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Abstract
The paper is devoted to the definition of an analytical expression for estimating the burnup depth of nuclear fuel de-
pending on its enrichment level, the periodicity of refueling, thermal stressthermal stress and the duration of the time 
period between refueling (reactor campaign) in a wide range of changes in key parameters for different types of thermal 
neutron reactors. The analytical expressions obtained in the work for the burnup depth are compared with numerous 
neutron physics calculations and experimental data from different authors for uranium fuel enrichment up to 9%. 
Calculations of the fuel share of the cost of electricity of nuclear power plants with PWR type reactors were performed 
and its sensitivity to changes in burnup depth and enrichment of fuel, the refueling periodicity, as well as to market 
prices for natural uranium, conversion, enrichment, fabrication of fuel assemblies and SNF handling were determined.
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Introduction

An important energy and economic characteristic of nu-
clear fuel is the so-called fuel burnup (or specific energy 
yield) that influences the NPP economic performance 
(Gorokhov et al. 2004; OECD/NEA 2006; ORNL 2012; 
NF-T-3.8 2011; Jatuff 2016). A higher burnup leads to 
a smaller reactor demand for fuel, less spent fuel and a 
smaller volume of its transportation operations, and a lon-
ger reactor refueling periodicity (that is, the so-called re-
actor campaign) (Future of Nuclear Power 2003; Xu 2003; 
Gorokhov et al. 2004; OECD/NEA 2006; Nuclear Fuels 
2009; NF-T-3.8 2011; Semchenkov et al. 2011; ORNL 
2012; Jatuff 2016; Burns et al. 2020). Current light-water 

reactors of the VVER, PWR and BWR types are normal-
ly designed for the uranium fuel burnup of about 50 to 
60 MW·day/kgU with the existing enrichment limit of 
5%. In recent decades, there has been an increasing trend 
in fuel burnup in light-water reactors with the fuel en-
richment simultaneously increased to more than 5% and 
the reactor refueling periodicity extended to 24 months 
(Future of Nuclear Power 2003; Xu 2003; Gorokhov et al. 
2004; OECD/NEA 2006; Nuclear Fuels 2009; NF-T-3.8 
2011; Semchenkov et al. 2011; ORNL 2012; Jatuff 2016; 
Burns et al. 2020). Newly developed accident tolerant fuel 
due to avoiding the steam-zirconium reaction suggest an 
increase in the fuel burnup and a change in the fuel enrich-
ment (as compared with UO2 two-oxide fuel) due to using 
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other fuel matrix and cladding materials (Younker and 
Fratoni 2015; OECD/NEA 2018; Kuryndin et al. 2021; 
Semenov and Kharitonov 2021; Zhang et al. 2022). The 
relationship between fuel burnup and fuel enrichment, re-
fueling periodicity, fuel mass in fuel assembly (FA) and in 
fuel rods, as well as other reactor core and FA parameters, 
is found based on neutron-physical calculations (Future 
of Nuclear Power 2003; Xu 2003; Gorokhov et al. 2004; 
OECD/NEA 2006; Nuclear Fuels 2009; Semchenkov et 
al. 2011; Jatuff 2016; Burns et al. 2020). In Jatuff 2016, 
Semchenkov et al. 2011, Nuclear Fuels 2009, Xu 2003 the 
results of calculations are presented in the form of grid 
diagrams reflecting the above-mentioned interrelations. In 
Xu 2003, Future of Nuclear Power 2003, a quadratic de-
pendence of fuel enrichment on its burnup and refueling 
multiplicity is given on the basis of approximation of nu-
merical calculations. However, curiously enough, in the 
literature it was not possible to find analytical expressions 
for the construction of grid diagrams of the above-men-
tioned interrelations, which is necessary, for example, for 
variant calculations of economic characteristics of tol-
erant nuclear fuel and the fuel component of the cost of 
electricity production at NPP. Therefore, the purpose of 
this paper is to obtain, based on physical principles, the 
analytical expression for estimating the nuclear fuel bur-
nup as a function of fuel enrichment, thermal stressther-
mal stress, refueling periodicity and refueling multiplic-
ity, as well as for determining the sensitivity of the NPP 
electricity cost’s fuel component to the above parameters.

