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Background - Geothermal Systems

Conventional geothermal system

GaathermulyHosted Rsarvle

[©GreenFire Energy Inc.]

Shallow reservoirs ~ 1-2 km
Temperature gradient > 70 °C/km.
In permeable rock layers
Specific geological locations
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Conventional geothermal system

GaathermulyHosted Rsarvle

[©GreenFire Energy Inc.]

Shallow reservoirs ~ 1-2 km
Temperature gradient > 70 °C/km.
In permeable rock layers
Specific geological locations

Enhanced geothermal system

500-1000m

[Schiegg et al. (2015)]

Deep reservoirs ~ 3-5 km
Temperature gradient > 40 °C/km.
Fracturing in the impermeable rocks

Everywhere
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eothermal eofluids

ETHziirich

nergy and

Background - Geothermal Systems

Conventional geothermal system Enhanced geothermal system Advanced geothermal system

GaathermulyHosted Rsarvle

500-1000m

[©GreenFire Energy Inc.] [Schiegg et al. (2015)] [©GreenFire Energy Inc.]
Shallow reservoirs ~ 1-2 km Deep reservoirs ~ 3-5 km Extremely deep reservoirs > 5 km
Temperature gradient > 70 °C/km. Temperature gradient > 40 °C/km. Temperature gradient ~ 30 °C/km.
In permeable rock layers Fracturing in the impermeable rocks Closed loop system
Specific geological locations Everywhere Everywhere
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Background - Drilling Costs
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Temperature@1 km depth @Europe
[Chamorro et al. (2014)]
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Background - Drilling Costs
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) 25-30
1 30-40

. VT ~30°C/km
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Temperature@1 km depth @Europe
[Chamorro et al. (2014)]
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Background - Drilling Costs
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[Chamorro et al. (2014)]

[Lowry et al. (2017)]: Calculated using the Well Cost Simplified
(WCS) model from Sandia National Laboratories.
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[Chamorro et al. (2014)] (WCS) model from Sandia National Laboratories.
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Background - Drilling Costs for AGS

AGS - case study’ Impact of the drilling performance
Scenario Current | Ideal | Target (any)
ROP [ft/hr]? 25 100 | To be increased
Bit lifetime [hr]? | 50 200 | To be increased
SpCC [USD/We]' | 145 37 2-5

SpCC: Specific Capital Cost

USD equivalent to 2019USD

Current rotary assumes state-of-the-art mechanical rotary drilling

Ideal rotary assumes solving all challenges of state-of-the-art mechanical rotary drilling
Target (any) assumes novel drilling technologies, e.g., PPGD, thermal spallation, laser, etc.

Thus, we need to increase the ROP and the bit lifetime to the values at which the SpCC reaches
2-5 USD/W,, thereby enabling AGS to compete with other renewable energy resources.

'[Malek et al. (2022)] - 2[Lowry et al. (2017)]
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Geothermal Energy and Geofluids

Background - Drilling Costs Reduction

Cm
Ch

Cr
Tq
Tt
Th

AD

Cm—

Cost parameter
Drilling cost

Bit cost

Rig cost

Drilling time
Tripping time
Non-rotating time
Drilled depth

[Lyons et al. (2012)]

G+ G (Tg+ T+ Th)

Unit
USD/m
USD
USD/hr
hrs

hrs

hrs

m

AD i.e., PPGD, thermal spallation,
Depends on laser, etc., are expected to:
- increase the ROP and the bit
lifetime,
ROP - eliminate most of the mechani-
Bit lifetime cal failure, and
Mechanical. f;uure andcasing  _ 5fford the drilling-with-casing ap-
ROP and bit lifetime

proach.

