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Abstract
The calculations for primary energy used in the construction of the Intergovernmental Panel on
Climate Change scenarios of world primary energy demand in 2100 are not transparent enough to
follow the logic easily. The proposed method is completely transparent and develops sufficient
detail to highlight specific energy supply problems requiring engineering knowledge and expertise
for solution. The main differences are (1) changing emphasis from the forms of final energy as
non-commercial, solids, liquid, gas and electricity to end use services such as transportation,
residential, industrial, commercial and electricity, and (2) a table of conversion efficiencies from
primary to final energy.
1.

Introduction

The purpose of this paper is to describe a method of constructing scenarios of future world energy
demand that is more transparent than that of most current scenarios.
The final energy in the IPCC scenarios and those constructed by the method presented here is as
defined in the Special Report on Emissions Scenarios [1] prepared by Working Group III (WG III)
of the Intergovernmental Panel on Climate Change (IPCC), section 4.4.8 on page 216 as follows:
“Primary energy harnessed from nature (e.g., coal from a mine, hydropower,
biomass, solar radiation, produced crude oil, or natural gas) is converted in
refineries, power plants, and other conversion facilities to give secondary energy in
the form of fuels and electricity. This secondary energy is transported and
distributed (including trade between regions) to the point of final energy use. Final
energy is transformed into useful energy (i.e., work or heat) in appliances,
machines, and vehicles. Finally, application of useful energy results in delivered
energy services (e.g., the light from a light bulb, mobility in a vehicle).”
Final energy is the energy consumed at the point of use based on the assumptions made
specifically for that scenario. Calculation of the components of total primary energy in each
scenario involves working from the final energy using known conversion factors, such as those in
Table 5. The result is total primary energy that exactly provides the final energy required. For
example, all forms of primary energy can generate electricity; however, only forms suitable for
conversion to liquid fuels can currently power aircraft and large trucks.
Although the final energy value itself is uncertain in a scenario, calculation of the primary energy
required to provide the final energy is an exact calculation.

Page 1 of 12

2nd Climate Change Technology Conference
2ième Conférence sur les technologies du changement climatique

May 12-15 mai 2009, Hamilton, Ontario, Canada

For a scenario to be transparent, it is necessary to know specifically the primary energy source and
quantity of each component of final energy. An infinite number of combinations of primary
energies can fulfill specific final energy requirements. Therefore, the path, or calculations, between
final an primary energy must be clearly set out in the scenario.
Grouping of hydro, wind, solar and geothermal under the general term of “other renewables” is
another limit to transparency. The characteristics and limitations of individual renewable energies
are so different that each one requires a separate analysis. For example, hydroelectricity is limited
to about twice the current output by the availability of suitable sites for hydro dams. Wind and
solar photovoltaic (PV) are both part time energy sources and require support systems to contribute
to continuous electricity supply. This limits their contribution to some portion of other sources of
generated electricity. Solar thermal energy has different characteristics from those of solar PV and
requires a different analysis.
Transparency problems may have contributed to the five different types of problems that occurred
during calculation of the primary energy in the IPCC scenarios. The latter appear in a recently
published paper [2].
The proposed method of constructing scenarios overcomes all of these problems.
Use of the Energy Information Administration (EIA) scale for measuring primary energy is
consistent throughout this paper. A description of this scale, and the other two primary energy
scales currently in use, is in Reference [3].
2.

The proposed method for constructing scenarios of world energy demand

Two definite relationships must be part of any scenario of future world energy demand. The first is
between primary and final energy as defined in the Introduction. The proposed method of
constructing scenarios starts with estimates of final energy, i.e., energy actually consumed at the
point of use, which is the same procedure as that used in the WG III scenarios. Primary energy can
be calculated from the final energy using factors such as those in Table 5.
The second is the concern about the form of final energy required at the “point of use”. For
example, liquid fuels currently derived from oil constitute 95% of world transportation fuel. Over
time, the primary energy mix will change and affect the forms and quantities of final energy that
are available. The construction method and reporting of scenarios must show these kinds of
changes transparently.
The proposed calculation path from final energy to primary energy for this method follows five
basic steps as in Figure 1. The tables relevant to each step are given.
The method chosen for estimating final energy in the example is simple and convenient. However,
other methods are acceptable and can include reference to GDP (Gross Domestic Product) at the
beginning of the period, at the end or at points in between.
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Figure 1. The method for constructing scenarios
The example for explanation of the of the proposed method covers the 110-year period 1990-2100,
i.e., the same period covered by the IPCC IS92 and WG III scenarios. Using an example, the
following sections describe each of the five basic steps with the aid of the tables.
2.1.

