balanced®®
by other advantages, e.g., in financial risk, fabrication
and transportation of the equipment, construction, safety,
and grid stability.

In several countries, nuclear investment projects are
left to the initiative of industrial players acting on a lib-
eralized market. Two of the main decision criteria for
investment are the financial risk and the profitability,
which are hardly predictable because of a very extensive
investment horizon and of numerous risk sources.

The economic soundness of a nuclear investment
needs to be assessed against different possible scenario
conditions as a prior step to the investment decision;
project simulation may contribute to understanding the
boundary conditions that make a project affordable and
profitable from an economic point of view.

Several codes are increasingly used today for assess-
ment studies, including some economic features, as re-
ported in Table I (Ref. 10). The codes usually simulate
the integrated nuclear energy system of reactors and fuel
cycle-waste management facilities on global, regional,
or national/local scale, providing the quantitative mass
flow exchanges. The kernel for all analyses is based on
dynamic mass flow analysis (MFA) simulation. Their
capabilities in facing nonstandard reactor economics is
limited, in several cases.

The class of currently available dynamic simulation
codes, more suited for economic and financial analysis
of reactors deployment, as listed in Table II, indeed
cover a comprehensive set of applications. Some tools
devoted to market simulation, supported by the Inter-
national Atomic Energy Agency (IAEA) (e.g., MAED,
WASP, MESSAGE, GTMAX), provide energy planners
with the assessment of different market penetration strat-
egies for nuclear energy, to define the appropriate mix
of fossil, renewable, and nuclear energy supply assets.
Other sustainability assessment modeling tools are spe-
cifically intended to address various areas, such as safety,
NUCLEAR TECHNOLOGY
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environmental (e.g., SIMPACTS), proliferation resis-
tance, or economics (e.g., FINPLAN, SEMER), and apply
to different generating technologies.

Economics is hence investigated as a “sustainabil-
ity” concern, and simulation tools aim to calculate
both the investment needs for reactor and fuel cycle
facilities and the resulting levelized electricity genera-
tion costs. The software simulation tools dealing with
the economics of power generation fall into two main
categories: energy supply market modeling and sim-
ulation of power generation investment projects.
Among the latter, most of the available codes are tradi-
tionally focused on generation costs, with levelized cost
of electricity being the main output and economic
indicator.

Only a few codes [DANESS (Ref. 11), FINPLAN
(Ref. 12), and INCAS (Ref. 13)] involve a dynamic cash
flow analysis.

In this framework, INCAS (INtegrated model for the
Competitiveness Assessment of SMRs) has been con-
ceived as a simulation tool, able to evaluate the key eco-
nomic performance indicators of a nuclear investment
scenario at a single site or at multiple sites, at a country
level.

The original contribution of INCAS, in the synopsis
of the economic simulation codes, is the capability to
address the specific economic features of SMR deploy-
ment, capturing the so-called “economies of multiples”
that counterbalance the loss of economies of scale as
compared to large reactors (LRs).

Besides the description of the INCAS model archi-
tecture, two test cases are analyzed and described in the

paper:

1. a “merchant” business case, based on the rules of
the liberalized electricity and capital markets

2. a “supported” business case, referred, for exam-
ple, to special risk-mitigation policies and
conditions.

Each simulation case is run involving alternative
LR and SMR investment projects and the results are
discussed and compared. A sensitivity analysis investi-
gates the project risk, intended as the elasticity of key
economic performance indicators to changed scenario
conditions. Moreover, to exploit the flexibility in the
construction timing, different construction schedules for
multiple SMRs are simulated.

Il. INCAS MODEL ARCHITECTURE

The general architecture and development strategy
of the INCAS code is summarized in Fig. 1. The invest-
ment model is based on a discounted cash flow model
and provides the indicators of the investment’s financial
performance (e.g., internal rate of return, net present value,
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22D cash flow profile). The external factors model deals
© with factors usually not included within the investment
evaluation (e.g., security of fuel supply, public accep-
5 \ tance, environmental impact) because they are not
< . .
= under direct control of the investor or they are hardly

quantifiable. Nevertheless, they strongly influence
the life cycle and the feasibility of the project itself.
The financial and external factors models’ outputs are
then combined through a multiattribute evaluation
process.

