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Abstract: This paper addresses the problem of the geothermal energy generation process in a depleted
gas reservoir with a specific enhanced geothermal system, applying CO, as an energy transporting
medium. Constructed models of the system components are used to perform coupled and dynamic
simulation forecasts, taking into account the interdependence of the individual system elements
operating in a cyclical fluid flow and the continuous changes in temperature, pressure, and the
composition of circulating fluids. The simulation procedure of the geothermal energy generation
process is applied to the realistic example of a depleted gas reservoir located in Foresudetic Monocline,
Poland. The simulation results are presented in detail and discussed with several conclusions of
both case-specific and general characters. Three phases of the energy recovery process can be
distinguished, varying in the produced fluid composition and the evolution of the fluid temperature.
These phases result in the corresponding behavior of the produced stream power: increasing, stable,
and decreasing for the three phases, respectively. Other significant results of the simulation forecasts
are also discussed and concluded. In general, the complexity of the obtained results proves the
necessity to apply the system’s detailed modeling and simulations to reliably plan and realize a
geothermal energy generation project.

Keywords: geothermal energy; reservoir modeling; depleted reservoirs; energy transporting fluid;
energy recovery installation

1. Introduction

Geothermal energy is thermal energy in the Earth’s crust that is transferred from the
hot core and mantle of the planet. The primal source of this heat is half the processes
of radioactive decay of radioactive elements and half the original energy created during
the formation of the planet. The stream of geothermal energy is estimated at 44.2 TW
and the resources are large enough to maintain this stream for many billions of years.
Although the stream of geothermal energy is a negligible fraction of the energy stream
that arrives on the Earth from the Sun, it exceeds the current demand for energy in the
global economy by more than twice. Due to the relatively small carbon footprint left when
extracting geothermal energy, it is treated as “green” and renewable. Currently, 13.9 GW of
geothermal energy power are being extracted globally (2019) [1] in industrial processes and
28 GW [2] are used in direct district heating systems. Standard technologies for obtaining
geothermal energy include:

- hot springs,
- deep aquifers with temperatures above 100 °C,
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- deep, “dry” rock formations requiring the stimulation of the transport parameters and
external water sources as a heat-exchanging medium (so-called enhanced geothermal
systems-EGS).

In recent years, research studies and investment projects on the recovery of geothermal
energy from depleted oil reservoirs [3-7] and natural gas reservoirs [8-14] have also been
initiated. The initial estimate of the energy potential of depleted domestic hydrocarbon
reservoirs as sources of geothermal energy is over 400 TJ for individual locations [15].
For typical geological conditions with a geothermal gradient of approx. 30 °C/km, such
reservoirs must be located at a depth of over 3000 m. As a consequence, their transport and
storage parameters are significantly reduced. Although the standard carrier of geothermal
energy is water, which has the advantages of a high heat capacity and excellent thermal
stability, in the conditions of deep hydrocarbon reservoirs with limited permeability, its
mobility is low, which significantly reduces the injectivity of wells used for water injection
into the reservoir and increases its flow resistance in the porous structures. Therefore, in
such cases, the advantage of using CO, as a fluid transferring geothermal energy over H,O
according to [16] include:

- alower viscosity, resulting in larger flow velocities for a given pressure gradient,

- alarger expansivity, resulting in larger density differences between cold CO; in the
injecting wells and warm CO, in the producing wells, and consequent smaller energy
losses in the fluid circulation system.

Therefore, supercritical CO, has much greater mobility compared with water, which
more than compensates for its lower heat capacity [17]. This is one of the main reasons
for the use of CO; in standard geothermal sources within EGS systems [18]. The methods
of acquiring geothermal energy from depleted hydrocarbon reservoirs with the use of
supercritical CO; are in the early stages of development. In particular, this applies to
domestic conditions, where the geothermal phase is treated as one of three stages of
exploitation of these structures [15,19].

Most of the published studies concerning the extraction of geothermal energy included
numerical simulations of particular systems. Pruess [20] investigated the significance of
producing well completion specifications for its performance. Zhang et al. [21] analyzed
standard EGS systems and compared the thermodynamic performance of CO;-based vs.
H)O-based systems. Pan et al. [22] analyzed the optimum CO, flow rate required to
generate a positive electric power output. Pan and Oldenburg [23] investigated variations
in the supercritical CO; properties and thermal-hydraulic turbulence features to CO; in a
standard doublet CO,—EGS system. Hongwu Lei [24] analyzed a classical five-spot model
performance, including net heat extraction, flow rate, and production temperature applying
both H,O-based and CO;-based EGS.

This work aimed to carry out simulation forecasts of the complete geothermal energy
generation process, covering all the elements of the system designed for the implementation
of this process. The system included a realistic, depleted hydrocarbon reservoir, existing
producing and injecting wells, and surface installation elements, including pipelines,
separators, and heat exchangers. Simulations were carried out for a selected, domestic
gas field. It should be emphasized that the simulations are coupled and dynamic, taking
into account the interdependence of the individual system elements operating in a cyclical
fluid flow system transporting geothermal energy from the reservoir through producing
wells, surface installation, and injecting wells back into the reservoir, taking into account
continuous changes in temperature, pressure, and the composition of circulating fluids.
The system of geothermal energy recovery from a hydrocarbon reservoir consists of several
elements, presented schematically in Figure 1 and described below, where the capital letters
A, B, ..., and H5 refer to the elements presented in the figure.
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Figure 1. Diagram of a system for geothermal energy recovery from a hydrocarbon reservoir using
CO;. The arrows indicate flow direction.

A—reservoir—where the thermal energy is transferred from the rock mass and original
fluids to the fluid (mainly CO,), transporting energy to the surface,

B—producing well—where losses of both hydrodynamic and thermal energies
are observed,

C—separator—allows for the separation of the contaminated, possibly liquid, phases
of the fluid (brine) from its CO, component and possible residual hydrocarbon gas, where
CO;, is the basic carrier of geothermal energy,

D—heat exchanger installation—in which the transfer of thermal energy from the
conveying fluid to the usable energy system takes place,

E—manifold—allows for the replenishment of the stream of the transporting fluid
with external CO, to compensate for the components separated out of the produced fluid;
the manifold is placed before the next component of the system (F), i.e., a compressor, to
facilitate the preparation of the injected gas,

F—compressor—provides hydrodynamic energy to the fluid to be injected into the
reservoir with the required efficiency,

G—injecting well—where variations in the injecting fluid pressure and temperature
take place,

H1, ..., H5—connecting pipelines—where losses of both hydrodynamic and thermal
energies are observed.

