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1. Introduction

The amount of energy resources contained in Earth and that we mankind can use in future

can be estimated on the basis of the information given by astrophysical and geochemical

considerations. The kind of resources includes geothermal, nuclear, solar, and fossil energy. We

believe that the results of these considerations, especially the method of thinking, may be taken

into curriculum in high schools or introductory courses of university education. In school

education relating to energy and environmental problems we think that it is more important for the

students to learn how to think or estimate and how to solve the problems than to be given any

established knowledge itself from the teachers and reference books or journals. Students are easily

discouraged by teachers who are talking that petroleum will be exhausted in 40 years or that

uranium-235 will be also exhausted unless we develop the nuclear fuel system utilizing

uranium-238 breading. They seem afraid of insufficient energy left when they grow old. In this

report we call the readers attention that the amount of energy resources contained in Earth is

such that the mankind can never exhaust them and that they are waiting to be exploited or for the

time to come when the technology for their utilization is developed. We also pay attention that too

much consumption of energy surely affect the earth environment (heat pollution) - the limit will

be the consumption rate of about 0.1 W/irf of the earth surface which equals to the heat emission

rate from the earth surface toward the space.

2. Geothermal energy contained in the earth

Geothermal energy contained in the earth can be estimated from the temperature distribution

among the crust, the mantle, and the core each situated at different depth from the surface of the
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earth. (See Fig. 1) Since the formation of Earth at 4.6 G years ago, Earth has experienced

differentiation processes—bombardment of meteorites and comets during 4.6 - 4.0 G years ago

caused the earth surface melted (magma ocean) from which the atmosphere (and also ocean) by

degassing of included gas components was differentiated and simultaneously the core composed of

heavy metals such as iron or nickel was precipitated. The remaining part was further separated

according to the density to form the mantle and the crust. The energy the earth has acquired since

its formation is the thought as:2)

Bombardment of
meteorites and
comets at 4.6 — 4.0
G years ago

\

/ \
/'silicates, \
^metal oxidesj'

J
Melted

MantleW V 5.2 x 1018kg

Atmosphere,
Ocean

1.4xi021kg
Crust
0.028 x 1024 kg

Crust: eg. granites SiO2, AI2O3, K2O
Containing K, Th, U

Mantle: eg. olivines
FeG, Fe2O3, MgO, CaO

Core Fe, Ni

Fig. 1 Formation and structure of the earth

(1) Gravitational energy released at formation of Earth (2.8 X 10J~ J)

(2) Radiation energy liberated on disintegration of radioactive nuclides (~1 X 103' J)

(3) Released energy of gravitational contraction ( ~ I X I031 J)

(4) Phase transition/ chemical reaction of Core material ( ~ 1 X 1031 J)

It is thought that of these energies about 10% each is still stored in Earth. The other energy was

emitted to the space through transport by mantle convection or discontinuous conduction rather

than static thermal conduction. If we assume that thermal emission rate presently being observed

(~0.1 W/rrT) has been continued for 4.0 G years long, we have as total energy emission 0.1 J/s m2

X3X107(s/y)X46X108(y) X5 X 10M m2=7 X 1030 J.

We can make another estimate using the masses and temperatures of the earth components.

The core (2 X 1024 kg, 4000 K) is assumed to be composed of 2 X 1Q49 iron ions and electron (= 2 X

1024 kg/0.056 kg) X 6 X 1023). The thermal energy the core has is thus 2 X (3/2)kBT X 2 X 1049 = 1.4

X10 "23X4000X3X2X1049 = 3.4X1030 J Similarly the mantle has the energy of 3.6X1027 J,

assuming the mantle (4 X 1024 kg) being described as Fe2O3+SiO2 at 2000 K.
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3. Carbon dioxide concentration change In the earth atmosphere

The earth atmospheric components at 4.6 G years ago are thought to be mainly CO2, H2O,

and N2. With times went on for cooling, H2O condensed to form ocean which absorbed CO?.

Attention may be paid here to the fact that rain and river water dissolving some metallic ions

contained in the rocks and flowing into ocean caused to absorb the more CO2. CO? concentration

diminished thus to the present value 0.03%. In the course of diminishing, photosynthesis reaction

began to occur about 2.7 G years ago.

