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SUMMARY

Deep boreholes represent a source of clean energy. Therefore, effective calculations of potential
extraction of heat from boreholes for realistic models of the Earth’s crust with variable thermal
conductivity and diffusivity are needed. We deal with heat extraction in a quasi-steady state
from coaxial boreholes where downward and upward flows of pumped fluid (water) are
separated by an inner pipe and connected only at the bottom. We first obtain theoretical
estimates of heat extraction for a thermally isolated inner pipe and a model of the ground
with constant thermal diffusivity and conductivity. Then, we develop a new analytical matrix
method for a general layered ground model that enables us to include depth-dependent ground
properties as well as heat exchange between the downward and upward flows of fluid in the
borehole. Our straightforward and fast approach is thus suitable for various parametric studies
or as a tool for benchmarks of numerical software. A key role in heat extraction from coaxial
boreholes is played by the inner-pipe thermal resistance. We apply our method to the parametric
study showing the dependence of pumped water temperature and total heat extraction from
the borehole on realistic borehole geometries under different amounts of water pumping. The
calculations are performed for a 3 km deep borehole as the representative of present deep
boreholes used for extraction of geothermal energy and for a 10 km deep borehole. Drilling
of such a superdeep borehole has just started in China and our results demonstrate potential
limits of geothermal energy extraction from such great depths.
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1 INTRODUCTION

Numerical estimates dealing with the potential extraction of heat from boreholes have a long tradition going back to the 80s of the last century
(Eskilson 1987). For example, Claesson and Eskilson (1988) studied heat extraction from boreholes if the temperature at the borehole wall
is known (estimated); that is, only the heat flow conduction equation outside the borehole is (analytically) solved for prescribed boundary
conditions. However, we need to couple heat conduction outside boreholes with heat convection due to the flowing fluid inside boreholes to
be able to study more general situations.

In this study, we concentrate on coaxial heat exchangers, where cold fluids flow downward in an annular pipe, extracting heat from the
surrounding rock through the borehole wall and grout, change direction at the bottom of the borehole and flow upward in a central pipe, which
is mechanically isolated from the annular pipe. The straightforward approach to this problem is based on fully 2-D numerical modelling in
axial geometry, where the finite-element method (FEM), the finite-difference method (FDM), or the finite-volume method (FVM) can be
applied. For example, the FEM was used to estimate the maximal potential heat extraction from the 2302 m deep borehole at Weggis in
Switzerland (Kohl ez al. 2002), and, similarly, for a 5km deep borehole heat exchanger, where groundwater velocity was also taken into
account (Le Lous er al. 2015). Detailed methodological papers dealing with the FEM employing the FEFLOW-TRNSY'S software were
published by Diersch ez al. (2011a, b). Popular FEM open software enabling to solve, inter alia, the problem of heat extraction from coaxial
heat exchangers, is OpenGeoSys (Cai et al. 2022; Brown et al. 2023a, b). The FVM was, for example, employed by Iry and Rafee (2019) to
study the thermal and hydrodynamic performance of the coaxial borehole heat exchanger in transient regimes for different borehole diameters.
The advantage of fully numerical methods is that they can naturally deal with models of the ground that change with depth. However, such a
full numerical approach is computationally demanding because the radial spatial resolution in a borehole and its vicinity must be very high
compared to the depth extent of the model.
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Therefore, it is numerically advantageous to deal with the case where the interaction of a coaxial borehole with the surrounding ground
is studied under the assumption that the heat transfer in the circulating fluid is approximated by a 1-D energy balance equation. Recently,
new papers have appeared that study this problem. To solve this simplified coupled problem numerically, the FDM was used in Fang et al.
(2018), Song et al. (2018), Morchio and Fossa (2019) and Li et al. (2021), while the FVM was employed in He and Bu (2020) and Liu et al.
(2020). On the other hand, Pan et al. (2020) solved the problem by using the analytical approach in the Laplace transform domain, similarly as
Beier et al. (2014), followed by a numerical inverse Laplace transform algorithm to obtain the solution. An extensive review of experimental,
numerical and analytical approaches to estimate the extraction of heat from the ground by employing coaxial heat exchangers can be found
in Ma et al. (2020).

However, there are also attempts to develop (quasi-)analytical approaches in a time domain. Pan et al. (2019) analytically solved ordinary
differential equations describing the thermal balance of the circulating fluid in the outer and inner pipes of a coaxial borehole under the
strong simplifying assumption of constant temperature at the borehole wall. Luo ez al. (2019, 2020, 2022) combined a steady-state analytical
model for a flowing fluid with an analytical transient heat conduction model of the ground surrounding the borehole, which is based on a
segmented finite line source model. Similar approach was used also in a complex study by Jiao ef al. (2021). Ma et al. (2020) analytically
expressed the heat conduction in the surrounding ground, where the heat flow or temperature at the borehole wall are unknown quantities
that are determined together with the temperature of the outflowing fluid. They propose iteration schemes, where either the total energy
balance or temperature smoothness criteria are used to stop the algorithm. Their approach is designed for a general layered model. Zhao et al.
(2020) used similarly the analytical expression for heat conduction outside the borehole, but the energy balance for flowing fluid solved by
a finite-difference scheme. Their approach is also iterative, since the outflow temperature is found by minimizing error in the total energy
balance of the problem. The analytical approach for a layered model was published by Karabetoglu ef al. (2021), also for the case, when the
temperature at the borehole wall is estimated a priori.