It should be noted that the producing well in the diagram may, in general, refer to
a system of several producing wells working in parallel. Similarly, an injecting well in
the diagram denotes, in general, a possible system of several parallel injecting wells. It
should be also noted that a decrease in the temperature of the flowing media is observed
within all the elements in the diagram, except the reservoir and the possible exception of
the compressor. This decrease consists of a deliberate and controlled component within
the heat exchanger and an unavoidable and disadvantageous component within other
elements as the loss of geothermal energy of the transporting fluid. Similarly, in these
elements, except for the compressor, there is a decrease in the pressure of the transporting
fluid, which is a manifestation of the loss of hydrodynamic energy of this fluid. For the
quantitative description of the variation in temperature, pressure, and other parameters
(fluid mass rates and compositions) of the energy-transporting fluid, the corresponding
values at the inlet and outlet of each element are correlated according to their numerical
models described below and referring to the diagram in Figure 1.
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2. Geological Settings

The area of interest of our study geographically focuses on the middle part of the
Warsaw-Berlin ice-marginal valley, along the river valleys of the Warta and Prosna. It is
encircled by the Krotoszyn Plateau from the south, the Gniezno Plateau from the north,
the Kalisz—Turek Plateau from the east, and its western margin is the moraine hills of
the Leszczynska Plateau. Geologically, the selected gas field is a depleted gas reservoir
located in the Western part of the Foresudetic Monocline. Natural gas was tectonic-
structurally trapped within the Saxonian subgroup of the Rotliegend sandstone formation.
The Rotliegend sandstones were developed as thick-bedded, high-porosity, dune-shaped
aeolian sandstones with a low clay content. The axis of the gas reservoir structure is elon-
gated in the NW-SE direction. The caprock of the reservoir is lithologically diverse, but
it is mostly composed of the Zechstein impermeable anhydrides and salts of the Werra
and Strassfurt cyclothems. Above the Zechstein interval, the sub-Cenzoic complex of the
Malmian age is characterized by variable tectonics, thickness, varying degrees of diagenesis,
and changes caused by karst and other secondary geological processes. The gas reservoir
is sealed from the SW direction by the fault zone striking NW-SE. The reservoir layers,
separated by interdune surfaces, during its tectonic development, were tiled and inclined
toward the NE direction. The gas reservoir structure is elongated along the NE-SE axis,
where three local highs attached to the sealing fault may be observed in Figure 2.

Rotliegend top depths [m]
™ _3080.00"

--3140.00

-3200.00

-3260.00’

Figure 2. Structural map of the top of the Rotliegend formation for the selected gas field after [25]. The red
line represents the intersection of the main sealing fault with the top surface of the Rotliegend formation.

In general, the Rotliegend sandstones represent good reservoir rock, characterized by
a considerable average thickness, high average porosity, and intermediate permeability.
The gas-bearing zone has the highest thickness adjacent to the fault zone and pinches out
to gas—water contact toward the NE direction. Reservoir sandstones pronounce a high
horizontal isotropy of transport properties but with a poorer quality of the topmost layer.

3. Geological Model

The 3D geological model of the selected gas field was constructed in [15]. The structural
model of the selected gas field and the surrounding area was developed based on a
structural map of the top of the Rotliegend formation [25] presented in Figure 2 and a map
of the thickness of the Rotliegend sandstones. The bottom layer map of the reservoir model
was reconstructed using well log data. The geometry and thickness maps of the inner
horizons of the reservoir model were mapped based on stratigraphic markers determined
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in borehole profiles. Finally, the reservoir interval of the Rotliegend sandstones was
subdivided into nine layers. The orientation of the simulation grid was consistent with the
main axes of the structure. The horizontal dimensions of the 3D grid blocks varied from
200 m to 400 m, with an average of 250 m along the main axes (NW-SE), and varied from
40 m to 260 m, with an average value of 130 m, for the perpendicular direction. The total
thickness of the reservoir varied, across the entire model, between 36 m and 126 m, with an
average value of 75 m. The inner layers’ thicknesses ranged individually between 0.5 and
21 m, and averaged to 8 m. Additionally, the wellbore area of all the wells had a higher
resolution with the applied radial type of local grid refinement (LGR). The geologic model
was finally characterized by 7220 active blocks in total. The created structural model of the
reservoir was parametrized with the spatial distribution of transport properties, including
porosity, permeability, and the thickness net-to-gross (NTG) ratio that are summarized in
Table 1.

Table 1. Basic reservoir properties of the reservoir model.

Property Unit Minimum Maximum Average

Porosity % 1.4 28.6 17.0
Permeability mD 0.1 195.0 32.0

Thickness m 36 126 75
Net-to-gross % 0.0 97.9 55.4

The spatial distributions of the NTG, total porosity, effective porosity, and permeability
were calculated and calibrated [15] based on the well log interpretations and lab results
from core samples and developed by applying the Gaussian random function simulation
algorithm with the co-kriging and variogram options included. The total porosity values
varied from 1.4% to 28.6%, with an average value of 17%, but the effective porosity ranged
from 0% to 28%, with an average value of 15.5%. The detailed distribution of the porosity
parameter is shown in Figure 3.

Porosity [-]

77 0.2750
0.2000

.0.1000

0.0000

©R5%,R7
R354R1 @RS

Figure 3. 3D grid of the reservoir simulation model with the distribution of the porosity in the selected
gas field after [15]. The southwest part of the model is cut out to display the internal structure of the
gas-bearing zone.

The absolute horizontal permeability model was determined by finding a firm relation-
ship between the core lab porosity and the measured permeability (adjustment coefficient,
R? = 0.8096). The most representative relationship is presented in Figure 4, based on data
from the well R-2-calibrated to well-test results.
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Figure 4. The relationship between the core lab porosity and the measured permeability. Orange
points are the most representative dataset from well R-2.

The permeability was directly calculated from the previously developed porosity
distribution. The absolute horizontal permeability amounts up to 195 mD, with an average
value of 32 mD. In this model, the vertical absolute permeability was initially reduced by
the order of magnitude to indicate the layered nature of the reservoir rock.

4. Dynamic Model

The dynamic modeling process was completed by supplementing the developed
geological model with the three required components: initial equilibrium distribution of
the reservoir fluids (gas, brine), relative permeabilities of the reservoir fluids (transport
properties), and the thermodynamic model of the reservoir fluid (gas).

Originally, the reservoir simulation model included the presence of two reservoir
fluids (brine, hydrocarbon gas). For the geothermal energy recovery, the fluids were
supplemented with CO,. The initial gas—water contact was estimated at the depth of
3132.5 m b.s.l. The distribution of the initial water saturation was introduced using the
J-Leverett function, as shown below:

J(Sw) = EPCL(S”’) 1)
¢ 0gw-c0s (Ogw )
where ¢ and k denote the porosity and permeability, respectively, and 64, and g, are the
contact angle and the interfacial tension at the gas—water interface, respectively.
The water saturation profiles were matched for every well based on the interpreted
petrophysical well logs. A satisfactory match, with a model deviation from the well

saturation logs of about 4-5%, was obtained using a four-parameter J-function model,
presented below:

A (1 - sf)
— _/ 2
J S+ B @)
where S, = Sw;;f:;c, Swe represents the connate water saturation, and the coefficients in

Equation (2) were found to be: A =0.0094, B = 0.0657, n =2, p = 10, and Sy = 0.035.
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The Rotliegend sandstone was considered a standard viscous flow rock, characterized
by phase permeability and the equilibrium thermodynamic variables of reservoir pressure
and temperature. The transport characteristics were described by the relative permeabilities
of reservoir fluids. The power model of relative permeabilities was applied, due to the
lack of direct measurements of the Rotliegend reservoir rock. The relative permeability of
water (k;y) and gas (ky¢) as functions of the reduced saturation of water (S;,) and gas (Syg),
respectively, were calculated using the following relationships:

342
krw = krw, max(srw) + nl’ (3)
where S, = w, n1 = 1.0, kywp max = 1, and the irreducible water saturation S,,;, = 0.12.
2 1+n
krg = krg, max (Srg) [1 - (Srg) 2} 7 (4)
where S, = %, np, = —0.1, krg,mﬂx = 1, and the residual gas saturation S¢, = 0.10.

A reservoir simulation model was developed as a compositional model with a thermo-
dynamic model of the reservoir fluid (gas) based on the Soave-Redlich—-Kwong (SRK) equa-
tion of state (EOS) using the PVTSim ver. 13.1 software by Calsep, Copenhagen, Denmark.
The original fluid model of the selected gas field was built for non-liquid nitrogen-rich
natural gas and included five components (Cy, C;, C3, Ny, CO,) with associated parameters
calculated for the initial conditions (Pjnjt = 35.2 MPa, Tinit = 385 °K), presented below in
Tables 2 and 3. For viscosity, correlation of the Pedersen model was applied.

