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Abstract: 

This study establishes the modelling framework and evaluates a reversible geothermal system that can 
operate either as a high-temperature heat pump (HTHP) or as an Organic Rankine Cycle (ORC) power unit. 
The Python-based model uses R1234ze(E) as the system’s working fluid and combines component sizing at 
design point with hourly off-design simulation to evaluate annual performance under realistic operating 
conditions. A geothermal case study with a brine inlet temperature of 105 °C and a maximum usable brine 
mass flow rate of 5.4 kg/s is evaluated, corresponding to an available geothermal design heat input of 
approximately 800 kW. Annual simulations based on a custom-made heating-demand profile and real weather 
data show that the plant is heat-led, operating in HTHP mode for 67.4% of the year. The HTHP achieves a 
mean COP of 6.79 and manages to cover 81.8% of the annual heating demand imposed by the design 
algorithm. Conversely, ORC operation provides electricity generation with a seasonal net efficiency of 5.57%, 
highlighting the amount of parasitic loads which account for 23 kW out of the total 73 kW gross power 
production at the design point. Thus, this modeling framework provides a physically consistent basis for 
evaluating reversible geothermal plant design and operation. 
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1. Introduction 
Dispatchable technologies can have a pivotal role towards the quicker decarbonization of the energy sector, 
owing to their ability to supply heat and power under variable demand conditions [1,2]. Geothermal energy is 
in that context a promising alternative as it offers a stable, not sensitive to weather conditions and low carbon 
footprint heat source for both electricity generation in an Organic Rankine Cycle (ORC) [3], direct heat 
utilization via a district heating network [4] or heat upgrading in a high-temperature heat pump (HTHP) 
throughout the year [5]. 

ORCs are a well-proven, highly flexible technology for power conversion from lower grade heat sources [3]. 
Such systems are particularly suitable for geothermal applications, when the source temperature is too low for 
conventional steam cycles and their performance is mainly dictated by the working fluid, condensation 
conditions and off-design behaviour [6]. In a similar manner, high-temperature heat pumps have attracted 
interest towards industrial applications because they can upgrade low grade heat to useful supply 
temperatures while maintaining relatively high coefficients of performance [7,8]. For geothermal systems 
connected to district-heating networks, HTHPs are quite promising as they upgrade the source temperature 
range and improve annual thermal utilization [9]. 

Recent studies provide useful benchmarks for the operating scale and thermodynamic limits of both stand-
alone and reversible systems. Laghari et al. [10] modeled a large scale geothermal ORC using a zeotropic 
R245fa/R600a mixture and reported a net power output of up to 2.3 MW and thermal efficiencies between 
16.6% and 20.7%, for various cycle architectures. Hałaj et al.[11] showed that large-scale geothermal heat 
pumps with thermal capacities between 1.5-2.8 MW can raise low-grade geothermal water to useful supply 
temperatures while maintaining high seasonal COP values. A recent 500 kW demonstrator of a two-staged 
heat pump for utilizing mine water for district heating was characterized by Passamonti et al. [12]. In reversible 
systems, research is now moving from theoretical analysis toward experimental demonstration. A recent 
market potential study by Schifflechner et al. [13] suggests geothermal applications as the most promising 
commercial market for reversibe systems.  



Staub et al. [14] investigated the thermodynamic boundaries of small-scale reversible HP/ORC units used as 
thermal energy storage driven by low-temperature heat sources. Pilot-plant characterizations of similar 
reversible concepts [15] using low-GWP fluids such as R1233zd(E), reported experimental ORC thermal 
efficiencies of about 5.0% to 5.7% and heat-pump COP values from 4.2 up to 14.4 at lower temperature lifts 
in a 10 kWth unit. Schifflechner et al. [16] showed that reversible ORC-heat pump systems can increase the 
flexibility of geothermal installations, especially when combined with district-heating networks. Towards the 
same direction, experimental work by Charalampidis et al. [17] showed that, although peak efficiencies depend 
strongly on the working fluid and boundary conditions, strategic mode switching and shared component use 
can substantially increase annual thermal utilization. Recent experimental studies conducted by Kaufmann et 
al. [18] and Weitzer et al. [19] demonstrate the technical feasibility of reversible systems using a twin-screw 
machine as both compressor and expander.   

