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Abstract

The paper presents a new analytical methodology for predicting the volume and cost of natural uranium production
depending on uranium resources and scenarios for the development of traditional nuclear energy. The proposed method-
ology is based on a mathematical model of the dynamic process of exhaustion of fossil resources previously developed
at MEPhI and uses the parameters of the explored mass of the fossil resource, the annual volume of production and the
set rate of production growth. The three parameters known at the beginning of forecasting make it possible to describe
the change in the resource base over time and solve a number of economic problems related to the extraction of valuable
minerals. The paper provides forecasts of the NPP’s demand for natural uranium, depending on the scenarios for the
development of global nuclear energy developed by the World Nuclear Association (WNA), uranium resources and vol-
umes of its production with different costs for 2021-2022. It is shown that at a low rate (1.8%/year) of the installed ca-
pacity of nuclear power plants, uranium resources will last for more than a century, but the contribution of nuclear energy
to electricity production will continuously decrease from the current 10%. Under high scenarios for the development of
nuclear energy (>5%/year), which is possible under the conditions of intensification of the “green energy transition”, the
peak of uranium production may occur before the middle of this century. Based on these data, forecasts of the dynamics
of uranium exhaustion and annual production volumes at fields with different costs are presented until the second half of
this century, depending on the initial production growth rates determined by the scenario of nuclear energy development.
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Introduction . .
of humankind’s demand for primary energy sources. And,

as noted in Ivanov et al. 2004, oil is the “most mass weap-

It will be no exaggeration to say (following the authors
Velihov et al. 2010; Simonov 2010) that the history of hu-
man civilization is the history of continuous competition
for all types of resources. There is currently a tough com-
petition observed for hydrocarbon sources of energy and
for technology metals the resources of which have turned
out to be highly limited. Hydrocarbon fuel covers 100%

on of destruction” since all other types of weapons do not
work without oil. Numerous “carbon-free power” scenari-
os based on solar panels, wind turbines and energy storage
devices have come to face an acute issue of “critical mate-
rials”, such as nickel, cobalt, copper, lithium and rare earths
the resources of which are limited and around which global
tensions grow (World Energy Transitions Outlook 2022;
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Kondratiev 2022; Mansurov and Ptitsyn 2022). The Crit-
ical Materials Institute was established under the US De-
partment of Energy, and the Critical Raw Materials project
was launched by the European Commission (World Energy
Transitions Outlook 2022). The possibility for the limited
resources of conventional minerals to affect the evolution of
civilization was shown in the Roman Club reports (Mead-
ows et al. 2007), a contentious debate about which have
led, in the long run, to the sustainable development concept
(United Nations 2023). Specifically, it follows from reports
Meadows et al. 2007 that the sustainable development of
the “Golden Billion” countries, which have their mineral
resources practically exhausted, will be accompanied by a
fierce battle for the resources available so far in developing
countries. Recent events illustrate this forecast as graphi-
cally as possible. It has been growingly frequently that the
sustainable energy development is associated with nuclear
power (Rosatom State Atomic Energy Corporation 2023).
New reports from the World Nuclear Association (WNA)
(The World Nuclear Supply Chain 2023; World Nuclear
Performance Report 2023; The Nuclear Fuel Report 2023)
underline that the expansion of nuclear power is needed
for achieving the global climate-related objectives with the
zero-contamination level, energy security and sustainable
development. Energy security for an extended period of
time can be called one of the key criteria for the long-term
sustainable evolution of power industry (The White Paper
on Nuclear Energy 2020). From this point of view, renew-
able sources of electricity are unrivalled. At the same time,
the unique capabilities of nuclear breeding based on fast
neutron reactors make it possible to ensure the evolution of
nuclear power for more than a thousand years. However,
no rapid evolution of nuclear power based on fast neutrons
has occurred. It looks like a noticeable contribution of fast
reactors to electricity generation worldwide is expected to
manifest itself not earlier than the second half of this cen-
tury. And the evolution of sustainable nuclear power based
on thermal reactors is expected to face an issue of limit-
ed conventional resources of uranium (Ivanov et al. 2004;
Kharitonov et al. 2019; The White Paper on Nuclear Ener-
gy 2020; The Nuclear Fuel Report 2023). The purpose of
this study is therefore to evaluate the influence of scenarios
for the evolution of conventional nuclear power on the de-
pletion rate and the mining cost of natural uranium against
the background of the hydrocarbon depletion.

