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Today will be a faspaced
overview of geothermal in

an energy transition

- context
A PART B Technologies & workflows ~ 55 min

A New geothermal technologies
A Incremental advance of existing geothermal workflows & technology
A Regional exploration and scalability

A PART @ How does geothermal fit in/compare?
A Oil & gas versus geotherma what is different?

A Against surface renewableg how does geothermal compete? - QY. - deed .O)\ 5 YIAERE
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A Are nuclear and geothermal ever in competition? Will they ever be? consultancy company

A PART [y The customers

A Big single heat or power customers
A Networked energy distributionz heat or power
A Critical mineral users

GOthermal DireCt L|th|um EXtraCtion (DLE) davelwaters@paetoro_com
ore for and produce geothermal DLE Lithium

Grey = Not for today LOPS 088y t221Ayd
exploration in a number of
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The energy & climate premis

Some comparisons
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Three fundamental energy sources & a definition N\
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1) The solar and cosmic radiation incident on our planet
2) The kinetic energy of early solar system bombardments converted to heat & lunar orbit

3) The heat of radioactive decay both naturally in the crust, and stimulated in reactors

A Geothermal energy drives from 2 & 3, roughly half and half
A It is heatderived from the earth

Terrestrial heat flow
44.2 trillion watts

Radiogenic heat
Uranium / thorium / others

Heat from the time of the Earth’ s formation still exists

Paetoro Consulting UK Ltd. Inc. 2016 in England and Wales



he decarbonisation ticking clocka competitive drive \

A Now at 419 ppm and ~ 2.4 ppm/a increase.

Geothermalc ¢ K I {

A 450 ppm => 2 deg C global temperature rise. R

A 80% reduction in fossil fuel combustion to stoEE N EReRe I L

runaway warming has accelerated and the

A Strong incentive to decarbonise SEL @I EENIE NES (22
realised

A Strong drive to better incorporate the true cost

of emissions

a. Global net anthropogenic GHG emissions 1990-2019 ©
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HOW GHEENHU[EE GASES WARM OUR PLANET
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Carbon  Methane  Nitrous  Fluorinated
dioxide oxide gases
The global warming potential (GWP) of human-generated
greenhouse gases is a measure of how much heat each
as traps in the atmosphere, relative to carbon dioxide.

Sowrce: IPCC (2014)

How much each human-caused
greenhouse gas confributes to total
emissions around the globe.

B Fluorinated

gases (F-gases)

I \itrous
oxide (N,0)

I Methane (CHa)

W Net €O, from land
use, land use
change, forestry
(CO;LULUCF)

B CO, from fossil
fuel and industry

(COFFI)
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A CO2 is not the only
culprit

A It is by far the
biggest
anthropogenic one




The importance of decarbonising heat \\
A In UK, 50% of energy demand is heat related WWW:paetoro.com
A Two thirds is gas (69%), and nearly four fifths (79%) is oil or gas
A Typical of temperate advanced economies Major economies use as

: . S much as half of their
A The size of the decarbonisation prize is big prinlnjary energy on helzat

A Geothermal is not the only optionz but it has an important role to play

/ UK energy End Use TWh 2020 (simple) \ /UK Heat by source TWh 2020, BEIS 2021 "\

TOTAL BEIS 2021 1412, 2% TOTAL 690
1377 TWh TWh m Natural gas

35.65,
5%

m NON HEAT TOTAL
13.89, 2%

m Oil
= HEAT TOTAL \ m solid fuel

65.00, 10%
TRANSPORT
TOTAL

470.56, 34%

m Electricity

Heat

Bioenergy &

Waste j
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Geothermal Commodities

Heat, power, mineral




Heat & power

A Geothermal energy is not
just about power, which
needs higher temperatures

A Geothermal resource isot
only where there is very
high volcanic heat flow

A Sedimentary reservoirs
and aquifers around the
world provide many
options for heat use

traditional geothermal

| Coro and Trumpy 201§
power favourability

(0.02-0.136)
B (0.136-0.319)
B ©.3190.8)

B 051

Limberger et am
2018
Sedimentary
basin aquifer
geothermal
gradient

Grey areas =>
sediment thickness

Threshold depth
for 80 deg C
assuming surf

<100m

b

—ET

Geothermal for hg)at is less
restricted

temp of 20 deg __
6.0 km 3.0 km 2.0 km 1.5 km 1.2km 1.0 km 0.86 km
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Temperature gradient [°C km ']

0.75km
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Geothermal DLE (Direct Lithium Extraction)

