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Abstract: 
For low to medium temperature heat sources (up to about 300 °C), the organic Rankine cycle technology is a 
cost-effective option for power generation. In addition to conventional sub-critical organic Rankine cycle 
systems, cycle architectures characterized by two-phase expansion, like, trilateral and partial evaporation 
organic Rankine cycles, have been proposed. These cycle architectures results in a higher utilization of the 
available heat and subsequently in a higher exergy efficiency of the system compared to that of sub-critical 
organic Rankine cycle systems. However, these configurations have a higher cost of the power system, and 
lower isentropic efficiency of the expander compared to the sub-critical organic Rankine cycle based 
configurations. This paper presents a techno-economic comparison among trilateral, partial evaporation and 
sub-critical organic Rankine cycle systems considering concentrated solar power and geothermal heat 
sources, respectively. A selection method for these configurations is proposed, helping to select the optimal 
power cycle for concentrated solar power and geothermal plants. The results suggest that the subcritical 
organic Rankine cycle system is the preferred choice over the trilateral and partial evaporation organic 
Rankine cycles for concentrated solar power plants. As for the geothermal energy powered plants, the 
results indicate that for 10 % penalty in expander isentropic efficiency, the specific cost of the trilateral 
organic Rankine cycle system should be equal or lower than that of the subcritical organic Rankine cycle 
system in order to become favourable. In addition, high values of the condensation temperature are 
favourable for the trilateral and partial evaporation organic Rankine cycles. 
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1. Introduction 
Concentrated solar power (CSP) with thermal energy storage (TES) and geothermal energy are renewable 
energy sources that can provide a high capacity factor. From a techno-economic perspective, a recently 
proposed micro-structured polymer foil-based CSP systems [1] may offer advantages for medium 
temperature and medium-scale dispatchable (on demand) applications compared to the conventional mirror 
based CSP systems [2]. Due to the high upfront costs of geothermal and medium temperature and medium-
scale CSP plants, the adoption of better performing power systems is crucial to recover the high capital 
investment costs. In this regard, power cycles with no evaporation or partial evaporation of the working fluid 
at the inlet of the expander for low to medium temperature heat sources have been proposed in literature. 
The trilateral cycle, where the expansion starts from saturated liquid conditions, achieves theoretically the 
highest exergy efficiency when extracting power from low temperature heat sources with finite heat capacity 
[3]. By removing/minimizing the constant temperature vaporization of the power cycle working fluid, a better 
match between the heat source and power cycle working fluid temperature profiles (hot and cold streams) 
can be achieved during the heat exchange. As a result, the irreversibilities decrease and the amount of 
exchanged heat increases. However, the disadvantages of the trilateral cycle are that it requires more 
voluminous and costly power systems due to the increase in heat exchange area and number of stages of 
the expander compared to the conventional subcritical power cycles. In addition, the two-phase expansion 
leads to the degradation of the performance of the expander and the technology is still at an early 
development stage. In order to partially overcome some of the challenges posed by trilateral cycle systems, 
the partial evaporation cycle has been proposed as a modification of the conventional subcritical cycle, 
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where the power cycle working fluid is partially evaporated and expanded in the two-phase region. The 
partial evaporation cycle based systems have shown promising techno-economic performance compared to 
the trilateral cycle based systems due to the requirement of a lower mass flow rate of working fluid for the 
