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ABSTRACT

The geothermal potential of the world is estimated by applying an empirical relation
between the number of active volcanoes and the estimated high-temperature
geothermal potential in 8 regions of the world. Available data from Iceland and the
USA indicate that the size of undiscovered resources is 5-10 times larger than the size
of identified resources. The results obtained are that 11,200 TWh/a electricity can be
generated with conventional technique and that about 22,400 TWh/a electricity
should be available from geothermal resources if binary turbines are also considered.
The lower limit of the low-temperature geothermal resources is estimated from the
size of the high-temperature resources by applying an empirical relation between the
frequency distribution as function of temperature of the geothermal resources in the
USA. The result obtained is that the low-temperature geothermal potential is larger
than 1400 EJ/a.

1. INTRODUCTION

Finite energy resources provide 78% of the world energy consumption, whereas the share of renewable
energy sources is only 22%. The role of renewables has been discussed for a long time. Already in 1961,
the United Nations organised a Conference on New Sources of Energy (Rome, 21-31 August 1961). The
subject has received additional impetus in the last decade as a consequence of the Rio and Kyoto
conferences. Both national and international institutions have made declarations on energy policies
where the intention has been that renewable energy sources replace hydrocarbons and other finite energy
sources. Sustainable energy exploitation is considered an attractive objective of long time energy
planning.

An important question in this context is how much renewable energy is available in the world for the
desired transfer from finite to renewable energy sources. The potential of some of the renewable energy
sources (hydro) has been estimated with reasonable accuracy whereas the size of other, like geothermal
energy, is poorly known. Several estimates have been published on the resource base of geothermal
energy (EPRI, 1978; Aldrich et al., 1978; Rowley, 1982) but the limitations of these estimates are that
only a small fraction of the resource base can be used and it is poorly known how large this fraction
might be.
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Usually, world-wide potential is determined by adding up the estimates for individual countries or
regions. In the case of geothermal energy, this is a difficult approach because the knowledge on
geothermal energy resources is quite low in most countries. A detailed geothermal assessment exists
only for USA, Iceland, and part of Italy (Tuscany).

A different approach is applied in this paper. An empirical relation is established between the
distribution of active volcanoes and the potential of geothermal energy. This empirical relation is used
to estimate the total potential of high-temperature resources in the world. Furthermore, the frequency
distribution between high-temperature and low-temperature resources in Iceland and the USA is used to
estimate the total size of both high- and low-temperature resources in the world. The results obtained
are that the high-temperature resources could generate 11,200 + 1,300 TWh/a of electricity and that at
least 1,400 EJ/a are available from the low-temperature resources for heating purposes.

2. STATIC AND DYNAMIC CONSIDERATIONS

The nature of an energy resource determines the conceptual model used for the estimate of how much
energy can be extracted from a given resource. For geothermal energy, both the static and dynamic
components influence the potential development of the resource. Geothermal energy consists of three
components:

° The energy current through the crust in the form of material transport (magma, water, steam,
gases).

. The flow of heat by conduction

. The energy stored in the rocks and fluids within the crust.

Assessment of geothermal resources are usually only based on the static component of the resource, viz.
the energy stored in the rocks and fluids in the crust. Where the temperature distribution is known with
some accuracy within the crust, it is relatively simple to calculate the energy stored in the crust for an
given area or region. This is the basis for the so called “volumetric method” (Muffler and Cataldi, 1978).
The assessment of the geothermal resources is obtained by assuming that certain fraction of the energy
stored can be recovered to the surface (recovery factor). This method is applied in the detailed
assessments of the USA (Muffler, 1978), Iceland (Palmason et al., 1985), and Tuscany (Cataldi et al.,
1977). The influence of the energy current by material transport on the geothermal assessment has not
been considered in these estimates. Bodvarsson (1982) estimated the size of the energy current through
the Icelandic crust and Stefansson and Eliasson (1998) have pointed out the importance of the energy
current for the sustainable exploitation of geothermal energy.

3 IDENTIFIED AND UNDISCOVERED RESOURCES

Surface manifestations (hot springs and fumaroles) are usually the most reliable indicators on the
existence of geothermal resources at depth in the crust. In other cases geothermal resources have been
identified where no surface manifestations are present. In general, it is assumed that the number of
undiscovered “hidden” resources is larger than that of the identified resources.

