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Flowsheet of a uranium mine

Recovery of uranium from the earth’s crust, usually called mining + milling of uranium ore, occurs in a
sequence of physical and chemical processes. Figure 1 represents the flowsheet of the Ranger mine in
Australia, one of the cheapest operating mines in the world, due to its favourable conditions; this flowsheet
is used as reference uranium mine in this study. Many open-pit and underground uranium mines in the
world operate according a similar flowsheet.
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Figure 1
Flowsheet of the Ranger uranium mine, based on data from [ERA 2006]. Most uranium mines in the world are operating

according to a similar flowsheet. This study uses this flowsheet as reference uranium mine.

Mines applying the In Situ Leaching (ISL) method have a different flowsheet in some respects. The specific
energy consumption and accompanying CO, emission of ISL mines are similar to those of open-pit mines.
Large numbers of injection and production wells are to be drilled due to clogging and large volumes of
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leaching liquids are consumed; see also [CSIRO 2004], [Mudd 1998], [Mudd 2000], [Mortimer 1977], [Mudd
& Diesendorf 2007]. The harmful impact of ISL on the environment is high [WISE-U 2015] and irreversible.

The reference uranium mine in this study is an open pit mine that may be taken as a world-averaged mine.
Underground mining is generallly more energy intensive than open pit mining, ISL may be less energy
intensive in some cases. Differences in specific energy consumption and CO, emission between individual
uranium mines are substantial, due to widely varying conditions, as will be explained in the following
sections, and for that reason it seems not useful to discern different types of mines in this assessment: the
figures exhibit a significant scatter anyhow.

Apart from the specific variables discussed in the following sections the energy input and CO, emission of

an operating uranium mine depends on some general parameters, such as:

¢ Size of the ore body and construction of the mine. Smaller mines have larger fixed energy input, due to
its construction, including the processing plant and equipment.

e Availability of fresh water; a uranium mine consumes large volumes of fresh water.

e location:thetransportdistances of the supplies to the mine vary overawide range and may be thousands
of kilometers in some cases. Remote uranium mines have longer supply routes and consequently have
a higher specific energy consumption.

e Local climate and other conditions.

This study assumes that the electrical inputs at the mining site are provided by stationary oil-fuelled
generators at a thermal efficiency of e = 40%, and that the thermal efficiency of diesel engines of mining
equipment, dump trucks and excavators is e = 30%.

Specific combustion CO, emission of of fuel oil and diesel is assumed to be y = 75 gCO, /M)y,

Dilution factor and coal equivalence

The ore grade is defined as the uranium content of the uranium-bearing rock, usually given as mass-% U,Og,
or in grams uranium oxide per kg rock. The minimum amount of rock to be mined and milled to obtain 1 kg
uranium is inversely proportional to the ore grade. The dilution factor is a simple mathematical relationship
between ore grade and mass of rock to be processed per mass unit of uranium, and does not depend on
recovery technology nor on ore type.

Actually, more ore has to be processed than the mathematical minimum, due to the unavoidable losses in
the extraction process (see section below). The blue curve in Figure 2 illustrates the relationship between
the ore grade and the mass of ore to be mined and processed per kg recovered uranium.

At a grade of 0.1% uranium, one megagram (1 Mg = 1 metric tonne) of rock has to be mined and processed
to obtain 1 kg uranium in the mill. This is ten times as much as from rock at a grade of 1%, containing 10 kg
uranium per Mg rock. Consequently, the mining energy input per kilogram uranium is at least ten times as
large. At a grade of 0.01% the energy input is at least 100 times as large.

The horizontal red line represents the mass of coal (2.0 Tg) consumed by a coal-fired power plant to gene-
rate the same amount of electricity as the reference reactor during one year (26 PJ). Below an ore grade of
0.02% U;0g the annual mass of uranium ore to be processed to fuel one nuclear power plant equals the
mass of coal: the coal equivalence.