Table 2. EOS parameters of the reservoir fluid model for the Soave-Redlich-Kwong (SRK) model.

¥ = -
(9] < 3 — 73]
= =2 N X N S
- & e 8 < [
=] ; ~ o c c E [;‘Q g gﬁ =
Y @ = & < . [ ] - o] =]
g ° e 5 = 2 2 < c = g% =
= @ o B v k] b 3 S & 9
=9 = o 8 = ¢ o > @ 8
g S g g g & g 5 " ~ S > 5
5] ° 3] ~ B s & — &0 s Oz ~
@] = — c (] (3] =1 E =1 =R
— s ) A~ A~ b= = = S
< ] o 2 - )
o} =} (7] @] =
E = = - 5
G Q
C1 0.825 190.6 46.0 0.008 0.4275 0.0866 16.0 111.6 0.099 0.2874 77.3
Cy 0.002 305.4 48.8 0.0098 0.4275 0.0866 30.1 184.6 0.148 0.2847 108.9
Cs 0.001 369.8 424 0.152 0.4275 0.0866 441 231.1 0.203 0.2803 151.9
N> 0.166 126.2 33.9 0.04 0.4275 0.0866 28.0 77 .4 0.090 0.2905 41.0
CO, 0.006 304.2 73.8 0.225 0.4275 0.0866 44.0 194.7 0.094 0.2741 78.0

The thermodynamic parameters of brine with the density, ry = 1219.5 kg/m3, were
established as follows: formation volume factor, By, = 1.045 m3/sm3, and isothermal
compressibility, ¢y, = 5.3 x 107 1/bar. The viscosity of brine was i, = 0.31, and the

coefficient of viscosity change with pressure was ﬁ d;’ﬁ” =6.0 x 107 1/bar under the initial
pressure and temperature conditions, Pipit, Tinit-

Due to the observed activity of formation waters, two numerical aquifers, partially
surrounding the selected gas field from the north, were implemented. For both, the Carter—

Tracy infinite aquifer model was applied.
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Table 3. Fluid model binary coefficients for the Soave-Redlich-Kwong (SRK) EOS model.
N2 COZ C1 Cz C3
N, - - - - -
CO, —0.0315 - - - -
C 0.0278 0.1200 - - -
Cy 0.0407 0.1200 0.0000 - -
Cs 0.0763 0.1200 0.0000 0.0000 -

5. Geothermal Model

The geothermal model was developed by implementing the required thermal parame-
ters into the dynamic model. These thermal parameters included the initial distribution of
the reservoir temperature, the thermal conductivity coefficient of the reservoir rock, the
relationship between the specific heat of the reservoir fluids and the temperature, and the
relationship between the reservoir fluids’ viscosity and temperature.

The initial reservoir temperature was distributed across the entire model by imple-
menting a relationship assuming an increase in temperature with depth. That relation-
ship was established based on temperature logs recorded at the Rotliegend intervals of
eight boreholes.

The value of the heat conductivity coefficient of the Rotliegend sandstones
(155 kJ/m-day-°C) was estimated according to [26], for the initial temperature of 115 °C.
The relationship between the specific heat capacity, Cs, of the reservoir fluids and the
temperature, T, was approximated using a straightforward equation by Sommerton [27]:

Cs(T) = 0.452-T1%° ®)

for the temperature range of 50-115 °C, expected in the analyzed geothermal system.
In this range, the specific heat capacity increased exponentially with temperature from
825 to 940 kJ/(rm3-°C). The relationship between the reservoir fluid viscosities and the
temperature was adopted after the website [28]. For the same range of temperatures, the
viscosity of CO, slightly decreased from 0.1 to 0.07 cP.

6. History Matching

The simulation model of the selected gas field was matched against the production
data and calibrated to obtain data compliance. The production data of 35 producing wells
covered 30 years of historic reservoir activity. The production history control data included
the daily and monthly production rates of gas and water, and also the pseudostatic bottom-
hole pressures. Additionally, the production data were used to calculate the water-to-gas
ratios to verify the two-phase flows within the reservoir. The history matching process
involved applying the following steps: ensuring the actual production of reservoir fluids
(gas and water) from individual wells, the reproduction of bottom-hole pressure variations,
the restoration of the water-to-gas ratio, correction of the bottom-hole pressures to fit the
measured values, and the verification of the final values of the water-to-gas ratio.

Proper reproduction of the evolution of the bottom-hole pressures and the values of the
water-to-gas ratio required the modification of several parameters of the simulation model.
Modifications of the simulation model covered the global model parameters, the separated
region parameters, and the near-wellbore zone parameters. The following parameters were
taken into account during the calibration procedure:

- aquifer property modifications, including the thickness, haqu, effective compressibility,
Caqu, permeability, kaqu, porosity, Gaqu, and reservoir-aquifer contact radius, raqu,

- effective porosity,

- absolute permeability,

- partial barriers with reduced transmissibility to effectively isolate parts of the reservoir,
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- near-wellbore zone modifications, including the transport properties of the LGR
regions around producing wells,

- relative water permeability parameters: maximum water permeability, kyy, max, and
irreducible water saturation, S,

- relative gas permeability parameters: maximum gas permeability, krg, max, and resid-
ual gas saturation, Sgcr.

The quality of the data match was satisfactory. The pressure match was characterized
by the general fitting error of 2-5 bar. An average reservoir pressure drop of about 160 bar
was noted, from 352 bar to 194 bar, from 1992 to 2007. In the next 15 years, the average
reservoir pressure decreased to 71 bar. To obtain this pressure match, the partial local
barriers were introduced in the central part of the reservoir to properly reproduce the
hydrodynamic communication between the producing wells. Modifications of the transport
properties within implemented LGR regions contributed to correctly reproducing the water-
to-gas ratios in the producing wells. The observed increasing average reservoir water-to-gas
ratio from 3.0 x 107¢ sm3/sm? (in 1992), through 5.0 x 10~ sm3/sm3 (in 2007), up to about
1.0 x 10~* sm>/sm3 (in 2022), indicated an upward trend of formation water activity. The
pore volume occupied by water increased by 0.8 x 10° rm?, through the production history
of the reservoir. The total water influx from the aquifer into the reservoir of 5.2 x 10° sm?
was observed at the end of the production period. An example of the calibration procedure
for the selected well of R-54 in terms of the bottom-hole pressures, gas production rates, and
cumulative gas production is shown in Figure 5. Another example of the calibration procedure
in terms of the water-to-gas ratio for the well R-18 is given in Figure 6.

R54
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f i | f ; S
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Figure 5. An example of the reservoir model calibration for a selected well. Measurements vs.
simulation results of bottom-hole pressures, gas production rates, and gas cumulative production.
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Figure 6. An example of the reservoir model calibration for a selected well. Measurements vs.
simulation results of the water-to-gas ratio.
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7. Variability of Fluid Flow and Composition in System Components

The conditions of continuity of the fluid stream and its mass components determine
particular relationships between:

- reservoir outflow denoted by the subscript (“res,out”) and separator inflow (“sep,in”)
quantities: for mass rates Qsep,in = Qres,out, for CO, contents ccop,sep,in = €CO2res,outs
for residual hydrocarbon contents ccsep,in = CCH res,out, and for water contents
CH20,sep,in = CH20,res,outs

- separator outflow (“sep,out”) and manifold inflow (“m,in”) quantities: for mass rates
Qm,in = Qsep,out, for CO contents ccop,m,in = €CO2,sep,out, and for residual hydrocarbon
contents ccHm,in = CCH,sep,out/

- manifold outflow (“m,out”) and reservoir inflow (“res,in”) quantities: for mass rates
Qresin = Qm,out, for CO, contents ccop res,in = €CO2,m,out, and for residual hydrocarbon
contents CCHres,in = CCH,m,out-

- in the separator, there is a change in the mass rate of the stream (from Qsep,into Qsep,out)
and its composition (from CCO2,sep,ins CCH,sep,ins CH20,sep,in t0 CCO2,sep,out CCH,sep,out)/ as
described in more detail below,

- in the manifold, there is a change in the mass rate (from Qp, in to Qmout) and its
composition (from cco2,m,in, CCH,m,in, N CCO2,m,out, CCH,m,out), @S described in more
detail below.