Experimental results showcase the performance limitations imposed by the single-unit architecture and the 
corresponding hardware constraints of reversible HTHP/ORC, a fact that is often excluded from relevant 
literature and may lead to over-predictions in the system’s performance. Thus, detailed annual assessments 
considering the varying operational characteristic are of high relevance [20]. In parallel, in order to minimize 
computational costs and modelling complexity, parasitic electrical losses, finite heat-rejection limits and shared 
heat-exchanger sizing are simplified or neglected [14,21]. On first level screening studies of non-reversible 
systems such assumption may not severely harm the general trends, but in reversible systems can lead to 
significant deviations, based on the influence on the system’s performance by shared equipment and mode 
switching limitations. 

This study attempts to address the abovementioned issues by establishing a thermodynamic framework, in 
Python, for a geothermal reversible HTHP/ORC system . The developed model combines a design script with 
an hourly off-design simulation under variable conditions. In the current formulation, the HTHP follows an 
imposed heating demand, while the ORC operates in periods with zero heat load, under the common design 
constraints of using a shared plate heat exchanger (HX) as the HTHP condenser and ORC evaporator. Actual 
weather data is provided to simulate the ORC heat rejection along with a supervised scheduler with enforced 
OFF periods during direct mode changes. Hence, in this study, the simulated system is evaluated based on 
its thermodynamic and operational behavior in coupling with a geothermal plant under realistic annual 
conditions, rather than comparing two separate cycles. 

2. System description  

2.1. Geothermal reversible HP/ORC 
The investigated system is a geothermal reversible HTHP/ORC, which uses R1234ze(E) as working fluid. In 
HTHP operation, geothermal heat is upgraded to a higher temperature level suitable for a heating utility. In 
ORC mode, the geothermal source is connected to the ORC evaporator for electricity production, while the 
heat rejection to the ambient is realized with a parallel air-cooled condenser (ACC), as shown in Figure 1. The 
use of a common working fluid and shared components allows the system to switch between the two modes 
of operation depending on annual loads and supervisory requirements, avoiding the additional costs for extra 
hardware [14].  

In the investigated configuration, the reversible concept is enabled by two shared core components. First, the 
plate heat exchanger operates as the condenser of the HTHP, providing useful heat to the connected sink 
medium, while in ORC mode it acts as the evaporator, extracting heat from the geothermal brine to drive the 
cycle. Second, the same positive-displacement screw machine is used reversibly, operating as a compressor 
in HTHP mode and as an expander in ORC mode. In addition to these shared components, a parallel loop is 
installed for ORC heat rejection through an air-cooled condenser (ACC), while the HTHP evaporator is again 
represented by a plate heat exchanger using the geothermal brine as secondary medium. For the ACC design, 
the geometry and scaling approach are based on the air-cooled condenser model of Irrgang et al. [22], which 
is adapted in the design module according to the required heat-rejection duty. 

During the first part of the simulation framework, system sizing takes place providing the required input for the 
annual off-design simulation, which estimates the sized components behaviour over each hour of the year, 
governed by the varying external conditions. The proposed modelling framework ensures the physical 
consistency of the reversible concept by successfully sizing the shared HX against both HTHP and ORC 
duties. For the present design, the shared HX is governed by the HTHP case, while the ORC case requires a 
smaller heat transfer area and its duty is therefore successfully covered by the slightly oversized shared HX.  



 

Figure. 1. Schematic of the considered geothermal reversible HP/ORC system. 

2.2. Source/sink and main assumptions 
The considered geothermal source is represented through a brine inlet temperature of 105 °C, a brine pressure 
of 4 bar and a minimum allowable brine return from the reversible system- temperature of 70 °C. In addition, 
the maximum usable brine mass flow rate is obtained from the reference geothermal dataset for an actual 
geothermal plan South of Munich (Germany), based on data from a previous study conducted by Kaufmann 
et al. [20], resulting in a design brine flow limit of 5.4 kg/s. At this point, it is crucial to mention that the 
considered flow rate corresponds to the fraction of the geothermal resource assigned to the investigated 
reversible HTHP/ORC module and is therefore lower than the total site-level production flow rate reported in 
[20]. Under these assumptions, the available geothermal design heat input was estimated at around 800 kW.  