Analytical relationships of fuel 
burnup and npp fuel cycle 
parameters

To identify analytical possibilities for selecting economi-
cally feasible parameters of the fuel cycle of NPPs with an 
extended reactor campaign, we consider three approaches 
to the evaluation of nuclear fuel burnup.

Firstly, the uranium fuel burnup, B, (MW·day/kgU) is 
connected with the reactor operating time, T, (days) with 
thermal power Q to the replacement of N fuel assemblies 
(FA) via a known expression (Gorokhov et al. 2004):

B = (Q×T)/(N×MFA) = q∙n×T, (1)

where МFA is the mass of uranium in each FA (kgU); 
n = NCORE/N is the refueling ratio; and NCORE is the number of 
FA in the reactor core. Quantity q = Q/MCORE, where MCORE = 
NCORE×MFA is the mass of fuel in the reactor core, is referred 
to as specific thermal stressthermal stress of fuel (about 40 
kW/kgU for UO2), and relation NМFA/T = Q/B = P represents 
the reactor fuel demand (kg/day or kg/year depending on the 
dimensionality used for В). As it follows from Fig. 1, which 
presents the results of calculating N(T, B) using formula 
(1), 30 to 50 FAs are extracted during refueling (depending 
on the specified burnup) when the reactor campaign is 12 

months (Т ≈ 330 days), and more than 70 FA are extracted 
when the reactor campaign is 24 months (Т ≈ 680 days).

Secondly, back in the 1950s, the concept of an ideal 
fuel reloading regime was introduced, in which the re-
actor is fed with fresh fuel in microdoses with mixing 
throughout the entire core volume (Future of Nuclear 
Power 2003; Gorokhov et al. 2004; Nuclear Fuels 2009). 
With the refueling multiplicity being n, the achieved bur-
nup, B, is less than the ideal burnup, B∞, according to the 
expression below (Future of Nuclear Power 2003; Gorok-
hov et al. 2004; Nuclear Fuels 2009)

B(n) = В∞ n/(n + 1) (2)

Normally, n = 3−5, so the burnup is 75 to 83% of the 
ideal burnup.

By excluding n from formulas (1) and (2), we find the de-
pendence of burnup on the fuel thermal stressthermal stress 
and the reactor campaign as the remainder in the following

B=B∞ − qT (3)

Thirdly, burnup can be expressed in terms of the mass 
of the nuclides burnt during the reactor campaign. Since 
the thermal energy generated for the reactor campaign, 
Q = ΔMf (Ef /mf), is directly proportional to the mass of the 
nuclides burnt, ΔMf , which is nearly equal to the fission 
product mass, expression (1) for the fuel burnup can be 
reduced then as follows

B = (ΔMf /M5)(M5/MF)(Ef /mf) = (Ef /mf) (ΔMf /M5)x. (4)

In the obtained expression (4), MF = N∙MFA is the mass 
of the fuel extracted during refueling; М5 is the mass of 
uranium-235 in the fresh fuel loaded into the reactor in-
stead of the spent fuel during reactor campaign; x = M5 /MF 
is the fresh fuel enrichment; Ef /mf = 970 MW∙day/kgU is 
the average caloric value of fissionable nuclides (uranium 
and plutonium) with an error of ± 1% (with the uranium 
and plutonium caloric values being in accordance with 
data in Glushkov et al. 1985.