The volumetric method considers geothermal energy as a static property of the crust as in mining. Ina
similar way, the resources are divided into identified and undiscovered resources. This issue is worked
out in the USA assessment and the results obtained are summarized in Table 1.
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Table 1: USA accessible resource base for electricity generation (T > 150°C)
(Source: Muffler, 1978)

Electricity
(&) (MWe - 30 years) | (TWh/a)
Identified resources 950 23,000 200
Undiscovered resources 2,800-4,900 72,000-127,000 630-1,100
Total 3,750-5,850 | 95,000-150,000 830-1,310

Undiscovered resources are not mentioned explicitly in the Icelandic assessment (Palmason et al., 1985),
but their size is implicitly given in the results presented. The main results of the Icelandic assessment
are given in Table 2. This table shows that the total energy available above 130°C is ten times larger
than the energy available in the 28 identified high-temperature fields of the country. This means that the
ratio between the total and identified resources in Iceland is about ten. The situations in Iceland and the
USA are summarised in Table 3. In the following calculations, it is assumed that the total sizes of the
geothermal resources are 6.4 times the identified resources.

Table 2: Geothermal potential of Iceland
(Source Palmason et al, 1985)

Type of energy () fATvh) f(ffg l;f:;rs
[Technically exploitable thermal energy at wellhead ( T>5°C ) 3,500 1 972,000 32,400
Usable thermal energy from plants ( T>40 °C) 1,700 | 486,000 16,200
Usable thermal energy suitable for electricity generation (T>130°C)| 540 | 150,000 5,000
Usable electrical energy from the whole country (T>130 °C) 54 | 15,000 500
Usable electrical energy from the 28 identified high-temperature fields| 5.6 1,550 51
T>130°C)

Table 3: Potential for electricity generation

(in TWh/a for 30 years)
USA Iceland
Identified recoverable resources 200 50
Undiscovered recoverable resources | 630-1,110 450
Total 830-1,310 500
The ratio: total/identified 3.6-7.7 10

4. HIGH-TEMPERATURE RESOURCES ASSOCIATED WITH VOLCANIC ACTIVITY

The association between geothermal resources and voleanic activity has been recognised for centuries
(Bunsen 1847a, b; Beamont 1847). This association has most frequently been interpreted in geological
terms, viz. that the high-temperature geothermal resources are found in the volcanic areas of the world
(Muffler, 1976). On the other hand, Bédvarson (1982) has considered the energy aspects of the
association and he pointed out that the advection current of magma in the crust of Iceland is the source
of both volecanism and the advection current by water in the high temperature geothermal fields in that

country.



Stefansson

114 20" Anniversary Workshop

A 1
e By e Advection current by water in
thermal activity il low~tamparature thermal activity

Voo

os |
Zore of

i m\ +
~ capanance __’i 15 wdromarmal

| weneity

o |
] [ e iy ot = |

Conduction current

HEGr fram
ragdiactie

‘ Fsintagration
L i Grust and
24 | uper mantie
| |
Fatad ]
Advection cusren Conduction current ond
by mogma avection corrnt By
said phase creep

Figure 1 is taken from the paper of Bodvarsson
(1982) and it shows the terrestrial current in GW
through the crust of Iceland. The conceptual
model of Bodvarsson (Fig.1) shows clearly the
direct association of the energy realised through
volcanic eruptions and the energy current observed
at surface as high-temperature fumaroles and hot
springs. These considerations indicate that the
distribution of volcanoes might be applied to
estimate the geothermal potential of a given area
or a region.

One of the first estimates of the geothermal
potential of East Africa was in fact carried out on
the basis of the distribution of volcanic activity in
the region (McNitt, 1983) and Stefdnsson (1988a,

Figure 1: The terrestrial energy current (GW)
in Iceland (from Bodvarsson, 1982)

b, c) applied similar methods to estimate the
geothermal potential of islands in the Pacific.

The energy released through volcanic eruptions is difficult to estimate, but the numbers of active
volcanoes in the world is relatively well defined (Simkin and Siebert, 1994). Figure 2 shows the
distribution of active volcanoes in the world. If an empirical relation can be established between the
geothermal potential in a given region and the number of active volcanoes in the same region, the
distribution of volcanoes could be used to estimate the geothermal potential of regions where the

knowledge on geothermal resources is limited.
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Estimates of the potential of high-temperature geothermal resources are available for 8 regions of the
world. These are Iceland, USA, Indonesia, Philippines, Japan, Mexico, New Zealand, and part of Italy
(Toscana). The estimated amount of electrical energy available in these 8 regions is given in Table 4.
In three cases (Iceland, USA, and Tuscany) the total (identified and undiscovered) resources have been
estimated. For the other 5 regions (Indonesia, Philippines, Japan, Mexico, and New Zealand), the
capacity of identified resources have been estimated.