On the heating side, the sink temperature is defined through a weather-compensated supply temperature rule. 
More specifically, the target HTHP condensation temperature is defined from a base value of 82 °C, a reference 
ambient temperature of 10 °C and a slope of 0.70 K/K. To avoid unrealistic sink temperature estimations, a 
maximum allowable range of 75-100 °C is imposed. The heating load side of the shared HX is represented by 
an assumption for the nominal sink temperature rise of 20 K and a terminal temperature approach of 5 K. 
Accordingly, the district-heating return temperature is not prescribed independently but follows from the hourly 
supply-temperature target and the assumed 20 K sink-side temperature rise. Under these assumptions, the 
sink’s thermal demand is thermodynamically linked to both the required supply temperature and the heat 
transfer capability of the shared HX. 

On the ORC side, a superheating target of 5 K is imposed, while the ACC is represented by a nominal approach 
temperature of 10 K and a maximum air temperature rise of 12 K. These assumptions are applied consistently 
in both the design and the off-design calculations. As a result, ORC operation is constrained simultaneously 
by the available geothermal heat input and the finite heat-rejection capability of the ACC. This approach depicts 
a more realistic limitation on the annual power production, especially under unfavourable ambient conditions. 
In the final design results, the ACC is sized for a heat rejection of approximately 730 kW and requires a total 
heat transfer area of 928.0 m², remaining well below the available installed area defined by the imported ACC 
geometry. 

2.3. Load scenario and operating strategy 
The annual off-design assessment is based on a synthetic operating scenario. The heating demand profile is 
a function of the ambient temperature by introducing a seasonal modulation, a daily use modulation and a 
cold-weather amplification term. The daily modulation is not intended to reproduce a measured district-heating 
network load profile but is used as a normalized intra-day variation to generate recurring part-load operation. 
In this way, the model reproduces the main qualitative features of actual heating demand, namely higher loads 
in winter, lower loads in summer and a recurrent intra-day variation between night and daytime. The ambient 
conditions used in the annual simulation are taken directly from the imported hourly weather dataset for 
Munich, based on actual weather data from 2022. As already discussed, the ambient temperature drives the 
sink temperature target of the HTHP mode and therefore affects the required condensation temperature and 
compressor pressure lift. These ambient data timeseries define, as well, the ACC cold side, directly influencing 
condensation and thus the net electric output in ORC mode. Ambient temperature acts, as a result, as the 
main independent variable linking the thermal demand and the power generation of the reversible ORC. This 
is one of the main reasons why the annual behaviour of the plant has a distinct seasonality even though the 
geothermal source is kept fixed in the current off-design implementation. The synthetic heating demand and 



the corresponding annual ambient temperature timeseries used in the off-design simulation are summarized 
in Figure 2. 

With respect to the annual operating mode, it is selected through a rule based supervisory scheduler. HTHP 
operation is enforced during hours of relatively high heating demand or high required condensation 
temperatures, while ORC operation is allowed only when the heating load fraction is below a threshold of 30% 
of the nominal load. Finally, one hour of OFF state is imposed whenever the requested mode changes directly 
between HTHP and ORC, mimicking the practical need to avoid thermal shocks and to allow time for the 
system to cool down before the reverse mode is activated. Consequently, the final applied mode differs from 
the requested mode; thus, the annual performance reflects not only thermodynamic feasibility but also 
supervisory operating restrictions. 

 
(a) 

 
(b) 

Figure. 2. (a) Considered daily heating-load profile. (b) Hourly ambient-temperature profile for Munich, 
Germany based on real data. 

 

3. Thermodynamic model 
The reversible HTHP/ORC system model is implemented in Python using CoolProp [23] for the thermophysical 
properties of the fluids and polynomial compressor/expander and pump maps for the corresponding 
components based on the model of Kaufmann et al. [20]. The design stage determines the installed 
compressor and expander swept volumes, the pump’s nominal conditions, the common HX size and the ACC 
size. The off-design stage solves the hourly performance of the reversible HTP/ORC for the considered annual 
loads using the sized components of the design step. 