Using enrichment in %, as generally accepted, expres-
sion (4) can be written as

B(MW×day/kgU) = 9.7x(%)∆Mf /M5 (5)

As can be seen, nuclear fuel burnup is directly pro-
portional to the product of only two variable parameters: 
initial enrichment (х, %) and ratio of the burnt fuel mass 
(approximately equal to the mass of fission products) to 
the initial mass of fissionable nuclides (that is, in the load-
ed fresh fuel), ∆Mf /M5. By comparing expressions (5) and 
(2), we obtain an important relation

(∆Mf /M5)(n + 1)/n = В∞ (mf /Ef)/x (6)

By definition, the right-hand part in the above ex-
pression does not depend on the refueling multiplicity. 
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Therefore, the left-hand part is not expected to depend 
as well on n, that is, the relative mass of fission products 
in extracted fuel during refueling depends only on the re-
fuel in result unknown before. Meanwhile, as shown in 
Fig. 2, which presents the fuel burnup neutron-physical 
calculation results for PWR- and VVER-type reactors in 
a broad range of enrichments (3 to 10%) and refueling 
ratios (1–8) (see Future of Nuclear Power 2003; Xu 2003; 
Nuclear Fuels 2009; Semchenkov et al. 2011; Jatuff 2016; 
Burns et al. 2020), processed using formulas (5) and (6), 
the left-hand part in expression (6) can be considered to 
be a constant value of 1.53 which does not practically 
depend on fuel enrichment, and either on fuel burnup or 
refueling multiplicity, that is, can be taken roughly

∆Mf /M5 = 1.53n/(n + 1) (7)

As it follows from Fig. 2, the largest deviations from 
dependence (7) are +8.5% and -4%. The dataset scat-
ter about dependence (7), which does not exceed 8.5%, 
can be explained by the neutron-physical calculation 
errors from averaging the fuel burnup and enrichment 
values, since in-core fuel burnup is not uniform under 
actual conditions, and FAs are used with different en-
richments and even with the enrichment distribution 
by fuel elements within one FA, so FAs with different 
burnups are extracted during refueling which requires 
special consideration.

Finally, it follows from expression (7) with typical val-
ues of n=3–5 that ∆Mf /M5=1.1–1.3, that is the mass of fis-
sionable nuclides (mass of fission products) burnt exceeds 
by 10 to 30% the initial mass of uranium-235 in fresh 
fuel due to the generated plutonium burnup which is con-
firmed by experimental data OECD/NEA 2006 (Table 1).

Analytical expressions for 
construction grid diagrams of 
uranium fuel high burnup
Substituting the obtained relation (7) into expression (5), 
taking into account (1) and (2), leads to the sought-after 
analytical relationship of fuel burnup with fuel enrich-
ment, refueling ratio, thermal stress and reactor campaign 
in the following form

B(MW×day/kgU) = 14.8x(%)n/(n + 1); В∞ = 14.8x(%). (8)

B(MW×day/kgU) = 14.8x(%) – q (kW/
kgU)×T(day)/1000. (9)

Table 1. Influence of uranium fuel enrichment and burnup on 
the mass of fission products in the PWR reactor SNF with one 
fourth of the reactor core refueled. Source: authors’ calculation 
of the ∆Mf/M5 values using formula (4) and of the (∆Mf /M5)
(n + 1)/n value using formula (7) based on data in NF-T-3.8 2011

Average 
uranium-235 
enrichment 
of replaced 
fuel x, %

Average 
burnup of 

replaced fuel 
В,MW·day/

kgU

Relative mass 
of fission 
products 

in replaced 
fuel, ∆Mf/MT, 

kg/t h.m.

Ratio of 
fission 

product mass 
in SNF to 

U-235 mass 
in fresh fuel 

∆Mf /M5

Parameter 
(∆Mf/M5)
(n + 1)/n

3.8 44.9 47 1.23 1.54
4.5 54.3 57 1.27 1.59
5.4 64.1 67 1.24 1.55
6.5 73.8 78 1.2 1.50
7.5 84.0 89 1.19 1.49
8.5 93.7 99 1.16 1.45

Figure 1. Number of replaceable FAs (N) as a function of reac-
tor campaign (Т, days) and fuel burnup (В, MW∙day/kgU) with 
the installed reactor thermal power (Q = 3200 MW), mass of 
fuel in each FA (МFA = 470 kgU), number of FAs in core (NCORE = 
163), and maximum theoretical ICUF (Т/(Т + ΔТ)), where ΔТ = 
32 days is the time of the reactor outage for refueling and repair. 
Calculation based on formula (1). Vertical dashed lines are the 
boundaries of the actual reactor operating times to refueling in 
12- and 24-month cycles.

