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Abstract

An assessment of the engineered geothermal system (EGS) resource base that might
be available for the generation of electricity for Great Britain has been undertaken by
adopting a globally self-consistent protocol that if universally adopted, would allow
estimates of EGS made for different countries and regions to be comparable. Maxi-
mum estimated temperatures at depths of 5 and 7 km are greater than 200 and 300 °C
respectively, a considerable increase over previous estimates. The total heat in place in
the basement, to a depth of 9.5 km that is theoretically available for EGS is 357,197 EJ.
If it were possible to develop just 2% of this resource, this would be equivalent to 1242
times the final UK energy consumption in 2015. The theoretical and technical poten-
tial power has been calculated from the available heat in place. The total technical
potential power, to a depth of 6.5 km, is 222,393 MW, and represents just 0.4% of the
theoretical potential power. Current EGS exploitation is more likely to be restricted to a
depths of around 4.5 km and reservoir temperatures greater than 175 °C. In which case
technical potential power is mainly restricted to regions of high heat producing gran-
ites and represents a total technical potential power of 2280 MW,. However, improve-
ments in drilling technology are expected to enable economic drilling to depths of

7 km or greater that will enable EGS exploitation in all regions of Great Britain.

Keywords: EGS resource base, Great Britain, Heat in place, Theoretical potential power,
Technical potential power

Background

Engineered or enhanced geothermal systems (EGS) have been promoted as a technology
that exploits geothermal heat and power production from regions of the crust devoid of
shallow high enthalpy reservoirs (also referred to as high-grade hydrothermal resources)
(e.g., MIT 2006). The status of EGS development was reviewed by Breede et al. (2013)
who reported on 14 EGS projects that were generating electricity and 8 that were still
under development. EGS projects to date have been developed for power generation or
combined heat and power, but the ECOGI project in northern Alsace, France is the first
for heat only (Baujard et al. 2015). There is no single definition for EGS. MIT (2006)
consider it as an ‘engineered reservoir created to extract economical amounts of heat
from low permeability and/or porosity geothermal resources and therefore includes all
geothermal resources that are not in commercial production and require stimulation
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or enhancement. Under this definition only high-grade hydrothermal resources are
excluded as conduction dominated low permeability resources, geopressured, magma,
low-grade unproductive hydrothermal resources and coproduced hot water from hydro-
carbon production are all included. Rybach (2010) described an EGS ‘as an extended
fracture network, created and/or enlarged, to act as new fluid pathways and at the same
time a heat exchanger, at depths where temperatures are high enough for power gen-
eration (150-200 °C). The Australian Geothermal Reporting Code Committee gives an
even more general definition as ‘a body of rock containing useful energy, the recoverabil-
ity of which has been increased by artificial means such as fracturing’ (AGRCC 2010).
MIT (2006) and Blackwell et al. (2007) estimated the EGS resource base for the conter-
minous United States as the heat in place, tabulated by 1 km depth intervals, between
3.5 and 9.5 km depth. Temperature was calculated from the one dimensional heat con-
duction equation that included the contribution from the radioactive heat production of
the upper crust. Limberger et al. (2014) adopted a slightly different approach for assess-
ing the prospective EGS resource base for Europe, where vertical heat conduction was
assumed, but the temperature distribution was solved by a 3-D finite difference method.
They went further in also calculating the theoretical and technical potential power and
the economic potential for EGS.

Given the range of EGS definitions, estimates of the prospective EGS resource base
are likely to be diverse depending on the definition adopted. Beardsmore et al. (2010,
2011) proposed a protocol for estimating the theoretical and technical potential power
for EGS that might be available for the generation of electricity, in a globally self-consist-
ent manner. If universally adopted, then estimates of EGS made for different countries
and regions would be comparable. The Beardsmore et al. (2010, 2011) protocol calcu-
lates both a theoretical and technical potential power as proposed by Rybach (2010).
The theoretical potential is as an estimate of ‘the physically usable energy supply over a
certain time span in a given region. It is defined solely by the physical limits of use and
thus marks the upper limit of the theoretically realisable energy supply contribution’ The
technical potential is ‘the fraction of the theoretical potential that can be used under
the existing technical restrictions... structural and ecological restrictions as well as legal
and regulatory allowances’ The principal difference between the Beardsmore et al. (2010,
2011) protocols is that the former includes both the basement and sedimentary sections
for EGS assessment, whilst the latter only includes the basement. Inclusion of the sedi-
mentary section is a matter for debate as sedimentary rocks with favourable porosity
and permeability can be developed as hot sedimentary aquifer (HSA) resources.