The main motivation of this paper is to show that in a case of quasi-steady-state approximation, the problem of heat extraction from
coaxial boreholes in layered ground models can be fully solved analytically, and the only part of the solution that requires more (but still
fast) numerical calculations is the evaluation of series of the Bessel functions that describe heat conduction in the ground outside a borehole.
Moreover, this part is solved independently and its results can be used repeatedly for several parametric studies. The software based on our
formulae is thus fast and efficient. The problem is solved for general layered models, where all quantities characterizing the model (i.e. the
physical parameters of the ground, the geothermal gradient and the thermal resistances of the pipe and borehole walls) are constant in each
layer. Since the thickness of each layer is another free parameter, our approach enables us to deal with models that change with depth in
a general way. In each of the layers, the heat conduction outside the borehole is expressed similarly as in Ma et al. (2020) and Zhao et al.
(2020), and coupled with a quasi-steady-state analytical solution for temperature changes of both the downward and upward flows of the fluid
inside the borehole. The analytical solutions within the layers are subsequently coupled by a matrix method that employs the continuity of the
fluid temperature at the layer interfaces. By adding appropriate boundary conditions, we finally receive a complete analytical solution of the
problem, where no additional iterations are needed. We present formulae for the cases, where input controlling parameter is the temperature
of inflowing water or the total heat extraction or the temperature of outflowing water. We also explicitly show that the problem is even
substantially simpler if the upward hot fluid can be considered as thermally isolated from the colder fluid flowing downward and the thermal
resistance between the downward flowing water and the ground is negligible. Such an approximation is suitable for maximum estimates of
potential heat extraction from a borehole.

2 METHOD

The problem consists of the two parts that are solved separately. In the first part, we will deal with heat conduction outside a borehole and in
the second part, we will describe energy balance between heat conduction in the ground and water circulating in the borehole.

2.1 Temperature and heat flow outside the borehole

We consider the case where the heat conductivity &, density p and the heat capacity ¢, of the crust depend only on the depth z. Radial distance
from the centre of the borehole is denoted by r and its radius by r,, respectively. Groundwater advection is neglected, and thus only heat
conduction is considered outside the borehole » > r,, that is,

oT
pey e =V - (kVT), M
where 71, z, t) is the temperature and ¢ is the time.
In the case of constant material properties, eq. (1) simplifies to
oT

— =k VT, 2
ar = ¢ 2)

where k = k/pc, is the thermal diffusivity and
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$20z Aienuep G| uo Jasn eynye; IujeIzAl-oyonewsale|y ‘8zeld A BAOlRY BNZISAIUN AQ 1| £8Z//S2EZ/S/SEZ/a0me/B/woo dno olwapede//:sdiy Woll papeojumoc]



Heat extraction from deep boreholes 2325

is the Laplace operator expressed in the cylindrical coordinates 7 and z. Furthermore, in the case of the fluid circulating in the borehole,
radial conduction dominates in its vicinity, that is, |07/0z| < |d7/0r|, see also Ma et al. (2020) and Zhao et al. (2020). This assumption is
well justified. For example, Cai et al. (2022) showed that the thermal influencing radius of the boreholes is only about 30 m for relatively

long 15 yr of operation. The horizontal temperature gradients are thus of the order of several °C m™!

, Whereas typical vertical temperature
gradients far from the borehole are about two orders of magnitude smaller. Moreover, the vertical temperature gradient at the borehole wall
is even smaller due to the cooling of the wall by the downflowing water. Eq. (2) thus attains the form

oT «k 0 oT
ot ror or

We take into account the boundary conditions 7 = T,(z) if » = a and T = Ty(z) if r = b, where b > a represents the boundary of the
computational domain. Zhao et al. (2020) analysed in detail how the outside boundary radius b should be large to prevent false heat flow due
to the (artificial) external boundary condition. Substantial reduction of the computational domain up to tens of metres in radial direction is
advantageous since the numerical evaluation of the series of Bessel functions solving the eq. (3, see below) is then more efficient. The initial
condition fort =01is 7'= T}.

Solution of eq. (3) satisfying the considered boundary and initial conditions can be found by means of the formulae published in Carslaw
and Jaeger (1959):

If we express the temperature 7 in the form

_ T,In(b/r) + T, In(r/a)

—ka’t 4
nGia) +u(r)exp (—«a’t) )
the function u(r) must satisfy the boundary conditions u(a) = u(b) = 0 and the equation
du 1du
o g TON=0 ©

which is the Bessel equation of order zero. The corresponding solutions are the Bessel functions of the first and second kind that will be
denoted by Jy(ar) and Yy(ar). u(r) can be expressed as the combination of the Bessel functions

u(r) = Jo(ar)Yo(ab) — Jo(ab)Yo(ar) = Uy(ar), (6)

the boundary condition u(b) = 0 is already fulfilled and the boundary condition u(a) = 0 is then satisfied for such «, that are the roots of the
equation

Jo(aa)Yo(ab) — Jo(ab)Yo(aa) = 0. (7
After some algebra (Carslaw and Jaeger 1959, pp. 206-207), one finally gets

_ T,In(b/r)+ T, In(r/a) _ i {TyJo(a,) — T, Jo(ba,,)}Jo(aa,,)Uo(ra,,) (—/cotzt)
In(b/a) — Jiaa,) — J3(bay) xp "
+Tyn Z _holae,)Up(rat) exp (—Kotﬁt) . (8)

—1 J()(aan) + JO(ban)

where the first term is the stationary solution 7(r) of eq. (3) satisfying non-homogeneous boundary conditions 7(a) = T,, and Ty(b) = T},
the second term solves eq. (3) with zero boundary conditions and initial condition 7(r, 0) = —T(r). This second particular solution of the eq.
(3) then enables to obtain the solution with zero initial condition simultaneously satisfying the boundary conditions—it is represented by the
sum of these two terms. Finally, the third term is the solution of eq. (3) with zero boundary conditions and initial condition 7= T}, and thus
the sum of these three terms satisfies eq. (3) together with the required boundary conditions.