Scenarios of nuclear power evolution

Based on different scenarios, global production of elec-
tricity will grow until 2050, the growth rate to be not
less than 2%/year. With nuclear generation of electricity
growing at a rate of not less than 2%/year, as is the case
in recent decades, the contribution of nuclear power to
global electricity production will go down. According to
the scenario from the International Energy Agency (IEA)
published in October 2022 (World Energy Outlook 2022),
nuclear generation of electricity will grow until 2040,

with a growth rate of about 1.8%/year, while electricity
generation by wind and solar power plants will increase
at a rate of 9% to 12% per year (Fig. 1). At the same time,
the share of nuclear electricity generation will decline
from 10% in 2020 to 9% in 2040.

The WNA reports identify three global scenarios, that
is, low-rate, base-rate, and high-rate scenarios (The Nu-
clear Fuel Report 2023). The installed capacity of NPPs is
expected to grow until 2040 at a rate of 1.6%/year (low-
rate scenario), 3.6%/year (base-rate scenario), and 5.4%/
year (high-rate scenario) at the expense of the East Asian
countries for the most part. Accordingly, the reactor de-
mand for fuel and natural uranium will grow. Given the
trends for the growth in the installed capacity utilization
factor (ICUF) and for the increase in the reactor life, and
the fuel enrichment and burnup (with an invariable dump
depth of 0.22%), the NPP demand for natural uranium is
expected to grow at a rate of 1.8%/year (low-rate scenar-
i0), 4.1%/year (base-rate scenario) and 6.0%/year (high-
rate scenario). Thus, the demand for natural uranium will
practically double and reach 130 thousand tons per year
(kt/year) by 2040 for the base-rate scenario, and will triple
to reach 183 kt/year in the event of the high-rate scenario.
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Figure 1. Electricity generation forecasts for different energy
sources up to 2040 (World Energy Outlook 2022): 1 — coal, 2
— gas, 3 — hydropower, 4 — wind, 5 — solar PV, 6 — bioenergy,
7 —nuclear, 8 — other RES and oil.

Natural uranium resources and cost

In accordance with the IAEA classification of uranium re-
sources, the core criterion is the probable cost of uranium
mining (The Nuclear Fuel Report 2023; The Nuclear Fuel
Report 2023; Uranium 2022: Resources, Production and
Demand 2023; Zhivov et al. 2012). Four price categories
of uranium production cost have been used since 2009:
<40 $/kgU, < 80 $/kgU, < 130 $/kgU, and < 260 $/kgU.
As follows from Table 1, the uranium resources extracted
by conventional methods (in the cost category of below
260 $/kgU) amount to below 8 Mt. For the entire period
of commercial uranium production (before 2020), some
3.2 Mt of uranium were extracted (Table 2), which is 40%
of the resources remaining in place.
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Table 1. Global uranium resources (kt) with different cost of Kazakhstan e r—————
production as of 2021 (The Nuclear Fuel Report 2023) Canada —=
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Production Reasonably Inferred Recoverable Australia —
cost assured resources resources (IR) resources Uzbekista_n —
(RAR) (RAR+IR) Russia e
Niger Ly
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It also follows from Table 2 that the current capacities Great BKC_’tre_a e
. reat britain b
of uranium producers are used at 65% (49.36 kt/year are A} () countries 1
. . . | 1 | [ —— |
mined, the annual capacity being 76.2 kt/year). The coun- 25 15 5 0 5 15 25
tries with the biggest uranium production capacities in Uranium production,  Uranium consumption,
kt/year kt/year

operation are Kazakhstan (38% of the global capacity),
Canada (22%), and Namibia (12%). It is important to note
that the major suppliers of natural uranium for the world
market are countries with no domestically deployed NPPs,
and the major uranium consumers are the “Golden Billion”
countries with practically no domestic uranium reserves
(Fig. 2). It is only Canada that covers in full its own nucle-
ar power demand for uranium at the expense of domestic
uranium production. In accordance with the development
level of nuclear power, the countries with the highest urani-
um demand are the USA (about 18 ktU/year), China (11.3),
France (8.8), Russia (6.3), and South Korea (4.1).