This paper presents an evaluation of the prospective resource base for EGS power
generation in Great Britain (GB) by applying the protocol of Beardsmore et al. (2010,
2011), hereafter referred to as the protocol. The EGS assessment presented here is for
the basement only. The earliest assessment for Great Britain by Gale and Rollin (1986)
calculated the heat stored in rocks between the 100 °C isotherm and a depth of 7 km that
was referred to as the UK hot dry rock accessible resource base (HDR ARB). However,
the assessment was not restricted to hot dry rocks, but included all strata including the
deep sedimentary basins. The total UK HDR ARB was calculated to be 3.58 x 10 or
3.26 x 10" TJ for Great Britain only. No attempt was made to consider power poten-
tial. Two recent EGS assessments have produced divergent estimates for the United
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Kingdom. SKM (2012) only considered the high heat producing granites from 3 regions
to a depth of 5 km and estimated a total installed generation potential of 9.3 GW . Atkins
(2013) carried out an assessment based on economic considerations and concluded that
for the same high heat producing granites the current development potential was only
170 MW, which could tentatively rise to 1.0-1.5 GW, by 2050.

The Beardsmore protocol

The protocol estimates the EGS potential to a depth of 10 km and is based on a sim-
ple 2-layer model comprising sedimentary rocks overlying basement. Heat transport
is assumed to be by vertical conduction only. It is recommended that the region under
investigation is split into a regular grid based on a geographic coordinate cell size of
5" x 5 (! = minute), which equates to different physical surface areas at different lati-
tudes. A simplified workflow diagram of the protocol is shown in Fig. 1.

The first element is to model temperature at 1 km depth layers based on surface heat
flow, mean surface temperature, the thermal conductivity structure of the 2-layer model
and heat production within the sedimentary layer and basement. The average thermal
conductivity of the sedimentary section (Kg) is the thickness-weighted, temperature-
corrected harmonic mean of all the formations that make up the sedimentary section.
Similarly, the average heat generation (Ay) is the thickness-weighted arithmetic mean of
all the sedimentary formations. Where the exact sedimentary composition is unknown
it is recommended to use constant values derived from published data compilations.
Basement thermal conductivity (Kp) and heat production (Az) must also be estimated
and will largely be based on the assumption that the basement comprises a single lithol-
ogy, unless there is mapping evidence to the contrary. There is a two-step procedure in
the calculation of temperatures at depth. It is first necessary to calculate the temperature
and heat flow at the sediment-basement interface. For the temperature calculation a dis-
tinction is made depending on whether the sediment thickness, S, is less than or greater
than 4000 m, as follows,

Attribute with
sediment and
basement thermal
properties

Create sediment-
basement model

Derive temperature
and heat flow at the
sediment-basement
interface

Requires surface
heat flow and

surface temperature
Model temperature to

10 km depth B
Calculate
‘ temperature at 1000
\\__m depth intervals
Calculate heat in place Requires density and
from 3500 m to 9500 m specific heat of
depth basement

L !

Estimate theoretical
potential for EGS power
generation

1 ]

Estimate EGS technical
potential power

Fig. 1 Simplified workflow diagram of the Beardsmore protocol for estimating EGS potential
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If S < 4000 m:

_ QoS s?
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where T (°C) is the temperature at the sediment—basement interface, T, (°C) is the
mean annual air temperature, Q, (W m~?) is surface heat flow, K. s (W m~' K1) is sedi-
ment thermal conductivity and Ag (W m™) is the sediment heat generation.

If S > 4000 m:

Ts =T,
S 4km T K 2K (2)

(Qo — 4000A45)(S — 4000)] N l(s - 4000)2]

Y
where T, ., is the temperature at a depth of 4000 m from Eq. 1. It should be noted that
the protocol assumes that the thermal conductivity of sediment deeper than 4000 m is
the same as the basement, Kz (W m™! K™!). Heat flow at the sediment—basement inter-
face is derived from,

Qs = Qo — SAs 3)

where Qs (W m™2) is heat flow at the sediment—basement interface. The second step is
to calculate temperatures at the mid-point of each 1000 m depth interval from 3000 m
to the base of the model, i.e. at depths X (m) equal to 3500, 4500, 5500, 6500, 7500, 8500
and 9500 m.

“4)

_ Q)2
- [QS(X 5)] —AB[(X S) ]
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where T (°C) is the temperature at depth X.

The second element of the protocol is to estimate the available heat in place at the
mid-point of each of the depth slices from 3500 to 9500 m. To follow the protocol, EGS
potential is only based on heat contained within the basement, hence excluding intervals
of sediment. The available heat H in EJ (exajoule = 10'® J) for each basement cell is given
by,

H=pCpVc(Txy — Tr) x 10718 5)

where p (kg m™) is the density and Cp (J kg~* K™) is the specific heat of the base-
ment cell, V. (m?) is the volume of the cell, Ty (°C) is the temperature at depth X and
T = T, + 80 °C where T; (°C) is the mean annual air temperature. T} is the base tem-
perature to which the crust can theoretically be reduced by abstracting geothermal heat.
The assumption adopted by the protocol that the base temperature is 80 °C above mean
annual air temperature differs from previous methodologies (MIT 2006; Blackwell et al.
2007) where T was equal to the mean ambient air temperature.