CO2 + H2O + photon —> CH2O (organic molecules) + O2

The oxygen molecule evolved in the ocean first oxidized the iron ion (Fe"+) to precipitate as Fe?O3

and, after the exhaustion of the iron ions, accumulated as oxygen existing in the atmosphere. But

the oxygen could have been accumulated in the atmosphere only when the organic molecules went

under the ground to become fossil. Therefore, we may conclude that the number of fossil organic

molecules equals to the number of oxygen molecules in the atmosphere plus the number of iron

ores in the crust. Here, we may think that roughly speaking the earth has almost equal amount of

iron and magnesium, as seen from Table 1. The solubilities of iron chloride and magnesium

chloride toward water at 20°C are nearly the same, 38.5 and 35.5 respectively. Thus, the

concentration of magnesium (1.3 g/kg see water) in the present ocean (1.4 X 1021 kg) gives the iron

amount in the iron ores in the crust. The oxygen mol number exhausted in this process is 1.3 X 1.4

Table 1 Some elemental abundance in solar system
( S i = 10 6 ) (Anders and Crevesse, 1989)

Volatile elements listed in the left column went to outer planets while refractory elements in the

right column went to inner planets including the earth. A part of oxygen, however, remained as

metal oxides in inner planets (right column).

Volatile elements

• H

• He

. o
• (
. c
• Ne
. N

• Ar

• Xe

2.79 x 10 10

2.72 x 10 9

238 x 10 7

- 3 . 8 X 1 0 6 ) —1

1.01 x 10 7

3,44 x 10 6

3.13 x 10 6

1.01 x 10 5

4,7

Refractory elements

• Mg

• SI

• Fe
• • NI

- AI

• Ca

' K

• Th

. u

1.07 x 10 6

LOO x10 6

9X10 5

4.9 x 10 4

8,49 x 10 4
6,11X10 4

3770

0.0335

0,009
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X 1021/56 and the oxygen mol number in the atmosphere is (= 20% of 5 X 1018 kg/0.032) 3 X 1019.

Thus, the organic molecule (fossil fuels) under the ground is 6X 1019 mol or 0.2 X 10 9 kg. This

gives 6 X 1024 J, as the enthalpy change of reaction being 100 kJ/mol.

4. Estimation of uranium and thorium resources from earth formation process 3)

Elemental abundance of solar system is obtained from the analysis of emission spectrum of

solar flares and chemical analysis of meteorites.2) (See Table 1) Of the elements, refractory

elements made the inner planets, such as Venus, Earth, and Mars, while volatile elements flew away

from the sun, thus forming outer planets. Of the mass of Earth 6X10" kg, 32 % is made from Fe,

32 % from O, 15 % from Mg, 15 % from Si, and 1.13 X 10"6% (= 6.78 X 1016 kg) from U, and 2.4

X 1017 kg from Th. Of the uranium, 0.7 % is U235 which will give 200 MeV (= 3.3 X 10'" J) of

energy/U235 atom. Likewise, Th232 on reacting with neutron to give U233 is regarded as energy

resource just like U235. Thus, nuclear energy resources in the earth is as follows:

U238: 1.7X1041X3.3X10"n J = 5.5X1030J

U235: 5.5 X 1030 J X 0.7 % = 4X 1028 J

Th232:2X1031 J

One should note that in this consideration was not included the nuclear fusion reaction. When

this technology is completed, then the amount of nuclear energy would be tremendous.

5. Solar energy

The photon energy emission rate from the sun is well known as to be 1.4 kW/m" incident

onto the earth surface. As the crust consists of insulators, the energy falling onto Earth is eventually

reflected to the space as infrared radiation. Meanwhile, the energy is absorbed by pertinent

molecules or plants at the surface, adopted to promote biological reactions and to vaporize the see

water, to cause an ocean current or atmospheric winds, and finally is exhausted as thermal energy.

Solar energy, though it is not convenient to use at present because of its low-energy condensed

form, can be used and it is needless to mention that mankind already has started to use it.

6. Energy resources mankind will consume

Biologically mankind consumes energy of 2,000 kcal/day = 8,000 kJ/day while in

modernized society as in USA or Japan mankind consumes hundred times more. If we assume the

world population of 1010 (the present population: 6.3 X 109), total consumption rate is 8 X 108X 1010

J/day. This rate continuing for 1,000 years, we have as the total mankind consumption 3X10" J.

