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Abstract

The authors propose an approach to the calculation of the levelized unit fuel cost (LUFC) of electricity generation for
a fast reactor in a two-component nuclear energy system (NES) with regard for plutonium production. The approach is
based on taking into account the additional economic effect, which can be achieved through the sale at the market price
of the natural uranium released due to the substitution of thermal reactors by fast reactors with MOX fuel based on the
plutonium bred in a fast reactor. This requires considering simultaneously the reactor parts of the fuel cycle for fast and
thermal reactors. Relationships have been obtained which connect the key neutronic and fuel characteristics with the
NPP and fuel cycle economic performance. The described methodology was used for the computational study of the
LUFC for a fast sodium-cooled reactor. Calculations have shown that, in the considered case, taking into account the
plutonium production leads to the LUFC reduction by nearly half and, therefore, to a major decrease in the total unit
cost of electricity generation (levelized cost of electricity or LCOE).
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Introduction

Closing the nuclear fuel cycle solves the problem of using
in a nuclear power system (NES) a second (in addition to
energy) product, i.e., secondary nuclear materials recove-
red from spent nuclear fuel (SNF). Of the greatest inte-
rest among them is plutonium as an additional resource in
nuclear power engineering at present. After the depletion
of economically affordable natural uranium reserves, plu-

tonium should become the main resource for the further
development of the NES. While electric or thermal energy
currently has an explicit consumer and is paid for accor-
dingly, the associated plutonium production does not yet
have a cash equivalent. At the same time, the costs of plu-
tonium production are actually included in the levelized
unit fuel cost (LUFC) of electricity generation, which
leads to a deformation of the economic indicators of nu-
clear power plants. However, it is practically impossible
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to separate the costs of electricity generation and pluto-
nium production, which always occurs when irradiating
uranium-based nuclear fuel. As a result, the traditional
comparative technical and economic analysis can lead to
an erroneous choice of the trajectory for the further deve-
lopment of nuclear power engineering.

One of the possible criteria for accounting for plutoni-
um production may be a modified LUFC with due con-
sideration of the additional benefit obtained from the use
of the produced plutonium as a commodity. However,
the absence of a market for plutonium, due to its specific
characteristics, does not allow the indicated benefit to be
determined. Under these conditions, there is no question
of the price of plutonium — money for which the sellers
are ready to transfer their goods (in this case, plutonium)
to the buyers. Apparently, it can be stated that this situa-
tion, due to the specifics of the product, will persist in the
foreseeable future.

At the same time, like any manufactured product, plu-
tonium has its own cost, which, on the one hand, must
cover the costs of the manufacturer for its production.
On the other hand, plutonium, being an efficient energy
carrier, due to its neutronic properties, makes it possible
to carry out expanded reproduction of nuclear fuel in the
fast neutron spectrum. Thus, plutonium-fueled fast reac-
tor technology may actually become a renewable energy
source, which is a prerequisite for the development of nu-
clear power in any foreseeable future.

The developed approach to determining the LUFC
makes it possible in fact to reduce to a single complex
criterion expressed in monetary form, i.e., LUFC, a set
of basic parameters describing the physical characteristics
and economic indicators of reactors and nuclear energy
systems as a whole, which are of a very heterogeneous
nature. The proposed criterion may turn out to be useful
in performing a systemic multicriteria analysis of a nu-
clear power system (Egorov et al. 2017, Alekseev et al.
2020), comparing its technical and economic indicators
with reactors of various types, and choosing the ways of
developing nuclear power engineering.

This approach has been formulated for the first time.

Traditional approach to
calculating the LUFC of electricity
production at nuclear power plants

Let us recall the main provisions of the traditional ap-
proach to calculating the LUFC (OECD/NEA 1994,
IAEA 2008, IAEA 2014, Dekusar et al. 2014, Chernyak-
hovskaya 2016).

Traditionally, the LUFC is the average value of fuel
costs per 1 kWh of electricity generated over the entire
service life of a nuclear power plant. Since the costs as-
sociated with fuel are incurred throughout its life cycle,
covering a period of up to 100 years or more, the method
of reduced costs is used to take into account the disparity

in monetary costs (OECD/NEA 1994, IAEA 2008, IAEA
2014); this actually takes into account the value of money.