The third element of the protocol is to derive the theoretical and technical poten-
tial power. Theoretical potential power generation is derived assuming that all heat, H,
above the base temperature, Ty, is theoretically recoverable at all locations, that the life
span of power generation is 30 years (9.46 x 10®s) and the cycle thermal efficiency (the



Busby and Terrington Geotherm Energy (2017) 5:7 Page 5 of 18

proportion of heat delivered to a power plant that is converted to electricity), #,,, is a
function of inlet temperature. Theoretical potential power generation P (MW,) for each
basement cell is given by,

_ ngH x 10"

P = 6
9.46 x 108 ©

Cycle thermal efficiencies are plant dependent and are likely to improve with time due
to developments in power plant technologies. The protocol recommends applying a set
of average cycle thermal efficiencies from MIT (2006) for a range of inlet fluid tempera-
tures from 150 to 350 °C, described by,

Tt = 0.00052T + 0.032 7

Theoretical potential power generation is calculated for each basement cell for the
1 km depth slices between 3500 and 9500 m. The technical potential power is that part
of the theoretical potential that can be extracted after consideration of currently ‘insur-
mountable’ technical limitations (Rybach 2010). The protocol recommends considera-
tion of four technical limitations comprising land access, accessible depth, recoverability
factor and temperature drawdown. Limitations on land access will vary between regions,
but will include conservation areas, densely populated areas, large lakes etc. For each
grid cell, the proportion of land that is available, R,,, is assigned a value between 0 and 1.
The protocol recommends limiting the accessible depth to 6500 m as this is the practical
limitation to EGS development imposed by current drilling technology. Recoverability
factor, R, is an estimate of the proportion of thermal energy that can be recovered from a
fracture dominated geothermal system. Temperature drawdown allows for the reduction
of geothermal fluid temperatures with time as cool fluid is reinjected into the reservoir.
The protocol introduces a temperature drawdown recoverability factor, Ry that allows
for a maximum allowable temperature drawdown of 10 °C. It is defined as,

10

Rp= ———
w (Tx — 1r) ®)

Technical potential power, P, (MW,), is given by
Pr = PRyRR1D ©)

and is calculated for depth intervals between 3500 and 6500 m, the sum of which gives
the total technical potential power for each basement grid cell.

The final elements of the protocol are some estimates of the level of confidence in
the estimates and the presentation of the results using common visualisation and data
architecture.

Application of the protocol to Great Britain

Model and output layers were defined as a series of 1 x 1 km grids based on the British
National Grid (BNG). This differs from the protocol where the recommended cell size
is 5/ x 5'. For Great Britain this geographic cell has an approximate easting x northing
dimension of 5 x 9 km, but this varies with latitude. The adoption of a finer grid pre-

vents the areal error in the location of estimated EGS resources which can occur with
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a coarse grid where the resource is spread across a large dimension grid cell. In the sec-
tions below a description is given of the selection of properties for the model and these
are summarised in Table 1.

Modelled temperatures at depth

The first step was to create the sediment—basement model from a grid of sediment thick-
ness (depth to basement). The protocol does not give a definition for basement, but it is
usually interpreted as the rock underlying the oldest stratified rocks. Metasedimentary
rocks are often considered as basement, but there could be instances where low-grade
metasediments are classed as sedimentary rocks. There is also a practical consideration
in estimating the depth to basement because in Great Britain the depth to base Lower
Palaeozoic is rarely known. Hence, the depth to basement has been defined as the depth
to base Devonian, or younger in the absence of older rocks, with the exception of out-
cropping or intruded granites. This definition is inevitably a compromise as there will be
some Lower Palaeozoic rocks with sedimentary affiliations (e.g. mid and north Wales)
and some tectonised and metamorphosed Carboniferous and Devonian rocks (e.g. the
Variscides of Southern GB). The depth to basement rocks surface was constructed from
a series of surfaces exported from the BGS (British Geological Survey) LithoFrame
1:1 M model (http://www.bgs.ac.uk/services/3Dgeology/lithoframe.html). The LithoF-
rame 1:1 M surface model was constructed in Paradigm® GOCAD® in 2004 and was
largely based on Whittaker (1985) and seismic data where data was limited in the deeper
subsurface. The surfaces were modelled at a 1 km mesh spacing and represent the major
stratigraphic divisions in the UK. They include the following for the calculation of the
sediment thickness:

Table 1 Summary of the physical properties adopted in the sediment-basement model

Min Max Mean
Sediment thermal conductivity (W m~' K™")
Palaeogene—Permian 2.04 3.22 2.37
Carboniferous—Devonian 2.25 298 268
Sediment heat production (1 Wm™3) 045 1.86 117
Basement thermal conductivity (W m~ K™
Non-granitic 2.03 443 3.06
Granitic 2.88 3.65 33
Basement heat production (u Wm~3)
Non-granitic 03 30 146
Granitic 5 km depth 10 km depth
Southwest England 4.6 4.6
Northern England 3.06 246
Southern Uplands 1.87 1.5
East Grampians 2.98 19
Other Scottish 1.34 1.08
Basement density (kg m™3) 2270 3270 2800
Basement specific heat (J kg=' K=) 540 1347 887

The methodology for the adoption of these properties across the grids of the model are described in the text. It should be
noted that the thermal conductivities in the table are at laboratory temperatures and are corrected for temperatures at
depth when attributed to the model
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Fig. 2 Sediment thickness model to base Devonian, which also defines the depth to basement, derived from
the BGS Lithoframe 1:1M model. Areas in white are exposed basement
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To calculate the sediment thickness, the surfaces were imported into a geographic
information system (ArcGIS® software by Esri) as gridded data at 1 km spacing. Using the
raster calculator, a conditional statement was used to generate a new grid which showed
the maximum depth of the combined surfaces considered to be above the basement,
therefore the new grid generated represented the base of sedimentary rocks or top of the
basement rocks, but not including areas where basement rocks were at surface/outcrop.
To calculate the sediment thickness, the raster calculator was used to subtract the base
sediment surface from the Digital Terrain Model (OS Open 50—which was recalculated
to a 1 km grid spacing for this study). The sediment thickness map is shown in Fig. 2.

The sediment thickness grid requires single values of thermal conductivity and heat
generation for each grid cell to characterise the thermal properties for the full depth of
the sediment section. Ideally, the average vertical thermal conductivity is the tempera-
ture corrected, thickness weighted harmonic mean of the formation thermal conduc-
tivities that comprise the sedimentary section at each grid cell. As thermal conductivity
grids for each of the stratigraphic surfaces do not exist a simpler procedure has been
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adopted. For the purposes of thermal conductivity attribution a model interface has been
inserted within the sedimentary section at the base Permian or younger. This therefore
splits the sedimentary section, where the strata exist, into Palaeogene—Permian and Car-
boniferous—Devonian. Representative, vertical sections were then selected across Great
Britain from the BGS GB3D national geological model (Mathers et al. 2014), which maps
all the principal geological formations as a fence diagram of the bedrock geology. For
each vertical section, the thickness weighted harmonic mean thermal conductivity has
been calculated for the Palaeogene—Permian and Carboniferous—Devonian sequences
with thermal conductivities of individual formations taken from Rollin (2002). The verti-
cal sections were selected from sedimentary basin and off-basin regions and comprised
8 Palaeogene—Permian and 11 Carboniferous—Devonian vertical sections. The mean
of the harmonic mean thermal conductivities was 2.37 & 0.5 W m™* K~! for the Pal-
aeogene—Permian and 2.68 + 0.24 W m~ K™! for the Carboniferous—Devonian. These
two thermal conductivities are at laboratory temperature and have been corrected for
temperature at depth across the grid using the algorithm of Vosteen and Schellschmidt
(2003). The depth at which to calculate the temperature was taken at the mid-depth Pal-
aeogene—Permian and/or Carboniferous—Devonian thickness and the temperature was
calculated assuming a geothermal gradient of 28 °C km™! (Busby et al. 2011). The final,
single value, thermal conductivity assigned to each grid cell of the sedimentary section
was the thickness weighted harmonic mean of the Palaeogene—Permian and/or Carbon-
iferous—Devonian temperature corrected thermal conductivities. The range of thermal
conductivity across the grid (K;) was 2.18-2.77 W m~* K.

Heat generation of sedimentary rocks is generally low. Rollin (2002) lists heat genera-
tion for the principal British geological formations, the mean of which for sedimentary
rocks (Ag; to base Devonian) was 1.17 p Wm™ and this single value was adopted across
the sediment thickness grid.