3.1. Design modelling 
The geothermal design point is selected from the reference source, while the HTHP condensation temperature 
is obtained from the annual target temperature series, after excluding low load hours. For the resulting 
evaporation and condensation pressures, the compressor map returns the required power and the 
corresponding refrigerant state change. The useful HTHP design duty and the heating COP can then be 
calculated as follows: 



 𝑄̇cond,HP = 𝑚̇ref (ℎ𝑐𝑜𝑚𝑝,𝑜 − ℎ𝑐𝑜𝑚𝑝,𝑖)  (1) 

𝐶𝑂𝑃HP =
𝑄̇cond,HP

𝑊̇comp
   (2) 

where 𝑚̇ref is the refrigerant mass flow rate, ℎ𝑐𝑜𝑚𝑝,𝑜 is the compressor outlet enthalpy and ℎ𝑐𝑜𝑚𝑝,𝑖 is the 

condenser inlet enthalpy. Equation (2) is used together with the map predictions to fully define the HTHP 
design point. 

The shared HX and the ACC are both sized through LMTD method formulation [24], since both design heat 
duties are evaluated under prescribed terminal temperature differences. The general heat-exchanger sizing 
relation is 

𝐴 =
𝑄̇

𝑈 Δ𝑇lm
    (3) 

          Δ𝑇lm =
Δ𝑇1−Δ𝑇2

ln(Δ𝑇1/Δ𝑇2)
    (4)  

where 𝑈 is the overall heat transfer coefficient and Δ𝑇lm is the logarithmic mean temperature difference. In 
HTHP operation, the shared HX is treated as a phase-change condenser on the refrigerant side and a single-
phase heat exchanger on the sink side. In ORC operation, the shared HX is treated as the evaporator receiving 
heat from the geothermal brine. The ACC is sized with a finite air-side temperature rise, so that the installed 
heat-exchanger sizes remain consistent with the later off-design modelling approach of the ACC. 

The ORC design stage is based on net electric power output maximization. For each candidate pair of 
saturation temperatures, the expander and the ORC pump are solved based on their polynomial maps. The 
estimation of the net power output is then obtained after the inclusion of the electrical penalties associated 
with generation, pumping, heat rejection and auxiliaries. The net ORC power is therefore written as 

Pnet,ORC = 𝜂genPgross,ORC − Ppump,el − 𝑃ACC,fan − 𝑃aux  (5) 

where 𝜂genis the generator efficiency, 𝑃̇pump,el is the electrical pump demand, 𝑃̇ACC,fan is the ACC fan power 

and 𝑃̇aux is the remaining auxiliary electrical load.  

The corresponding net thermal efficiencies are evaluated as 

𝜂net,ORC =
Pnet,ORC

𝑄̇in,ORC
   (6) 

where 𝑄̇in,ORC is the geothermal heat input to the ORC evaporator. The ORC design point is found by 

maximizing 𝑃̇net,ORC over the feasible search region of evaporating and condensing temperatures. In the current 

framework, this search is accelerated through representative ambient state clustering, which reduces the 
number of weather states examined during the design stage and thus the computational effort of the design 
step. 

Since the plate heat exchanger is shared between HTHP and ORC operation, the final installed shared HX 
area is not taken from one operating mode only. Instead, the model evaluates the required area in both modes 
and adopts the governing case. This relation is central to the reversible-plant concept because it ensures that 
the shared HX is physically bound to both operating modes. In this study, the HTHP case governs the shared 
HX area, whereas the ORC case requires a smaller heat transfer area. 

3.2. Off-Design modelling 
In the annual simulation, the sized components determined in the design stage are imposed as input variables 
and are kept fixed. Each hour is defined through the geothermal source boundary, the ambient temperature, 
the HTHP condensing-temperature target, the imposed heating load and the requested operating mode 
generated by the supervisory scheduler.  

In HTHP operation, the solver is explicitly following the synthetic load. For a candidate geothermal evaporator 
duty, the compressor map provides the cycle power and the raw condenser heat. The useful thermal output is 
constrained by both the heat pump cycle and the heat transfer capacity of the installed shared HX. Accordingly, 
the heat delivered by the HTHP is taken as the lower of two quantities: the heat available from the cycle 
condenser and the maximum heat that can be transferred through the shared HX under the hourly operating 
conditions, as determined by its installed conductance and the LMTD between the condensing refrigerant and 
the heating sink. If the calculated delivered heat exceeds the imposed thermal demand, the geothermal 
evaporator duty is reduced iteratively until the useful heat matches the target within the prescribed tolerance. 
This approach is more physically meaningful than the earlier post-processing clipping, because the part-load 
adjustment is carried out directly within the thermodynamic solver. 