Equalization of the reduced income and fuel cycle
costs makes it possible to determine the constant reduced
specific fuel cost or, in the terminology of works (IAEA
2008, IAEA 2014), the LUFC (Levelized Unit Fuel Cost):

>, XE@/A+n
LUFC — stagestime 1
S E@)/1+r) W

time

The above ratio for calculating the LUFC refers to a
single-product model, which takes into account only one
source of income, i.e., the sale of electricity.

Economic effect of plutonium
production in a nuclear energy
system

Let us consider the possibility of taking into account the
production of plutonium in an analysis of cash and fuel
flows and cost indicators of a NES, as was done in (De-
kusar and Gurskaya 2021) when considering the price of
plutonium. It is assumed that the NES includes NPPs with
thermal and fast reactors and the infrastructure of a clo-
sed nuclear fuel cycle. Commissioning a fast reactor of
equivalent power instead of a thermal VVER-type reactor
makes it possible to save about 200 tons of natural urani-
um annually, which provides the possibility of generating
additional income.

The additional income can be determined through the
market price of the saved natural uranium. This income
can also be obtained by selling the corresponding quan-
tities of enriched uranium or fuel assemblies for thermal
reactors, etc., manufactured on the basis of this uranium.

Since the release of uranium takes place throughout the
entire life cycle of a nuclear power plant, the additional
income should be reduced (discounted) to a specific date
in the same way as it is done when fuel costs are deter-
mined (OECD/NEA 1994, TAEA 2008, Dekusar et al.
2014, Chernyakhovskaya 2016).

The ratio for the discounted income E , received for
the entire design service life of a power unit of duration L
for the case of natural uranium can be written as

o iA Cy (1+es,) ™ AGY (1) @
w 1=ty +At (1 + 7")(/7[0)

where £ is the is the required additional income obtain-
ed by saving natural uranium; ¢, is the base date (usually
this is the moment when the reactor is commissioned); L
is the is the duration of the NPP life cycle; r is the discount
rate; C; is the unit cost of products entering the market (in
this case, it is natural uranium), due to which additional
income is provided, $/kg; es_, is the annual escalation of
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the unit price of products offered for sale (can be posi-
tive, negative or zero); AGY is the mass of products (natu-
ral uranium) that can be supplied to the market annually
when thermal reactors are replaced with fast ones; At is
the time lag (delay or advance interval) between the time
of receipt of income from the sale of released uranium (or
fuel assemblies) and the base date.

To simplify the further presentation, we will assume
that AGY(f) in formula (2) is a continuous function, and
the discount rate r is constant. Let us make a similar as-
sumption for all the other summable time functions con-
sidered in the paper. Then the sum in (2) can be replaced
by an integral with simultaneous replacement of power
exponents by exponents in accordance with relations of
the form 1/(1 + r)' = exp(-A, #) and the expression for the
income discounted by the time ¢, can be written as

Eg= J.,W“At CUAGU(I) exp (_(’ld s )(t ~ly ))dt G

0 +AL

A,=In(1 +1),A =In(1+es ). 4)

The obvious (guaranteed) possibility of saving urani-
um occurs after loading the fuel made on the basis of sep-
arated plutonium into the reactor, i.e. at the same time, it
is implicitly assumed that the “unsold” plutonium will be
replaced by completely marketable uranium. This usual-
ly takes place several years after the corresponding SNF
batch has been unloaded from the reactor. Consequently,
in this case, the value of At is positive and ranges, as a
rule, between five and seven years.

It is possible to earn income from the sale of saved ura-
nium even before the corresponding equivalent is obtained
in the form of separated plutonium. Moreover, in principle,
this can be done even before the commissioning of a nu-
clear power plant with a fast reactor. This simply requires
a stock of uranium in storage. In these cases, the value of
is negative, and its absolute value can be within fairly wide
limits. The value of At can also be zero, which corresponds
to the simultaneity of the start of generating income from
the sale of electricity and the sale of saved uranium.