The basement layer of the model also requires thermal properties. From Rollin (2002),
the thermal conductivities of 63 lithostratigraphies that comprise basement rocks in
Great Britain (excluding granites) were averaged to give a mean value of 3.06 W m~! K™,
The temperature corrected value to a depth of 5 km (Kj), the mid-depth of the model,
using the algorithm of Vosteen and Schellschmidt (2003), was 2.54 W m~! K™! and
this was applied as a single value across the basement layer in non-granitic regions. For
granitic regions (see Fig. 3) a basement surface thermal conductivity of 3.3 W m~! K™*
(Downing and Gray 1986a) was assigned, which was temperature corrected for depth to
271 Wm KL

Heat generation within the basement layer is larger and more variable than the sedi-
ment layer, especially in regions of heat producing granitic rocks. For non-granitic areas,
an average heat production for basement rocks of 1.46 p Wm™2 was calculated from
Rollin (2002). Five regions of granites are known across Great Britain and are shown
in Fig. 3. These were assigned surface heat production values (4,) as follows; South-
west England, 4.6 1 Wm ™ (Lee et al. 1987); northern England, 4.1 1 Wm™3 (Lee et al.
1987); Southern Uplands, 2.5 p Wm™2 (Downing and Gray 1986a); East Grampians,
6.0 1 Wm™> (Downing and Gray 1986a); other Scottish granites, 1.8 u Wm™2 (Down-
ing and Gray 1986a). Lee et al. (1987) indicate that the heat production is most likely to
be constant to a depth of 10 km in southwest England, but in other areas it decreases
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Fig. 3 Locations in Great Britain with significant quantities of heat producing granites within the upper crust.
Quantitative figures of average heat production in, yWm, are shown for depths to 5 and 10 km respectively

exponentially with depth. It has therefore been assumed that, except in southwest Eng-
land, heat production decreases with depth according to;

A, = Age(D) (10)

where A, (f Wm™?) is the heat production at depth z and D is the range of depth over
which the heat production decreases to 1/e (0.37) of its surface value. For the high heat
producing Scottish granites of the East Grampians, D has been assigned a value of 4 km
(Busby et al. 2015) and for the other three regions of granite, a value of 10 km (Westa-
way and Bridgland 2014). With these parameters the average heat production value was
calculated for each of the granitic areas to depths of 5 and 10 km and these are shown
in Fig. 3. Hence, these two grids of heat production values account for the change of
heat production with depth with two values (split at a depth of 5 km) rather than a sin-
gle value for the whole crustal section. These were used for temperature calculations to
5 km and 5-10 km depth respectively.

The final two elements required for the modelling of temperatures at depth are the
surface heat flow and the mean surface temperature. The heat flow map of the UK has
been presented and discussed by Lee et al. (1987), Downing and Gray (1986a, b), Rollin
(1995), Barker et al. (2000) and Busby et al. (2009). It comprises 212 heat flow measure-
ments augmented by 504 heat flow estimates. There is a fairly uniform background field



Busby and Terrington Geotherm Energy (2017) 5:7 Page 10 of 18

with areas of increased heat flow associated with the radiogenic granites in southwestern
England and the buried granites of northern England. Values are also above the regional
background over the batholith in the East Grampians of Scotland. These data were not
corrected for the effects of palaeoclimate and topography, except over the southwest-
ern England granites where a correction for recent palaeoclimate changes was applied
(Wheildon et al. 1981). Westaway and Younger (2013) have indicated that the lack of
consistent palaeoclimate corrections, has led to an under estimation of UK heat flow
and, therefore, an under estimation of geothermal resources at depth. Since surface heat
flow is a critical parameter in the estimation of EGS potential, a crude regional correc-
tion scheme for palaeoclimate has been applied. It is based on published palaeoclimate
and topographic heat flow corrections at six borehole sites across Great Britain (Westa-
way and Younger 2013), over the East Grampians batholith in eastern Scotland (Busby
et al. 2015) and over the southwestern England granites (Beamish and Busby 2016). This
has resulted in a positive correction of 16 mWm™2 to regions north of the approximate
southern extent of the Devensian ice at the last glacial maximum and 20 mWm ™2 south
of the ice extent, where the extent of the Devensian ice was taken from Bowen et al.
(2002). The exception is that a correction of only 9 mWm ™2 was applied across south-
western England due to the partial correction applied for recent palaeoclimate changes.
The correction of 20 mWm ™ for southern Britain is less than that quoted by Westaway
and Younger (2013), of 27 mWm 2. This arises since the average palaeoclimate correc-
tion over the southwestern England granites of 24 mWm ™2 (Beamish and Busby 2016)
has been reduced to correct for the lower average thermal conductivity of near surface
upper crustal rocks across southern Britain of 2.75 W m~ K1, (Clauser 2006) com-
pared to 3.3 W m~! K~! for granite. The heat flow map is shown in Fig. 4.

Mean surface temperature has been taken as the mean annual air temperature and is
based on UK meteorological office annual long-term average data, as described in Busby
et al. (2009).

