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ABSTRACT

Today geothermal energy is utilized on land worldwide and the geothermal resources have a
potential of being one of the greatest sustainable energy choices there is. However, offshore
geothermal energy has not been considered a feasible option so far, but with increasing energy
prices and increasing knowledge of the utilization of this resource the choice becomes more
attractive.

The concept of an offshore wind turbine capable of generating electricity and simultaneously
extracting geothermal energy has been investigated. Hence, the prime focus of the present
study is to explore the possibility of using an offshore monopile wind turbine structure,
combined with an active heat exchanger system for extracting geothermal power from the
oceanic crust. In the thesis, we have first considered dynamic analysis of the offshore wind
turbine structure modeled as multi-degree of freedom system and analysed it for offshore wind
and wave loading considering soil structure interaction. In the later half of the thesis, three
dimensional finite element modeling of offshore monopile foundation with heat exchanger
pipes have been modeled and consequently, the geotecnical aspect of the analysis which
involves thermo-hydro-mechanical analysis has been performed. The last chapter considers
coupling of the tower with the monopile foundation and thereby considering the whole
structure for the thermo-mechanical analysis.

First, a single degree of freedom (SDOF) system, multi-degree of freedom (MDOF) system
and a three-dimensional(3D) continuum model and has been analysed for offshore random
wind and wave loading using Pierson Moskowitz and Kaimal specrum, respectively. The main
contribution to knowledge from this study is to evaluate the dynamic response of an offshore
wind turbine structure using reduced order model SDOF and MDOF system for offshore
loading. In order to investigate the effect of soil structure interaction on the dynamic response

of the offshore wind turbine structure modelled as a MDOF system, an equivalent spring-
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dashpot model for embedded foundations is considered herein. The rotational effect of the
blades is taken into account considering shape filters using von Karman spectrum. A spectral
analysis of the MDOF model has also been studied in detail using frequency dependent Cone
model approach for soil structure interaction. It has been observed that incorporating blade-
tower coupling with soil structure interaction significantly amplifies the response of the
structure specifically for wave induced loading.

Next, a three dimensional thermo-hydro-mechanical (THM) model of an offshore monopile
foundation with fluid carrying pipes embedded on a saturated clay soil from the North Sea has
been developed using finite element software ANSY'S (2010). A series of heat transfer, coupled
field pore pressure and structural analyses are performed in the THM model to (i) understand
the complex heat transfer process of convection through the fluid pipes and conduction
between the pipe-soil-monopile system, (ii) investigate the effect of thermal loading-unloading
on the steel monopile, the temperature distribution in the monopile and the clayey soil, resultant
pore pressure development in the soil, the axial stress and strain in the pile and the shear stresses
in soil, and (ii1) understand the combined effect of offshore and thermal loading on the response
of the monopile in terms of axial and radial stresses, strains, and shear stresses developed in
the soil around the foundation. The effect of soil parameters as well as duration of the thermal
loading has also been considered in the study. Higher amount of axial stresses and strains are
generated in the monopile with increase in soil shear modulus, higher thermal expansion
coefficient of soil and increasing duration of thermal loading. It has been observed that thermal
expansion coefficient of surrounding soil, excess pore pressure and the ambient temperature of
the soil play dominant roles in the thermal behaviour of geothermal pile systems.

It is also observed through a power output calculation that a maximum yield of 242 kilowatt
(kW) could be extracted out of the proposed system employing thermoelectric generators for

power conversion. It has been further evaluated through a careful study that the costs associated



with constructing and setting up the proposed offshore wind turbine-geothermal system would

be in the range of 51-135 US Million dollars as of 2017.
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IR
3TTST YATU FHolt BT ITYNT giAAT R | fH W BT ST § 31K Y-dTdia ST § o get
fepT3 FHoft fadbedl ¥ F Tob 81 P THIGAT &1 BIAifeh, U H-aTdIT ol Bl 319 ddb Uh
geT & I Y 371t 3fThHd 8l SfrdT 8l