EGYPlasma School 2023, Port Said, Egypt

PPGD - Introduction and Modeling | 05.03.2023 Mohamed Ezzat 5/28



ETHziirich eothermal Energy and Geofluids

Outline

Plasma-Pulse Geo-Drilling
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PPGD - Concept

Epsr Dielectric strength of the rock
Epspr | Dielectric strength of the drilling fluid

Lightning in nature E > Epsnr

EGYPlasma School 2023, Port Said, Egypt PPGD - Introduction and Modeling | 05.03.2023 Mohamed Ezzat 6/28



ETHziirich eothermal Energy and Geofluids

PPGD - Concept

Drilling fluid

"- ‘* ¥ ""f-""gi'u*' oy Epsp | Dielectric strength of the rock
" #‘ AT :!"-m Eps.pr | Dielectric strength of the drilling fluid

l' ROCk '?..-1
3”?!; Ny Wt

E > Epsr > Eps.pF

Lightning in nature
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PPGD - Concept

Drilling fluid

Steep pulse

Flat pulse

Dielectric strength (kV/mm]

Rock

o A =0
1y ock r',..'. Drilling fluid
i!'amd

Alexander Vorobyev E > Epsa > Eps.or ——

(1909-1981) TPU Rise time 7 < 500 ns

rock water

1
1
1
¥
Breakdown in Sreakdown in
1
1
1
1

Time [ns] ’
[Ushakov et al. (2019)]

Thus, PPGD requires short high-voltage pulses of rise time < 500 nanoseconds and amplitude
> 200 KV, thereby forming plasma channels inside the rock, not in the drilling fluid.
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PPGD - on the Lab Scale
High voltage pulse

200 ﬂ
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[Ezzat et al. (2022b)]
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PPGD - on the Lab Scale

High voltage pulse Drill bit
High voltage electrode Grounded electrode

200 ﬂ ’ N
Z 100 \
E
K /\MM
S -100

—2055 00 02 04 06 08 g
Time [US] Polyethylene Insulator
[Ezzat et al. (2022b)] [Ushakov et al. (2019)]
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PPGD - on the Lab Scale
High voltage pulse Drill bit Borehole
High voltage electrode wm Grounded electrode x

200 ﬂ i
Z 100 A
S -100

—2055 00 02 04 06 08

Time [US] Polyethylene Insulator
[Ezzat et al. (2022b)] [Ushakov et al. (2019)] [Rossi et al. (2020)]
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PPGD - on the Lab Scale
High voltage pulse Drill bit Borehole

200 ﬂ

High voltage electrode Grounded electrode
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Time [us]

Pulse Voltage [kV]
o

—100

—200

Polyethylene Insulator

[Ezzat et al. (2022b)] [Ushakov et al. (2019)] [Rossi et al. (2020)]

Even though the research and investment in PPGD are incomparable (too little) to mechanical
rotary drilling, comparative analysis has shown that PPGD may reduce the drilling costs by 17%
from the costs of the mechanical rotary drilling (roller cone bit). '[Anders et al. (2017)].
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PPGD - 1:5 Prototype by SwissGeoPower
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PPGD - Pros

1- No mechanical abrasion

Increases the ROP and elongates
the bit lifetime.
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PPGD - Pros

1- No mechanical abrasion 2- No drilling string

Increases the ROP and elongates Minimizes the mechanical failures,
the bit lifetime. which reduces the non-rotation time.
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PPGD - Pros

1- No mechanical abrasion 2- No drilling string 3- Fracture by tension as in (a)

! |

]!

4 —_— y \ -—
‘. i @ ()
U U
Increases the ROP and elongates Minimizes the mechanical failures, ~ Tenth of the drilling specific energy of
the bit lifetime. which reduces the non-rotation time. the rotary drilling.
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PPGD - More pros

® Easier directional drilling
=- By controlling the operated electrodes.

® Simultaneous casing
=- Borehole diameter is larger than than the drill bit diameter.

Make bigger covens from a small borehole
=- Nuclear waste storage or tunnel excavation.

No need for the drilling rig to exert vertical pressure.

