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Abstract:

Geological formations hold significant potential for simultaneous carbon dioxide (CO,) storage and energy
extraction through CO, Plume Geothermal (CPG) systems. However, accurately evaluating their viability
requires coupling subsurface heat-transfer dynamics with surface power conversion performance. This study
conducts a thermodynamic assessment of a supercritical CO, geothermal well integrated with a subcritical
Organic Rankine Cycle (ORC) utilizing the low-GWP fluid R1234ze(E). Using an integrated framework, a
numerical reservoir and wellbore model are coupled with an hourly off-design ORC simulation to evaluate
seasonal and long-term system behavior. The annual assessment demonstrates that the system can operate
for 6616 hours per year, achieving a maximum net power output of 1.42 MW and generating 6422 MWh of net
electricity. The system achieves a mean net thermal efficiency of 8.84%, which is strongly governed by
seasonal dispatch profiles and ambient-dependent condensation limits. Furthermore, a 30-year long-term
analysis reveals that while progressive reservoir depletion lowers the produced CO, temperature and shifts
thermal efficiencies downward, the hybrid CPG-ORC system maintains acceptable performance and delivers
meaningful electricity production throughout its operational lifespan.
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1. Introduction

Over the last decade the green energy transition has shifted considerably the share of renewable electricity;
at the same time, a key challenge of the low-carbon energy systems remains the operation in a stable and
dispatchable manner. In this context, geothermal energy poses a highly attractive option, being able to provide
continuous power output with a relatively small environmental footprint and high availability compared to
intermittent renewable sources [1]. However, the effective utilization of geothermal resources depends strongly
on the thermodynamic characteristics of the geothermal fluid and the suitability of the surface system. Among
various geothermal concepts, systems utilizing carbon dioxide as the subsurface working fluid have received
growing attention over the last years. Under supercritical conditions, CO, offers favorable thermophysical
properties, including high density, high thermal expansivity, and low kinematic viscosity, making it an ideal
medium for heat extraction and wellbore transport [2].

Supercritical CO, systems offer operational advantages over conventional water-brine systems, contributing
to enhanced energy recovery [3]. Recent studies emphasize the strategic value of CO, Plume Geothermal
(CPG) systems in addressing energy challenges, highlighting CPG systems’ adaptability for decentralized,
sustainable power generation [4,5]. Despite this subsurface CPG potential, the thermal energy delivered at the
wellhead must be efficiently converted into electricity. For low to medium temperature wellheads direct
expansion of CO, is considered unfavourable from a thermodynamic viewpoint. For such temperature levels,
Organic Rankine Cycle (ORC) is a practical, mature solution that significantly supports sustainability in low
grade energy conversion, while offering flexibility in operating pressures, heat-exchanger design, and working-
fluid selection [6]. Organic fluid selection is critical for the ORC thermal efficiency as well as the geothermal
heat source thermal matching. The modern regulatory landscape also necessitates the use of ultra-low Global
Warming Potential (GWP) fluids; thus, employing hydrofluoroolefins (HFOs) like R1234ze(E) ensures the
environmental sustainability of the cycle while maintaining high thermal and exergy efficiencies [7,8]. Key
challenge in the thermodynamic analysis of such systems is the integration of subsurface and surface models.
In many thermodynamic assessments, geothermal source conditions are prescribed statically without detailed
consideration of wellbore heat-transfer dynamics, which imposes large uncertainties in the system’s predicted



performance [9]. This simplification limits the validity of such analyses, as ORC performance is highly sensitive
to the temperature level, heat capacity rate, and cooling profile of the geothermal stream delivered to the
surface. Therefore, a more rigorous approach requires coupling physics-based geothermal well modelling with
a dedicated thermodynamic model of the ORC to better simulate the interaction of the two systems.

