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A B S T R A C T

Alternative powerplant layouts to commonly applied flash technology is investigated for the water dominant 
geothermal location of Amiata Mountain, Italy. The proposed solution avoids flashing the brine stream by a 
borehole pump capable of maintaining pressurized conditions, thus reducing the amount of non-condensable 
gases released when reaching the ground level. Therefore, the need of a gas treatment section is completely 
avoided. The heat recovered from the hot brine at ground level is transferred to different supercritical CO2 cycle 
configurations, equipped with high efficiency Printed Circuit Heat Exchangers (PCHE). The optimal 45.5 % 
calculated exergy efficiency was achieved for the recuperative cycle with intercooling and reheat, which how
ever didn’t show the optimal electricity costs (8.092 c€/kWh) because of the more complex heat exchangers 
network. The lowest cost of electricity (7.4 c€/kWh) was found for the recuperative cycle configuration. These 
costs are in line with the current levels of geothermal binary cycles, but almost doubled compared to the current 
single flash + ORC solution, due to a 40–50 % reduction of power output with sCO2 cycles. On the other hand, 
sCO2 binary cycles could guarantee an almost zero environmental impact, which is the main reason for social 
concerns related to the current flash powerplants.

1. Introduction

The energy demand has increased exponentially in recent years due 
to the strong increase in economic development and population growth. 
This led to an increased concern on sustainability issues and environ
mental deterioration [1]. The exploitation of renewable energy tech
nologies has therefore bloomed, allowing an increase in the efficiency of 
the conversion systems. Among renewables, geothermal energy has the 
advantage of having the highest resource availability, not depending on 
the weather conditions. Geothermal energy systems exploit the heat 
content of the earth’s interior, as the earth is slowly cooling down. The 
total global output of the Earth’s heat flow is over 4 × 1013 W [2], which 
is four times higher than the actual energy consumption; however, only 
a small part of this heat flux can be exploited. Geothermal power plants 
can be categorized in shallow geothermal and deep geothermal. The first 
exploits low temperature heat sources at the surface, with a maximum of 
well drilling in the range of 250 m and are suitable for low temperature 
heat generation. On the other hand, deep geothermal is considered when 
wells are drilled deep, from 1 to 5 km within the Earth, or even deeper 

with the newest drilling technologies. Deep geothermal allows reaching 
higher temperature, which enables the conversion of the geothermal 
heat in electricity. Another way to categorize geothermal power plant is 
to classify it on the enthalpy content of the flow: low, medium or high 
enthalpy. Medium and high enthalpy resources are the most common 
exploited and have almost reached its maximum potential, while low or 
moderate enthalpy fields are still yet to be fully utilized. Typical power 
plant for the exploitation of medium high temperature fields are single, 
double and triple flash power plants (for a water dominant reservoirs) 
and direct steam power plants (for vapor dominant reservoirs). These 
power plants have several advantages such as relatively high conversion 
efficiencies, several years of operation which led to a solid know-how, 
well-known safety measures which are not critical thanks to low pres
sure and temperatures involved, and economic feasibility. On the other 
hand, they present a significant disadvantage when considering the 
environmental sustainability; indeed, a relevant documented issue is the 
release of non-condensable gases NCGs (mainly CO2 plus several kind of 
contaminants) to the environment [3,4]. The current solution to reduce 
the environmental impact of geothermal power plant is the utilization of 
AMIS technology in Italy, developed by ENEL GP [5]. This allows to 
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reduce the Hg and SO2 content from the NCGs stream, reducing the 
environmental impact of the power plants. Several studies have been 
developed on the environmental sustainability of geothermal energy 
conversion systems though the application of life cycle assessment [6,7]. 
In Ref. [8] a 20 MW single flash power plant is evaluated and compared 
with similar size power plants operating with wind and solar. It was 
found that the geothermal power plant, which includes the AMIS tech
nology, performs well against other renewables, and has only a slightly 
higher environmental footprint, due to larger values of the global 
warming category (Recipe 2016 Midpoint). In Ref. [9] enhanced 
geothermal systems (EGS) were considered, estimating several design 
scenarios and compared to other renewable energies environmental 
impacts. The results indicated that EGS power plant environmental 
footprint is in the same range of other renewables and it was confirmed 
that the highest contribution to the environmental impact comes from 
the drilling of the wells, and in particular by the diesel burned in the 
drilling process. In Ref. [10], the environmental impact of a combined 
heat and power double flash geothermal power plant was estimated. In 
their study, it was again confirmed that the drilling process is the main 
responsible for most of the impact category results, however, it was also 
found that the global warming and acidification category are signifi
cantly affected by the operation phase. Indeed, during the operational 
lifetime of the power plant, continuous emissions of CO2 and H2S pro
vide a significant environmental impact. In Ref. [11] the definition of 
harmonized LCA guidelines for the comparison of geothermal power 
plant have been drought. Particularly, the aim of their study was to 
increase the comparability of the results of LCA studies on geothermal 
system, by proposing a consistent methodology with several indications 
of the critical aspects of the analysis.

From the above mentioned studies, it seems that only the use of bi
nary cycles (like ORCs, Kalina or trans-critical and supercritical CO2) 
coupled to the complete reinjection of NCGs could give a valuable 
answer to the improvement of sustainability of geothermal power 
plants, particularly in the operational phase [12]. ORC and Kalina cycles 
work with novel and environmentally friendly fluids (low GWP), which 
are suitable for the exploitation of low temperature resources. Several 
studies on the coupling of ORC or Kalina cycles with low temperature or 
medium-high temperature geothermal resources have been performed 
[13–17]. These studies involved the optimal selection of the working 
fluid [18], including zeotropic mixtures [19], the optimal configuration 
of the power plant [20,21], as well as thermo-economic analysis [22]. In 
Ref. [23] an energy and exergy analysis are carried out for a dual fluid 
ORC. Isobutane and Isopentane were selected as working fluids, allow
ing a production of almost 3.5 MW of electricity, almost equally shared 

between the high temperature isopentane cycle and the low temperature 
isobutane cycle. The most critical components for this power cycle 
configuration were found to be the low and high pressure vapor gen
erators, due to the not optimal match of the composite heat transfer 
curves. An interesting study on the profitability of geothermal electricity 
production from several ORC configurations have been carried out in 
Ref. [24]. In their study, an optimization of cycle configurations, 
working fluid selection and thermodynamic conditions was carried out 
in order to investigate the most performing configuration, based on 
levelized cost of electricity, return of investment and payback period. 
They performed the analysis taking into account for the economic 
calculation, the corporate tax rates and the average electricity prices of 
20 countries and found that the country with the highest return of in
vestment was the one with highest electricity price. A focus on the 
design and optimization of the evaporator for ORCs for low temperature 
geothermal application has been developed in Ref. [25]. In their study a 
Pareto front solution has been found in order to assess the proper 
compromise between costs and pressure drop in the heat exchanger; 
finally evaluating the performance of the ORC.