This paper deals with an application of the invest-
ment model to alternative investment projects in nuclear
power: The economic performance of LRs and SMRs is

Code/Developer

TAEA
d

TABLE 1I
Main Features of the Economic Simulation Codes

(Ttaly)
’,
”

INCAS
FINPLAN [ GTMAX | POLIMI | MAED | MESSAGE | Nexia

5 w\ analyzed and the results are compared on the basis of a
5 set of key financial indicators.
The investment model includes the following
< modules:
9 \
5 1. generation costs [construction and operating costs,
including operation and maintenance (O&M ), fuel
203 cycle, and decontamination and decommission-
% z é \ ing (D&D)]
” 2. revenues (plant’s availability, electricity sale price)
EE S v\ 3. financial (sources of financing, cost of capital,
<< 2 debt amortization period).
o B Unlike o'ther simulatiqn codes, INCAS’S generation
S o g1\ costs model is not a mere input section of the code: An
= original calculation routine allows derivation of the con-

struction costs of each successive NPP unit on the basis

2 'q'é _ of its output size, design technology, and learning
2lz B accumulation.

% 88 E INCAS’s premise is that the cost of n NPP units is
5| 8EE not equal to n times the cost of one NPP.

§ § 2 g INCAS starts from a reference, first-of-a-kind con-
< g § Qé struction cost for a given design technology and a given

reactor size and calculates construction costs of each
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successive NPP unit of the same design technology,
through a top-down estimation approach and on the
basis of a given construction strategy in terms of sched-
ule and site location. In particular, the code takes into
account

1. economies of scale

2. co-siting economies due to sharing of fixed costs
by NPPs built and operated on the same site

3. construction cost savings due to modularization
effects, which are size dependent

4. learning economies, at both a single site level and
worldwide, with two different learning accumu-
lation and decay laws

5. effect of delay in the construction period

6. cost of financing during the construction period.

First of a kind engineering (FOAKE) and manufac-
turing (FOAKM) costs, as well as reactor concept, re-
search and development, and licensing costs (the part
not covered by public funding) should be analyzed
through a bottom-up approach, not adopted in the cur-
rent INCAS strategy since a detailed cost breakdown
for new-generation SMRs and LRs is not available. It is
assumed that these costs are included in the FOAK NPP
costs both for SMRs and LRs, then recovered on suc-
cessive NPP units through a learning curve. These costs
contribute to the economies-of-scale penalization for
SMRs. It has to be considered that the smaller scale of
SMRs and the consequent number of units to be de-
ployed will allow them to position quite soon on their
“maturity” phase.

Co-siting economies, modularization, and learning
economies contribute to the economies of multiples. It
applies to multiple NPP projects but obviously is more
evident for SMR projects that, given a total power out-
put, require more NPP units to be installed.

In addition, SMRs usually benefit from cost savings
from design technology simplification: Specific saving
factors have to be provided to the model on the basis of
expert elicitation.

All of these phenomena have been modeled on the
basis of open literature values and implemented in the
INCAS code: Specific parameters ; are calculated and
applied to the construction cost of a reference LR in a
way that the construction cost of a smaller-size NPP is
scaled from it, through the following equation:

_ OCCC(SSMR’ Nn,SMR’ NWm‘ld,SMR’ MSMR > DSMR)
OCCC(SLR’ Nn,LR’ NWorld,LR’ MLR’ DLR)

= g X 0 X Fpg X Dy X Op (1)
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where

OCC€ = overnight construction cost [$/kW(elec-
tric)]

S = reactor size [MW(electric)]

N,, = number of units of the same type built on
the same site

Nyworqg = number of units of the same type built in
the world

M = degree of modularity

D = innovative design solution feature charac-
terizing the power plant

Ugs = factor related to economies of scale
¥, = factor related to learning

Ucs = factor related to co-siting

), = factor related to modularity

Up = factor related to design enhancements.

The overall construction cost scaling factor 6 for the
SMR against the LR is then obtained by multiplying the
U, parameters.

Lastly, SMRs benefit from shorter construction times
as compared to LRs of the same design type, which ac-
counts for further savings in the financial costs.

INCAS offers the user both a high degree of autom-
atism and the option to intervene in the cost modeling
structure by changing the curve parameters to override
the default settings with specific, proven information.

The investment model, relying on a discounted cash
flow model, combines the input data to produce a com-
prehensive set of indicators that give a holistic invest-
ment financial appraisal, such as internal rate of return
(IRR) of the investment project, levelized cost of elec-
tricity (LCOE), capital at risk, capital structure ratios
(e.g., debt to equity, maximum debt outstanding, debt
cover ratio, debt duration), investment payback time
(PBT), cash flow profile, and net present value (NPV) of
the project cash flows, interest cover ratio, and profit-
ability index.