To bridge this gap, the present study conducts a thermodynamic assessment of a supercritical CO, geothermal
system coupled to a large scale ORC, operating with R1234ze(E), under an integrated modelling approach.
The geothermal well is modelled in COMSOL to accurately predict the thermodynamic conditions of the
produced CO, at the surface, while a dedicated Python-based model simulates the ORC performance. In this
configuration, supercritical CO, arriving at the surface equipment at approximately 130 °C serves solely as the
heat source in the evaporator. The ORC is designed with an evaporation temperature of 100 °C and a target
superheating temperature of 5 K. The primary objective of this study is to quantify the thermodynamic viability
of the investigated configuration. By focusing on the evaporator heat-load distribution and thermal matching,
the results of this study aim to link realistic off-design wellhead conditions with common power generation
performance indicators, providing critical guidance for the design of hybrid geothermal-ORC systems.

2. GEOTHERMAL RESERVOIR PROPERTIES

For geothermal reservoir modelling purposes, we utilize geological formations that meet the petrophysical
requirements of the Upper Jurassic Malm reservoir in the South German Molasse Basin, southern Germany.
Reservoir properties were derived from outcrop analogue studies and production data from existing deep
geothermal wells in the region. A critical distinction must be made between matrix properties, which
characterize the tight carbonate rock fabric, and effective reservoir properties, which govern fluid flow through
secondary porosity features including fractures and karstification [10]. This distinction is fundamental to CO,-
based geothermal system modelling, as reservoir-scale permeability enabling commercial flow rates is
dominated by secondary porosity rather than the microporous matrix. In fractured reservoirs, dual-continuum
modelling approaches have demonstrated that fracture permeability governs overall system performance in
CO,-based geothermal systems [11].

2.1. Reservoir Model Setup

The permeability and porosity values assigned to the model are selected to represent the bulk reservoir
behaviour, integrating both matrix and secondary porosity contributions. For the effective properties, a
permeability of 5x107'*m? and a porosity of 10% are adopted. These values are derived from petrophysical
data from the Upper Jurassic Malm reservoir in the South German Molasse Basin. Documented permeabilities
range from 107'8 to 1073 m?, with higher values associated with specific lithofacies such as grainstones and
dolomitized zones [12]. The selected permeability of 5x10-1* m? falls within this higher range, reflecting the
influence of dolomitized or grain-dominated facies known to exhibit enhanced inter-crystalline porosity and
improved matrix flow properties [13]. Regarding porosity, absolute porosities for the Higher Malm reservoir
range from 1.6% to 16.2%, with an average of 7.3% [14]. Additional core measurements document effective
porosities from 0.3% to 19.2% [10,15], while massive limestones typically exhibit porosities below 8%, with
grainstones and dolomitized zones reaching up to 18% [10,12]. The selected porosity of 10% falls within these
documented ranges and is consistent with values used in regional reservoir characterizations [16]. This value
provides a realistic basis for evaluating the contribution of matrix properties relative to fracture-dominated flow
in the dual-continuum model.

Based on these characteristics, a numerical model of a CO,-based geothermal system is developed using a
theoretical two-dimensional areal square geothermal reservoir representing a 0.81 km? (900 m x 900 m) map-
view domain. This domain size is selected to balance computational efficiency with the need for a
representative well configuration. A triplet geothermal exploitation scheme is implemented, consisting of two
production wells and one injection well located at the centre of the domain, each with a diameter of 0.41 m.
The distance between the central injection well and each production well is set at 636.4 m, positioning the
production wells at opposite corners of the square domain. The system is assumed to be closed with respect
to lateral boundaries, implying no heat or fluid exchange across the domain edges. The Upper Jurassic
reservoir, which constitutes the key geothermal zone, ranges in thickness from 300 to 650 m [16] and contains
warm fluid (65-130°C) hosted in fractured, karstified, and dolomitized carbonate rocks [17]. For the present
model, a uniform reservoir thickness of 370 m is adopted, consistent with thickness values used in prior
modelling studies of the Molasse Basin [18].