Figure 2 shows that below the critical ore grade, at which the nuclear system will pass through the coal
equivalence, virtually no recoverable uranium resources are been reported.
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Figure 2

The dilution factor and the coal equivalence. The mass of rock to be processed to fuel one reactor for one year with
uranium rises exponentially with falling ore grade. At a grade below 0.02% U;0g, 200 ppm, or 200 grams per Mg
(metric ton) the mass of ore equals the mass of coal consumed by a coal-fired station to generate the same amount of
electricity: this is the coal equivalence. The bar diagram of the known uranium resources as function of the ore grade is
added for comparison; its relative scale has no numerical values in this diagram.

Ore types

Uranium occurs in many kinds of minerals in the earth’s crust. The nuclear industry distinguishes sometimes
two categories of uranium resources, based on economic considerations: conventional and unconventional
resources. The term ‘ore’ is an economic notion: only rock from which uranium can be extracted in a
economic way is called ‘ore’.

Conventional resources are deposits of the kind now being mined. Examples of unconventional resources
are shales, phosphates, granites. Unconventional resources are generally not exploited.

In this study the conventional ores are divided into two groups, based on information from many sources,

among other [Orita 1995], [WNA-Ugeol 2015), [WNA-mining 2016]:

e soft ores, easily mineable and millable, e.g. sandstones and calcretes, with typical grades ranging from
more than 10% down to about 0.02% U,0s,

e hard ores, hard to mine and mill, e.g. quartz pebble conglomerates, with grades varying typically from
about 0.1% down to the mineralisation limit. Some high-grade vein-type ores are also hard to mill.
Below the mineralisation limit, at grades below 0.01% U,Og, the uranium is not present in the form of
separate grains of uranium minerals, but dispersed at atomic scale among the other constituents of the
rock. To extract uranium from rock types below the mineralisation limit the whole rock has to be brought
into solution. If uranium is present as separate minerals the processing starts with selectively dissolving the

uranium minerals and subsequently discarding the other minerals from the processed rock.

Mining

Energy consumption and CO, emission per Mg mined ore of the mining of uranium ore from the earth’s crust
(mining), depends on a number of variable conditions, such as:

e Qverburden ratio (= stripping ratio), determines the mass of waste rock to be removed per Mg ore. The

overburden ratios of open pit mines vary roughly from 3-50. The overburden ratio in the USA averaged
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50, according to [Blanchard et al. 1982]. An overburden ratio (or stripping ratio) of 3 means that for every
Mg ore 3 Mg of waste rock has to be removed. Variations in overburden ratios may introduce a spread
in the energy requirements with a factor of 5 [Chapman 1976b], with the same type of ore.

According to [Mortimer 1977] the waste rock ratios of underground mines vary from 1-5.

¢ Haulage distance: the distance the waste rock and ore has to be transported to the waste rock dumping
site respectively to the ore processing plant. The hauling distance for ore may vary from a few kilometers
to more than 200 km.

e Specific consumption of explosives (kg explosives per Mg rock).

¢ Thermal conversion efficiency of the diesel engines powering the mining equipment and the electricity
generators.

Afifth important parameter is the hardness of the rock to be mined. This factor is difficult to quantify, and for

that reason this study discerns two main types of ore: soft ores and hard ores. Variable rock properties may

introduce considerable variations in the specific energy requirements and CO, emissions of mining from
mine to mine. Some consequences of the mining of harder rock are, among other:

e Higher energy consumption per Mg rock removed by excavators.

e Higherwear of equipment, such as drill rigs and excavators, causing more time in the shop and a higher
rate of replacement of components and higher use of consumables. These increased rates mean an
higher direct and indirect energy consumption per Mg rock mined.

e Higher specific consumption of explosives: harder rock needs more explosives per Mg rock. The Ranger
mine uses about 0.25 kg explosives per Mg rock. Likely many mines have significant higher explosives
consumptions. This study assumes an explosives consumption rate of 1 kg/Mg rock in mines with hard
ores and in underground mines .

The specific thermal energy consumption of mining per Mg of soft ore can be calculated by the following
equation 1. The figures are derived from a process analysis of the Ranger mine, that is based on the
publications [ERA 2006], [ERA-AR 2005], [Rotty et al.1975] and [Mortimer 1977]. These figures may be
considered a low estimate of the world average uranium mine with soft ores, in view of the favourable
geologic conditions at Ranger.