Rewrite now 7'= T, + AT. AT is again the solution of eq. (3), but with the boundary conditions A7(a) = 0 and AT(b) = T, — T,, that
is, using eq. (8) we can immediately write AT as

B r,lne/a) (Ty = Tu)J (a)Up(ra,) 2 o Jo(aa,)Uo(ran) >
AT =0 = TG0~ Z Totaan) — by P+ Do = Tm Y s Ty P () ®)

Close to the borehole, that is, for << b and the small time # compared to the diffusion time (b — a)?*/x, the first two terms in relation (9)
are negligible, and

T 2,0) = Tu(2) + (Ty(2) — Ty 3 —0mlen) o yate) | (10)

—— "¢
1 JO(aOln) + JO(ban)
The heat flow ¢ = k3T /9r (in W m~2) at the external boundary of the borehole 7 = a is, therefore,

_ _ o ahla)Uyae,) o
aa,.0) = KT = TN 3 5o S Gy & (Gt (n

where Uj is the derivative of the function U defined in eq. (6).
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Figure 1. Dimensionless quantity O*(¢) = Q'(1)/(k(Ty — Ty)) for k = 1.0, and 2.0 x 10~ m? s~! and the three values of the borehole radii 0.1, 0.15 and 0.2 m.

In the above equations, 7,(z) is not dependent on time. However, we will deal with models, where the temperature 7, starts from 7,(z) at
the initial time ¢ = 0, gradually decreases with time, and the quasi-steady-state approximation for evaluation of the total heat flow Q' passing
through 1 m of the borehole length, formally consistent with eq. (11), can be applied, that is,

0'(a,z, )=k(z)(Ty(z) — Tu(z, 1)) Q" (a, 2, 1) , (12)

where

oo

0%a,z,t) =27’a Z

n=1

oy JO(aan)U(;(aan)

_ 2
Joaa,) + Jo(bay) exp (—r(2)er) (13)

Since the product aa,, is dimensionless, Q* is also dimensionless. We see that Q' is expressed in Wm™!, if k is expressed in WmK~! and T},
— T, in K, respectively. Fig. 1 shows the numerically calculated dimensionless quantity Q* in days for several radii @ of the borehole and two
thermal diffusivities. One can clearly see that after several months Q* > 1, and the subsequent decrease with time is very slow. Emphasize
that the relation (12) is crucial for our method, since it will enable us to solve the problem analytically in homogeneous layers, see the text in
Section 2.2.

Rough estimates of maximal heat extraction from deep boreholes can easily be done without additional calculations: if we consider
k to be about 3WmK~!, O/T, — T,) = kOQ* is typically about 4 WmK~' for ¢ = 0.15 m, ¥k = 107° m?> s~' and times around one year.
Furthermore, if the background temperature gradient d7,/dz is approximately 0.03 K m~! and 7,(z) is considered close to the averaged ground
surface temperature 7, (which can be reached by sufficiently intensive pumping of a fluid of the same temperature 7} into the borehole), we
get a rough estimate of the total heat extraction Oy, from the borehole in a quasi-steady-state case after several months (in W),

Ot ~ 4 x(0.015d) x d (14)

where d is the total depth of the borehole (in m) and 0.015 d is the average value of 7, — T, (in K), since for linearly increasing temperature
with gradient B its average temperature between surface and the depth d is Sd/2. Therefore, the maximum theoretical heat extraction from
the borehole is approximately quadratically increasing with depth d. For example, for the borehole reaching 2 km depth we get the estimate
Oiot ~240kW and for a very deep borehole reaching a depth of about 7 km, Ois ~ 3 MW according to eq. (14). It is clear that for a superdeep
borehole reaching the depth of about 10 km, the estimate of the background temperature gradient should decrease, but still several MW seems
to be the reasonable estimate of maximum heat extraction.

These rough estimates are in a good agreement with those published in literature. For example, Fang et al. (2018) obtained for the
2km deep borehole with the same values of &k and the geothermal gradient similar estimate (300 kW) for the maximal heat extraction in
quasi-steady state. However, their model was based on full 3-D numerical modelling of coupled heat advection in circulating water with heat
conduction in the ambient crust. Similarly, Falcone et al. (2018) numerically estimated for the 7 km deep borehole with radius of 0,16 m a
heat extraction of 3 MW after 10 yr of water pumping. However, it should be emphasized that our estimates of maximum heat extraction from
the borehole can be made in such a simple way because we approximate the boundary condition by 7,(z) — T, and, therefore, it is easy to
evaluate the total heat flow from the crust to the borehole.

2.2 Energy balance between circulating water in the borehole and the ambient ground

In more general cases, where cooling of the outer wall of the borehole by the downward flow of water is not sufficiently intensive, we do not
have an estimate of the crust temperature close to the borehole and thus we must study the energy balance between the circulating water in
the borehole and the ambient crust. Following, for example, Pan et al. (2019), Luo et al. (2020) and Zhao et al. (2020), we will deal with
quasi-steady states. The simplest analytical one-layer models will be presented first and the results will then be generalized to analytical
multilayer models that will approximate a general depth dependence of material parameters of either the crust or the borehole construction.

$20z Aienuep G| uo Jasn eynye; IujeIzAl-oyonewsale|y ‘8zeld A BAOlRY BNZISAIUN AQ 1| £8Z//S2EZ/S/SEZ/a0me/B/woo dno olwapede//:sdiy Woll papeojumoc]


art/ggad367_f1.eps

Heat extraction from deep boreholes 2327

2.2.1 Ideal heat exchangers

To obtain the estimates of maximum possible heat extractions from a borehole, we start with the limiting case when the heat transfer between
the downward and upward flows as well as the temperature differences between the ground at » = a and the downward flow of water in the
radial direction are negligible. In such a case, there is only energy balance between the heat advection of the downward flow of water and the
heat conduction in the ground. This case is thus a model of an ideal borehole heat exchanger.