TISTaTt 30 &= 3TR T &N -ATHT St (Tt § T b 3TIACid UaH eaTe Bl aHROT

DI ST b TTE B 1 AT, TAHT 370G BT HBH Blebd THE A< Pl Ud I Y-dTd 2rferd feprer

% fdiQ o Afehg ATy fafaTIes oTTett & STl HeRd 3Udid AIAIIISd Ud- eaTsd el &l

3TN B BT THTIAT BT IdT dH & v 81 eifET &, 897 Ugel 319ty Yd- RET8T I
& TfaeRe faeaor PY gg-adadr JoTelt & B ¥ ATsfeiT fBar € 31k e gt TRemr waR
fopaT IR faaR B §T 37 gaT 3R a3 ANfeT & faw e fdeayor fasar 81 &R & a1e
P T YT H, §ie TRIISR T8y & g1 3T BATBTSH A1d & i 3mard! uRfed da Arsfa
T Hisd fosaT 7T & 3R g TRUTHRRGY, fIees T & -1 U 2Ml-gregl-HobiHd
faoeivoT oNfHet febarm AT B 1 3ifAH 37T HIAIBTg e i & H1el 2TeR & YA bl HIAdT & 31K 39
bR YHT-HebHebet faeaoor & fei g it TReAT IR ok T & |

T g, TAAT BT U FSUT (THEN3NW) FOTTett, Tg-31TSATET BT Tad=rdT (TH.1.30.U%) ToTTett
3R T F-3mar (3 S AR Afed 3R el TRI Apifaest 3R HHe WagH BT 39T
b HTBRAR ATgfeses gaT AR T ST & fofQ fGoeivor fbar Tam 81 | 5 36 9§ JH o

T ANTEH 3THB2AR AIMST & iy BH 37T Hise THSI3NH 3R THEINE [GeeH BT 3uaT
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PIh ITH2AR T eTgT TAT DI MLt Ufdfshan BT Hediehd BT &1 THEI3 U HeH &

®Y § HisfclT fbY T T Yad RaTgT TRTAT &f Tfaiel ufdfhar w A ST waEr
fo5aT & TITT Y ST A & fAT, TSs A & felv graser add-82Mdie qisd Jgi [T SirdT 2l
1S & GO YT BT 1T BHUT TUFEH BT 3TN BXeh ATPHId (theed W R & & ey &
H T ST 81 THSINUW ATSe &7 Vb quishily faeayor Wt fRg} WRemr aradia & fag angfa
TR 2l ATed GfCPIVT BT IUANT PR faRaR F 31 a1 TRIT €1 g ST 747 & fob et
TREAT FTtd & AT SNS-2TaR THA BT AW B3 I Ay B A der WRa enfem & forg dvemr
&1 wfdfdsar & Bt gfg et 21

9% d1¢, 3T AR I Hqud AT bl fAg W griss dRal uaref arait 9rgy & I1ef Ub Uderd
HIATBIS id BT Teb oI TATHT H{-gTSgI-HdbiHdbd (2. Ud. TH) Hisd URMAA dd HTHRARR

TAHR (R0%0) BT 3UANT b fdeplbd fbarm 7T 81 THT SEATAR0T BT U Y&elT, JfTHd & &

ZqTa 3R WIS faeatwor &, Ta. U gise # fby SId & (i) aReT UTsyY & AT q Yagd bt
SIfee aTd gXaiaRoT Ufehar 3R UgU-fAgt-AIAIITed TuTTell & a9 ITad & 998id &, (ii) ST
I AFUEA R AHA AlfST-3[1alsT & JHTd, HAdsd H dargAe fddvor 3R it &7 foe,
gt § oo URR ara faem, Y3t s1affa ara 3R ara 31k gt # Favt aqm, 311 (iii)
g & AUy gt A fowfaa srefta 3R $aa dqma, Imiel 3R waAl a1 & dATHo B