Model parameters are selected to reflect conditions beneath the Munich area, where three main operating
geothermal facilities are located (Durrnhaar, Kirchstockach, Sauerlach). Using a mean annual surface
temperature of 8.2°C for Germany [17] and a regional geothermal gradient of 32°C/km [17], a well vertical
depth of 3800 m is specified, yielding a bottom-hole temperature of approximately 130°C [19]. The initial
reservoir pressure is set to 380 bar, corresponding to a hydrostatic pressure gradient of approximately 10
MPa/km at a depth of 3800 m. This pressure ensures that CO, remains in the supercritical state throughout



the reservoir (critical point: 31°C, 73.8 bar), providing favourable mobility and heat capacity for geothermal
extraction [20].

Regarding thermo-physical properties, grain density is set to 2650 kg/m?3, falling within the range of 2590-2800
kg/m? reported for outcrop samples. Thermal conductivity is set to 2 W/(m-K), representative of thick-bedded
and platy limestones [13], and consistent with the range of 1.92-3.53 W/(m-K) reported for grain-dominated
facies under saturated reservoir conditions [21]. Specific heat capacity is set to 1000 J/(kg-K), which lies within
the overlapping range of 806—1227 J/(kg-K) and 711-1330 J/(kg-K) reported for matrix- and grain-dominated
Malm carbonate facies, respectively, under saturated conditions at 150°C, based on the transfer model of
Vosteen & Schellschmidt [22,23].

2.2. Porous Media Governing Equations

The numerical simulations are performed using COMSOL Multiphysics, coupling Darcy's Law for fluid flow with
Heat Transfer in Porous Media. A time-dependent study is conducted to capture the transient behavior of the
CO; plume and thermal front propagation. The continuity equation for fluid flow in a porous medium is given
by:

%(spp) + V- (pu) = Qp €Y)

where ¢, is the porosity, p is the fluid density, u is the Darcy velocity vector, and @Q,, is a mass source/sink term
representing injection and production wells. The Darcy velocity is governed by Darcy's law:

K
u= —;Vp 2

where k is the effective permeability of the porous medium, yu is the dynamic viscosity of CO,, and p is the fluid
pressure. The negative sign indicates flow from high to low pressure. The heat transfer equation in porous
media is given by:
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where d, is the reservoir thickness, c, is the fluid specific heat capacity and T is the temperature. Conductive
heat flux is described by Fourier's law:
q = —dzkessVT €))
with k., being the effective thermal conductivity of the saturated porous medium. The term (pCp)eff
represents the effective volumetric heat capacity of the solid-fluid system, defined as:

(Pcp)eff = &pPrCps + (1= &p)psCss )

with subscripts f and s denote fluid and solid phases, respectively.

2.3. Wellbore Flow Model

The wellbore flow system is modelled using Python with CoolProp [24] as the fluid thermodynamic properties
database, following the approach described by [25-27]. The pressure and temperature profiles within the
injection and production wells are computed using a discretized wellbore model. Each well is divided into 20
m length segments, with properties evaluated iteratively along the flow path. For each segment, the total
pressure change AP is calculated by considering both frictional losses and hydrostatic pressure variations:

AP = pglAz — AP, (6)
where Az is the segment length, and APy, is the frictional pressure drop, expressed using the Darcy-Weisbach
equation [28]:

AzpV?
BPpy = f255- )

The friction factor is determined by the following correlation [29]:
1 &
ﬁ =-1.8 lOg [(m

with & representing the wellbore roughness. Heat transfer between the wellbore fluid and the surrounding
formation is modeled using the [30] wellbore heat transmission approach. The temperature gradient along the
well is given by:
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where T, T, are the fluid and formation temperatures (K), respectively. The overall heat transfer coefficient
U:ora; @ccounts for conductive resistance through wellbore materials, U, and transient heat transfer in the
formation; f(tp)is the transient formation resistance dimensionless function [31], and k is the formation
thermal conductivity. Additionally, the Joule-Thomson effect is incorporated to account for temperature
changes resulting from pressure drops along the wellbore under adiabatic conditions [32].

3. ORC Thermodynamic Model

The ORC is modeled as a steady-state system in Python using R1234ze(E) as working fluid, with all
thermophysical properties derived from CoolProp [24]. The simulation is divided into a design mode, in which
the main component sizes are defined, and an hourly off-design mode, in which the cycle is solved under
variable ambient conditions, requested power loads and geothermal-source availability.