To ensure the maximum possible stability of the reservoir conditions, the volumetric
rate of the injected fluids (CO; and residual hydrocarbons) under reservoir temperature
and pressure conditions, ques/in, is maintained at a level identical to the volumetric rate
of the produced fluids, queS,out, (COy, residual hydrocarbons, and brine) under reservoir
temperature and pressure conditions:

R R
q res,out = q res,in (6)

The respective mass rates, i.e., Qres out and Qyeg in, are fundamentally different due to
the different compositions of these fluids (cco2 resoutr CCH res,outs CH20,res,out VS CCO2,res,ins
CCH,res,in/ CH20,res,in = 0) and the different temperatures (Tresout, Tresin) and pressures
(Pres,outs P res,in) at the inflow / outflow to/from the reservoir:

_ R
Qres,out = fres,Q,out(q res,outs Lres,outs Lres,outs C€CO2,res,outs CCH,res,outs CHZO,res,out) (7)

_ R
Qres,in = fres,Q,in(q res,ins Tres,in/ I)res,in/ CCO2,res,in/ CCH,res,in) (8)

where the functions, fes g out and fres 9 in, result from the standard thermodynamic PVT
correlations for the produced and injected fluids.
The change in the flow rate and composition of the fluid at the outflow of the separator

(Qsep,out/ CCO2,sep,outs CCH,sep,out) about its inflow (Qsep,inr CCO2,sep,ins CCH,sep,ins CHZO,sep,in) is
a function of the separation conditions and is calculated using the model:

Qsep,out - Qsep,in = sep,Q(Tsep,inr P sep,ins CCO2,sep,in, CCH,sep,ins CH20,sep,in- - - ) (9)

CCH,sep,out - CCH,sep,in = fsep,CH(Tsep,inr Psep,inr CCOZ,sep,inr CCH,sep,in/ CHZO,sep,in/ .. ) (10)
CCO2,sep,out — €CO2,sep,in = 0 (11)
CHZO,sep,out =0 (12)

The functions, fsep,@ and fsep,cH, result from the fluid components” continuity condi-
tions. The last element for which there is a change in the rate and composition of the fluid is
the manifold where the rate at the outflow, Qm out, is increased about the rate at the inflow,
Qm in, by the rate of CO, from an external source, Qcop ext, compensating for the reduction
in the rate of the produced fluid in the separator:

QCOZ,ext = Qres,out - Qres,in = Qm,out - Qm,in (13)
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Accordingly, the composition of the fluid at the outflow of the manifold is changed
according to the following dependencies:

Qm,out X CCO2,m,out = Qm,in- X €CCO2,m,in T QCOZ,ext (14)

Qm,out X CCH,m,out = an,in- X CCH,m,in (15)

8. Pressure Variability in System Components

In all the system components, except for the compressor and the injecting well, there is
a pressure drop at their outflow, P« out, cf. the pressure at the inflow, P i, determined by
the properties of a given element described by the model, fy p(Qu,in, Cg,in, - - -), given by:

Poc,in — Poout = foc,P(ro,in/ CB,a,ins - - )>0 (16)

where « is an element of the system, o = {res, prod, sep, ex, m, pipe}, and {3 is a component
of the fluid, B = {CO,, CH, H,O}.

In the compressor and the injecting well, denoted with a subscript « = “c” and “inj”,
and described by the model f, p(Qq,in, Cg,win/ - - ), there is an increase in pressure:

Poc,out - Poc,in = f(x,P(ro,in/ CR,oins - - ) >0 (17)
The functions f p are determined in Sections 10 and 11 below.

9. Temperature Variability in System Components

In all the system components, except for the reservoir and possibly the compres-
sor, there is a drop in temperature at their outflow, Ty out, cf. their inflow tempera-
ture, Ty in, determined by the properties of a given element described by the model,

fcx,T(ch,inr CR,oins - - -)/ given by:
Tcx,in - Toc,ou’t = foc,T(ch,inr CB,o,ins + - ) >0 (18)

where « is an element of the system, « = {prod, sep, ex, m, inj, pipe}, and p is a component
of the fluid, § = {CO,, CH, H,O}.

In the reservoir and possibly in the compressor, denoted by the subscript, o = res and
¢, described by the models, fres T(Qres,ins Cg res,ins - - -) and fo T(Qcin, € cins - - -), Tespectively,
there is an increase in temperature, given by:

Tres,out - Tres,in = res,T(Qres,ir\/ C B,res,ins - - ) >0 (19)

Teout — Tc,in = c,T(Qc,in/ CB,cins -+ )>0 (20)

To sum up, hydrodynamic and thermal models of the individual system elements
were used to determine the above dependencies, in particular:

- the model of the reservoir (geothermal structure),
- well models,
- the surface installation model.

The functions, f T, are determined in Sections 10-12 below.

It should be noted that the system of equations applied to describe the analyzed
system of geothermal energy recovery requires a self-coupled solution corresponding
to the closed loop of the flow of the fluid transporting geothermal energy. This means
that, for example, finding temperature variability in the system elements comes down to
making the temperature of the fluid produced from the reservoir, Tres out, dependent on
the temperature of the fluid injected into the reservoir, Tyegin, through the modeling of
the reservoir phenomena, where, in turn, the temperature of the injected fluid, Tyeg in, is
a function of the temperature of the produced fluid, Tres out, by modeling the flow of this
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fluid through the wells and the surface installation. In practice, this means performing
iterative calculations of the above relationships until the results are consistent.

10. Correlations of Temperature and Pressure in Producing and Injecting Wells

According to the heat exchange model presented in [29], the temperature calculation
procedure in the case of the producing wells concerns the situation when the mixture of
brine, hydrocarbons (crude oil, natural gas), plus CO; flows out of the producing wells.
All the calculations were carried out assuming the supercritical conditions of temperature
and pressure.

The following stages can be distinguished in the calculation procedure:

- determining the velocity of the fluid flow in the well,

- determining the density of CO, and the other fluid components as a function of
average temperature and pressure,

- calculation of the average density of the fluids (using the average density of the
mixture components according to their concentration in the mixture),

- determination of the mixture viscosity under the supercritical conditions of tempera-
ture and pressure [30],

- calculation of the mass flow rate of the multi-component mixture,

- calculation of the Reynolds number of the flowing fluid,

- calculation of the specific heat of the analyzed mixture,

- calculation of the average thermal conductivity coefficient of the mixture under the
supercritical conditions of the temperature based on the volume fraction of each
component of the mixture [31],

- calculation of the Prandl number of the flowing fluid,

- calculation of the heat transfer coefficient between the flowing fluid and the surround-
ing rocks,

- determining the value of the B [m] coefficient, defined by the following formula [29]:

Fcpo
B= el (21)
where:
F—cross-section of the wellbore [m?],
v—flow velocity of the fluid [m/s],
c—average specific heat of the fluid [J/ (kg x K)],
p—average density of the fluid [kg/m?],
C—effective thermal connectivity of the well [W/(m x K)],
Hence, the B coefficient depends on the Reynolds (21) and Prandtl (22) numbers:
Re = poL (22)
M
cp
Pr= el (23)

where:

L—characteristic length (wellbore diameter) [m],

pu—fluid viscosity [cP].

