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Glossary of terms

Term Meaning/Definition

Artesian An artesian aquifer is a confined aquifer containing
groundwater under positive pressure. This causes
the water level in a well to rise to a point where
hydrostatic equilibrium has been reached.

BHA Bottom hole assembly

Binary cycle 6Secondar y \waryKy oMmieddflad 6
boiling point below that of water

Cap Ex Capital Expenditure

CfD Contract for Difference

CHP Combined Heat and Power

DECC Department of Energy and Climate Change

Deep Geothermal

A project that involves the exploration or use of
geothermal heat generated within the earth.

Dm Darcy metre

DHN District Heating Network

DNO Distribution Network Operator
EGS Enhanced Geothermal System
EMR Electricity Market Reform

ESP Electric submersible pump

EM Electromagnetic

FIT Feed In Tariff

FMI Formation Micro Imaging
Formation Body or layer of rock in the ground

Geothermal reservoir

A heat reservoir in rocks from which the heat may
be extracted for utilisation.

GIS Geographical Information System
HCI Hydrochloric acid

HDR Hot Dry Rock

HSA Hot Sedimentary Aquifer
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Term Meaning/Definition

HF Hydrogen fluoride

HFR Hot Fractured Rock

HTPF Hydraulic Test in Pre-existing Fractures

Hydraulic conductivity (K)

Hydraulic conductivity is a property that describes
the ease with which a fluid (usually water) can move
through pore spaces or fractures in the ground,
measured in m/d. See Permeability and
Transmissivity.

Hydraulic stimulation

A technique involving the application of high fluid
pressure on a reservoir (e.g. geological unit) to
enhance the existing permeability and establish
interwell connectivity by enhancing or opening
sealed joints to allow fluid to move more freely
through the formation.

ITT Invitation to Tender

Kalina Cycle A thermodynamic process for converting thermal
energy into usable mechanical power

LCOE Levelised Cost of Electricity

mD Millidarcy

MT Magnetotelluric EM method of geophysical survey

MWe Megawatts electrical: units of electrical power

MWth Megawatts thermal: units of thermal (i.e. heat)
power

MWh Megawatt hours: a measure of energy

NORM Naturally Occurring Radioactive Materials

ORC A thermodynamic process for converting thermal

energy into usable mechanical power

Parasitic Power

The power required to operate a generating station

PDC

Polycrystalline diamond compacts

Permeability (k)

The ability of a material, and specifically rocks for
this project, to transmit fluid; Measured in m® or D
(Darcy). See Transmissivity.

Petrophysics The study of physical and chemical rock properties
and their interactions with fluids
Pl Productivity Index
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Term Meaning/Definition
Proppant Substance added at the end of the hydraulic

stimulation to keep fractures open facilitating
sustainable and long-term conductivity of fractures

Reserve (geothermal heat)

Geothermal heat which is likely to be recoverable
given technological, economic and other
constraints.

Resource (geothermal heat)

Geothermal heat that is technologically recoverable
but for which there is significant uncertainty as to its
recoverable potential owing to economic and other
constraints.

RHI Renewable Heat Incentive

ROC Renewable Obligation Certificate

ROP Rate of penetration

Stimulation The enhancement of natural permeability.
Stimulation is usually hydraulically achieved by
injecting fluids (see Hydraulic stimulation above) or
chemically by injecting acids or other chemicals.

Strike Price The strike price of a CfD is the fixed price at which
the owner of the option can sell an underlying
security or commaodity.

TCI Tungsten Carbide Insert

Transmissivity (T)

The measure of how much water can be transmitted
horizontally, such as to a pumping well. Measured
in m2/day, or Dm (Darcy metre). Transmissivity
varies with aquifer thickness. See Permeability.

UBI Ultrasonic Borehole Imaging
VSP Vertical Seismic Profiling
WOB Weight on bit
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Executive Summary

Geothermal energy has the potential to provide a significant part of the worlds energy needs in the form of
low carbon renewable energy. This is most prominent in active tectonic zones such as Iceland, New
Zealand, Italy, Turkey, Japan and parts of the USA, where significant geothermal energy is being generated
currently at shallow depths. In these regions geothermal energy is widely exploited for power generation.
However, these active zones only account for part of the global geothermal resource, with potential for
generation in other less tectonically active areas.

Some locations with broadly similar thermal resource conditions and analogous geologies to the UK have an
active Deep Geothermal industry. Australia has some very hot geothermal granites with small scale power
plants (LMWe) being commissioned from 2013. Germany is a good example of the European context and
has been included in the review through the experience of study partners Geowatt and IF Technology.
Although generally for heat, small scale geothermal power production is underway in Germany with potential
for expansion.

In non-volcanic regions, generating power from deep geothermal resource has typically centred on binary
systems at lower temperatures or the development of Enhanced Geothermal System technologies (EGS) at
higher temperatures. EGS may require the use of stimulation such as hydraulic fracturing to produce a
subterranean reservoir to enable a sufficient flow of water. Binary systems are already established
technologies. However, the technological challenges, risks and uncertainties surrounding deep geothermal
EGS technologies mean that there has been only limited development to date. There are no deep
geothermal power plants currently in the UK.

DECC6s Energy I nnovation Delivery Te atmil gravide significastmi t t o
benefits to the UK in terms of the secure supply of renewable and low carbon energy. In order to prioritise

investment, analysis has been undertaken to highlight where investment in certain energy and technology

sectors will deliver benefit to the UK. As part of this process this study has been commissioned to consider

the potential for deep geothermal power generation in the UK.

In addition to hot crystalline rocks such as radiothermal granites, there is also potential in the UK, albeit more
limited, from geothermal heat present in deep sedimentary basins. Generally such sources are of lower
thermal energy and therefore have potential for heat or combined heat and power rather than power
generation exclusively. With innovations in the use of working fluids with lower boiling points these lower
thermal energy resources may prove of increasing interest as a feasible power generating potential reserve.
Recent reports suggest that in certain regions of the UK the particular granite geology would be less reliant
on stimulation techniques as natural fissures and fractures potentially exist in the hot granite rock. These
fractures could potentially be used, greatly reducing the risk of not being able to create a sufficiently
permeable reservoir.

DECC wish to undertake further analyses to better understand the potential benefits and opportunities for

power generation from deep geothermal technologies in the UK and to ensure that benefit is derived from

any future investment decisions. This studyisi n r esponse to DECCO6s wishes to f
and focuses solely on geothermal energy for power generation, although includes heat re-use as a by-

product. It is important to note from the outset that the remit for this study and report is focussed on power

generation (i.e. the production of electricity), and not heat supply. However combined heat and power

system schemes have been considered in order to provide a viable business case.

Atkins approach to the study reported here has comprised:

A review of the work carried out in the area of deep geothermal to date.

Assessment of the feasibility of geothermal exploration and exploitation for the electrical power market;
Review of costs associated with exploration, exploitation and potential investment returns.
Identification of opportunities for technological innovations and their potential impact on risk and cost
reduction.

1 Recommendations on next steps

= =4 =8 =9
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There is currently uncertainty whether there is a viable resource which will not be overcome until deep
boreholes are drilled into the potential host rocks to demonstrate both reserve extent and exploitability.

The lack of certainty of reserves and other factors leads to financial risk and uncertainty of viability. This
financial risk is compounded by the uncertainty of the outturn costs and likely returns should the reserve be
proven. In order to better quantify such financial uncertainty a series of case study scenarios have been
developed.

The approach taken for selecting the case studies has employed two essential criteria:

1 atemperature of >100 °C.
9 atadepth less than 5km.

Using these criteria, a short list of three areas of the UK has been identified; the radiothermal granites of
Cornwall; the radiothermal granites of Weardale in the North East stretching across towards the Lake
District; and the sedimentary basin of Cheshire. Other areas may, of course, be suitable for heat only
schemes.

Three case studies have been developed for illustrative purposes:

1 Alow permeability granite source in South West England,;
1 A high permeability granite source in Northern England; and
1 A deep sedimentary basin low level heat source in Cheshire.

The two granite scenarios are interchangeable. Fractured granite has already been found in boreholes in the
North West but could also be reasonably inferred as likely to be present in the South West as well. A
sensitivity analysis of the costs has been carried out in order to provide context for investors on the potential
financial risks.

It has been concluded that economic viability of all schemes is heavily reliant upon heat sales and this
becomes a limiting factor, especially in more rural areas where the lower heat demand density makes district
heating less economically viable.

Therefore it has been determined that the current potential in South West England is up to approximately
100 MWe. This could increase considerably as the sector matures, uncertainties are removed and costs
reduce.

In Weardale and the Lake District very little heat demand exists locally due the rural nature of the area.
Hence the upper limit potential is currently suggested in the order of 70 MWe. This comes with the proviso
that if heat could be piped to major conurbations this could rise to between 100 and 1000 MWe, although the
economic viability of this level being achieved is highly unlikely.

The total resource in the Cheshire Basin is of a lesser extent and of lower temperature. Accordingly there is
less potential for expanding the resource to cover a larger receiving community. Hence it is unlikely this
resource would prove viable other than to provide for localised needs for heat and potentially power.

If uncertainties can be reduced and resources become proven reserves; capital costs reduce with scale; and
experience and/or subsidy levels are altered such that expected rates of return based upon power
generation alone become acceptable to investors, then more of the potential resource can be exploited and
realised. Given the German context, where approximately 300MWe is planned by 2020 and the sector is
more mature, 1 to 1.5 GWe might be a reasonable estimate for the UK in the longer term (2050).

This equates to about 4% of the annual average current UK electricity requirements. This is significantly
lower than the ¢.20% of UK energy requirements presented in the forward to the SKM report (Ref. 61).
Estimates are very difficult to substantiate owing to the current absence of reservoir characterisation.
Longevity of schemes needs to be considered, with greater certainty needed with respect to total heat
outputs and potential for heat degradation of the resource.

The scenarios demonstrate that with sufficient understanding of the resources and linkages to the final users
there is potential for power generation from the granites. However, for commercial viability they will most

Atkins Deep Geothermal Review Study | Version 5.0 | 21 October 2013 \%
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likely require not only power but also heat utilisation, at least until the perceived risks are reduced to permit
Autilityd type returns on investment to be acceptable.
would be heat only, with a low probability of power generation potential. However, heat only or reliance on
heat to make a scheme viable would be dependent on a local heating network to distribute the heat from the
source to the user. Such heat networks would be more viable for new developments and potentially
complicated and expensive where retrofitting to existing users.

A secondary part of this study involved stakeholder engagement via a questionnaire, stakeholder
engagement day and | imited interviews. This involved
regarding why investment has not occurred to date. These stakeholder views have been taken into

consideration during this study and incorporated within the main body of the report where appropriate and
substantiated by other sources of information.

To date no wells have been drilled in the UK to sufficient depth to measure or prove the resource for power
generation. The cost of trial and exploratory wells is very high relative to the overall capital cost of the
project. In order to limit the risks and make projects more investable, stakeholders consulted during this
study suggested the following:

91 Further research studies and investigations of the identified resource areas to improve the
characterisation of the potential thermal reserve;

Two or three test boreholes drilled in each location;

Clear permitting and thermal rights of ownership clarified;

Funding or insurance for early stage test boreholes put in place; and

Adjustment of subsidy levels would promote investment. However the current large uncertainties
surrounding the drilling to characterise the resource make initial investment decisions relatively
insensitive to subsidies based upon operational revenues.

E R

At present there is insufficient private sector appetite to de-risk the sector for power generation schemes.
Steps to limit the risks, as set out above, would need to be led and funded by Government.

It is concluded in this study that deep geothermal energy production in the UK has potential to generate
utility level returns for investors but not without significant risk and uncertainty. In order to reduce the risk
and uncertainty economically exploitable resources need to be proven to the level at which investor
confidence can be achieved. Developing confidence in reserve levels would need a programme, led and
funded by Government, of test boreholes drilled to the depth required for production and testing of such wells
to demonstrate reservoir properties and exploitability. Even with an increased level of confidence in
reserves, the inherent risk profile of project development (in which full viability of any given scheme is not
known until the project specific boreholes have been drilled) may continue to be an obstacle for private
sector investment.

Atkins Deep Geothermal Review Study | Version 5.0 | 21 October 2013 Vi
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1 Introduction

1.1. Scope and Objectives

This study to investigate the potential and viability of generating power from Deep Geothermal energy
resources in the UK has been commissioned by the Department of Energy and Climate Change (DECC).
Power generation is the main focus of this study, however the combined use of heat with this power
generation is also considered. This study currently excludes all low temperature resources from which only
heat but not power could potentially be exploited using current technologies. However, the lower temperature
threshold for power generation is likely to change owing to advances in power generation technologies using
fluids that boil at a lower temperature than water. Therefore, some of the lower temperature resources
currently identified might become economic reserves in the future due to the electricity conversion for the
binary cycle® having a lower temperature cut-off for economic viability. Such conditions are considered in this
study.