In Table 4, the total resources are assumed to be 6.4 times larger than the identified resources in the cases
where the estimate of total resources are not available. In the conversion between capacity (MW) and

energy (TWh/a), the reference time 30 years is chosen.

Table 4: Estimates of geothermal resources;

Identified resources Total resources

(MWe) | (TWh/a) | (MWe) (TWh/a)
Iceland 5,800 51% 57,000 500%*
USA 23,000 200% 125,000 1,100%
Indonesia 19,000 166 120,000 1,060
Philippines 8,000* 70 50,000 450
Japan 20,000 175 128,000 1,100
Mexico 6,000* 52 38,000 300
New Zealand 2,500% 22 26,000 140
Tuscany (Italy) 5,600% 49

* = Basic information, other figures are calculated; reference time in calc. is 30 years;
Total resources are assumed 6.4 times larger than identified resources, where the
estimate of total resources is not available.
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Figure 3: Relation between the number of active Figure 4: Relation between the number of active
volcanoes and estimated geothermal potential volcanoes and the estimated total potential of
of identified geothermal resources geothermal resources

Figures 3 and 4 show the relation between the numbers of volcanoes in each of the 8 regions and the
identified and total geothermal potential of the regions listed in Table 4. There is a remarkably high
correlation between these parameters. The correlation coefficient is 0.98 for the identified resources and
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0.967 for the total resources. By applying the statistical uncertainties in the correlation in Figures 3 and
4, we obtain:

TWh/a (identified) = (-2 11) + (1.5 +0.1) xn
and
TWh/a (total) = (63 £ 71 )+ (8409 )xn

where n is the number of active volcanoes in the given region. The number of active volcanoes is taken
from Simkin and Siebert (1994).

We like to stress the statistical nature of this approach and that the method applied will not give a
meaningful result for a small area and/or a few volcanoes involved. If the equations above are applied
on a single volcano (n = 1) the obtained range for identified resources is -11.6 to 10.6 TWh/a and for the
total resources, the range would be -0.5 to 143.3 TWh/a. In both cases the result of zero can not be
excluded so this exercise will not give a meaningful information for a region with a single volcano.

On the other hand, we see that for a region with 100 active volcanoes the total potential of geothermal
resources in that area would be 903 + 161 TWh/a and the identified resources in the range 148 + 21
TWHh/a. In this case (n = 100) the statistical uncertainty is 18% for the total resources and 14 % for the
identified resources.

During the last 10,000 years, 1511 volcanoes have been active in the world (Simkin and Siebert, 1994).
Of these, 189 volcanoes are not accessible (sea floor, antartics). By using the equations above, the 1322
accessible volcanoes would define the world potential of geothermal potential as:

Total resources: 11,000 = 1,300 TWh/a
Identified resources: 2,000 + 140 TWh/a

These figures represent the technical potential of geothermal resources in the world. It is not known how
large part of the technical estimate should be considered economical. For comparison, the hydropower
potential has been estimated (Bjornsson et al., 1998):

Technical potential: 14,300 Twh/a;
Economic potential: 13,100 Twh/a;
Practicable potential: 10,480 TWh/a

If a similar ratio is valid for geothermal energy as for hydro, it might be expected that the level of
economical geothermal resources is about 10,000 TWh/a. It is interesting to note that the size of hydro
and geothermal resources for electricity generation are quite similar.

4. RELATION BETWEEN HIGH-TEMPERATURE AND
LOW-TEMPERATURE RESOURCES

The estimated geothermal potential presented in the previous section covers only the high-temperature
resources suitable for electricity generation. Low-temperature resources are on the other hand found
almost everywhere in the world, both inside and outside of volcanic areas (regions with active
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volcanoes). Countries like Hungary, Poland, Romania, and Ukraine have considerable potential of low-
temperature resources, but no active volcanoes are located within these countries according to the
reference used to define the distribution of active volcanoes in the world (Simkin and Siebert 1994). The
question then arises how can we estimate the size of low-temperature resources in the world?