The effective thermal conductivity of the well depends on the internal diameter of the
well, the thermal conductivity coefficient of the casing pipe and its external and internal
diameters, as well as the thermal conductivity coefficient of the cement rock.

The equation that was used for the calculation of the temperature depth profile in the
producing well (following [29,32,33]) is given below:

H—z

51— CF)) az (24)
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where:
T (z)—temperature of the produced fluid as a function of depth [°C],
B—coefficient is given in equation no. (19),
Tres—reservoir temperature [°C],
H—total depth of the wellbore [m],
z—depth [m],
a—geothermal gradient [°C/m)].
The equation for the temperature vs. the depth in an injecting well follows:

T(z) = (Tm + BTI’_I“)e—ﬁ +a(z—B) (25)

where:

T (z)—temperature of the injected CO; as a function of depth [°C],

T,»—CO, temperature at the wellhead [°C].

A separate issue is to calculate the pressure that is required to maintain the desired flow
rate for the production and the injecting well. Assuming the bottom-hole pressure and flow
rate are known, we can calculate the wellhead pressure according to the general relation:

wellhead pressure = bottom-hole pressure — flow resistance (pressure drop)
— hydrostatic pressure

The equations used to calculate the pressure drop consist of two components corre-
sponding to the flow resistance and the hydrostatic column. The former given in (26) is
commonly used in the oil and gas industry and proposed by [34]. The numerical values in
this formula result from its conversion to the SI system:

0.8(H1.8,,0.2
p=245x 10 1L T (26)
(2Rw)™
where:
p—flow resistance (pressure drop) [MPa],
H—total depth of the wellbore [m],
p—fluid density [kg/m?],
Q—fluid flow rate [m3/min],
pu—fluid viscosity [cp],
Ry—internal diameter of tubing pipes [m].
The formula of the hydrostatic component is given in (27):
Py = pgz (27)

where:

Pp—hydrostatic pressure [MPa],

p—fluid density [kg/m?],

g—acceleration due to gravity [m/s?],

z—depth [m].

To assess the efficiency of the geothermal well, the wellhead pressure that corresponds
to the known bottom-hole pressure must be determined, taking into account the pressure
drop in the wellbore intervals with different diameters. It should also be noted that
variations of mixture parameters along the wellbore cause the change in the Reynolds
number, Prandl number, and thus the heat transfer coefficient. Hence, the changes in the
mixture parameters influence the value of the mixture temperature at the wellhead.

Other factors that influence the temperature of the fluid flowing out of the producing
well are:
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- the degree of thermal insulation that depends on the thermal conductivity of the
casing pipes and the cement rock. These factors depend on the well construction
details, including various casing diameters and steel grades,

- the quality of the cement job (for example, resulting in a deficiency in cement behind
the casing), which affects the amount of heat transfer between the reservoir rocks and
the flowing fluid,

- the borehole diameter, varying along the borehole depth due to varying drilling bit
diameters and the possible creation of cavities around the borehole,

- the depth profile of the rock temperature around the borehole; it is typically assumed
that there is a constant surface temperature and geothermal gradient,

- in the procedure applied in this study, it is assumed that:

e the producing wells” bottom-hole temperature and pressure are known as a
result of the reservoir simulations and are used to calculate the temperature and
pressure at the producing wellheads,

e for the injecting wells, the bottom-hole pressures are known from the reservoir
simulations, where they result from the assumed injection rates, and the well-
head temperatures are known from the temperature profile along the surface
installation. Hence, the wellhead pressures and bottom-hole temperature of the
injected fluid are determined from the injecting well correlations between the
wellhead and bottom-hole quantities.

11. Correlations of Temperature and Pressure in Surface Installation

The components of the surface installation affecting the amount of useful energy
recovery are:

- theinjection and producing wellheads,

- the water separator,

- the heat exchanger,

- the manifold for CO; replenishment in the system,

- the pipelines connecting the other installation components.

In addition to the physical properties of the installation itself, the amount of useful en-
ergy recovered is also influenced by the flow rate of the reservoir mixture, and the physical
parameters of the circulating fluid: pressure, temperature, and chemical composition.

The energy balance on the gain side includes the heat energy transferred from the
energy-carrying fluid to the mains water in the heat exchanger, and on the loss side:

- the heat lost to the surroundings in the pipelines of the installation, injection, and
producing wellheads, and the separator,

- the hydrodynamical energy losses associated with overcoming the flow resistance in
the individual components of the installation, as listed in the above point,

- the loss of other forms of energy associated with the need to raise the pressure to a
value that allows the injection fluid (CO, and possible residual hydrocarbons) to be
injected into the reservoir by injecting the wellbores, and with the need to replenish
the stream of the transporting fluid with external CO, to compensate for the water
separated out of the produced fluid.

With an assumed length of installation pipelines >200 m and a reservoir geothermal
heat energy >500 kW, the main components of the installation associated with energy loss
to the surroundings are the installation pipelines. The other components of the installation
produce relatively small amounts of energy losses.

Wellhead fluid for depleted oil and gas fields can contain three components: CO5,
H;0O, and oil or gas—the third component is marked with an “X’. Pre-insulated pipes with an
average insulation thickness of approximately 40 mm (for pipeline inside diameters of up
to 150 mm) were chosen to connect the system components. In the adopted variant for the
extraction of heat from the geothermal reservoir, it was assumed that each cluster has one
central heat exchanger to which the pipelines from the individual producing and injecting
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wells are shown in Figure 7. The following designations were adopted: n—index to describe
the heat exchange on the installation before the exchanger, k—index to describe the heat
exchange on the installation behind the exchanger. It was assumed that the temperature of
CO; at the injecting wellhead was T, = 50 °C.

Tinj,in( 1)

.
M i in(1)7 Cingin(1) ! inin(1)

Tpmd,(mt( 1)

. n Iy it o n s fam sa
mprod,out(l) / Cpmd,nut(l) ; lprad/out(l) mm]/m(z)' Cm]/m(Z) ’ lzn;,m(z)

heat exchanger

separator manifold Tzn] in(2)

.
m prod,out(2) ’ Cprod,out(z) ; lprud/out(Z)

Tinj,in(S)

Torodout(2) s
M i in3) Cinjin(3) ! inj in(3)

Tprod,uut( i)

.
. [ PP RS D
mmnd,nut(i) ;Cprod,out(i) ; lprud/nut(i) inin) * Zinj,int) 7 ”in,in)

T inci)

Figure 7. Diagram for calculating the heat output of the heat exchanger and heat losses in the system
pipes. n—index to describe the heat exchange on the installation before the heat exchanger, k—index
to describe the heat exchange on the installation behind the heat exchanger. Source: own work.

The thermal power of the heat exchanger P, [W] can be calculated according to

the formula:
i=1

Py = Cmix'(Tx - Ty)'z mi(k) (28)
k

where:

cmixr—weighted average specific heat of the mixture (CO; + X) at a constant pressure
for all k-th sections of the installation at the inflow of the heat exchanger [J/(kg-K)],

Ty—fluid temperature at the inflow of the heat exchanger, [°C],

T,—fluid temperature at the outflow of the heat exchanger, [°C],

m;—mass flow rate of the mixture (CO, + X) in the i-th section of the installation at
the outflow of the heat exchanger, [kg/s].

The average mass flow rate to each of the injecting wellheads is assumed as:

1

:Ml

Mgy = ——F—— (29)

Mi(n)
k
where:

m;(,—mass flow rate of the mixture (CO, + X) from the i-th section of the installation
to the inflow of the heat exchanger, [kg/s],

k—number of installation sections between the outflow of the heat exchanger and the
injecting wellheads, [-].