Usable for mining exploration and mineral separation.
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eothermal Energy and Geofluids

PPGD - Cons

1- High voltage impulses 2- Operation Environment 3- Pulse generator volume
Hochspannungsquelle - Spulflussigkeitslager g ryngs-
gesténge
< At ~ 5 km depth, Impuisgeneeor Ealvkopt-
< . iihrung
€ E) 150 MPa (i.e., 1500 atm) and i SIEUereintielt
= € 19mx 15m
% 2 150 °C. TR Bohrkopf
> 3
Office
S Versuchskessel
Time ) P PpenC mit Fluidsammler

. Cuttingseparatoren mit
. Riickférderpumpe Sedimentationsbecken
[Lisitsyn et al. (1998)]

und Cuttingsammler

[©SwissGeoPower.ch]
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PPGD - More cons

® Demoralized water is necessary
= Developing a cheaper drilling fluid of high dielectric strength is necessary

* Relatively big cutting size for circulation to be transported to the surface
= Use higher energy pulses or optimize the electrode configuration would solve the
problem.
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PPGD - Challenges (Research Areas)

1- Understand the PPGD physics

[Ezzat et al. (2022a)]

to optimize the operating conditions.
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PPGD - Challenges (Research Areas)

1- Understand the PPGD physics 2- Examine PPGD under HP/HT

f&b

[Ezzat et al. (2022a)] [Ezzat et al. (2022b)]

to optimize the operating conditions. o examine PPGD viability under the
deep wellbore conditions.
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PPGD - Challenges (Research Areas)

1- Understand the PPGD physics

[Ezzat et al. (2022a)]

to optimize the operating conditions.

2- Examine PPGD under HP/HT 3- Developing Compact generators

— it
o B 1 e
) o SOUS

[Ezzat et al. (2022b)]

[Anders et al. (2017)]

to examine PPGD viability under the
deep wellbore conditions.

to be installed in the drill head and
withstand the deep wellbore
conditions.
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PPGD - Challenges (Research Areas)

1- Understand the PPGD physics 2- Examine PPGD under HP/HT 3- Developing Compact generators

i
s
et
T soe o
R
ccsole
| ace

[Ezzat et al. (2022a)] [Ezzat et al. (2022b)] [Anders et al. (2017)]

Wt

to optimize the operating conditions. o examine PPGD viability underthe o be installed in the drill head and
deep wellbore conditions. withstand the deep wellbore
conditions.

group, i.e., the PPGD project and this Ph.D. thesis, focus on
. Nonetheless, other groups, e.g., Laboratory for High Power Electronic Systems,
focus on topic 3.
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Outline

Modeling of the PPGD
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Modeling of the PPGD
Lisitsyn et al. (1998) Experiment:

Experimental Setup

High-voltage Grounded
Electrode Electrode

Sample

So, fracture onset occurs in the rock pores.
[Lisitsyn et al. (1998)]
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Modeling of the PPGD
Lisitsyn et al. (1998) Experiment:

Experimental Setup Pulse profiles

High-voltage Grounded
Electrode Electrode

Voltage (kV)
Current (kA)

Sample

Time (ps)

So, fracture onset occurs in the rock pores.
[Lisitsyn et al. (1998)]
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Modeling of the PPGD
Lisitsyn et al. (1998) Experiment:

Experimental Setup

Pulse profiles Results
High-voltage Grounded ABLE L. Destroyed volume in the experiment with granite samples (thr
Electrode Electrode ots).
S Experiment Destroyed volume, cc Destroyed volume, cc
< 3‘ number dry granite water-saturated granite
<
° =
s € 1 275 0
s 8 2 273 0
S 3 0 0
3
> (@] 4 3.00 0
5 1.91 0
6 827 0
Sample Average 3.11%+2.75 0=0

Time (ps)

So, fracture onset occurs in the rock pores.
[Lisitsyn et al. (1998)]
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Modeling of the PPGD

® Phase-l: plasma formation in pores.

Marx generator —»@ High voltage elzc::::;d e [Li sitsyn etal. (1998)]
Drilling fluid
pore-plastma & Vr Insulator ® Phase-Il: Plasma pressure

Rock channel-plasma

expand/induce microcracks.

channel-plasma

5 expansion ® Phase-lll; Plasma channel
formation.
) -(b)Phase"‘ — — ® Phase-1V: Plasma pressure

damage rock.