While several studies on ORC and Kalina cycle for geothermal ap
plications have been developed, on the other hand, few studies on the 
coupling of supercritical CO2 cycles with geothermal energy resources 
have been developed. In Ref. [26] a trans critical power cycle for low 
temperature geothermal power plants has been investigated, with a 
particular focus of the influence of the recuperator performance in both 
design and off-design operation. It was found that the recuperator allows 
an improvement in the off-design performance of the system, particu
larly enhancing the performance of the CO2 pump. In Ref. [27] an 
innovative supercritical CO2 cycle configuration was evaluated, and its 
performance compared to a ORC working with R245fa or R1233zd(E). 
The cycle configuration exploits the thermosiphon concept, therefore 
utilizing the CO2 both as heat medium in the reservoir and as the 
working fluid in the power cycle. The results obtained indicated that the 
ORC cycle with R245fa as working fluid allowed the highest power 
production for one year of operation (8 % more than the sCO2 ther
mosiphon cycle). In Ref. [28] a low temperature geothermal case study, 
the Sidirokastron field in Greece is studied in order to couple a super
critical CO2 power plant. Particularly, the maximum temperature ach
ieved by the geothermal fluid is 75 ◦C, a very low value which hinders 
thermodynamic efficiency. In these conditions, the sCO2 cycle achieved 
a maximum thermal efficiency slightly above 6 %. Another interesting 
study by Ref. [29] deals with the thermodynamic analysis of a low 
temperature geothermal power plant utilizing a mixture of SF6 and CO2 
as working fluid. The maximum achieved efficiency of the binary 

Nomenclature

Symbols
cjk , cik Flux costs, [€/kJ]
costfuelkJ Geothermal fluid specific exergy cost, [€/kJ]
costWtkJ Turbine power specific cost, [€/kJ]

costkWhel Produced KWh cost, 
[

c€
kWh

]

ĊP Output product cost, [€/s]
ĊF Fuel cost, [€/s]
ex Specific exergy, [kJ/kg]
h Enthalpy, [kJ/kg]
P Pressure, [Pa, bar]
Q Thermal power, [kW]
s Entropy, [kJ/kg-K]
T Temperature [K, ◦C]
Ż Capital Investment
W Power, [kW]

ṁ Mass flow rate, [kg/s]

Greek symbols
η First law efficiency, [− ]
ηII Second law efficiency, [− ]
ρ Density, [kg m− 2]
Δ Difference

Subscripts
0 Reference state
1, 2, 3, … Cycle reference points
Approach Geofluid – CO2 cycles Temperature difference
Geo Geothermal fluid
in/out Inlet/Outlet

Acronyms
CEPCI – Chemical Engineering Plant Cost Index
PEC – Purchased equipment costs
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geothermal cycles was found to be 15 % with a 20 % SF6-80 % CO2 
composition, with a resource temperature of 160 ◦C. The results there
fore indicated that the utilization of zeotropic CO2 mixtures could allow 
to increase the thermal efficiency of the sCO2 power plants for 
geothermal applications.

While few studied have been focused on the coupling of supercritical 
CO2 cycles with low temperature geothermal application, on the other 
hand several studies are found in literature when dealing with high 
temperature applications, like solar power generation [30], coal fired 
power plants [31] or waste heat recovery [32,33]. This is due to the very 
good behaviour of the CO2 for high temperature applications, none
theless, it seems that further studies are needed to provide a clear 
assessment on the application of CO2 cycle to low temperature resource. 
However, recently a few Authors proposed the use of super and trans 
critical CO2 cycles to exploit low to medium temperature geothermal 
resources in binary configurations. For example [34], analysed the 
thermodynamic performance and optimization of transcritical power 
cycles (TPCs) using CO2-based binary zeotropic mixtures for the con
version of low grade geothermal water at 100–150 ◦C [35]. carried out a 
comparative thermoeconomic analysis of geothermal energy recovery 
via super/transcritical CO2 and subcritical organic Rankine cycles in the 
5–7 MWel size range for a 170 ◦C resource, achieving LCOE in the range 
of 0.12–0.16 $/kWh and showing that the transcritical CO2 configura
tion has the lowest payback period. On 2023 [36,37], proposed a 
techno-economic assessment of s CO2 Brayton cycles for low-grade 
geothermal reservoirs (150 ◦C), achieving the best thermo-economic 
performance with the 930-kW intercooled recuperated Brayton cycle. 
In their analysis, they adopted Printed Circuit Heat Exchangers (PCHEs) 
with straight semi-circular channels because of their suitability and wide 
use in CO2-based systems due to their compactness and structural stiff
ness, which helps to withstand the high pressures of the sCO2. This so
lution has been also adopted in the present proposal.

Indeed, the selection of CO2 as working fluid is due to its main 
characteristics, such as non-toxic, non-flammable, not suffering any 
thermal degradation at high temperature (unlike ORCs fluids) and 
optimal environmental traits, with a null ODP and a GWP = 1. 
Furthermore, in the supercritical region, the high density of the CO2 
allows a smaller and more compact design of the components, which 
could allow a “miniaturize” design of geothermal power plants. Various 
benefits and versatility of sCO2 in heat transfer and cooling purposes are 
addressed in works by Manda et al. Group. In Ref. [38], the Authors 
compared the heat transfer characteristics of flow of sCO2 and water 
inside a square microchannel, achieving half value of pressure drop for 
sCO2. In Ref. [62], a comparative analysis of ammonia and sCO2 for 
Microchannel Cooling was carried out. They concluded that, at the fixed 
same mass flux, ammonia gave higher average heat transfer coefficient 
but at the same pressure drop, sCO2 resulted in higher heat transfer 
coefficient at certain surface temperatures. The Coefficient Of Perfor
mance (COP) was ultra-high for sCO2 (600,000 level) and it was 
significantly higher than that for ammonia. In their very recent work 
[39], investigated the effects of cross-sectional shape on flow and heat 
transfer of laminar sCO2 flow inside horizontal microchannels, 
concluding that the microchannel with triangular cross-section has the 
highest heat transfer rate, highest mass flow rate, and lowest pressure 
drop. The excellent performance of a star-shaped cross-sectional 
Microchannel with sCO2 was discussed in Ref. [64].

Finally, for variable temperature heat source, supercritical CO2 allow 
a better match of the profiles, guaranteeing a higher efficiency of the 
heat transfer and thus reducing the exergy losses in the heat exchanger. 
The present proposal is aimed at investigating the possible adoption of 
binary sCO2 cycles in different possible layouts coupled to the high 
temperature water dominant geothermal resource of the Italian Amiata 
field, currently exploited into a 20 MW flash powerplant. Moreover, in 
the present proposal, the adoption of a borehole pump within the well is 
investigated, in order to avoid the flash of the resource. The introduction 
of a borehole pump implies additional uncertainties related to the 

resistance of the pump itself into the corrosive environment of the hot 
geothermal brine. The lifespan of the borehole pump is very difficult to 
predict as operational time ranging from multiple months (potentially 
years) [40,41] to few days [41,42] are reported in literature. The life
span depending mainly on the pump design [41] and on the chemical 
composition and temperature of the brine [42,43]. According to the 
classification proposed by Ellis and Conover [44], the brine in the Mt. 
Amiata region should not be very corrosive if compared with other 
geothermal reservoir given the fact that is has a relatively neutral pH 
[45] and a small concentration of corrosive species, such as H2S, being 
the NCGs emission composed mainly of CO2 [45]. This means that 
installing a borehole pump in these conditions should easier than in 
other cases, making it an interesting solution to be tested. For compar
ison, a pump installed in a well of the EGS reservoir in Soultz, which has 
a much more challenging condition for material corrosion (pH = 4.7, T 
= 200 ◦C [46]) has lasted 6 months without failing before being 
removed for inspection [41]. Nevertheless, a complete analysis of the 
expected lifetime of such an equipment is beyond the scope of this 
research. The results in terms of thermodynamic performance and 
thermo-economic costs of electricity production of the sCO2 cycles, may 
be relevant in assessing the feasibility of a possible closed – loop clean 
alternative to flash powerplants in fields, like the Amiata one, where the 
pollutant emissions associated to the current use of the resource are 
raising environmental and social concerns. This work could be seen as 
an follow up of the work of Ruiz-Casanova and his colleagues [36,37]. 
The novelty introduced in this analysis is the comparison with an 
existing geothermal power plant by means of an extensive 
exergo-economic analysis to better asses the potential of this solution. 
Moreover, more complex CO2 cycles have been analysed to identify the 
most promising solution and a borehole pump installation has been 
considered to avoid flashing and reducing scaling in the production well.