Depletion model for recoverable
resources

A MEPhI paper of Kharitonov et al. 2019 proposes a
new mathematical model for the dynamic depletion
process of recoverable resources as the existing modifi-
cation of the model proposed in 1956 by M. King Hub-

Figure 2. Production and consumption of natural uranium (kt/
year) by countries in 2022 (The Nuclear Fuel Report 2023).

bert who forecast the oil production peak in the USA
in 1972. The new model is based on the balance of the
masses of recoverable and in-place resources and uses
three initial parameters (as of the forecast start time):
explored mass of the recoverable resource (recovered
by traditional methods), M, (tons), annual output, GO’
(t/year), and preset production growth rate, &, (1/year).
For example, the initial uranium production growth rate,
k,, is defined by the nuclear power evolution strategy
and reflects the existing trends in the change of demand
for the recoverable resource in question and the earlier
production investments.

According to the MEPhI model, the dynamics of annu-
al production, G(f), in year £>0 (as from the forecast start
time) is described by the analytical expression

2+0)yexp(T)
O (exp(T) + 1 + )

GH=G (1)

Table 2. Resources and production of uranium in the cost category of below 260 $/kgU by countries of the world as of 2022 (The

Nuclear Fuel Report 2023)

Country Uranium resources Uranium production Capacity in 2022 kt/ Cumulative uranium Uranium demand,
in 2021 R, kt in 2022 P, kt/year year production for 1945-2022 Q, kt kt/year
Australia 1960 4.55 6.81 241 -
Kazakhstan 875 21.23 29.06 350 -
Canada 865 7.35 16.54 554 1.48
Russia 657 2.51 3.10 378%+91 6.28
Namibia 510 5.61 8.90 159 -
Niger 468 2.02 2.02 157 -
South Africa 445 0.20 0.77 166 0.28
Brazil 277 - - - 0.34
China 245 1.70 1.92 54 11.3
India 221 0.60 0.61 - 1.41
Ukraine 185 0.10 1.65 25 1.57
Uzbekistan 131 3.30 3.50 77 -
USA 112 0.075 - 378 18.05
Others 967 0.11 0.34 557** 24.94%**
Total 7918 49.36 76.20 3185 65.65

* Sum (prior to 1991): Russia, Kazakhstan, Uzbekistan, and Ukraine. From 1992 onwards, the figures are shown individually for all countries.
** Including Germany (220 kt), the Czech Republic (112 kt), and France (76 kt).

*** Including the EU demand of 15.58 kt/year.
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Here, 0=k T, = k,M /G, is the dimensionless parameter that
characterizes the raw material depletion rate; 7,=M /G, is
the depletion period of the raw material resource, M, in the
event of stable annual production, G, (referred to in foreign
literature as “Reserves-to-Production” or “R/P ratio”); and
T=(k,+2/T)t is the dimensionless parameter that character-
izes the forecast time. According to (1), with k>0, the dia-
gram of G(7) is bell-shaped: the production grows initially at
arate of k, and then the production rate, k&=(dG/dt)/G, slows
down and becomes equal to zero (k=0) at a certain time
point, #, , as the mineral production reaches the peak, G, :

oo 0 _
M4 40y Mk 2+ 6)

In(1 + 6). 2)

The annual production decreases thereafter due to the
further depletion of the resource. The model suggests that
there will be no new deposits in future. If otherwise, the
resource amount needs to be changed for a new value at
this point. That is, the model takes into account long-term
trends rather than short-term production declines and
increases due to all kinds of current circumstances. For
Kazakhstan, for instance, as shown in Table 2, we have
that M =875 ktU and G,=21.23 ktU/year, and the deple-
tion period is then 7, =41. With the production growth rate
being k=2%/year, we shall have that § =k 7,=0.82 and

Annual production

a
| | | I I
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that the production peak is G, =23.2 kt/year and occurs
in ¢,,=9 years. For Canada, the initial production rate be-
ing the same, we shall have that 7, =118 years, 0 =2.35,
G,~10.4 kt/year, and ¢,,~33 years.