These gridded parameters have been inserted into Egs. (1) and (2) to derive the tem-
perature at the sediment—basement interface and into Eq. (3) for an estimate of heat
flow at the sediment-basement interface. Equation (4) has then been applied to cal-
culate temperatures at 1000 m depth intervals between 3500 and 9500 m. It should be
noted that the basement heat production, Az, was the heat production to 5 km depth for
temperature depth slices to 5000 m and the heat production to 10 km depth for deeper
temperature depth slices. For comparison with previous publications, temperatures have
also been derived for depth intervals of 5000 and 7000 m and these are shown in Fig. 5.

Estimation of available heat

Estimates of available heat were made with Eq. (5). As the composition of the British
basement to a depth of 10,000 m is largely unknown, single values of density and spe-
cific heat were estimated. These were taken as the mean of the 40 densities and specific
heats for metamorphic and intrusive rocks listed by Waples and Waples (2004), which
resulted in an estimated basement density of 2800 kg m~2 and basement specific heat of
887 J kg~' K~ Note that Ty, the base temperature, is the temperature to which the crust
can theoretically be reduced as a result of geothermal exploitation and, in accordance
with the protocol, was taken as 80 °C above mean annual surface temperature at each
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Fig. 5 Modelled temperatures at depths of a 5 km and b 7 km

location. It is possible for H to be negative if T is less than Ty, in which case H was set
to zero. Tabulations of available heat by depth slice and temperature range are shown in
Table 2.
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Table 2 Available heat or heat in place, within the basement for the depth range 3.5-

9.5 km
Depth slice (km) Heat content (EJ) tabulated by temperature at depth
150 C 200°C 250°C 300°C 350°C 400 °C 450 °C

35 1424 0 0 0 0 0 0

45 17,616 1335 0 0 0 0 0

55 29,526 7856 713 0 0 0

6.5 10,990 38,112 4257 404 0 0 0

75 3750 44,936 16,463 2760 214 0 0

8.5 816 28,581 43,598 7112 1636 42 0

9.5 75 6848 61,542 21,736 4038 813 6

Heat contents, in EJ, are binned as 25 °C around the central temperature, i.e. heat contents greater than or equal to 175 °C
and less than 225 °C are binned as 200 °C. The available heat in place for Great Britain is 357,197 EJ

Derivation of theoretical and technical potential power

Theoretical potential power generation was calculated from the heat in place estimates
for each 1 km?® basement cell for the 1 km depth intervals between 3500 and 9500 m by
application of Egs. (6) and (7).

Technical potential power requires consideration of the four technical limitations
comprising land access, accessible depth, recoverability factor and temperature draw-
down. Land access has been estimated from the UK land cover map (Morton et al. 2011)
which maps UK land cover to one of 23 classes at a parcel-based resolution of 25 m.
This has been resampled to 50 m parcels resulting in 400 per 1 km? of the theoretical
potential power grids. The proportion of each 1 km? grid cell that is available for EGS

development, R,,, was calculated assuming that seven of the 23 classes are not suitable,

av’
where these were classified as offshore, bog (but not Fen marsh and swamp), montane
habitats, salt water bodies, freshwater bodies, urban areas and suburban areas. Acces-
sible depth was limited to the top 6500 m and recoverability factor, R, was assigned a
mean value of 0.14 as recommended by the protocol. Temperature drawdown was cal-
culated from Eq. (8) and technical potential power (MW ) from Eq. (9). Tabulations of
technical potential power by British region (see Fig 6), depth slice and temperature range

are shown in Table 3.

Discussion

The estimate of EGS potential for Great Britain reported here has followed the proto-
col of Beardsmore et al. (2010, 2011). It is not possible to provide quantitative estimates
of accuracy as much of the analysis is reliant on properties of the basement at depth.
Data for the basement is sparse and therefore data gaps have been estimated from the
best available general compilations. As such the estimate gives a general guide to EGS
potential that can be compared to similar estimates from other countries and regions
and shows the regional variability of EGS potential within Great Britain. The estimate
should not be relied on to inform commercial investment decisions.

