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Abstract: The present study models a Binary Organic Cycle with solar panels, analyzing the 
system through the Thermal Module (parabolic solar collectors and energy storage tank) and the 
Organic Rankine Cycle Module (ORC). The first objective was to determine the Equator Region 
in which the thermal module presents the best efficiency of the solar collectors, then a detailed 
analysis of the ORC Module is made according to a working fluid, boiling temperature, 
condensation temperature, pinch point temperature, solar collector area and the ratio of collector 
area to the volume of the energy storage tank (Ac/V). Finally, an economic analysis is performed 
based on the net present value (NPV), the internal rate of return (IRR) and the payback period for 
implementing such a system. After performing all the respective analyses in the Thermal Module, 
it was determined that in the Sierra Region of Ecuador, due to its meteorological conditions (Tamb 
= 14.7 and Gb=184.5 watt/m2), the efficiency of the collectors is higher; this efficiency is also 
favored by using Therminol VP-1 as thermal fluid because it has better thermodynamic properties 
than the other fluids analyzed. Similarly, the ORC Module analysis results determine that 
Cyclohexane is the ORC working fluid that leads to a higher efficiency of the ORC (25%) and the 
system in general (20%). Therefore, the optimal operating conditions of the system are: solar 
collection area of 1600m2, energy storage tank volume of 54 m3, network output (7.42 TJ/year), 
the total system yields 22 %, with an IRR of 15.65 % and a payback period of 9.81 years. 

Keywords: Solar collectors, working fluid, ORC, thermal module, power, energy. 
 



 
 
 

2981 
 

Ann. For. Res. 66(1): 2980-3000,  2023 
ISSN: 18448135, 20652445 

ANNALS OF FOREST RESEARCH 
www.e-afr.org 

 

© ICAS 2023 

1. Introduction 

As the population grows, the consumption of electrical energy increases and consequently, its 
production from non-renewable sources such as the burning of fossil fuels, which represents a 
serious environmental impact problem. From this point of view, due to its geographical location, 
Ecuador becomes a country where solar energy can be an alternative to hydroelectric power plants, 
which cover 76.65% of the total electricity demand in the country, and only 0.11% corresponds to 
photovoltaic energy [1]. The advantage lies in the fact that, being located on the equatorial line, 
direct solar radiation is perpendicular all year round and only varies according to the 
meteorological conditions of each region of Ecuador (Coast, Highlands, East and Insular). 
Regarding the use of solar energy, according to the National Energy Efficiency Plan 2016 - 2035, 
the main objective today is to reduce energy consumption per unit of physical production in 
industry subsectors using cogeneration energy systems which can be coupled with solar collectors 
to increase the energy efficiency of the system. It is estimated that by 2035, with these techniques, 
companies can reduce their energy consumption by 29.9 Mboe. Currently, only three sugar mills 
supply electricity from cogeneration, with a total capacity of 136.4 MW [2]. 

1.1. Organic Rankine Cycle 

The worldwide energy demand has increased due to overpopulation, which forces governments to 
look for environmentally friendly alternatives by generating electricity from renewable energies 
and using waste heat from industrial processes. Organic Rankine systems (ORC) are power 
systems that have simple configurations and can operate at low temperatures and high yields by 
using organic substances as working fluids with low boiling points [3].  

Review articles such as the ones presented by Bao & Zhao [4], Lecompte et al. [5], and Velez et 
al. [6] have given an overview of the cycles, the selection of the working fluid and the main 
components of the system. However, most existing studies have considered the technical 
difficulties related to the heat source only for specific case studies. The heat source is one of the 
most important aspects during the design and construction of an ORC since the heat source 
conditions are the working conditions imposed on the cycle and its thermodynamic performance. 
The primary heat sources used in ORCs come from waste heat from industrial processes, internal 
combustion machines, gas turbines, and renewable energies (solar, geothermal, biomass), and the 
main parameters considered for their selection are temperature, capacity, thermodynamic 
performance and cost [7]. 

 The most common way to produce electricity from solar energy is by applying the basic Rankine 
cycle. However, when the heat source temperatures are low, around 300 C, the organic Rankine 
cycle - ORC [8]. In this temperature range, due to the thermal characteristics they offer, MDM 
(Octamethyltrisiloxane), MM (Hexamethyldisiloxane), isopentane, and Cyclohexane, among 
others, are generally used as working fluids. The lower critical point and the positive slope formed 
in the T-S diagram determine the suitability of the selected working fluid [9]. In the temperature 
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range of 150 - 200 °C, isopentane and isobutane are generally the fluids that are used as working 
fluids [10,11]. [10,11]. Delgado-Torres et al. [10] conducted studies to determine the performance 
of different solar collectors (PTC- Parabolic trough collectors, ETC - Evacuated tube collectors, 
FPC - Smooth plane collectors) on the thermal efficiency of ORC in desalination systems for 
electricity production (0.5 MW) employing MM and R245fa as working fluids, they determined 
that parabolic trough collectors are the ones that led to higher performance. 