Estimate world final energy consumption in 1990

Table 1 shows the first step in the process, establishing the primary and final energy of the starting
year. Column B is world primary energy consumption in 1990 for the five energy sectors of
electricity generation, transportation, residential, industrial and commercial totaling 365 EJ [4].
Column D is total final energy of 239.3 EJ for 1990.
Final electricity in Column D of 34.1 EJ, which is the electricity at the wall plug ready for use, is
37.9 EJ, in line 8, produced at the generator and reduced by 10% (Table 5 line 14) to account for
distribution losses.
Similarly, the values for non-electricity final energy in transportation, residential, industrial and
commercial are 10% lower than the primary energy of Column B to compensate for losses of oil
and natural gas from wellhead to point of use, Table 5, lines 9 and 16.
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Table 1. World primary and final energy consumption in 1990 by energy sector
A

1
2
3
4
5
6
7
8
2.2.

B

C

D

E

1990
1990
Primary energy Final energy
Energy consumption sector
EJ/yr
%
EJ/yr
%
Electricity generation
137
37.5
34.1 14.3
Transportation
68
18.6
61.2 25.6
Residential
44
12.1
39.6 16.5
Industrial
80
21.9
72.0 30.1
Commercial
36
9.9
32.4 13.5
Total world energy
365
100.0 239.3 100.0
World production of electricity
37.9 EJ/yr
Efficiency of electricity generation
27.7%
-

Estimate energy growth to 2100 by end use sector

In this example, the second step is in Table 2, Column C and shows estimates of average annual
growth rates for each of the energy sectors of Table 1 over the 1990 to 2100 period. Column D
shows the expected growth in final energy consumption over that in 1990 in each energy use sector
over the period. The story lines behind these numbers are:
•

The growth in electricity consumption to eight times that of 1990, Column D, comes
from the fact that electricity consumption is currently growing very rapidly at about
2.5% per year and has significantly outpaced increases in energy efficiency of
electricity use for several years. Although 2.5% for 110 years gives an increase of
15 times, only eight times is the value because electricity growth might diminish as the
proportion of people connected to a grid approaches the maximum.

•

Transportation in this example grows by 3.8 times.

•

World population in 2100 is assumed less than 11 billion, therefore, residential,
industrial and commercial sector growth is lower at 2.5, 2.9 and 2.5 times respectively.

Table 2. World final energy consumption in 1990 and assumed for 2100 by energy sector

1
2
3
4
5
6

A

B

Energy end use sector
Electricity generation
Transportation
Residential
Industrial
Commercial
Totals/averages

Final energy
in1990
EJ/yr
34.1
61.2
39.6
72.0
32.4
239.3

C
D
Average annual
growth rate to
Growth
2100
to 2100
%/yr
times 1990
1.93
8.0
1.21
3.8
0.85
2.5
0.98
2.9
0.82
2.5
1.21
3.7

E
Final
energy
in 2100
EJ/yr
280
230
100
210
80
900
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The overall result is world final energy consumption of 900 EJ/yr in 2100, column E, or 3.7 times
that of 1990, an average annual growth rate of 1.2%.
The final energy in each end use energy sector and the total is transferred to Line 1 of Table 3
under Columns E to I.
2.3.

Primary energy supply for electricity generation

For this example, seven sources of primary energy, in column B of Table 3, provide the 280 EJ of
electricity required in 2100.
•

Hydro, line 2: Hydro is a maximum at 17.4 EJ of electricity from 50 EJ of world
technical potential [5], Therefore 10% transmission losses must be deducted = 17.4 –
1.74 = 15.7 EJ. Then, measuring by the EIA primary energy scale, the primary energy
is (15.7 x 2.93 [6] = 45.9 EJ in column D. For 2005, the thermal conversion factor used
by EIA for wood and waste, hydroelectric, solar and wind electricity net generation is
9,999 Btu/kWh. 1 kWh = 3,412 Btu, therefore, the ratio is 9,999/3,412 = 2.93.
Similarly the ratio for nuclear is 3.06 as on line 10.

•

Wind, line 3: Because of the inherent intermittency, the contribution of wind power is
limited to 4% to 20% of the grid capacity. For purposes of this example, wind
electricity is 20 EJ, or 17.25% of the 116 EJ sum of electricity supplied by hydro, coal
and natural gas. Adding 10% transmission losses, the primary energy is (20 + 2) x 2.93
= 64.46 EJ.

•

Geothermal, line 5: The primary energy for 1.4 EJ of geothermal final electricity [7] [6]
plus 10% transmission losses is (1.4 + 0.14) x (21,017/3412) = 9.5 EJ

•

Nuclear, line 10: The primary nuclear energy for generating 202 EJ of electricity plus
10% transmission losses is (202 + 20.2) x 3.06 = 650.46 EJ. As natural gas and coal
become scarce, nuclear will likely play a larger role [8] [9].