Figure 2. Dependence of the product of the relative mass of fis-
sion products (burnt-up nuclides, ΔMf /M5) by the function of re-
fueling ratio, (n+1)/n with n = NCORE/N, on enrichment of replaced 
FAs. Source: plotted by authors based on grid diagram data in 
Nuclear Fuels 2009, Xu 2003, Future of Nuclear Power 2003, 
Burns et al. 2020 for PWR and VVER reactors: 1 – Jatuff 2016, 
2 – Semchenkov et al. 2011, 3 – Nuclear Fuels 2009, 4 – Xu 
2003, 5 – approximation Xu 2003, Future of Nuclear Power 2003. 
Dash line: calculation based on formula (7). The polygons reflect 
the boundaries of the grid diagrams obtained as the result of neu-
tron-physical calculations in Jatuff 2016, Semchenkov et al. 2011, 
Nuclear Fuels 2009, Xu 2003 for PWR and VVER reactors.
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Burnup calculations using formulas (8) and (9) de-
scribe satisfactorily the grid diagrams contained in 
Jatuff 2016, Semchenkov et al. 2011, Nuclear Fuels 
2009, Xu 2003, Future of Nuclear Power 2003. Fig. 3 
shows that the linear dependence of burnup on fuel en-
richment (8) in a first approximation generalizes data 
in a satisfactory way practically for all types of ther-
mal reactors, including CANDU, RBMK, VVER, PWR 
and BWR reactors (with UO2 fuel), that is, in a broad 
range of the fuel cycle parameters: enrichment of 0.711 
to 10% and refueling multiplicity of n=1 to 8 inde-
pendently of the fuel thermal stress. The dash-and-dot 
line representing the ideal burnup (the second one of 
formulas (8)), is above all calculated and experimental 
data exactly as one could expect.

As it follows from expression (9) and Fig. 4, with the 
preset values of the fresh fuel enrichment (х) and reactor 
campaign (Т), the burnup decreases as the fuel thermal 
stress grows. The grid diagrams for fuel burnup are con-
structed by way of combining Figs 3 and 4.

Therefore, analytical expressions (7)–(9), obtained 
for the first time in the paper, allow estimating analyt-
ically the dependence of nuclear fuel burnup on fuel 
enrichment, refueling multiplicity(or number of dis-
charged FAs), reactor campaign(refueling interval) and 
fuel thermal stress, which is required for plotting grid 
diagrams as a convenient tool for selection of the fuel 
cycle parameters.

Influence of burnup on the fuel 
share of the levelized cost of the 
NPP electricity
The fuel component, YF, (Rub/kW·h) in the NPP operat-
ing costs includes the FA fabrication and spent nuclear 
fuel (SNF) handling cost and is proportional to the reactor 
fuel demand, Р (kg/year)

YТ = P(CFA + CSNF) = PCNFC. (10)

Quantity СNFC = СFA + СSNF can be called as the cost 
of the nuclear fuel cycle (open or closed) in terms of 1 
kg of uranium (or heavy metals) in fuel (Rub/kg h.m.), 
including the FA cost, СFA = СХ + СFAB, and the SNF han-
dling cost, СSNF. Quantities СХ and СFAB are the costs of 
enriched uranium and FA fabrication; Р is the annual av-
erage reactor fuel demand (kg/year) defined by the ratio 
of the annual average thermal power of the reactor, Q 
(MW), to the average fuel burnup, В, (MW·day/kg) ac-
cording to (1):