HHTATS ! Gfdfham W 30acta 3R A @S & Tgard THTd bl G| 37eg | fHgl &

HIeP! b AT AHA AT Pl 37afer R H faaR fosar mam &1 fAgt & Bl Alsdwd | gig,

AgT & 3o ATty faedR T[uTich 37R ot @IfST b 31afe o gfg & |1 MiAdTge | 31efiar aArd
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3R 3TN T I AT 3¢9 Bldl 81 TE <l TR @ fob 31Uy & fAgt & et fawd R ToTies,
37T ReRT U1 <aTd 31R TAET & TREL dTaHT -dTu o YUTfeidl o AHe dgR | 9 YfAebT
[ERIGES

g fSSTell 3cTe MUY & Jredd Y T ST1dT & fob fagd $uiaRor & feiy emfgatfeae siver
BT fTfSTd TTfad Tomett I %R fhettare (fetiare) ol 31ftipdn 3UsT fAdbral ST Jebe
TP 3TET b HIEIH A AP Hedich fbaT 73T & o IRaTfdd 379acia ga Targd-4-

AT oTTett & FAAToT 3R TMUAT &5 |1l F[g AT 0% & AR 3¢-234 JuH AT STer

b1 HATH g
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geothermal projects and (b) offshore oil and gas projects

6.1 Schematic representation of using a geothermal system installed 193
in the seabed [Interpolated from the temperature vs. Depth for the
wells of Dansk Nordsfi and East Dogger Bank Graben in the North
Sea, Madsen (1974)]

6.2 Finite element (FE) model of the pile, soil, and fluid pipe modeled 194
using ANSYS finite element software

6.3 [lustration of the boundary condition considered in the analysis 194
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6.5 Flowchart of the analysis. 195
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6.12

Comparison of results obtained from the study of Laloui et al.
(2006) and the present study for (a) temperature load for the study,
(b) temperature variation in soil with depth after cooling, (c) radial
strain in the pile, and (d) vertical displacement in pile tip, () and
Amatya et al. (2012) axial strain at Lausanne site

Fluid flow analysis with (a) temperature variation in steel pile, (b)
temperature variation across radial distance, (c) temperature
variation in steel at different depths, and (d) temperature variation
in the fluid pipe at top and bottom of the pipe

Temperature distribution in surrounding soil and steel monopile
for a maximum thermal load of 100° C and diameter of the fluid
pipe of 0.15 m, fluid discharge rate of 43.8 kg/sec at steady state
conditions

lustration of (a) pore pressure variation in soil with time for an
end bearing pile and thermal expansion coefficient of 10-°/°C, (b)
decrease in shear stress in soil after thermal loading of 60°C is
applied on the pile

[lustration of pore pressure variation in soil with depth with the
radial distance of (a) 3.75 m, and (b) 12 m from the centre

Axial stress in floating pile: (a) for soil with thermal expansion
coefficient of 10 /°C post heating; (b) for soil with thermal
expansion of 1.2 x10** /°C post heating, (¢) for soil with thermal
expansion coefficient of 10~ /°C post cooling; (d) for soil with
thermal expansion of 1.2 x10* /°C post cooling

Axial stress in end bearing pile: (a) for soil with thermal expansion
coefficient of 10 /°C post heating; (b) for soil with thermal
expansion of 1.2 x10** /°C post heating, (c) for soil with thermal
expansion coefficient of 10~ /°C post cooling; (d) for soil with
thermal expansion of 1.2 x10* /°C post cooling
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6.13
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6.15

6.16

7.1

7.2

7.3

Axial strain in floating pile: (a) for soil with thermal expansion
coefficient of 10 /°C post heating; (b) for soil with thermal
expansion of 1.2 x10** /°C post heating, (c) for soil with thermal
expansion coefficient of 10~ /°C post cooling; (d) for soil with
thermal expansion of 1.2 x10** /°C post cooling