Model with constant material parameters (one-layer model)

The energy balance between the downward flow of water and the ambient ground can easily be expressed if we realize that the advection
of heat in the water is given by the product of the specific heat capacity of the water ¢, (in JkgK~!) with the amount of flowing water
m (in kgs™!) and the temperature 7,. Therefore, the change of heat advection with depth in quasi-steady states is equal to ¢,/ d7,/dz,
therefore,

AT, (z, t
cwn 5D k0 (1,2) = Ttz 1), (s)
z
where the right-hand side is the heat flow passing through the borehole wall per its unit length.
If the temperature 7}, far from the borehole increases linearly with depth, that is, 7, = Ty + Bz, where Tj is the surface temperature
of the ground that wil be considered as a known constant and g is the geothermal gradient, we obtain the solution of eq. (15) in the

form,

Tz 1) = Ty + Bz — 2 (1 — exp(—i(0)2) + (T,(0) — Ty)exp(—r(0)2) , A1) = “ 2

0) e (16)

Here, we consider the temperature of inflow water 7,(0) to be the known input parameter constant in time. If total depth of the borehole is d,
the temperature 7,(d, ) is then equal also to the temperature of the outflow of water, since the inner pipe is thermally isolated from the outer
pipe. T is considered here as the (a priori unknown) output that changes in time.

The value of the parameter A(?) is controlled by the amount of water flow 7z. Evidently,

m—>0=>A—>00=T1T,—> T+ Bz,
m— 00=XA— 0and exp(—Az)=1— Lz = T,(z,t) = T,(0).

The total heat extraction Qy(#) from the borehole reaching the depth d is

Qtot(t) = cwm(Ta(ds t) - Ta(O))
_ kO* exp(—A(t)d) — 1
0 [’3 (d M)

) + (72(0) — To)(exp(—=A()d) — 1)] ; a7
and the limiting cases are

m—>0=A—>00= QO — 0,
d2
i — 00 = A — 0and exp(—Ad) =1 — rd+ (Md)Y)2 = Qiot —> kQ* (ﬂT +(Ty — Ta(O))d) R

which is in agreement with the estimates in the previous section (eq. 14) that are based on averaging the temperature in the borehole over
depth.

It is simple to inverse eqs (16) and (17) to obtain 7,(0, ) as the output for the inputs 7,,(d) or Oy, respectively, where the new inputs
will now be constant to keep the quasi-steady approximation

T.(0, 1) = T(d) exp(M(1)d) + To(1 — exp(A(¢)d)) — Bz exp(A(t)d) + %(exp(l(f)d) -1, (18)
T,(0,1) = f%Qm+To—ﬂ<¥+i) . (19)
Cotit exp(—A(t)d) — 1 exp(—m(t)d) — 1 A(t)

Finally, we can also express 7,(d, t) as the output for the constant input Qi as well as Oy(7) as the output for the constant input 7,(d),

1 exp(—A(t)d)

Ld. =0 exp(—(0)d) — 1

d 1
Qe+ To—B <7exp(—)x(t)d) 1 + %> . (20)

exp(—i(t)d) — 1

. d 1
Qult) = curt = T r ) [T“(d)_T”ﬂ (exp(—x(r)d)—ﬁ%)] @)

The influence of 72 on the temperature and the extraction of heat is illustrated in Figs 2 and 3 for Q* = 1.2, which roughly corresponds to

the borehole with radius 0,15 m after two years of constant water pumping (see also Fig. 1), k = 3WmK™!, ¢, = 4,18 kJ kgK~! and 8 =

1

30K km~!. One can clearly see that even a relatively small pumping of water with 7z of the order of 1 kgs™! can produce about | MW of
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Figure 2. Theoretical maximum increase of temperature in the borehole up to a depth of 10 km. The amount of pumped water 7 is 1, 10 and 100 kgs~!.
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Figure 3. Theoretical maximum extraction of heat from the borehole as a function of its depth. The amount of pumped water 72 is 1, 10 and 100 kgs~'.

energy in the case of a superdeep borehole of about 10 km depth. Emphasize again that these are maximal estimates since the exchange of
heat between the downward and upward flows is neglected and a decrease of g with depth is not taken into account.

Multilayered model

In the case of a more complex crust model, where the thermal conductivity & , the thermal diffusivity « and the geothermal gradient
B are depth dependent, we can employ a layered model (with & , ¥ and B to be constant within each layer) to approximate such a situation.
Emphasize that we again do no take vertical (axial) heat flow into account not only inside the layers but also on the interfaces between the
layers. This is consistent, for example, with Karabetoglu et al. ( 2021), who demonstrated that interlayer heat transfer is almost completely
negligible. If 7/ and 7} denote the values of the temperatures 7, and T}, on the upper interface z = z; of the i th layer, the temperature 7, in
the i th layer is given by the relation

; ; ; ki OF
)L'B (1 —exp(=Ai(1)(z — z:)) — (T, — T,(@) exp(=ri()(z — z;)), Xi(t) = & .
i(t) Cyplil

Now we will consider the temperature of inflowing water 7! to be the known constant input quantity, moreover, 7, = T, forz =z =

Tz, 1) = Ty + Bi(z — z)) — (22)

0, and thus it is easy to express the temperature of downward flow of water for any depth using eq. (22). For i > 1, it holds:

i—1

Ty =T +) Bz —2)), (23)
j=1
Ti(6) = Myi(2) [ . [Mz(f) [M1 (T} + (1 = My(e)(T} — f (‘t)> +Bi(z — zo}
+(1 = My(OX(T,; — kf(zt)) + Bazs — 22)] . ]
+H(1 = M ()T, — f ) ARG Em) M0 = (a0 = 2) - (24)
If we denote
S0 = (1 = MO} = 2y 4 Bz =2 25)

Ai(t)
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we can rewrite the formula (24) in a more compact form

i-2 fi—1—k

i—1
i) =[[Mi;0T + Y| ] Mo OSi@) | + Sima0) - (26)
j=1 k=1 \ Jj=1

Note that if we need to evaluate the temperature 7, inside a layer, it is possible to formally add the interface to the depth of interest and use
again eq. (26).
In a model consisting of N layers the temperature of outflowing water 7V *! is, therefore,

N N—1 [ N—k
TN @) = [ [ My OT) + S@), where Sy =Y | [ My1-,(0)Sk(®) | + Sx(@) . 27)
j=1 k=1 \ j=1