7. Energy consumption rate of mankind and its evolutionary effect on the earth

Table 2 summarizes the amount of several energy resources hitherto discussed together with

the predicted amount of energy mankind will needs and geothermal energy flowing out though

thermal conduction for the convenience of comparison. As we see easily, predicted amount of
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mankind energy consumption is only negligible compared to the energy resources the earth

contains. Of course, different kind of resources has a different degree of easiness or difficulty of

consuming energy. Moreover, the difficulty depends on each country, its economical situation, and

the technical development stage. We do not discuss these problems here.

Table 2 Energy resources contained In the earth and others

Present results together with predicted amount of energy mankind will needs

and geothermal energy flowing away though thermal conduction

Geothermal energy ~ 1 0 J

Fossil energy 6X10 J

Solar energy (of 1,000 years) 7 X 1030 J

Nuclear energy (fission only)- 10 J

Mankind consumption energy for 1,000 years ~ 3 X 1024 J

Thermal energy emission rate from the earth ~0 .1 W/m

We discuss next what will be the effect of mankind consumption of energy on the earth

evolution as follows:

(1) Energy resources: Predicted energy consumption of mankind (~3X10 2 4 J ) is so small

compared to the total amount of energy contained in the earth (~10 J ) that we need not

consider the effect.

(2) .Thermal energy emission: Mankind energy consumption rate 8 X 10 X 100(J/person) X

1010(person) = 8X 1018 J/day divided by the total earth surface gives 1.6 X 104 J/day m2 = 0.2

W/m2 which comparable or even more than thermal energy emission rate 0.1 W/m . This

would result in great influence on the earth environment.

(3) Fossil energy: Mankind would consume fossil energy resource in thousand years if they solely

rely on fossil energy as their energy source.

(4) Carbon dioxide and water: Both are known to be a greenhouse effect gas. Water will go to the

ocean, we may worry about carbon dioxide. But the oxygen shortage might be more serious

influence, if we continue to rely on fossil energy.

(5) Radioactive wastes: We draw attention first that nuclear fuel U235 itself is radioactive. Nuclear

power plant consuming one U235 atom produces 1.5 fission fragments and 0.3 Pu . So,

operation of totally 1,000 plants of 1 GW for 1,000 years would consume 3.9 X 108 kg of U235

(half-life 7.5 X 108 y) and 3.9 X 108 kg of U238 (half-life 45 X 108 y) and produce 2 X 108 kg of

Pu (halfe-life 2 X 104 y) and 6 X 108 kg of MA + fission fragments (halfe-life less than 2 X 106 y)

where MA denotes minor actinides such as Np, Am, or Cm. The crust (3 X 10 kg) itself

contains U235, U238, Th232, and K40 nearly homogeneously, causing the radiation exposure

of 0.6 mSv/year at the earth surface. Present examination teaches us that operation of nuclear

plants will transform only about 1/108 of U in the crust into radioactive material with short
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life-time. Thus, we can say that radioactive wastes can not influence the earth environment

8. Conclusion

In the curriculum we propose here, students are supposed to learn first about the formation

process of the solar system and the earth and life evolution through attending the class of geology

and biology and then to learn how to estimate the amount of energy resources, including thermal,

nuclear and fossil energy, from investigation of the earth history. (1) Geothermal energy from the

energy release on mass accretion at the earth formation 46 billion years ago followed by thermal

transport and energy emission from the earth surface. (2) Fossil energy buried in the ground from

the amount of iron ions oxidized in the ocean and the oxygen in the atmosphere. (3) Uranium and

thorium concentration in the crust estimated from elemental abundance of solar system in addition

to elemental distribution inside the earth. (4) Measurement of the solar energy incident to the earth

surface.

When the estimate from these investigations greatly differs from those reference books and

journals give, the students should consult with the class of sociology to study as technical or

economical or international political problems. Furthermore, estimates of the total amount of

energy that the mankind will consume can be done. Assuming that the world population of 101

each expending 100 times of the energy necessary to live as living things in modernized society for

1,000 years is one such examples. Next to do for the student is to study what effect the

consumption rate of energy will give to the earth environment. Students will learn by themselves

through mutual discussion and from the suggestion the teacher gives that the amount of energy

resources remaining in the earth is large enough so as not to worry about their exhaustion and that,

however, we should pay attention to great influence toward earth environment, as heat emission

accompanied with energy consumption becomes possibly as large as intrinsic thermal emission rate

of the geothermal energy inside the earth.
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