Calculation model for a system of
thermal and fast reactors

The amount of released natural uranium and the corres-
ponding economic benefit, when thermal reactors are re-
placed with fast ones, can be determined as a result of
mathematical modeling of a specific NES. The result ob-
tained in this case is of a purely private nature, relating
only to this NES. At the same time, the most interesting
are models that claim to be somewhat versatile.

For this purpose, we shall consider the simplest math-
ematical model of a NES with a growing installed power.
Let us assume that the power generating part of this NES
includes only fast reactors of the same type with constant

characteristics, operating on mixed uranium-plutonium
fuel. Fast reactors are characterized by the secondary plu-
tonium storage coefficient (SC), which is understood as
the ratio of the annual unloading of plutonium from a fast
reactor to its annual loading. It is assumed that the system
has an equilibrium isotopic composition of plutonium.

We will assume that the increase in the installed capac-
ity of fast reactors in the NES is determined only by the
capabilities of the system for the production of plutonium.
In this case, additional income is understood as the saved
costs that would be incurred by the NES in its develop-
ment with the achievement of the same power level, but
using only thermal reactors and without commissioning
fast reactors.

Consider the equations describing the state of the sys-
tem in time by the number of fast reactors. In this case,
we will proceed from the concept of a system of reactors
(Walter and Reynolds 1986), in which all the excess plu-
tonium produced is spent on the commissioning of new
reactors.

The amount of plutonium required to launch one fast
reactor with the condition of filling its external fuel cycle
is calculated as follows

0
Gr, =GR, + T, 22 ®
where G, ° is the initial plutonium loading of the fast re-
actor, t; 7 is the duration of the fast reactor fuel assembly
campaign, years; T is the duration of the external fuel
cycle, years.

The annual excess plutonium from N, () of fast reac-

tors will be
GO
P (KH - 1)(1- 6) ©)

NFR (t) T

where ¢ is the loss of plutonium in the fuel cycle.
Then the rate of change in the number of fast reactors
is described by the differential equation

AN (1) (SC-1)(1-¢)
T—NFR(t)—T+ T (7)

ext

with the initial condition N, (0) = N,.°.
We will denote

A =(SC—1)(1—e)(T+T,); (8)

A, is related to the period of doubling the power 7, in
the system of fast reactors by the ratio

b, =1In2/T, ©)

Then equation (7) can be represented by the expression

dN . (1)
=R, (10)
which is solved as follows
NFR(t):Nl?ReXp(/lz(t_lo)). (11)
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Calculation of potential additional
income from economy of natural
uranium

To determine additional income, we will use formula (3).
In this formula, the amount of released natural uranium is
determined from the ratio

AGY(0) = G'll"JRNTR(t) = G'IL'JRXNFR(I) = G'IEJRXNI(:)R exp (/12 (t7 ly )), (12)

in which the number of thermal reactors is determined from
the condition of equality of power generation at thermal
reactors and introduced fast reactors at any time interval

N, ()P XICUF,, = N, ()P, *ICUF.,.

The number of introduced fast reactors depends on the
amount of produced plutonium and is determined by for-
mula (11).

In formula (12) x = (P, *ICUF, )/(P <ICUF); P
and /CUF are the installed capacity and its utilization
factor for a thermal reactor (TR) or fast reactor (FR),
respectively; N,.” is the number of fast reactors at time
t=t,; G is the annual demand of TR in natural ura-
nium, kg.

After performing the integration in (3), we obtain the
following formula for determining the additional income:

E g = CuGrxNg F (7). (13)

In formula (13), the function F(}), is introduced, which

in general form defined by the relation

FO)= exp()f»At)

(exp(AL)—T)
where L =%, — &, + & ,and A, and A are defined by rela-
tion (4).

The levelized unit fuel cost
taking into account plutonium
production in fast reactors

The LUFC of electricity production, taking into account
the production of plutonium, will be determined in the
same way as it is done in the traditional approach when
the reduced costs and reduced income are equalized. Ho-
wever, in contrast to the traditional approach, in the re-
duced income, in addition to the income from the sale of
electricity, we will include the income from the producti-
on of plutonium.

