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Introduction to geothermal energy
Types of geothermal systems

Use of geothermal energy
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Everywhere in the world there is an upward flux
of heat at the surface of the earth arising from
radioactive decay In the interior.

The average value of ~65mW/m? corresponds to
a temperature gradient of 30°C/km (depending
on the thermal conductivity of the rock).

In geothermal areas (at plate boundaries etc) the
heat flow is much greater than 65mW/m?
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Lahsen et al. 2013
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(Dickson and Fanelli, 1995)
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The type of geothermal system depends on the
heat flow and the geological setting

They range from warm water systems where
there Is no fluid movement and no bolling, up to
convecting two-phase systems with lots of
boiling underground
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Power Is the rate at which energy Is being
produced (or used)

Energy is measured in Joules (J)

Power Is measured in Watts (W)

1 Watt = 1 Joule/second

1 kw = 1000 W & 1 MW = 1000kW

Enthalpy is the measure of energy contained in
water or steam (kJ/kg)
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Before discussing types of geothermal systems
we need to quickly review the thermodynamic
properties of water

As liquid water Is heated it changes phase by
boiling to become steam (a gas phase)

The boiling point of water depends on pressure
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Before discussing types of geothermal systems
we also need to review the mechanisms for heat
transfer that operate in a geothermal system:

Conduction
Convection

Counter-flow
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Conduction — heat flows from a hot temperature
to a cold temperature (no fluid movement)

Heat flow = conductivity x temperature gradient
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Convection — in hot geothermal systems there
IS a large scale movement of water (called
convection), with hot water rising. Heat moves
with the hot water.

Heat flow = mass flow x enthalpy
Requires pathways for water to move.:
PERMEABILITY
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Counter-flow in some geothermal systems there
IS a boiling zone containing water and steam.
Here water trickles down and steam rises. This
process is called counter-flow

Transfers heat (even though
It may not transfer much
mass) because the enthalpy
of steam Is higher than the
enthalpy of water

Heat flow = steam rising — water trickling down
Also requires pathways (permeabillity)
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Category

Temperature (T)

Production Enthalpy (h)

Warm water (low temperature)

T<125°C

h <600 kJ/kg

Hot water (intermediate

temperature)

T <225°C

h < 1000 kJ/kg

Two-phase (high
temperature)

low-enthalpy
(very hot water)

225°C<T<270°C

1000 kJ/kg <h<1300 kJ/kg

high enthalpy
(boiling water
and steam)

250°C <T< 330°C

1300 kJ/kg <h<2500 kJ/kg

vapour —
dominated
(dry steam)

250°C <T< 330°C

2500 kJ/kg <h<2800 kJ/kg
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Category Heat transfer mechanisms
Warm water (low temperature) | Conduction
Hot water (intermediate Convection

temperature)

low-enthalpy

Strong convection
Some counter-flow

Two-phase (high high enthalpy

temperature)

Moderate convection
Counter-flow

vapour -
dominated

Negligible convection
Counter-flow, conduction
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Geothermal pool in
Hungary
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In warm water systems the heat transfer
mechanism is conduction alone. There IS no
convective circulation of groundwater.

Boiling does not occur Iin the reservoir even
during exploitation.

They are mainly used for direct use, non-
electrical purposes. Binary plants are now being
produced that can use water at ~ 90°C

Very common worldwide
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In a hot water geothermal system the local heat
flux is larger than 60-70mW/m?

Heat from depth Is transported to the surface
mainly by convection of groundwater.

Driven by buoyancy
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Only liquid hot water in their pre-production state.

Not much boiling, If any, occurs as a result of
production.

Temperatures in range 125 - 225°C
Presence of gases may cause some boiling

At the colder end of the range binary plants must
be used for electricity generation.

They are quite common worldwide
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In the sketch above a hydrothermal system is
shown.

It shows a large scale convective circulation of
the ground water and the resulting plume of hot
fluid.

A small boiling zone is shown near the top of the
system where the pressures are low and
temperatures are high.
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At greater depth the pressures are too high to
permit boiling, while nearer the surface the
lowering of the temperature by cold surface
recharge and conductive losses prevents boiling.