The temperature T, [°C] was calculated according to the formula:

i=1[ . Qitn
)y [mi(n)'ci(n)' (Ti(n) - m()ﬂ

n i(1) i)

T, = (30)

i=1p
; [mi(n)'ci(n)}
where:

¢i(ny—specific heat of the mixture flowing from the i-th section of the installation
(producing wellhead) to the inflow of the heat exchanger, [J/(kg-K)],

T;(n)—temperature of the mixture in the i-th producing wellhead, [°C],

Qj(n)y—heat loss to the surroundings at the i-th section of the installation to the inflow
of the heat exchanger, [W].
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The heat loss Q(,) was calculated according to the formula:

Qi) = f(Ti(n)/di(n))li(n) (31)

where:
f (Ti(n), di(n) ) —function for the heat loss to the surroundings per meter of pipeline

length as a function of the pipeline diameter and the fluid temperature from the producing
wellhead for the i-th section of the installation to the heat exchanger, [W/m],
li(ny—length of the i-th section of pipeline to the heat exchanger, [m].
The temperature drop, AT; [°C], along the i-th section of the installation between the
heat exchanger and the injecting wellhead:

(32)

where:
Ty—fluid temperature at the outflow of the heat exchanger (assumed 50 °C), [°C],
T;(x)—fluid temperature at the i-th injecting wellhead, [°C].
The temperature drop AT; is given by the formula:

AT; = _Qw (33)

mi(k) 'Cmix

where:

Qj(xy—heat loss to the surroundings along the i-th section pipeline from the heat
exchanger to the i-th injecting wellhead, [W],

cmix—weighted average specific heat of the mixture at a constant pressure for all the
i-th sections pipeline from the heat exchanger to the i-th injecting wellhead, [J/(kg-K)],

m;(—mass flow rate of the mixture in the i-th sections pipeline from the heat ex-
changer to the i-th injecting wellhead, [kg/s].

The heat loss, Q;(), was calculated according to the formula:

Qi =1 (TZ/di(k)) 0 (34)

where:
T, di(k))—function for the heat loss to the surroundings per meter of the pipeline

length as a function of the pipeline diameter and the fluid temperature at the inflow of the
i-th section of the installation from the heat exchanger to the injecting wellhead, [W/m],
lixy—length of the i-th pipeline section from the heat exchanger to the injecting
wellhead, [m].
The specific heat of the mixture ¢;,) in the i-th pipeline section to the heat exchanger
can be calculated using formula:

Mj(n)CO2 M) x

“ccoz + = “€x (35)

Fitn) = Mi(mycoz + Mi(n)x

Mi(mycoz T Mi(n)x
where:

My cop—mass flow rate of CO; in the i-th pipeline section of the installation to the
heat exchanger, [kg/s],

m;(,)x—mass flow rate of X in the i-th pipeline section of the installation to the heat
exchanger, [kg/s],

ccop—specific heat of CO; at a constant pressure, [J/(kg-K)],

cx—specific heat of ‘X" at a constant pressure, [J/(kg-K)].
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The specific heat at a constant pressure for a mixture c,;, in all the pipeline sections
from the heat exchanger to the injecting wellheads, calculated using the formula:

1

x-[\ﬂi

Mi(k)co2 % M) x

Cmix = ; X (36)

(mi(k)COZ + M x

»Mﬂ\

where:

() cop—mass flow rate of CO; in the i-th pipeline section of the installation from
the heat exchanger to the injecting wellhead, [kg/s],

;) x—mass flow rate of X in the i-th pipeline section of the installation from the heat
exchanger to the injecting wellhead, [kg/s].

For the calculation of the energy losses associated with overcoming the flow resistance
in the individual components of the installation, the following permissible pressure drops
were assumed: 0.5 bar in the production and injecting wellheads, 1.0 bar in the heat
exchanger, 1.0 bar in the separator, and 1.0 bar in the pipelines.

The Darcy-Weisbach equation applies to the selection of pipeline diameters describing
the fluid pressure drop, Ap [Pa], caused by the dissipation of mechanical energy in the
pipeline. The following form of this equation was used:

d=x—" (37)

where:

d—inner pipe diameter, [m],

Ap—permissible pressure drop for a given pipe length [, [Pa],

A—friction factor, [-],

[—pipe length, [m],

p—density of the fluid, [kg/m?],

v—fluid velocity, [m/s].

For the turbulent flow, the friction factor, A, can be determined according to the Walden
formula [35], which, in addition to the Reynolds number, takes into account the absolute
roughness of the pipe, k [m]:

1
A= 5 (38)
EYRETR)
where
Reynolds number Re:
d-
Re="2 ) 4 (39)

#—dynamic fluid viscosity, [Pa-s],

k—absolute roughness of the pipe, [m].

The value of k = 0.005 m was assumed, taking into account the corrosive nature of the
reservoir mixture, as the typical corrosion rate for contaminated CO, is 0.01 mm/year [36]
and the geothermal reservoir lifetime is typically 50 years. The diameter of the pipeline
must not be too large to avoid excessive pipeline costs, and it must not be too small as this
causes excessive fluid velocities, excessive pressure losses, and accelerates corrosion.

In determining the density and viscosity of CO; for the dense phase, a relationship can
be used that gives these values as a polynomial function of pressure and temperature [37].
The density and viscosity of the reservoir brine for different pressures and temperatures can
be read from graphs [38]. The density and viscosity of a gas consisting mainly of methane
and nitrogen can be determined using an online calculator [39].
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It should be noted that a complete energy balance of the analyzed system of geother-
mal energy recovery should include other forms of energy, in particular, external energy
required to:

- replenish the stream of the transporting fluid with external CO, to compensate for the
brine separated out of the produced fluid,
- compress the fluid (CO,) to be injected into the reservoir with the required efficiency.

12. Simulation Results of Geothermal Energy Recovery and Discussion

Before the commencement of the proper geothermal energy recovery project, the
selected gas field was restored to its original temperature and pressure conditions by the
injection of the appropriate quantities of CO,. That stage of the project lasted 9 years and
was formally completed at the end of 2031. The process of obtaining geothermal energy
from the field was carried out independently for six groups of wells, hereinafter referred to
as clusters with the symbols G-NN, G-N, G-CN, G-C, G-CS, and G-S. The locations of these
clusters, together with the injecting and producing wells, are shown in Figure 8.

O injection wells

O production wells

/ injection pipelines

/ production pipelines

[] cluster surface installations

G-NN cluster

G-S cluster

Figure 8. Map of the selected gas field with the locations of the individual wells and their clusters.

A detailed list of the producing and injecting wells assigned to each cluster is given in
Table 4.

Within each cluster, the producing and injecting wells were selected to maximize the
areas covered by the injected CO; in the geothermal energy recovery process. In addition
to the producing and injecting wells, each cluster included a surface installation consisting
of pipelines (shown in Figure 8) connecting the wellheads to the other components of the
installation, including the separators and heat exchangers.

The simulation forecast of the proper geothermal energy recovery phase of the project
started at the beginning of 2032 and was completed at the end of 2081. The combined
simulation results for all six of the above clusters (G-NN, G-N, G-CN, G-C, G-CS, G-S)
and the 14 producing wells implementing the project of geothermal energy recovery from
the selected gas field are presented in Figures 9 and 10. Figure 9 shows the temperature
evolution of the produced fluids at the bottom of the producing wells as one of the primary
factors determining the amount of geothermal energy that can be recovered. By the end
of the simulated 50-year period, it indicates a decrease in this temperature by a relatively
small amount (below 3 °C) for all the clusters, except for the wells of the G-CS cluster.
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Table 4. List of the producing and injecting wells in the clusters of the selected gas field.