To illustrate how the resource depletion model can be
used, Fig. 3 presents the results of calculating the global
dynamics of oil, gas and uranium production the initial data
for which are provided in Tables 1-3. According to different
forecasts, the global demand for hydrocarbon fuel will grow
at a rate of not more than 1%/year. Therefore, k;=1%/year
has been assumed to be the initial oil and gas production
rate. The uranium production forecast uses three WNA sce-
narios (The Nuclear Fuel Report 2023) and the “stagnation
scenario” (k;=0) as the initial growth rates, and the world
NPP demand for natural uranium in 2022 as the initial pro-
duction level (G =62 kt/year). As follows from Fig. 3a, the
existing traditional recoverable energy resources (gas and
oil) are not enough for the long-term development of power
industry not only with the known resources but also with
doubled resources and based on a very moderate scenario
with the initial annual increase rate of only 1%/year.

The doubled oil and gas resources (dashed lines in
Fig. 3a) do not change the trend essentially while simply
postponing the production peak by two decades into the fu-
ture. This means that the “Green Energy transition” from
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Figure 3. Dynamics of the annual oil and natural gas production worldwide (10° t/year and 10'> m*/year respectively) with the
initial rate of production growth rate being &k =1%/year with initial data shown in Table 3 (a), and the annual uranium production
for different evolution scenarios of nuclear power based on thermal reactors (b). The dashed lines in (a) are for the doubled oil and
natural gas resources, and the dotted lines are for the oil demand with a rate of 1%/year (a) and the uranium demand according to
three WNA-23 scenarios (The Nuclear Fuel Report 2023) (b).

Table 3. Proven resources and annual production of oil and natural gas by countries of the world for 2020*(BP-2021) (Statistical
Review of World Energy 2021)

Countries Oil Natural gas
Resource M, 10°t Production G, 10° Depletion period Resource M, 10" Production G, 10" Depletion period
t/year T,=M/G, years m? m?/year T,=M/G, years
USA+Canada 82+27.1=353 0.965 36.6 126 +24=15.0 1.080 13.9
Western Europe 1.8 0.167 10.8 3.2 0.219 14.6
Russia 14.8 0.524 28.2 37.4 0.638 58.6
Middle East 113.2 1.297 87.3 75.8 0.687 110.4
World total 244.4 4.165 58.7 188.1 3.854 48.8

*After 70 years of publishing statistical overviews, BP stopped to publish data on hydrocarbon resources.
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hydrocarbons to RES has been caused not so by the CO, and
climate issues as by exhaustion of conventional deposits.

It follows from Fig. 3b that low-rate scenarios of nuclear
power evolution (k<2%/year) lead to the uranium resourc-
es to suffice for more than a century but its contribution to
electricity generation will decrease continuously from the
current 10%. With high-rate scenarios of nuclear power evo-
lution, the uranium production peak will occur by the middle
of this century. It is possible to make up for the continuously
growing shortage of uranium (the difference between de-
mand and supply=production) for some time at the expense
of secondary resources (e.g., REMIX and MOX fuel) which
require reprocessing of spent fuel (SNF). However, develop-
ment of commercial SNF reprocessing is a more practicable
option for fast rather than for thermal reactors. There are po-
tential nonconventional sources of uranium, e.g., seawater.
At the same time, even if the cost of uranium extraction from
water at a level of 400 to 500 $/kgU, as shown in literature,
is altogether achievable, it will be evidently only through in-
tegrated extraction of different chemical elements due to the
extremely low concentration of uranium in seawater.