1.1. A case study for a sustainable geothermal energy power plant (Mount 
Amiata, Italy)

The properties of the geothermal resource are variable depending on 
the location in terms of pressure, temperature, state of the fluid, and 
amount and composition of NCGs as well as of dissolved mineral salts. 
The nature of contaminants released by GECS usually includes H2S, NH3, 
CH4, and in some cases Hg [47–49]. Each potential location deserves 
careful study, possibly leading to different issues when selecting the best 
available technology.

The area of Mount Amiata, Italy, represents a significant challenging 
application. This region of Southern Tuscany is historically one of the 
reference sites for the development of geothermal conversion systems; 
currently, about 80 MW of geothermal electricity are installed there. The 
Amiata reservoir is water-dominant type [50]; the current conversion 
technology applies single or double-flash power plant layouts, in one 
case also combined to an ORC to recover the energy content in brines. 
The composition of the geofluid includes relevant amounts of NCGs 
(CO2, H2S, NH3, CH4), mercury sulphide, HgS and dissolved salts 
(mainly stibnite and silica salts). The reservoir is located at 3000–3500 
m depth, thereby determining supercritical pressure conditions (p >
250 bar); however, the fluid is not in critical conditions, since the 
reservoir temperature is in the 300–350 ◦C range. Consequently, 
flashing in the well takes place at a depth between 600 and 1500 m, with 
two-phase flow in the upper section. In the current technology, a 
throttling valve/separator assembly is located at the wellhead [51,52]. 
Despite the attractiveness of the region in terms of energy generation 
potential, local opposition is present in the area against further devel
opment of geothermal energy. The main concerns of the opponents are 
long-term sanitary effects (mainly traceable to Hg and H2S emissions, 
even after the introduction of catalytic gas treatment [5]), as well as the 
water balance and the greenhouse gas emissions. Within this context, 
even if the resource can be classified as high-enthalpy and therefore 
traditionally converted using flash power plant solutions, it makes sense 

N. Di Michele et al.                                                                                                                                                                                                                             Energy 313 (2024) 133743 

3 



to explore different possible options, investigating the potential to 
mitigate these specific issues.

1.2. Reference case

As a specific reference case, the available data from the Bagnore 3 
power plant were considered. A flow rate of 122 kg/s is assumed to be 
available at an enthalpy level of 1200 kJ/kg, corresponding to about 
275 ◦C at 250 bar, which are the estimated reservoir conditions for the 
deep reservoir in the Mt. Amiata region at a depth z > 3000 m. The CO2 
content of the brine is evaluated at 2 % mass fraction [53]. The current 
power plant applies a wellhead separator set at 20 bar, determining a 
saturated steam flow rate of 36 kg/s (with 7 % CO2 content), while a hot 
brine (enriched with salts causing considerable scaling problems) of 
about 86 kg/s is directed to reinjection. The power plant is a single-flash 
unit equipped with an ORC recovery section on a secondary (low-
pressure) flash of the brine, providing a total power output of about 23 
MWe (actually, at present 3 MWe less because a smaller ORC unit is 
installed, with incomplete heat recovery from the reinjection brine). The 
separator setting determines the flash conditions inside the well, which 
take place at a depth of about 600 m. The considerable amount of CO2 in 

the flash steam is accompanied by minor contaminants (H2S, Hg and 
NH3 with minor traces of CH4); while the steam is condensed in the 
steam cycle, the NCGs are discharged to the atmosphere; however, 
before the final release, the emissions treatment is applied, with 
extensive capture of H2S, Hg and NH3. The following emissions levels 
were calculated: eCO2 = 396 g/kWh; eH2S = 1.21 g/kWh; eHg = 1.3 
g/kWh; these figures correspond to measurements taken by the pollu
tion control authority. It should be underlined that the CO2 emissions 
are of natural origin; however, they are of similar level to those obtained 
by the most advanced fossil fuel power plants and could be avoided if the 
resource was not extracted from the reservoir.

For the above reasons, a number of improved solutions were devel
oped, leading finally to identifying guideline the complete reinjection of 
NCGs in the reservoir as a possible best practice to exploit this 
geothermal resource [53].

To summarize, the literature review and the analysis of the presented 
case study has indicated a significant gap in the study of supercritical 
CO2 cycle for the exploitation of geothermal resources.

Specifically, in the present study a relatively simple solution is pro
posed, inspired by the guideline of completely avoiding the practice of 
flashing the geothermal stream by the means of a borehole pump located 

Fig. 1. Schematic of Bagnore 3 power plant [53].
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at suitable depth, coupled to an advanced (supercritical) binary cycle.
The aim of this study is therefore to evaluate the energy, exergy 

and economic performance of the proposed advanced CO2 power 
plant, which guarantee a relevant step ahead in the environmental 
behaviour of the geothermal powerplants, but they could result into a 
not economically viable options if compared to the current single and 
double flash technologies. Therefore, the investigation and comparison 
of optimized solutions adopting supercritical CO2 cycles configurations 
to the selected case study, in order to assess the most suitable ones to 
compete with the current single flash + ORC power plant, either from 
thermodynamic and exergo-economic points of view, is relevant in order 
to assess the suitability of this possible alternative solution. Fig. 1 pre
sents the schematic of the current power plant and Table 1 summarizes 
its main performance parameters.

2. Methodology

2.1. Mt. Amiata case study – borehole pump

The Amiata geothermal field was selected as a case study because of 
the difficulties encountered in using the local resource with flash power 
plant technology. The brine is particularly rich in antimony sulphide 
(Stibnite), which precipitates in the flash drain at temperature below 
140 ◦C and is responsible for the scaling of the ducts, causing drastic 
reductions of the passage sections. In order to prevent the scaling of 
Stibnite, the introduction of a borehole pump upstream the flash point 
located inside the well at 800 m depth from the ground level was pro
posed, thereby maintaining the geothermal fluid under pressurized 
liquid conditions, from the extraction to the re-injection reservoir. The 
required pump head and power were calculated modelling the friction 
and heat losses in the geothermal fluid extraction duct. The pressurized 
fluid, after having delivered its sensible heat to the working fluid, is re- 
injected at a fixed 150 ◦C temperature, in order to avoid any sedimen
tation of stibnite while ensuring, at the same time, a correct manage
ment of the geothermal field. A guideline applied in this research is to 
maintain the geothermal fluid under pressurized liquid conditions: this 
includes the modelling of the well thermo-fluid dynamics and of the 
borehole pump. A model was thus developed in EES [EES, 2020] in order 
to calculate the heat transfer and pressure losses, while the fluid 
(geothermal brine in liquid conditions) is ascending the well duct. A 
steel cladding is included only in the first 500 m from the surface. Once 
the geometry is fixed, the head losses, which must be overcome by the 
borehole pump in order to maintain the geothermal fluid in liquid phase 
were calculated; the same was done for the heat losses. The Colebrook 
formula for the calculation of the friction factor was utilized. The tem
perature of the ground is assumed to vary linearly with a gradient of 
50 ◦C per km of depth, from the starting value of the ambient temper
ature of 285 K.

Table 2 and Fig. 2 show the main thermodynamic and performance 
parameters and the configuration of the borehole pump respectively.