A Geothermal direct lithium extraction z all the rage, but full scale production lines are yet to
come 7 the concept is still at pilot stage

Some key factors:
Igneous source

+/- Alkali volcanism
Sedimentary reworking
Evaporative reworking
Active rift burial
High enthalpy heat supply FeX
Hydrothermal reworking
Lacustrine hydrothermal

A The best brine mineral concentrations tend to come with high temp
A, E Al 1T AAT OOAOCEI 1T 6 AAT OA PP DPDBPiIi AOA AT 1 OEKA
not just the concentration

A We need longevity of producing concentrationsg especially if injection is happening that
means long term testing to prove viability

A Understanding Li genesis and the fluid circulations is critical

A Both often uncertain, and vary widely from place to placeg no one formula fits all

10km )
A Hochwald E
Landau - Insheim wells Rhin Baden-Baden
NW ke SE

Pechelbronn¢ Soultz wells

Cronenbourg * Bruchsal
well A

0 v | /I A3 s -
YA "
I / | 1/; » l ‘

/ \ ] /’ ! .l ‘ Tuneas. = 120°C
Tieas. = 160-170°C = Test. = 190£25°C
Test. = 225425°C
Tmoas. ad 200°C

Miocene,
L Piocene anarv Il Triassic Deep geothermal
I brine circulation
[] oligocene Bl Granite
i Fractured zones
[ Jurassic J [Fractured zone y




Hot water is an
excellent solvent
But heat does seem
to be the key for

brine minerals

That means
aggressive fluids
scale and corrosion
Issuesc comes with
the package

But not just lithium

to go for...

Assessment of

Mineral Resources in Geothermal Brines in the US

Ghanashyam Neupane and Daniel S Wendt

Idaho National Laboratory, Idaho Falls, ID 83415, USA

E-mail: Ghanashyam neupane(@inl.gov
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The hybrid renewables proposition?
A Sometimes combined solar and geothermal plants are proposeddi Oi AEA OEA AAOO 1T &£ Al OE(
A The approach is in its infancy and being tried out in some place®.g. Nevada

A But hybrid typically means more complicated toaz optimising one thing from an engineering and financing perspective
Is hard enough without having to juggle twoz compromises both a littlez the gain needs to be worth the extra hassle

A So while there is a definitely case for learning morg sometimes sticking with one and doing it well is best

A Investors like things to be commercial standalone and not depending on multiple things working

Geothermal & Solar..

Two or even three things
for the price of one,
sounds good on paper...

In practice it brings
commercial and
engineering complexity

.

ada triple hybrid power plantGeothermal, Solar PV, Solar Thermal



GSHP: Geothermal vs subsurface thermal

2020 Geothermal Energy Capacity GWe & GWt
Lund & Toth 2020, |IEA 2021 (including GSHP)
/ A \ 45, 05, 1% 985 1% gaq

® Heat pump (GWt)

u Power (GWe)
A Ground sourced heat pumps (GSHP) are JBE

= Balneology (GWt)

shallow circulating systems to conduct T & Space heating (GWH)
heat from the ground into a fluid and put it i 9 10 | |~ Greenhouse (GW)
. A A\ GROUND SOURCED

in a hotter one | s ol ) GG " R = Aquaculture (GWt)

- : = : B Industrial (GWt)
A They are not harnessing true geothermal S o [ e —1 A %WN@f‘:I Cooling/deidng
heat unless they go below the ~ 120m 7] M= == ——=—  geothermal rorat m_gswcﬂpmj
depth of solar influence T — S$> butoften
— (T80 G described as
A BUT they are often called so, especially in US @.& A_ _"m‘umd%ﬂov_ — 2’“"”’"‘&“"‘&“'”*‘10209
I
A They need some power to run compressors A geothermal A A A

and pumps

: ) pace Heating & Domestic Hot Water Heat Pump Ground Array
A For a Ilttle energy in they get a |0t Out (water system) (refrigerant system) (water / glycol system)

< g <—
HIGH PRESSURE SIDE = \ LOW PRESSURE SIDE

A Water bodies or the air can also be used as a
heat source

A They utilise daily and seasonal solar radiation
fluctuations for coupled heat and cool

A Land area needed for meaningful heat { ,L |
pply can force going vertical and deep - WEGETEA |

LN ~ ’
UiQUIDICONDENSED RERRIGERANT
S ———
ZO

T =Toni
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encompassing bo
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ATES: Heat & cool storage

A ATES= Aquifer thermal energy storage

A) 06 O /I 4 CAIT OEAOI Al
A The stored energy can come fromany source
A$SEOAT OAOAA AU
Injection to stop subsidence

s o~ o~ P .