IRR and LCOE are calculated iteratively as the dis-
count rate and electricity sale price, respectively, that
drive the NPV of the investment project to breakeven:

CFt(eeprice)
NPV =0= P — 2
2 (1 + IRR)’ @

CF,(LCOE)
NPV =0=)> ——m— , 3
2 (1+K,) ¥
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where CF, is the cash flow of year 7, which is a function
of the electricity price ee,,., and K, is the cost of capital
(equity).?

INCAS is particularly devoted to the assessment of
the nuclear investment project risk and profitability, as a
feasibility requirement for the nuclear investment. It is
therefore conceived as a dynamic simulation tool to test
the boundary conditions that allow one to meet a target
project profitability; LCOE is then calculated with re-
spect to the scenario input settings.

Moreover, the investment model’s dynamic cash flow
analysis is able to capture the “self-financing” feature,
a financial phenomenon typical of modular invest-
ments. It represents the capability of the project to fi-
nance itself, by reinvesting the cash inflows from the
early deployed NPPs’ operations in the later NPP units’
construction.

If any positive free cash flow exists for an NPP,
after covering debt obligations, it is diverted to cash-
deficit NPPs under construction, to an extent defined by
the user (from 0% to 100%), the rest being earned as
“shareholders’ dividends.” That gives the shareholders
the option to reduce the up-front equity investment ef-
fort, reinvesting self-generated equity resources in the
project, at an appropriate IRR (see Fig. 2, where i and j
are indexes running over all the NPPs of the deploy-
ment scenario).

Self-financing may represent a relevant financing
source for staggered, modular investments in multiple
NPPs, which makes a project financially affordable by

2Regarding the cost of capital, a key factor is the risk pre-
mium the financial markets will set for SMRs. Five key
parameters will impact the risk premium: (1) the price vol-
atility of the electricity market; (2) the price volatility of the
competitive fuels such as natural gas; (3) the perceived lag
time in investments heavily impacted by the licensing/
design paradigm for SMRs; (4) the carryover risks that LRs
have experienced in the marketplace—could be country-
specific; and (5) the overall market risk for all capital projects.
SMRs and LRs would account for different risk premiums
set by financial markets, due to different risk profiles. Project
profitability may be evaluated on the basis of the NPV of an
investment, requiring the setting of a proper cost of capital
and risk premium, or on the basis of the IRR, which is a
dimensionless parameter not affected by the scale of the
investment and not requiring the setting of a proper cost of
capital as a discount rate. It can be argued that the invest-
ment flexibility allowed by SMRs may be valued by inves-
tors'# and translated to lower risk premium. Risk premium
would then be differential among LRs and SMRs (see com-
ponent 5 above), but to avoid the introduction of additional
assumptions on the financial market behavior in the risk
pricing, the IRR approach has been adopted: The IRR of the
LR and SMR projects has been calculated as representing
the intrinsic profitability. IRR is defined as the discount rate
that balances the NPV calculation and therefore represents
the capital remuneration of the specific project.

NUCLEAR TECHNOLOGY
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fori=1:n
no
A
yes =
1]
o
4
g
forj=1:i-1 5
no

New capital investment

Fig. 2. Self-financing routine in INCAS model.

investors with limited up-front investment capabilities.
Figure 3 summarizes the structure of the financial cash
flows for the investors.

Despite its multisite-level analysis capability, INCAS
will be employed in this work on simple, single-site busi-
ness cases to test the economic performance of different
sizes of NPPs under different scenario conditions.

Four SMRs built on the same site are compared to
one stand-alone monolithic LR with the same total power
output at site level. These test cases refer, as an example,
to a 1320 MW(electric) LR unit compared with four 330
MW (electric) SMRs.

The construction schedule simulated for the SMRs’
deploymentis staggered to benefit from learning accumu-
lation in the construction activity of successive units, thus
progressively decreasing construction costs. Moreover, the
SMRs’ construction scalability allows the generation of
self-financing; this effect on business profitability is an-
alyzed through the comparison of different construction
schedules (as shown in Figs. 4 and 5).

Self financing

Bank loans Interest expenses

(Kg)

Investment
Project

Free cash flows
(IRR)

Shareholders’ equity

Fig. 3. Typical investment project input and output.
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YEAR| 1| 2| 3[4]|5]|6[7]|8]9]10]11)12

LR

SMR#1
SMR#2
SMR#3
SMR#4

Fig. 4. LR and SMR construction: short SMR deployment
schedule (base case).