DECChascurrently excl ud e dfrofithis study. Deed Gedthersnal heatrardyrojects are
already being developed in the UK T in Manchester and North Tyneside. There is increased confidence in
the overall Deep Geothermal energy resource potential (and the geographical match with heat loads) and
commercial backers are on board to support these developments. The only working Deep Geothermal
scheme (at Southampton, though currently being refurbished) is a heat only scheme linking into a district
heating network.

Although heat projects are being progressed, this is not the case with Deep Geothermal power projects
where no projects are currently advancing. There are three potential power sites, two in Cornwall and one in
the Weardale area of County Durham, which might be the first power projects. However, despite
Government grant funding, these projects have failed to attract commercial interest given the uncertainty
about the resource and the viability of establishing a power generation plant. DECC is testing whether there
is a case for the Government to do more to prove the resource and power generation potential. It is
important to note that all the proposed power projects would be CHP plants, so the heat element is an
important consideration.

DECC has indicated that there has been interest at local authority level in generating power from hot
sedimentary aquifers. Although it is likely that the temperatures involved do not make this a viable option,
DECC is testing this proposition through this study.

This report sets out the background information that provides the rationale and conditions for favouring
certain sites, and provides a methodology that will lead to case studies/6 s cenar i o s@s $h@s s ment
illustrative sites.

This report covers the scope set out by the Invitation to Tender (ITT) (Ref. 13) issued by DECC in February
2013.

1.2. Background and Context

Geothermal energy, in the broadest sense, is the natural heat present within the earth's core, mantle and

crust. The majority of the internal energy that was generated was caused by gravitational contraction of the

planet as it was formed about 4.5 billion years ago (Ref. 7). Heat is also generated and maintained by

radiogenic heat and which is continually generated by the decay of long lived radioactive isotopes of

uranium, thorium and potassium within the earthé srust. The total heat content of the earth is in the order of

12.6 x 10**MJ, of which5.4x10*MJ i s cont ained wi Refil6f t he earthds crus

Whilst this is an immense resource, currently there are limits to the economical viability of geothermal heat
extraction. I n continental ar eas,65kmahickandcmeptlye@lyat he ear
small fraction of this potential resource is practically available for use.

LA binary cycle power plant is a type of geothermal power plant that allows cooler geothermal reservoirs to
be used than with dry steam and flash steam plants using a second "working" or "binary" fluid with a lower
boiling point, typically a butane or pentane hydrocarbon (see Section 2.1).

Atkins Deep Geothermal Review Study | Version 5.0 | 21 October 2013 1
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Deep Geothermal projects are usually executed in a phased process. The main phases for the development
of the sub-surface elements of a geothermal scheme are as follows:

Preliminary survey

Exploration

Test drilling

Well testing and logging

Reservoir development

Production and reservoir monitoring

ogakrwnE

These aspects of a geothermal project are discussed in detail in Section 3 and Appendix A.

This study considers the UK geology up to depths of approximately 5,000m and investigates the potential for
power generation by heat to electricity conversion from the geology at such depths and shallower.

1.2.1. Definitions

Definitions and interpretations of some of the key words and topics that were explored through this study are
given below.

1.2.1.1. Geothermal systems

Geothermal systems vary according to their geological characteristics and the methods used to enhance the
flow of fluids through the ground. This study considers the principal types of geothermal systems: crystalline
rock and sedimentary aquifers.

Enhanced Geothermal Systems (EGS) were developed to enhance the initial permeability of crystalline rocks
where natural fluid permeabilities are insufficient to facilitate economic flow rates (e.g. the granites at
Rosemanowes, UK and Soultz-sous-Foréts, France). Many EGS techniques are also applicable to
sedimentary aquifers.

1.2.1.2. Categories of geothermal resources and reserves

The Australian Geothermal Energy Group Reporting Code (Ref63) uses the term 6Geot hern
informal qualitatved escr i pt or for an accumul ati on é&drthih(h@at ener gy
Geothermal play) the Reporting Code provides a geothermal resources and reserves classification regime.

The reporting code states it is important to understand the certainty (quality and quantity) of the information

that is used to define the magnitude of resources and reserves. Table 1i 1 has been reproduced from the

Resources and Reserves summary provided in the Australian Reporting Code (Ref 63).

In the context of the UK situation there are no current proven reserves as resources have not been drilled to
sufficient depth to prove temperatures suitable for energy generation, only heat reserves. To date, 2,000m
deep boreholes at Rosemanowes in Cornwall with bottom temperatures of 79°C and temperature gradients
of around 35 to 40°C per 1,000m (Ref. 19 and 4); and a 1,000m deep borehole at Eastgate and a 1,770m
deep borehole at Newcastle with bottom temperatures of 46°C and 73°C respectively and temperature
gradients of around 39°C per 1,000m (Ref. 70). This UK resource is further defined and discussed in this
report (see Section 2.1 and Table 8-1).
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Table 17 1

Summary of Resources and Reserves

Geothermal Resource

Geothermal Reserve

Inferred

Indicated

Measured

Probable

Proven

Commerciality

Commerciality not yet established. Probably feasible with current or
future technology, prevailing and/or more favourable market

conditions.

Commercial. Feasible with existing
technology and prevailing market conditions.

Definition

The Recoverable
Thermal Energy
within an area/volume|
that has enough
direct indicators of
Geothermal
Resource character
or dimensions to
provide a sound basis|
for assuming that a
body of thermal
energy exists,
estimating
temperature and
having some
indication of extent.

The Recoverable
Thermal Energy
within a more reliably
characterised volume
of rock than the
Inferred Geothermal
Resource. Sufficient
indicators to
characterise
temperature and
chemistry, although
with few direct
measures indicating
extent.

The Recoverable
Thermal Energy
within a drilled and
tested volume of rock
within which well
deliverability has
been demonstrated,
with sufficient
indicators to
characterise
temperature and
chemistry and with
sufficient direct
measurements to
confirm the continuity
of the reservair.

That part of an
Indicated Geothermal
Resource for which
commercial
production for the
assumed lifetime of
the project can be
forecast, or: That part
of a Measured
Geothermal
Resource for which
commercial
production for the
assumed lifetime of
the project cannot be
forecast with
sufficient confidence
to be considered a
Proven Geothermal
Reserve. The chance
of occurrence is
6mor e | inkoet

Applies directly to
production satisfying
all Modifying Factors.
Directly related to that
part of a Measured
Geothermal
Resource for which
commercial
production for the
stated lifetime of the
project can be
forecast with a high
degree of confidence.

From Australian Reporting Code (Ref 63)

This reporting code has been applied in the context of this report in relation to power generation and not heat

only schemes.

1.3.

Limitations

This study is limited to readily available information from literature review provided in the bibliography and
references and experience provided by study partners, Geowatt and IF Technologies. Best endeavours
have been made to provide a comprehensive review. However, as further research is undertaken,
technology advances made and additional literature becomes available the findings of this study might need
to be reviewed and re-evaluated. As such, where gaps in information have been identified, they are noted
along with recommendations made for further study.
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2 UK Geothermal Resource

2.1. History of Geothermal Energy Exploration in the UK

The UK has a number of areas identified that contain low to medium grade heat resources. However, to
date no geothermal power only schemes have been developed and very few geothermal heat only schemes
are in operation. Compared with other countries such as Iceland, New Zealand and Turkey, where active
geological systems are present that generate large amounts of heat, the UK geothermal resource is largely
undeveloped and the resource is considered to be lower grade.

2.1.1. Hot sedimentary aquifers

In the UK, the potential for exploiting geothermal energy was first examined by the Department of Energy in

the wake of the 1973 oil crisis. This lead to a research and development programme undertaken by the

Department of Energy to examine the potential of geothermal energy utilization of geothermal aquifers. The

project was abandoned leaving behind only the Southampton borehole and a geothermal6 heat onl y 8 ene
scheme which forms part of the city centre district heating system drawing warm (76 °C) water from the

Wessex Basin Hot Sedimentary Aquifer (HSA) at 1,800 metres depth.

2.1.2. Enhanced Geothermal Systems (EGS)

Excluding active hydrothermal fields, such as those in Iceland, most geothermal energy within reach of
conventional techniques is in dry impermeable rocks. The United States pioneered the first effort to create an
EGS - then termed HDR in the 1970s at Fenton Hill, New Mexico with a project run by the federal Los
Alamos Laboratory.

Jointly funded by the Department of Energy and the European Commission in the late 1970s, geothermal
energy research in extracting geothermal energy from hot dry rock was also conducted at the Rosemanowes
Quarry, Cornwall and experience was gained on applying techniques of heat reservoir engineering (Ref. 54).
As with Fenton Hill, the project was terminated; however, the site remained a research facility and its data
provided were widely used and contributed to the 1.5MWe EGS demonstration project in Soultz-sous-Foréts,
France for Deep Geothermal energy using permeability (fracture) enhancement (stimulation) techniques in
crystalline rock.

2.2. UK Geothermal Resources

The principal exploratory technique for the identification and location of geothermal resources is the study of
heat flow (or flux) as it permits the prediction of temperatures to depths below those reached by shallow
drilling.

Although acquisition techniques for subsurface information, including seismic reflection surveys combined

with improved interpretation techniques, have advanced significantly and new data have been taken into

account in a hydro-geothermal study reported by Barker et al (2000) (Ref.3), t he Br i ti sh Geol ogi
(BGS) comprehensive work carried out between the mid-1970s and the mid-1980s and reported by Down &

Gray (1986) is still the definitive reference to geothermal prospects in the UK, although supplemented by the

more recent work by Busby (2010)(Ref. 9).

In his Geothermal Prospects in the United Kingdom document, Busby (2010)(Ref. 9) provided a flux map
(see Figure 2i 1) that was derived from 212 heat flow measurements supplemented by 504 heat flow
estimates. Comparison of the locations of areas of relatively highest heat flow with a simple geological map
(Figure 2i 2) shows that these high flux areas are the radiothermal granites of South Western and Northern
England.
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Figure 2i 1 Heat flow map of the UK Figure 2i 2 Location of sedimentary basins and
(Ref 9) major radiothermal granites (Ref. 3)

In a recent 2013 publication, Westaway and Younger (Ref. 67) concluded that the past failure to correct
measured heat flow values for the residual effects of cooling during the last ice age has led to systematic
underestimation of temperatures at depth in Britain and, thus, of the overall geothermal energy resource.
This could have resulted in underestimates of previous temperature gradients of up approximately 6°C per
1,000m depths in some areas of the UK.

2.3. Major Radiothermal Granites

2.3.1. South West England

Temperatures

In the South West of England, areas of heat flow rates in excess of 120mwW/m? (see Figure 2i 3) coinciding
with thermal gradients that exceed 35-40°C per 1,000m are suggested by the data given in Downing and
Gray (Ref. 19) and Batchelor et al (Ref. 4). Drilling of boreholes to approximately 2,500m depth on the
Rosemanowes Quarry site, which is in one of the 120mW/m? heat flow areas, confirmed the high thermal
gradients anticipated (Ref. 54) Although there are variations on measured heat flow above the granite
(shown as points with mW/m? values), there appears no compelling evidence for hot spot areas with respect
to geothermal energy resource potential within this geology (see Figure 21 3). Based on near surface heat,
Batchelor et al. (Ref. 4) and Downing and Gray (Ref. 19) state that temperatures in the order of 160 t0180°C
and c. 200°C could be encountered at depths of 4 to 4.5 km and 5.4 km respectively.
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Figure 2i 3 Distribution and values of heat flow measurements in South West England (Ref. 19) -
Heat flow values in mW/m?

Transmissivity

Currently, there is no evidence for the granite in the South West having transmissivity that would be sufficient
for geothermal exploitation without stimulation of the geothermal reservoir rock. However, this lack of
evidence is largely due to a lack of sub surface investigation of fault, fracture and weathered zones within
which exploitable natural permeability might exist similar to those found in other granites, such as that in
Northern England (see section 2.3.2 below).

2.3.2. Northern England: Weardale and the Lake District

Temperatures

High heat gradients are anticipated in the Weardale and Lake District granites (Refs 41, 60 and 701 see
below), albeit with lower values of flux measured near the ground surface than in South West England owing
to the granites being buried by formations of lower thermal conductivity which insulate the granites.

Two boreholes, drilled to depths of approximately 1,000m and 1,800m, confirmed geothermal gradients in
the order of 38 to 39°C per 1,000m for locations in Weardale (Eastgate) and Newcastle (Ref. 70).

Manning, Younger and Dufton (Ref. 50) conclude that a temperature of 160°C may be present in this area

somewhere at depth as indicated by the highly mineralised chemistry of water samples obtained, which
could only have equilibrated with the country rock at high temperatures and pressures.
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Transmissivity

The Eastgate geothermal well, which was drilled into the Weardale granite in 2004, was targeted to intersect
the Slitt Vein; a major, linear, sub-vertical and potentially permeable natural fracture-zone. The well was
drilled to a depth of 995 m (723 m of which was within the granite) with a maximum bottom hole temperature
of 46°C recorded. A highly permeable zone was encountered at a depth of 411 m within the Slitt Vein
structure and a transmissivity of > 2,000 Dm was recorded. This is the highest value for any comparable
interval of granite reported in literature reviewed by Younger and Manning (Ref. 69), in a naturally occurring
permeable zone, and over 20 times greater than the maximum value derived from a compendium of data for
granites and similar crystalline rocks in North America (Ref. 69).