same heat transfer rate with the heat source, lower heat exchanger areas and higher efficiency and lower 
cost of the expander [4]. 
Fischer [5] investigated trilateral cycles for heat source temperatures in the range from 150 °C to 350 °C and 
concluded that organic fluids perform better compared to water as working fluids for trilateral cycles. They 
also reported that for the trilateral organic Rankine cycle (TLORC) the exergy efficiency for power generation 
is 14 % to 29 % higher than that of the conventional subcritical organic Rankine cycle (SCORC). Lai and 
Fischer [6] proved that siloxanes achieve higher exergy efficiencies for TLORC with respect to water; 
however, the power system runs with siloxanes and is therefore expected to be more costly due to very high 
volume ratio across the expander and condensation pressures well below atmospheric pressure. On the 
other hand, alkanes and light hydrocarbons achieved slightly lower efficiencies but also lower volumetric flow 
rate change across the expander and higher condensation pressures than that of siloxanes. In the first 
attempt to evaluate the economic feasibility of trilateral cycle systems, Lecompte et al. [7] found that the 
specific investment cost for the TLORC system is 19 % higher than that of the SCORC system for a low 
temperature heat source, namely water at 100 °C. In a comprehensive study on a wide range of heat source 
temperatures, Lecompte et al. [8] reported that for heat source temperatures below 250 °C, the TLORC 
outperforms the partial evaporation organic Rankine cycle (PEORC) based on the thermodynamic 
performance, considering a fixed isentropic efficiency of the expander. Yari et al. [9] studied the impact of the 
expander efficiency on the system performance and cost. Their results suggested that a decrease in 
expander efficiency from 85 % to 65 % results in a decrease in net power output by 40 % and in an increase 
in specific investment cost by 25 %. For geothermal energy powered PEORC systems, Tammone et al. [4] 
reported that PEORC systems are able to provide an increase in the net power output between 20 % to 
60 % compared with SCORC systems for the considered heat source temperatures, but also that PEORC 
systems are associated with higher specific investment costs (up to 50 %) than SCORC systems. They also 
highlighted that when the performance of the expander is not significantly affected by the two-phase 
expansion, the PEORC system achieves up to 15 % lower levelized cost of electricity (LCOE) compared to 
the SCORC system depending on the geothermal heat source extraction and re-injection temperatures. 
As for CSP plants with a TLORC/PEORC system, the better match between heat source profile and ORC 
working fluid profile leads to a lower average temperature of the heat addition in the solar field and a higher 
temperature difference between the top and bottom temperature for the thermal energy storage system than 
that of CSP plants with a SCORC system. As a result, a higher solar field efficiency and a lower cost of the 
TES system for the same storage capacity requirement can be achieved for TLORC/PEORC systems than 
those of the SCORC based CSP plants. However, as the TLORC and PEORC architectures also result in a 
more voluminous and costly organic Rankine cycle system and a degradation of the performance of the 
expander, there is a need to carry out techno-economic analyses in order to properly evaluate the feasibility 
of TLORC/PEORC systems for CSP applications. As far as geothermal plants are concerned, there is a need 
to study the effects of the expander efficiency and the cost of the power system on the selection of ORC 
architectures considering relevant parameters of the geothermal plants.  
In this paper we present a techno-economic comparison among TEORC, PEORC and SCORC systems 
considering a CSP plant with packed-bed rock TES and geothermal energy heat sources, respectively. A 
novel approach based on the development of a selection diagram is proposed, capturing the influence of the 
relative specific power systems cost and the relative isentropic efficiency of the expanders on the LCOE. The 
novel contributions of our work to state of the art are as follows: 
• A techno-economic comparison among subcritical, trilateral and partial evaporation ORC architectures 