Axial strain in end bearing pile: (a) for soil with thermal expansion
coefficient of 10 /°C post heating; (b) for soil with thermal
expansion of 1.2 x10** /°C post heating, (c) for soil with thermal
expansion coefficient of 10~ /°C post cooling; (d) for soil with
thermal expansion of 1.2 x10* /°C post cooling

Shear stress in floating pile: (a) for soil with thermal expansion
coefficient of 10 /°C post heating; (b) for soil with thermal
expansion of 1.2 x10** /°C post heating, (¢) for soil with thermal
expansion coefficient of 10~ /°C post cooling; (d) for soil with
thermal expansion of 1.2 x10** /°C post cooling

Shear stress in end bearing pile: (a) for soil with thermal expansion
coefficient of 10 /°C post heating; (b) for soil with thermal
expansion of 1.2 x10** /°C post heating, (c) for soil with thermal
expansion coefficient of 10~ /°C post cooling; (d) for soil with
thermal expansion of 1.2 x10* /°C post cooling

Physical representation of an offshore geothermal energy system
[Banerjee et al. (2018)]

Physical representation of pile and soil movement under
mechanical loading only, (b) strain in pile under mechanical load,
(c) strain in pile under thermal loading (heating) only, and (d)
strain in pile under combined thermal and mechanical loads for
end-bearing pile during heating [Bourne-Webb et al. (2012)]

Physical representation of pile and soil movement under
mechanical loading only, (b) strain in pile under mechanical load,
(c) strain in pile under thermal loading (heating) only, and (d)
strain in pile under combined thermal and mechanical loads for
end-bearing pile during cooling [Bourne-Webb et al. (2012)]
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Load time history- (a) wind loading, and (b) wave loading to be
applied on the tower

Finite element (FE) model (a) of the tower, soil, and fluid pipe
modeled using ANSYS finite element software, and (b) spring-
dashpots used for far field effect

Finite element modeling of soil domain using structural and
thermal elements in ANSYS

Thermal load time history applied on the monopile foundation for
60°C temperature

Flow chart of the analysis

Comparison of results obtained from the study of Colwell and
Basu (2009) and the present study

Fluid flow analysis with (a) temperature variation in steel pile, (b)
temperature variation across radial distance

Vertical path around the steel pile for radial pore pressure study

Vertical excess pore pressure developed under (a) hydrostatic
condition in S20 soil and S60 soil, (b) thermal loading in S20 and
S60 soil for a duration of 17 days, (c) thermal loading in S20 soil
for a duration of 17 days, (d) combined loading in S20 soil for a
duration of 17 days, (e) thermal loading in S20 soil for a duration
of 17 days and 30 days, (f) thermal loading for different thermal
expansion coefficients

Radial pore pressure under (a) hydrostatic condition in S20 soil,
(b) hydrostatic condition in S60 soil, (c) offshore loading in S20
soil, (d) offshore loading in S60 soil, (¢) combined loading in S20
soil, and (f) combined loading in S60 soil

Radial excess pore pressure under combined loading in S20 and
S60 soil

Axial stress developed in the monopile under different load
conditions
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Axial stress developed in the monopile under different load
conditions for higher soil thermal expansion coefficient

Axial strain developed in the monopile under different load
conditions

Axial strain developed in the monopile under different load
conditions for higher soil thermal expansion coefficient

Axial strain contours with deformed shape of steel monopile for
S20 and S60 soil

Radial Stress developed in the monopile under different load
conditions

Radial Stress developed in the monopile under different load
conditions for higher soil thermal expansion coefficient

Radial Strain developed in the monopile under different load
conditions

Radial Strains developed in the monopile under different load
conditions for higher soil thermal expansion coefficient

Radial strain contour with deformed shape of monopile Profile for
S20 and S60 soil

Von Mises stress developed in the monopile under different load
conditions

Von Mises stress developed in the monopile under different load
conditions for higher soil thermal expansion coefficient

Shear Stress developed in the monopile-soil interface under
different load

Shear Stress developed in the monopile-soil interface under
different load conditions for higher soil thermal expansion
coefficient
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Radar charts representing response in terms of (a) x-displacement
(m), (b) z-displacement (m), (c) axial strain (10-*), and (d) radial
strain (10-) in the monopile for different soil conditions at 8fmax =
60°C.