For conversion of mechanical energy input into thermal energy input, mechanical energy is equated with
electrical energy: one unit of mechanical energy equals one unit electric energy, /ech = Je-

Jmining = (S + D {Usb + Jexcav + d*naud/€ + Jaup (indin) + Joxca(indir) + Jexplos * deJpauindin} =
= (S +1){(0.60 + 4.49 + d*2.40)/e + 11.00 + 3.18 + X*69.40 + (*1.888} =

= (S +1)*{(5.09 + d*2.40)/e + 14.18 + x*69.40 + d*1.888} eq1
Hereis: Jqining = total (thermal) energy input of uranium mining (MJy,/Mg ore)

Jdsb = direct mechanical energy input of drilling and blasting (MJo/Mg ore)

Jexcay = direct mechanical energy input of excavation (MJo/Mg ore)

Jhaul = direct mechanical energy input of haulage (MJo/Mg ore)

Jexplos = Indirect thermal energy input of explosives fabrication (M)y,/Mg ore)

S = overburden ratio (= stripping ratio)

d = haulage distance km

e = thermal conversion efficiency diesel engines Ji, => Jo and /i, = Jmech

X = mass ratio explosives over mined rock kg/Mg rock

The specific CO, emission of mining becomes:
Ymining = 75" /mming g Coz/Mg ore

Figure 3 shows the depence of the specific CO, emission of mining in open pit mines on two parameters: the
overburden ratio S and the haulage distance d. The diagrams are based on data from the process analysis
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of the Ranger mine in Australia.
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Figure 3
Specific CO, emission of mining uranium ore (kg CO,/Mg ore) as function of the overburden ratio S, at three different
hauling distances. In this diagram the explosives consumption is assumed x = 0.25 kg/Mg; underground mines and
open-pit mines with hard ores may consume 1 kg explosives per Mg rock, or more. There are mines with overburden
ratios as high as 50. Hauling distances of up to 200 km are reported. Consequently the specific CO, emission at many
mines in the world might be considerably higher than the world average figure.

Figure 3 shows that the specific energy consumption and CO, emission of mining uranium ore can widely
differ from mine to mine, due to different overburden ratios and haulage distances. In practice the scatter
of the figures might be enhanced by various other factors. The values of the energy requirements given in
other studies vary widely, from a low of 0.08 GJ/Mg ore [Franklin et al.1971] to a high of 77 GJ/Mg ore [Orita
1995]. The large scatter of values may be partly explained bij individual differences between mines but
mainly by methodological differences.

In-situ leaching (ISL) uranium mining

In some places in-situ leaching (ISL) is applied to extract uranium from ore still in the ground. Chemicals
are pumped down via injection wells into the ore body and the uranium-bearing liquor is pumped up from
production wells, after a residence time of 3-25 years.

ISL has been applied to conventional low-grade ores containing 0.03-0.05% uranium. In common practice
sulfuric acid leaching is used at a concentration of 2-5 g/l (0.02-0.05 M HQSO4). However, an initial
concentration of 15-25 g/l (about 0.15-0.25 molar HZSO4) is generally used to reduce the ore preparation
period. Often an oxidant is required to dissolve the uranium mineral. Oxidants in use include hydrogen
peroxide, nitrate ions (nitric acid) and sodium chlorate. Acid consumption is typically 5-6 kg per Mg rock,
but up to 10-15 kg/Mg rock. Overall recovery is typically 50-80% of the in-the ground resource [CSIRO 2004].
Large quantities of chemicals are needed: sulphuric acid, nitric acid, hydrofluoric acid, ammonia and other,
together tens hundreds of tonnes (Mg) chemicals per Mg uranium [Mudd 2000].

The reported recovery yield of Y = 50-80% refers only to the extraction from the rock. Given the low uranium
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content of the parent rock and of the pregnant solution pumped from the production wells, the extraction
yield of uranium from the pregnant solution may be low. The overall yield, extraction from ore in the ground
to yellow cake, may be in the range of 20-40%.

A major problem of ISL is the large-scale and irreversible contamination of aquifers, not only by the added
chemicals, but also by radioactive and toxic elements, such as radium, heavy metals and arsenicum, which
are chemically mobilized from the parent rock as well [Mudd 1998]. It might be difficult to reconcile the
ISL technique with any sustainable development, for reason of its harmful and irreversible effects in the
environment.