In ORC operation, the evaporator side is fully defined through the imposed hot end pinch point and superheat 
assumptions, while the condenser side is solved iteratively from the rejection duty and the installed ACC 
conductance. The condenser convergence is based on the ACC heat-rejection balance 

𝑄̇rej,ORC = 𝑈𝐴ACC Δ𝑇lm,ACC (𝑇cond
, 𝑇amb)   (7) 



where 𝑈𝐴ACC is the installed ACC conductance and Δ𝑇lm,ACC is evaluated from the assumed condenser pinch 

point and the ambient air inlet temperature. Through Eq. (7), the condensation temperature is obtained 
consistently with the installed ACC size and the instantaneous heat rejection load. This approach is 
computationally lighter than an iterative procedure through the pinch point while preserving the main plant-
level constraints, namely finite-capacity heat rejection and net-power accounting. 

For each hour, the off-design solver reports the applied operating mode, geothermal heat both available and 
used, delivered HTHP heat, compressor power, ORC gross and net power along with the corresponding 
efficiencies as well as all electrical consumptions of the system. These variables are subsequently used for 
the annual energy balance, the mode-utilization analysis and the diagnostic figures discussed in the Results 
section below.  

 

4. Results and discussion 

4.1. Design-point calculations 
The main outputs of the design procedure are summarized in Table 1. Under the geothermal brine conditions 
discussed in section 2, the available geothermal design heat input reaches 798.9 kW. On the heating side, the 
design condenser temperature is determined from the 99th percentile of the weather compensated sink 
temperature profile, yielding a value of 94.4 °C, while the evaporation temperature is fixed at 65.0 °C by the 
pinch point constraint. As a result, the HTHP design point delivers 962.7 kW of useful condenser heat with a 
compressor power demand of 163.8 kW, corresponding to a heating COP of 5.88. These values indicate that 
the heat-pump mode is well suited for high-temperature heating applications and that the selected geothermal 
source temperature is sufficient to sustain efficient heat upgrading. For the evaluated case, the optimum ORC 
design point is identified at an ambient temperature of -2.2 °C, with an evaporation temperature of 59.6 °C and 
a condensation temperature of 12.3 °C. At these conditions, the ORC is supplied with the same geothermal 
design heat input of 798.9 kW and produces 73.3 kW of gross power, corresponding to a net power output of 
50.5 kW. The respective gross and net thermal efficiencies are 9.17% and 6.32%. These results show clearly 
that the auxiliary electrical penalties are not negligible and confirm the importance of using plant-level net 
output rather than only gross expander minus pump power in the design assessment.  

For the current configuration, the HTHP mode governs the shared HX size, resulting in a required area of 
64.56 m², whereas the ORC mode requires a substantially smaller area. On the heat rejection side, the ACC 

is sized for a heat rejection of 730.6 kW and requires 928.0 m².  

Table 1.  Technical specifications of designed system 

Quantity Value Quantity Value 

Brine inlet temperature (°C) 105.0 HP evaporation temperature (°C) 65.0 
Minimum brine outlet temperature (°C) 70.0 HP condensation temperature (°C) 94.4 
Maximum brine mass flow rate (kg/s) 5.43 HP condenser duty (kW) 962.7 
Available geothermal design heat input (kW) 798.9 Compressor power (kW) 163.8 
ORC design ambient temperature (°C) -2.2 Heating COP (-) 5.88 
ORC evaporation temperature (°C) 59.6 ORC geothermal heat input (kW) 798.9 
ORC condensation temperature (°C) 12.3 ORC gross power output (kW) 73.3 
ORC gross thermal efficiency (%) 9.17 ORC net power output (kW) 50.5 
ORC net thermal efficiency (%) 6.32 ACC rejection duty (kW) 730.6 
Shared plate heat exchanger area (m²) 64.56 ACC required area (m²) 928.0 
 