The heat extraction Oy, from the borehole is

N
Ouilt) = coi(T) (1) = T,)) = ey 1—[ My () =1 | T} +50) | . (28)
j=1
Inversions of eqs (27) and (28) are
(TN = 8@1)
()= ——"—, 29
1_[;\/:1 MN+17j(t)‘
Tal([) — Ql;t - Cme(t) . (30)
Cylit (]_[,-=1 My1-(1) - 1)
Finally, the analogy of eqgs (20) and (21) is
N .
1) = [ Myary () —— 22 =50 g, G1)
=1 Cylit (l_[j=1 My (1) — 1)
T M0 =1 }
tot(f) = Cy Ta-H_St + S(¢ . 32
Qui(t) = curit { YT (0) + 5(0) 32)

2.2.2 Realistic heat exchangers

Here, we will deal with realistic heat exchangers, where neither the heat flow between the inner and outer pipes nor the thermal resistance of
the external borehole wall and the grout can be neglected.

Model with constant material parameters (one-layer model)

In what follows, we will distinguish between the temperature 7, on the side of the borehole wall and the temperature 7, of the water
flowing downward; 7, will denote the temperature of the water flowing upward. The symbol R, will be used to indicate the total thermal
resistance of the external borehole wall together with the grout and R; will denote the thermal resistance of the internal wall that separates the

downward and upward flows of water, see Fig. 4. The energy balance is expressed by the following three equations:
a7, T.(z) — T, T.(z) - T,

JTu _ 1) = Tu2) | 1)~ Tue) )
3z R, R,

that is, the water flowing downward is heated by the heat flow passing through both the external wall (and the grout) and the internal wall.

w

The heat flow that passes through the external wall is equal to the heat flow from the crust, that is,
Ta(z) — Ta(2)

R =kQ"(Ty(2) — Tu(2)) - (34)
Finally, the water flowing upward is cooled by the heat flow passing through the internal wall, which can be expressed as
. AT, Tu(z) — Ta(2) 0T, Tu(z) — Tu(2)
Cym = - s Cym = (35)
3(—2) Ri dz Ri

The three unknown quantities in eqs (33)—(35) are 7,(z), T4(z) and 7,(z). The question arises how to describe them in an analytical way.
It is straightforward to express 7,(z) from eq. (34),

RAOQ*T, + Ty

T,(z) = —="2—_—°% . 36
O =" R (36)
Subsequently, after putting 7,(z) to eq. (33), we get a system of two equations of the first order for the temperatures of water 7, and 7,:

aT,

L= wOTy + 0T, + ()T, (37)

0z
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Figure 4. Borehole cross-section.

T,
= —vT;+7T,, 38)
0z
where
1 1 11 1 —kQ* 1
py= () = (O ) (39)
cpm \ R,(1 4+ R,kQ*) R, R; cpit \1+ R.kQO* R,
1
-, 40
Y-S (40)
ko*
)= ———= (41

cyiin(1 + R.kQO*)
Note that w(f) + v + n(f) = 0. Moreover, p(f) - —X, v — 0 and n(f) - A if R, — 0 and R; — oo, which corresponds to the model studied
in the previous Section 2.2.1.
Introduce the vector 7'(z, ¢) and the matrix 4 by

_ [ Taz.0) _(n@®v
T(Z, t) = (Tu(Z’ t)) N A(t) = (—1) ])) . (42)
The solution of system eqs (37) and (38) can then be written in the form

_ TO =+ ﬂZ
T(z,t) = (exp(A(t)z)) C(1) + <To + Bzt ;3/1)) ; (43)
where

_(CaY T4(0) — Ty
0= (Cz(f)> - (Tu(o, H-T- ﬂ/V>

is the vector of integration constants, where we used that exp(Az) is the identity matrix for z = 0.
At z = d, where d is the thickness of the layer, we clearly have the boundary condition 7,(d, t) = T,(d, ?), that is,

(exp(A(1) d))n C1 + (exp(A(1) d))i2 Co(t) + To + pd

= (exp(A(?) d))a1 C1 + (exp(A(t) d)) Co(t) + To + Bd + B/v . (44)
and thus
7,0, 1) = M()T4(0) + S(¢) , (45)
where

(exp(A(t)d))a — (exp(A(t) d))1

M) = ,
(exp(A(t) d))12 — (exp(A(2) d))2
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1
St:l—MtT+<l+ ) v,
(== M (A0 D)z — @pAD D)
and we will continue similarly as in the previous sections, that is,
Oul?) = c,ym((M(t) — DT4(0) + S@2)) , (46)
T,(0) — S(1)
T,0,t) = ——=, 47
a(0,1) M) (47)
Qtot — ¢y, S(t)
7,0,t) = ————— 48
2(0,1) MO —1)° (48)
and finally
M(t)(Qiot — curS(1))
T,0,7) = s 4
0= T 50 (49)
) = et (LD —L7,0) = 569 + 500 (50)
tot - Cu)m M(t) u .
Special case:
If R; — oo then v = 0 and pu(f) = —n(?). Therefore, the formulae written above cannot be used due to the fraction §/v. The results of

Section 2.2 for the downflow temperature 7, can be used if A is replaced by 7(7). The upflow temperature 7, is then constant and equal to

Tu(d).