YEAR| 1|1 2(3]4]|5|6]|7]|8[9]10)1112

LR

SMR#1
SMR#2
SMR#3
SMR#4

Fig. 5. LR and SMR construction: long SMR deployment
schedule.

I1I. TEST CASES

Nuclear investments may represent a relevant indus-
trial, economic, and financial risk for investors, espe-
cially for those acting in liberalized markets of energy
and capital. Main risks for industrial operators and
merchant banks may be summarized as unpredictable
cash flows over exceptionally extended project life-
times, on account of the lack of consolidated informa-
tion and experience on both construction costs and
operating performance and the economics of new-
generation reactors. Moreover, cash flow expectations
are potentially undermined by possible regulation
changes, reactor operation underperformance, or elec-
tricity market downturn. If risk allocation countermea-
sures are undertaken, a nuclear investment project may
enhance its bankability and hence its financial attrac-
tiveness and feasibility.

The level of risk allocation and the main economic
features of the energy market environment may affect a
nuclear investment in a significant way. To investigate
different scenario conditions for NPP deployment, both a
merchant business case, based on the rules of the liber-
alized electricity and capital markets, and a supported
business case, referred to special risk-mitigation policies
and conditions, are defined and tested with INCAS. The
scenarios’ key features are summarized in Table III.

The supported case is derived from the analysis of
two case studies: Olkiluoto 3 (Ref. 14) in Finland and the
South Texas Project!3-!8 in the United States. Both de-
ployments have been structured in project financing, with
TVO electric utility being the special-purpose vehicle of
the NPP investment in Olkiluoto.

224
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The Olkiluoto case study represents a nonprofit power
generation business case, where a shareholders’ cooper-
ative consortium will off-take the power output through
long-term electricity sales contracts at cost-price. This
configuration is able to offset long-term market risk. Al-
though capital remuneration and project profitability are
not strictly required by shareholders in this business case,
mainly just invested capital recovery, they nevertheless
still represent key economic factors in the scope of the
analysis, with nuclear electricity being either a produc-
tion input for energy-intensive industry or an intermedi-
ate good to be sold to local municipalities by the
shareholders.

In the South Texas Project, market risk mitigation
and public guarantee of bank loans allow for low capital
costs.

In the supported case, a target 10% shareholders’
capital remuneration rate is considered to justify the en-
trepreneurial business risk, whereas in the merchant case
the nuclear investment project is left to the laws of the
free market of capital and power generation. Hence, both
shareholders and lenders will require much higher capi-
tal remuneration to cover long-term business risks, and
banks will ask for tighter loan covenants. This in turn
might increase the probability of financial default while
decreasing shareholders’ profitability to an extent that
the project financing scheme would not be viable. For
this reason, the financing of the not-supported nuclear
project is possible only through corporate financing, with
nuclear business risk being diluted on a diversified busi-
ness portfolio of shareholders and with shareholders’ as-
sets to guarantee bank loans. On the basis of a recent
study?? assuming an 8% interest rate on debt for mer-
chant case project financing, a conservative 7% interest
rate on balance sheet financing is assumed for the INCAS
test case, for corporations with less than 50% of nuclear
power business in their business portfolios.

As far as construction and operating costs are con-
cerned, the assumptions for LR and SMR deployment to
be used in the INCAS test cases are based on the latest
literature reported in Table I'V.

Once the deployment schedule (Figs. 4 and 5), the
financial data (Table III), and the scenario data (Table IV)
have been identified, the test cases involving alternative
LR and SMR investment projects are simulated with
INCAS and compared. To investigate the calculation out-
put sensitivity, a parametric analysis has been carried
out, with values ranging on a (—10%; +10%) basis with
respect to base values.

IV. RESULTS AND DISCUSSION

IV.A. Project Cost-Effectiveness

LCOE has been calculated in both the supported and
merchant business cases as the minimum electricity sale
NUCLEAR TECHNOLOGY
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TABLE IV
Scenario Reference Data for INCAS Test Cases

Input Base Value

LR SMRs
Base Value

Rationale and Bibliographic References

Plant operating lifetime (yr) 60 60

Estimated construction period 5 3
(yr)

Overnight construction cost 4000

[$/kW(electric)]

O&M costs ($/MWh) 9 10.8

Fuel cycle costs ($/MWh) 6.7 6.7

D&D sinking fund ($/MWh) 3 5.9

Inflation (%, annual) 2 2
Wholesale ee,,icc USA ($§/MWh) 57.2 57.2

Plant availability (%) 93 95

4284 (average)

Same technology enhancement and reliability !
for LR and SMRs.