powered by foil-based CSP integrated packed-bed rock TES system. Previous studies [2,10,11] 
considered foil-based CSP plants with only SCORC systems. No previous works addressed the 
selection of these ORC architectures for such plant. 

• An evaluation of the techno-economic feasibility of different ORC configurations, including the TLORC 
and PEORC systems, for a CSP plant considering the effects of the solar field’s efficiency and cost, and 
parameters of the power system. No previous works evaluated the techno-economic feasibility of the 
TLORC and PEORC systems for CSP applications. 

• An evaluation of the techno-economic feasibility of different ORC configurations for geothermal 
applications by determining their feasible regions considering the effects of the cost of geothermal 
energy and power system parameters.  A previous study [4] evaluated the techno-economic feasibility of 
using PEORC systems for geothermal applications by optimizing the thermodynamic cycle and by 
estimating relevant economic parameters, such as the specific investment cost of the system and the 
levelized cost of electricity. The proposed approach presented in this paper based on the development of 
a selection diagram is novel. 



 

Section 2 explains the different models and methods. Section 3 describes the different results achieved by 
the techno-economic analyses and Section 4 discusses the conclusions of the work. 

2. Methods  
2.1 System description 
A techno-economic comparison among trilateral, partial evaporation and conventional sub-critical ORC 
systems powered by foil-based CSP and geothermal heat, respectively, was carried out. All the numerical 
analyses were conducted using the software Engineering Equation Solver (EES) [12]. For the CSP plant, a 
foil-based concentrating solar collector powered ORC unit was investigated in the present work for electricity 
production. Fig. 1 shows a schematic T-s diagram of a regenerative organic Rankine cycle, a trilateral 
organic Rankine cycle and a partial evaporation organic Rankine cycle. Based on techno-economic 
optimisation results by Desai et al. [10], the packed-bed rock thermocline storage was used as thermal 
energy storage for the foil-based solar field technology. Different modes of plant operation, the calculation 
procedure at each time step and parameters for the annual simulations of the CSP plant with packed-bed 
rock thermocline TES were based on our previous work [10]. The calculation of the optimum solar multiple 
and optimum LCOE was based on our previous work [10], and the annual energy production for the TLORC 
and PEORC cases were calculated based on the optimum value of solar multiple and the corresponding 
capacity factor obtained for the SCORC case. For CSP plants with SCORC, cyclopentane was used as a 
working fluid for the ORC power system based on the techno-economic optimisation results by Desai et al. 
[11] for the foil-based solar field technology. For CSP powered TLORC and PEORC plants with design 
condition solar field outlet temperature of 278 °C and 208 °C, toluene and cyclopentane, respectively, were 
used as working fluid for the ORC power system. This is because toluene has higher critical temperature 
(318.6 °C) than cyclopentane (238.57 °C), allowing high temperature operation of TLORC and PEORC for 
the 278 °C solar field outlet temperature case. Furthermore, the current foil-based CSP field and the receiver 
is designed for district heating applications. Therefore, there is an enhancement potential for their thermal 
performances. In addition, foil-based CSP systems are very easy to manufacture compared to the traditional 
mirror based CSP systems. As a result, in future, based on the mass production, a significant cost reduction 
is expected. In this work, a foil-based solar collector system with a medium-scale manufacturing cost of 150 
€/m2 and with an enhancement of the heat loss coefficient of 20 % was considered. 
A geothermal energy powered ORC unit for electricity production was also analysed. For low to medium 
temperature geothermal energy based SCORC, TLORC and PEORC systems, two promising working fluids, 
R245fa and cyclopentane, were used as a working fluid for the ORC power system based on the techno-
economic optimisation results by Tammone et al. [4]. While the same overall approach to evaluate the 
thermodynamic and economic performance of the systems was adopted, the sizing of the systems was done 
differently for the two energy sources. For the CSP plant, the gross power output of the system was 
assigned and the solar field area was obtained as a result, while the heat source mass flow rate and 
temperature, and consequently the available heat input, were fixed for the geothermal plant.  
2.2 Thermodynamic analysis 
The design condition ORC expander shaft power output (�̇�𝑃𝐷𝐷) was determined as follows: 
�̇�𝑃𝐷𝐷 = �̇�𝑚𝐷𝐷 ⋅ Δℎ𝑖𝑖𝑖𝑖,𝐷𝐷 ⋅ 𝜂𝜂𝑖𝑖𝑖𝑖,𝐷𝐷                       (1) 

where �̇�𝑚𝐷𝐷 is the ORC working fluid mass flow rate at design condition, 𝜂𝜂𝑖𝑖𝑖𝑖,𝐷𝐷 is the ORC expander isentropic 
efficiency at design condition, and Δℎ𝑖𝑖𝑖𝑖,𝐷𝐷 is the ORC expander isentropic specific enthalpy drop at design 
condition. 

  
   (a)           (b)     (c)  

Fig. 1.  T-s diagram of (a) regenerative organic Rankine cycle, (b) trilateral organic Rankine cycle 
and (c) partial evaporation organic Rankine cycle. 

