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ABSTRACT

Nowadays, there is no effective method to
evaluate the efficiency of geothermal power plant but
capacity test of in-situ. This is due to the poor-known
thermal-fluid information about the reservoir. This
study proposes an innovative Capacity Evaluation
method based on the thermal resistance of well. The
capacity evaluation model of geothermal well consists
of the Brinkman model conjugated with heat transfer
model and the pipe flow model. This capacity
evaluation model is validated with the capacity test of
the geothermal well of IC 09 & 13 in Chingshui,
Taiwan. The thermal resistance of these wells can be
obtained through the in-situ data of the geometry, well
temperature, and mass flow rate. The capacity of
geothermal can be optimized as the reasonable
capacity evaluation model is built. In the thermal
resistance view, the key technology will be proposed
for building the reliable and convenient evaluated
model of geothermal capacity.

INTRODUCTION

Comparing with the solar energy and wind
energy, geothermal energy is a stable and base load
power (Li, 2015). The technology and theory of geo-
thermal system achieves the independent engineering
field and commercial scale gradually (Fridleifsson,
2001). The production of geothermal energy can be
improved by the technology of exploitation, the heat
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exchange skills, the knowledge of geothermal infor-
mation, as the geothermal power development in recent
year. Geothermal development needs to find the suita-
ble site, include geology, thermal dynamics, mechani-
cal engineering and electric engineering. Scientists
propose lots of suggestions for evaluating the geother-
mal potential and building the global phenomena of
geothermal field. However, the capacity test still
should be processed as the evaluating the enthalpy of
the working fluid. It is an important step to evaluate the
economic cost of geothermal power plant.

Besides the capacity test, the evaluated model is
improved for the complex phenomena and pre-selected
plan. Pruess built the numerical model TOUGH for the
multiphase flow in permeable media in 2004 (Pruess,
2004). The THM model is developed and been used to
investigate the EGS with fracture network by aniso-
tropic model (Liao et al., 2020). Many phenomena and
availabilities of geothermal energy are investigated
such as thermal breakthrough prediction (Liu et al.,
2020), well spacing problem (Chen et al., 2021), the
reutilization of oil or gas well (Harris et al., 2021), Lots
of phenomena are still difficult to clarify such as chem-
ical reactions in the reservoir such as the fluid-rock
interaction (Xu, et al. 2006), the effects of brine (Xu et
al., 2009) which result in the temperature contour of
the reservoir. The numerical model is improved and
innovated for involving more geologic and heat mass
transfer conditions. The EGS (enhance geothermal
system) with dual porous medium and fracture are
modelled by THM model for the related complex
reservoir (Ren et al., 2020). Wang et al. propose the
heat extraction of multilateral -well coaxial closed-
loop geothermal system based on the COMSOL
software (Wang et al., 2021).

Nowadays, there is no effective method to
evaluate the efficiency of geothermal power plant but
capacity test. This is due to the poor-known thermal-
fluid information about the reservoir. The uncertainty
of geothermal power is hardly controlled such as the
number of preferential flow pathways (Patterson et al.,
2020).

However, the above approaches have some



limits in this application. The important limitation is
hardly to handle the whole mechanics in the reservoir.
Actually, the total enthalpy from the well is the key
point for the electric potential. In this view, this study
proposes a thermal resistance concept to find the
optimal operated parameters for extracting heat.
Therefore, the relationship between the well capacity
test and total enthalpy could be decided based on a
conceptual. It will provide a global view to find the
potential but the local phenomena. It is the purpose of
this study to propose a capacity evaluation model. This
model will reduce the cost of capacity test and benefit
to the design of geothermal power plant.

The reservoir of Brinkman model conjugated
with heat transfer model is proposed by our team and
fitted the thermal dispersion by experiment in two
kinds of mass flow rate under various pressure. Based
on the fitted reservoir model, the optimal results by the
optimal simplified conjugated gradient method
(SCGM) are presented.

CAPACITY EVALUATION MODEL

A capacity evaluation model is proposed firstly.
That is, the thermal resistance of the well is proposed
to represent the heat transfer feature of the well. The
temperature profile of the well can be obtained from
the capacity test of in-situ and the well thermal
hydraulic (TH) model. The thermal resistance of this
well can be calculated from the heat dissipation and
temperature difference between well and environment.
This well TH model consists of the Brinkman model
conjugated with porous heat transfer model simulated
as the reservoir and the pipe flow model as the well.
The thermal dispersion of this numerical model will be
obtain from the fitting of the thermal dispersion
experimental results. In addition, the optimization of
this capacity evaluation model will process to obtain
the optimal operated condition for the maximum
capacity. The schematic diagram and process of
capacity evaluation model are shown in Figs 1 & 2.