LR total construction time considering the most
common LR design installed worldwide.?3-28
Reduced construction time for SMRs due to
reduced size and assuming design
simplification.?3-29-30

LR value?? as conservative with respect to recent
estimations'~33 while being optimistic with
respect to recent contracts.>* SMR capital costs
estimated from LR capital costs.”

LR cost considering a deep investigation for U.S.
reactors>> (conservative value since O&M costs
for new NPP should be lower than previous
generation reactors, due to design simplification
and passive safety features3®). SMR O&M costs
estimated from LR cost3” (SMRs to LR
ratio = 1.2).

Conservative estimation!® as compared with other
studies,20:21,32.38-40

A fee of 2 €/MWh is reasonable for LR, according
to a thorough survey on decommissioning
costs.*! SMR decommissioning costs
estimated from LR cost*>*3 (SMRs to LR
ratio = 2).

Average inflation rate for developed countries.**

Average wholesale electricity price by North
American Electric Reliability Corporation region,
2001-2007 (Ref. 45).

Assumptions based on estimations for Gen II1/
Gen [T+, LR (Ref. 46), and SMR (Ref. 1).

price that covers all the project life cycle costs. In par-
ticular, LCOE allows for the invested capital remunera-
tion on the basis of the cost of equity (K,) and cost of
debt (K,;); no extra profit is left to shareholders on top of
the cost of equity. Hence, the cost of equity exactly equal-
izes the IRR of the free cash flows and represents the
shareholders’ capital remuneration.

As shown in Table V, SMR deployment has to set
higher LCOE (+7% in the supported case) to grant the
same capital remuneration between the LR and SMRs,
because of its higher construction costs. The calcula-
tion procedure sets the required capital remuneration
(IRR) and considers the ee,,;.. as an output: LCOE is
the minimum sale eep.. needed to cover capital
remuneration.

INCAS shows that SMR deployment is less cost-
effective than LR deployment (higher LCOE) in the sup-
ported case: Lower power installed rate implies later rev-

226

enues whose time value is penalized by actualization.
The use of self-financing mitigates the up-front capital
investment but represents a higher recourse to equity
funds, i.e., a more expensive capital source than debt, a
less efficient financial leverage. Moreover, the model is
based on higher operating costs for SMRs than LR. Nev-
ertheless, as already mentioned, absolute value of output
indicators has to be cautiously appreciated, given the
high uncertainty on input data. That means LCOE of
SMRs and LR are substantially comparable, despite the
loss of economies of scale on overnight cost for SMRs.
Moreover, the investment simulation of the two business
cases highlights that SMRs are better able to cope with
higher capital costs.

Figure 6 shows the trend of LCOE as a measure of
the economic performance of SMR deployment, which
improves on that of the LR with the cost of debt
increasing.
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TABLE V

Cost-Effectiveness and Shareholders’ Profitability
for LR and SMRs in Supported and Merchant Cases,
at Short Deployment Schedule

Supported Case Merchant Case

Reactor size LR SMRs LR SMRs
LCOE ($/MWh) 55.0 59.1 96.1 96.3
Shareholders’ capital [ K, = IRR = 10% K,=1IRR = 15%

remuneration

SMRs are revealed as a more suitable option for the
merchant case’s capital remuneration requirements: When
financial leverage and/or cost of debt are higher, SMRs
are able to limit interest capitalization and debt accumu-
lation due to shorter PBT for each NPP module. Their
financial behavior is more stable and less sensitive to
high cost of capital (see Sec. IV.B).

Table VI itemizes the results related to the OCC cal-
culation for the SMRs, according to Egs. (1), (2), and (3)
of the INCAS model and adopted in the INCAS simula-
tion of the different deployment scenarios.

The loss of economies of scale represents 69% con-
struction cost increase on the first SMR module in terms
of $/kW(electric), as compared to the LR. Nevertheless,
the four SMR units together gain cost effectiveness
through the economies of multiples: The difference in
LCOE is moderate if compared with the significant
economies-of-scale penalty.

Learning accumulation in the construction phase re-
duces construction costs by nearly 8% on average over
all four SMRs (average cost saving factor is 91.7% on the
four units with respect to the first one). Co-siting econ-
omies (i.e., sharing of fixed costs) account for a further
cost decrease of 7% on average. Total combined cost
factor shows that construction costs of the third SMR
(100.2%) are in line with the LR’s: As compared to LR,
they decrease from +25% of first unit to +7% on aver-
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Fig. 6. LCOE trend at increasing cost of debt K, at different
cost of equity K, (merchant case, solid lines; supported
case, dashed lines).

age over all SMRs [$4284/kW(electric) with respect to
$4000/kW (electric) for LR].