Younger and Manning (Ref. 69) suggest that there is a minimal need of extensive fracture stimulation in this
fractured zone of granite, which is encouraging for geothermal projects. Younger and Manning (Ref. 69)
further suggest that water at temperatures in excess of 100°C would be expected in a borehole around 2 km
deep, although this has yet to be proven. Although shallow data promotes optimism for good transmissivity
and temperatures sufficient for power generation at depth, drilling a sufficiently deep borehole to prove such
inferences would be needed to prove reserve in line with The Australian Geothermal Reporting Code (Ref.
63).

2.4. Hot Sedimentary Aquifers

For the UK as a whole, heat flux and geothermal gradients are generally lower for hot sedimentary aquifers
than for radiothermal granites. Information given in Downing and Gray (Ref. 19) suggests an average
gradient of 26°C per 1,000m depth. However, exceptions occur in areas where, although the heat flux values
are relatively low, higher thermally conductive geological formations (e.g. Permo-Triassic sandstones) are
overlain by formations (e.g. Mercia Mudstone) of lower thermal conductivity. For example, findings from
boreholes drilled to ¢.1,700m depth in the Southampton area indicated thermal gradients of 38°C per 1,000m
depth present in some areas of the Wessex Basin.

In the UK, temperature data are available only for sedimentary basins that are post-Carboniferous in age and
the potential for geothermal power generation from such hot sedimentary aquifers is limited by the maximum
depths of the aquifers. This limitation is a consequence of the cut-off temperature for economic viability of
electricity conversion of a combined heat and power scheme being about 100°C (Note: this temperature cut-
off depends on details of the scheme; the cut-off temperature required for the economic viability of power
only schemes is usually greater).

The deepest post-Carboniferous sedimentary aquifers in the UK are within the Wessex and Cheshire Basins
for which literature (Ref. 8 and Ref. 68) from the British Geological Survey (BGS) suggests bottom-depths of
up to about 3,000m and 4,500m respectively (i.e. temperatures close to or above the 100°C cut-off for
economic viability of electricity generation are expected only at maximum basin depths).

Sedimentary aquifers in other post Carboniferous age basins in England (the East Yorkshire, Lincolnshire
and Worcester Basins) and Northern Ireland (the Larne, Rathlin, Lough Neigh and Northwest Basins) do not
extend to depths significantly below 2,000m. On this basis, there is a low prospect of temperatures being
encountered above the 100°C economic cut-off temperature in these shallower sedimentary basins.

Deep Carboniferous basins are present in the UK. However, as noted above, no data as to their likely
geothermal potential have been identified during this study.

As a result of considerations of their likely temperature, only the Wessex and the Cheshire basins (both of
Permo-Triassic, i.e. post-Carboniferous age) are considered in the assessments described below. This
conclusion concurs with assessment s ma d e 2012 refokt bhdGeothermal Energy Potential in the UK
(Ref. 61). Geological descriptions including temperatures and fluid permeabilities of the Wessex and the
Cheshire Basins are provided below.

2.4.1. Wessex Basin
Temperatures

The water temperatures over significant areas of the Wessex Basin are expected to be in the region of 40 to
60 C at depths greater than 1,000m in the centre of the Sherwood Sandstone Group. Thermal gradients of
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about 36 to 38'C per 1,000m depth are suggested by data reported by Down & Gray (Ref. 19) and pumping
tests during the Southampton geothermal project. Temperatures during pumping tests from a ¢.1,700 metre
deep borehole in Southampton were about 75°C, with the data reported by Down & Gray (Ref. 19) indicating
the presence of up to 80°C at similar depths elsewhere in the Wessex Basin. A figure showing the
estimated temperature distribution at the centre of the Sherwood Sandstone Group in the Wessex Basin (the
exact depth is not well defined) is given below. For the same area, Rollin et al (Ref. 58) suggest 100°C at the
base of the Wessex Basin (see Figure 2i 5). However, at some places, the bottom of the Sherwood
Sandstone Group is expected to reach depths of up to 3,000m. At such depths, temperatures are projected
to be more than 100°C (i.e. greater than the cut-off value for geothermal power), but it should be noted that
these temperatures are inferred rather than measured.

Outcrop of Sherwood
Sandstone Group

ENGLISH CHANNEL

400
]

Figure 2i 4 Estimated temperatures at the centre of the Sherwood Sandstone Group in the Wessex
Basin (Ref. 19)
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Figure 2i 5 Estimated temperatures at the base of the Wessex Basin (Ref. 58)

These two figures appear inconsistent compared with the temperature identified in the Southampton
borehole (75 °C at 1,800m depth). This illustrates the uncertainty in predicting temperatures at depth from
inferred thermal gradients.

Transmissivity

Maximum transmissivities of Sherwood Sandstone are in the order of 10 to 20Dm. There are very few direct
measurements of the Sherwood Sandstone transmissivity at depth in the Wessex Basin, and those that have
been made are mainly confined to the Southampton area and to an area to the west of Bournemouth. The
Sherwood Sandstone transmissivity near Southampton is about 5 Dm.

2.4.2. Cheshire Basin

Temperatures

The geothermal gradient within the Permo-Triassic Sandstones of the Cheshire Basin is low being about
20°C per 1,000m depth. Across the wider Cheshire basin, the temperature at the base of the basin is
expected to be around 40 to 60°C (Ref. 3).

However, the Permo-Triassic sequence is expected to reach maximum depths of approximately 4 to 4.5km

within the Cheshire Basin at its deepest point to the east of Crewe where Rollin et al (Ref. 58, see Figure 6)
suggest 100°C at the base of the basin in this area.
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Figure 2i6  Temperatures at the base of the Permian in the Cheshire Basin (Ref. 51)

Transmissivity

The transmissivity, based upon geophysical investigations only, is believed to exceed 10 Dm (Ref. 3) and
may be increased in areas of faulting, such as the Bridgemere Fault. However, this is based on the
interpretation of geophysical logs and not direct test data (Ref. 3).
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UK Geothermal Resource - Key Points

il

Main resource for heat to power conversion are the radiothermal granites in the south west
(Cornwall) and northern England (Lake District and Weardale).

The Grampian granites (Scotland) have been considered as providing a potential resource, but the
likelihood of geothermal temperatures sufficient to generate electricity is considered low. No
suitable strata for geothermal power have been identified in Northern Ireland.

The prospect for geothermal power generation appears highest in South West and Northern
England due to the relatively high heat gradient (up to 38°C per 1,000m) suggesting temperatures
of up to approximately 200°C at 5,000m depths.

The potential for small scale geothermal power generation schemes within the deepest areas of the
Cheshire and Wessex sedimentary basins are possible based on inferred geothermal temperatures
of greater than 100°C. Other sedimentary basins of post-Carboniferous age in Britain are
unsuitable for power generation due to their limited depths and relatively low heat gradients.

There are uncertainties in inferring temperatures at depth based on thermal gradients.
Carboniferous age basins could potentially enable heat abstraction from greater depths and higher

temperatures beneath post-Carboniferous basins. However, these older basins have not been
taken into account because insufficient information is available.
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Table 2-1 Summary of UK geothermal resources potentially suitable for electrical power production
Type Location Thermal Inferred Estimated Measured Comments
Gradient Temperature |depth of Transmissivity
(measured) |(Formation at |reservoir (Dm) or
C/km depth) C (heat for Permeability
power) km (mD)
Crystalline | South West 35-40 160-200 4-4.5km 0.001t0 0.01 Heat flow mapping, 40 observations indicate heat flow values
England mD (minimum | of up to 136 mW/m2 and heat gradient of 35 °C/km (Downing &
estimated as Gray 1986, Bushy 2010.)
1mD from
similar granites | Rosemanowes
at Soultz-soulz- | 3 ygreholes drilled between 1980 and 1983 (MacDonald 1992
Forets) & Parker 1999) 80°C water produced from ¢.2,000m depth, but
production temperature reduced to 55% over time.
Note: boreholes deliberately drilled in areas with no major
faulting to demonstrate EGS of fracture opening. Therefore
hydraulic properties not necessarily representative of faulted
granite in the region.
Crystalline |Weardale & Lake |38-39 160 c.2km 2000 Dm Temperature modelling on the basis of heat flow values logged

District

at depths between approximately 300 m and 800 m,
thermal gradients in the approximate range of 25°C and 35°C
per km depth.

Eastgate Geothermal Borehole, drilling down the axis of a vein
structure (the Slitt Vein) down to 1,000m revealed a
temperature of 46°C (Younger & Manning, 2010, Manning et
al, undated).

At 1,770m, a temperature of 73°C (Manning 2013) was found
in a borehole drilled in Newcastle that is presumed to receive
water from the granite suggesting gradient in excess of 35°C
per km depth, with suitable temperatures for power generation
estimated at c.2km.

The base of the batholiths is estimated as 9 to 12 km (Kimbell
et al 2010) from geophysics.
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Type Location Thermal Inferred Estimated Measured Comments
Gradient Temperature |depth of Transmissivity
(measured) |(Formation at |reservoir (Dm) or
C/km depth) C (heat for Permeability
power) km (mD)

Sedimentary | Wessex Basin 36-38 100* 2-3km 10-20 Dm Southampton, temperature in excess of 70°C found in borehole
SU 3991 1118 (Geothermal Well at Southampton) measured
75°C at ¢.1,700m depth

Sedimentary | Cheshire Basin |23 100* 4-4.5 10 Dm The Permo-Triassic sandstones that reach depths of 4,000m.

Here temperatures exceed 60°C with maximum values of up to
100°C (Barker et al 2000). 100°C at 4,000m inferred from
temp. gradients and geophysical measurements

* Marginal resource most likely suitable for heat only.
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3 Phases of a Deep Geothermal Power
Project

3.1. Introduction

A Deep Geothermal power scheme is a high cost project in terms of capital cost of investigating and
developing the scheme and therefore it is critical to identify as early as possible the likelihood of success. A
phased approach is undertaken, as for any costly infrastructure project, in order to manage risk and spend
owing to the uncertainty and high costs in providing data to change the status of a resource to a reserve and
managing technical and financial risks associated with reservoir and power plant development. Any full scale
demonstrator project would involve all of the following phases as part of the scope requirements.

The aim of each phase is to reduce risk and uncertainty, but each subsequent phase has its own financial
risk, with potential to identify a project as unlikely to be viable at each stage resulting in no return for the
investment up to current phase. The phases are:

Preliminary survey

Exploration

Test drilling

Well testing and logging

Reservoir development

Production and reservoir monitoring

oukhwhE

These phases of a geothermal project are discussed in detail in Appendix A and summarised as follows.

3.2. Preliminary Survey

The preliminary survey aims to assess the economic and technical feasibility of a project and to identify
potential barriers for the development of a geothermal power plant. The area of investigation could be
considered on a local, regional, national or international scale.

The topics for consideration and general order of progression are as follows:

Literature review;

Data collection, compilation and evaluation (e.g. geological, structural, petrophysical, thermal and
geophysical data);

Conceptual modelling;

Numerical modelling;

Potential study and resources assessment;

Seismic risk evaluation;

Environmental Impact Assessment (if required);

Technical and economic feasibility; and

Legal and societal aspects.

f
f

E R I

All of these topics need to be addressed in order to identify possible barriers and opportunities for the
development of a geothermal project in the UK.

3.3. Exploration Phase

The aim of the exploration phase is to characterise the geological structure and the properties of the
geothermal reservoir before proceeding with the first phase of drilling. Less costly and complex
investigations are needed prior to drilling to limit the risks of abortive drilling costs. Surface geological
surveys are a fundamental and cost effective way of investigating the subsurface. Field assessment can be
carried out of geological outcrops, where the subsurface geology is exposed as an outcome of erosion and
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weathering at the surface and also topographical variations, which often indicate the geology that is present

at greater depths.

Exploration methods most commonly used are geophysical techniques (seismic, gravimetric, electrical and
electromagnetic methods) and the drilling of shallow geothermal gradient boreholes. A summary of these
methods along with their benefits and limitations are presented in Table 3-1.

Table 3-1 Geophysical methods
Method Description Benefits Limitations
2D Seismic: Traditional for oil and imi i i
1 Data are often already 9 Limited value in granite or

gas exploration.

available for reinterpretation/
reprocessing;
I Standard and commonly used

basement rocks, as seismic
velocity is relatively
homogeneous in such rocks;

porosity, permeability, fluid salinity,
partial melt fraction and viscosity.