1.2. ORC Thermodynamic Analysis 

ORCs work with high molecular weight organic fluids with critical thermodynamic properties 
different from water ones and are characterized by increased heat recovery and cycle efficiency 
[12,13]. Figure 1 shows the main components of a basic ORC and the Temperature vs. entropy (T-
s) diagram where the four ideal processes of the cycle are represented. The basic ORC consists of 
a pump that raises the pressure of the working fluid and transports it to the evaporator (Point 1). 
In the evaporator, the working fluid is heated to its saturation point or superheated steam (Point 
2). The fluid then expands in the turbine, producing mechanical work (Point 3), which a generator 
transforms into electrical energy. Next, the superheated fluid is condensed as a saturated liquid 
(Point 4). Finally, the pressure in the pump is raised, thus closing the thermodynamic cycle. The 
heat dissipated and supplied represent a finite thermal reservoir and are represented by points 7 - 
8 and 5 - 6. 

The selection of the working fluid is decisive in ORC processes, and its choice depends on the 
application for which it will be designed. [14]. The ORC can work with saturated steam or 
constantly superheated fluid. Superheating to elevated temperatures to prevent the vapor from 
entraining liquid droplets is unnecessary since, unlike water, it terminates its expansion in the 
superheated vapor area for most of the fluids used. Superheating improves the efficiency of the 
cycle; however, as the heat exchanger heat coefficients are low, large and expensive heat 
exchangers are required [15]. The technical criteria for selecting the type of fluid are 
thermodynamic efficiency of the cycle, net power produced, rate of return on investment, and net 
power produced per heat transfer area, while the thermodynamic parameters taken into 
consideration are critical boiling pressure and temperature, critical condensing pressure and 
temperature, latent heats, low freezing point, low vaporization enthalpy, and low environmental 
impact (Sampedro, 2017).  

 



 
 
 

2983 
 

Ann. For. Res. 66(1): 2980-3000,  2023 
ISSN: 18448135, 20652445 

ANNALS OF FOREST RESEARCH 
www.e-afr.org 

 

© ICAS 2023 

 
Figure 1. (a) Main components of an ORC, (b) T vs. s diagram of an ORC. 
Source: [5] 

1.2. Heat Source in ORCs 

Depending on the configuration, power and temperature of the heat source, ORC can take 
advantage of different types of available energy, such as industrial waste heat, geothermal, solar, 
exhaust gases, and nuclear energy [6] [7]. Therefore, the categorization of the heat sources is 
important to take into account for the optimization of the thermodynamic cycle and the selection 
of the working fluid. Table 1 details the typical characteristics of the heat sources used in the ORC. 

Generally, solar collectors operated at elevated temperatures provide the ORC with good 
efficiencies; however, collector efficiency decreases, and solar panel implementation costs 
increase. For this reason, every system designed has an optimum design temperature [16]. The 
energy storage in solar collectors depends on the fluctuation in solar radiation levels; several 
studies employed dynamic models to evaluate the effects of radiation on electric power generation 
as a function of weather conditions [17-19]. In ORCs operated with solar collectors, radiation is 
stored as energy in reservoirs installed between the collectors and the ORC in such a way that the 
efficiency of the system is maintained, and usually have three (3) modes of operation: solar mode 
during periods of low insolation, solar with energy storage during periods of high insolation, and 
release of the stored energy at night [20]. 

Table 1. Heat source characteristics   

Heat 
Source 

Temperature Medium Capacity System Cost References 

Industrial 80 - 500 C 
Water, air or 
steam 

125 kW - 
3 MW 

1800 - $5500 /kW. 
[21,22] 
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2. Materials and Methods 

This study will model an organic Rankine cycle (ORC Module) using solar collectors (Thermal 
Module) and waste heat as a heat source. The model is developed to determine the optimal design 
parameters that maximize the thermal performance of the ORC while minimizing the solar energy 
collection area. 

Figure 2 shows the methodological scheme for developing and evaluating the developed model. 
First, a thermodynamic analysis of the thermodynamic oil used in the Thermal Module and the 
working fluids of the ORC Module was carried out based on the operating conditions imposed by 
the system. Subsequently, an energy evaluation was carried out to determine an optimal solution, 
maximizing the internal rate of return (IRR). The parameters to be optimized were: the solar 
collector area of the panels, the energy storage tank volume and the system's installation costs. 