2.2. Power plants schematics and basic computational relationships

In this work, several power plant configurations were considered to 
evaluate the optimal power plant layout to be applied to the investigated 
medium temperature geothermal resource. Clearly, it is general for 

many different aspects, so that it may be representative of many other 
cases of exploitation of medium – high temperature geothermal resource 
with trans and supercritical CO2 binary cycles. Fig. 3 displays the ana
lysed configurations and Fig. 4 represents the corresponding 
temperature-entropy diagrams. Particularly, the assessed configurations 
include a recuperative cycle, a recuperative cycle with reheating, a 
recuperative cycle with reheating and intercooling, a precompression 
cycle, a recompression cycle with two recuperators and a recompression 
cycle with one recuperator. The increased complexity of the plant layout 
should be compensated by an increase in the system efficiency. The goal 
of this analysis was to test different plant configuration to asses whether 
this increase of efficiency is worth of, from an economic perspective, in a 
geothermal context.

For each developed power plant, it was assumed that: (i) the cycles 
work in steady state conditions; (ii) the geothermal fluid is modelled as 
pure water; (iii) the difference in kinetic and potential energy between 
the input and output of turbomachines and heat exchangers is neglected; 
(iv) the isentropic efficiency of turbomachines is fixed. The real fluids 
thermodynamic properties were evaluated by EES internal libraries 
[65].

For each component, mass end energy balance equations were 
applied, as displayed in Eqns. (1) and (2). 
∑

ṁin =
∑

ṁout (1) 

Ẇ+ Q̇ =
∑

ṁouthout −
∑

ṁinhin (2) 

The first law efficiency was then defined as shown in Eq. (3). 

ηI =
Ẇnet

Q̇in
(3) 

Table 1 
Bagnore 3 single flash + ORC power plant performance parameters.

Parameter Value

First Law efficiency η 0.19
Second Law efficiency ηII 0.46
Net power output Wnet 20 [MW] 

]wW
Cost of energy 0.04 [€/kWh]

Table 2 
Main borehole pump parameters. The inlet condi
tion of the pump is evaluated by modelling the well 
behaviour from the reservoir condition (T = 325 ◦C, 
P = 250 bar, from Ref. [53]) up to 800m where the 
pump is located.

Parameter Value

η 0.8
Wbp 0.87 [MW]
TinBH 273 [C]
PinBH 5758 [kPa]
ToutBH 274.6 [C]
PoutBH 10258 [kPa]

Fig. 2. Borehole pump schematic.
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while the Second law efficiency is defined in the following Eq. (4), direct 
and indirect expressions respectively: 

ηII =
Ẇnet

ṁGeo • (exGeo in − exGeo out)
=1 – ΣExdri – ΣExlri (4) 

where exGeo in and exGeo out are the specific exergies of geofluid at the 
inlet of borehole pump and outlet of the main geothermal heat 
exchanger, respectively. In the second expression, ΣExdri and ΣExlri are 
the sum of exergy destructions and losses of components, relative to the 
total exergy input to the system from the geothermal fluid (e.g. the 
denominator of the first expression).

2.3. Exergy and exergo-economic analysis

Exergy is the combination of the First and Second Laws of Thermo
dynamic, which allow to properly assess the energy efficiency of a sys
tem and to correctly identified the associated irreversibilities [54]. 
Exergy analysis is considered as one of the most robust method for the 
design and assessment of energy systems [55]. Indeed, the concept of 
exergy allows to estimate the effective thermodynamic values of energy 
flows. In the present work, the exergy is calculated at each point of the 
system by Eq (5). 

Ėxj = ṁj
[(

hj − ho
)
− To

(
sj − so

)]
(5) 

Combining the economic and exergy analysis(e.g. exergo-economic 
methodology) allows providing an efficient evaluation of the power 
plant and components cost-effectiveness, by introducing the costs per 
exergy unit [56]. The exergo-economic approach outlined in Ref. [57] 
was applied in this work by defining, for each component k, a cost 
balance equation, expressed in the following equation (6). 

ĊP,k = ĊF,k + Żk (6) 

cP,kĖxP,k = cF,kĖxF,k + Żk 

where. 

• ĊP,k and ĊF,k are the cost rates associated with exergy products and 
fuels respectively

• cP,k and cF,k are the costs per unit of exergy of product or fuel 
respectively.

• Żk is the sum of cost rates associated with investments and O&M for 
the k-th component.

In order to determine the investment and O&M costs (ŻCI
tot + ŻOM

tot ) of 
the proposed power plants, an economic analysis was carried out. The 
cost functions applicable to the system components were obtained from 
Refs. [16,58]. Costs were actualized to 2019 values, by using the CEPCI 
indexes [66]. The Operation and Maintenance costs (O&M) of each 

Fig. 3. Schematic of supercritical cycles.
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component were determined following the best practises in literature 
[16,59].

Finally, Table 3 summarizes the exergo-economic balances and the 
auxiliary equations [56], which are logic statements that allow defining 
the missing number of conditions to solve the cost equations applied to 
each component for the recuperative cycle. The balances of the other 
configurations can be found in Appendix A.

3. Results

3.1. Power cycles optimization

The main parameters influencing the cycles efficiency are the 
maximum pressure and temperature. Specifically, a very wide range of 
maximum cycle pressures were investigated, with a wider range for the 
recuperative cycle with reheating and intercooling, in order to assess the 
optimal configuration of the power plants. On the other hand, the 
maximum temperature of the cycle was defined by the geothermal 
source at 249 ◦C, therefore the ΔT approach was varied in order to 
investigate its influence on both efficiency and cost. The main fixed 
parameters of the sCO2 power cycles are summarized in the following 
bullets points. 

• The CO2 at condenser output is under saturated liquid conditions;
• The condenser range temperature and pinch point difference, 

ΔTrange = 10 ◦C and ΔTpp = 5 ◦C respectively;
• Isentropic efficiency of turbines and compressors fixed at ηt = 0.92 

and ηc = 0.92 respectively;
• Minimum hot/cold side temperature difference at recuperative heat 

exchangers ΔTmin = 10 ◦C;
• Minimum pressure of power cycles pmin = 7000 kPa;
• Geofluid mass flowrate, temperature and pressure at borehole pump 

inlet mGeo = 122 kg/s, TGeo = 272.9 ◦C, pGeo = 5758 kPa.

Fig. 4. T – s diagram of supercritical cycles.

Table 3 
Exergo-economic balance equations of power plant components for the recu
perative configuration.

Recuperative

Borehole 
pump

c21 • Ėx21 = c20 • Ėx20 + cWpkJ • ẆBHpump + Ż1 cWpkJ = cWtkJ 

c20 = cfuelkJ

Condenser c6 • Ėx6 + c10 • Ėx10 = c5 • Ėx5 + c9 • Ėx9 + Ż2 c9 = 0 c10 = c9

Recuperator c8 • Ėx8 + c5 • Ėx5 = c7 • Ėx7 + c4 • Ėx4 + Ż3 c4 = c5

Heatergeo c2 • Ėx2 + c3 • Ėx3 = c1 • Ėx1 + c8 • Ėx8 + Ż4 c1 = c21 •
Ėx21

Ėx1 
c1 =

c2

Turbine cWtkJ • ẆT + c4 • Ėx4 = c3 • Ėx3 + Ż5 c4 = c3

Compressor c7 • Ėx7 = c6 • Ėx6 + cWpkJ • Ẇpump + Ż6
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• Geofluid reinjection temperature TrGeo = 150 ◦C;
• Reference environmental temperature and pressure Tamb = 15 ◦C and 

pamb = 101.325 kPa respectively.