The final element of the protocol is to present the results using common visualisation
and data architecture and the protocol recommends using Keyhole Markup Language
(KML) that is suitable for upload to Google Earth. This has not been done here as there
has been a debate as to whether dissemination of the results should be tied to a specific



Page 130f 18

Busby and Terrington Geotherm Energy (2017) 5:7

°MI £6£'22C S! ulelg 38310 10y 1oamod |enualod [esjuydal
3yl "D, 00T S pauulq a1 D, §ZZ UeY} SS3| pue D, G/ | 0} [enba 10 uey 493ealb sjus3uod Jomod ‘o'l ‘ainjesadwa) [B13USD Y3 puUnote D, GZ F Se pauulg 318 M Ul ‘SJUSIUOD J9MOd *9 21nBl4 Ul UMOYS S1e suoibal ysiiug

166'LT €/9'81 629 15991 96561 P0TL 68581 SL8eL 2661 €0T6 20T’ LL [e10L
L/€ 0 0 0 0 0 LS 0 7l yis 0 00€
€€/t ol 0 0 0 L L19 LT ¥SLL 68L L 0sC
692/ vty e €29¢ €08t ids €0Ls LZvS Loge 8¢ve 19/'€C 002
856 8e 0 081§ €/5¢ 180¢C 44| 0/ 986 79t v0CY 0SL
D, dwia|
yidap Wiy 59
0 0 0 0 0 0 0 0 0 0 0 00¢
08 0 0 0 0 0 9/ 0 Lz Ll 0 0S¢
8697 9/§ 0 LEY 0 6t 1£9C 8661 8S/1 8/8 8¢/l 00
M/S ¥8Y9 olz $809 865/ 19/¢ £55¢€ 7697 4 dAd 7961 8S1'eC 0S1L
D, dwa|
Updap W §'g
0 0 0 0 0 0 0 0 0 0 0 00€
0 0 0 0 0 0 0 0 0 0 0 0sC
6821 0 0 0 0 0 4 Ll S9T oct 0 002
9lLY 079¢ S8l sole cese S65¢ 4437 €50¢ 868¢C o081 ree'8l 0S1L
BNCIET]
tpdap w Sy
0 0 0 0 0 0 0 0 0 0 0 00¢
0 0 0 0 0 0 0 0 0 0 0 05¢
0 0 0 0 0 0 0 0 0 0 0 002
clyl 901 0 Lze 0 Vi Les LS 18 205 0 0S1L
D, dwia|
tadap w §°¢
puejbuz ms puejbu3 35 uopuo puejbu3 3 salem SPIW 3s3M SpIW ise3 quinH 7 Y404 puejbuz MN puejbu3 3N puejods

abues aanjesadwa) pue 3di|s yydap ‘uoibai ysniig £q 1amod jennusjod jesiuyra) jo uonejngey € ajqel



Busby and Terrington Geotherm Energy (2017) 5:7 Page 14 of 18

Yorkshire &

South West

Fig. 6 Regions of Great Britain (Office for National Statistics Open Geography Portal:https://data.gov.uk/
dataset/regionsdecember-2014-generalised-clipped-boundaries-in-great-britain1/resource/ab19204b-4b88-
4f12-ab71-b15242b5ac83)

software package (C Bromley pers. Comm.), but publication of the results with KML or
another software could be done in the future.

Temperature maps at depths of 5 and 7 km are shown in Fig. 5. At 5 km depth the
minimum temperatures of around 100 °C occur in South Wales, whilst maximums of
over 200 °C are associated with the Southwest England granites (see Fig. 3 for the loca-
tion). At 7 km depth the minimum and maximum temperatures at the same locations
are around 130 and 300 °C respectively. Rybach (2010), in his definition of EGS, quoted
a minimum temperature range for power generation of 150-200 °C. At 5 km depth,
the percentage area of GB crust at temperatures greater than or equal to 150 °C is 36%
and greater than or equal to 200 °C is 1%. At 7 km depth, these percentages increase
to 98 and 40% respectively. Downing and Gray (1986a; and reproduced in Barker et al.
2000) published a temperature map at 7 km depth. In general their temperatures are less
than those estimated here. Their maximum temperature of ~260 °C is associated with
the Southwest England granites and they estimated temperatures of 200-220 °C for the
Northern England granites. The largest difference is associated with the East Grampians
granites where Downing and Gray (1986a) predicted temperatures of only 140 °C, com-
pared to 225 °C here. Temperatures at depth are dependent on the surface heat flow and
since one dimensional, vertical, heat conduction has been assumed the pattern of tem-
perature distribution at depth reflects that of surface heat flow. It is possible that some
heat flow measurements may contain a component of convective heat transport. Bullard


https://data.gov.uk/dataset/regionsdecember-2014-generalised-clipped-boundaries-in-great-britain1/resource/ab19204b-4b88-4f12-ab71-b15242b5ac83
https://data.gov.uk/dataset/regionsdecember-2014-generalised-clipped-boundaries-in-great-britain1/resource/ab19204b-4b88-4f12-ab71-b15242b5ac83
https://data.gov.uk/dataset/regionsdecember-2014-generalised-clipped-boundaries-in-great-britain1/resource/ab19204b-4b88-4f12-ab71-b15242b5ac83
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and Niblett (1951) suggested that the heat flow anomaly in the East Midlands (see Fig. 4)
was due to convective water flow up a Carboniferous anticline, in which case it would
not raise temperatures in the basement. However, there is evidence for Caledonian gra-
nitic intrusions within the crust of the East Midlands (Cornwall and Walker 1989) and
so a conductive heat flow component cannot be ruled out.