Cluster Producing Wells Injecting Wells
R-18
G-NN E% R-19
R-21
R-13 R-11
GN R-16A R-60
R-9
G-CN Eféi R-42
R-45
R-7
G-C R-53 R38
R-1 R-4
R-32 R-31
G5 R-33 R-34
R-35A R-51
R-27 R-2
G-S R-29 R-3
R-30 R-5
117
116
o":" 111 —— cluster G-NN, well R17 T~ T
l;' --------- cluster G-NN,wellR20 | T
5 110 cluster G-N, well R13
E 100 cluster G-N, well R16A
g —— cluster G-CN, well R44
£ 108 - cluster G-CN, wellR54 | T
] .,
= 107 ——cluster G-C, well R53 -
wcluster G-CS,wellR1 | e
106 || ----- cluster G-CS,wellR32 | ™
105 - - —cluster G-CS, well R33
- - cluster G-CS, well R35A -
104 —— cluster G-S, well R27
03 || ¢ cluster G-S, well R29
----- cluster G-S, well R30
102
0 5 10 15 20 25 30 35 40 45 50

Time [years]

Figure 9. Evolution of the bottom-hole temperatures for the individual producing wells of all

the clusters.

Figure 10 presents the essential simulation results of the geothermal energy recovery
project in terms of power and total energy obtained up to 50 years of the project duration.
This power varies from 1.14 MW at the beginning of the project through a maximum value
of 1.48 MW reached after approximately 21 years to a value of 1.46 MW at the end of the
project, while its average value is 1.44 MW. The total energy recovered in the period of

50 years amounts to 631 GWh.

The variations of the results shown in Figure 10 for different clusters are caused by

various factors, mainly by:

- different numbers of producing and injecting wells—the largest cluster G-CS consists of
four producing and four injecting wells vs. the smallest cluster, G-C, of one producing

and two injecting wells,
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- different nominal producing and injecting rates for individual wells corresponding to
their historical performance.

The above factors also determined the rate of temperature decrease observed in the
bottom-hole temperatures of fluids produced by different wells, as presented in Figure 9.

1800

1600
1400
—_— cluster G-NN
'g cluster G-N
1200
S —cluster G-CN
°>'° —cluster G-C
£
g 1000 cluster G-CS
“'L cluster G-S
= 800 —sume of the clusters
X~
:‘ ——energy
£ 60
o
a
400
B e —
r e
0
0 5 10 15 20 25 30 35 40 45 50

Time [years]

Figure 10. Geothermal power and energy are obtained from exchangers for all the clusters of the
selected gas field.

The simulation of the geothermal recovery process delivers other detailed results that
are useful to analyze its significant characteristics. The total reservoir volume where the
geothermal process takes place was found to be 615.0 Mm?. The largest contribution of 82%
to this volume comes from the reservoir rock. The other contributions come from reservoir
fluids and are equal to 10.2%, 6.4%, and 1.4% for brine, CO,, and residual hydrocarbon gas,
respectively. The average temperatures and pressures of the four above components vary
during the geothermal recovery process and their initial and final values according to the
simulation results are given in Table 5.

Table 5. Basic parameters of the geothermal system components.

System Component

Parameter Rock Brine CO, Hydrocarbon Gas

Name Unit Initial Final Initial Final Initial Final Initial Final
temperature, T °C 114.6 110.1 114.8 112.1 114.3 107.7 114.5 109.8
pressure, P bar 356.5 356.9 356.5 357.3 356.8 356.6 354.4 354.4
density, r kg/m?3 2185.0 2185.0 1167.2 1169.3 671.7 694.3 191.2 193.8
specific enthalpy, h kJ/kg 161.2 157.1 614.1 602.7 4104 397.9 935.5 922.6

Under the reservoir pressure and temperature conditions, the significant component
properties of density, 1, and specific enthalpy, h, are also included in Table 5. Those
properties were adopted after the website [28] (CO, and residual hydrocarbon gas), with
the correlations from [40] (brine), and with [33,41,42] (sandstone rock). The total quantities
required to estimate the geothermal energy characteristics of the system are given in
Table 6, which includes the total volumes, V, masses, M, and enthalpies, H, of all the system
components at the initial (subscript “ini”) and final (subscript “fin”) states of the geothermal
recovery process under thermal equilibrium among the components.
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Table 6. Basic characteristics of the geothermal system components.

System Component

uantit Total
° Y Rock Brine Co, Hydrocarbon ota
Gas
Name Unit Initial Final Initial Final Initial Final Initial Final Initial Final

initial volume, Viniy 115 5047 5047 627 615 393 425 83 63 6150 6150
final volume, Vg,
1¥11t1a1 mass, Mip;, Mt 1102.8 1102.8 73.1 719 26.4 29.5 1.6 1.2 1203.9 1205.4
final mass, Mg,
initial enthalpy, Hinj, PJ 177.7 173.2 449 43.3 10.8 11.7 1.5 1.1 234.9 2294

final enthalpy, Hgj,

initial enthalpy, Hjy;,

. GWh 49,365.3 48,109.8 124759 12,031.5 30079 32612 4132 313.1 65,2623 63,715.6
final enthalpy, Hg,

Despite the relatively small value of the specific enthalpy, the total enthalpy of the
reservoir rock dominates over the other components of the system due to its huge volume
and mass contribution, and its enthalpy reduction results from the decrease in the reservoir
temperature. The total enthalpy of the in-place brine is reduced due to both the temperature
reduction and the decreasing brine quantity. An analogous comment refers to the residual
hydrocarbon gas. Contrary to the above three components, the total enthalpy of CO, in the
reservoir increases despite its relatively large temperature reduction. This is solely caused
by the effective increase in the CO, amount as injected to replace the reservoir brine and
hydrocarbon gas.

The final results of the available geothermal energy in terms of in-place enthalpy
reduction, AH, are shown in Table 7.

Table 7. Enthalpy variation of the geothermal system components.

Enthalpy Decrease, System Component Total
AH Rock Brine CO, Hydrocarbon Gas
PJ 4.5 1.6 —-09 0.4 5.6
GWh 12554 4443 —253.2 100.1 1546.7
a 2.5% 3.6% —8.4% 24.2% 2.4%

The distribution of effective enthalpy production (defined as the enthalpy of the
fluids at the bottom holes of the producing wells minus the enthalpy of the fluids at the
bottom holes of the injecting wells) among the fluids (shown in Table 8) differs from the
distribution of the in-place enthalpy reduction, AH, in Table 7. Contrary to the latter, the
former distribution indicates CO, as the dominating (almost a 70% contribution to the total
quantity) carrier of the recovered geothermal energy, thus confirming the effectiveness of
this fluid as a medium transporting geothermal energy from the depleted gas reservoir to
the surface installation.