1 Phase changes from liquid to
gas can be clearly visualised.

. 1 Inability to detect vertical or
method; and . S very steep faults;
1 Deep investigation L - .
penetration i I|r_n|tec_j ab_lllty to d_erlve _fault
directions in three dimensions;
9 Limited information about the
hydrodynamic properties; and
1 Not relevant for the thermal
properties.
3D Seismic: Routinely used in QOil 9 Limited value in granite or
and Gas exploration and in the Il g\?atﬁablsr?or rcgitﬁtr:ar r:{;%% basement rocks, as seismic
geothermal industry reprocessing: P velocity is relatively
q D:e 9 investigation homogeneous in such rocks;
pentgtration' investiga 9 Higher costs than 2D;
f A higher ,resolution of the 1 Diffi.cult to deploy in an urban
underground structures; and T EZVIL?:;Q?:& er survev area
f The abilty to derive fault | ©dU7ES @Al y
directions in 3D. 9 Limited information about the
hydrodynamic properties; and
1 Not relevant for the thermal
properties.
Gravimetry: Provides information . . . I Only effective for structures
about the geological structure at T Delmeatlon of vertical or sub with good density contrast;
depth and on a local scale, when vertical structures; a_nd o and ,
correlated with other kinds of data, | r'\]/'c(’jSt thuserII for |de3t||fy|ng f Would ideally require a 3D
e.g. 3D geological models. ig);mergusei;r?risiagr?gs and farge geological model for
’ comparison between
modelled and  measured
anomaly distribution.
Electrical and Electromagnetic: I 1 Low geometrical resolution at
Electrical resistivity is affected by T ;jnedntlflcatlon of weak zones; higher depth; and
properties such as temperature, 1 Non-unigue explanation for

low-resistivity zones.

The drilling of shallow geothermal gradient boreholes is carried out to enable extrapolation of heat changes

with depth from shallower elevations to those of the deep reservoir.

limitations of such investigation is summarised in Table 3-2.
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Table 3-2 Geothermal gradient boreholes

Method Description Benefits Limitations

Geothermal Gradient Borehole: I 1 Only suitable where
Analysis of terrestrial heat flow T ;jciir\]/tg'gfégn of - geothermal geothermal anomalies occur.

density (or terrestrial heat flow). It
is expressed as the product of the
thermal conductivity of rocks and
the temperature gradient. The
temperature gradient is the rate of
increase of temperature with depth.

Geochemistry can also be used in the exploration phase and encompasses a wide range of methods.
Examples of these methods are listed below, with each one fulfilling a different objective.

1 Chemical geothermometers - aim to estimate the fluid temperature at a depth to provide better
understanding of the flow systems.

1 Electrical conductivity measurements - performed on rock samples in the laboratory to characterize
the thermal characteristics of the different rock type.

9 Other hydrochemical fluid parameters - provide relevant information for the understanding of deep
flow systems and include parameters such as pH, Eh, cation and anion concentrations.

I Gas content - obtained at the surface or in natural springs or water wells, includes parameters such
as radon and CO; and may give important information on subsurface structures.

3.4.  Test Drilling

Boreholes (or o6wel | sgéothermal resermogsefatl endrgytexploitatore Ehe drilling phase
is probably the most important phase of the overall project, as it typically accounts for more than half of the
overall budget. Therefore, detailed planning of the drilling is required.

The aspects that need to be considered as part of the drilling phase are as follows:

1. Choosing an appropriate drilling rig (one of the most important decisions in well planning) and drilling
process:

o0 Rotation of the drilling bit;

o Ensure circulation of the drilling mud; and

o Provide traction power for the drill string to be pulled out of the well and to control the weight
on the drill bit during drilling.

2. The design of the geothermal wells. The well diameter and corresponding diameters of injection and
production strings are larger than hydrocarbon wells due to the high production rates.

The drilling techniques applied in geothermal reservoir exploration do not differ fundamentally from those
applied in drilling oil and gas wells. Particular attention should be paid to the large diameter of geothermal
wells, directional drilling and techniques that avoid damaging the ground from which heat may be extracted
at depth. This has implications not only on drilling costs, but also for the borehole wall. The drilling bit
generally has to be chosen according to the drilled geological formation.

Technical matters that may need to be addressed during the drilling process include; reducing or increasing
drilling rate; mud invasion into the surrounding formation from injection into the well bore; clay mineral
mobilisation; thermally induced stress on the casing during hot water production; and fluid circulation behind
the casing.

A sidetrack is a secondary well drilled from the original well as an offshoot. Sidetracks might be used, for
example, to bypass an unusable section of the original wellbore or explore a geologic feature nearby.
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3.5.  Well Testing, Tracer Testing and Logging

The well testing, tracer testing and logging phase aims at characterizing the properties of the well and of the
geothermal reservoir.

Well testing comprises water or air pumping or injection in order to evaluate the quantity of water/gas/oil that
can be extracted/injected from/to the reservoir.

1 Tracer testing consists of injecting solute compounds directly into the reservoir formation. The
behaviour of the solute compounds provides information about the hydrodynamic properties of the
reservoir; and

1 Well logging describes all the technologies that are aimed at determining the properties of the well
and the rock atorcl ose to the well és wall. Technselsso gi es
measurements using over coring and hydraulic fracturing.

This well testing phase usually commences directly after the achievement of the first exploration well

although for some tests at least one pair of wells, an abstraction and an injection well, will be required.

Dependent on the overall strategy and its suitability for abstraction versus injection, the first exploration well

will become the abstraction or injection well of the final scheme. Usually, the overall strategy will be finalised

when all wells are complete and have been tested. Normally, the final geothermal power/energy scheme will
comprise a well doublet system with one abstraction and one injection well as a minimum. A single

well/standing columnwells( Aicoaxi al tubeodo) system is an exception.
column wells (Acoaxi aldinApgeedXxB. systems are outline

3.6. Reservoir Development

The knowledge of the in-situ stress field within a geothermal reservoir is fundamental for the design of the
stimulation tests. Hydraulic stimulation can be used as a method of increasing the fluid permeability; it
consists of large volumes of water injected at a high flow rate and at a pressure close to the breakdown
pressure.

Two mechanisms should be distinguished:

1 Shearing and opening of natural fractures through shear failure, at low pressures. The shearing of
fracture planes induces seismicity; and

1 Creation of artificial fractures (Hydraulic fracturing) at high pressures (tensile fracturing).

Knowledge about the stress regime is of great importance to understand or even to predict the hydraulic
fracturing process. The response of the rock mass to hydraulic stimulation (fracturing / stimulation) can be
predicted with geomechanical analysis, and thus prior to the water injection.

Chemical stimulation consists of acid injection into the open hole at pressures low enough to avoid formation
fracturing. Three sequences are needed for the treatment of a classic geothermal reservoir:

Preflush 1 performed most often with an HCI solution, first to displace the formation brines;

Main flush 7 used to remove fine materials such as drill mud and residual broken rock created during
the drilling process with potential to block fluid pathways. This flush is most often a mixture of HF
and HCI or organic acids pumped into the well; and

1 Overflush - displaces the non-reacted mud acid into the formation and the mud acid reaction
products away from the well bore.

f
f

3.7. Production and Reservoir Monitoring

There is no standard procedure for monitoring of geothermal fields and their production. However, the
process generally comprises monitoring factors such as reservoir pressure and temperature and geothermal
fluid chemistry alongside the observation of seismic activities. An adequate monitoring program helps to
avoid overexploitation of the geothermal reservoir that would lead to unstable rates of production.
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3.7.1. Production Pump

Self-flow of the well could occur due to artesian or thermosyphon effects. When self-flow is not sufficient to
guarantee the economic viability of the power plant, the installation of a production pump is necessary.
Depending on the setting depth and water temperature different types of pumps could be used. They include
line shaft pumps and submersible pumps for example (Ref. 42).

3.7.2. Injection Pump

To minimize environmental impact and enhance fluid recharge into the geothermal system under operational
conditions, reinjection of waste water becomes a model feature of all geothermal developments. In some
cases the use of reinjection pumps become necessary and part of the production facilities, although, where
practicable, gravitational recharge is preferred.

3.7.3. Corrosion and Scaling

Effective protection from corrosion and scaling of wells is required. This can be achieved by injecting
inhibitors based on quaternary amines into the fluid, whose filming capacity ensures an optimum protection
of the casing.

3.7.4. Reservoir Management and Monitoring

The purpose, goals and design of a geothermal monitoring program mainly depend on the local geological
environment and production conditions. Parameters that might need to be monitored include; production
temperatures and flow rates; pressure and temperature of the reservoir; fluid chemistry; seismicity; gravity;
and the electrical potential of the fluids. Schemes with non closed cycle heat to power conversion systems
may also require monitoring for microbiological organisms to prevent the risk from biological clogging.

An adequate monitoring program combined with methods of reservoir modelling leads to a better
understanding of the geothermal system and helps to avoid overexploitation of the geothermal reservoir.

3.8. Phases of Deep Geothermal Power Project Cost and Risk

Profile

As discussed above, each phase of a Deep Geothermal project, much like an oil and gas or mineral
exploration project, has associated costs and financial risk profiles, with the aim of each phase to reduce
overall uncertainty and risk of the ultimate project. A summary of the phases with approximate magnitude of
cost for each is provided in Figure 3i 1. The costs are in rough orders of magnitude and presented as a
percentage of total outturn cost.

The risk profile decreases with time and expenditure as additional data are gathered. However, many of the
project costs are up front and therefore the early levels of risks are extremely high, with a large chance of
scheme failure after spend of ¢.60% of overall scheme budget. This makes early scheme investment
unacceptable to investors owing to the high risks for limited return on investment. These risks and the
investor view of them are summarised in Figure 3-2.

The stakeholdere ngagement <carried out as part of this study 1in
especially regarding why investment has not occurred to date. The conclusion drawn was that Deep

Geothermal in the UK for power generation is currently un-investable as the resource remains to be fully

identified and characterised and therefore falls within the research phase. As demonstrated by Figure 3-2,

the state of UK geothermal is in the upper risk bracket of the research phase as no potential production wells

have been drilled into the resources to prove reserves. Until such time as this has been carried out and the

risk profile moves towards development phase, the financial institutions will remain of the opinion that such

projects are not investable.

Elsewhere in the world there is more appetite for investment. For example Geodynamics and TATA are
currently investing in a LMW power plant in the Cooper Basin in South Australia (Ref. 23). However, this is
an area which has been sufficiently drilled and tested in order to move the project into development and
towards the construction phase.
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In Chile, in order to move through the development phase and appeal to investors the government are
considering drilling insurance (Ref. 18). Such insurance should manage the risk of failed drilling such that
geothermal energy schemes are more appealing to investors.

Figure 3i1  Approximate Spend Profile for Phases of a Geothermal Project
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Phases of Geothermal Power Project Development - Key Points

1 A preliminary survey will assess the economic and technical feasibility of a project and to identify
potential opportunities, barriers and constraints.

1 The survey will compromise a study of the geology. This could involve geophysical methods of
exploration prior to the drilling of boreholes (wells).

1 The level of resource testing and understanding will be dependent on the number of wells drilled,
i.e. only limited testing can be carried out with a single well but better data gathered and
understanding gained from double or multiple well testing.

1 Hydraulic stimulation can be used as a method to develop the reservoir / increase the reservoir
fluid permeability, thereby facilitating increased flow rates required for the geothermal power
project.

1 In order to safeguard its sustainable utilisation, the reservoir should be monitored for induced
seismicity and changes in temperature, flow rates, pressure etc.

1 An adequate monitoring programme combined with methods of reservoir modelling leads to a
better understanding of the geothermal system and helps to manage risks of overexploitation of the
geothermal reservoir.

9 Initial costs to prove reserves are high and the risks make the project unpalatable to investors
currently owing to limited return on investment.
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4  Geothermal Power Generation
Systems

4.1. Overview

Geothermal power production relies on extraction of heat from the ground at sufficiently high temperature
and volume to drive a turbine and associated electrical generator. The below ground temperature dictates
the method of heat extraction and subsequent power generation and the thermal conductivity and hydraulic
conductivity dictates the rate of heat transfer to the geothermal fluid and fluid transfer and volume through
the reservoir.

There are locations around the world where steam is directly emitted from geothermal locations and power
plants are constructed to utilise this (Dry Steam Plant). Such sites are extremely limited and most of the
operational geothermal power stations use geothermal heat to generate steam directly from below ground
directly to drive a turbine and generate electricity (Flash Power Plant). Steam from underground can also be
used indirectly via a heat exchanger. Condensate water is normally returned to the underground thermal
reservoir.

Where temperatures are insufficient to directly generate steam a binary system approach is used. Binary
plants typically use an Organic Rankine Cycle (ORC) system. This uses hot water to boil off a secondary
working fluid which has a lower boiling point than water. The resulting vapour expands and is used to drive a
turbine in a similar approach to a conventional steam turbine. The two fluids are kept entirely separate.
Modified ORC systems have also been developed utilising mixed working fluids such as water and ammonia
in the Kalina cycle. This allows generation from lower temperature heat sources and can operate with
marginally higher efficiencies than a conventional ORC system.

Some plants utilise a hybrid of Flash Power and a Binary Cycle.