Comparison of peak response in steel monopile for different load
cases

(a) Global emissions from fossil fuel and industry, rise in
population, growth rate of GDP year wise, (b) global energy
consumption of fossil and non-fossil fuel resources, and (c)
composition of renewable sources of energy in 2017 [IEA (2017),
UN (2017) ].

World map for high-temperature zones highlighting tectonic plates
(sub-duction zones), hydrothermal vents, oceanic ridges, thin
oceanic crusts, existing major offshore-geothermal projects
[Barbier (2002)] and high wind load zones that can be a potential
site for extracting geothermal power along with wind load.

Proposed coupled offshore-geothermal system

Total temperature - output curve for the offshore geothermal
system

Comparison of cost expenditures of deep drilled (a) on shore
geothermal projects and (b) offshore oil and gas projects

Temperature distribution in the proposed system

Variation of temperature distribution at (a) steel monopile, and (b)
fluid pipe at different depths (z)
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NOMENCLATURE

u
n(¢

Vi
V1o

Mass matrix

Stiffness matrix

Damping matrix

Translational degrees of freedom

Loading as a function of time.

Added mass

Thickness of tower

Diameter of the tower

Tip mass for wind load (Case 1)

Bending stiffness

Mass of the model at the top

Modulus of elasticity

Moment of inertia

Length of the tower

Equivalent mass for wave load (Case 2)
Bending stiffness of SDOF system

Mass of the model at the top of SDOF system
Length of the equivalent SDOF system
Natural frequency

Damping ratio

Mass proportional Rayleigh damping coefficients
Stiffness proportional Rayleigh damping coefficients
Angular frequency

matrix whose columns are the eigenvectors of the structure
Transpose

Time varying load vector.

Vector of nodal loads

Time-dependent velocity vector
Time-dependent acceleration vector

Drag coefficient

Inertia coefficient

Area of the body

Volume of the body

Horizontal velocity of water particles

Water particle acceleration

Local free surface elevation with respect to the above mean seal level

(MSL).

Intensity of characteristic wind speed at the reference height of 19.5 m

above mean seal level (MSL)
Mean wind speed at10 m above sea level
Elevation (m)
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NOMENCLATURE

k Wave number
d Depth (m)
w(2.f) Power spectral density function of the fluctuating wind velocity
v, Friction velocity
K Von Karman constant
Am Monin coordinate
X Aerodynamic admittance function
eV Narrow-band cross-correlation
o;j (k) Nodal k components of the /" mode shape
o; (1) Nodal / components of the j* mode shape
Svivl Velocity auto-PSDF
V(1) Fluctuating velocity component
S () Power spectral density function (PSDF) for the fluctuating component of
wind velocity
0. Phase angle with a uniform probability distribution function that varies
' randomly between 0 and 2
{u} Nodal acceleration vector
{u} Nodal velocity vector
{u} Nodal displacement vector
{F(0)} Load vector
¢in The displacement of the tower in the side-to-side mode
Gout The displacement of the tower in the mode
Itin In-plane mass moments of inertia of the foundation
It out Out-of-plane mass moments of inertia of the foundation
qb,in displacement of the blades in side to side mode
qb,out displacement of the blades in fore-aft mode
q Displacement vector
Ky in In-plane stiffness stiffness of the tower/nacelle
ki out Out-of-plane stiffness of the tower/nacelle
Ko in In-plane stiffness a stiffness of the blade
K out Out-of-plane stiffness of the blade
) Rotational stiffness of the foundation