Total capital investment includes not only the OCC
but also interest during construction (IDC).

The INCAS model assumes a grace period for debt
and interest payment during the construction phase,
with interest expenses being capitalized, i.e., increasing
debt outstanding. Table VI shows that overnight costs for
SMR average are 7% higher (+$284 million) than LR,
but INCAS calculates SMR average IDC lower than LR.

As an example, in the supported case the SMRs’ IDC
is 50% lower than LRs, with a net saving of $297 million;
as a consequence, SMRs’ total capital investment cost
(TCIC) is only $83 million higher than LRs. The TCICs
for LRs and SMRs are nearly the same ($5961 million
and $6045 million, respectively).

That is argued by the shorter construction time for
each SMR and the consequent shorter investment PBT,
accounting for limited interest capitalization during the

TABLE VI
OCC Factors
SMR #1 SMR #2 SMR #3 SMR #4 SMR Average LR
Economies of scale 9g5 (%) 169 169.3 169.3 169.3 169.3 100
Learning 9, (%) 100 92.5 88.4 85.6 91.7 100
Co-siting economies ¥¢g (%) 100 93.0 90.6 89.4 93.2 100
Modularization ¥y, (%) 86.8 86.8 86.8 86.8 86.8 100
Design savings 9p (%) 85.0 85.0 85.0 85.0 85.0 100
Total combined cost factor & (%) 125 107.5 100.2 95.7 107.1 100
OCC [$/kW(electric)] per reactor unit 5000 4300 4006 3829 4284 4000
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construction period. SMRs are able to better control
and limit the financial debt accumulation during the
construction phase. By increasing the cost of debt K,
from 5% to 7% in the supported case, all the rest being
equal, IDC will increase from 10% to 14% of TCIC for
LR, whereas SMRs’ IDC will increase only from 5% to
7%.

IV.B. SMRs’ Construction Schedule Strategy

Construction scalability offers the investors the op-
tion to concentrate or dilute the power installed rate
through the construction schedule of multiple NPP units.
Staggered construction of multiple NPPs generates free-
cash flows from the operation of early units, which can
be reinvested in the same project at the IRR profitability
rate. It represent a self-generated equity financial re-
source able to contain the up-front equity investment.
The higher the revenues (i.e., e, ), the higher the self-
financing source because the PBT is shorter for the early
units.

This option is not available to the single monolithic
LR. It allows the limiting of the up-front capital outlay
(equity plus debt) to below that needed by the LR, as
shown in Fig. 7.

Self-financing generation may be fostered by dilut-
ing the SMRs construction schedule over a longer period
of time. With ee,,,;.. above $70/MWh, debt plus equity
investment needed to build four SMRs is lower than for
LR, due to self-financing contribution (arrow A in Fig. 7).
With ee,,,;.. at $80/MWh, self-financing represents 11%
of SMRs’ TCIC; in the base case, i.e., 10-yr construction
schedule (short deployment schedule), self-financing ac-

M Debt M Equity

5500

- ‘ ““]‘

3000
R S T S T L S S B W7 «
gL ggy

ee_price ($/MWh), SMRs Schedule (L=Long, S=Short)

Self-Financing

e wu
v o
o o
o o

=
o
o
(=]

Financing sources (MS$)

85,L | [
1 90,5 I
90,L I

Fig. 7. Financing sources (debt, equity, self-financing) at dif-
ferent ee,,;c. and SMRs deployment schedules for the
supported case.
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counts for $64 1 million on TCIC $6063 million (arrow B
in Fig. 7). If deployment of SMRs is rescheduled over 12
years in a way that the first two modules work as a “cash
provider” to finance the construction of the last two units,
then self-financing ($1115 million) increases to 19% of
TCIC (arrow C in Fig. 7).

With a long deployment schedule and $900/MWh
€€, ice, self-financing accounts for $1571 million, namely
26% of SMRs’ TCIC.