Outlet Flow

..... Ground

Heat
* Dissipatiom

iy

S
_"—L—-.__.l——h, _‘.f\
Mass Flow Rate

Fig. 1 The schematic diagram of capacity evaluation
model.
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The geometry and boundary of this model are
built based on the in-situ capacity test of single well No.
IC09 & IC 13 in Chingshui. The thermal resistance of
geothermal well of in-situ can be obtained.
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Fig. 2 The architecture of capacity evaluation model.

The detailed illustrations of this architecture of
capacity evaluation are exhibited as below. First, the
well porous TH model is built based on the Brinkman
model conjugated with heat transfer model. The
thermal dispersion length is obtained from the fitting
process of thermal dispersion experiment. Here, the
governing equations of the porous model are described
as below:

Continuity equation is:

5 (EP) + V- (o) = Qur
Momentum equation is:
5(2—1; + -V g) -Vp+V- E{#(VU + (uh)) -
2u-wif] - (E+2)u+F @)

where u is viscosity; u is velocity; p is fluid
density; p is pressure and F is forced term; e is
porosity; k is permeability and Q,,- is mass force.
The Fourier's law of porous medium is described as
below:

%[(1 - g)ppcp,pr] -(1-¢V- (kaTp) =0 (3)

1)

Energy balance equation is:

a

5 1€ Cof Tl 4+ V- (pfCp pDTy) — €V - (ks VT;) = 0
(4)

where T is temperature; C, is specific heat; k is
thermal conductivity, D is Darcy flow and the
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subscript label f means fluid and pis media.

Second, the well part is based on the pipe flow
and general heat transfer model. The governing
equations (non-porous medium) are described as below.
Continuity equation is:

Z+V-(pu) =0 (5)
Momentum equation is:

pz—ltl +pu-NHu="v- [—pl +u(Vu+ (Tu)T) —
2u(v-wi]+F 6)
Energy balance equation is described as below:

2 [pC,T] + V- (pCyuT) — V- (kVT) = 0 )

The schematic diagram of this model is shown in
Fig 3. The heat and mass transfer analysis are built by

this model.
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Fig. 3 The schematic diagram of well porous TH model.

Thermal dispersion length

The thermal dispersion of this well porous TH
model is adjusted from the fitting process of the results
of thermal dispersion experiment.

A thermal dispersion experiment (working fluid
is water) is set under the similar conditions of this
geothermal well. The experimental process and instal-
lation are described in the previous research (working
fluid is supercritical CO,) of our team (Lin et al., 2019).
Through this process, Q (heat extraction) and
AT (temperature difference between the exit and inlet
of test section) of numerical model are close to the
results of experiment as the thermal dispersion length
adjusting. From the view of thermal resistance, the
model and experiment are similar under the same
geometry and thermal-fluid conditions. The model
with two kinds of porosity (particle size is 1.54 mm and
2.03 mm), and four kinds of inlet mass flow rates
(0.00033 kg/s, 0.00066 kg/s and 0.00099 kg/s and
0.00132 kg/s) are processed. Fig. 4 presents the fitting
results of this porous heat transfer model. Fig. 4(a) and
(b) is the fitting result of the temperature difference and
heat extraction.
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Fig. 4 The fitted results of simulation compared with
the experiment (a) temperature difference (b) the heat
extraction through the test tube.

Through this fitting process, the heat extraction
and temperature difference of the simulation will be
approached to the ones of experiment. The error of heat
extraction between the simulation and experiment is
1.3 % and 1.1 % in particle size is 1.54 mm and 2.03
mm, respectively.

Porous TH model of geothermal well No. IC09 & 13

The location of 1C09 & 1C13, Chingshui, ILan,
Taiwan is shown in Fig 5 and the results of capacity
test are listed in Table 1 & 2.

Fig. 5 The location of 1C09 & IC13, Chingshui, llan,
Taiwan.
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Table 1 Capacity test and Geometry of 1C09, Chingshui