The calculations are similar for the remaining primary energies for generating electricity.
2.4.

Transportation break down by end use

The third step is in Table 4, which shows a detailed breakdown of final transportation energy into
four sub-sectors of (1) cars and light trucks; (2) trains, trucks and ships; (3) aircraft; and (4) other.
The percentages shown in column A are for the US in 1995. Data for the world are not available in
this detail. The assumption is, for purposes of this analysis, that figures for the world in 2100 might
be similar to these. Nuclear in column E is for ships.
Each sub-sector currently uses final energy from oil in the form of gasoline, diesel, and jet fuel.
Small quantities of fuels, such as heavy bunker fuel oils, are in “Others”. Transportation currently
consumes a very small amount of electricity.
Table 4 shows a possible mix of transportation fuels in 2100 for this example. Liquid fuels are
likely to be essential as aircraft fuel for a long time. Trains, cars and light trucks might use more
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electricity. Some ships are nuclear powered now and more might become so in the future.
Hydrogen is included as fuel for cars and light trucks.
Table 4. World transportation energy by sub-sector assumed for 2100

1
2
3
4
5

Transportation sector
Cars and light trucks
Trains, trucks and ships
Aircraft
Other
Totals

A
B
C
D
E
F
G
2100 2100 Liquid Electricity Nuclear H2 Total
%
EJ/yr EJ/yr
EJ/yr
EJ/yr EJ/yr EJ/yr
60% 138
64
64
10
138
20%
46
16
20
10
46
13%
30
30
30
7%
16
10
6
16
100% 230
120
90
10
10
230

Establishing the form and quantity of final energy for each transportation sector for this scenario,
as in Table 4, is the first step towards determining the source and quantity of each primary energy
in Table 3, columns B and D.
Table 5. Efficiencies for generating electricity, and conversion factors for liquid fuels and
hydrogen for calculating primary energy from final energy
Efficiency of generating electricity
1 Coal and heavy oil to electricity
2 Light oil to electricity
3 Natural gas to electricity
4 Nuclear fission to electricity
5 Solid biomass to electricity
6 Hydro, wind and solar to electricity
Efficiency of conversion
7 Solid biomass to liquid (methanol)
8 Coal to liquid fuels
9 Petroleum: well to liquid fuels
10 Natural gas to methanol
Efficiency of conversion to hydrogen
11 Natural gas to hydrogen
12 Coal to Hydrogen
13 Electricity to hydrogen
Transmission and distribution losses
14 Electricity
15 Coal: mine to delivered
16 Natural gas: well to delivered
2.5.

Upper
%
50
76
76
50
40
34

Middle
%
33
65
65
33
20
34

Lower
%
23
56
56
20
10
34

45
60
95
75

35
50
90
65

25
40
80
55

80
60
90

70
50
80

60
40
70

98
95

10
95
90

90
85

Calculating primary energy from final energy for transportation in Table 3

Separating electricity generation for cars, light trucks and trains as well as nuclear power for ships
facilitates the calculation of nuclear energy in transportation. The electricity part includes 10%
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transmission loss is (90 + (0.1 x 90)) x 3.06) = 303 EJ. The nuclear ship power part is (10 x 3.06) =
31 EJ because there are no transmission losses.
Hydrogen is a manufactured fuel and is an energy carrier, somewhat like electricity. Production of
hydrogen fuel for cars and light trucks is by nuclear electricity for electrolysis of water, and from
natural gas. Primary energy for electrolysis is (((5 x 3.06)/0.8) x 1.1) = 21 EJ, line 20, where 0.8 is
the efficiency of electrolysis and 1.1 accounts for 10% transmission losses. The primary energy for
production from natural gas is ((5/0.7) x 1.1) = 7.9 EJ, line 21, where 0.7 is the efficiency of the
process and 1.1 accounts for 10% transmission losses.
The manufacture of liquid transportation fuels from coal might be a source in the future as shown
on line 18 of Table 3.
2.6.

General comments re Table 3

The main body of Table 3, i.e., Lines 2 to 23 and Columns E to J, shows the quantities of each
component of final energy, which make up the total in Line 1. Column D shows the primary
energy calculated as required for the final energy.
A vast number of combinations of primary energy will exactly supply the final energy required.
Thus, changing the primary energy mix in the example can provide additional insight into the
problems of energy supply.
The small table in the lower right hand corner of Table 3 shows carbon emissions from the fossil
fuels. Other greenhouse gases emanating from fossil fuels are not included in this example.
3.