Table 2 tabulates the heat in place, in exajoules (EJ) to a depth of 9.5 km, which is
the heat in the basement that is theoretically available for EGS; a total of 357197 EJ. It
is sometimes referred to as the geothermal resource base (e.g. Blackwell et al. 2007). If
it were possible to develop just 2% of this resource (7144 EJ), this would be equivalent
to 1242 times the final UK energy consumption in 2015. Gale and Rollin (1986) calcu-
lated the GB Hot Dry Rock Accessible Resource Base (HDR ARB) to a depth of 7 km as
3.26 x 10'° TJ. The heat in place to depth of 7.5 km calculated here is 18.04 x 10 T7J,
a 5.5-fold increase over the previous estimate. Heat in place estimates have also been
made for direct use geothermal in Great Britain based on the deep Mesozoic basins and
range from 198-293 x 10° TJ (Busby 2014), indicating that the geothermal resource
base for EGS is around 700 times that for direct use. In reality this ratio will be less as
there is some direct use geothermal potential within the Carboniferous and Devonian
sedimentary basins (Busby 2014), but this is difficult to quantify due to a lack of deep
permeability data for the upper Palaeozoic.

The total technical potential power that could be exploited by EGS technology is
222,393 MW, (see Table 3). This represents just 0.4% of the theoretical potential power.
It is a much higher estimate than those of SKM (2012) or Atkins (2013), although these
were restricted to only 3 regions of high heat producing granites. All GB regions have
technical potential, although London is the smallest and Scotland is the largest. Figure 7
shows the technical potential power density in MW, km™2 across Great Britain for the
depth range 3.5-6.5 km. The regions of high heat producing granites in southwest Eng-
land and northern England are the most prospective, but other prospective regions are
also evident in the East Midlands, southern and eastern Scotland. Although the protocol
calculates technical potential power to a depth of 6.5 km, current geothermal explora-
tion in Great Britain is more likely to be restricted to a depth of around 5.0 km and tem-
peratures of around 200 °C. In which case technical potential is restricted to North East
England, North West England, Yorkshire and The Humber, the East Midlands and South
West England and represents a total technical potential power of 2280 MW..

Conclusions

The protocol of Beardsmore et al. (2010, 2011) has been applied to estimate the EGS
potential available for power generation in Great Britain. At a depth of 7 km the per-
centage area of GB crust at temperatures greater than or equal to 150 °C is 98% and the
heat in place within the basement to a depth of 9.5 km is 357,197 exajoules. Within cur-
rent, insurmountable, technical limitations the technical potential power that could be
utilised by EGS technology to a depth of 6.5 km is 222,393 MW . Current proposals for
EGS systems in the UK, as known to the authors, quote depths of up to 4.5 km and tem-
peratures of 190 °C. The technical potential power reduces to 2280 MW, if exploitation
is limited to depths of around 4.5 km and reservoir temperatures greater than 175 °C.
The EGS potential assessment has been restricted to the basement, defined here as rock
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Fig. 7 Technical potential power density across Great Britain for the depth range 3.5-6.5 km. Areas with zero
potential are mainly excluded as a result of land cover comprising urban settings and mountains

units beneath the base Devonian and outcropping or intruded granites. EGS reservoirs
can also be exploited within the deep sedimentary section where stimulation could be
by hydraulic fracturing or acidification (e.g. Breede et al. 2013; Knapek and Kittle 2007;
Zimmermann et al. 2009). The sedimentary section in this study extends to depths in
excess of 7 km (see Fig. 2) and so has EGS potential. This has not been considered here
as the purpose of adhering to the protocol is that EGS estimates from different countries
and regions can be compared.

Proposals to develop EGS within Great Britain have been restricted to the high heat
producing granites of Southwest England, Northern England and the East Grampians
(Downing and Gray 1986a; Busby 2010; Younger et al. 2012). The results presented here
have shown that at depths of 4-5 km and temperatures in excess of 180 °C, the majority
of the EGS potential is restricted to these granites. Breede et al. (2013) report that of 31
EGS projects worldwide, the deepest well drilled was 5093 m at Soultz-sous-Foréts in
France and the average well depth was 3046 m. Drilling is the largest cost component of
an EGS project (MIT 2006) and Lukawski et al. (2014) report that significant improve-
ments in geothermal drilling technology over the last 35 years has reduced the rate at
which well costs increase with depth. Continued improvements will allow economic
drilling to 7 km depth which will enable EGS exploitation in all regions of Great Britain.
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