   



 

The design gross electric power output of the ORC power system (�̇�𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖,𝐷𝐷) was calculated as follows: 
�̇�𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖,𝐷𝐷 = �̇�𝑃𝐷𝐷 ⋅ 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚ℎ ⋅ 𝜂𝜂𝑔𝑔𝑚𝑚𝑔𝑔,𝐷𝐷          (2) 

where 𝜂𝜂𝑔𝑔𝑚𝑚𝑔𝑔,𝐷𝐷 and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚ℎ  are the design generator and mechanical efficiencies, respectively. 
The design net power output of the ORC power system (�̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝑃𝑃𝑃𝑃) was determined as follows: 
�̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝑃𝑃𝑃𝑃 = �̇�𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖,𝐷𝐷−�̇�𝑃𝑂𝑂𝑂𝑂𝑂𝑂 ,𝐹𝐹𝑚𝑚𝑚𝑚𝐹𝐹𝑃𝑃𝐹𝐹𝑚𝑚𝐹𝐹,𝐷𝐷         (3) 

where �̇�𝑃𝑂𝑂𝑂𝑂𝑂𝑂 ,𝐹𝐹𝑚𝑚𝑚𝑚𝐹𝐹𝑃𝑃𝐹𝐹𝑚𝑚𝐹𝐹,𝐷𝐷 is the ORC power system feed pump power consumption at design condition. 
The net power output of the complete plant (�̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝐹𝐹𝑝𝑝𝑝𝑝𝑔𝑔𝑛𝑛) was determined as follows: 
�̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝐹𝐹𝑝𝑝𝑝𝑝𝑔𝑔𝑛𝑛 = �̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝑃𝑃𝑃𝑃−�̇�𝑃𝑔𝑔𝑛𝑛ℎ𝑚𝑚𝑔𝑔,𝐷𝐷,𝐴𝐴𝐹𝐹𝐴𝐴         (4) 

where �̇�𝑃𝑔𝑔𝑛𝑛ℎ𝑚𝑚𝑔𝑔,𝐷𝐷,𝐴𝐴𝐹𝐹𝐴𝐴 is the power requirement of other auxiliaries, which are parasitic electricity use for the solar 
field, TES pump and antifreeze system pumping for CSP plants, and heat source pump and cooling water 
pump consumption for geothermal plants. 
For the CSP plant, the methods and models used to calculate the part-load performance of the different 
components of the plant, in order to calculate annual output, were the same as those presented in Desai et 
al. [10]. The code of the ORC power system was validated in our previous work [2] using the data of the n-
pentane based Arizona Public Service Saguaro plant in the USA [13] and the Turboden [14] manufacturer 
catalogue. The results indicate that for the power system loads down to 40%, the maximum absolute 
deviation in the gross thermal efficiency of the SCORC system is about 0.5 %-points and 0.28 %-points for n-
pentane and hexamethyldisiloxane, respectively. For loads below 40 %, the maximum absolute deviation in 
the gross thermal efficiency is 2.2% and 1% for n-pentane and hexamethyldisiloxane, respectively. For the 
geothermal plant, a number of equivalent full load operating hours per year were considered to calculate the 
annual energy production of the plant. The input data required for the thermodynamic analysis of the CSP 
and geothermal energy powered plants are given in Table 1. 
2.3. Economic analysis 
The capital investment costs of the ORC feed pump, condenser, electrical generator and TES tanks (for CSP 
plants) were calculated as follows: 

𝐶𝐶 = 𝐶𝐶0  ⋅ � 𝑂𝑂𝑝𝑝𝐹𝐹𝑝𝑝𝑚𝑚𝑖𝑖𝑛𝑛𝐶𝐶
𝑂𝑂𝑝𝑝𝐹𝐹𝑝𝑝𝑚𝑚𝑖𝑖𝑛𝑛𝐶𝐶0

�
𝑚𝑚
           (5) 

Table 1. Data required for thermodynamic analysis of the system. 
Input parameters for the CSP system Value 
Solar field’s efficiency parameters Optical efficiency of solar field (ηo,SF) = 0.833; 

Solar field heat-loss coefficient based on the 
aperture area (Ul,SF) = 0.85 W/(m2∙K) and 0.68 
W/(m2∙K) (by improvements) 

Solar field heat transfer fluid Therminol 55 
Solid filler for packed-bed rock thermal energy storage Quartzite rock 
Packed-bed porosity 22 % [15] 
Solid filler particle diameter 0.015 m [15] 
Ambient temperature at design condition 30 °C 
Gross electrical power output of the CSP plant 1 MWe 
Electricity production penalty due to start-up and shut-
down procedures, and heat-losses through piping and 
pressure losses 

10 % of net power output [16] 

Parasitic electricity use for CSP field, TES pump and 
antifreeze system pumping 

7 % of net power output [13] 