Then the LUFC, taking into account the production of plu-
tonium, will be determined from the following expression:

1=ty Ty y =il L UFCE() = C, l+es, (1=10) G, (1)
z z E(l)/(l _H.)(/ ) _ Z (H()) + U ( dd 2’7’) U (14)
T e = ) (I+r)""

i=ty+A

The notations here are the same as in the previous for-
mulas.

From here, we can obtain the following relation for the
LUFC

1=ty + L+ Tog
SOY E@/a+n
LUFC =78 _

> E@/+n)

7,

=ty + L+t
Co 3 (tresy ) Gu/ @er) )
1=ty +A1
;

(15)

ZL E(6)/ (14+7) )

The first term on the right in expression (15) represents
the fuel component in the one-product model (production
of electricity only); let us denote it as LUFC,.

Then expression (15) can be rewritten as

t=ty+L+At
G, Y (lresy ) G/ A+r)
t=ty+At
t=ty+L
S E@)/(1+r)

1=t

LUFC = LUFC, - (16)

or
LUFC = LUFC,~ A(LUFC).

The value of A(LUFC) is an additional income per 1
kWh of electricity generated in the system due to the re-
fusal to use natural uranium in thermal reactors when they
are replaced by fast ones. The same value can be inter-
preted as compensation under these conditions for the fuel
consumption of fast reactors.

Passing from summation to integration over time and
making the necessary transformations, we obtain

CyGre

A(LUFC) = ——u7m___
P, ICUF,, 8766

S (17)
where 8766 is the average number of hours per year; f'is
the dimensionless function of variables characterizing the
reactor and the fuel cycle:

_ Ay, eXp(AA ) (exp(AL)- 1)

4 (exp(r,,L)—1)

(18)

where A, =L, — 24,

Function f can be called the relative economic effi-
ciency of using plutonium in a NES with thermal and fast
reactors in a closed fuel cycle. The greater the value of
this function in a particular case, the more efficiently plu-
tonium is used in a given NES, and thus fuel costs can
be reduced (compensated) in it. Formula (18) shows the
limiting relative efficiency that can be achieved in accor-
dance with the considered NES model.

Among the variables on which the LUFC generally de-
pends are the variables responsible for both the economic
performance and the neutronic characteristics of the re-
actor and the fuel cycle. The economic indicators include
the discount rate, the escalation of the price of natural ura-
nium and the time lag between the time the product enters
the market and the time the power unit is commissioned.

The T, value (the time of doubling the installed capac-
ity of the fast reactor system) is responsible for the reac-
tor and the fuel cycle. It is determined by the plutonium
storage coefficient, the duration of the fuel campaign in
the reactor, and the duration of the external fuel cycle.
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The latter mainly depends on the technological features
of the fuel cycle and the radiation characteristics of the
irradiated fuel.

The LUFC of a high-power fast
sodium reactor, taking into account
the production of plutonium

Let us consider the application of the described method
for calculating the LUFC through the example of a power
unit with a high-power fast sodium reactor.

The calculations are based mainly on the physical and
technical characteristics of a high-power power unit, adopt-
ed in accordance with (OECD/NEA 1994, Poplavsky et al.
2010, Matveev and Khomyakov 2012, Alekseev et al. 2016).

The following time intervals are accepted: after un-
loading from the reactor, the SNF is kept for two years in
the in-reactor storage, then for one year in the spent fuel
pool, and for another year the SNF is reprocessed, fresh
fuel is produced and transported. Thus, the duration of the
external fuel cycle is assumed to be four years.

The data on fuel loads and unit costs for redistribu-
tion of the nuclear fuel cycle were taken from (Bunn et
al. 2003, Deutch et al. 2003, Shropshire et al. 2008, Alek-
seev et al. 2016). Centralized production of MOX-fuel
assemblies and fuel assemblies of the lateral reproduction
zone, as well as SNF reprocessing are planned. It should
be noted that the unit costs for the fuel cycle redistribution
largely determine the value of the LUFC, and the cost of
manufacturing MOX fuel and reprocessing spent nuclear
fuel (taken in the calculations, respectively, $3500/kg tm
and $770/kg tm) are of decisive importance. The price of
waste uranium in the calculations was taken to be zero.