L Length of the blade
E Modulus of elasticity of the blade
Q Rotational speed of the rotor in rad/sec
h Height of the tower
Mn Mass of the tower/nacelle
K Dynamic stiffness a
C Frequency dependent damping
Kn Translational static stiffness coefficients for rigid embedded circular
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NOMENCLATURE

foundations in half space
Ky Vertical static stiffness coefficients for rigid embedded circular
foundations in half space
Rotational static stiffness coefficients for rigid embedded circular
foundations in half space
D Diameter of the foundation
H Depth of the soil strata
R Radius of the foundation
G Soil shear modulus
v Poisons ratio

GCu Turbulence standard deviation
Ly Turbulence length
K.(f) Autocorrelation function
K, (r,t) Autocorrelation function of rotating blade
r Distance from the blade
", Rotating speed of the blade (rad/sec)
u(o) Displacement response
[S'ss] Stiffness matrix of the nodes on the structure
[Ssn] Stiffness matrix of the nodes of the structure that lies on the ground
[Shbs] Stiffness matrix of the nodes of the ground that lies on the structure
[Shb] Stiffness matrix of nodes on the ground
(utt, ) Vector of the total displacement amplitude
[S (w)] Dynamic stiffness matrix
P Mass density
G Shear modulus
K Static stiffness (for translation)
K: Static stiffness (for rotation)
Zo Embedded depth
Ao Area of the disc
Iy Moment of inertia about the axis of rotation
Vs Shear wave velocity
Vp Primary wave velocity
a, Dimensionless frequency parameter
% Radius of the disc
On Heat input in the thermoelectric module
AT Temperature difference between the hot and the cold side of the
thermoelectric module
Th Temperature on the hot side of the thermoelectric module
T: Temperatures on the cold side of the thermoelectric module
R Load resistance
Ot Seebeck coefficient
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NOMENCLATURE

K Thermal conductivity.
T Temperature of the fluid
of Fluid thermal diffusivity
v Fluid velocity
pf Fluid density
Cr Specific heat capacity
m Mass flow rate
h ‘Film’ (or convective heat transfer) coefficient
Ks Effective thermal conductivity of the solid medium
Ps Density of the solid medium
Cs Specific heat capacity of the solid medium
Ry, Thermal resistance
Riteel Thermal resistance provided by steel monopile
Ry Thermal resistance by soil
Rpipe Thermal resistance by the pipe carrying the fluid
Ty Ground temperature
T, Undisturbed temperature far field
qv Heat exchange rate per depth
op Seebeck coefficient for P-type semiconductor
Oln Seebeck coefficient for N-type semiconductor
Pp Electrical resistivity for P-type semiconductor
Pn Electrical resistivity for N-type semiconductor
R Internal resistance
K. Thermal conductivity of module
1 Electric current per module
V Voltage per module
w Maximum power output per module
ZT Figure of merit
€ oo Free axial thermal strain without any restraint
a Coefficient of thermal expansion or contraction of steel
€ yrined Restrained axial strain
€ e Observed axial strain
P Mechanical load
E Young’s modulus of the pile
A Area of the pile
€m Mechanical strain of the pile
Etotal Total mobilized strain
Protal Total load
Prestrained Total restrained load
V. Divergence
\ Gradient
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NOMENCLATURE

- R
“ =

<

RN Qo™ IN® R

Effective stress tensor
Total stress tensor
Kronecker’s delta
Density of water
Time

Volumetric thermal expansion coefficient for water
Volumetric thermal expansion coefficient for the solid medium

Relative velocity of water with respect to soil

Hydraulic conductivity

Gravity

Depth of pile

Drucker-Prager shear failure surface
Material friction angle, is its
Cohesion

Stress tensor

von-Mises equivalent stress

Identity matrix

Stress deviator

Small number (typically 0.01-0.05)
Material parameter (between 0.0001 and 1000.0)
Yield surface

Evolution parameter

Current relative density

Volumetric plastic strain

Initial relative density
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