It has been already shown that given the same capital
remuneration (K, = IRR), SMRs are slightly less cost-
effective (higher LCOE) than LR. If the ee,,,, is higher
than LCOE, as in the case of a free-floating price accord-
ing to the electricity market and in growing economies,
hence assuming growing electricity demand, lower cost-
effectiveness translates into lower IRR for SMRs as com-
pared to LR, given the same ee,,;.. This is shown in
Fig. 8, where the profitability curve of SMRs is lower
than that of LR at a different ee,,,,.. Figure 8 also shows
that the longer deployment schedule is characterized by
lower project profitability. Higher self-financing may re-
duce the up-front capital investment in terms of debt and
equity for the LR, but it slightly reduces project profit-
ability, due to revenue shifts onward.

Moreover, recourse to self-financing reduces the up-
front capital disbursement and the IDC arising from bank
loans, notwithstanding that it represents an equity capital
source, with higher cost than bank loans.

A trade-off stands out between profitability maximi-
zation and construction schedule dilution in order to in-
crease self-financing, assuming that the latter is simply
synthesized by the IRR parameter; the suitable deploy-
ment size and schedule have to be defined according to
the strategic goals and financial and economic constraints
of shareholders. It is also dependent on the shareholders’

IRR {%}

== LR
—=—SMRs Short Sched.
— —SMRs Long Sched.

60 65 70 75 80 85 90 95 100
ee_price ($/MWh)

Fig. 8. Project profitability (IRR) with different ee,,;.. and
construction schedule for the supported case.
NUCLEAR TECHNOLOGY

VOL. 178 MAY 2012



Boarin et al.

business and investment structure (e.g., for-profit corpo-
ration, nonprofit consortium of utilities and industries as
in the Olkiluoto 3 case, or government involvement).
Nevertheless, investment scalability offers an additional
strategic option and flexibility.

IV.C. Sensitivity Analysis: Project Risk

Project risk has been investigated as the elasticity of
project profitability with respect to a change in the sce-
nario conditions.

The main results are summarized in Fig. 9, which
shows the input parameters with the highest influence on
the project economic performance for the merchant case.
The same behavior of the project profitability applies in
the supported case sensitivity analysis.

The IRR variation is assessed as a percentage of its
base value (K, = 15%), according to a £10% change in
the input parameters (with the exception of the NPP avail-
ability, whose increase is bounded to +5% due to the as-
sumption of areference value already near to the maximum
of 100%). The ee,, . is left free to float according to elec-
tricity market price dynamics and is assumed as an input
to calculate the capital remuneration (IRR).

For almost all the parameters and business cases, the
sensitivity of the LR’s profitability is wider than that of
the SMRs; this indicates a lower financial risk for SMRs
as a general trend. In particular, SMRs tend to cope better
with cost of capital increase, higher financial leverage
[debt-to-equity ratio, D/(D + E)], and higher construc-
tion costs.

Revenues, i.e., electricity price and plant availability
parameters, are the main source of variation in project
profitability; e.g., a 10% increase/decrease in ee,,,;., can
increase/decrease IRR by 10% of its base value, i.e.,
roughly 1% in absolute value.

A% Shareholders' IRR (per +10% parameter variation)

ee_price
| i Overhight cost
Ll | Availability

: Debt-Equity ratio D/(D+E)

Inflation

| - = Debt cost Kd
! : i I Tax rate
Operation cost

[ Fuel Cycle cost
= Debt Amortization period

SMRs variance LJ D&D Sinking Fund

- LR variance I Years of operation

-10% 8% 6% 4% 2% 0% 2% 4% 6% 8%  10%
Fig. 9. Sensitivity of project profitability (IRR) to main pa-

rameter input data variation for the merchant case.
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Capital cost has a strong influence on the investment
profitability. It is incurred in the early years, when the
time value of money is higher, and represents a huge
percentage of the life cycle cost.

Financial parameters [e.g., inflation, K;, D/(D + E)]
are more relevant than the operating costs (O&M, fuel,
D&D). The effect of a change in the latter on IRR is
negligible.

Because of the staggered construction of SMRs over
a longer period, SMRs are more sensitive to inflation,
which accounts for an escalation in construction costs.

In general, sensitivity analysis shows a moderate trend
of better financial suitability of the SMRs to face changed
scenario conditions, with lower variability of project prof-
itability as compared to LR.

Moreover, the outcome suggests that by securing the
power output and electricity price with long-term sales
contracts, if allowed by market rules in liberalized elec-
tricity markets, it is possible to offset a relevant source of
profit volatility. The introduction of a “price floor” (i.e.,
a minimum electricity price) cuts the negative tail of the
electricity distribution, reducing the risk for investors.