2.1. System Description 

Figure 3 shows the schematic of the modeled system, which consists of 2 modules: The Thermal 
Module and the ORC Module (With a recuperator). The Thermal Module comprises a set of Solar 
Collectors operated with thermal oil and an Energy Storage Tank, which can transfer the heat to 
the ORC Module through the heat exchanger. While the ORC Module is composed of 4 equipment 
(Pump, Heat Exchanger, Turbine, Recuperator, and Condenser) in which 4 processes take place. 
In Process 1 - 2, a compression process takes place; the fluid, as a saturated liquid at low pressure, 
enters the pump to reach the maximum pressure of the cycle. In Processes 2-3 and 5-6, the fluid is 
internally heated by heat exchange (Recuperator) with the saturated steam coming from the turbine 
to increase the total energy efficiency of the cycle. In Processes 3 - 4, a heat transfer (Exchanger) 
between the Thermal Module Oil and the ORC working fluid results in superheated steam at point 

Residual 
Heat 

80 - 100 C 
(Cooling 
system). 
400 - 900 C 
(Exhaust 
gases). 

Water or oil 
with other 
gases 

95 kW - 
6.5 MW. 

- 
[23-25] 
 
 

Geothermal 80 - 180 C 
Water with 
brine 

0.6 - 27 
MW 

$1500 - $5000 
[26,27] 
 

Solar 
Collector 

< 300 C Water or oil < 30 MW 
MW system $6000 
- $7500 /kW 

[28] 
 

Biomass 
Approximately 
300 C 

Oil 
100 - 
1500 kW 

2,000/kW at 
medium scale. 
$12000/kW large 
scale 

[29-31] 
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4. In Processes 4 - 5, the superheated steam expands in the turbine up to the minimum cycle 
pressure, transforming the working fluid into saturated steam (Point 5). Finally, in Process 6-1, the 
saturated steam is converted into saturated liquid in the condenser (Heat Rejection) to start the 
cycle again.   

Figure 2. Methodology for system modeling 

 
Figure 3. Schematic representation of the developed model 

SYSTEM OPTIMIZATION

Working Fluid Internal Rate of Return 
(IRR) Net present value (NPV) Recovery period

ENERGY ANALYSIS

Yields: Total, ORC, Collectors Electrical energy produced Electrical energy produced

ORC THERMODYNAMIC ANALYSIS 

Toluene Cyclohexane Siloxane D4 Water

ANALYSIS OF THE THERMAL RESERVOIR 

Thermal Oil Direct Solar Irradiation Temperature

NORMAL DIRECT SOLAR IRRADIATION (RDN) - ROOM TEMPERATURE 

Coast Sierra East Insular
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2.2. Modeling Parameters 

The meteorological data for the modeling were taken from the National Renewable Energy 
Laboratory (NREL) website. The four regions of Ecuador were considered for the analysis since 
the typical temperature throughout the year varies in each of them (Coast, Highlands, East and 
Insular (Galapagos). Figure 4 shows the ambient temperature for each of the regions of Ecuador, 
while Figure 5 details the values of solar irradiation received by the collector depending on the 
region where it is located. It is important to note that only direct normal irradiation can be used by 
parabolic trough collectors since they only absorb a specific solar image. In Table 2, the conditions 
assumed for the system modeling are detailed. These values have been reasonably selected based 
on actual operating conditions and have been tested in preliminary studies [32]. 

 
Figure 4. Ambient temperature (Equator Regions) 
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Figure 5. Direct Solar Irradiance (Equator Regions) 
Table 2. Thermal Module and ORC Operating Parameters 
Parameter Symbology Value Reference 

Collector Volume/Area Ratio V/Ac 
8< 
V/AC<100 

[33] 

Maximum temperature  Toil,max 300 C 
[34] 
 

∆T of thermal oil ΔToil 50 C [9] 
Heat Loss Coefficient of the Thermal 
Storage Tank 

uL 1 W/m2K [9] 

Turbine isentropic efficiency ηis,T 85 % [16] 
Turbine pressure ratio ΠT,max 60 [9] 
Isentropic pump efficiency ηis,b 70 % [16] 
Engine efficiency ηmotor 70 % [9] 
Generator & machine efficiency ηmg 97 % [35] 
Recuperator Efficiency ηRe 60 % [16] 
Condensing temperature Tcond 60 C [9] 
∆T in the regenerator ΔTsh 10 C [36] 
Pinch Point PP > 5 C  [37] 
Pressure Ratio Pmax/Pcrit 0.9 [35] 

Mathematical model 

Table 3 details the equations used to model the thermal modulus and ORC. The thermal modulus 
and ORC models were solved by applying multi-step implicit methods (Adams-Bashfort) for the 
initial value problems and by applying the double Newton method. The thermodynamic properties 
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for the ORC calculation were performed with EES-Demo software. The model was developed in 
MATLAB, taking into account all the thermodynamic properties and analyzing mainly the 
collector efficiency, the thermodynamic efficiency of the cycle and the total electrical energy 
produced. On the other hand, the optimization was performed using nonlinear reduced generalized 
gradient algorithms using the net present value (NPV) as the objective function. 