Fig. 5 shows the behaviour of the first law efficiency and unit elec
tricity exergo-economic cost at variable maximum pressure (a and b) 
and ΔT approach (c and d) of the investigated power cycles configura
tions reported in Figs. 3 and 4. The figures clearly show that the recu
perative configuration with reheating and intercooling is the highest 
efficiency one, followed by the recuperative and reheating configura
tion. For all the proposed cycles, an optimizing efficiency range of 
maximum pressure exists. It is essentially due to the variable shape of 
the cycles at different pmax, which is rather remarkable in the range of 
15000–30000 kPa. On the other hand, the First Law efficiency and unit 
energy cost are less sensitive to ΔT approach, with the costs mono
tonically decreasing with increasing ΔT, due to the dominant effect of 
heat exchanger cost on the slightly improved performance at low ΔT. 
The efficiency of the cycles also shows a slight optimization at ΔT in the 
3–8◦, because of the increase of the compressors work for very low ΔT 
approach due to the increase of the area (and therefore of the pressure 
losses) of the heat exchanger.

Conversely to the efficiency behaviour, the lowest exergo-economic 
cost is achieved from the less efficient configuration which, however, is 
also the simplest one, namely the recuperative layout. This was 
expectable, as the other configurations allow indeed improved perfor
mance, but not so high to counterbalance the increased costs due to the 
additional required equipment. This is even more remarkable for the 
recompression configurations, allowing a modest increase of efficiency 
at the price of much larger exergo-economic costs. Another interesting 
feature of the recompression configurations, is their optimal efficiency 
at lower maximum pressures, while the recuperative and the pre
compression layouts require higher maximum pressure to achieve high 
cycle efficiencies and low exergo-economic costs.

The performance data of the optimized power cycles are summarized 
in Table 4. The considered configuration allows a 249 ◦C geothermal 
fluid temperature at the inlet of the main HE, also considering the 

temperature increase given by the pumping process. The geothermal 
fluid is re-injected at 150 ◦C in order to avoid the precipitation of stibnite 
while guaranteeing, at the same time, a correct management of the 
geothermal field. The best performing thermodynamic cycle is the 
recuperative with reheating and intercooling, which achieves an effi
ciency, even including the pumping power from the borehole pump and 
the heat losses of the ascending geothermal fluid in the well close to that 
of the currently installed single flash unit (19 %). However, the 
maximum achievable power output is much lower than the reference 
case, with a dramatic 40 % reduction in power output. Indeed, all the 
configurations loose an amount of power output between 40 and 50 % 
when compared to the traditional flash solutions.

The largest gross power production was achieved with the recom
pression cycles. However, these layouts have the main drawback of 
requiring the highest compressor power, exceeding 12 MW, which is 
almost double than all the other configurations. These ones, however, 
guarantee the lowest maximum pressure of the cycle at 18.9 and 18.6 
[MPa] respectively, for the configurations 1 and 2 with recuperation. 
The performance levels of the considered powerplants layouts, when in 
configurations similar (in particular the recuperative one) to those 
proposed by Ref. [35,37], are comparable, considering the different 
thermodynamic working conditions.

Finally, the recuperative cycle is the one generating the lowest 
amount of power, and therefore it is also the less efficient one. It should 
be remarked that the considered overall power plant efficiency considers 
the heat losses in the ascending well pipe. If the analysis was carried out 
from the well-head input, the overall efficiency would be closer to the 
cycle efficiency, and therefore higher than the reference case with flash.

3.2. Exergy analysis: results

Fig. 6 shows the non-dimensional exergy destruction and losses of 
each component of the power cycles. The exergy input from the 
geothermal resource, was fixed at the same value for each thermody
namic cycle. As it is evident from Fig. 6a, the highest exergy loss comes 
from the heat loss in the production well (29 %). Indeed, this loss is 

Fig. 5. Efficiency and produced energy unit cost as a function of max pressure and ΔTapproach with geothermal fluid.
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common to all the considered cycles and cannot be avoided. On the 
other hand, the exergy losses at the condenser to the environment, are 
not the main contributors to the inefficiency of the cycles, as they are in 
the range of 2 %. These levels of losses are clearly related to the largely 
different exergy value of the two heat losses.

The source of highest exergy destruction is differently located for the 
considered cycles: for example, in the recuperative and precompression 
cycles the highest values belong to the main heater (HE). Furthermore, 
the exergy destructions in the condenser represent the second main 
contributor to the inefficiency of the cycles, with values higher than 7.5 
% for all the configurations except the recuperative one with reheat and 
intercooling, as it allows a further heat recuperation from the exhaust 
stream of the turbine.

From the sum of the exergy destructions, it is possible to address the 
best and worst performing power cycles configurations. The highest 

exergy efficiency (45.4 %) belongs to the recuperative cycle with reheat 
and intercooling, as clearly shown on Fig. 6b. Again, this value is in line 
with those found on [35] for similar configurations, taking into account 
of the different thermodynamic conditions. As clear from the compari
son of the exergy destruction sources in the different cycles, this is 
mainly due to the lower values found in the heaters and the condenser. 
Moreover, the good coupling of the fluids heat capacities (water and 
CO2) allows achieving a satisfactory value of exergy efficiency in the 
main HE for this power plant layout. On the contrary, for the same 
reason (e.g. the weak coupling of heat capacities in the main HE) the 
recuperative cycle configuration shows the lowest overall value of 
exergy efficiency.

3.3. Exergo-economic analysis: results

The cost of electricity generation for the proposed power plant 
configuration can be obtained from an exergo-economic assessment. The 
levelized cost of electricity for geothermal power plants project installed 
(or in progress) between 2007 and 2021 varies depending on technology 
and size. Particularly, for binary cycle configuration the cost of elec
tricity varies between 4 c€/kWh for very big power plants (>300 MW), 
to values close to 14 c€/kWh for power plants with a nominal capacity of 
1 MW. The mean range for electricity production from geothermal 
power plants is between 6 and 10 c€/kWh [67].

The Purchase Equipment Costs (PEC) of the power cycles compo
nents, achieved from the functions available in Refs. [16,58] and actu
alized to 2019 values, by using the CEPCI indexes [66], are summarized 
in Table 5. The recuperative with reheat only configuration is included 
into the Recuperative + RH + IC.

The other costs were assumed as a reasonable fraction of total PEC 
for all configurations, namely. 

• Total purchased equipment installation costs = 6 % PEC;
• Piping costs = 7 % PEC;
• Instrumentation, control and electrical equipment costs = 5 % PEC;
• Civil work costs = 7 % PEC;
• Engineering and supervision costs = 6 % PEC;
• Construction costs = 3 % PEC;
• Contingency costs = 8 % PEC;
• Working capital costs = 3 % PEC;
• Maintenance costs = 1.5 % Total Capital Investment (TCI);
• Insurance costs = 1.5 % Total Capital Investment (TCI).

In the here presented power plant case studies, the range of installed 
power is between 10 and 15 MW. These lead to a relatively high cost of 
electricity for some configurations (recompression), but still very close 
or in line with the expected electricity production values. Particularly, 
the lowest electricity cost (7.42 c€/kWh) was achieved with the recu
perative configuration. In a similar configuration proposed by Ref. [35], 
in the 1 MW size range but with geothermal resource temperature drop 
between 170 and 20 ◦C, 12 c$/kWh were achieved. Despite the here 
proposed one order of magnitude larger size and the higher maximum 

Table 4 
Performance comparison of each supercritical CO2 cycle configuration.