P = 365×Q/B = E/(24ηB), (11)

where E = W·∆t·ICUF is the annual average amount of 
the electricity sold (MW·h/year); W is the installed elec-
tric power of the NPP unit, MW; Δt is the number of hours 
per year (8760 h/year); and Q=W∙ICUF/η is the reactor 
thermal power with gross efficiency η. In expressions 
(11), numerical coefficients 365 and 24 take into account 
the number of days per year and the number of hours per 
day in accordance with the commonly accepted dimen-
sionalities of the initial quantities. Thus, for current PWR-
type reactors with typical parameters such as W = 1200 
MW, η = 34%, В = 55 MW·day/kgU, and ICUF = 0.85, 
the annual fuel demand is Р ≈ 20 t/year.

The ratio of fuel costs to the electricity sold, YF/E, rep-
resents the fuel component of the electricity cost (Level-
ized Cost of Electricity or LCOE) (Kharitonov et al. 2018):

Figure 3. Relationship between average burnup (В, MW·day/
kgU), enrichment (х, %) and refueling multiplicity (n≥1) for 
uranium fuel for different thermal neutron reactors. Source: 
plotted by authors based on experimental and calculated data 
in OECD/NEA 2006, ORNL 2012, NF-T-3.8 2011, Jatuff 2016, 
Semchenkov et al. 2011, Nuclear Fuels 2009, Xu 2003, RBMK 
Channel Nuclear Reactor 2006, Lee et al. 2007. The straight 
lines are the calculation using formula (8) for different n=1−8. 
The polygons reflect the boundaries of the grid diagrams ob-
tained as the result of neutronic calculations in Jatuff 2016, 
Semchenkov et al. 2011, Nuclear Fuels 2009, Xu 2003 for 
PWR and VVER reactors.

Figure 4. Average fuel burnup (В, MW∙day/kgU) as a function 
of PWR-type reactor campaign (Т, days) and fuel thermal stress 
(q=25–45 kW/kgU) with an enrichment of х=4.95%. Calcula-
tion based on formula (9).
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LCF = Yf /E = P(CFA + CSNF)/E = (CFA + CSNF)/(24ηB). (12)

If burnup is measured in MW·day/kgU, then LCF is ex-
pressed in Rub/MW·h.

To estimate the cost of manufacturing the FAs replaced 
with fuel mass Р (kg/year) and enrichment х is necessary 
to know the consumed mass of natural uranium, F (kg/
year) and uranium isotope separation work, R (SWU/year), 
found by standard expressions (Kharitonov et al. 2018)

F = P(x – y)/(c – y); R = PΦ(x) + DΦ(y) – FΦ(c); (13)

Φ(z) = (1 – 2z)ln(1/z – 1); z = x, y, c, (14)

where D = (F – P) is the mass of depleted uranium with 
the mass concentration of uranium-235, у; с = 0.711% is the 
mass concentration of uranium-235 in natural uranium; and 
Φ(z) is the separation potential. As a result, for the production 
cost of fuel assemblies (per 1 kg of h.m.), including the costs 
of purchasing natural uranium and its conversion into urani-
um hexafluoride, uranium isotope separation, waste disposal 
and fuel assembly fabrication, we obtain the expression

CFA = CF(x – y)/(c – y) + CR[Φ(x) + Φ(y)(x – c)/(c – y) –
– Φ(c)(x – y)/(c – y)] + CD(x – c)/(c – y) + CFAB, (15)