A Looking for a thermal conductivity sandwichz Wosw
high conductivity between low conductivity lewo
120-160

160+

e | No. of ATES
wme | Projects by

Ty Rr@/t_ﬁ(‘@’i C
s China

inan
APD=241

Ihengibou

. APD=229

Shenrhen
APD=16

J

A To store seasonal and daily heat and cold

ATES
projects
Netherlands

(Winter

A Can work wellz BUT thermal energy storage is

never the most efficient means of storing energy..
A ...but if the aquifer is shallow and cheap to

Cold Water Source

Heat

Exchanger

reach
A ...and the energy would be otherwise wasted
A888xEAOGO0 110 OI 1 EEA
A Very big in China, Netherlands, and increasingly
elsewhere

A Lots of potential for megacity cooling in the

ropics if adjacent to deep water bodies -

Ing for geothermal, worth tagging what you
ay down =

ATES' Geothermal per se the heat (or cool) can come

from anywhere, BUT you can usevifith geothermal
Storing daily or seasonal heat & cool in tune with demang

@ C Primary Aguifer System '

Primary Aquifer Water Table

= | |

i

= | | ==

l Low-Permeability Unit {Insulation) t

Reservoir

Low-Permeability Unit (Insulation)

Thermal
I conductivity |
sandwich

Summsr\

End-User of Coaling Energy

Heat @

Exchanger

_4 Primary Aquifer Water Table

ﬁ | iPrimaanquifer&;stam‘ @

t Low-Parmeability Unit {Insulation] l,

=)
=)

T

Reservoir

Low-Permeability Unit {Insulation)




Core geothermal background

Some comparisons
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Different types of geothermal \

WWW.paetoro.com

A A definition: Geothermal energy is heat that igenerated
within the Earth

A nolt then ground sourced heating in the top 20m of the earth =
solar

A not thermal energy storage undergrOund

A By commodity
A Direct use heat or power (& brine mineral)

A By energy punch

A Supercritical/High enthalpy/Low enthalpy

A Enthalpy incorporates both temperature and pressure
A By working fluid(s)

A Water/steam/supercritical CO2/secondary organic fluids
A By depth

A Shallow ~<800m; Deep > 800m

A By geothermal system
A Volcanic, conductive, advective, convective

By exploitation system
Open system doublets/closed loop/DBHE/EGS

Drilling for direct use heat between greenhouses, Netherlands

varied Geothermal energy is not one
thing ¢ it is many



y Scalability of investment BN

A For an investment in a project to be attractive

A It has to be scalable

A The investor has choice it is not their role to do
OO0 AAOI OO0 AAAAOOA EO(

A Nobody wants to spend a lot of time and effort
T Oi Il AOEET ¢ OEAO AAT {

A Yet individual geothermal projects are very

location specificz not just to the geosciencez
but to the market

A That makes upscaling a challenge

A How do we apply widely the success of one
project when it is so different to the next?

We need to be able to upscale and repeat
We need to meet customer requirements

better than the competition

Paetoro Consulting UK Ltd. Inc. 2016 in England and Wales



Complexity, Diversity, Locality SN

WWW.paetoro.com

GEOTHERMAL COMPONENTS 06 a non exhaustive selection

Corrt1mod|ty Resource Data_;l Technology I_—|_aza_rd | Customer Commun?ty & Finance Regulatory
ype System Maturity mitigation & infrastructure Competitor framework




Geothermal system diversitgrrE=re

opportunity

N

WWW.paetoro.com

Geothermal systems are diverse

A Lithology and permeability architectures modify heat flows
. . ) . . a) VOLCANIC GEOTHERMAL SYSTEMS Hotspring 3 ¢ ¢ % H Coldspring Modified from Mosck 2014
A Temperature and geochemical gradients modify fluid behaviour Q Contnsae oy Water flow ' .~ _y. Watar flow C:}
A Pressuretemperature-depth-phase relationships vary e " C::}dlpq recharge
cidic sulphur springs -
A These are all reasons why scaling geothermal up has been difficult e’ o e
. . . ’: \ ic: ‘alteratign q.__________.-“
A Volcanic geothermal systems along active plate margins the ones we are] ¢ "\ % t !
most familiar with !
A Lots of heat and good for power § oo water o
. . . \ “( ' su smeﬂ”dl'“:“:
A Coupled Orogenbasin advective & convective geothermal systems ONVECHON | L o sost
A Mountain belt recharge drives overpressured circulation in adjacen
basins _
A Intra-Cratonic basin & shield conductive & convective geothermal system Chambar Quaternary Granite Pluton