Performance Parameter Recuperative Recuperative with 
reheating

Recuperative with 
reheating and intercooling

Precompression Recompression with 2 
recuperations

Recompression with 1 
recuperation

Turbines [kW] 17605 20053 20151 18138 23339 23926
Compressors [kW] 6401 7545 6887.9 6784.7 12048 12371
Borehole pump [kW] 873.2 873.2 873.2 873.2 873.2 873.2
Net Power [kW] 10331 11635 12390 10480 10418 10682
Maximum Pressure [kPa] 24931 30661 35171 23670 18976 18611
CO2 Cycle 

Efficiency
​ [− ] 0.2414 0.2559 0.2191 0.2179 0.223

Global Power Plant 
Efficiency

​ [− ] 0.1733 0.1845 0.1561 0.1552 0.1591

Fig. 6. a) Comparison of components exergy destruction of the different con
figurations overall; b) Comparison of overall Second Law efficiency of the 
different configurations.
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temperature, considering the narrower geothermal resource tempera
ture drop (e.g. 235–150 ◦C) the achieved cost of electricity can be 
considered very interesting. On the contrary, the highest electricity cost 
(9.98 c€/kWh) was obtained for the recompression cycle layout with one 
recuperation. The configuration achieving the highest efficiency (recu
perative with reheating and intercooling) is at 8.6 €/kWh electricity cost 
level, which is however a proper value for this power range. Anyhow, 
comparing the obtained electricity costs with that of the reference power 
plant (Bagnore 3, single flash + ORC), the costs of sCO2 binary cycles are 
double. Nonetheless, this kind of power plants can be attractive, as they 
could guarantee and almost zero environmental impact configuration 
during the operation phase. Fig. 7 summarizes the calculated electricity 
cost for all the analysed power cycles.

3.4. Influence of heat exchangers pressure losses on cycles performance 
and electricity cost

Finally, given the primary importance of the heat exchangers per
formance, size and cost on the cycle efficiency and electricity cost, the 
influence of the pressure losses of the heat exchangers was carried out. 
In fact, when dealing with heat exchangers network in power cycles, it is 
well known the counteracting effects of their efficiency, generally 
enhanced with high specific area per unit volume, with the induced 
higher pressure losses, which negatively affect the cycle performance. 
Indeed, here the recent very efficient and compact Printed Circuit Heat 
Exchangers (PCHE, [60,61]) were adopted, so deserving an accurate 
addressing of the pressure losses against their high heat transfer per
formance. The results presented so far included the evaluation of the 
pressure losses within the circuit, calculated through the developed 
model of the heat exchangers (see the models reported in Appendix B). 
With the correlations reported in Appendix B for the different PCHEs, 
the related pressure drops have been calculated with the 

Darcy-Weisbach relationships as follows: 

Δpc = fc • Lchannel •
vc

2

2
•

ρc

2Dh
cold fluid side; (5) 

Δph = fh • Lchannel •
vh

2

2
•

ρh

2Dh
hot fluid side. (6) 

The influence of the heat exchangers pressure losses is, on the whole, 
not negligible, as they reduce the efficiency in a relevant amount, 
especially for the recompression cycles where the efficiency drops by 
almost 5 percentage points, as clear from Fig. (8). The calculated levels 
of PCHEs pressure drops are in line with those found on [37] for similar 
geometries. In the present analysis, the Authors considered PCHEs with 
semicircular cross-section channels, even though very recently the su
perior characteristics of triangular [39] and star shaped [64] 
cross-section channels were addressed.

The drop in efficiency is directly related to the increase of the pro
duced electricity cost. Indeed, as can be grasped from Fig. (9), the 
associated increase of the produced electricity cost is more remarkable 
for the recompression cycles, due to the relevant decrease in efficiency 
due to friction pressure losses, leading to an increase of costs of more 
than 1 c€/kWh. On the other hand, the lowest increase in electricity cost 
due to HX pressure losses belongs to the recuperative cycle 

Table 5 
PEC of components for the different analysed power cycles.

Recuperative Recuperative + RH + IC Precompression Recompression+1 REC Recompression+2 REC

Comp. PEC [M€] Comp PEC [M€] Comp PEC [M€] Comp. PEC [M€] Comp. PEC [M€]
BH Pump 0.922 BH Pump 0.922 BH Pump 0.922 BH Pump 0.922 BH Pump 0.922
Condens. 5.83 Condens. 3.61 Condens. 5.83 Condens. 5.68 Condens. 5.71
RH 1.84 RIG 2.65 RCP 2.27 LTR 6.86 HTR 2.14
HE 2.53 HE hot 1.65 interRCP 0.964 HE 6.45 LTR 4.76
Turbine 3.34 HE cold 0.649 HE 2.82 Turbine 3.25 HE 5.80
Pump 1.90 RIS 3.14 Turbine 3.33 Compr. 1 1.56 Turbine 3.26
​ ​ Turb. HP 3.38 Compr.1 1.84 Compr. 2 2.12 Compr. 1 1.59
​ ​ Turb. LP 3.39 Compr. 2 0.440 Mixer 2 ​ Compr. 2 2.04
​ ​ Pump 1 0.294 ​ ​ ​ ​ ​ ​
​ ​ Pump 2 1.90 ​ ​ ​ ​ ​ ​
​ ​ IC 5.22 ​ ​ ​ ​ ​ ​

Fig. 7. Comparison of electricity costs for the analysed power plants.

Fig. 8. Sensitivity of first and second low efficiencies of the proposed cycles to 
the pressure losses in the heat exchangers (bars with and without consid
ering them).
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configuration, as it is the simplest one from this point of view.

4. Conclusions

In this study an exergo-economic assessment of different supercriti
cal CO2 power cycles configurations for the exploitation of water 
dominant geothermal resources in place of traditional flash based 
technologies was carried out by the means of energy, exergy and exergo- 
economic analysis. The proposed power cycle configurations adopted 
the efficient PCHE which, on the other hand, may negatively affect the 
cycle performance due to their possible relevant pressure losses. The 
results confirmed that the supercritical CO2 cycles may be valuable bi
nary cycles solutions for the exploitation of low temperature geothermal 
resources, as the produced cost of electricity is in line with the existing 
binary cycle costs [67].

The most remarkable outcomes from the present research are the 
costs of electricity related to the adoption of supercritical power cycles 
under six different configurations, exploiting the same fixed geothermal 
resource. 

• The lowest cost of electricity was achieved for the simplest recu
perative cycle configurations, at 7.4 c€/kWh, which is in line with 
the level of current geothermal binary cycles.

• The configuration allowing the highest thermodynamic efficiency 
was the recuperative with intercooling and reheating, which gave 
First and Second Law efficiencies of 18.5 % and 45.5 % respectively. 
However, due to the increase in complexity of the power plant 
configurations, especially related to the “heavier” heat exchangers 
network, the cost of electricity becomes slightly higher (8.092 c€/ 
kWh), even though still competitive with that of current binary 
cycles.

• The recompression configurations are hindered by the high required 
compressors work, having therefore the highest produced electricity 
costs and the lowest efficiencies. Nonetheless, it should be remarked 
that these configurations guarantee the lowest maximum cycles 
pressures (around 190 bar).

• All the binary configurations show lower performance when 
compared to the currently adopted single flash + ORC power cycle, 
with a reduction of the power output in the range of 40–50 % and an 
almost doubled cost of the electricity. On the other hand, these CO2 
power plants could guarantee an almost zero environmental impact 
during the operation phase.

As a concluding remark, this analysis well addresses the importance 
of including the effect of pressure losses in the heat exchangers, also 
considering the fact that the high efficiency and compact PCHE were 
adopted, where this issue may be typically relevant. It is shown, here, 
that this aspect might lead to a significant increase of the produced 
electricity costs, related to the entailed drop of power cycles efficiency, 
especially in the most complex configurations.