Efficiency of TES electric heating unit 0.9 
Input parameters for the geothermal energy powered 
system 

Value 

Mass flow rate of geothermal brine 100 kg/s 
Pressure drop in geothermal brine 300 kPa 
Isentropic efficiency of geothermal brine circulation pump 
and cooling water pump 

0.75 

General input parameters Value 
Design efficiency of generator and copper loss-fraction 0.93 and 0.43 [17] 
Design efficiency of turbine (for SCORC) Based on Astolfi and Macchi [18] 
Design isentropic efficiency of ORC feed pump 0.7 [19] 



 

where C0 and Capacity0 are the capital investment cost and the capacity for the reference system, 
respectively, and e is a scaling factor. 
The SCORC axial turbine cost (CT) was evaluated as follows [19]: 

𝐶𝐶𝑇𝑇 =  𝐶𝐶0 · � 𝑔𝑔
𝑔𝑔0
�
𝑚𝑚1

· � 𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃0
�
𝑚𝑚2

           (6) 

where C0, SP0, and n0 are the capital investment cost, the size parameter and the number of turbine stages 
for the reference turbine, respectively, and e1 and e2 are the scaling factors. In the present work, for each 
turbine stage, the maximum value of the specific isentropic enthalpy change was taken as 65 kJ/kg [19]. 
The capital investment costs of the primary heat exchanger and regenerator were calculated as follows [19]: 

𝐶𝐶𝑚𝑚𝑣𝑣𝑝𝑝/𝑔𝑔𝑚𝑚𝑔𝑔 =  𝐶𝐶0 · � 𝑈𝑈𝐴𝐴
𝑈𝑈𝐴𝐴0

�
𝑚𝑚

· 𝑧𝑧           (7) 

𝑧𝑧 = (10)(𝑧𝑧1+𝑧𝑧2·𝑝𝑝𝑔𝑔𝑔𝑔 𝐹𝐹+𝑧𝑧3·𝑝𝑝𝑔𝑔𝑔𝑔2𝐹𝐹)          (8) 

where C0 and UA0 are the capital investment cost and the UA value (product of overall heat transfer 
coefficient and heat transfer area) of the reference system, respectively, p is pressure, and e is a scaling 
factor. 
The annualised value for the capital investment cost of the complete plant (ACsystem) was calculated as 
follows: 
𝐴𝐴𝐶𝐶𝑖𝑖𝐶𝐶𝑖𝑖𝑛𝑛𝑚𝑚𝑚𝑚 = �𝐶𝐶𝑖𝑖𝐶𝐶𝑖𝑖𝑛𝑛𝑚𝑚𝑚𝑚 ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝑂𝑂&𝑀𝑀�         (9) 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑑𝑑 ⋅ (1+𝐹𝐹)𝑘𝑘

�(1+𝐹𝐹)𝑘𝑘�−1
                        (10) 

where Csystem is the capital investment cost of the complete plant, CO&M  is the annual operation and 
maintenance cost of the plant, k is the lifetime of the plant, d is the discount rate, and CRF is the capital 
recovery factor. The input data required for the economic analysis of the CSP and geothermal energy 
powered plants are given in Table 2. 
The LCOE was determined as given below: 

𝐿𝐿𝐶𝐶𝐿𝐿𝐿𝐿 = 𝐴𝐴𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝

                                        (11) 

where Epower  and ACsystem are the net annual electricity generation and the annualised capital investment cost 
for the plant, respectively. 