Arough impression of the energy requirements embodied in the chemicals for extraction can be figured out.
Assuming 100 Mg sulfuric acid plus 3 Mg ammonia are needed to extract one Mg uranium from the ground
—in some places two to three times as much is consumed — the embodied energy in these two chemicals
alone is: Jis= 0547 TJ/Mg (U) Jinlle =28

These figures are based on the specific energy intensities according to [Rotty et al. 1975]:
sulfuric acid H,S0,: Jspec = 2.87 GJ/Mg JinlJe =100
ammonia NH: Jspec = 86.65 GJ/Mg Jinlle =141

It should be emphasized that the above figure represents only a fraction of the total specific energy
requirements of ISL per Mg extracted uranium. Not included are, for example, the energy requirements of:
* embodied energy in pipes and drilling equipment

e drilling the injection and production wells,

e pumping the fluids into the ground, via injection wells, and from the ground via production wells

* extraction of the uranium from the solution.

The energy requirements of in situ leaching will vary over a wide range, due to widely different geochemical
conditions, depth of ore body, number of wells, operational life of each well and ore properties. In addition
the energy requirements depend on the ore grade, as with conventional mining and milling. Data on
actual ISL mines are scarce in the open literature, so the average values are unknown. Due to clogging the
productive life of the wells is short, so during the production lifetime of the mine constantly new wells are
to be drilled.

In this study the specific energy requirements of ISL are assumed to be the same as of open pit mining.
This assumption may not lead to overestimation of the specific extraction energy of uranium from ore, the
average of all mines and mills. [Mortimer 1977], one of the few studies which include ISL, gives figures in the
same range as soft ore mining and milling.

The direct energy consumption of the Beverley ISL mine turns out to be as high as that of the Ranger open
pit mine, both mines are located in Australia [Mudd & Diesendorf 2007]. Impacts of ISL on the environment
are addressed in [WISE-U 2015].

Mining of soft ores

For reason of the wide dispersion in published figures this study uses the figures from [Rotty et al. 1975], that
may be seen as a world average of uranium mines (open pit, underground, ISL), with average overburden
ratio and haulage distance, and with soft ores.

Jmining =Je + i = 1.06 GJ/Mg ore Jinlle =8.0
The figures from Rotty et al. are based on an unpublished survey of energy consumption in the USA mining
and milling operations, conducted by the US Bureau of Mines in 1973. At that moment virtually all uranium
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in the USA was recovered from high-grade sandstone deposits. The figures represent the average of 60%
open-pit and 40% underground mining and include, according to the authors, indirect energy consumption:
the energy embodied in chemicals and equipment. The figures from Rotty ef al. are used in [ERDA-76-1], a
study also referred to by [WNA-eroi 2016]. Rotty nor ERDA made distinction between hard ores and soft ores,
e.g. between sandstone and granite, probably because their data base concerned soft ores only, mainly
sandstones.

Assumed that the electric input, including that for production of the explosives, is generated by fossil-fuelled
power plants with an average thermal efficiency of e = 40%, the total thermal input becomes:

Jmem &th, ore) = 1.237 GJ/Mg ore
Assumed an average specific CO, emission of y=75 g/MJy,, the specific emission of mining soft uranium ore
at a world average mine would become:

Ymining = 93 kg CO,/Mg ore

The specific CO, emission of ISL mines (In Situ Leaching) is assumed to be of the same magnitude, based
on the studies [Mudd 1998], [Mudd 2000], [Mudd & Diesendorf 2007].

Mining of hard ores

The mining of hard ores consumes more energy and materials than soft ores. The equipment, such as drills,
excavators and dump trucks, suffer by heavier wear and more explosives are consumed per Mg rock. For
that reason this study assumes the specific mining energy consumption of hard ores at 1.5 times that of
soft ores:

Jmining = Je + Jn = 1.58 GJ/Mg ore Jin/le = 8.0

Assuming the indirect energy consumption of the excavation en haulage equipment would double by heavy
wear, an overburden ratio S = 3, a haulage distance d = 30 km and an explosives consumption of x = 1 kg/
Mg rock, the specific energy consumption of mining hard ore calculated by equation 1 would become:
Jmining = 1.68 GJ/Mg ore.
So the figure of 1.58 GJ/Mg ore seems plausible and not overestimated, but unfortunately no practical data
are found to ustain this figure, other than qualitive statements.
Assumed that the electric input, including for production of the explosives, is generated by fossil-fuelled
generators at the mining sites, the average total thermal input of mining hard oresbecomes:
Jin = 1.843 G)/Mg ore
and the specific CO, emission:
Ymining = 138 kg Coz/Mg ore

Ore processing (milling)

Energy consumption and CO, emission of the extraction of uranium from the ore, per Mg recovered uranium,

depends on a number of variable conditions, such as:

e Oregrade, determines the dilution factor: the mass of ore to be processed per Mg uranium; the ore grade
of the currenty operating mines varies from roughly 10% to 0.01% U, a factor of 1000. The world average
ore grade of currently operating uranium mines is about 0.1-0.05% U,0g. The ore grade determines
the energy consumption of crushing and grinding and the amount of chemicals consumed per kg U for
leaching and extraction. Lower grade means the need to grind the ore to a finer mesh and to use more
chemicals per Mg uranium, and consequently the specific energy consumption per Mg ore increases.

e Extraction yield (= recovery factor): fraction of uranium that is actually extracted from the ore.
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e Mineralogy of the ore, determines the hardness of the minerals to be crushed and grinded and the
chemical refractoriness of the uranium minerals to be dissolved.

e Chemical composition of the ore, determines the type of chemicals used, for example acid leaching or
alkaline leaching, and reaction conditions, such as high or ambient temperature. The world average
includes alkaline ores. The leaching of alkaline ores takes much more energy than acidic ores (as at
Ranger), due to the elevated temperatures (60-80 °C) and the consumption of chemicals with high
embodied energy, such as sodium hydroxide and sodium carbonate.

Ore grade and extraction yield are two quantifyable variables in the assessment of the energy consumption
and CO, emission of the exraction of uranium from its ore. The different ore types are simplified to two
classes: soft ores and hard ores. World average figures of other variables and parameters are used.

Milling of soft ores

For ore processing (milling) at Ranger (based on [ERA 2006] and [ERA-AR 2005]) this study found the
following figures:
Jmiliing =Je * Jin = 1133 GJ/Mg ore Jinlle = 4.56
This figure is a low estimate, for several energy inputs of the ore processing are not included:
e fresh water supply
e treatment of process water and pond water
e embodied energy of the extraction chemicals, kerosene and complexing agent
e direct and indirect energy of several partial processes of the ore processing chain, e.g. thickeners and
centrifuge
¢ waste management
e construction of the ore processing facilities.
The energy input of each of these items may be of minor importance, but jointly the inputs may be a
significant contribution to the overall specific energy consumption.
For that reason this study applies the somewhat higher figure of [ERDA-76-1] for soft ores:
Jmiting = Je +Jin =1.27 G/ Mg ore Jwlle =70
Usually the electric inputs of uranium mines are generated on site by oil-fuelled generators. Consequently
the total thermal energy input is:
Jin = 1.508 GJ/Mg soft ore
and the specific CO, emission:
Ymiling = 75°1.508 = 113 kg CO,/Mg soft ore

Milling of hard ores

For hard ores this study applies the figures based on [Kistemaker 1976] and [Kistemaker 1975]. Kistemaker
published figures for the milling of poor hard ores, based on the data of 1974 supplied by NUFCOR (Nuclear
Fuels Corporation), responsible at that time for the mining and milling activities at the South African uranium
mines. The Kistemaker figures include the embodied energy of a number of chemicals, not all, but do not
include the energy input of equipment and capital goods. The electric inputs are generated on site by oil-
fuelled generators. Consequently the total thermal energy input is:

Jmilling Eth, ore) = 8.67 GJ/Mg hard ore
and the specific CO, emission is:

Ymiling = 75°8.67 = 650 kg CO,/Mg hard ore
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Extraction yield

The extraction yield, also called the recovery factor or recovery yield Y, is the ratio of the mass of uranium
actually extracted and the mass of the uranium present in the treated amount of rock.
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Figure 4

The extraction yield of uranium from ore as function of the ore grade. The red dots are the highest reported figures from
the literature, based on actual mining operations. This curve may be seen as the upper limit of the attainable extraction
yields using the current extraction technology. The grey squares are empirical data from [Mudd 2011].