4.2. Annual operation results 
In the present study, the annual variability of the reversible plant is driven primarily by the synthetic heating-
demand profile, the weather dependent HP condensation temperature and the operating mode scheduler. 
Over the full year, the plant operates for 5904 h in HP mode, 1492 h in ORC mode and 1364 h in OFF mode, 
corresponding to 67.4%, 17.0% and 15.6% of the year, respectively. Overall, the system operates mainly in 
heat-pump mode, while ORC operation is limited to a smaller but still relevant part of the year. The number of 
OFF hours also indicates that the one hour dead band between HP and ORC operation has a noticeable effect 
on the annual mode allocation. Figure 3 presents the operating-mode allocation for selected representative 
days in January and July. The figure highlights the predominance of HTHP operation during the winter period, 
while also showing that ORC operation becomes more relevant during the summer period, when the imposed 
heating load is lower. 



 

Figure. 3. Operating-mode allocation for selected representative days in (a) January and (b) July. 

In terms of HTHP performance, the useful heat delivered by the plant amounts to 2026.5 MWh, which 
corresponds to an annual heat-coverage ratio of 81.8% compared to the total annual heating demand. The 
difference between these two quantities of approximately 452 MWh, reflects the portion of the annual thermal 
demand that is not covered by the plant because of mode allocation, OFF periods and periods where the 
system is not operating in HP mode. The maximum delivered heating output reaches 957 kW, which is very 
close to the peak annual heating demand of 963 kW, confirming that the installed HP capacity is appropriately 
matched to the peak thermal requirement. Figure 4 depicts the annual heating balance by comparing the total 
heating demand with the useful heat delivered by the HP throughout the simulation period. During HP 
operation, the delivered heat follows the demand profile closely, especially in winter.  

The annual HP performance is further reflected in the compressor power requirement and the seasonal 
evolution of the coefficient of performance. The mean COP during active HTHP mode is 6.79, with a minimum 
of 4.88 and a maximum of 7.11. This relatively narrow annual band indicates that the geothermal source 
temperature remains favorable even during periods of high sink temperature demand. At the same time, the 
lower COP values occur during the coldest periods of the year, when the solver algorithm raises the required 
condensation temperature to respect the set pinch point. The seasonal rise in HP load during winter is therefore 
accompanied by a higher compressor workload, while summer operation is characterized by smaller heating 
outputs and lower absolute compressor power. 

 

Figure. 4. Annual heating balance with the heating demand, useful heat delivered by the HP and the unmet 
load. 

On the power-generation mode, the ORC produces 113.2 MWh of gross electricity, corresponding to 66.4 
MWh of net electricity over the full year. The corresponding mean active power productions are 75.9 kW gross 
and 44.5 kW net. The mean net ORC efficiency is 5.57%, varying between 3.93% and 5.79% during the year. 
The ORC provides a modest but stable electric output, while net production remains lower than gross 
production because of pumping and heat-rejection losses. This annual ORC behavior is shown in Figure 5, 
which presents the evolution of the geothermal heat input together with the corresponding gross and net 
electricity production over the full simulation year. The figure shows that, during active ORC periods, the 
thermal input remains generally aligned with the available geothermal source, confirming that source-side heat 
availability is sufficient to sustain ORC operation throughout most of the year. The figure also shows a 



persistent gap between gross and net electric output, which reflects the effect of internal electrical losses on 
plant-level performance  

 

Figure. 5. Annual ORC performance for the given geothermal heat input. 

The origin of this gross to net reduction becomes clearer when the ORC parasitic loads are examined 
separately. Over the annual simulation, the pump consumes 20.4 MWh of electricity, the ACC fan consumes 
22.0 MWh and the remaining auxiliary term amounts to 1.10 MWh. Thus, the total reduction from gross to net 
ORC output is shared almost equally between the pump and the ACC fan, while the additional auxiliary load 
remains comparatively small. On an hourly average basis, the pump and ACC fan consume approximately 
13.7 kW and 14.7 kW, respectively. Figure 6 further depicts these results by comparing the gross and net 
electric power output with the main parasitic losses over the annual simulation period. Results of Figure 6 
showcase that the ACC fan penalty is of the same order of magnitude as the pump penalty, meaning that air-
side heat rejection should be treated as a genuine plant level performance parameter rather than as a 
negligible term. 