4.2. Technologies

4.2.1. Flash Power Plant

=
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Figure 4i 1 Flash Power Plant (Source: Geo-Heat Center)
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The Flash Power Plant design (Figure 41 1) is used extensively throughout the world. However, it typically
requires geothermal temperatures in excess of 180°C and is therefore unlikely to have application for
geothermal generation within the UK. Most Flash Power Plants utilise cooling towers in the condensing
process which leads to a water consumption of between 6,500 to 15,000 I/MWh of generation. Air cooling
can be used but is less efficient and can be problematic in summer.

4.2.2. Binary Power Plant
ScHEMATIC DIAGRAM OF A BINARY GEOTHERMAL POWER PLANT

Cooling
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Figure 41 2 Binary Power Plant (Source: Geo-Heat Center)

The Binary Geothermal Power Plant (Figure 4i 2) is commonly used for power generation and it is estimated
that around 15% of plants use this system. It can operate with resource temperatures as low as 74 C and up
to 180 C. Water is extracted from the production well and the reservoir is replenished through the injection
well. At lower temperatures the transmissivity of the reservoir is very important because if it is too low, the
power required for pumping the water between injection and abstraction wells will outweigh the power
generated. These plants operate as a closed loop system with the above ground water being pumped
through a heat exchanger, where it heats the working fluid and is then returned to the injection well. The
working fluid, which is vaporised by the heat exchanger, drives the turbine and is then condensed back to a
liquid. Where sufficient temperature remains and there is a suitable heat source, the cooled water may be
used for low grade heating prior to returning it to the injection well. In these cases as the useful output is
power and heat, they are referred to as Combined Heat and Power (CHP).

The typical efficiency of a binary power plant is in the range 10 i 13% with the higher end of this efficiency
range being achievable where higher temperatures (circa 180°C) are available. The lower the temperature
the lower the efficiency.

Kalina Cycle

The Kalina Cycle is an improvement in thermal power plant design over that of the Rankine Cycle binary
plants. This is due to the Kalina Cycle utilising an ammonia-water mixture as a working fluid to improve
system efficiency and provide more flexibility in various operating conditions.

A number of projects have recently been developed in Europe which utilise the Kalina cycle. Here, the

working fluid utilises a mixture of ammonia and water, which boils over a range of temperatures and has a
good temperature profile match with the heat profile of the heat exchanger. This enables higher transfer

Atkins Deep Geothermal Review Study | Version 5.0 | 21 October 2013 22



Deep Geothermal Review Study
Final Report

efficiencies over a range of temperatures. Also, through varying the ratio of ammonia to water (typically
70:30), some control over the properties of the fluid can be achieved enabling a system to be optimised for a
varying heat source. A consequence of using an ammonia-water based fluid rather than conventional ORC
fluid (e.g. pentafluoropropane) is that a larger heat exchanger is required and the system is more complex.

Power Output

In all but the flash steam cycle plants the gross power produced is significantly reduced by the power
required to operate the abstraction and return pumps and other station auxiliary plant. The greater the
requirement for such pumping powers the lower the net efficiency and economic return of the plant.

District Heating

Whilst District Heating Networks (DHN) are not presently common in the UK, it is recognised as an important
part of the movement towards a low carbon economy. DHN aggregate a number of heat loads into a
common single supply circuit, the heat is then provided by one or more centralised energy sources of which
geothermal is considered suitable. Several major UK cities such as Sheffield operate DHN and a number of
other UK cities are currently making plans to introduce them.

Where such a DHN network is in close proximity to a geothermal project, it provides an ideal opportunity to
maximise the heat available from the geothermal scheme, this can be both a geothermal heat only scheme
and Geothermal CHP schemes. The viability of introducing a new or connecting to an existing DHN will be
dependent on the distance from the geothermal scheme, the total heat load and the number / size of the
individual heat loads i with increasing distance and a higher number of smaller loads the costs associated
with the DHN are likely to increase along with the system losses of transporting the heat.

4.3. Existing Generating Plant Examples i ORC & Kalina Cycle

There are a number of existing geothermal power plants based on ORC and Kalina cycle technology
currently in operation. A summary of these existing plants is summarised in Table 4-1 and further detail
where available provided below.

Table 4-1 Summary of Existing ORC and Kalina based Generating Plants

Name Location Operation |Technology |Electrical Thermal
Date Type Power (MW)* | Power (MW)

Unterhaching Power Plant |Germany |2009 Kalina 3.4 30

Landau Power Plant Germany | 2009 ORC 3.0 35

Husavik facility Iceland 1999 Kalina 2.0 20

Bruchsal facility Germany |2009 Kalina 0.58 Unknown
Matsunoyama Onsen hot | Japan 2011 Kalina 0.05 Unknown
spring

*There is a lack of clarity as to whether the publically available data is reporting Net or Gross electrical
power.

Unterhaching Power Plant, Germany (Kalina)

Commissioned in April 2009 the Unterhaching Power Plant was the first of its kind in the low enthalpy region
of southern Germany. This plant produces 3.4MW of electric power and 30MW of heating for the local
township of Unterhaching. Up to 150 litres per second of water at more than 120°C are extracted from a
depth of over 3,300m.

Landau Power Plant, Germany (ORC)

The facility in Landau is rated 3MW electrical and 3.5MW thermal. The plant exploits thermal water of 155°C
from a depth of 3,000 metres. The high temperature water is used to generate electricity. Once it leaves the
generating plant the residual heat from the water at a temperature of 72°C is used in a district heating
system. Then, the water at a temperature 50°C is injected back under the surface via a 3,170 metre deep
injection well. The electricity generating system uses an ORC.

Atkins Deep Geothermal Review Study | Version 5.0 | 21 October 2013 23



Deep Geothermal Review Study
Final Report

Husavik facility, Iceland (Kalina)

Husavik facility in Iceland is rated with 2MW electric power output and 20MW thermal. It should be noted
that plant this is in a geothermally active region and therefore might not be applicable to the UK situation.

Bruchsal facility, Germany (Kalina)
Commissioned in December 2009, the Bruchsal facility produces 580kW of electricity.

Matsunoyama Onsen hot spring, Japan (Kalina)

The first ever 50kW EcoGen unit was installed at Tokamachi, Niigata in Japan in 2011. The EcoGen units
are based on the miniaturization of the Kalina cycle and designed for the Japanese hot spring market and
other low enthalpy geothermal markets.

4.4. Case Study i Pump & Well Operation

As discussed previously, pump selection is important because the power used to drive production and
injection pumps reduces the net efficiency of the power plant and, as a worst case, can render the project
uneconomical. Pump performance can vary not only between types of pump, but also at different
temperatures and pressures within the borehole or well. An example of how the efficiency of a pump can
vary from the EGS Soultz Geothermal Project is presented in Table 4i 2 which shows the difference of power
consumption and efficiency with depth of the same pump.

Table 4i 2 EGS Soultz Geothermal Project (France): Line Shaft Pump (LSP) performance at two
different depths in GPK2 well

Depth 07 August 08 09 April 09
Pump Depth 350 m 250 m
Flow Rate 24.11/s 201/s
Production temperature 165°C 162°C
Back pressure 54 bars 44 bars
Intake pressure 36.6 bars 33.72 bars
Total dynamic head 17.4 bars 10.28 bars
Hydraulic drawdown 80m 10m
Hydraulic power P1 43.1 kW 20.56 kW
Hydraulic power P2 64 kW 37.87 kW
Global recover (P1/P2) 67% 54%

Pump efficiency curves often drop dramatically as the duty point moves away from the Best Efficiency Point
(BEP) and the results of poor matching of the pump to the duty point can be seen in the table. With multi-
stage line shaft pumps each stage will increase the head without any increase in flow capacity. It may be
possible to remove stages from existing pumps to match a reduced change in duty to achieve the best
efficiency. Therefore care is needed with pump design to ensure that parasitic power losses from inefficient
pump provision is minimised.

4.5. Case Study i The German Situation

In Germany, the first power production commenced at a small geothermal plant at Newstadt Glewe using
both geothermal and fossil energy to provide district heating. Although this plant is essentially for heat
production (~7 MWth from geothermal) for a district heating scheme, some electricity is produced (230 kWe)
in the summer months only, when the heating demand is low.

In 2004, the advantageous feed in tariff was increased, including support for geothermal power production,

and by 2009 the overall installed electrical capacity had increased to 6.61 MWe with the construction of the
CHP plants at Landau and Unterhaching.
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In 2010, the installed capacity represented around 0.021% (10 MWe) of the total installed electricity
generation capacity from renewable energies (53,944MW). Renewable energy sources supplied
approximately 17% of the electricity demand in Germany (485,000 GWh). Geothermal in 2010 provided 27
GWh of electricity or 0.006% of total demand.

By 2013, there is now 12.3 MWe installed, a further 48 MWe under construction and an additional 90 MWe in
the planning stage. Heat production from CHP and heat only plants is currently at 223 MWth.

The German national plan projects rates of installed capacities from geothermal to increase to ~300 MWe
and ~1700 GWh respectively by 2020 (Ref. 30). This geothermal energy will be approximately 0.3% of the
national generation from renewable resources. By then, 35% of the electricity demand is to be supplied from
renewable resources and geothermal would contribute around 1.2% of annual consumption.

Geothermal Power Generation Systems - Key Points

1 Flash Power Plants are unsuitable for the UK geothermal situation owing to the high geothermal
temperatures needed (in excess of 180 °C), which are not readily available in the UK.

1 ORC, Kalina or CHP plants are more applicable (operating temperatures potentially as low as
€.100°C), with efficiency and economic sustainability likely to need a heat element as well as a
power element of the power plant.

I Managing and maintaining pump efficiency is essential to limit net loss of power through the system
and maximise profitability of the plant.

1 Power can be produced with temperatures generally over 100°C and the higher the temperature
the more efficient the power production from a given quantity of hot water.

1 CHP applications increase the utilisation of heat extracted, particularly where low grade heat can
be used.
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5 Lessons Learned From Past Projects

5.1. General Considerations

Lessons learned and experiences gained from geothermal projects in Europe and elsewhere are invaluable
in gaining an understanding of the risks associated with geothermal power exploration and exploitation in the
UK. The questions to be answered are:

- What failed/succeeded in these projects?
- What are the reasons of failure/success?
- Could it be done differently?

The following sections focus on stimulation (EGS) technologies applied to crystalline rocks. They can also be
applied to sedimentary aquifers where enhancement of the rock permeability may be required.

The Rhine Valley is currently the main area for EGS projects in predominantly crystalline rocks, albeit with
overlying sedimentary rocks, and provides an initial focus for many lessons learned. An overview of other
EGS projects is also provided together with lessons learned in sedimentary aquifers. A summary of the
lessons learnt as relevant to the UK and described in the following sections is provided in Table 57 1.

5.2.  Rhine Valley

From a geological perspective, the Rhine Valley is a rift zone characterized by a strike-slip to normal faulting
stress regime. It is the most important region for geothermal projects in crystalline rock in Europe. Several
geothermal power plants are currently active in the Rhine Valley:

1 The Soultz-sous-Foréts EGS site (France) is a R&D EU-financed pilot project active since 1986. The
current installed capacity is 1 MWe. Three deep wells were drilled to 5 km depth in granite. Methods of
stimulation enhancements (EGS) to create the geothermal reservoir were carried out within the granite.

1 The Landau power plant (Germany) has been in operation since 2007. Two 3 km wells were drilled; the
open sections of the wells are located in the Buntsandstein and in the top of an igneous intrusion. These
open sections target regional faults. One of the two wells was found sufficiently productive without
stimulation. For the second well stimulation, comprising hydraulic fracturing and acidizing, was
undertaken, presumably targeting both the Buntsandstein and the igneous intrusion. The installed
capacity is 3.6 MWe.

1 The Insheim power plant (Germany) has a drilling target the same as in Landau (fault zones at the top of
the igneous intrusion and within the Buntsandstein). Since 2008, two wells with depths of 3500m have
been drilled. The installed capacity is 4 MWe. A sidetrack was successfully drilled from the first well,
because of a poor well production in comparison with the second well.

1 The Rittershoffen project (France) had its first successful borehole drilled in 2012. Start of operation is
planned in 2014. This project also targets faults zones at the top of the granite.

1 The Basel site (Switzerland) is located in the southern boundary of the Rhine Graben. One 5 km
borehole was drilled in 2006 into the basement. Seismic events of 3.4 on the Richter scale occurred
during stimulation, which led to the cessation of the overall project (Ref. 17).

The major findings of the Rhine Valley projects can be summarized as follows:

5.2.1. Exploration and drilling target

Geologically the Rhine Valley is situated in a rift zone (a linear zone where the Earth's crust and lithosphere
are being pulled apart) in the centre of which a linear feature comprising a down faulted depression, called a
graben, was formed within geological timescales. Granites and gneiss forming the bedrock had been formed
by volcanic activity during the Palaeozoic era and are now covered by layers of red sandstone, shell
limestone and Keuper Marl (Mercia Mudstone Group).
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In Soultz-sous-Foréts and in Basel the top of the granite is always much more fractured and permeable than
the deeper granite. Consequently, the target of the more recent project was the fault zones located in the top
crystalline and the bottom of the sediments. These fault zones appear to be very efficient for geothermal
exploitation (see for example Landau, Insheim and Rittershoffen).