A Conductive heat flow from the lower crust is modified by lithological

and structural variations

Subvertical
carbonates higher
thermal

c) INTRA-CRATONIC BASIN & SHIELD
CONDUCTIVE & CONVECTIVE
GEOTHERMAL SYSTEMS

Modified from Moeck 2074

Hotspring 3¢ 3¢ ¥t 3 ¥ Cold spring

Water flow  m e . Water flow

Fault Zone &

iated fluids

A All these systems present geothermal opportunity worth assessing

A

Convecting hydrothermal

SN\ system (but no overpressure)
b) RIFT AND OROGENIC ADVECTIVE & Modified from Moeck 2014 shallow “wet” permeable system | 7 N——— gl
CONVECTIVE GEOTHERMAL SYSTEMS g T —
Hot spring * 3 ot * ¥ Cold spring i
Rift Shoulder Orogenic belt Water oW — e — ) Water flow \’ »
\ /D /s .}I \Vi= STTON
. \\/ <L 7
Foreland Basin ', f \
\ ] / /
b 4 /
A p
"h... -

| \ High thermal /
conductivity salt

diapirs and walls

Deep “wet" permeable system




Because the geothermal

commodityc heatcis  Diversity of y%eojhermal customer A\
LIKeaAOlI tfte UNXYyaASyYyUlu | Ol yQu WVWW.paetoro.com

be exported

Geothermal commerciality | JSiLs
first and foremost about
understanding the local
market

Many, many options, each
with specific needs and
efficiencies

(L, mmm With ATES  mns

BaulLL L 1
(e ) gy
* 4 £ *

Green H2 for industrial
feedstocks

.

urface Renewables

PR




spirulina algal Freeze

superfood

P sy

Geofood e

N\

A More than greenhouses care e , - — WWW.paetoro.com
. . ~ - 3‘: Sl Ieating plates
A Much food production requires heat | X = SErsr At I7

A Opportunity riding on COVID and hidada =
transport cost drivers for more domestic
food production

greenhouses

distillery

SHINOBU

NEZUNARA
L

il

w) T

- 13
Wross

S S0
L s

Just a few....
Possibilities
endless

Just for starters...



eat is mostly straightforward to
use directly as heat

Organic Rankine Cycle (ORC) binary

is the most common type of new
power plant construction

It uses two working fluids z one an
organic one that is vapour at lower
temperatures

More efficient & accesses lower
temperatures

Dry steam, flash steam, dual flash
steam are others but tend to be
higher temp. affairs

Commercial feasibility is a function
of both flow rate and temperature

ORC hinary power is technically
feasible to 90 deg C

In practice ORC binary is rarely

commercial below 140 deg QE O 6
possible but would need great flow
rates

Depending on how cool we can
BREAAO E1 O OE
may have cascaded
optionszthe cooler
ecting, the

2 Kl 6Qa R2Foft S
commercial are very different things

Lund 2016

130°r
155°C)

PLATE MEAT
CXCHANGER

GECTHERMAL

2

DIRECT USE

Number of Units

POWER BY TY

O Binary

W Back Pressure
O Single Flash
O Double Flash
W Dry Steam

O Hybrid

Eliasson et al 2&/2

Paetoro Consulting UK Ltd.

r-d

200°C
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Harnessing geothermal heat for direct use heat & powe NN

WWW.paetoro.com

mnd 2016

POWEF
(ORC &

BINARY)

Production
Well

r;gVapor

rgai

Turbine === Generator * * *A" \?a\g)arter

Condenser
| o

Cooled Water

Cooling
Tower

Air
Water

Heat Exchanger

. Injection
Geothermal Reservoir Well

L | h THE VALUE OF COOLING
3
~ AVAILABILITY
Food Processing Apartment R B |
Building
-
Refrigeration Greenhouse 13
Plant T%
BOTH |
CASCADED | =
o Fish Farm
https:/iwww.carbon &
counts.com/about
geothermatenergy 1 Nice cool river helps