in which CF = CU3O8 +CUF6 is the price of natural uranium 
hexafluoride; CU3О8, CUF6, CD are prices of natural urani-
um (in the form of oxide concentrate), oxide concentrate 
conversion to uranium hexafluoride, and recycling of de-
pleted uranium hexafluoride (waste) per 1 kg of uranium 
metal (Rub/kg); and CR is the separation work price (Rub/
SWU). It follows from expression (15) that the FA cost 
with the preset fuel enrichment level, х, and determined 
prices (CF, CR, CD, CFAB) depends only on the separation 
waste dump depth (tails assay), у, while there is an opti-
mal tails assay, у0, with which the FA cost is as small as 
possible. Quantity у0 depends only on the ratio of prices 
(CF + CD)/CR (Kharitonov et al. 2018). Since (CF + CD)/
CR = 1, we have that у0 = 0.228%; with (CF + CD)/CR > 
1, it is advantageous to save on natural uranium, so у0 < 
0.228%; and with (CF + CD)/CR < 1, it is advantageous to 
save on separation work, so у0 > 0.228%. According to 
data from JSC Atomenergoprom (Annual Reports 2021), 
the market quoted prices for natural uranium (in the hexa-
fluoride form) in the past five years are twice higher than 
the separation work prices, which leads to an optimal tails 
assay of у0 = 0.16–0.19%. In 2011, the market prices for 
uranium and enrichment reached their historical peaks: 
CU3О8 = 148 $/kg, CR = 149 $/SWU (Annual Reports 2021) 
(Table 2). After the Fukushima Daiichi accident, nuclear 
power worldwide found itself under severe pressure which 
led to a long-term decrease in market prices which reached 
the bottom in 2017–2018: CU3О8

 = 57 $/kg, CR = 36 $/SWU 
(Table 2). It follows from expression (15) that the cost of 
enriched uranium increases nearly linearly with the fuel 
enrichment growth and, thus, with the fuel burnup growth.

The costs of fuel assembly fabrication and SNF manage-
ment are to a lesser extent determined by market quotations, 
but may depend on the depth of fuel burnup (enrichment). 
Since according to data in OECD/NEA 2006 (see Table 3), 
the increase in the PWR fuel burnup from 45 to 95 MW·-
day/kgU leads to the FA fabrication cost, СFAB, growing 
from 300 to 450 $/kgU, and the SNF handling cost, СSNF, 
growing from 840 to 1770 $/kgU, which is practically pro-
portional to the burnup. Such regularity is explained by the 
growth in the FA fabrication costs due to the increase in the 
enriched uranium radioactivity level and the SNF handling 
costs with an increased content of fission products in highly 
burnt-up SNF. With these data accepted, the fuel component 
of the NPP electricity costs, as shown by the above formulas 
(Table 3), changes slightly in a range of 8.7 to 9.2 $/MW·h 
with high market prices for natural uranium and separation 
work (2011) and in a range of 5.1 to 5.2 $/MW·h with low 
market prices (2018). A weakly pronounced minimum in 
the vicinity of the 55 MW-day/kgU burnup is observed. 
Such pattern is defined by a practically linear dependence of 
the numerator in formula (12) on fuel burnup (see Table 3).

Table 2. Historical dynamics of market prices for natural ura-
nium and uranium conversion/enrichment services, and of esti-
mated cost of enriched uranium (х = 4.95%). Source: compiled 
by authors based on data in Annual Reports 2021

Parameter 2011 2018 2021
Uranium oxide concentrate price, СU3O8, $/kgU 148 65 91
СUF6conversion price, $/kgU 11 10 19
Uranium hexafluoride price, CF, $/kgU 159 75 110
Separation work price, CR, $/SWU 149 36 55
Optimal tails assay, у0, % 0.220 0.155 0.158
Enriched uranium cost, Сx, $/kgU 2772 1002 1496

Table 3. Influence of uranium fuel burnup on the NFC cost char-
acteristics. Source: compiled by authors based on data in OECD/
NEA 2006 for high and low market prices for natural uranium 
and separation work based on data in Table 2

Burnup depth, В, MW·day/kgU 45 55 65 75 85 95
FA fabrication cost, СFAB, $/kgU 300 330 360 390 420 450
SNF transportation cost, СTR, $/
kgU

230 280 330 380 430 480

SNF encapsulation and disposal 
cost, СDIS, $/kgU

610 745 880 1015 1150 1290

SNF handling cost, 
СSNF=СTR+СDIS, $/kgU

840 1025 1210 1395 1580 1770

Fuel enrichment*,х, % 3.9 4.6 5.6 6.5 7.3 8.2
Enriched uranium cost**, 
Сx, $/kgU