The data used in this study (red dots and bars) have been taken from: [Burnham et al. 1974), [Franklin et al. 1971], [GJO-
100 1980], [Huwyler et al. 1975), [James & Simonson 1978], [James et al. 1978], [Kistemaker 1976], [Kistemaker 1975],
[Mutschler et al. 1976], [Rombough & Koen 1975], [Ross & Guglielmin 1968], [Rotty et al. 1975], [Simonson et al. 1980,
[SRI1975].

Reported yield data are not always unambiguous. In many cases it is not clear on which quantity of uranium
the reported yields are based:

e thein-situ uranium (as present in the undisturbed ore body),

e inthe actually mined ore

e inthe ore entering the mill (the mined ore minus the waste)

e inthe ore entering the chemical separation processes.

Some mining companies published data which would result in yields of 100% or higher.

The data used in Figure 4 may seem perhaps outdated, but during the past 4-5 decades the extraction
techniques applied in the uranium industry have not changed significantly. The study of [Mudd 2011] proves
the curve of Figure 4 to be at the upper limit of the current practice. In practice nearly all uranium mines
achieve substantially lower extraction yields at a given ore grade than suggested by the curve of Figure 4.
The extraction is governed by basic physical and chemical laws, which cannot be circumvented by technology.
A low yield at low grades may be improved by application of more selective separation processes, at the
expense of much higher specific energy requirements per mass unit recovered uranium.

The extraction of any metal from its ore involves a number of physical and chemical equilibria. From the
Second Law of thermodynamics follows that these equilibria never go to completion. That means that a
complete separation is not possible, there always will be losses. The decline of the extraction yield at lower
grades is a direct consequence of this observation. The lower the concentration of uranium in the pregnant
liquor, the higher its entropy and the more energy is required to extract a certain amount of uranium from
that liquor. The higher the entropy of the uranium, the less complete its separation from the liquor and the
greater the fraction lost in the waste streams.
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Table 1
Summary of specific energy investment and CO, emission of uranium mining + milling at mines with average overburden
ratio and hauling distance.

quantity unit soft ores hard ores
total thermal energy investment mining GJ/Mg ore 1.237 1.843
total thermal energy investment milling GJ/Mg ore 1.508 8.67
total thermal energy investment mining + milling GJ/Mg ore 2.745 1051
CO, emission mining + milling kg CO,/Mg ore 206 788

Specific energy input of uranium mining + milling

The thermal energy requirements of the recovery of one kilogram of uranium leaving the mill, /,,,,(U), as
function of the ore grade G, counted in kg uranium per Mg ore, and the recovery yield Y, can be calculated
via the following equation 2:

~ JIrmimlore)

YeG

J

m+m(

Jinem(U) = specific energy consumption, GJ/kg uranium
Jinmlore) = specific energy consumption, GJ/Mg ore
Y = extraction yield = fraction of recovered U

G = ore grade, kg U/Mg ore eq2
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Figure 5
Energy consumption of the recovery of uranium from the earth’s crust (mining + milling) as function of the ore grade, in
gigajoule per kg recovered uranium. At present the world-averaged ore grade is in the range of G = 0.1-0,05% U;0g and

the trend is decreasing over time.

mining + milling soft ores:
Jonem (Zth, ore) = 1.237 + 1.508 = 2.745 GJ/Mg ore
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mining + milling hard ores:
Jmem &th, ore) =1.84 + 8.67 = 10.51 GJ/Mg ore

From the this the specific CO, emission of uranium mining + milling can be calculated:
Ym+m =75°¢ /m+m(U) |<g COz/kg U

Energy cliff

The thermodynamic quality of a uranium resource is the determinant of being a net energy source or not.
Here we define the thermodynamic quality of a uranium resource as the net quantity of useful energy that
can be extracted from 1 kg natural uranium from that resource, that is the amount of electricity available
to the consumer, minus the useful energy (work) required to extract 1 kg pure uranium from that resource.
If the extraction of 1 kg uranium requires as much work as the amount that than can be generated from
that quantity ofuranium, the uranium resource in question is not an energy source, but an energy sink. The
minimum amount of extraction work is governed by basic physical laws. Advanced technology may come
closer to the thermodynamic minimum, at the expense of more useful energy, but never can surpass the
minimum.