Multilayered model

We consider a model consisting of N layers. Each layer is characterized by the values of the geothermal gradient of an unperturbed crust
B : and the values of the property matrix A’. Denote the T7(¢) and 7} values of T(¢) and T} on the upper interface of the i th layer z = z; . The
solution ( 43) in the i th layer can be rewritten to the form

) ) T + Bi(z — z;
T(z. 1) = (exp(A' (1)(z — z;))) C'(t) + <T;f +%i(zﬂ_(2i) ; ,)3,-/v,-) , 1)
Therefore,
Ci(t)=Ti(t)—( ; 7 ) . (52)
Ty + Bi/vi

The vector T and the unperturbed temperature 7}, can thus be expressed on the next interface z; . | simply by means of the scheme
T ') =M OT ) +S8@), T7 =T +pizipi—z), T, =T, (53)
where
M'(t) = exp(A'()(zi41 — 1)) (54
and
S0 = (Tbi +Tll73i_i_zill(zf;) jl%i/”i) —M® (Tbi +Tbﬂi/vi> ' 9
The relationship between T evaluated at the bottom of the borehole and at the surface is then given by a final scheme
TV (1) = MY (MY (O MM (OT' (1) + S'@) + S (1) +..) + S¥'(@) + SV (1)

= ﬁ MY T () + [f (ﬁ MY (S (z)) + 8V(6) = Mo ()T (1) + Sie(2) - (56)

i=1 Jj=1 \i=l1
Boundary conditions:
The boundary condition at z = z; is simply

(T = Tu(z), (57)
and the boundary condition atz = zy , |,
Ta(zn+1, 1) = T(zn41, 1) (58)

can be written as

(Mo ()11 Ta(z1) + M) 12T (21, 1) + (Siot(O)1 = (Mioi(t))21 Tu(z1) + (Mol (t)22 T (21, 1) + (Siot(t))2 -
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This means that

1y, — _ (Mtot(t))Zl - (th(t))ll (Stol(t))Z — (Stot(t))l
(2= 0G0 = G = M T M2 = Mo’ &%)
After denoting
M([) — (Mtol)Zl(t) B (Mtot(t))ll S(f) _ (stot(t))Z - (Stot(t))l (60)

(Mo(0))12 — (Mo(£))22 T (M) 12 — (Miot)2(t)

temperature of the upward flow of water at the surface 7,(z;) and the total heat exctraction Oy from the borehole can be again expressed as

Tu(z1, 1) = M) Tu(z1) + S1) . Quou(t) = com((M(t) — D) Ty(z1) + S@)) |- (61)

If the total heat extraction Qi (or the temperature of the outflow of water from the borehole 7,(z;)) were considered as the constant input
quantity, we could again use relevant formulae (47)—(50), because the formulae (61) are formally the same as eqs (45) and (46).

(De)coupling of the problems for downward and upward flows
Expressing 7, from eq. ( 37), ( 7, z from eq. 38), we get after putting 7, in eq. ( 38), ( 7, in eq. 37) two independent equations of the
second order,

10°T, u(t) 9T, n(t) a7,
S = (L =) () A 0Ty = === = (0T (62)
v 0z v~ 0z v 0z
1027, u(t) aT,
Do PO s nt = —nos. (63)
v 0z v 0z
If we multiply both equations by v and use the relation v + u(f) = —n(?), the systems (62) and (63) attain the form
02T, aT, a7,
)L — Ty = 0 — (T, (64)
0z 0z 0z
9’ T, a7,
> T ——= —vn(OT, = —n(D)7; . (65)
dz 0z

These equations must be supplemented by suitable boundary conditions on the surface z = 0 and at the bottom of the borehole z = d. We
again assume that the temperature of the pumped water at the surface is equal to the surface temperature of the crust, therefore,
T.0)=T,0=T,00=Tp . (66)
Consequently, using eqs (33) and (35) we arrive at the following,

d Td 0 Tu Tu (0) - TO
o=t =
dz daz cymR;

At the bottom of the borehole, the temperature of the water flowing downward is equal to the temperature of the water flowing upward,

= (1,(0) — Ty)v . (67)

Ty(d) = T,(d) , (68)
and thus the derivatives of these temperatures (see eqs 33, 36 and 41) are
aT, 1
e @) = — o (T,(d) = Tu(d))
z cwlR,
1 Rk Q" Ty(d) + Tu(d) _
= iR, ( T RAO Ta(d) ) = n(NTp(d) — Tu(d)) (69)
oT, d)=0. (70)
dz

Eq. (64) can be supplemented by the boundary conditions (66) (7,(0) = Tp) and (69), while the boundary conditions (67) (d7,/dz(0) = (7,(0)
— Tp)v) and (70) can be added to eq. (65). Formally, the problems for 7; and T, are thus decoupled and can be solved independently. However,
there is a physical coupling hidden in the fact that the surface temperature of the downward flow 7 is used also in the surface value of the
upward flow gradient d7,/dz.

The homogeneous parts of eqs (64) and (65) are identical; their solution is

T} ,(2) = Aquexp(®12) + By, exp(w:z) (71)
where 4, , and B, , are integration constants and w, , are the roots of the characteristic equation,

_ 0@ £ V0P +4vn@) v+ o) £V + p0)? — (o) +v)
2 2 ’
Taking into account 7(z) in the form 7;(z) = T, + Bz, the particular solution of eq. (64) is

w12 (72)

T/(2) = Ty + Bz = Ty(z), (73)
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whereas the particular solution of eq. (65) is

Tup(z):TO—l—g-i—ﬂZETb(z)-i—g. (74)
We thus have arrived at
Tu(z) = Agexp(wiz) + Bgexp(wrz) + Ty + Bz, (75)
Te) = Ay exp(or2) + By explonz) + Ty + 2 4 g 76)
and after employing the boundary conditions mentioned above we get the following,
Aq = —F =—By,
(@1 + (1)) exp(w1d) — (w3 + (1)) exp(wd)
B —Blw: — v) _ o
wi(wy; — v)exp(wd) — wy(w; — v) exp(w,d) o —v

In the case of the N-layered model, we will write in each layer
Tj(2) = Ayexp(wi2) + Byexp(z) + T, + piz (77)

Tlf(z) = AL exp(w;z) + BL"‘ exp(wyz) + le + % + Biz . (78)

There are 4N unknown integration constants 4/, B} ,, but we can employ four boundary conditions on the surface and bottom of the
borehole, and, moreover, the temperature must be continuous on each internal interface, that is,
Ty = I @) =0, TGEw) =T @) =0, i=12,...,N~1. (79)

To complete a system of required equations for the integration constants, we need to write other 2N—2 conditions on internal boundaries.
First, we write conditions for the derivatives 7,(z) = d7,(z)/dz and t,, = d7,(z)/dz. It is clear from eqs (37) and (38) that these derivatives
are not continuous on internal boundaries due to jumps of the material coefficients w(z), v and n(¢) on the internal layer interfaces. Since the

continuity of temperature eq. (79) holds, we may write fori =1,2,..., N — 1

7, i) = Thzin) = (i () — OV T i) + i1 — v) ThEien) + a0 — 1) T (Zi1) (80)
and

T @) = 1) = =i = v Tzig) + i =) T (Zig1) - (81)

The consequence of the material coefficient jumps is, therefore, that calculations of downward and upward flow temperatures employing the
conditions (80) and (81) are coupled.