3. Results and discussion 
The selection among the SCORC, TLORC and PEORC is significantly affected by the expander efficiency 
and the cost of the power system. The variations of relative power system costs per unit of design net power 
output  ((𝐶𝐶𝑃𝑃𝑃𝑃,𝑛𝑛𝑔𝑔𝑛𝑛𝑝𝑝𝑝𝑝/�̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝑃𝑃𝑃𝑃)𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂/(𝐶𝐶𝑃𝑃𝑃𝑃,𝑛𝑛𝑔𝑔𝑛𝑛𝑝𝑝𝑝𝑝/�̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝑃𝑃𝑃𝑃)𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂)  as a function of relative isentropic efficiency of 
expanders (𝜂𝜂𝑖𝑖𝑖𝑖,𝐷𝐷,𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂/𝜂𝜂𝑖𝑖𝑖𝑖,𝐷𝐷,𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂) are presented in Fig. 2 representing a selections diagram that helps to 
identify the optimal configuration of an ORC power system, in this case for current and future foil-based CSP 
plants. The selection diagram consists of two zones divided by a solid black line for the current plants and a 
solid blue line for the future plants representing the condition of equal LCOE for the SCORC and TLORC 
plants. In order to obtain this condition, the isentropic efficiency of the expander for the TLORC was varied 
and the corresponding specific cost of the power system  (𝐶𝐶𝑃𝑃𝑃𝑃,𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂 = (𝐶𝐶𝑃𝑃𝑃𝑃,𝑛𝑛𝑔𝑔𝑛𝑛𝑝𝑝𝑝𝑝/�̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝑃𝑃𝑃𝑃)𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂)  was 
determined, in order to get the same value of LCOE as for the SCORC system. The vertical dotted black line 
represents the condition of equal specific power system cost per unit of design net power output for the 
TLORC and SCORC systems. The region on the left hand side of the solid line of the selection diagram 
indicates the conditions resulting in the TLORC system being the optimal plant, whereas the region on the 
right hand side of the solid line represents the conditions resulting in the SCORC system being the optimal 
plant. As the TLORC architecture is expected to result in a more costly ORC power system, a possible 
techno-economically feasible region for the TLORC system is located to the right of the dotted line and to the 
left of the solid line. If such region does not exist, there is no economic benefit in selecting the TLORC power 
system over the SCORC power system. 
Fig. 2 indicates that the prospects for the TLORC system improves for the future solar field scenario, which is 
reflected by a movement of the LCOE equal line to the right for the future solar field scenario. This is 
because for medium to high temperature CSP applications (unlike low temperature geothermal applications), 
the thermal efficiency of the TLORC system (�̇�𝑃𝑔𝑔𝑚𝑚𝑛𝑛,𝐷𝐷,𝑃𝑃𝑃𝑃/�̇�𝑄𝑖𝑖𝑔𝑔) is lower than that of the SCORC system, and 
therefore the reduction in the specific cost of the solar field (€/kWth) leads to positive impact in terms of 
LCOE for the CSP powered TLORC system. The results also suggest that for a solar field outlet temperature  



 

Table 2. Data required for economic analysis of the system. 
Input parameters for the concentrated 
solar energy powered system 

Value 

Foil-based solar field and HTF system cost  For current plants: 250 €/m2; For future plants: 150 €/m2 
Site development and land cost 4.7 €/m2 of land [20] 
Place Antofagasta, Chile 
Thermal energy storage HTF and rock cost Therminol 55: 2.7 €/kg [21]; Quartzite rock : 0.556 €/kg [15] 
Cost parameters of thermal storage tank, 
including insulation and foundation 

C0  = 7,932,160 € [22], Capacity0 = 30,844 m3 [22] and e = 
0.85 

Thermal oil to molten salt (Hitec XL) heat 
exchanger cost parameters 

C0  = 4,580,235 € [22], Capacity0 = 133 MWth [22] and e = 
0.85 

Balance of TES system cost, including 
TES system pump 

14 % of the TES system cost [22] 

Miscellaneous cost for the plant 144 €/kWe [20] 
Cost of annual O&M Fixed cost  – 1.4 % of the total investment cost; Variable 

cost – 2.8 €/MWhe 
Input parameters for geothermal energy 
powered system 

Value 

Cost of the geothermal energy resource 6,000,000 € (for the base case) 
Cost of annual O&M 2 % of the total investment cost 
Number of equivalent full load operation 
hours per year 

8000 h
 

General input parameters Value 
Regenerator and evaporator cost 
parameters 

Evaporator: C0 = 1570 k€, UA0 = 4,000 kW/K, z1 = 0.03881, 
z2 = – 0.11272, z3 = 0.08183, and e = 0.9 [19] 
Regenerator: C0 = 272 k€, UA0 = 650 kW/K, z1 = – 0.00164, 
z2 = – 0.00627, z3 = 0.0123, and e = 0.9 [19] 

SCORC turbine cost parameters C0 = 1,287,810 €,  n0 = 2, SP0 = 0.18 m, e1 = 0.85 and e2 = 
1.1 [19] 

Electrical generator cost parameters C0  = 209,400 €, Capacity0 = 5,000 kWe and e = 0.67 [19] 
Gear box cost 40 % of the generator cost [19] 
Condenser cost parameters C0  = 13,075 €, Capacity0 = 50 kWth and e = 0.76 [23] 
Boiler feed pump cost parameters C0  = 14,658 €, Capacity0 = 200 kW and e = 0.67 [19] 
Balance of ORC unit cost 40 % of the ORC unit’s component costs [19] 
Discount rate 3 % 
Lifetime 25 y 

Note: All the parameters for the cost correlations have been converted using the CEPCI to the value of year 
2018. 