Depth (m) Diame_ter (Test Temp. (Bottom Temp. Pressure m Myap Ty Date
tube) (inch) of well) (°C)  (Outlet) (°C) (Outlet) (Bar) (ton/hr) (ton/hr)  (ton/hr)
Casel 2086 15 200 168.7 9.2 195 35 16 2008/4/29-30
Case2 2086 2 200 160.4 7 27.2 4.5 22.7  2008/4/28-29
Case3 2086 25 200 151.2 5.3 31.9 6 25.9 2008/4/27-28
Cased 2086 3 200 146.1 4 34.2 8 26.2  2008/4/30-5/7
Table 2 Capacity test and Geometry of 1C13, Chingshui
Depth (m) Diamete_r (Test Temp. (Bcottom Temp. . Pressure m My, it Date
tube) (inch)  of well) (°C) (Outlet) (°C) (Outlet) (Bar) (ton/hr)  (ton/hr) (ton/hr)
Casel 1275.02 1.38(36mm) >217.1 180 8 25.5 6.8 18.7 2017/10/26
Case2 1275.02 15 >217.1 185 14.2 31.2 5.2 26 2009/7/8-9
Case3 1275.02 2 >217.1 173.7 9.3 34.7 8.7 26 2009/7/9-10
Cased 1275.02 25 >217.1 164.3 7.3 39.7 12.3 27.4 2009/7/10-11
The depth of well, the temperature of well  wellhead.

bottom, the flow rate of steam, water and temperature
of wellhead are listed in Table 1 & 2. Based on the
fitted porous TH model and the capacity test of IC09 &
IC13, Chingshui, Taiwan. Four kinds of capacity test
are discussed to obtain the thermal resistance of 1C09
& IC13, respectively.

The optimization of heat extraction under the
varied test tube and mass flow rate can be obtained as
the fitted simulated model is built. The numerical
design approach is developed by combining a direct
problem solver, COMSOL code (COMSOL, 2019),
with an optimal method (the simplified conjugate
gradient method, SCGM). The COMSOL package is
used as the subroutine to solve the temperature profiles
associated with mass flow rate of the well in the
different test tube during the iterative optimal process.

The heat extraction of the geothermal well is
chosen be the objective function, J, of this study, and
the maximum objective function will be approached
through the optimization.

J =mh ®)
here, h is the enthalpy of working fluid at the status of

RESULTS AND DISCUSSION

Thermal Resistance of 1IC09 & IC13

The thermal resistance of the well can be
represented the characteristics of the geothermal well.
The thermal resistance of this well can be calculated
from the heat dissipation and temperature difference
between well and environment (rock matrix) as Fig 1.
The first, the heat dissipation of each case is obtained
from a fitting of the capacity test of geothermal well in-
situ (Table 1 and 2). The fitted results of IC09 and 1C13
are shown in Table 3 and 4. The temperature profiles
of the numerical model on IC09 & 1C13 based on four
kinds of capacity test are obtained and shown in Fig 8.
Fig. 6(a) shows the temperature profile of 1C09 as the
test tube is 1.5 inch, 2 inch, 2.5 inch and 3 inch,
separately. Fig 6(b) shows the temperature profile of
IC13 as the test is1.38 inch (35mm), 1.5 inch, 2 inch
and 2.5 inch, separately. Along the well, the
temperature decreasing from the bottom to the head is
faster as the diameter of test tube increases.

Table 3 The heat dissipation of 1C09, Chingshui

Diameter (Test tube)

Temp. (Bottom of well)

Temp. (Outlet) Heat dissipation

(inch) &) &) (kw)
15 200 168.7 732.85
2 200 160.4 1268.37
25 200 151.2 1779.11
3 200 146.1 2030.51

Table 4 The heat dissipation of 1C13, Chingshui

Diameter (Test tube)

Temp. (Bottom of well)

Temp. (Outlet) Heat dissipation

(inch) (°C) (°C) (kw)
1.38(35mm) >217.1 180 897.05
15 >217.1 185 1032.95
2 >217.1 173.7 1643.01
25 >217.1 164.3 2126.80
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Fig. 6 The temperature profile of (a) IC09 (b) IC13
with difference capacity test.

The heat dissipation of IC09 and 1C13 is shown
in Fig 7, listed in Table 3 &4 in detail. As a whole, the
heat dissipation increases as the diameter of test tube.
The heat dissipation of case 1.38inch (35 mm) of IC13
is smaller about 10 % than the one of case 1.5 inch. It
proves that the conditions of this case in 2009 is similar
with the conditions in 2017.
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Fig. 7 The heat dissipation of 1C09&IC13 with
difference capacity test tube.
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Next, the thermal resistance will be derived.
AT
heat loss (9)

. 1 pbottom
here, AT is - fgmun o Tweu

it means the difference of the average temperature of
well and environment.