2011 2090 2545 3200 3800 4330 4940
2018 760 920 1150 1360 1540 1750

FA cost, СFA=Сx+СFAB, $/
kgU

2011 2390 2875 3560 4190 4750 5390
2018 1060 1250 1510 1750 1960 2200

Fuel component of NPP 
electricity cost***, LCF, $/
MWт·h

2011 8.8 8.7 9.0 9.1 9.1 9.2
2018 5.2 5.1 5.1 5.1 5.1 5.1

* Calculation based on formula (8) with n = 3.63;
** Calculation based on formula (16) with СD = 7 $/kgU;
*** Calculation based on formula (13) with the NPP efficiency 
of η = 34%.
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It is important to note that, according to the presented 
results, the market prices for natural uranium and separa-
tion work have major effect on the fuel component of the 
electricity cost as compared with effects from fuel burnup 
and, accordingly, fuel enrichment.

Conclusions

The paper presents newly obtained analytical expressions 
(8), (9) for estimating the burnup of nuclear fuel depend-
ing on fuel enrichment, refueling periodicity, reactor cam-
paign and specific thermal stress of fuel in a wide range 
of these parameters (without taking into account the con-
straints from the physicochemical processes in conditions 
of high burnups) as applied to thermal reactors. It has been 
shown that nuclear fuel burnup is directly proportional to 
the multiplication of only two parameters: enrichment of 
the fuel loaded during refueling, and ratio of the burnt fuel 
mass (≈ fission product mass) to the mass of fissionable 

nuclides in the loaded fuel according to expression (4). 
The latter ratio (∆Mf /M5) depends practically only on the 
refueling multiplicity and changes in a range of 1.0 to 1.5. 
The obtained analytical expressions for the burnup esti-
mation are convenient as applied to variable-based eco-
nomic, thermal-physical, strength and other calculations 
for reactor fuel batches with different cycle durations (12 
to 24 months) and fuel enrichments (up to 10%), includ-
ing the accident tolerant fuel under development.

It has been shown that fuel burnup increases practical-
ly linearly with the enrichment growth in the considered 
range of 0.7 to 10% with the preset refueling multiplicity, 
as shown by expression (8), and decreases linearly with 
the reactor campaign(refueling interval) increase with the 
preset fuel enrichment according to (9).

It has also been shown that the fuel component of the 
PWR NPP electricity cost is not so particularly sensitive to 
the fuel burnup change but is much more sensitive to the 
volatility of market prices for natural uranium, conversion 
and separation work or to changes of enriched uranium cost.

References
 � Annual Reports (2021) JSC Atomenergoprom for 2011–2021. 

https://atomenergoprom.ru/ru/invest/annual/ [accessed Apr.16, 
2023][in Russian]

 � Burns JR, Hernandez R, Terrani RA, Nelson AT, Brown NB (2020) 
Reactor and fuel cycle performance of light water reactor fuel with 
235U enrichments above 5%. Annals of Nuclear Energy 142: 1–11. 
https://doi.org/10.1016/j.anucene.2020.107423

 � Future of Nuclear Power (2003) An Interdisciplinary MIT Study. Mas-
sachusetts Institute of Technology, 180 pp. [ISBN 0-615-12420-8]

 � Glushkov ES, Demin VE, Ponomarev-Stepnoj NN, Hrulev АА 
(1985) Heat generation in a nuclear reactor. Energoatomizdat Publ., 
160 pp. [in Russian]

 � Gorokhov AK, Dragunov YuG, Lunin GL, Novikov AN, Cofin VI, 
Anan’ev JuA (2004) Validation of the Neutron-Physical and Radi-
ation Parts of VVER Designs. IKTs Akademkniga Publ., Moscow, 
496 pp. [in Russian]

 � Jatuff FE (2016) High Burnup Fuel Technical and Economical Les-
sons Learned at SWISS Nuclear Power Plants. Proc. of a Techni-
cal Meeting Held in Buenos Aires, 26–29 November 2013, Vienna. 
IAEA Publ., 125–138.