Dynamics of the uranium
production cost

Uranium production cost, unlike uranium market price, is a
more stable quantity while uranium market prices are high-
ly volatile due to varying several-fold under the influence
of either the demand growth expectations or following the
volatility of prices for oil, gas and other energy sources.
Thus, in 2007, on the eve of the world economic crisis of
2008-2009, the uranium prices reached the historical peak
of 345 $/kgU (133 $/1bU,O,). There was another price peak
(148 $/kgU) observed in 2011, just before the Fukushima
nuclear accident in Japan, after which the market prices
dropped to reach the minimum of 57 $/kgU (22 $/1bU,0O,) in
2017. At the same time, there have been no major changes in
the uranium production technology, output or cost. In a lon-
ger term, however, due to the exhaustion of cheap deposits
and development of more remote (expensive) deposits with
the use of more advanced (and expensive) technologies, the
cost of uranium production will grow to affect inevitably the
market prices. Accordingly, forecasting the uranium pro-
duction cost is fundamental to identifying the trends for the
change in the market prices for natural uranium and, there-
fore, for the NPP electricity cost fuel component.

The cost of different deposits varies in the limits of
C,=C<C, where the minimum costis C;=16 $/kgU (Karatau,
Kazakhstan (Uranium 2022: Resources, Production and De-
mand 2023; Uranium Production Cost Study 2021), and the
maximum cost is C =260 $/kgU (the IAEA classification).
Presently, the most expensive uranium (in the cost category
of below 215 $/kgU) is produced for domestic consumption
in India, China and Pakistan ((Uranium 2022: Resources,
Production and Demand 2023; Uranium Production Cost
Study 2021). For modeling, however, one needs to have

the entire range of production cost. The price category of
C =260 $/kgU, if added to the initial data, contributes insig-
nificantly to the actual uranium production balance.

We shall express the uranium production cost dynamics
as the most common function, g(C,?), that describes the an-
nual uranium output (kg/year) for all deposits with a pro-
duction cost of not more than C ($/kgU) in year ¢ as from the
forecast start. That is, value g(C,¢) is the cumulative annual
output for all deposits in a cost range from the smallest cost
to C, quantity C varying between the minimum value and
the maximum value as determined above. The initial form
of this function (with /=0) is known to be g(C,t=0)=g (C)
and is shown in Fig. 4b (the heavy line plotted based on
data in Uranium Production Cost Study 2021 with the total
output being g (C,,)=49.4 kt/year (Table 2). To forecast the
uranium production cost dynamics in accordance with the
nonrenewable resource depletion model presented above,
one needs to know two more functional relationships, that
is, of resources m(C,t) and initial annual production rates,
kI, with the uranium production cost. Function m(C,f) de-
scribes the uranium resource (kt) in the cost category not
higher than C (in a range from the minimum cost to C) in
year . Quantity m(C,f) is the total (cumulative) uranium
resource left by time point ¢ as from the forecast start for
all deposits with the production cost in a range from the
minimum cost to C. At the forecast start time (=0), this
function is known as m(C,t=0)=m,(C) and is shown in Fig.
4a. The points on curve m (C) correspond to the data in
Table 1. The results of the uranium production calculation
using formula (1) shown in Fig. 3b take into account all
deposits, that is, G($)=g(C,,, 1) and M =m(C,,).

Having such initial data as m(C), g,(C) and kI, and
using expression (1), we find the sought solution for the
dynamics of uranium production with a different cost in
the following form

(2 + 0y exp(T)

- 3)
[exp(T) +1+ 0]2

g(Cn=g,(C)

Here, dimensionless groups #(C) and 7(C), which de-
pend on the uranium production cost, are determined by
the following expressions:

H(C)_MT(C)_ l+i k(C)'[ (4)
g ocy )

The time-dependent change in the balance of in-place
resources, m(C, £), with the cost of production in a range
between the minimum cost and C is determined by the
following expression

2+6

__ =270 (5
exp(T)+1+6

m(C,t) =m(C) ~ j ’70 g(C.Hdt=m(C)