Vertical seismic profiles (VSP) were performed in Soultz. These seismic techniques appeared to be relatively
cost intensive and results were disappointing in the granite environment.

5.2.2. Drilling

The open-hole section should be drilled under balanced conditions, i.e. with a density of the drilling mud
selected to minimize drilling mud and cuttings entering the formation during the drilling.

The drilling w e | driéngation should be chosen according to stress field orientation. Stimulation pressures
directed into the direction of minimum horizontal stresses are more likely to open fractures with a higher
success rate in increasing the transmissivity.

Well alignment should be parallel to maximum horizontal stress in order to allow the best hydraulic
connection between wells, whilst minimising the risk of short circuiting the geothermal reservoir.

5.2.3. Testing and stimulation

Different stimulation concepts have been applied to enhance the productivity of geothermal wells as reported
in Huenges 2010 on Enhancing Geothermal Reservoirs (Ref 42). Stimulation techniques can be subdivided
with respect to their radius of influence.

Techniques to improve the near-wellbore region up to a distance of few tens of metres are chemical
treatments, and thermal fracturing.

The only approved stimulation method with the potential to improve the connectivity within the geothermal
field for greater distances, up to several hundreds of metres away from the borehole, is hydraulic fracturing.

The wells must be cleaned (cuttings removed) before hydraulic stimulation can take place. The original
concept in Soultz-sous-Foréts was to perform hydraulic stimulation without cleaning the well first (i.e. with
cuttings still present). The aim was to use the cuttings as a natural proppant in order to keep the sheared
fractures open. Following hydraulic stimulation it appeared that the cuttings plugged the fractures and also
damaged the production pumps afterwards, which is still an issue currently.

There is evidence in Basel and Landau that the increase in fluid permeability due to hydraulic stimulation
was within close vicinity of the well only, a distance of around 10 to 50 m. It is not known whether this was a
result of local well conditions limiting the extent of hydraulic stimulation or owing to the use of other, near well
stimulation techniques such as chemical or thermal stimulation. However, if the former, this study highlights
the risk of potential limited stimulation which might limit the fluid movement and thermal recovery within a
well field.

It is understood that the first well Landau was very productive and did not require stimulation. However, the

second well required was not so productive and goquire
[DiPippo 2012 (Ref. 17) and personal conversations with D Baumgaertner during the geothermal workshop

in June 2013]. As a result, it is possible that, whilst the overall permeability of reservoir unit was good, the

open section of the second well was unluckily placed in a local zone with low permeability only. Therefore, it

is possible that a short distance was all that was required and the stimulation was never planned to increase

the permeability further afield (as this may not have been necessary).

Geomechanical analysis prior to the stimulation enables a proper design of the stimulation scheme. This is
essential as hydraulic stimulation has to be carried out with care, to avoid seismic events (risk mitigation).
Seismic events felt by the population can halt a project (see Ref. 17). The risk of producing significant
seismic events increases with injection time. This was experienced during hydraulic stimulation in Soultz and
Basel for example. During all stimulation, the largest events occurred at the end of the injection or during
shut-in of the well. As a consequence, short-term stimulation, using high flow-rates and high pressure, give
best results in terms of stimulation efficiency. It offers the advantage of limiting the risk of significant seismic
events (i.e. those noticeable to the population). For further discussion on seismicity see Sections 6.3.1 and
8.4.5.1.
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Reservoir tomography (seismic velocity distribution) appears to be a highly beneficial tool to monitor the
reservoir during stimulation. Tomography studies used in Soultz showed that some seismic slips could occur
in the reservoir (creating permeability without associated acoustic emission).

Methods have been recently developed in order to understand and predict micro-seismicity during hydraulic
stimulation in geothermal reservoirs (Ref. 5).

5.2.4. Production

Seismic events could occur also during production/operation of the reservoir (as was the case in Landau) as
well as during reservoir stimulation. Consequently, the best option to minimize the influence of the
geothermal exploitation on the reservoir is to use the most productive borehole for injection and the least
productive one for production. Thus, the overpressure induced by injection is minimized.

In Soultz, deposits and scaling minerals collected in the pipes, filters and heat exchangers were radioactive.
Naturally Occurring Radioactive Material NORM deposits have to be treated with appropriate care and under
supervision of the adequate authority similar to the descaling of gas pipelines for example, where NORM
materials also accumulate.

5.2.5. Monitoring

Geophysical monitoring using seismic techniques may be done using an existing regional or national seismic
grid, where there are seismic stations of the grid in the vicinity of the EGS development site, or by installing a
dedicated seismic monitoring system which can be tailored to the site-specific conditions and particular
stimulation parameters (Ref. 17).

For example in Soultz, a downhole seismic network of six stations registered the micro-seismic events
occurring during stimulation, while a surface seismic network was also available and well adapted for the
micro-seismic event determination (Ref. 42). These micro-seismic events can be used to geophysically map
the reservoir in order to provide a better understanding of where stimulation is occurring, the fracture and
therefore flow network and other geophysical properties of the area being exploited.

In Soultz and in Basel it has been shown that the accuracy of the seismic monitoring network is of key
importance, as the quality of the seismic information gathered during reservoir stimulation and operation
could definitely help with the understanding of processes occurring in the geothermal reservoir.

5.3. Experience from Other EGS Sites

A brief overview of lessons learned in other EGS sites worldwide is presented below. More details
concerning most of these sites can be found in Tester, J.W. et al., 2006 (Ref. 62).

5.3.1. Fenton Hill, New Mexico, USA

The Fenton Hill project in New Mexico was the first EGS project. It was the first attempt to develop a deep,
full-scale HDR reservoir. It started in 1974 and ended in 1993. This project proved that it was possible to
connect two boreholes with an artificially created fracture(s).

The major findings of the project can be summarized as follows:

The proof of concept was established (drilling and artificial connection between wells was possible);
Fractures could be artificially created by hydraulically stimulating wells drilled in hot, deep, intrusive rock;
The stress field may vary with depth;

The second well should be drilled after the first one has been stimulated, in order to target the best
newly created features;

Directional drilling control was possible in hard crystalline rock;

Acoustic emission (seismicity) and tracer tests could help mapping the reservoir; and

It was not possible to create a closed reservoir, as water losses between the wells were important at the
high pressures needed for operation.

E ]

E ]
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5.3.2. Rosemanowes Quarry, UK

The Rosemanowes project started in 1977 and ended in 1992. It is located near Penryn in Cornwall. Three
wells were drilled and several stimulation/circulation experiments were undertaken.

The major findings of the project can be summarized as follows:

1 It was clearly shown for the first time that permeability enhancement achieved through hydraulic
stimulation was due to shearing of pre-existing fractures and not by tensile fracturing of unknown rock
(hydrofrac);

1 This shearing is linked to the fact that the stress field is anisotropic in basement rocks, implying that the
natural fractures fail in shear, long before the opening of fractures (jacking) occurs, or before new
fractures are created,;

1 The hydraulic conductivity of the reservoir could not reach a commercial level, pumping costs were
always too high; and

91 Direct connections could be established between wells. It was clearly shown that cold injected fluids
could find some short pathways through the reservoir, resulting in a lower production temperature.

5.3.3. Hijori and Ogachi, Japan

Two EGS projects were carried out in Japan in the 1980s-90s in Hijori and Ogachi.
The major findings of both projects can be summarized as follows:

1 The well locally influences the stress field, as the growth direction of the seismic cloud changes at a
certain distance of the well.
1 Seismic events were produced during the production/circulation phase.
f I njections on short term at high pressures could i mpi
1 Long term injections and circulation at lower pressures had an even more beneficial effect. This is
because the reservoir grew and connectivity improved more during circulation tests than during efforts to
stimulate at high pressures.
1  Thermal short-circuits occurred. This is why well spacing should be carefully considered owing to short-
circuits being more likely to occur with narrow spacing. However, the fluid connection between the
abstraction and injection zone is more difficult to establish with a wider spacing.

5.3.4. Cooper Basin, Australia

The Cooper Basin was known from oil exploration drilling to have temperatures of ¢.250°C at ¢.4,000m
depth.

Six wells are known to have been drilled (maximum depth 4,900 m) at the time of writing. This Cooper Basin
geothermal site is characterized by an overthrust faulting mechanism. Although the altered granite was
relatively easy to drill, some drilling problems occurred. Equipment was lost in a hole and the drilling of a
sidetrack was necessary as the fractured unstable rock meant that balancing drilling fluids was critical to
successful drilling.

Although such drilling issues were encountered, the basin reserves and the ability to exploit them were
confirmed sufficient to move from the research to the development phase. Geodynamics and TATA power
have commissioned a 1MW plant, as reported in June 2013, after which it is anticipated that significant
further development of power generation in the basin will be carried out (Ref. 23).

5.3.5. The Geysers, USA

The experience of the Geysers field, USA, with 22 power plants and a cumulative capacity of 1,531 MW
shows the importance of a common monitoring and management plan for nearby wells, which might be
utilized by different users. The objective is to maintain a sustainable production of the geothermal fields. The
importance of re-injecting produced fluids in the geothermal field has been emphasised.

The over exploitationoft he geot her mal field (steam production) duri
in the field. This pressure drop resulted in a decline of the production of all the power plants. The pressure
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drawdown due to overexploitation of the Geysers geothermal field has been notably reduced since the water
reinjection programme started in 1992,

5.3.6. Grol3 Schonebeck, Germany

A geothermal research project has been set up at Gro3 Schénebeck, Germany, designed to deliver an
improved understanding of the long-term reservoir characteristics during geothermal power production.

One of the aims of this project is to investigate whether the geothermal fluid temperature will be maintained
over a minimum of 20 to 30 years (only over such time periods are geothermal power stations commercially
valid).

The location of this geothermal power plant is representative of areas in Germany that are underlain by
sedimentary aquifers. If it is possible to construct a plant in these areas, economically generating electricity
from geothermal power, then it should be possible in many other areas and geothermal power could
purportedly provide at least 5% of heat energy and power demand in Germany (Ref. 40).

5.3.7. Experience from Hot Sedimentary Basins

The following experience from geothermal projects in hot sedimentary aquifers can also be used for EGS
projects in the UK:

1 Scaling problems can be solved with inhibitors. In the Paris Basin, where about 30 doublets target
the Dogger aquifer for heating purpose, scaling and mineral deposits in the wells could lead to the
abandonment of a well after a few years of exploitation only. Therefore, scaling inhibitors, injected in
the production well using a downhole pipe were successfully developed and applied in the 1980s;

1 The logging campaigns of the cased sections of the well should not be neglected. For example,
realising an imaging log such as a UBI or a FMI in cased sections (realised before installing the
casing) can help identify large scale structures, which could eventually be targeted by a sidetrack
later on if the first well is not productive. This scenario was observed in Blumau (Austria);and

1 3D seismic techniques can bring a decisive advantage to a geothermal project (at least in deep
sediments), as it allows an optimal targeting of the well. Kirchweidach, Germany (Ref. 45) is an
example where a successful sidetrack was planned based on 3D seismic attributes analysis from a
non-productive borehole.
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Table 51 1 Summary of lessons learnt from Non-EGS and EGS Projects in Crystalline Rock and Hot Sedimentary Rock Geothermal Projects

Region Geology Lessons Learnt

Rhine Valley

9 Soultz-sous-Foréts |1 Granite 1 Exploration and Drilling Target.
(EGS site) - Fractured region in the top of granite appears to be very efficient for geothermal exploitation. More permeable
(France) than deeper in the granite.