The method applied here is to use the frequency distribution of high- and low-temperature resources in
the USA and Iceland to determine the lower limit for the low-temperature resources in the world. The
active volcanoes of both Iceland and USA are restricted to the volcanic zones of these countries, whereas
the geothermal resources have been mapped both inside and outside of the volcanic zones. Resources
with lower temperatures are more frequent than resources with higher temperatures and it seems that the
frequency distribution as function of temperature follows a simple exponential function. Figures 5 and
6 shows the frequency distribution of geothermal resources in the USA and Iceland respectively as
function of temperature.

USA geothermal resourcas Iceland
T T T T T T T Natural hot springs
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Figure 5: Frequency of geothermal resources in Figure 6: Frequency of natural hot springs in
the USA as function of resource temperatures; Iceland (t<100°C) as a function of surface
(data from Muffler, 1978) temperature (unpubl. data from Orkustofnun)

In the case of the USA, the temperatures in Figure 5 represent the temperature of the resources
(geochemical geothermometers), whereas the temperatures in Figure 6 are simply the surface
temperatures of the hot springs in Iceland where the surface temperatures are lower than 100°C. In both
cases, a linear relationship is obtained on a lin-log plot. This empirical relation is used in the following
to determine the lower limit of the low-temperature resources in the world. For this estimate we need
the following assumptions:

. The frequency of geothermal resources as Ezmir A G Y
function of temperature is an exponential W e FEEIE : I
function. "
° The energy of a given resource is a linear - ST | ‘
function of the temperature of the resource. B ] T LIn=as2
. The geothermal reservoir volume is § ° --;.-’-= B - Total/H=452
independent of the temperature of the £ ° ',i g
resource. B e i
2 II -.l a | i
With these simple assumptions and the frequency L S Anansancs nesoe nosos n “:Eo“'!s-go =+
distribution defined in Figure 5 we can construct i
the relative energy distribution of geothermal
resources as function of temperature as is shown in Figure 7: Distribution of the energy of

Figure 7. geothermal resources in the USA
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By assuming that the same distribution function is valid for the whole world as for the American
continent, we can estimate the energy of low-temperature resources from Figure 7. In the USA
assessment, the temperature 150°C is used as the limit between high- and low-temperature resources.
Figure 7 shows that the total thermal energy above 150°C is about 25% of the total energy under the
curve, or that the ratio between the energy below 150°C to the energy above 150°C is 3.52.

Figure 7 shows also that the thermal energy above 100°C is about two times larger than the energy above
150°C (ratio 2.1). The use of binary turbines for electricity generation allows for the use of geothermal
resources down to about 100°C, whereas conventional turbines are usually not considered for lower
temperatures than 150°C. The geothermal potential (for electricity generation) is about two times larger
when the 100°C limit is used instead of 150°C.

5. WORLD-WIDE POTENTIAL OF GEOTHERMAL RESOURCES

The exercise presented in Figure 7 is based on the frequency distribution as function of temperature in
the Western part of the) USA. This part of the world might not be representative for the whole world.
In general, it might be expected that low-temperature resources are suppressed in relation with high-
temperature resources in this region. If this is the case, the energy of low-temperature resources will be
higher than the ratio 3.52 calculated from the data in Figure 7. Therefore, we state that the potential of
low-temperature resources estimated from Figure 7 is the lower limit for these resources. From Figure
7 we obtain:

Energy (t < 150°C)/ Energy (t > 150°C) > 3.5
Previously we obtained that for the world:
Geothermal potential (1 > 150°C) = 11,200 TWh/a electricity generation;
or
Geothermal potential (t > 150°C) = 112,000 TWh/a heat (403 EJ/a)
By using the ratio defined in Figure 7 we obtain for the world:
Geothermal potential (t < 150°C) > 392,000 TWh/a heat (1410 EJ/a)
For comparison it should be noted that the world energy consumption is about 370 EJ/a.
As has been mentioned before, the method applied in this paper should not be used for small regions or

countries of the world. It should however be possible to divide the world potential on the main regions
of the world. Table 5 shows this distribution of the geothermal potential.