 � Kharitonov VV, Kosolapova NV, Uljanin YuA (2018) Analytical 
Forecasting of Investment Performance in Multi-Unit Power Plants. 
Bulletin of the NRNU MEPhI 7(6): 545–562. [in Russian]

 � Kuryndin AV, Kirkin AM, Karimov AZ, Makovsky SV (2021) On 
approaches to regulating the safety of the use of tolerant nuclear fuel. 
Nuclear and Radiation Safety 4(102): 13–23 [in Russian]

 � Lee SW, Cho DK, Choi JW, Choi HJ (2007) Burnup and Source 
Term Analyses for a CANDU Spent Fuel. Transactions of the Kore-
an Nuclear Society Autumn Meeting, 183–184.

 � NF-T-3.8 (2011) Impact of High Burnup Uranium Oxide and 
Mixed Uranium-Plutonium Oxide Water Reactor Fuel on Spent 

Fuel Management. IAEA Nuclear Energy Series, No. NF-T-3.8. 
IAEA, 99 pр.

 � Nuclear Fuels (2009) A Nuclear Energy Division Monograph. Com-
missariat а l’energie atomique, Paris, 150 pp.

 � OECD/NEA (2006) Very High Burn-ups in Light Water Reactors. 
OECD/NEA, 138 pр. [ISBN 92-64-02303-8]

 � OECD/NEA (2018) State-of-the-Art Report on Light Water Reactor 
Accident-Tolerant Fuels. OECD/NEA, 372 pp.

 � ORNL (2012) Categorization of used nuclear fuel inventory in sup-
port of a comprehensive national nuclear fuel cycle strategy. Oak 
Ridge National Laboratory (ORNL), 98 pр.

 � RBMK Channel Nuclear Reactor (2006) Moscow. GUP NIKIET 
Publ., 632 pp. [in Russian]

 � Semchenkov Yu, Pavlovichev A, Chibinyaev A (2011) Proximity to 
the scenario. Prospects for evolutionary development of VVER fuel. 
Atomnaya energetika Rossii 10: 25–29. [in Russian]

 � Semenov EV, Kharitonov VV (2021) Microeconomics of improving 
the safety of nuclear power plants based on using of accident tolerant 
fuel. Mikroekonomika 5: 49–62 [in Russian]

 � Xu Z (2003) Design Strategies for Optimizing High Burnup Fuel in 
Pressurized Water Reactors. Ph.D. dissertation. Massachusetts Insti-
tute of Technology, 305 pp.

 � Younker I, Fratoni M (2015) Neutronic and Economic Evaluation of 
Accident Tolerant Fuel Concepts for Light Water Reactor. Advanc-
es in Nuclear Fuel Management V (ANFM 2015). Topical Meeting 
ANFM, 1–13.

 � Zhang B, Gao P, Xu T, Gui M, Shan J (2022) Performance Evalu-
ation of Accident Tolerant Fuel under Station Blackout Accident in 
PWR Nuclear Power Plant by Improved ISAA Code. Nuclear En-
gineering and Technology 54: 2475–2490. https://doi.org/10.1016/j.
net.2022.01.024

https://atomenergoprom.ru/ru/invest/annual/
https://doi.org/10.1016/j.anucene.2020.107423
https://doi.org/10.1016/j.net.2022.01.024
https://doi.org/10.1016/j.net.2022.01.024

	Analytical dependence of burnup on enrichment of prospective fuel and parameters of reactors fuel campaign*
	Abstract
	Introduction
	Analytical relationships of fuel burnup and npp fuel cycle parameters
	Analytical expressions for construction grid diagrams of uranium fuel high burnup
	Influence of burnup on the fuel share of the levelized cost of the NPP electricity
	Conclusions
	References