1 Landau power
plant (Germany)

1 Insheim power
plant (Germany)

1 Rittershoffen
project (France)

1 Basel site
(Switzerland)

1 Sedimentary
and Igneous
rock

91 Igneous rock

I Granite

1 Not stated.

- Vertical seismic profiles (VSP) were performed in Soultz. It appeared to be relatively cost intensive and results
were disappointing in the granite environment.
1 Drilling
- Open hole section should be drilled under balanced conditions in order to minimize drilling mud and cuttings
invasion into the formation.
- Drilling orientation should be chosen according to stress field orientation, increases chance of high overall
transmissivity.
- Well alignment should be parallel to maximum horizontal stress, in order to allow the best hydraulic connection
between wells.
I Testing and Stimulation
- Wells must be sufficiently cleaned before hydraulic stimulation can take place to reduce the risk of plugging
fractures and also damage of the production pump.
- Increase fluid permeability due to enhancement of permeability of the well.
- Hydraulic stimulation has to be realised with care, to avoid significant seismic events (risk mitigation).
- Geomechanical analysis prior to the stimulation allows a proper design of the stimulation scheme.
- Short-term stimulation, using high flow-rates and high pressure give best results in terms of stimulation
efficiency, and offers the advantage of limiting the risk of significant seismic events.
- The ability to improve the rock mass permeability through stimulation appears to be limited (max 1 I/s/bar).
- Tomography studies are a good method of monitoring the reservoir during stimulation.
- Recent methods have been developed in order to understand and predict micro-seismicity.
1 Production
- Significant seismic events could occur during production/operation of the reservoir as well as during
stimulation.
- Best option to minimize the influence of the geothermal exploitation on the reservoir is to use the most
productive borehole for injection and the less productive one for production.
- NORM deposits may be encountered and must be treated with appropriate care and supervision.
1 Monitoring
- Accuracy of the geophysical seismic monitoring network is of key importance in understanding processes
occurring within geothermal reservoir.
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Region Geology Lessons Learnt
Fenton Hill, US (EGS, |T lgneous rock 1 Fractures could be artificially created by hydraulically stimulating wells drilled in hot, deep, intrusive rock.
HDR Site) 1 The stress field may vary with depth.
1 The second well should be drilled after the first one has been stimulated, in order to target at best the newly
created features.
1 Directional drilling control was possible in hard crystalline rock.
1 Acoustic emission (seismicity) and tracer tests could help mapping the reservoir.
1 It was not possible to create a closed reservoir, as water losses between the wells were important at high
pressures needed for operation.
Rosemanowes 1 Igneous rock 1 Permeability enhancement achieved through hydraulic stimulation was due to shearing of pre-existing fractures
Quarry, UK and not by tensile fracturing. Linked to the fact that the stress field is anisotropic in basement rocks.
1 The hydraulic conductivity of the reservoir could not reach a commercial level; pumping efforts were always too
high.
91 Direct short connections could be established between wells, resulting in a lower production temperature.
1 The consequences of reservoir pressurization are irreversible.
Japan 1 Igneous rock 1 The well locally influences the stress field.
I Seismic events were also produced during production/circulation phase.
f I njections on short term at high pressures could im
1 Long term injections have a positive effect on the reservoir, due to thermal effects (in the well vicinity and in the
rock mass).
Cooper Basin, 1 Granite 1 Because the granite was hydrothermally altered, it was relatively easy to drill.
Australia 1 Waterbased overpressure is a surprise, but it assists with stimulation and convective inflow.
T Itis difficult to drill multiply fractured zones without underbalanced drilling.
1 Subhorizontal fracture zones are present in the granitic basement (either thrust faults or opened unloading
features).
9 Overthrust stress environments are ideal for stimulation, leading to development of horizontal reservoirs
1 Scale up to multiwell systems on a large scale seems feasible, because of the horizontal reservoir development.
9 Scaleup should reduce cost to levels that will compete with other baseload technologies.
The Geysers, USA 1 Igneous rock 1 A common monitoring and management plan for nearby wells is necessary to monitor changes in the reservoir that
source might affect production.
1 Reinjecting produced fluids in the geothermal field is needed to maintain water temperatures and pressures and
avoid over exploitation
GroR Schonebeck, 1 Sandstone 1 By means of well-known reservoir geometry, structure geology, hydrothermal conditions and the occurring coupled
Germany processes, the change of geothermal reservoir conditions can being simulated to help with forward planning.
Paris Basin, France | Sedimentary 1 Scaling problems can be solved with inhibitors.

Basin

Atkins Deep Geothermal Review Study | Version 5.0 | 21 October 2013 32



Deep Geothermal Review Study

Final Report

Germany

Basin

Blumau, Austria 1 Sedimentary Realising an imaging log like a UBI or a FMI in cased sections (realised before installing the casing) can help
Basin identify large scale structures.
Kirchweidach, 1 Sedimentary 3D seismic can bring a decisive advantage to a geothermal project (at least in deep sediments), as it allows an

optimal targeting of the well.
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6 Environmental, Regulatory & Other
Considerations

6.1. Environmental Considerations

6.1.1. Introduction

The potential environmental issues caused by the development of geothermal projects in the UK are
discussed within this chapter. There is a potential for environmental issues to arise both by the construction
and operational phases of the project. It is noted that the construction phase potential issues are short-term
only and should be viewed within this context.

6.1.2. Water Use

The volume of water required during fracture stimulation is likely to be large; the Rosemanowes geothermal
project, Cornwall required 8,640 m°/d. This volume of water could detrimentally impact upon
groundwater/surface water reserves and resources, and hence dependent wildlife and ecological habitat.

During the operational phase there is expected to be very little water lost from the reservoir, so water
requirements should be very low. At this stage, it is not known if the power plant will be air or water-cooled; if
it is to be water cooled, additional water would be required and such requirements would need careful
consideration as to their environmental impact and implications.

6.1.3. Water Pollution

Well drilling, fracture stimulation and geothermal operational fluids could potentially contaminate groundwater
and/or surface water, and hence, detrimentally impact ecology and water resources.

Fractures induced by investigation, aquifer stimulation and the associated micro seismicity could provide a
pathway to overlying aquifers or surface waters; the fluid injected during fracture stimulation or operation
could migrate along this pathway and, potentially, contaminate water bodies. The fracture lengths induced by
Deep Geothermal projects are small, in the order of tens to hundreds of metres (Ref. 2). Therefore, although
considering the zone of fracture propagation is likely to be in the order of 4 to 5 km below ground level could
generally be considered as an insignificant risk, it will be necessary to evaluate such risk taking into account
the rock mechanics and stress fields identified at initial investigation stage and drilling stage as part of the
project planning process.

If best practice guidance regarding the handling and storage of potentially contaminated materials is adhered
to then spills or leaks and potential for contamination should be very low in probability. However, all will
need to be assessed both for planning and as part of the application for the likely requirement of an
Environmental Permit. Additionally an RSR (Radioactive Substances Regulations) permit might be needed
where NORM (Naturally Occurring Radioactive Material) is encountered, which is particularly likely in
radiothermal granites where minerals containing uranium and other elements with potentially radioactive
isotopes can be present.

The wells will be cased with at least one layer of steel during drilling, and subsequently sealed with a cement
grout, inhibiting contact with any surrounding groundwater, and preventing any contamination. This should
also be geophysically surveyed using a cement bond log to quality assure the seal.

It should be noted that the potential for pollution of water from geothermal exploration and exploitation is
lower than other similar deep resource exploration and exploitation such as for unconventional gas. There is
some similarity to the processes used in oil and gas; however there are significant differences as shown in
Ref. 29. The key differences are, unlike shale gas, EGS can use water extracted in situ and does not require
a large amount of external water. Furthermore, it does not produce wastewater as a by-product (Ref. 29),
and the fluids are re-circulated in the reservoir. Where potentially contaminative fluids are introduced, they
are in relatively small amounts solely for the chemical stimulation of the reservoir during the development
phase or for removal of drilling fluids. No further chemicals should be introduced during the operation of the
plant apart from potentially scaling and biological inhibitors where fouling could be an issue.
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If the power plant is cooled by water, which is subsequently discharged to surface water or groundwater,
then there is the possibility of thermal pollution during power plant operation. This will need to be assessed
fully as part of planning and environmental permitting as appropriate.

6.1.4. Gas Emissions

Geothermal fluids will contain dissolved gasses such as CO,, H,S, NH; etc. However, during electricity
generation process the geothermal fluid will not come into contact with the atmosphere. Therefore, there is
no opportunity for the gas to discharge to the atmosphere. The risk of discharge into the atmosphere will
need to be assessed fully as part of planning and environmental permitting as appropriate.

6.1.5. Solids Emissions

The wells are anticipated to be drilled to a depth of 4 to 5 km; at this depth there is the possibility of
increased radioactivity. Appropriate management, testing, handling and disposal of this waste stream will
ensure that the impact from this material on the environment is negligible. This will need to be assessed fully
as part of planning and environmental permitting as appropriate.

6.1.6. Noise and Visual Impact

Drill rigs required to drill the geothermal wells will be in the order of 40 to 50 m high, with drilling maintained
24 hours a day. The noise and light associated with the well drilling and power plant construction could be
potentially disruptive to sensitive wildlife communities. Mitigation measures, such as noise abatement
measures could be implemented to reduce any impact.

Once operational the geothermal power plant should be designed such that it has minimal noise and visual
impact in accordance with likely planning conditions.

6.1.7. Land Take/Habitat Removal

The land take for a geothermal power plant is significantly less than other forms of electricity generation, on
an electricity per unit basis. Habitat studies and/or relocation projects could be carried out to ensure the
disturbance is minimised.

6.2. Regulatory

The requirements for Environmental Impact Assessment (EIA) and the circumstances in which one should

be undertaken are established by the European Direct.i
and private projects on the environmento Directive 85
2003/35/EC). The European Directive has been transposed into U.K. legislation by the Town and Country

Planning (Environmental Impact Assessment) (England and Wales) Regulations 1999 (EIA Regulations).

\%
/

These Regulations contain two lists of development projects. Schedule 1 identifies all the types of

developments for which and Environmental Impact Assessment (EIA) is mandatory irrespective of their

location. Schedule 2 identifies the types of developments where an EIA must be carried out if the

developmentif any part of the development is to be carried o
define 6sensitive areasd as including nature conservat
Sites of Special Scientific Interest, Special Protection Areas, Special Areas of Conservation and Ramsar

sites), Areas of Outstanding Natural Beauty, National Parks, World Heritage Sites and Scheduled Ancient

Monuments.

Schedule 2 developments must also be assessed based on the likelihood to have a significant impact on the
environment by virtue of its nature, size or location. Regulation 4(5) advises that, where a decision as to
whether Schedule 2 development is an EIA development, an account should be taken of the selection
criteria as set out in Schedule 3 of the EIA Regulations. These criteria relate to the characteristics of the
development, the location of the development and the characteristics of the potential impact as listed below.

During the desktop stage it wpl bpbei nedces$samyhiswéd &eehl
require a brief letter of request as to whether the proposed development will require an EIA. It will include a

basic description of the scheme and of the existing site, a comment about the screening criteria and a

preliminary listing of possible effects on the environment.
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Cornwall County Council is the only Local Authority which appears to have a policy regarding Deep
Geothermal energy installations (Ref. 11). They detail their position within Renewable Energy Planning
Guidance Note 8: The Development of Deep Geothermal, Draft (July 2012), which states:

fPlanning consent will normally be required for the development of a Deep Geothermal energy
facility. For some Deep Geothermal energy proposals an Environmental Impact Assessment (EIA)
may also be requireda

The need for an EIA will be dependent upon the outcome of a Screening Opinion. Further guidance
regarding the decision process is highlighted within this Cornwall County Council document.

The Environment Agency details their official position on groundwater related subjects, as well as a summary
of the regulatory regime, in Groundwater protection: Principles and practice (Ref. 27). This states that:

fisome deep geot her mal schemes operate by-absttagedi nj ect
from a depth considerably below the active Hydrogeological zone as there is negligible natural

groundwater at this depth. These types of schemes do not require a GIC [groundwater investigation

consent] or abstraction licence to re-abstract this water from depth as there is no abstraction from a

source of supply. Discharges at this depth do not require environmental permit again if there is

negligible groundwater and therefore not considered by us to be a groundwater activity.... Abstraction

of shallow groundwater or surface water to fill these schemes will require licensing where abstraction

volumes are greater than 20 m® per dayo.

Further details on abstraction requirement including a position statement of the Environment Agency on
Deep Geothermal energy can also be found in Ref. 26.

Where NORM is anticipated an RSR permit will be needed to ensure such materials are managed in a
controlled manner. This would also be the case where radioactive sources might be used in the equipment
used to carry out geophysical assessments, such as gamma logging equipment.

6.3. Other Considerations

6.3.1. Induced Micro-Seismicity

Fractures in the host rock are required to allow the geothermal fluid to be transmitted, heating the fluid as it
passes. Geother mal projects can requi r seishicitRa miaro-es t o b
earthquakes can be caused by the stimulation of fractures and the injection of fluid under high pressures

during operation.

Micro-seismic events are normally caused by changes in natural in situ stresses that exist in the Earth, due
to pressurised fluid injection. In general, the micro-seismic events associated with geothermal power
production are too small to be felt. They routinely occur during mining activities, oil and gas abstraction and
storage, carbon capture and sequestration, geothermal power production and stimulation as well as any
other activities where liquids are injected or abstracted at significant depths.

The size of a micro-earthquake event (given by its magnitude at the source) and the surface acceleration
(how the event is measured at the surface) are influenced by local geology. It is a general rule that a Deep
Geothermal project cannot cause an event larger than that which would have occurred naturally at some
time. In the UK, the geology is relatively stable. Micro-earthquakes caused by Deep Geothermal projects are
believed to be small and very unlikely to cause damage.

However, natural earthquakes do occur and will occur in the future. A Deep Geothermal project will cause
earthquakes and could potentially cause an event that would be felt at the surface. The sudden fracturing of
rock caused by the injection of water into the reservoir zone is the cause of the earthquakes. This was the
case during the Rosemanowes project (see Section 5.3.2). The Rosemanowes project caused thousands of
micro-seismic events but only 2 were felt and no damage was caused (Ref. 2).

However, there have been notable exceptions such as in Basel, Switzerland 2006 (Ref. 17) where a Deep

Geothermal project caused a magnitude 3.4 event resulting in minor damage to buildings. The Deep
Geothermal project was stopped. It was predicted at the time that the Basel event would halt Deep
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Geothermal development in Switzerland. Instead, the Swiss decided that the best approach would be to
develop an inclusive policy and involve and inform the local population. The involvement of the local
community has lead to a number of new Deep Geothermal projects now being developed (Ref. 2).