The results of calculations of the LUFC at discount
rates () 0, 5 and 10% excluding plutonium production are
given in Table 1 (1 mills =107 $).

Table 1. LUFC, [mills’kWh] for a high-power fast reactor at
discount rates of 0, 5 and 10%

Stages of the fuel cycle r=0% r=5% r=10%
Initial 6.45 7.45 8.87
Final 3.95 1.60 1.18
Full LUFC, 10.40 9.05 10.05

As can be seen from the data in the table, when the
discount rate changes from 0 to 10%, the LUFC| first de-
creases and then slightly increases. The nonmonotonic
dependence of the LUFC, as a function of the discount
rate 7 is explained by the multidirectional changes in the
contributions to the LUFC, of the initial and final stages
of the fuel cycle.

Let us consider the effect of saving natural uranium
when a VVER-TOI thermal reactor is replaced with a fast
reactor of the same power. The G, value can be taken
equal to 200 tons, which corresponds to approximately
22.5 tons of enriched (4.3% in #°U) uranium per year. The

results of calculations of the LUFC, as well as additional
income for the entire life cycle of a nuclear power plant
with a fast reactor, taking into account the production of
plutonium in it, are presented in Tab. 2. The calculations
were performed using the FCCBNN program (OECD/
NEA 1994). The influence of the discount rate in the
range of 0—10%/year was taken into account. Plutonium
losses were assumed to be zero.

Table 2. Technical and economic indicators of a fast reactor of
high power, taking into account the market value of the released
natural uranium at 7, — oo

Uranium A(LUFC),
price, $/ mills/

LUFC, mills/kWh Additional income, B$

kg KWh r=0% r=5% r=10% r=0% r=5% r=10%
50 1.04 9.36 8.01 9.01 0.60 0.20 0.11
100 2.07 8.33 6.98 7.98 1.20 0.39 0.21
150 3.10 7.30 5.95 6.95 1.80 0.58 0.31
200 4.14 6.26 491 591 2.40 0.78 0.42
250 5.18 5.22 3.87 4.87 3.00 0.97 0.52
300 6.21 4.19 2.84 3.84 3.60 1.16 0.63

As can be seen from the presented results, the produc-
tion of plutonium makes it possible to obtain serious addi-
tional income (from 0.11 to 3.6 B$ depending on the price
of natural uranium and the discount rate) by selling the
saved natural uranium on the market. Accounting for this
income in an equivalent way leads to a noticeable decrease
in the LUF'C. Comparison of the data in Tab. 1 (line “full
LUFC,”) and 2 shows that at a price of natural uranium
equal to $50/kg, taking into account the production of plu-
tonium reduces the LUFC by about 10%. If the cost of nat-
ural uranium increases to $300/kg, which is quite possible
on the horizon of the current century, with the intensive de-
velopment of nuclear power engineering with thermal re-
actors, the LUFC decreases already by two or three times.

Figure 1 shows the results of calculating the LUFC of
a fast reactor with the combined account of the closure
of the fuel cycle and the escalation of the price of natural
uranium. The calculations were carried out for the case of
the initial price of released natural uranium at 100 $/kg
with a possible escalation of 3—5% per annum. Note that
the doubling time in the fuel cycle varied from 10 to 50
years. The Az value was taken to be zero. The figure also
shows the LUFC values.

At non-zero values of the escalation, a rather strong de-
pendence of the LUFC on the doubling time is observed,
especially at low values of 7.

Figure 2 shows the LUFC values, taking into account
the production of plutonium, depending on its storage co-
efficient with an escalation of the price of natural urani-
um of 3%; for clarity, the LUFC data are given at zero
escalation (the value is the same at any discount rate and
is equal to 8.3 mills’kWh). With the SC = 1.17, which is
the case for the standard configuration of a high-power
fast sodium reactor, the LUFC will be 4—7 mills/kWh, de-
pending on the discount rate. With an increase in the SC
to values of the order of 1.4, the LUFC will decrease to
3—7 mills/kWh.
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Figure 1. The LUFC of a high-power fast reactor at various dis-
count rates depending on the doubling time with the escalation
of the price of natural uranium: a) — 3%; b) — 5%. 1 - LUFC(r
= 0%); 2 — LUFC,(r = 5%); 3 - LUFC,(r = 10%).