In order to decouple the interface conditions, we go back to the relations (64), (65), (71), (75) and (76). Since Ty, T,, and T are continuous
on internal layer interfaces, it is also clear that

Y 11y 19Ty

= 82
< un(t) 922 v 0z (82)
and
1 827! 197"
"+ Bv = L4 4 By (83)

vn(t) 0z2 v 0z
must be continuous. Therefore, the continuity of the right-hand sides of eqs (82) and (83) can replace the conditions (80) and (81).

3 VALIDATION OF THE METHOD AND PARAMETRIC STUDIES

First, the thermal resistance from the borehole wall to the fluid in the outer pipe R, and the thermal resistance between the outer and the inner
pipes fluid R; must be determined. We use their magnitude calculated from the relations

1 Ta 1 T'lo 1
R, = In (2« In 22 , 84
27Tkg n<r10)+27rkp1 n<r1i>+2f[}’1ih1 ( )

R SRS WS SR (85)
i = ny{— s
27Tkp2 i 27‘[7‘201’!1 27'[1"2,'}!2

where ., 71,, 71i, 720 and 7,; denote the outer radius of the grout, the outer and inner radii of the outer pipe and the outer and inner radii of the
inner pipe, respectively, see Fig. 4. The symbols k,, k, and k,, are the thermal conductivities of the grout, the outer and inner pipes. Finally,

hy and h, are the convective heat transfer coefficients for the outer and inner pipes. Following Pan et al. (2019), we calculate them employing
the formula
b ky ( (f/8)(Re — 1000)Pr

T d \ 1+ 12.7(f/8)2(Pr?3 — 1)

), f =(0.791In(Re) — 1.64)7% (86)
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Figure 5. Temperatures of water outflowing from the 100 m deep borehole for Qior =5 kW and iz =8.33 kgs~.
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Figure 6. Temperature distribution of downflowing and upflowing water 7,; and 7,,, respectively, after 6.5 d (right-hand curves) and 33 d (left-hand curves)
after the start of heating. Depth of the borehole is 100 m, Ot =5kW and /i =8.33 kgs~!.

where kris the thermal conductivity of the circulating fluid, Re is the Reynolds number and Pr is the Prandtl number. Hydraulic diameter d
= 2(ry; — 1) in calculating 4, and d = 2r; in expressing /,, respectively.

We tested our method against free software calculating temperatures in downflowing and upflowing water for a priori prescribed
heat extraction. The software is based on analytical formulae in the Laplace domain (Beier et al. 2014). Fig. 5 shows the temperature of
water outflowing from a 100 m deep borehole and entering into a heat pump for up to 130d. Heat extraction of 5kW and water flow of
8.33kgs™! were constant, other parameters of the borehole can be found in https://www.opengeosys.org/docs/benchmarks/heat-transport-
bhe/3d_coaxial_deep_bhe/. Fig. 6 then demonstrates the temperature distribution of downflowing and upflowing water 7, and 7,, respectively,
after 6.5 and 33 d after the start of heating. We also benchmarked our formulae with numerical calculations of Cai et al. (2022) for 2.2, 2.4,
2.6, 2.8 and 3 km deep boreholes, respectively, in the four-layers ground model. Constant temperature of inflow is 4 °C, surface temperature
of the ground T} is 14.8°C and the flow rate is 10 litress~!. Cai ef al. (2022) reported the outflow temperatures after the end of heating
season (120 d) for these boreholes to be 11.15, 12.51, 13.95, 15.47 and 17.06 °C, respectively. Our values are 10.65, 11.88, 13.18, 14.53 and
15.93 °C, respectively.

It is clear that in both tests we obtained slightly lower values of temperatures. This is the error of quasi-steady-state approximation.
The formula (12) is precise if the temperature 7, is constant in time. However, in numerical experiments described in this paragraph, 7,
slowly decreases, which causes an additional heat flow that is not taken into account in the quasi-steady-state approximation. Nevertheless,
this error of several per cents is still sufficiently small (and probably below the errors caused, e.g. by uncertainties of the ground parameters)
and thus we can conclude that our straightforward semi-analytical method provides reasonable fast estimates of water temperatures or heat
extractions.

In the parametric studies presented in this section, we deal with a deep borehole reaching the depth of 3 km and a superdeep borehole of
a depth of 10 km. Although there is no such superdeeep borehole employing geothermal energy yet, note that the depth of 10 km should be
reached by recently started drilling in China. Presenting the results for such a borehole thus point to potential limits of heat extraction from
a single superdeep borehole. To work with a realistic model of the crust, we divide its upper 10 km into five layers of the same thicknesses.
Based on the background temperature profile 7,, we use thermal diffusivity and conductivity dependencies on temperature for an average
crust (Whittington er al. 2009) to obtain their depth dependencies. Calculations of Q* are made for the fixed borehole radius r, =0.15m,
the thermal diffusivities in Table 1 and # = 500d. As shown in Table 1, O* increases with depth from about 1.17 to 1.26. All calculations

$20z Aienuep G| uo Jasn eynye; IujeIzAl-oyonewsale|y ‘8zeld A BAOlRY BNZISAIUN AQ 1| £8Z//S2EZ/S/SEZ/a0me/B/woo dno olwapede//:sdiy Woll papeojumoc]


art/ggad367_f5.eps
art/ggad367_f6.eps
https://www.opengeosys.org/docs/benchmarks/heat-transport-bhe/3d_coaxial_deep_bhe/

Heat extraction from deep boreholes 2335

Table 1. Parameters of the crust model based on the thermal diffusivity profiles
by Whittington et al. (2009).