The previous sections discussed the factors determining the work required to extract uranium from uranium
deposits as found in nature. This study took into account: ore grade, extraction yield of milling, and mineralogy
of the ore, the latter being simplified to a classification into soft ores and hard ores. Other mining conditions
are averaged in the assessment.

Net energy content of a uranium resource

The quantity of potential energy in 1 kg natural uranium that can be released is not unambiguously defined,
like the combustion heat of a fossil fuel, because this quantity depends on the applied reactor technology.
As pointed out in the introduction, modern power reactors cannot fission more than about 0.5% (5 g/kg U)
of the nuclei in natural uranium. This figure sets a practical limit to the energy content of natural uranium.
Assumed that fission of one uranium nucleus releases 200 MeV = 3.2¢10711 ], then the complete fission of
1.g uranium-238 releases Jresion = 81.1 GJ/g, and 1 g U-235 releases 82.1 GJ/g. In power reactors 60% of the
fission energy comes from U-235 and 40% from plutonium nuclei formed from U-238 by neutron capture.
This study assumes an average fission energy of Jqssion = 82 GJ/g U.
At a fissioned fraction of 5 g/kg U,,.; the practical energy content of natural uranium, released as heat and
radiation, then becomes:

Jfission = 5°82 = 410 GJ/kg Uy
The fission heat and radiation is not directly useable and has to be converted into electricity in order to
become useful energy. At an average thermal efficiency of 33% the gross content of useful energy of natural
uranium becomes:

Jy (gross) = 0.33%410 = 137 GJ/kg U4t
The thermodynamic quality of uranium in situ, that is still present in the earth’s crust in a given deposit, is
the amount of useful energy extractable from 1 kg of uranium, minus the energy required to recover 1 kg of
uranium from that resource:

Jy (net) =137 = /o (V) GJ/kg Up e

Figure 5 shows that the recovery energy of uranium, /..., (U), exponentially increases with decreasing ore
grade. Consequently the thermodynamic quality of uranium resources declines with decreasing ore grade
and becomes zero at a certain ore grade; this phenomenon is called the energy cliff, see Figure 6. For soft
ores the cliff falls to zero at a grade of about 0.01% U,0g, corresponding with 85 g U per Mg rock, and for
hard ores the zero point lies at a slightly higher grade.
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There are various types of uranium ores, so in practice the thermodynamic quality of a currently exploited
uranium resource may lay between the two curves. Uranium deposits tend to be harder to mine and mill,
consisting of more refractory minerals, the lower their grade, a geologic phenomenon.

200
wprld-averaged
rades in 2018 futiglades
T 150
net energy .y
content hard ores softlores
GJ/kg U \
100
energy |cliff
uraniumm-for-energy
50
© Storm
Ot MTTTT 1 TTT 1 TMTTT T 1
100 10 1 01 0.01

ore grade G (kg UsOgper Mg ore) —

Figure 6

Energy cliff. Net energy content of natural uranium as function of the ore grade. The net energy content is defined as the
amount of useful energy that can be generated per kg natural uranium minus the energy required for recovery of 1 kg
uranium from the earth’s crust, ignoring the remaining processes of the nuclear chain. Beyond a certain grade no net
energy generation from a uranium deposit is possible.

The net useful energy content per kg U, that eventually becomes available to the consumer equals the
above defined useful energy content minus the useful energy investments required for the remaining
processes of the nuclear process chain.

Taking these energy investments also into account, the curves of Figure 6 would have to be moved to a
lower net energy content. In this way the practical energy cliff would become observable.