The results of this research introduce, in the context of known con
figurations of CO2 based binary cycles to exploit geothermal resources, 
the novelties related to two main aspects which are missing in literature. 

1) The accurate evaluation and comparison of electricity production 
costs by the means of exergo-economic methodology;

2) This methodology was applied to cycles equipped with PCHEs which 
is a novel proposal in these applications, particularly for the aspects 
addressing the influence of the related pressure losses on the cycle’s 
performance.
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AppendixA 

Exergo-economic balance equations of power plant components for the assessed configurations.

Recuperative with reheating Recuperative with reheating 
and intercooling

Precompression Recompression with two 
recuperations

Recompression with one 
recuperation

Borehole 
pump

c21 • Ėx21 = c20 • Ėx20 +

cWpkJ • ẆBHpump + Ż1 

cWpkJ = cWtkJ 

c20 = cfuelkJ

c21 • Ėx21 = c20 • Ėx20 +

cWpkJ • ẆBHpump + Ż1 

cWpkJ = cWtkJ 

c20 = cfuelkJ

c21 • Ėx21 = c20 • Ėx20 + cWpkJ •

ẆBHpump + Ż1 

cWpkJ = cWtkJ 

c20 = cfuelkJ

c21 • Ėx21 = c20 • Ėx20 +

cWpkJ • ẆBHpump + Ż1 

cWpkJ = cWtkJ 

c20 = cfuelkJ

c21 • Ėx21 = c20 • Ėx20 +

cWpkJ • ẆBHpump + Ż1 

cWpkJ = cWtkJ 

c20 = cfuelkJ

Condenser c9 • Ėx9 + c14 • Ėx14 = c8 •

Ėx8 + c13 • Ėx13 + Ż2 

c13 = 0 
c14 = c13

c9 • Ėx9 + c16 • Ėx16 = c8 •

Ėx8 + c15 • Ėx15 + Ż2 

c15 = 0 
c16 = c15

c10 • Ėx10 + c15 • Ėx15 = c9 •

Ėx9 + c14 • Ėx14 + Ż2 

c14 = 0 
c15 = c14

c11 • Ėx11 + c18 • Ėx18 =

c10 • Ėx10 + c17 • Ėx17 + Ż2 

c17 = 0 
c18 = c17

c11 • Ėx11 + c18 • Ėx18 =

c10 • Ėx10 + c17 • Ėx17 + Ż2 

c17 = 0 
c18 = c17

Recuperator c11 • Ėx11 + c8 • Ėx8 = c10 •

Ėx10 + c7 • Ėx7 + Ż3 

c7 = c8

c13 • Ėx13 + c8 • Ėx8 = c12 •

Ėx12 + c7 • Ėx7 + Ż3 

c7 = c8

Rig1c13Ėx13 + c7 • Ėx7 = c12 •

Ėx12 + c6 • Ėx6 + Ż3 

c6 = c7 

Rig2c12Ėx12 + c9 • Ėx9 = c11 •

Ėx11 + c8 • Ėx8 + Ż4 

c8 = c9

Rig1c16Ėx16 + c7 • Ėx7 =

c15 • Ėx15 + c6 • Ėx6 + Ż3 

c6 = c7 

Rig2c8Ėx8 + c13 • Ėx13 =

c12 • Ėx12 + c7 • Ėx7 + Ż4 

c7 = c8

c8 • Ėx8 + c13 • Ėx13 = c6 •

Ėx6 + c12 • Ėx12 + Ż3 

c6 = c8

Heatergeo Heater-hotc2* ˙Exhehot2 + c4* 
Ėx4 = c1* ˙Exhehot1 + c12* 
Ėx12 + Ż4 

c1 = c21*
Ėx21

Ėx1 
c1 = c2 

Heater-coldc3*Ėx3 + c12* 
Ėx12 = c2*Ėx2 + c11*Ėx11 +

Ż5 

c2 = c3

Heater-hotc2* ˙Exhehot2 + c4* 
Ėx4 = c1* ˙Exhehot1 + c14* 
Ėx14 + Ż4 

c1 = c21*
Ėx21

Ėx1 
c1 = c2 

Heater-coldc3*Ėx3 + c14* 
Ėx14 = c2*Ėx2 + c13*Ėx13 +

Ż5 

c2 = c3

c4*Ėx4 + c5*Ėx5 = c3*Ėx3 + c13* 
Ėx13 + Ż5 

c3 = c21*
Ėx21

Ėx3 
c3 = c4

c4*Ėx4 + c5*Ėx5 = c3*Ėx3 +

c16*Ėx16 + Ż5 

c3 = c21*
Ėx21

Ėx3 
c3 = c4

c4*Ėx4 + c5*Ėx5 = c3*Ėx3 +

c16*Ėx16 + Ż4 

c3 = c21*
Ėx21

Ėx3 
c3 = c4

Reheater c2* ˙Exris2 + c6*Ėx6 = c1* 
˙Exris1 + c5*Ėx5 + Ż6

c2* ˙Exris2 + c6*Ėx6 = c1* 
˙Exris1 + c5*Ėx5 + Ż6

​ ​

Turbine TurbineAPcWtAPkJ ẆTAP +

c5Ėx5 = c4 • Ėx4 + Ż7 

c5 = c4 

TurbineBPcWtBPkJ ẆTBP + c7 •

Ėx7 = c6 • Ėx6 + Ż8 

c7 = c6 

cWtkJ =
(

cWtApkJ ẆTAP +

cWtBPkJ • ẆTBP

)
/(ẆTAP +

ẆTBP)

TurbineAPcWtApkJ ẆTAP + c5 •

Ėx5 = c4 • Ėx4 + Ż7 

c5 = c4 

TurbineBPcWtBPkJ ẆTBP + c7 •

Ėx7 = c6 • Ėx6 + Ż8 

c7 = c6 

cWtkJ =
(

cWtApkJ • ẆTAP +

cWtBPkJ • ẆTBP

)
/(ẆTAP +

ẆTBP)

cWtkJ ẆT + c6 • Ėx6 = c5 • Ėx5 +

Ż6 

c5 = c6

cWtkJ • ẆT + c6 • Ėx6 = c5 •

Ėx5 + Ż6 

c5 = c6

cWtkJ • ẆT + c6 • Ėx6 = c5 •

Ėx5 + Ż5 

c5 = c6

Compressor c10 • Ėx10 = c9 • Ėx9 +

cWpkJ • Ẇpump + Ż9

Compressor1c10 • Ėx10 = c9 •

Ėx9 + cWpkJ • Ẇpump1 + Ż9 

Compressor2c12 • Ėx12 = c11 •

Ėx11 + cWpkJ • Ẇpump2 + ˙Z10

Compressor1c11 • Ėx11 =

c10 • Ėx10 + cWpkJ • Ẇpump +

Ż7 

Compressor2c8 • Ėx8 = c7 •

Ėx7 + cWpkJ • Ẇcomp + Ż8

Compressor1c12 • Ėx12 =

c11 • Ėx11 + cWpkJ • Ẇpump +

Ż7 

Compressor2c14 • Ėx14 =

c9 • Ėx9 + cWpkJ • Ẇcomp + Ż8

Compressor1c12 • Ėx12 =

c11 • Ėx11 + cWpkJ • Ẇpump +

Ż6 

Compressor2c14 • Ėx14 =

c9 • Ėx9 + cWpkJ • Ẇcomp + Ż7

Intercooler ​ c11 • Ėx11 + c18 • Ėx18 =

c10 • Ėx10 + c17 • Ėx17 + ˙Z11 

c17 = 0 
c18 = c17

​ ​

Appendix B 

Printed Circuit Heat Exchanger (PCHE) modelling

PCHE of the straight-channels type have been used for the Heaters, while for the recuperators the zigzag-channels type was selected. The channels, 
photochemically engraved on the plates, have a semi-circular section with a diameter D of 1.2 mm. The number of channels per fluid is determined by 
fixing the speed of the CO2 flow and knowing the values of the mass flow rate, the average density of the fluid and the section area A of the single 
channel: 