Given the capital intensive nature of nuclear invest-
ment, a delay in the NPP construction period may be
particularly burdensome for the project economic per-
formance; construction delay is another relevant source
of business risk. Nevertheless, when delay applies to a
monolithic LR, all capital investment cost is affected and
increases proportionally to the time delay. Considering a
four SMR investment project, a construction delay af-
fecting the first NPP unit or, at worst, the first two units
could be reasonably assumed. The underlying hypothesis
is that technical and management failures and inefficien-
cies on first units construction can be recovered, e.g.,
through learning or suppliers’ reselection, in such a way
that later SMR units benefit from construction and as-
sembly process tuning to meet the construction schedule.

Figure 10 shows that multiple SMRs may better cope
with construction delay than a single LR, when delay is
longer than 1 yr and applies to the first SMR only, since
SMR projects become more cost-effective than LR (lower
LCOE). The same occurs when delay affects SMR units
1 and 2. Nevertheless, when construction delay is longer
than 2.7 yr, SMRs 1 and 2 struggle to provide self-
financing for the construction of later units 3 and 4, and
debt and IDC increase until the whole project economics
may underperform those of LR.

V. CONCLUSIONS

This work aimed to test the economies-of-multiples
feature as a new model paradigm in nuclear reactor de-
ployment, compared to traditional economies of scale,
through the INCAS economic simulation tool.

The benefits of this paradigm are evident in the case
study, where four SMRs are considered against a single,
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Fig. 10. LCOE trend for LR and SMRs with construction delay
(years).

monolithic LR, on account of their intrinsic investment
scalability.

INCAS shows that a “modular” investment project
in multiple SMR power blocks may be able to offset most
of the loss of economies of scale. Then, in the range of
uncertainty that affects the model’s inputs, LR and SMRs
record a substantially comparable cost-effectiveness.

SMRs are a suitable option in merchant case scenar-
ios, with limited financing cost escalation and financial
risk (i.e., profitability variance). The possibility to stag-
ger the units’ deployment in time makes SMRs an afford-
able option for investors with limited financing capabilities
and a chance to contain the average capital exposure. The
LR, as their counterpart, grants a better economic per-
formance in supported scenarios, where market condi-
tions are less volatile and where OCCs have higher
incidence on total capital costs, including financing costs.

LR and SMRs are the answers to different market
conditions and investors’ goals: LR’s economy of scale is
more relevant as a competitive edge where scenario con-
ditions are more predictable, whereas SMRs appear to be
more suitable as an option to control financial risk and
limit up-front investment and average capital at risk.

INCAS simulations allowed an understanding of the
key input parameters that may affect the economic per-
formance of the nuclear investment. They confirmed the
incidence of capital costs on the profitability outcome.
Capital costs include OCCs and financing costs. About
construction costs, the paper deals with a “top-down”
approach, where OCCs depend largely on modeling as-
sumptions based on learning curve, modularization curve,
design saving factor, and multiple units curve. Related
uncertainties deserve to be the object of a further inves-
tigation, although their estimation will not be straight-
forward due to the substantial lack of suitable data referred
to current SMR projects. A sensitivity analysis on the
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above-mentioned parameters should be appropriate. Other
factors may affect construction and financing costs, such
as the licensing process, including emergency planning
requirements. Detailed analysis of FOAK and fixed costs
has not been performed in this work, although these items
deserve further investigation in future developments of
INCAS economic modeling through a “bottom-up” ap-
proach in order to individuate the differential (dis)advan-
tages brought in by SMRs.

Further developments of the INCAS code will aim to
investigate the economic benefits of investment flexibil-
ity allowed by multiple NPPs, to be performed through
the real options theory. Advanced applications of INCAS
will concern multiple site investment projects, involving
multiple LR and SMR deployments. Moreover, a Monte
Carlo approach will be implemented, to capture the im-
pact of the stochastic distribution and variance of input
data on the model output. Other nonfinancial parameters,
the so-called “external factors” such as design robust-
ness, spinning reserve management, and risks during con-
struction, will be considered as well.

NOMENCLATURE

CF = cash flow ($ millions/yr)

ee,ic. = electricity selling price ($/MWh)

IDC = interest during construction ($ millions)
IRR = internal rate of return (%)

K, = cost of equity (%/yr)

K, = cost of debt (%/yr)

LCOE = levelized cost of electricity ($/MWh)

NPV = net present value ($ millions)

OCC = overnight construction cost [$/kW(electric)]
PBT = payback time (yr)

TCIC = total capital investment cost ($ millions)
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