Our simulations focus on the plasma simulation of Phase-I (i.e., increase in the pore pressure), which is the onset of the

whole process. However, coupling this plasma simulation with a mature phase-field fracturing modeling is foreseen.

[Ezzat et al. (2022a)]
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PPGD Modeling - Plasma Formation in Pores

Pore boundary of grains

dp
—

We use ZAPDOS application to simulate the plasma
formation in a single pore and calculate the de-
posited electric power in the pore.

An open-source MOOSE Framework application for the simulation of plasma.

Then, we use the ideal gas low to calculate the increase in the pore pressure, i.e., final plasma
pressure. [Ezzat et al. (2021)]
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PPGD Modeling - Plasma Formation in Pores
Deposited electric power density

300 kV 400 kV 500 kV

i
7 =30 s

Pore boundary of grains

dp 2

—> 1 8

1 r )

g | R &

We use ZAPDOS application to simulate the plasma o i, il

formation in a single pore and calculate the de- i _! g

osited electric power in the pore. ] / { b Y

. ? . ezl | Ldemmel| femi ] T e
An open-source MOOSE Framework application for the simulation of plasma. PR & VP & VP @ P &

t [ns] t [ns] t [ns] t ns]

Then, we use the ideal gas low to calculate the increase in the pore pressure, i.e., final plasma
pressure. [Ezzat et al. (2021)]
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PPGD Modeling - Plasma Formation in Pores

(a) Pressure concentration

e d 4

dP -%

® Single pulse is enough to cause damage in rock of 100 um pore size (e.g., tuff or
sandstone). However, A few pulses are necessary to cause damage in rock of pore sizes
smaller than 100 um pore size (e.g., granite). Shown experimentally by [Lisitsyn et al. (1998)].

[Ezzat et al. (2021)]
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PPGD Modeling - Plasma Formation in Pores

(a) Pressure concentration

)l 3
D/dp ] (1)

" l}% Fr.o = Tuax {1 * (D/dpP? + (D] )

® Single pulse is enough to cause damage in rock of 100 um pore size (e.g., tuff or
sandstone). However, A few pulses are necessary to cause damage in rock of pore sizes
smaller than 100 um pore size (e.g., granite). Shown experimentally by [Lisitsyn et al. (1998)].

[Ezzat et al. (2021)]
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PPGD Modeling - Plasma Formation in Pores

(a) Damage path (based on experimental work)
(b) Failure criterion

()

‘ =2 mm

= Rocksurface == = Damage path

12 ()

= —— dp=100.0 ym dp =500 ym ===+ dp=10.0 ym

o Failire

= e .

< . No Failure

S

a9

(ﬁ.U 2.5 5.0 75 10.0 12.5 15.0 17.5 20.0
d [mm]
[Ezzat et al. (2021)]
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PPGD Modeling - Plasma Formation in Pores

(a) Damage path (based on experimental work) (a, b, ¢) Plasma pressure for different rise times.

(b) Failure criterion (d) Failure criterion

(a) (Bl TR =30ns (b) 7R = 100 ns (¢) Tr = 300 ns (d) Ppc [MPa]

‘ c=2) mm 12 - dp=10pum dp =50 um —- dp =100 um dp =100.0
=0 - dp =50.0 ym
e .10 R = dp =100 jm
Q2 & Failiire

e Rock surface == = Damage path =3 y.
12 () <y ) No Failure
— — — e = s 3 N 'Y 'Y
- dp =100.0 i dp =50.0 yin dp =100 pm o e ‘o
& Failure . & & &
= .5 .
oo No Failure P DR DS S d[m] 20
~ 4 . ’ ’ mim|
& Vr 3oz [kV] Vrtar [kV] Vrtar [kV]
o 25 50 75 100 5150 175 200
d [mm]

[Ezzat et al. (2021)]
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PPGD Modeling - Plasma Formation in Pores
(a) Damage path (based on experimental work) (a, b, ¢) Plasma pressure for different rise times.