With an escalation of the price of natural uranium by
5%, the calculations show that the picture does not change
qualitatively, but the LUFC values become negative: at
= 0% for any SC; at r = 5% for SC> 1.43.

The performed computational studies show that for a
power unit with a fast sodium reactor and a fuel cycle
with a doubling time of about 50 years, a discount rate
of 5% and at an initial price of natural uranium of $100/
kg and its annual escalation of 3% with zero At (without
lagging or advancing), taking into account the production
of plutonium leads to an almost two-fold decrease in the
LUFC, i.e., from 9.0 to 4.8 mills/kWh.

Taking into account that the contribution of LUFC
to the levelized cost of electricity (LCOE (OECD 2018
NEA No. 7928)) is about 15%, accounting for plutoni-
um production at NPPs with fast reactors leads to a sig-
nificant decrease in the LCOE, i.e., up to 10% or more
at higher prices for natural uranium. This effect is ulti-
mately due to taking into account the market value of
the released uranium in case of its potential export. This
effect turns out to be the minimum possible; a greater
effect can be achieved when the export of fuel assem-
blies of thermal reactors manufactured on its basis is
accounted for as a high-tech product with the maximum
added value.

" any discount, no escalation
8 -
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¥ — |
z 5. =5%
E
ty § o
3
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Figure 2. The LUFC for a high-power fast-neutron reactor de-
pending on the storage coefficient with a 3% escalation of the
cost of natural uranium.

Conclusion

The authors propose an approach to determining the Le-
velized Unit Fuel Cost (LUFC) for electricity produced
in a nuclear energy system by fast and thermal reactors.
In contrast to most of the approaches, in this work, an
attempt is made to develop a calculation method that ta-
kes into account the two-product nature of the technology,
i.e., the production of electricity and plutonium. This re-
quires considering simultaneously the reactor parts of the
fuel cycle for fast and thermal reactors.

At the same time, the additional income from the pro-
duction of plutonium in fast reactors is estimated at the
cost of saved natural uranium while the fleet of thermal
reactors using this uranium is reduced, being replaced
with fast reactors using plutonium fuel. The saved urani-
um has a real market price and can be sold on the market.
The proposed approach is based on the energy value of
the produced plutonium and thus eliminates the expensive
mechanism for assessing its cost. On the basis of these
assumptions, a mathematical model was constructed and
relations for calculating the LUFC were obtained, linking
the main fuel characteristics of the nuclear reactors under
consideration and the technical and economic indicators
of the fuel cycle of the NES.

The analysis of the obtained relations showed that the
LUFC refined in this way depends on many characteris-
tics of the NES. In particular, it is largely determined by
the current price of natural uranium and its escalation, the
plutonium storage coefficient in a fast reactor, the dura-
tion of the external fuel cycle, the plutonium doubling
period in the system, etc.

As an example, a computational study of the LUFC
in a two-product model of a NES with high-power fast
sodium reactors and thermal VVER-type reactors was
carried out. The results show that for a power unit with
a fast reactor and its fuel cycle with really achievable pa-
rameters (doubling time of about 50 years, a discount rate
of 5%, an initial price of natural uranium of $100/kg and
its annual escalation of 3%), accounting for plutonium
production leads to a decrease in the LUFC from 9.0 to
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4.8 mills/kWh. Taking into account that the contribution
of the LUFC to the levelized cost of electricity (LCOE) is
about 15%, we find that plutonium production leads to a
significant decrease in the LCOE, i.e., up to 10% or more.

The technique can be useful for comparative analytical
studies to justify the choice of a strategy for the devel-
opment of a two-component NES with thermal and fast
reactors in a single closed NFC.

A characteristic feature of the proposed technique is
that the recipients of income from the saved uranium
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