 
Fig. 2.  Selection diagram for current and future foil-based concentrating solar collector powered 
subcritical organic Rankine cycle and trilateral organic Rankine cycle systems. 
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of 278 °C, the TLORC cannot compete with the SCORC (see Fig. 2), while for a solar field outlet 
temperature of 208 °C, a practically feasible region exists for the TLORC (see Fig. 3). However, the LCOE is 
about 22 % higher for this case compared to the solar field outlet temperature of 278 °C, making it a less 
competitive technology. Moreover, for a solar field outlet temperature of 208 °C, in order to be techno-
economically attractive, the TLORC can only have a 10 % increase in the relative cost of the power system 
and a reduction in the expander isentropic efficiency up to 7 % compared with the SCORC. Overall, the 
results indicate that it is questionable if the TLORC system would bring any economic advantages for 
medium to high temperature CSP applications.  
As previously mentioned, the use of the PEORC instead of the TLORC can reduce the cost of the power 
system and increase the expander efficiency. Fig. 4 depicts a selection diagram for foil-based CSP powered 
SCORC and PEORC systems. For comparison, the lines of equal LCOE both for the TLORC and the 
PEORC are included. Despite of having lower values of the relative specific cost of power systems and  
 

 
Fig. 3.  Selection diagram for current foil-based concentrating solar collector powered subcritical 
organic Rankine cycle and trilateral organic Rankine cycle systems. 
 

 
Fig. 4.  Selection diagram for foil-based concentrating solar collector powered subcritical organic 
Rankine cycle and trilateral/partial evaporation organic Rankine cycle systems. 
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higher values of the relative isentropic efficiency of the expanders than those of the TLORC system, the 
results suggest that the PEORC does not offer any economic advantages over the SCORC, as the 
practically feasible region does not exist. 
A corresponding selection diagram for the TLORC using two different working fluids for the geothermal case 
is presented in Fig. 5. In this case, R245fa is used as a working fluid for the SCORC system. The results 
indicate that the TLORC would be the preferably system from a techno-economically perspective only if the 
specific cost for the TLORC is lower or equal to that of the SCORC and the penalty in the isentropic 
efficiency of TLORC is lower than 10 %. 
The effects of the cost of the geothermal energy resource on the selection diagram is shown in Fig. 6. As 
expected, a high cost of the geothermal heat source is favourable for the TLORC system, as the higher 
investment cost to a larger degree is balanced by the increased annual energy production for the TLORC 
than the SCORC when evaluating the LCOE. 
 

 
Fig. 5.  Selection diagram for geothermal energy powered subcritical organic Rankine cycle and 
trilateral organic Rankine cycle systems. 
 

 
Fig. 6.  Effects of cost of geothermal energy resource on the selection diagram for geothermal 
energy powered subcritical organic Rankine cycle (with R245fa as working fluid) and trilateral 
organic Rankine cycle systems (with cyclopentane as working fluid). 
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Fig. 7 presents the effects of condensation temperature on the selection diagram for geothermal energy 
powered SCORC and TLORC systems. As expected, a high value of condensation temperature is 
favourable for TLORC system because it will lead to a better matching between the heat source and TLORC 
working fluid profiles for a geothermal heat source with a fixed brine temperature of 150 °C and a fixed brine 
re-injection temperature of 70 °C. 

Fig. 8 shows a selection diagram for geothermal energy powered SCORC and PEORC systems. Lines of 
equal LCOE are included both for the TLORC and PEORC systems. As mentioned earlier, PEORC systems 
are more likely to get a lower relative specific cost of the power system and a higher value of the relative 
isentropic efficiency of the expander compared to the TLORC system, hence being more promising. 
 