Nchannels =
˙mCO2

ρCO2 vCO2 A 

The number of channels and plates is the same for both fluids, therefore: Nchannelstot = 2Nchannels , Nplatestot = 2Nplates. The number of total plates of the 
heat exchanger has been chosen equal to the number of channels per plate: 

Nplatestot =Nchannels per plate 
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Nchannels =Nchannels per plate • Nplates 

Nplates =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Nchannels

2

√

It has also been assumed that wall temperatures are the average of the average temperatures of each fluid: 

Tw =
Thotfluid + Tcoldfluid

2 

Heater

The relationships to obtain the convective heat exchange coefficient h were taken from [60].
Geofluid side (evaluated as pure water): 

Nu=0.122Re0.56 Pr0.14 

f =(1.12 ln(Re) + 0.85)− 2 

CO2 side: 

Nu=Nufcf(B)

Where, for supercritical CO2: f(B) = 0.36 − 22
(

Gr
Re2.7

)0.42
, for Tw > Tpc and 3× 104 < Re < 7× 104. 

Nufc =0.0183Re0.82 Pr0.5
(

ρCO2

ρw

)− 0.3 

Gr=
(ρCO2 − ρw)ρCO2 gD3

h

μ2
CO2 

ρw =
ρCO2

(
TCO2 − Tpc

)
+ ρw

(
Tpc − Tw

)

(TCO2 − Tw)

To assess the friction factor on the CO2 side, Colebrook’s formula was used, using ε = 5 μm as the roughness value for the channels [60].

Recuperator

The correlations in order to evaluate the convective heat transfer coefficient h were taken from Ref. [61]. The angle of inclination of the channels 
(zig-zag channels type) is chosen equal to α = 30◦. The correlations valid for CO2 on both the cold and hot side with 3 × 103 < Re < 2.6 × 104 are: 

Nu=0.0176Re0.809 Pr1/3 

f =0.3905Re− 0.0355 

The convective heat transfer coefficient is therefore: h = Nu•k
Dh

.
Once the coefficients for both the cold fluid and the hot fluid have been found, the thermal resistance can be evaluated:
Rcoldfluid = 1

hcoldlfuidS ; Rhotfluid = 1
hhotfuidS ; Rcond = 1

4ksteelLchannelNchannels 
; where S is the heat exchange surface, k is the conductivity and Lchannel is the length of the 

channels.
It can be found: UA = 1

Rtot
, dove Rtot = Rcoldlfuid + Rhotfluid + Rcond.

Knowing the inlet and outlet temperatures of the exchanger and the thermal capacities of the fluids, it is possible to evaluate through the method 
ε-NTU the value of (UA)NTU. Therefore, the length of Lchannel is varied and an iterative process runs until UA=(UA)NTU.

Mechanical design of PCHE

The mechanical design of the PCHE exchangers is taken from the article [63], figs. 14 and 15. 
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Fig. 14. simplified schematic of block geometry for mechanical design [63]

h = channel width
H = channel depth
t1 = edge width
t2 = wall thickness
t3 = ridge width

Fig. 15. schematic of PCHE stack [63]

It was assumed that h = D e H = D
2. 

t1 >
pmaxD +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
pmaxD2(pmax + 7.5σamE)

√

6σamE 

t2 >
pmaxD +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
pmaxD2(pmax + 48σamE)

√

12σamE 

t3 >
pmaxD
σamE 

where: E = 0.7 (joint factor); cs = 1.5 and the material is Stainless steel AISI316.
Once the thicknesses have been found, knowing the length and number of channels and the number of plates, it is possible to evaluate the di

mensions of the heat exchanger: 

H=Nplatestot

(
D
2
+ t2

)

L=2t1 + t3
(
Nchannels per plate − 1

)
+ Nchannels per plateD 

W= Lchannel cos (α) (α=0◦ for the straight − channel type)

Pressure losses within the exchanger channels are evaluated using Darcy-Weisbach’s correlation.

Compact Heat Exchanger (CHX)

A compact heat exchanger of the finned tube type was chosen for the condenser. The condenser cools the CO2 through the circulation of the 
external air from environment. The model of this heat exchanger is already present in the EES program libraries [EES, 2020]. The same procedure of 
the PCHE is then triggered, assuming, for the mechanical design, to utilize the correlations for cylinders under pressure. Therefore knowing the 
internal diameter and the pressure difference between internal and external, we otbain: Dext >

Dint̅̅̅̅̅̅̅̅̅̅
1− 2Δp

σam

√ ; with AISI 316 stainless steel material and safety 
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coefficient cs = 1.5.
Determined the main dimension of the heat exchanger, the length of the channels Lchannel is varied and an iterative process runs until UA=(UA)NTU.

Data availability

No data was used for the research described in the article. 

References

[1] Song J, Ren X, Tian H, Shu G, Gu C, Markides CN. Thermodynamic and economic 
investigations of transcritical CO2-cycle systems with integrated radial-inflow 
turbine performance predictions. Appl Therm Eng 2020;165.

[2] Galgaro A, Di Sipio E, Teza G, Destro E, De Carli M, Zarrella A, Emmi G, 
Manzella A. Empirical modeling of maps of geo-exchange potential for shallow 
geothermal energy at regional scale. Geothermics 2015;57:173–84.

[3] Bravi M, Basosi R. Environmental impact of electricity from selected geothermal 
power plants in Italy. J Clean Prod 2014;66:301–8.

[4] Saner D, Juraske R, Kubert M, Blum P, Hellweg S, Bayer P. Is it only CO2 that 
matters? A life cycle perspective on shallow geothermal systems. Renew Sustain 
Energy Rev 2010;14:1798–813.

[5] Baldacci A, Mannari M, Sansone F. Greening of geothermal power: an innovative 
technology for abatement of hydrogen sulphide and mercury emission. In: 
Proceedings world geothermal congress 2005, antalya, Turkey; 2005. p. 24–9.

[6] Bayer P, Rybach L, Blum PH, Brauchler R. Review of Life Cycle Environmental 
effects of geothermal power generation. In: Renew.Sustain.Energy rev., vol. 26; 
2013. p. 446–63.

[7] Frick S, Kaltschmitt M, Schorder G. A Life cycle assessment of geothermal binary 
power plants using enhanced low-temperature reservoirs. Energy 2010;35: 
2281–94.

[8] Basosi R, Bonciani R, Frosali D, Manfrida G, Parisi ML, Sansone F. Life Cycle 
Analysis of a Geothermal Power Plant: comparison of the environmental 
performance with other renewable energy systems. Sustainability 2020;12:2786.

[9] Lacirignola M, Blanc I. Environmental analysis of practical design options for 
enhanced geothermal systems (EGS) through life-cycle assessment. Renew Energy 
2013;50:901–14.

[10] Karlsdottir MR, Heinonen J, Palsson H, Palsson OP. Life cycle assessment of a 
geothermal combined heat and power plant based on high temperature utilization. 
Geothermics 2020;84.
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