Depth (km) B (Kkm™') A(WmK™!) « (mm?s') o*
0-2 29 3.8 2.00 1.17
2-4 27 3.6 1.75 1.19
4-6 25 34 1.50 1.22
6-8 23 32 1.25 1.24
8-10 21 3.0 1.00 1.26
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Figure 7. Temperatures 7, — Ty at the borehole bottom and at the surface for the three thicknesses of the inner pipe wall. The boreholes are 10 km deep
(left-hand panel) or 3 km deep (right-hand panel). Inner radius of the inner pipe r7; is 5.5 cm.

6 — T 0.6 T T T
Ar'"=2.0cm —*— Ar'"=2.0cm —*—
Ar'"=1.0cm —*— Ar'"=1.0cm —=*—
5t Ar'"=0.5cm —*— | 05 Ar'"=0.5cm —*— |
_ 4t = 04f .
= =
Z 3l 1 Z o3} i
s s
c 2+ 1@ 0.2 { :
1 ! 0.1 !
depth=10km depth=3km
0 1 1 1 1 0 1 1 1 1
10 20 30 40 50 10 20 30 40 50

water flow [kg/s] water flow [kg/s]

Figure 8. Total heat extraction from the 10 km deep borehole (left-hand panel) and the 3 km deep borehole (right-hand panel) for the three thicknesses of the
inner pipe wall. Inner radius of the inner pipe r7; is 5.5 cm.

presented in the following are based on formulae from the second subpart of Section 2.2.2. We use 7, = 0.15m, r;, = 0.1 m, r;; = 0.095 m, k,
=15Wmk!, kyy =41 W mk~! and kyy =04 W mk~!. Since the evaluation of explicit analytical formulae (56)—(61) is extremely fast, we
can easily perform various parametric studies. Fig. 7 shows changes of temperature at the bottom of the borehole and the surface temperature
of the outflowing water 7,(0) with the change of the water flow 7z in cases, where r,; = 0.055 m is fixed, but 7, = 0.075, 0.065 and 0.06 m,
respectively. We can see that the corresponding changes of the thermal resistance R; (eq. 85) result in substantial changes of the temperatures
shown. One can clearly see that 7,(0) can reach only several tens of °C, and it is interesting that maximal outflow temperatures are reached
for water flows of the order of 10 kgs™' for the superdeep borehole but only several kgs~' for the 3 km deep borehole. However, total heat
extraction Oy increases with increasing 77 as shown in Fig. 8 and there is a saturation approximately at a level of 4 and 0.45 MW for the two
studied borehole depths.

The thermal resistance R; depends not only on the thickness of the inner pipe but also on its radius. Figs 9 and 10 show changes of
temperature and total heat extraction with changes of r,; for a water flow of 10 kgs~!. One can see that the temperature 7, at the bottom
increases with increasing r,; but at the surface 7, decreases with increasing r,; and thus QO also decreases. This result can be explained
by the fact that speed of water in the inner pipe decreases with increasing pipe radius and, therefore, the water flowing upward is more
cooled during its journey from the bottom to the top of the borehole. The depth dependence of the temperature for ,; = 5.5 cm is shown in
Fig. 11.

We also tested the sensitivity of heat flow extraction on changes of R,, but it is very small. For example, if we replace the thermal
conductivity of the grout k, by the thermal conductivity of the steel k,;, the temperature at the bottom of the borehole increases only by
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Figure 9. Temperatures 7,, — Ty at the borehole bottom and at the surface for the three thicknesses of the inner pipe wall and changing inner radius 7; of the
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several degrees and a change of Oy is negligible. The physical reason is based on the fact that the heat flow from the crust to the borehole is

proportional to 7, — T,; changes of R, influence T, but changes of the difference 7, — 7, remain relatively small.

4 CONCLUSIONS

We present a new method that enables us to calculate quasi-static heat extraction from coaxial boreholes in realistic layered crust models.
Potentially changing thermal resistivities of the borehole wall and the inner pipe were also included. Our approach consists of the two
independent steps. First, we deal with the heat conduction equation in axial symmetry outside a borehole and introduce the dimensionless
quantity O* which is a function of the crustal thermal diffusivity, borehole radius and time. Then, the heat flow from the Earth’s crust

to the borehole is simply expressed by the multiplication of O* with the thermal conductivity of the crust and the difference between the
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background temperature and that at the borehole wall. This quantity then enters the second step, where we analytically solve an energy-balance
equation between the heat flow from the crust and changes of the temperature of the downflowing and upflowing fluids in the borehole. The
matrix method is used to propagate the solution between the top and bottom of each layer and, subsequently, between the surface and borehole
bottom. This enables us to incorporate boundary conditions and express the solution in any depth by means of a matrix multiplication.

We then performed parametric studies focused on the temperature of the water flow and, especially, the total heat extraction calculations
from coaxial boreholes of the depths 3 and 10 km. The free parameters under study were the amount of water flow and thermal resistance of
the inner pipe that separates the downflowing and upflowing pumped water. For an ideally insulating inner pipe, which is characterized by an
infinite thermal resistance, the temperature of flow decreases but the total heat extraction increases with increasing amount of the water flow.
However, in realistic models with finite thermal resistance controlled by the geometry of the pipe, the behaviour of flow temperature is more
complicated. Total heat extraction is still increasing with increasing amount of flow but it is saturated for high flow amounts. The important
parameter is the inner radius of the inner pipe. The smaller the radius is, the higher is the speed of upflowing water and, consequently, its
temperature and total heat extraction. We also discuss changes of total heat extraction from the borehole due to changes of the insulation

quality of the inner pipe when amount of pumped water is fixed.
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