The Lindal Diagram \
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A Different
customers have . )
very different e Lindal Diagram
temperature Dry Stoam
requirements Geothermal
| Power Plants
& Mineral Recovery
_7/\— Etand, |
Biofuels
oy SR
= Binary 7 mid —
,2dz R2Y Geothermal = S rying
140 deg C to Power Plants 1 Pulp ol .
grow cabbages e

or defrost a
football pitch

Heat pumps also allow options of raising temperature by
GO2YyOSYUNI GAY3IE KSIG FNRY | f

l NH
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A

NB &as

USEABLE HEAT  Fluid mass fluid constant

/‘ ¢ ability to
carry heat  Productioninjection

-

Flow rate * time

f temperature difference
For a given surface flow rate: longer in reservoir = more heat 1
’ The more we can cool

to at surface, the more

Heat flow = mW/m2 = MJ/s/mg function of both area and time heat we can get out

1

he more even the perm, the more distributed the flow, the greater
area, the slower the flow, the longer the time, the more heat
collected

...how well production varies with time
...how quickly the reservoir cools with time
...how efficiently we can exchange heat

asS impOrtant asS temperature ..how efficiently we can transform heat to power

Lower the temperature the lower the efficiency

Paetoro Consulting UK Ltd. Inc. 2016 in England and Wales



he beauty of shallo

Temp generally approx. linear increasing
with depth

Earth’s Crust Temperature Profile at Different Locations 50

Geothermal Well MD Drilling Cost (after Beckers 2015)

Teperature 100°C .. 200°C ... 300°C 400°C a5

Depth

40 ——Cost USD

» minus 25%

30
plus 25%

orancm h Lardorello 25

: F:nes!and. 20

COST USD Million

15

o .~~~ Drilling cost non
# = linear increasing
with depth

) Geothwrmal gradient
3,5°C 1100 m
. Average 5

TP

0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

DEPTH MD metres

Drilling Cost

Temperature gets better
going deep-linearly...
...Reservoir and costs get
better going shallower
exponentially

Oberpfalz (G ermary)

Temperature
~ Flow ratg, ~ perm ~ porosity

nQ = maT

In general, porosity, permeability, flow rate, mass, gets b¢

faster going up than temperature does going down, and

pumps can beef up temperature with good flow rates che
than drilling deeper into tighter rocks can.

Depending on customer, better flow rate shallower can
be more attractive than better temperature deeper
For a price, heat pumps can also deliver temp. uplift

Sandstone
Porosity @ (%)

40 60

Porosity non
linear decreasing
fast with depth

- = low-end curve
—— mean curve
---- high-end curve

Carbonate
Porosity @ (%)
40

- — low-end curve
—— mean curve
-+ high-end curve

PorosityPermeability




What geothermal offers, realistically... \
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In an nonvolcanic nation 5%f total primary energyis ambitious, 1% is doing OK

In a small to moderate sized volcanic nation 20-#9% can be doable

[
[WOI’ld 20144 (m=———= 0.294-8% 0.7% Netherlands 2016 h EHydro ®Geothermal “Thermal ®Wind “Biomass * Solar

1
1 6 tah:e [ : 3.6% 1%_\1% 2% Kenya 2019

® Hydropower - 0.2%
o e e e Y

Solar PV | m Geothermal 1.8%
P4

1%
Solar PV

Solar

™~ \ Thermal
S 2%

3% Solar thermal
s Wind
3% m Bioenergy
\_ - /U PAN Geothermal 28% )
GLOBALLY 2014%o0f rn v NETHERLANDS 2Q18%o0f rnw KENYA 2018 28%o0f rnw
BUT renewables are only ~15% of ~ BUT renewables are only 9% of whole Rnw 80% of whole =22%whole

whole =>0.6%whole
¢CKS 22 2F NBYySH

% of total primary energy NZ ~22%0f rnw

We have to correct to get the true BUT renewables only 40% of wholg!

contribution =>9%whole

=>0.2%whole

S0 N
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New geothermal technologies
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The Great Technology Tease NN
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/ \ f Drilling fast, deep, hard, slim \ / \

The great technology teass

On - \ L % \coz plu‘ﬁ@’%ﬁ%ﬂfﬁ & c;cs s/
4 I

MMW/

plasma
drilling

Onshore seismic
\@orocessing advances

N J

A Lots of things work already, but lots of new improvements are coming /EGS & Hot dry rock \
2 N

AESBfYa0062588fB80YBkaYO0OB825808080baYNYYOsaej Use0Os5U(

%

A ... To know and map where they are most likely to work if they do 6 and
QY6Y396U31 fFUT

A; AUBNSQocaBaYp6yYUYS0B] NN6ODS6AOGYI60Dbj 0860YUKkaej NUsSj fuUSB
optlmlsatlon runnlng room