(b) Failure criterion (d) Failure criterion

(a) () Th=30ns (b) T = 100 ns (c) 7r = 300 ns (d) Ppc [MPa]

‘ c=2) mm ‘ 12 - dp=10pm dp = 50 pm —- dp =100 um dp =100.0
=0 - dp =50.0 jm
£ — 10 ). ----- dp =10.0 pm
a2 £ Fai

= Rock surface == == Damage path =3 » afure
- () <, ) No Failure
—_—dp = _ ceen = °-® 5 + Y
— dp =100.0 i dp =50.0 pm dp =10.0 pm ‘> o o
& Failiire . ¢ P P 3
= Tl NS S . AN SN S— .
s 7 No Faure - PSS TP SO S
& | VEtas [KV] VEtar [V Veatar [
o 25 50 75 100 135 150 175 200

d [11;111]
Single pulse is enough to cause damage in rock of 100 um pore size (e.g., tuff or sandstone).
However, A few pulses are necessary to cause damage in rock of pore sizes smaller than 100
um pore size (e.g., granite). Shown experimentally by [Lisitsyn et al. (1998)].
[Ezzat et al. (2021)]
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PPGD Modeling - Pore Characteristics Effect

Sample model schematic Pore model schematic

< Vp=0
Vp=1
& Granite
;r Il Pore
=
N y
",

[ Wp=1 |
We use this model to calculate the electric field distribution: (1) across the sample to distinguish

which regions have the highest electric field values and (2) across one single pore of different
fluids, shapes, sizes, and orientations.

[Ezzat et al. (2022a)]
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PPGD Modeling - Pore Characteristics Effect

Sample model schematic V- (eVVs) = pe, (2)
; Eer s = Es/Ek, 3)
— [ W = 13 em ]
oot s e T € Electric permittivity
W Poi £ ) el he ol ic field Vs(x,y) Voltage distribution
.e l.Jsefj oisson Equation to calculate the electric fie Es(x,y) Electrio Fiold
distribution (Es(x, y))- Eers | Enhancement Factor of Es

[Ezzat et al. (2022a)]
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PPGD Modeling - Pore Characteristics Effect

Enhancement factor for the pore’s electric field.

Ellipse| Circle Square Ellipse.
b o Vp=1 Vp=0|
= — = -
g Y N ‘L & ' )
8 Pore =
o] o Wp=1
Eppp=15 Eppp =17 Eppp=18 Eprp =20
o
2 . . .. e ah»
3] Eprp =02 Eprp =02 Eprp =02 Eprp =02
=
R=]
=
=

[Ezzat et al. (2022a)]

V - (eV Vp) = pe, (4)
Eerp = Ep/EE, (5)
€ Electric permittivity
Ve(X,y) Voltage distribution
Ep(x,y) Electric Field
Eerp Enhancement Factor of Ep
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PPGD Modeling - Pore Characteristics Effect

Paschen’s Law:

Breakdown Voltage (for gases): Paschen Curve:
BPpd,
Vps.a(Pp,dp) = PP ; (6) 102] € Vo = 50KVl 300KV
In(APpdp) — In [In (1 + Wsec)] E = Vigree = 400KV =k= 200 kV
Dielectric strength (for gases): e Plasma
BP, 5100
Eps.a(Pp, dp) = P @) : Nitrogm
In (APpdp) — In [|n (1 + L)] Tonized gas Paschen Curvel
Vsec 0 T 2
10 10 1
Pp;-dp [MPa - pun
(dp >10 um, Pp <2.5 MPa) s - dp [MPa - um]

[dp limit: Husain and Nema (1982) & Pp limit: Hopf et al. (2015)]

[Ezzat et al. (2021)]
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PPGD Modeling - Pore Characteristics Effect
Predicted VS Measured Dielectric Strength of the Granite:

-
500 . -
® L4 Q§ i R @ Damage (Exp.)
Y ,// Damage Zone
%4 4 B No Damage (Exp.)
400 LJ A No Damage Zone
e .
’
. 7
= 300 /Sy n
= e
24, y X
= 200 ? / ol
/’_’.""‘ _ g0 == Epspepia = 5? k\{/cm
e dp = The 1000 v Ep = 47kV/em
100 2 — Ep, 10pm = T1 KV /em
(20 A
< 1 —— Epsxumsoum = 16 KV /em
%5 /
/ —— Eps.Num100m = 12 kV/em
0
0 2 4 6 8 10
dg [em]

[Ezzat et al. (2022a)]

Geothermal Energy and Geofluids
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PPGD Modeling Repositories

Our models are open source:

B mezzatf | pore_plasma_1D  Pubiic & mezzatf | pore_impact_on_ppgd Pubic

<> Code () Issues I Pullrequests () Actions <>Code () lssues [ Pullrequests (O Actions

¥ main - ¥ 1branch ©0tags # main - P 1branch ©0tags

Mohamed Ezzat sorting Mohamed Ezzat and Mohamed EzZzat improve en

B bolos sorting W figures improve e
W data_processing sorting B python_scripts improve
I input_files sorting 8 simulation_files daily upd:

https://github.com/mezzatf
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eothermal Energy and Geofluids

PPGD Modeling Repositories

Our models are open source:

B mezzatf { pore_plasma_1D  public

<> Code () Issues I Pullrequests () Actions

¥ main ~ ¥ 1branch ©0tags

Mohamed Ezzat sorting

W bolos sorting
B data_processing sorting
B input_files sorting

& mezzatf [ pore_impact_on_ppgd Ppubiic

<> Code

I

@ Issues 11 Pull requests @ Actions

main -} 1branch ©o0tags

Mohamed Ezzat and Mohamed EzZzat improve en

figures improve e
python_scripts improve e
simulation_tiles daily upd:

https://github.com/mezzatf

You can learn, ask questions, modify and collaborate.
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Outline

Take-Home Message
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Take-Home Message

PPGD may be a solution to reduce
the drilling costs for geothermal

energy, especially for the AGS.
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Take-Home Message

PPGD may be a solution to reduce
the drilling costs for geothermal

energy, especially for the AGS.

eothermal

+

@

Pore boundary of grains

dp
—

Pore pressure increase due to
Plasma Formation is sufficient to

induce fracturing in granite.

nergy and

eofluids
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eothermal Energy and Geofluids
Take-Home Message
Vp Vp=0
;o € V1
NN i Pore
=
Pore boundary of grains y
v [
PPGD may be a solution to reduce Pore pressure increase due to The Pore characteristics, i.e.,
the drilling costs for geothermal Plasma Formation is sufficient to pressure, fluid, size, and orientation,
energy, especially for the AGS. induce fracturing in granite.

are critical for the PPGD process.
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eofluids

Take-Home Message

Vp

+

< Vp=0

1—{—-|

ol Granite

Pore boundary of grains

eothermal Energy and
dp
—

=] i

—Wp=1—f
PPGD may be a solution to reduce Pore pressure increase due to

f—o=Hp

' Pore
Yy
I T

The Pore characteristics, i.e.,

the drilling costs for geothermal Plasma Formation is sufficient to pressure, fluid, size, and orientation,
energy, especially for the AGS. induce fracturing in granite.

are critical for the PPGD process.

Outlook: (1) Include the electrodynamic effects and (2) couple the plasma and the rock
fracturing models. [Ezzat et al. (2021, 2022a)]
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Take-Home Message

-1
il

T GEs

[ Pore eothermal - nergy & eofluids

&

Z Fraunhofer
IEG

f——Wp 144
PPGD may be a solution ~ Pore pressure increase  The Pore characteristics, (SissGeoPower
to reduce the drilling costs  due to Plasma Formation  i.e., pressure, fluid, size, g Innosuisse
for geothermal energy, is sufficient to induce and orientation, are
Grant No. 28305.1 PFIW-IW
especially for the AGS. fracturing in granite. critical for the PPGD
process.

Thank you for you attention! Any Questions?

mostamoh@ethz.ch | m.ezzatf@icloud.com
Scan for the PPGD Project
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