Within this overall hydrothermal system there
may be a zone of permeable rock close enough
to the surface to be reached by drilling. The hot
part of this permeable region constitutes a
geothermal reservoirr.
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Three types: low enthalpy, high enthalpy, vapour
dominated.

In order of decreasing permeabillity but
Increasing size of boiling zone.

In order of increasing production enthalpy

In the boiling zone there is some heat transfer by
counter-flow of steam upwards and water
downwards giving a small mass transfer but
large heat transfer

Types of geothermal system 32
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Also convective geothermal systems but are
hotter than hot-water systems

@ A two-phase region containing a mixture of
steam and liquid water, overlying deeper hot
liquid, Is present in the natural state

Not so common, they occur only in the hot
geothermal areas

Wairakel, New Zealand and Cerro Prieto, Mexico
are examples



woaa THE UNIVERSITY
OF AUCKLAND

NEW ZEALAND

Te Whare Wananga o Tamaki Makaurau

Temperatures vary (225 - 270°C) with the
presence of gas causing boiling at lower
temperatures

Some have large convective flows with many
surface features (geysers, hot springs, mud
pools, steaming ground) e.g. Wairakel

Others have smaller convective flow and not
many surface features. e.g. Ohaaki
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It IS possible to distinguish between low enthalpy
and high enthalpy versions of this type of
reservorr.

A reservoir like Wairakei which Is very
permeable has a production enthalpy close to
that of hot water (say 1100kJ/kg)
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Other systems such as Mokai which have lower,
fracture-dominated permeability have a
production enthalpy in the range 1500-2000kJ/kg,
well above that of hot water (sometimes called
“excess enthalpy”).
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Vapour-dominated systems contain a large two-
phase zone.

Liquid phase is sparse, widely dispersed and
Immobile and so wells produce only steam
(Geysers, Kamojang, Darajat, Lardarello).

Temperatures vary (say 240 - 300°C) depending
on depth and gas content.

A very low permeability formation surrounding
the reservoir is required to keep water out.

Uncommon
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@ When drilling first occurs In a geothermal
reservoir it may be classified into one of the
above categories quite easily.

If It Is vapour-dominated then a low downhole
pressure and the production of dry steam will
serve to identify It.

The remaining categories can be distinguished
by the production enthalpy and the temperature
distribution with depth.
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Japan (Hijiori, Ogachi)
France (Soultz Sous)
Australia (Cooper Basin)
US (Fenton Hill, NM)
England (Rosemanowes)
Sweden (Fjallbacka)
Russia (Tirniauz)

Germany (Neustadt-Glewe)

2007 - MIT Releases Major Report
on Geothermal Energy.
Group leader: Jeff Tester
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The idea:
Drill two wells

Use hydraulic-fracturing to create a permeable
zone connecting the wells

Pump cold water down one well and produce hot
water from the other

Many problems, no-one has got it working well



woaa THE UNIVERSITY
OF AUCKLAND

NEW ZEALAND

Te Whare Wananga o Tamaki Makaurau

A geothermal reservoir Is quite different from an
oll or gas reservoir, or even a ground water
reservorr.

A geothermal reservoir is usually not a clearly
defined highly permeable region confined by low
permeability strata.

The quantity to be extracted, namely heat energy,
IS not contained entirely in the reservoir fluid. In
an oil reservoir, once the oil has been extracted
the reservoir is exhausted.
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The production of water and steam from a
geothermal well is replaced in the reservoir by
surrounding cooler water which is heated by the
reservoir rock and then becomes available for
production.

This process of recharge is very important in the
behaviour of geothermal reservoirs.