The distribution of the effective enthalpy production among all the six clusters of the
geothermal energy recovery system, applied in the analyzed project, shown in Table 9,
is quite non-uniform. While the effective enthalpy produced by CO, is approximately
proportional to the size of a cluster (in terms of the number of wells—see Table 4), as evident
in the cases of clusters G-CS and G-S vs. cluster G-C, the effective enthalpies produced by
the residual hydrocarbon gas and, in particular, by brine are not correlated with the cluster
sizes but are rather specific to the cluster locations.
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Table 8. Effective reservoir enthalpy production by various fluids.
) Produced Enthalpy
Fluid (P71 (%]
CO, 3.852 69.18%
Hydrocarbon gas 0.716 12.86%
Brine 1.000 17.96%
All fluids 5.568 100.00%
Table 9. Effective enthalpy production in clusters by various fluids.
Enthalpy Produced Enthalpy Produced by Enthalpy Produced Enthalpy Produced by
Cluster by CO, Hydrocarbon Gas by Brine All Fluids
[P]] [%] [P]] [%] [P]] [%] [P]] [%]
G-NN 0.570 14.79% 0.029 4.07% 0.517 51.69% 1.116 16.83%
G-N 0.452 11.73% 0.122 17.05% 0.127 12.74% 0.702 12.67%
G-CN 0.475 12.33% 0.236 33.02% 0.117 11.65% 0.828 13.81%
G-C 0.291 7.55% 0.001 0.16% 0.045 4.49% 0.337 6.47%
G-CS 1.321 34.29% 0.180 25.18% 0.116 11.58% 1.617 31.48%
G-S 0.744 19.31% 0.147 20.51% 0.079 7.85% 0.969 18.75%
all clusters 3.852 100.00% 0.716 100.00% 1.000 100.00% 5.568 100.00%

The non-uniformity of the above distributions is significantly reduced when the
enthalpy is expressed in terms of this quantity per a single well of each cluster, as shown in
Figure 11.

G-NN G-N G-CN G-C G-CS G-S

Cluster

0.25

o o o
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Effective enthalpy production per well [PJ/well]
o
P
wv

o
o
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Figure 11. Effective enthalpy production per well.

However, this result may suggest a possible improvement in the geothermal energy
recovery system by a redistribution of both the wells among the clusters and the total
production and injection stream distributions among the wells in each cluster. It should
be noted that the practical optimization procedure for the geothermal energy recovery
system would require including financial factors—a task to be performed in another study
under preparation.
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Other significant results of interest concern the variations of fluid power along the
sequential elements of the geothermal energy recovery system. Their combined effects for
all the wells and clusters are presented in Figure 12 as relative power variations vs. the
duration of the recovery process. These results vary only slightly with time. They show the
largest power reduction across the heat exchangers, which is a measure of energy recovery
efficiency and amounts to 46.45% of the thermal energy produced from the reservoir.
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Figure 12. Fluid power variations at various stages of the geothermal recovery system.

Other components of the energy losses include those in the producing wells, the brine
separation system, and the injecting wells, which amount, on average, to 20.33%, 28.61%,
and 4.56%, respectively, as shown in Table 10.

Table 10. Relative fluid power reduction along the surface part of the geothermal recovery system.

Segment of the Producing Well Separator Inflow  Separator Outflow  Exchanger Inflow Exchanger
Outflow to
Geothermal Bottom Holes to to Separator to Exchanger to Exchanger L
Recovery System Separator Inflow Outflow Inflow Outflow Injecting Well
Bottom Holes
Relative power 20.33% 28.61% 0.07% 46.45% 4.56%

variation

These results suggest that the energy losses can be reduced by the technical improve-
ment in the fluid-transporting elements (producing and injecting wells, interconnecting
pipelines). The largest energy loss was identified in the water separation systems and is
caused by the disposal of produced brine that carries a relatively large amount of heat
energy. This component depends on the production characteristics of the reservoir, and it
is, in general, beyond the recovery system control.

13. Summary and Conclusions

The problem of geothermal energy recovery from a depleted gas reservoir by the
use of CO; as an energy transporting medium was studied in an example of a Polish gas
reservoir. To this aim, a simulation model was constructed that includes all the elements of
the geothermal energy system:

- full-scale, multiphase, thermal reservoir model,
- hydrodynamic and thermodynamic models of injecting and producing wells,
- thermodynamic models of heat exchangers,
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models of the other elements of the system (interconnecting pipelines, water separa-
tors, etc.).

Based on these models, the following detailed tasks were performed:

detailed relationships between the parameters describing the hydrodynamic and
thermal states of all the above elements,

simulation forecasts of the geothermal energy recovery process using a complete
procedure simulating the cyclic flow of the energy transporting fluids through the
reservoir, producing and injecting wells, and elements of surface installations,

to ensure realistic and effective conditions for the simulation forecasts, the following
assumptions were made:

e total fluid production rate at the level of the historical production rates of the
individual producing wells in the selected gas field,

e  balanced nature of the production and injection of fluids expressed by identical
volumes of these fluids under reservoir conditions-an assumption guaranteeing
the maximum possible stability of reservoir pressures,

e  stationarity of the fluid temperature at the outflow of the thermal energy
exchangers—an assumption that allows the minimization of the number of it-
erations in the process of reservoir simulations,

e lack of phase transitions in the producing wells and surface installations,

the results of the simulations were presented and discussed.
Based on the work performed, the following conclusions can be formulated:

the key reservoir factors determining the amount of recovered geothermal energy are
the bottom-hole temperatures, the circulated fluids stream rate, and the composition
of the fluids produced by the producing wells,

the first of the above factors shows stability in the initial phase of the project; however,
the length of this phase may vary in a broad range (from 5 years for the G-CS cluster,
through 10 years for the G-C cluster and 15 years for the G-S cluster, up to 25 years
for the G-NN cluster; in the following years, a gradual decrease in the temperature of
the produced fluids is typically observed with possible exceptions—e.g., the case of the
G-CS cluster),

the variability in the rate and composition of the produced fluid affects the amount
of geothermal energy obtained through a differentiated decrease in the temperature
of this fluid between the bottoms of the producing wells and the inflow to the heat
exchanger—the smaller the heat capacity flow of the produced fluid (which is a function
of the mass rates and thermodynamic properties of individual components of the
fluid), the greater the decrease in this temperature across pipelines and other elements
of the surface installations,

as a result of the combination of the above factors, three stages can be distinguished in
the time evolution of geothermal energy recovery:

e initial stage with a variable rate and composition of produced fluid, characterized
by a generally increasing power of geothermal energy recovery—-the duration of
this stage may significantly vary between the clusters (from 8 years in the G-N
cluster up to 25 years in the G-CN cluster),

e middle stage with a relatively constant rate and composition of the produced
fluid and the simultaneous stationary temperature of this fluid (between 5 years
in the G-NN cluster up to 15 years in the G-C cluster),

e final stage with a constant flow and composition of the produced fluid and a
gradual decrease in the temperature of this fluid (for the remaining time of the
50-year forecast period, i.e., 13 years in the G-CN cluster up to 32 years in the
G-NN cluster),

the power of the recovered geothermal energy reveals a natural increase in the be-
ginning stage of the process and a decrease in its final stage (from 1.14 MW, through
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the maximum value of 1.48 MW in the middle, down to 1.46 MW at the end) with

relatively small deviations from its average value (1.44 MW for the studied project),

- the total energy recovered from the selected gas field is 631 GWh,

- the geothermal energy recovery coefficient (defined as the ratio of the power of the
energy obtained in the exchangers to the net power extracted from the reservoir)
amounts to 46.5% in the studied case,

- factors determining the geothermal energy recovery coefficient can be ascribed to
two groups:

e  technical factors, including the thermal and hydrodynamic characteristics of
the fluid transporting elements of the system (producing and injecting wells,
interconnecting pipelines, etc.), where their energy losses can be reduced by the
technical improvement of the elements and/or by their more optimum localiza-
tion, generally under the control of the project implementation,

e reservoir-related factors, including water- and residual gas-to-CO; producing
ratios that are determined by the reservoir characteristics and the completion
intervals of the producing wells—typically beyond the recovery system control.

The results of the studies performed for the presented and discussed case show the
feasibility of the geothermal energy recovery process in the deep, depleted gas reservoir
with the use of CO; as the energy transporting medium. In general, the complexity of
the obtained results proves the necessity to apply the system’s detailed modeling and
simulations to reliably plan and realize a geothermal energy generation project.
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