 
Fig. 7.  Effects of condensation temperature on selection diagram for geothermal energy powered 
subcritical organic Rankine cycle (with R245fa as working fluid) and trilateral organic Rankine 
cycle systems (with cyclopentane as working fluid). 
 

 
Fig. 8.  Selection diagram for geothermal energy powered subcritical organic Rankine cycle (with 
R245fa as working fluid) and trilateral/partial evaporation organic Rankine cycle systems (with 
cyclopentane as working fluid). 
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Fig. 9.  Comparison with literature result [4] for geothermal energy powered subcritical organic 
Rankine cycle (with R245fa as working fluid) and partial evaporation organic Rankine cycle system 
(with cyclopentane as working fluid). 

In order to show the application of the proposed selection diagrams, the relative isentropic efficiency of 
expanders and relative specific cost of power systems based on the work of Tammone et al. [9] were 
applied. Fig. 9 depicts the case with a geothermal brine temperature (Tgeo) of 150 °C, a brine re-injection 
temperature (Trej) of 70 °C, a cost of the geothermal energy resource of 6 M€ and estimations of the 
expander isentropic efficiency for both the SCORC and PEORC system following Astolfi et al. [16] (without 
considering any penalty for the PEORC expander). It can be observed that the design point falls in the 
practically feasible region of the PEORC system, and therefore, for the considered case, the PEORC system 
is preferred over the SCORC system, which was also concluded by Tammone et al. [4]. 

4. Conclusions 
In this paper, a comparative analysis among the subcritical, trilateral and partial evaporation organic Rankine 
cycle based systems powered by concentrated solar power integrated packed-bed rock thermal energy 
storage and geothermal energy, respectively, was presented. A novel approach based on the development 
of a selection diagram, which captures the variations of relative specific power system cost as a function of 
relative isentropic efficiency of the expander, was proposed. The selection diagram represents the condition 
of equal levelized cost of electricity for trilateral and partial evaporation organic Rankine cycle based power 
systems and the subcritical organic Rankine cycle based power system, respectively, allowing to identify the 
optimal cycle architecture of the plant once the system cost and the expander isentropic efficiency are 
known. The results suggest that for concentrated solar power plants, from a techno-economic perspective, 
the subcritical organic Rankine cycle system is the preferred choice over the trilateral and partial evaporation 
organic Rankine cycles. As for the geothermal energy powered plants, the results indicate that the trilateral 
organic Rankine cycle system can be the preferable option over the subcritical organic Rankine cycle 
system, provided its increase in the specific cost does not exceed 10 % and its penalty in expander 
isentropic efficiency does not exceed 10 %. Finally, it needs to be stressed that high condensation 
temperatures, which for example would be the case for plants with air-cooled condensers and co-generation 
plants using a back-pressure turbine, are favourable for the trilateral and partial evaporation organic Rankine 
cycles for geothermal applications.  
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Nomenclature 
C  Cost (€) 
CSCORC Specific cost of the subcritical organic Rankine cycle based power system (€/kWe) 
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CTLORC Specific cost of the trilateral organic Rankine cycle based power system (€/kWe) 
CRF capital recovery factor (y-1) 
d  discount rate (%) 
k  lifetime of the plant (y) 
LCOE levelized cost of electricity 
Ṗ  power (kWe) 
x  dryness fraction (-) 
Ul,SF solar collector field heat-loss coefficient (W/(m2∙K)) 
Greek symbols 
η  efficiency 
Subscripts and superscripts 
𝐷𝐷  design 
𝑔𝑔𝑔𝑔𝑔𝑔 generator 
𝑖𝑖𝑖𝑖  isentropic 
𝑜𝑜  optical 
𝑜𝑜𝑜𝑜𝑜𝑜 outlet 
𝑃𝑃𝑃𝑃  power system 
𝑟𝑟𝑔𝑔𝑟𝑟  re-injection 
𝑃𝑃𝐶𝐶  solar field 
Abbreviations 
CSP concentrated solar power 

ORC organic Rankine cycle 

PEORC partial evaporation organic Rankine cycle 

SCORC subcritical organic Rankine cycle 

TES thermal energy storage 

TLORC trilateral organic Rankine cycle 
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