At design conditions, the ORC is sized on the geothermal heat available from the prescribed CO, inlet
temperature, the minimum CO, return temperature and the CO, mass-flow rate. The evaporation temperature
is imposed from the source-side pinch point constraint, Teyap = Tco,pp — ATpp, While the expander inlet
temperature is defined by a fixed superheat, Teypin = Tevap + ATsy- Fig. 1(a) shows the design-duty Q-T
diagram of the evaporator with the imposed pinch-temperature constraint that defines the hot-side thermal
matching. The condensing temperature is linked to the ambient condition through a fixed ACC approach point,
Teond = Tamb + ATappacc- The ORC mass flow rate follows from the evaporator energy balance,

More = din . (11)

h(pevap-Texp,in)‘h(pevap-Tpump,out)

For the design mode, rather than prescribing a single design ambient state, the model scans the annual
weather series and selects the hour that maximizes the predicted net ORC power. The expander is
represented by polynomial performance maps. For a given inlet state and expansion ratio, ,, the map returns
the isentropic efficiency, volumetric efficiency, outlet enthalpy, rotational speed, and an estimate of the internal
volume ratio, as shown in the example of Figure 1(b). During design, the built-in volume ratio is kept constant
and the swept volume is iteratively adjusted until the nominal speed of 1800 rpm is matched. Net power is then
obtained from the actual enthalpy drop across the expander reduced by the pump consumption,

Pnet = mORC(hexp,in - hexp,out) - Ppump (]2)
The heat exchangers are sized at design conditions using the LMTD method,
Q = UAATy,. (13)

A common shell and tube heat exchanger, acting as the ORC evaporator in power mode, is sized with typical
estimated heat transfer coefficients in the range of 900-1000 W/m?K while the air-cooled condenser is sized
with an typical heat transfer coefficients around 40-45 W/m?K.

In off-design operation, the hardware obtained at design conditions is kept fixed and only the operating point
is updated hourly. Part-load operation is imposed by scaling the maximum available CO, mass flow rate with
the dispatch fraction specified in the ORC load profile. The available geothermal heat is approximated as:

Qgeo avail — mCOZ max Cp COZ(TCOZ in TC02 out, mm) (14)

When the ORC is active, the expander inlet temperature is set from the hot pinch point restriction, similarly to
the design mode and the superheating temperature is obtained from the estimated evaporation temperature
considering the target design superheating and checking that no pinch point error occurs; the condensing
temperature remains coupled to ambient air through the fixed ACC approach. If Teyap, < Teong + 20, the
operating point is rejected as thermodynamically infeasible.

Off-design heat-exchanger performance is evaluated through ¢-NTU method. Considering a typical
counterflow heat exchanger without mixing for the ACC in eq.(17) and a shell and tube with 2-passes version
for the evaporator in eq.(18) [33],

NTU = -2 (15)
¢, =g, (16)
Ehex.acc = 1—exp{ NTU®22[exp(—C, NTU°78)—1]} (17)

1+ NTUYT+CF)
Enex.evap = 2 [1 FC T ) Lrexp(-NTUVTHCE) «/ 1+ CZ] (18)

1-exp(-NTU1+C7)



The feed pump is modeled with a polynomial curve fitted isentropic efficiency, and the ORC mass flow rate is
recalculated from the evaporator duty and the enthalpy rise between pump outlet and expander inlet. The
expander is then solved with the same polynomial map used during design mode, but now with fixed swept
volume and varying pressure ratio and inlet state. The hourly ORC outputs reported by the current
implementation are the evaporator heat input, net expander power, net thermal efficiency, and condenser heat
rejection. Accordingly, the net cycle performance is described by:

Nnet = PQ'niit- (19)
The condenser rejection load is first estimated from the ORC energy balance and then limited by the fixed
ACC conductance through a simplified effectiveness—NTU relation. Within these assumptions, the model
provides a computationally efficient framework for annual ORC performance prediction under variable source

and ambient conditions.
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Figure. 1. (a) Q-T diagram of each ORC module in design 6.5MW well thermal input (b) Turbine isentropic
efficiency as a function of expansion pressure ratio