In the UK, micro-seismicity in association with shale gas extraction has raised public and governmental
awareness of the issue in recent years. The micro-seismicity has caused both media reaction and severe
delays to the shale gas project near Blackpool recently in the UK.

Monitoring and interpretation of micro-seismic events is an essential tool used to understand the
development and extent of a reservoir. On the other hand, public perception and, in rare cases, actual minor
damage resulting from earthquakes could potentially cause public alarm that would require authorities to limit
development of Deep Geothermal projects. Therefore, it would be sensible to start thinking about public
consultation at an early stage of the project.

It should be noted that, unlike shale gas extraction, for geothermal exploitation the hydraulic fracturing is
short term for reservoir development. After reservoir development the only fluids circulated within the

geothermal reservoir are recirculated hydrothermal fluids rather than continued frac fluid and proppants,
which are needed in shale gas to continually develop the resource. The water usage and treatment facilities
are significantly lower as a result with respect to geothermal operations compared with shale gas.

Other significant differences in hydraulic stimulation between shale gas and geothermal reservoir
development are the generation of multiple vertical fracs from horizontal wells in shale gas exploitation,
compared with opening of existing fractures and development of shear planes to increase permeability
between generally vertical wells in geothermal networks.

Environmental, Regulatory and Other Considerations - Key Points

f
f

= =4

Short term construction phase issues are much more significant than the longer term operational
issues.

Water use during the construction may be significant with associated implications for environmental
issues.

Ground water contamination risks should be manageable but require consideration. This will include
during hydraulic stimulation.

A Radioactive permit is likely to be required for handling Naturally Occurring Radioactive Material
associated with the radiothermal granites.

Risks are assessed as lower and short term for deep geothermal stimulation and exploration as
compared to unconventional gas.

Land take for geothermal projects is significantly less than for other forms of electricity generation.
There is an established regulatory regime that can be applied to geothermal projects plus some local
authorities may have individual planning guidelines.

Micro seismic events can be produced during reservoir stimulation but are likely to be too small to be
felt although exceptions have occurred. Consequentially public perception and consultation is
important.
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7/ Revenue and Subsidy /Funding
Mechanisms

7.1. Sources of Revenue for Deep Geothermal

Sale of electricity is the main revenue stream for a Deep Geothermal power project with sales of heat
complementing the power sales in a geothermal CHP project. Additionally there are incentive schemes from
the government which supplement the sales revenues. These revenue streams can be described as follows:

1 Power Export: The net power generation from a geothermal combined heat and power station is the
power that is available to be sold either directly via a private wire to a local consumer (should sufficient
demand be available) or exported to the local distribution network. It is expected that a geothermal
power station would operate base load i.e. continuously at a steady output, and would enter into a long
term power purchase agreement with a licensed electricity supply company. If a local consumer could be
directly connected then this would attract a higher tariff and improve the economic returns of the project
despite the additional cost of installing the direct electrical connection.

T ROCOs [and=af>: Bsuntil the 1st April 2017, under the Renewables Obligation (RO), accredited
renewable generating stations are eligible to claim Renewable Obligation Certificates (ROC) based on
the volume of gross power generated. Power generated from geothermal is currently supported at 2
ROC6s / MWh and the val The Amif2018 R@ChpricR Was appraximatelyatddy .
Post 1st April 2017 no accreditation will be available under the RO for new renewable generating
stations.

Under the Energy Bill 2012 and Electricity Market Reform (EMR) a Contract for Difference (CfD) Feed in

Tariff (FiT) will be open from 2014/15 which aims to encourage investment in low carbon generation and

reduce an investorodéds exposure to changes in wholesal
generator will receive the usual electricity market price plus a top up to a pre-agreed Strike Price (SP).

The draft SP for Geothermal (with or without CHP) in 2014/15 is £125/MWh.

Between 2014/15 and 1st April 2017 there will be a transitional period and both the RO and CfD FiT
support schemes will co-exist. Investors will have a one off opportunity to choose between the RO and
the CfD FiT regimes. Further clarification is required on how the value of the ROC will be supported post
2017.

1 We have based our financial analysis on the RO ROC scheme and assumed that the ROC price will not
devalue below April& 2013 price of £44/MWh.

1 Heat Export: The usable heat that is available for sale (subject to suitable heat loads nearby) can be
sold on a price per metered kW sold. The rate at which the heat can be sold at will be dependent upon
the cost of other primary fuel sources such as gas. Heat would need to be priced so that it is competitive
with existing fossil fuel costs as is currently being done at a growing number of district heating schemes
in the UK. The sale price may also reflect a premium as it is from a low carbon source and therefore
avoids various carbon costs, depending on the circumstances in which it is used.

1 RHI: As the heat generated from a geothermal source is renewable, it is eligible for the Renewable Heat
Incentive (RHI). Deep Geothermal heat supplied by a plant over 100kW currently qualifies for a rate of
3.5 p/kWh. There is a consultation underway at present (2013) which could potentially increase the RHI
for Deep Geothermal heat to 5.0 p/kWh.

7.2. Grants

From time to time there are funding streams from UK or EU targeted at specific technologies or activities that

may be used to incentivise the development, uptake or deployment of low carbon technologies. There can

be technology specificfundi ng or &étechnol ogy agnosticdéd funding ai me
measures or delivery partners (e.g. Higher Education or local government). These funds can be for capital
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plant or technological support such as consultancy support or R&D. This is a rapidly changing scene but
there are no specific measures currently available to target Deep Geothermal projects.

7.3. Commercial Models/ Routes and Types of Investment

There is no specific single route or commercial model which applies to Deep Geothermal projects. In
general the scheme will be promoted by a specialised Deep Geothermal development company either
working independently or in agreement with a potential host site. The project will be developed to a position
where the costs and potential returns are reasonably well understood. At this point discussions can
commence with potential investors to explore the availability and cost of funding the project. It is at this
point, that in recent years in the UK, projects have stalled due to an unfavourable risk/reward proposition for
private funding to be accessed.

Revenue and subsidy/ funding mechanisms - Key Points

The main revenue stream is from electricity sales, either to the grid or local clients.

Support for renewable electricity sales from deep geothermal power is currently 2 ROCs/MWh.

The current market value of ROCs is £44 per ROC.

Under the EMR, CfDs are planned to come into operation in 2014/15 and there will be transitional

arrangements from ROCs to CfDs.

1 The currently proposed CfD strike price for geothermal is similar to the current value of the ROC
support.

1 Heat sales can compliment electricity sales if local customers require heat.

1 The RHI currently supports geothermal heat sales with a supplement worth 3.5p/kWh for plants of
over 100kW. Itis currently proposed that the RHI is increased to 5.0p/kWh in the near future.

1 There are currently no direct grants for deep geothermal energy in the UK.

= =4 4 =4
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8 Geothermal Power Schemes
Feasibility Analysis

8.1. Introduction

In order to illustrate the potential opportunities and risks associated with Deep Geothermal energy
exploration and exploitation in the UK, it was decided to develop a number of generic case studies so that
specific costs and revenues can be discussed without reference to the unique and potentially confidential

numbers associated with potential élived projects.

considered as screening criteria to derive three relevant case studies to analyse. The case studies include a
number of defining characteristics which suit the geology such as drilling depth, abstraction and return
temperatures and fluid permeability which then enable estimates of abstraction flow rate and thus the power
and heat outputs to be derived. These factors also enable capital costs and revenues to be estimated and
financial returns to be calculated.

Obviously, for such generic plants, none of these figures will be accurate but by using sensitivity analysis on
various elements enables upper and lower extremes of potential investor returns, and hence financial
viability, to be assessed.

It should also be noted that until the resources are drilled to the depths necessary to supply the heat required
for power generation the thermal energy, fluid permeability of the rock and other geophysical parameters are
indicative only and therefore the actual reserve once proven could vary from the illustrative scenarios. For
example, the Weardale granite could be less transmissive and the Cornubian granite more transmissive,
therefore the two scenarios could apply similarly to either region, as could many others. However, these
scenarios are considered adequate to illustrate the points made.

8.2. Geology

A geothermal resource defines itself by the temperature of the ground or geological formation. In this respect
a geothermal resource is present where heat is present at temperatures that can be utilised for geothermal
power generation. However, for geothermal resource to be utilisable it also needs to be technically
accessible. The technical accessibility of the resource for geothermal power generation is satisfied if the
following conditions are present:

1 The well production temperature is high enough to allow the thermal energy to be converted to
electrical energy using currently available technologies;

1 The resource is not beyond depths of current drilling operations; and

1 Means of temperature transfer exists to extract the geothermal energy, for example via the flow of a
geothermal fluid.

In the UK the geology that might provide each of these conditions at depths that are currently technically
achievable is limited.

Only a proportion of the resource that is technically accessible can be regarded as a reserve. The likelihood
of a geothermal resource to be classified as a reserve depends on a number of technological, economical,
legal, environmental, land access, social and governmental factors.

The Australian Reporting Code defines a regime of classifying geothermal resources and reserves
depending on the economic feasibility of a project, as defined in Section 1.2.1.2. The geology of the UK
meeting the requirements of a resource or reserve is discussed in the following sections.

8.3. Resource and Reserves

The assessment of the geothermal power generation is based on the heat in place concept, which is an
approach similar to that applied to other below ground non-renewable (e.g. oil and gas) energy sources.
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Below ground energy sources, including geothermal energy is classified as resources and reserves, as
supported by the Australian Geothermal Reporting Code (Ref. 54).

In broad terms related to geothermal energy, the geothermal resource is an estimate based on both direct
measurements and inferences from the geology of how much geothermal energy is actually in the ground.
However the geothermal reserves of any particular area are defined as the amount of measured geothermal
resource that could be expected to be economically extracted using current commercial technology and
current economic conditions. Therefore geothermal reserves represent a small and changeable percentage
of geothermal resources, which can change based on the technology used to extract it, and the value of the
thermal energy which is currently directly linked to fossil fuel prices for heat only and power prices where a
geothermal reserve is used for power or CHP production.

Both resources and reserves are further subdivided into a number of categories.

Resources can be subdivided into Inferred, Indicated and Measured resources and are outlined below in
order of reducing risk:

9 Inferred i The geothermal resource based on an assumed geological structure.

1 Indicated i The geothermal resource based on a combination of direct measurement and
reasonable geological assumptions made with high confidence.

1 Measured i The geothermal resource based on direct measurements to gain high accuracy and
would often include flow and production temperatures.

Geothermal Resource estimates should clearly identify any known potential technical risks, including
geological factors such as faults which could prejudice production or sources of cool fluid intrusion which
could degrade the resource.

Reserves can be subdivided into Proven and Probable. Only Proven and Probable Reserves should be used
when considering the economic feasibility of a project. Definitions of each reserve term are outlined below:

1 Probable i The geothermal reserve which has been both demonstrated and also deemed to be
economically and technologically usable at any given time.

1 Proveni The geothermal reserve that might reasonably be expected to be extracted and used. This
is sometimes also called the recoverable reserve and a Gecoverabilityéfactor is often applied
dependent upon a number of factors such as well flows and temperatures.

The process of conducting a feasibility study should refine the assessment of Reserves using more project-
specific technical, environmental, regulatory and commercial criteria.

An illustration of the geothermal resources and reserves in the context of depths that are likely to be found in
the UK is shown in Figure 87 1.
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Figure 81 1 Resources and reserves in the context of depths that are likely to be found in the UK

(Ref. 53)

8.4. Screening for Geothermal Reserves in the UK

8.4.1. Reserves

In the UK, currently, there are no geothermal power schemes in operation and as yet, no drilling work to
depths with temperatures in excess of 100°C have been undertaken. As a result, geothermal energy to
provide a source for geothermal power generation is not proven and therefore there are no reserves as

defined by the Australian code (Ref. 63).

8.4.2. Resources

Largely based on work performed by Downing & Gray (Ref. 19), areas with a high geothermal inferred
reservoir are presentwi t hi n t he 06South
granites at approximately 3 to 5 km depths, as indicated by temperature gradient evidence from

Rosemanowes and Eastgate respectively (see Section 2.3).

We thet We@rdale and the Lake DiBtict h ol i t h 0

In addition, under natural conditions, it is unlikely the permeability in most of these areas will support flow
rates sufficient for a commercial power plant without stimulation. State of the art stimulation techniques

require targeting features (e.g. geological faults) with higher permeabilities from the outset.

Therefore, it is presumed that reserve areas existwi t hi n t he
and the Lake District granites which are characterised by favourable conditions for stimulation. A number of
further factors need to be considered when determining areas that constitute probable reserves (e.g. legal,
environmental, land access, social and regulatory). However, as no boreholes have been drilled to depths
sufficient to prove the required minimum temperatures for power generation, these strata cannot be
considered as reserves for power generation under the Australian code definitions (Ref. 63).
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