The results of thermal resistance of 1C09 and
IC13 with the different test tube are shown in Fig 8,
and listed in Table 5, separately. The thermal resistance
decreases as the test tube increases for the reason of
larger flow. Therefore, the thermal resistance can be an
index to derive the geothermal capacity (heat
extraction) with the different mass flow rate. The heat
extraction with the different test tube is shown in Fig 9.
Throughout the Fig 9, the heat extraction increases
linearly when the test tube increases. In addition, for
IC13, the heat extraction of the capacity test of 1.38in
(35 mm) in 2017 and 1.5 in (about 38.1 mm) in 2009 is
10.5 MW and 11.3 MW. The results are almost linear
exhibited even the test date of both of cases is 8 years
away. From these results of in-situ capacity test of IC09
& IC13 in Chingshui, the variation of in-situ data over
the past decade is very insignificant. We can conclude
that the reference of geological in the decades is still
meaningful in geothermal research.
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Fig. 8 The thermal resistance of 1C09&IC13 with
different capacity test tube.

Table 5 The thermal resistance with different capacity
test tube in 1C09 & IC13

1C09 IC13

Diameter  Rth Diameter Rth

(Test tube)  (K/W) (Test tube) (K/W)
Casel 15in 9.8E-5 35 mm 8.64E-5
Case2 2in 5.34E-5 15in 7.7T4E-5
Case3 25in 3.55E-5 2in 4.53E-5
Cased 3in 2.98E-5 2.5in 3.27E-5
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Fig. 9 The heat extraction of IC09&IC13 with
difference capacity test tube.

Optimization

In general, the geothermal potential will be ex-
tracted as more as possible. Therefore, the geothermal
flow will be induced by the pump. This study proves
that the maximum geothermal potential exists even the
geothermal flow keeps increasing. Through the optimi-
zation, the iteration of wellhead temperature of IC09 &
IC13 with the mass flow rate of the geothermal flow
under different test tube are shown in Fig 10. We can
observe that the temperature of wellhead increases as
the mass flow rate increases, therefore, the temperature
difference decreases. It exhibits that the heat extraction
will decrease as the geothermal flow increases. In 1C09
& IC13, the temperature of wellhead increases slowly
as the geothermal flow is greater than 15 kg/s and 25
kgls, separately.
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Fig. 10 The temperature (Thead) profile with the outlet
mass flow rate (a) 1C09 (b) IC13

We can conclude the optimized specific heat
extraction will be obtained, if the pumping cost for
increasing the mass flow rate is considered.
Throughout Fig. 11, we observe that the increasing of
specific heat extraction is moderate as the geothermal
flow greater than 15 kg/s. The values of specific heat
extractionat5, 9, 11, 13, 15, 17, 19, 25, 40 kg/s of IC09
& IC13 are listed in Table 6. In table 6, the increasing
rate of specific heat extraction of 1C09 with 3 in test
tube is 15 %, 4.2 %, 2 %, 0.64 % as the geothermal
flow increases from 5 kg/s to 15 kg/s, 15-25 kg/s, 25-
35 kg/s and 35-40 kg/s, separately. It indicates that it is
invaluable to induce the geothermal flow as the
increasing of specific heat extraction is not enough to
make up the increasing of pump cost.

Table 6 The specific heat extraction (q) with different
geothermal flow in IC09 & IC13

1C09 IC13
Test  Mass flow q Test Mass flow q
tube  rate(kg/s) (kKW/kg) tube rate (kg/s) (kW/kg)
5 1016.5 5 1284.70
10 1132.2 10 1397.15
3inch 15 116950 25inch 15 1432.60
20 1193.98 20 1455.73
25 1218.2 25 1478.40
35 1242.2 35 1500.75
1700
e
;'»: Case 2.5in
= Case 3in
g 1380
é 1220
3 1060 ~
900 L ,
0 5 10 15 20 25 30 3s a0
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Fig. 11 The optimization of the specific heat extraction
of (a) 1C09 (b) IC13
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CONCLUSIONS

An innovative capacity evaluation model is
proposed and done based on the geothermal well 1C09
& IC13, Chingshui, Taiwan in this study. The thermal
resistance can be represented the characteristics of the
geothermal well. Based on the results of thermal
resistance, the specific heat extraction with different
geothermal flow can be obtained. The limited specific
heat extraction is observed with different geothermal
flow and test tube in 1IC09 & IC13. This study proves
that we can derive the maximum geothermal flow and
potential based on few capacity test.

NOMENCLATURE

Cp =specific heat p  =fluid

(J/KgK) density(
Kg/m?)
(pCp)esr =effective p  =viscosity
volumetric heat (Pa-s)
capacity
(/m°K)
k =thermal € = porosity
conductivity
(W/mK)
Kegr =effective g, =volumetric
volumetric fraction  of
thermal the solid
conductivity(W/
mK)
F =forced term (N) «k  =permeabilit
y (m?)

p =pressure (pa) A, =longitudina
| dispersivity
(m)

T =temperature Ay =transverse

(K) dispersivity
(m)

u =velocity (m/s) Qp, =mass force
(N)
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