4. Results

4.1. Subsurface behaviour

To assess the influence of domain size on long-term thermal performance, five square reservoir configurations
ranging from 0.36 km? to 1 km? are evaluated. The injection-to-production well distance in each case is
determined by the domain geometry, as the injection well is fixed at the center and the two production wells
are positioned at opposite corners of the square domain, as described in Section 2.1. The computational
domain is extended slightly beyond the nominal reservoir area to avoid placing the production wells exactly at
the domain boundary, ensuring numerical stability at the well nodes without affecting the effective well spacing
or the reservoir flow geometry.
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Figure. 2. (a) Production well temperature as a function of time for five reservoir domain sizes ranging from
0.36 km?to 1 km? illustrating the effect of injection-to-production well spacing on thermal breakthrough over a
30-year operational period. (b) Domain-averaged reservoir temperature decline as a function of time for the
same domain configurations, reflecting the overall thermal depletion of the reservoir under constant mass flow
rate injection.



Figure 2(a) presents the produced fluid temperature at the production wells over the 30-year simulation period.
Smaller domains exhibit pronounced thermal breakthrough, with the 0.36 km? case reaching approximately
100°C by year 30, while the 1 km? case retains a production temperature close to the initial reservoir value of
130°C. The 0.81 km? configuration shows a decline of approximately 2°C over the full simulation period,
representing a favorable balance between reservoir utilization and thermal sustainability over the design
lifetime. Figure 2(b) presents the domain-averaged temperature decline across all cases. Smaller reservoirs
experience steeper cooling due to the limited thermal mass available relative to the extraction rate, whereas
larger domains maintain higher average temperatures throughout operation. In the 0.81 km? case, the cold
front remains concentrated in the vicinity of the central injection well due to the symmetric dipole flow pattern
imposed by the triplet configuration, while the two production wells remain largely thermally unaffected over
the simulation period (Figure 3). This spatial decoupling between injection and production zones is a key
advantage of the triplet arrangement, as it delays thermal breakthrough and preserves production temperature
over the operational lifetime of the system.
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Figure. 3. Two-dimensional temperature distribution and fluid flow streamlines within the 0.81 km? reservoir
domain at t = 30 years, illustrating the symmetric thermal plume developed under the triplet well configuration
with central injection and corner production wells.

4.2. ORC performance

The annual ORC assessment was carried out with the hardware fixed at the design point and with hourly
variation imposed only through the supervisory load request and the ambient sink conditions. In the present
ORC-only scenario, the geothermal source supplied to the surface model was kept at 130 °C, with a minimum
return temperature of 80 °C and a target superheating of 5 K. Under these assumptions, the annual
performance is governed primarily by two external drivers: the requested ORC load fraction and the ambient
temperature acting on the air-cooled condenser. Figure 4(a) presents the requested ORC load profile for a full
year operation. The dispatch logic imposes full-load operation during winter and gradually transitions to
reduced operation during the warm season, where normally wind and solar energy dominate the electricity mix
and thus limited penetration is needed from the proposed system. In particular, summer daytime operation is
suppressed, while summer night-time operation is maintained at 50% of nominal load. The transition between
winter and summer operation is smoothed through the cosine seasonal weighting implemented in the control
profile, which avoids abrupt changes in the requested load, while a minimum load fraction of 30% was assumed
below which ORC was shutting down.

Figure 4(b) shows the ambient temperature profile used in the off-design analysis. Since the ORC condensing
temperature is coupled to the ambient condition through the fixed ACC approach, colder periods improve the
condenser-side heat rejection and thus increase the effective expansion ratio, whereas warmer periods shift
the cycle toward higher condensation temperatures/pressures and reduced thermodynamic performance.
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Figure. 4. (a) Requested load profile (b) Ambient conditions

The resulting annual ORC response follows the aforementioned boundary conditions closely. The model
predicts 6616 h of applied ORC operation over the year, with a maximum net power output of 1.42 MW and
an annual net electricity generation of 6422 MWh. Over the annual operation, the mean net thermal efficiency
was around 8.84%, a value that is at the same levels with conventional exhaust gas driven ORC systems with
similar heat source temperature levels [34,35]. These results indicate that the integrated geothermal-ORC
system is utilized efficiently as a seasonally modulated power unit, delivering its highest output during cold
periods and reduced output during summer, when the sink temperature penalizes condensation and the
dispatch profile intentionally limits the requested load.