In convective geothermal systems the fluid Is
moving. In an oil reservoir the fluid is stationary.
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Electricity generation by fuel’
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Breakdown of Electricity Generation by Fuel (2009) CFERTA DFE GEMERACION 2011
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sl Ecuador (2012)
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Geothermal well
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Wairakei power station — New Zealand
» 220 MW
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Geysers power station - USA

» 1517 MW
» 22 Power stations
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Ngawha power station — New Zealand

» 25 MW
» Binary plant
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Turbine
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Condenser
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Cooling towers
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2010 2005 2000 1995
Geothermal heat pumps 35236 15384 5275 1854
Space heating 5391 4366 3263 2579
Greenhouse heating 1544 1404 1246 1085
Agquaculture pond heating 653 616 605 1097
Agricultural drying 127 157 74 67
Industrial use 533 484 474 544
Bathing and swimming 6689 5401 3957 1085
Cooling / snow melting 368 371 114 115
Other 41 86 137 238
Total 50583 28269 15145 8664
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B Kawerau Paper
Mill 1958: First use
of geothermal
steam in paper mill

B 56% of New
Zealand’s direct
energy usage.
Largest industrial
use in the world

@ 2009: 122 MWe
electricity
generating plant
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Thank you to IRENA
Questions?
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Introduction to Geothermal
Environmental Considerations




Talk Outli
Physical impacts
Chemical impacts
Social impacts
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Optimising National Geothermal Use...
How to classify, regulate and monitor
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development must
be given careful
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Physical impacts

Less pressure results in .....

e

Increased boiling

Changes to surface Reduction in pore

activity pressure
Increased
steaming ground
Hydrc_)thermal Compaction of
eruptions

sediments

Weakening of ground

\ subsidence



Physical impacts

Changes in surface activity

due to changes in subsurface

pressure




Appearance of
new thermal
features

Not always where we
want them

Physical impacts

Thermally stressed grass =
warm ground







Dissolution or collapse craters
(no volcanism)

Waiotapu
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Ascending gases
dissolve rock
causing collapse




LANDSLIDES
Acidic steam condensate
overprinting

& -thermally stressed vegetation
& -kaolinite clay



ALTERATION via ACIDIC STEAM CONDENSATE

+Road Cut
Taupo == =




Acidic steam
condensate
overprinting

pH 3-4
Temp <120 °C



Physical impacts

Changes in pressure can

resultin ... Hydrothermal eruptions




Physical impacts

Hydrothermal eruptions can occur anywhere

i




Hydrothermal Eruptions occur ....

* Without warning

 No magma involved

 Sudden change in subsurface pressure

* Flashing to steam and steam provides uplift of
rocks for eruption

« Can be catastrophic
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hydrothermal
eruption 6060
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1-3 April, 1917
Hydrothermal eruption
at Frying Pan Flat
Waimangu
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1917 hydrothermal eruption crater

as it looks today
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Small but dangerous hydrothermal eruptions behind
residential property, Kuirau Park



Hydrothermal
eruption breccia
deposit




Changes in pressure can

result in ...

Subsidence

Physical impacts




SUBSIDENCE

CAUSES
1. Acidic steam condensate —corrosive, weakens
ground

2. Extraction of fluids — reduces pore pressure =

compaction




Physical impacts




Chemical Impacts
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Inorganic mercury
accumulates in river

sediments, soil etc

* Food chain
 Ecological systems




Reported that:

Iron spades held in fumes become covered in
metallic mercury after a few minutes exposure.

Lead and zinc house gutterings become
coated with metallic mercury on cool nights

(Rly fu.bi(q‘.‘y photo, )
i of the Ngawha Hot Springs, North Auckland, New Zealand,
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South

Whakatane Graben

Offshore hot springs




Globules of liquid
mercury in
discharging hot
springs on the sea
floor in the Whakatane
Graben, NZ

Mercury droplets on

cinnibar-rich (red)
amorphous silica
(Hg/silica hot spring
rock)






Geochemist will determine water composition -

to identify any problematic chemistry

Arsenic and antimony sulphur
compounds precipitating
around edge of pool

Champagne Pool, Wa.&pu, NZ -
B ame e
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Geochemistry can determine if

any nasty chemical constituents g
are going to be a problem for the
development of the power plant



Disposal of drilling mud
Pipe scale
Other drilling products

Chemical impacts




Social Impacts of development




Loss of
tourist
features

Social impacts-




Social impacts

Many features have
cultural significance




Noise pollution
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Next talk....
Optimising National Geothermal Use...
How to classify, regulate and monitor
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