Efficiencies and conversion rates of Table 5

The “Middle” column of Table 5 gives the efficiencies and conversion rates used in this example.
Every series of scenarios requires a set of similar values to ensure that all calculations are
consistent and transparent and the results are comparable between scenarios [10].
The values in the “Middle” column are an average of values for today, except for combined cycle
systems on lines 2 and 3 [11]. It is possible that the efficiency of some processes will increase over
time. Therefore, the range between the Upper and Lower columns might be useful for some
analyses.
4.

Observations about the results from this example

In Table 6, the values for 1990 and 2005 are actual values. The values under “Scenario” are the
results of this analysis.
Cumulative consumption for the story line of this example is a calculation on a straight-line basis
of total oil, natural gas, coal and nuclear consumed from 1990 to 2100.
Figure 2 is a graph of total primary energy from Table 6. The table also shows current proven oil,
natural gas and coal reserves in accordance with EIA estimates [12][13].
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Table 6. Actual energy consumption and that in 2100 according to the example scenario
Primary energy source
Oil
Natural gas
Coal
Nuclear fission
Nuclear fusion

Actual, EJ
1990
2005
142
173
79
109
97
106
21
29
0
0

Hydro
Wind
Solar
Biomass
Geothermal
Sub-total renewables
Total primary energy

28
367

30
1.3
0.8
7.5
0.08
39.7
457

Scenario, EJ
2100
117
516
292
703
19
46
64
64
16
9
200
1,847

For this example scenario, Figure 2 indicates that oil will reach the proven reserves value around
2030, natural gas closer to 2040 and coal would reach the limit shortly after 2100. However,
supply problems will begin to appear well before reaching the level of the proven reserves.

Figure 2. Cumulative energy consumption versus current proven reserves of fossil fuels
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Consumption of the best and easiest fossil fuel deposits always occurs before that of the more
difficult to recover and lower grade deposits.
Uranium appears in Figure 2 because it is a valid primary energy for nuclear. However, reserves
are not included because the supply of uranium is sufficient for tens of thousands of years using
fast breeder reactors, which are one hundred times more fuel efficient than the current thermal
reactors [9] [8].
A major advantage of this method of constructing scenarios is that anyone with technical
knowledge of the world’s energy system can do sensitivity analyses to study ways of identifying
and dealing with energy problems.
5.

Summary and conclusions

The method of constructing scenarios of future world energy demand presented in this paper goes
beyond the IPCC scenarios to analyze primary energies in sufficient detail to allow the application
of engineering knowledge and expertise to provide solutions to energy supply problems.
1. This method of constructing scenarios builds on the experience of the IS92 and WG III models.
Similar to the WG III scenarios, this method starts with final energy, but splits the final energy
required into five energy use sectors, i.e., electricity generation, transportation, residential,
industrial and commercial. Energy use sectors are more representative of actual conditions and
allow a more precise analysis of the amount of primary energy required to provide the required
final energy.
2. Future final energy in any scenario is uncertain. However, calculation of the form and quantity
of primary energy providing that final energy is precise.
Because of the flexibility and transparency of this system, any valid method of determining final
energy, such as that used by WG III in the Special Report on Emissions Scenarios is appropriate.
Any valid method of assigning a value for Gross Domestic Product is appropriate.
In this example, Figure 2 highlights the problem that depletion of current natural gas reserves
occurs around 2040. One solution to this problem might be to replace natural gas for electricity
generation with nuclear fission energy. The nuclear generated electricity might also replace natural
gas used for cooking and space heating. Natural gas is currently a major source of hydrogen for
chemical applications. At some point, development of a large source of hydrogen is necessary. For
this scenario, the time to start implementing alternatives is now, because there is a long lead-time
to construct or develop alternatives of the size required.
3. Selection of a set of efficiency and conversion values from Table 5 ensures consistency and
transparency in the calculation of primary energy.
4. The design of Table 3 facilitates the calculation of primary energy from the final energy of the
scenario.
5. This method of constructing scenarios is suitable for the analysis of energy intensity, i.e., energy
per unit of output. Energy intensity is a broad measure of the efficiency of using energy.
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Measurement of energy can be in Joules and output in dollars and, therefore, energy intensity is
measured in J/$. However, measurement can also be in physical units, such as fuel in liters/100 km.
6. This example uses the EIA scale for measuring primary energy. The EIA scale has an advantage
for scenarios because total primary energy does not change when renewable energies displace
fossil fuels producing the same amount of electricity [3]. Use of the EIA scale makes the primary
energy of this scenario comparable to that of the IS92 scenarios.
6.
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