6. CONCLUSIONS

The potential of geothermal resources in the world has been estimated by applying an empirical relation
between the number of active volcanoes and the estimated high-temperature geothermal potential in 8
regions. The results obtained are that 11,200 TWh/a electricity can be generated with conventional
technique and that about 22,400 TWh/a electricity should be available if binary turbines are also
considered. The statistical correlation between the number of volcanoes and the estimated potential puts
only a 12% uncertainty on these results.
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Table 5: Geothermal potential

High-temperature resources Low-temperature resources
suitable for electricity generation suitable for direct use
Conventional Conventional and (EJ/a - heat)
technology binary technology (lower limit)
(TWh/a - electricity) | (TWh/a - electricity)

Europe 1830 3700 > 370
Asia 2970 5900 > 320
Africa 1220 2400 > 240
North America 1330 2700 > 120
Latin America 2800 5600 > 240
Oceania 1050 2100 > 110
Total world 11 200 22 400 > 1400

The lower limit of the low-temperature geothermal resources in the world is estimated from the size of
the high-temperature resources by applying an empirical relation between the frequency distribution as
function of temperature of the geothermal resources in the USA. By assuming that the frequency
distribution is exponential, that the resource energy is a linear function of the resource temperature, and
that the reservoir volume is independent of the temperature, the relative energy distribution as function
of temperature can be constructed. This energy distribution function is used to determine the ratio
between low- and high-temperature resources. The result obtained is that the low-temperature
geothermal potential is larger than 1400 EJ/a.

ACKNOWLEDGEMENTS

The author thanks Sveinbjérn Bjornsson for revieving the manuscript and suggesting several
improvments.

REFERENCES

Aldrich, M.J., Laughlin, W.A., and Gambil, D.T., 1978: A review and augmentation of the Electric
Power Research Institute report: Geothermal energy prospects for the next 50 years. Electric Power
Research Institute.

Bjornsson, J., Helgason, Th., Palmason, G., Stefinsson, V., Jonatansson, H., Marifusson, J.M.,
Fridleifsson, I.B., and Thorsteinsson, L., 1998: The potential use of geothermal energy and hydropower
in the world energy scenario in year 2020. Proceedings of the 17" Congress of the World Energy
Council, Houston, Tx, September 1998, 69-88.

Bodvarsson, G., 1982: Terrestrial energy currents and transfer in Iceland. In: Pdlmason, G. (ed.),
Continental and Oceanic Rifts. Geodynamics Series, 8, AGU Washington D.C., 271-282.

Cataldi, R., Lazzarotto, A., Muffler, P., Squarci, P., and Stefani, G., 1977: Assessment of geothermal
potential of Central and Southern Tuscany. Proceedings of the Larderello Workshop on Geothermal
Resource Assessment and Reservoir Engineering, September 1997, ENEL Studi e Ricerche, 351-412.



Stefdnsson 120 20" Anniversary Workshop

EPRI, 1978: Geothermal energy prospects for the next 50 years. EPRI ER-611-SR Special Report,
Electric Power Research Institute.

McNitt, J.R., 1983: The geothermal potential of East Africa. Proceedings of the Regional Seminar on
Geothermal Energy in Eastern and Southern Africa, UNESCO/USAID, 3-8.

Muffler, L.J.P., 1976: Geology, hydrology, and geothermal systems Proceedings of the 2" U.N.
Symposium on the Development and Use of Geothermal Resources, San Francisco, 1975, 1, xIv-lii.

Muffler, L.J.P. 1978: Assessment of geothermal resources of the United States — 1978. Geological
Survey Circular 790, USA, 156 pp.

Muffler, P., and Cataldi, R., 1978: Methods for regional assessment of geothermal resources.
Geothermics, 7, 53-89.

Pdlmason, G., Johnsen, G.V., Torfason, H., Saemundsson, K., Ragnars, K., Haraldsson, G.I, and
Halldérsson, G.K., 1985: Assessment of Iceland’s geothermal resources (in Icelandic). Orkustofnun,

Reykjavik, report OS-85076/JHD-10, 134 pp.

Rowley, J.C., 1982: Worldwide geothermal resources. In: Edwards, L.M., Chilingar, G.V., Reike III,
H.H., Fertl, W.H. (editors), Handbook of geothermal energy. Gulf Publishing Co., Houston, Tx, 44-176.

Simkin, T., and Siebert, L., 1994: Volcanoes of the world. Geoscience Press, Tucson, Az, 49 pp.

Stefdnsson, V., 1988a: Government of Papua New Guinea. Mission Report 29 February - 14 March
1988. United Nations, New York, report, 72 pp.

Stefdnsson, V., 1988b: Government of Solomon Islands. Mission Report 25 - 29 July 1988. United
Nations, New York, report, 128 pp.

Stefdnsson, V., 1988c: Government of Vanuatu. Mission Report 29 July — 7 August 1988. United
Nations, New York, report, 66 pp.

Stefdnsson, V., and Eliasson, E.B., 1998: Integrated use of energy resources (in Icelandic).
Orkustofnun, Reykjavik, report OS-98005, 9 pp.