Figure 5 shows the seasonal coupling between power production and ORC thermal efficiency during the first
year of operation (no depletion of the reservoir temperature). Higher output and efficiency are observed during
cold periods, when the lower ambient temperature improves condenser operation and supports more favorable
expansion conditions, whereas both quantities decline during warmer periods because of the increased
condensation temperature and the reduced dispatched load. This behavior confirms that the annual ORC
response is controlled jointly by the seasonal operating schedule and the ambient-dependent limitations of the
ACC.

Figure 6 extends the analysis to the long-term operation of the hybrid system, presenting the yearly span of
ORC net thermal efficiency over a 30-year period, together with the corresponding produced CO, temperature.
As reservoir depletion progresses, the temperature of the produced fluid gradually decreases, reducing the
effective temperature level of the heat source available to the ORC. This leads to a systematic downward shift
of the annual efficiency, with the maximum, average, and minimum yearly efficiencies all decreasing over time
at a different rate. As shown in Figure 6, during the first years of operation, the ORC maintains a comparatively
higher and broader efficiency span, whereas in later years both the maximum reported efficiency and the lower
operating bound move to smaller values, showcasing how the long-term geothermal depletion directly impacts
the thermodynamic quality of the heat source and consequently the ORC performance.
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5. Conclusions

This study investigated the thermodynamic feasibility of coupling a supercritical CO, geothermal well with a
subcritical ORC operating with R1234ze(E), using an integrated modelling framework that combines reservoir
and wellbore prediction with detailed ORC simulations. The key conclusions of the study are summarized

below:

the ORC annual assessment showed that the system can operate for 6616 h per year, reaching a
maximum net power output of 1.42 MW and an annual net electricity generation of 6422 MWh.

the mean net thermal efficiency was approximately 8.84%, which is within the expected range for ORC
systems driven by medium-temperature heat sources.

The first-year off-design results demonstrated that ORC performance is strongly governed by the
combined effect of seasonal dispatch and ambient-dependent condensation.

The long-term analysis over 30 years of operation showed that reservoir depletion progressively
lowers the produced CO, temperature and causes a downward shift in the maximum, average, and
minimum yearly ORC net thermal efficiencies.

Despite the long-term depletion of the geothermal source, the results show that the proposed concept
can deliver meaningful annual electricity production and maintain acceptable ORC performance under
realistic seasonal and long-term operating conditions.
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Nomenclature

A heat-transfer area, m?
specific heat capacity, J/(kg-K)

o
<

well diameter, m

friction factor, —

gravitational acceleration, m/s?
reservoir thickness, m

specific enthalpy, J/kg
effective permeability, m?
segment length, m

mass flow rate, kg/s

NTU  number of transfer units, —

IS D A

p pressure, Pa

P power, W

0 heat duty, W

Re Reynolds number, —

7, pressure ratio, —

T temperature, K

u Darcy velocity, m/s

U overall heat transfer coefficient, W/(m?-K)
v fluid velocity, m/s

Greek symbols

AP total pressure change, Pa
AP, frictional pressure drop, Pa
€ wellbore roughness, m

€hex heat exchanger effectiveness,-
thermal efficiency, -

effective thermal conductivity, W/(m-K)
dynamic viscosity, Pa-s
porosity, —

fluid density, kg/m3

Subscripts and superscripts

ACC  air cooled condenser

amb  ambient

app approach

cond condensing / condenser

eff effective

evap evaporation / evaporator

exp expander

T e T >

f fluid

in inlet
outoutlet

p formation

PP pinch point
pump pump



S solid

sh superheating / superheater
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