J (=th,ore)
Vi) = 750 _mim— T
YeG
Ymem(U) = specific CO, emission, kg CO, /kg uranium
Jinim(Eth.ore) = specific all-thermal energy consumption, GJ/Mg ore
Y = extraction yield = fraction of recovered U

G = ore grade, kg U/Mg ore eq3

mining + milling soft ores: Jmem &th, ore) = 2.745 GJ/Mg ore
hard ores: Jmem (Eth, ore) = 10.51 GJ/Mg ore
CO, trap
Generally the electricity consumed at uranium mines is generated by oil-fuelled generators, so all energy
inputs of mining and miling may be considered to be provided by fossil fuels. This study assumes a thermal-

to-electric conversion efficiency of 40% to calculate the all-thermal energy input of mining + milling,
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indicated by the quantity /.., &th, U). From the specific thermal energy input of uranium mining and milling
the specific CO, emission were calculated by equation B3, assumed the specific CO, emission of the used
fossil fuels (diesel oil and fuel oil) is 75 g CO,/MJ.

Ymem U) =75% Jnum(@th, U) kg CO,/kg U

The specific CO, emission of mining +milling, ¥i,.m(€) g CO,/kWh, can be calculated by equation B.

)/m+m(U). m(Unat)
Ymsml®) = —————

gross

Y m+m(e) = specific CO, emission, g CO, /kWh

YrmemlU) = specific CO, emission, kg CO, /kg uranium
M(Un,4) = lifetime consumption of natural uranium, Mg

EgmSS = lifetime gross electricity production, kWh eq 4

The specific CO, emissions of mining + milling of uranium from ore in the range of 0.1- 0.05% U,0g, the
present world average, related to the advanced reference reactor and the hypothetical EPR are summarised
in Table 2.

Figure 7 represents the curves derived from equation 4 for hard ores and soft ores, valid for reference
advanced reactor. For many uranium mines the figures will be between the two curves, due to widely different
conditions from mine to mine. The differences between the two reference reactors (advanced reactor and
EPR design) lie within the range between the two curves.

400

average grades 2018 future grades

300+

CO, emission
mining+milling

(g CO, /kWh)

200

soft ores

100 10 1 01 0.01

ore grade G (kg U:Ogper Mg ore) —=
Figure 7
Specific CO, emission of the recovery of uranium from ore as function of the ore grade. Differences between the curves
concerning the advancedcreactor and the EPR design are minor and remain within the range of the data the curves are
based on.

As indicated in the diagram of Figure 7, the world average ore grade decreases with time. The most easily
exploitable ore deposits with highest grades are mined first, because these offer the highest return on
investment. Duringthe past decadesvirtually no newrich ore deposits of significant size have been discovered.
As a result the specific CO, emission of uranium recovery and consequently of nuclear generated electricity
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rises with time, steeply at low grades. The larger a uranium resource, the lower its grade, a common geologic
phenomenon. At a grade of 130-100 g U/Mg ore the specific CO, emission of nuclear power surpasses that
of gas-fired electricity generation, this is called the CO, trap.

Table 2

Lifetime data on the specific CO, emission of uranium mining + milling.

: . advanced .
quantity unit reactor EPR design
input mass of natural uranium, m(U,,,) Mg 5748 17880
gross electricity production, Egyoes kWh 2192109 780*109
total CO, emission, soft ores G = 0.1-0.05% U;0g Gg 1551 - 3283 4823 - 10214
total CO, emission, hard ores, G = 0.1-0.05% U,0g Gg 5937 - 12527 18467 - 39106
specific CO, emission, soft ores, G = 0.1-0.05% U,0g g CO,/kWh 7.1-15.0 6.2-13.1
specific CO, emission, hard ores, G = 0.1-0.05% U;0g g CO,/kWh 27.1-57.4 23.7-50.1
” gas-fired power plant
T 400
CO, emission scenario 2 scenario 1
2 } constant nuclear share | constant nuclear
uranium recovery 2% growth of world capacity
g/kv\/h energy comsumptm”
A.AJ
C © Storm
=} (=) =} =} (=) =} (=)
2010 2030 2050 2070 2090
year —

Figure 8

CO, trap: indication of the specific CO, emission by uranium mining + milling as function of the time, assuming that the
richest available uranium ores are mined first. With time the mined ores are getting harder. In scenario 1 the nuclear
capacity would remain at the current level (about 360 GWe). In scenario 2 the nuclear contribution to the global energy
production would remain at the current level of 1.6%, implying an increasing global nuclear capacity.
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