Therefore, since the initial functions of the resource,
my(C), and of the output, g(C), are known (see Fig. 4
and Tables 1, 2), also known are functions 6(C) and 7(C)
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determined based on formulas (4), so, accordingly, the
sought relationship g(C,¢) between the uranium output and
cost (Fig. 4b) and the balance of the in-place resource (Fig.
4a) at different time points are also known. In the low pro-
duction cost range (C<120 $/kgU), as can be seen, the ura-
nium resources have the highest rate of decrease over time
since it is cheap deposits that are developed first. The ura-
nium output, as follows from Figs 4b, 5, will grow initially
in accordance with the initial rate and, then, after the peak
is reached, will go down with time due to cheap uranium
resources to be first to deplete. Thus, the uranium produc-
tion peak for cheap deposits (less than 40 $/kgU) is expect-
ed to occur in 10 years, while production will decrease by
nearly twice in the middle of the century, as compared with
2022, with the initial rate of about 4%/year. Production at
expensive deposits will grow until the middle of this centu-
ry to decline thereafter, as expected, equally rapidly.

The results presented in Figs 4, 5 have been obtained
for the same initial rate (4.1%/year). One can reasonably
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8
7
6
5
4
3
2

Uranium resources, Mt

Q

- g 2 O
@ @ o N

o o (=] o o =

T T T T T T

Annual uranium production, kt/year
[+
o
T

o

| | | 1
0 50 100 150 200 250 c -

Uranium production cost, $/kgU

Figure 4. Influence of uranium production cost, C, ($/kgU)
on time-dependent change in uranium resources, m(C.f),
(2021-2070), Mt U (a) and annual uranium production, g(C, f),
ktU/year (b), with the initial production growth rate of k,=4.1%/
year which corresponds to the WNA-23 base scenario (The Nu-
clear Fuel Report 2023). The initial data on the relationship of
uranium production cost with uranium resources, m(C), and an-
nual output, g (C), for the world deposits in 2021 ((The Nuclear
Fuel Report 2023, Uranium Production Cost Study 2021) are
shown by heavy lines in a and b. The points in a are for the
WNA'’s 2021 data (The Nuclear Fuel Report 2023) for resources
in 4 price categories of uranium deposits (see Table 1).
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Figure 5. Dynamics of uranium production with different cost
(initial rate of k;=4.1%/year) which corresponds to the WNA-23
base scenario (The Nuclear Fuel Report 2023). The calculations
are based on formulas (3) and (4) with the 2021 initial data (see
Fig. 4). The dashed line is the dynamics of production for low-
cost deposits with a higher initial rate (k,=6.5%/year).

assume that the higher is the price of the demand (market
price), as compared with the current production cost, (i.e.,
the higher is the expected gain), the greater is the intensi-
ty of the deposit development, while the production rate
is smaller with the demand price being close to the pro-
duction cost. The dashed lines in Fig. 5 show how much
production changes at low-cost deposits.

The results that justify the reliability of the proposed
methodology, that is, the estimated depletion dynamics
for different mineral resources, are presented in detail in
Kharitonov et al. 2016.

Conclusion

Forecasting the cost of uranium production is fundamen-
tal to identifying the trends for the change in the market
prices for natural uranium and, thus, for the fuel compo-
nent of the nuclear electricity cost.

Based on the mineral resources depletion model devel-
oped by MEPhI, this paper shows for the first time how
global annual uranium production changes over time de-
pending on the cost of production with the predefined ura-
nium resources and scenarios of the global nuclear power
evolution (and with initial uranium production growth
rates). The uranium production peak is expected to occur
in 10 years for cheap deposits (below 40 $/kgU), while
production will be half as small, as compared with 2022,
by the middle of this century with the initial production
growth rate being about 4%/year (the base scenario from
the World Nuclear Association). For expensive deposits,
production will increase until the middle of the centu-
ry with the equally rapid decline in production thereaf-
ter. With low-rate scenarios of nuclear power evolution
(less than 2%/year), conventional uranium resources in
the production cost category of below 260 $/kgU will
suffice for more than a century but its contribution to
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electricity generation will decrease continuously from the
current 10%. With high-rate scenarios of nuclear power
evolution, the uranium production peak is expected to be
reached by the middle of this century.

Since the major suppliers of natural uranium for the
world market are countries with no domestically deployed
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