 

Figure. 6. Annual ORC gross and net electric power production and loss analysis. 

To further interpret these annual performance results, the monthly energy summary provides a clearer view of 
how the role of the reversible system evolves over the course of the year. Heating demand is strongly 
concentrated in the winter period, reaching its highest monthly values in January (398.8 MWh) and December 
(374.9 MWh), with correspondingly high heat deliveries of 359.0 MWh and 339.3 MWh, respectively. During 
the summer months, the heating requirement decreases sharply, and the useful heat delivered is reduced to 
approximately 25 MWh per month between June and August. In contrast, ORC operation becomes more 
prominent during this period, with net electricity generation reaching 8.0 MWh in June, 8.3 MWh in July and 
8.3 MWh in August. This seasonal crossover confirms that the supervisory strategy effectively reallocates the 
available geothermal resource from predominantly heat led operation in winter to power led operation during 
periods of lower heat demand. This seasonal shift is summarized in Figure 7, which condenses the annual 
plant behavior into a monthly energy overview. The figure confirms that the system operates mainly as a heat 
supplier during the winter months, whereas the relative contribution of the ORC becomes more significant 
during the warm season. At the same time, it shows that the annual heating demand is not fully covered, 
despite the good load-following performance observed during active HP operation. This suggests that the main 



limitation is not the HP load-following itself, but the annual operating strategy and the allocation of geothermal 
capacity between heat and power production. 

 

Figure. 7. Monthly energy summary of the geothermal reversible ORC/HP system. 

5. Conclusions 
This study developed and evaluated a thermodynamic modeling framework for a geothermal reversible 
HTHP/ORC system, with emphasis on the imposed shared hardware constraints and auxiliary losses, often 
neglected in relevant literature. Based on the shared equipment constraints, the HTHP design is dictating the 
design, leading to a shared plate heat exchanger area of 64.6 m². The thermodynamic analysis revealed the 
high influence of parasitic losses from the pump and air-cooled condenser fans, reducing the design-point 
gross electricity production of 73.3 kW to a net value of 50.5 kW. These results verify in a quantitative way that 
neglecting auxiliary loads and finite-capacity heat rejection is crucial for an accurate assessment of reversible 
systems’ performance. In terms of the annual performance, the HTHP mode achieved a high seasonal COP 
of 6.79, successfully following the imposed thermal demand at most periods of the year, with an annual heat-
coverage ratio of 81.8% mainly due to supervisory constraints, such as the enforced one-hour dead-band 
during mode transitions and limited maintenance periods. During periods of low heating demand in summer, 
the system is switching to ORC mode with a monthly net electricity of approximately 8 MWh. Ultimately, the 
framework demonstrates that the optimum performance of reversible geothermal systems is practically a 
complex balancing between the thermodynamic cycle efficiency, the shared components design, and the 
supervisory logic dictating the switch between the two operating modes. 
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Nomenclature 
𝐴  heat transfer area, m² 
𝐶𝑂𝑃 coefficient of performance, - 

ℎ  specific enthalpy, kJ/kg 

𝑚̇𝑟𝑒𝑓 refrigerant mass flow rate, kg/s 

𝑃̇  electric power, W 

𝑄̇  heat transfer rate / thermal duty, kW 

𝑇  temperature, °C 
𝑇𝑏𝑎𝑠𝑒 base sink-temperature parameter, °C 

𝑇𝑟𝑒𝑓 reference ambient temperature, °C 

𝑈  overall heat transfer coefficient, W/(m² K) 
𝑈𝐴  overall heat conductance, kW/K 

𝑊̇𝑐𝑜𝑚𝑝  compressor power consumption, W 



Greek symbols 
𝛥𝑇𝑙𝑚 logarithmic mean temperature difference, K 

𝜂  efficiency, - 

Subscripts and superscripts 
ACC air-cooled condenser 
amb ambient 
aux auxiliary 
com common 
comp compressor 
cond condenser / condensing 
el  electrical 
gen generator 
gross gross value 
HP  heat pump 
i  input 
net  net value 
o  output 
ORC Organic Rankine Cycle 
pump pump 
rej  rejection 
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