Table 3. Equations used for the system modeling. 

Module Parameter Equation 

Thermal 

Available Solar 
Irradiation 

𝑄 = 𝐴 ∗ 𝐺  

Useful energy 
absorbed 

𝑄 = 𝑚 ∗  𝑐 ∗ (𝑇 − 𝑇 ) 

Efficiency Solar 
Collectors 

𝑛 =
𝑄

𝑄
 

Evolution of hot 
zone temperature 
(energy storage 
tank) 

𝑀𝐶
𝜕𝑇

𝜕𝑡
= �̇� ∗ 𝐶 ∗ (𝑇 − 𝑇 ) + �̇� ∗ 𝐶

∗ (𝑇 − 𝑇 ) − 𝑈 ∗ 𝐴 ∗ (𝑇 − 𝑇 ) 

Transition zone 
temperature 
evolution 
(energy storage 
tank) 

𝑀𝐶
𝜕𝑇

𝜕𝑡
= �̇� ∗ 𝐶 ∗ (𝑇 − 𝑇 ) + �̇� ∗ 𝐶

∗ (𝑇 − 𝑇 ) − 𝑈 ∗ 𝐴 ∗ (𝑇 − 𝑇 ) 

Cold zone 
temperature 
evolution 
(Energy storage 
tank) 

𝑀𝐶
𝜕𝑇

𝜕𝑡
= �̇� ∗ 𝐶 ∗ (𝑇 − 𝑇 ) + �̇� ∗ 𝐶

∗ 𝑇 , − 𝑇 − 𝑈 ∗ 𝐴 ∗ (𝑇 − 𝑇 ) 

Energy storage 
tank area 

𝐴 =
𝜋𝐷

4
+

𝜋𝐷 ∗ 𝐿

3
 

𝐴 =
𝜋𝐷 ∗ 𝐿

3
 

𝐴 =
𝜋𝐷

4
+

𝜋𝐷 ∗ 𝐿

3
 

 

 

ORC 

ORC net work 𝑊 = 𝜂 ∗ 𝜂 ∗ (ℎ − ℎ ) −
𝑚 ∗ 𝑤

𝜂
 

ORC net heat 𝑄 = 𝑚 ∗ 𝑐𝑝 ∗ Δ𝑇    

ORC efficiency 
𝑛 =

𝑊

𝑄
 

 



 
 
 

2989 
 

Ann. For. Res. 66(1): 2980-3000,  2023 
ISSN: 18448135, 20652445 

ANNALS OF FOREST RESEARCH 
www.e-afr.org 

 

© ICAS 2023 

Thermal 
- ORC 
 

Total System 
Efficiency 

𝜂 =
𝐸

𝐸
 

𝜂 = 𝜂 ∗ 𝜂 ∗ 𝜂  
 

Net present value 
(NPV) 

𝑉𝐴𝑁 = −𝐶 +
𝐸 ∗ 𝐾 − 𝐾 & ∗ 𝐶

(1 + 𝑟)
  

 

3. Results and Discussion 

3.1. Model validation 

To validate the model, the results were compared with the work developed by Tzivanidis et al. 
[38]. As Table 4 shows, the calculated percentage errors (%E) are below 3%, indicating the 
reliability of the modeled process. 

Table 4. Model validation 

Working Fluid Parameter 
Tzivanidis 
et al. [38] 

Developed 
Model 

Error (%) 

Cyclohexane 

T oil inlet (Toil, in) 295.6 292.35 0.82% 
Collector 

Efficiency(ⴄ )c 
0.6144 0.6322 2.96% 

ORC Efficiency(ⴄ )c 0.2536 0.2480 2.91% 

3.2. Analysis of Solar Panels 

Three (3) analyses were carried out in terms of solar collector performance, taking into account 
(4) thermal oils (Therminol VP1, Solar Salt, Hitec, Hitec XL) since their thermodynamic 
properties are an important factor in determining the maximum thermal efficiency of the collectors 
and the environmental conditions (direct solar radiation and ambient temperature) of the four (4) 
regions of Ecuador. 

3.2.1 Mass Flow Requirement 

As shown in Figure 6, the mass flow required varies as a function of the heat capacity of the 
thermal oil used. The higher the kJ/kgC the oil delivers, the lower the mass flow required to achieve 
the same ORC cycle power and solar collector performance. Therefore, using oil with better 
thermodynamic properties significantly reduces the investment for the operation of the thermal 
module. Table 5 details the characteristics of the thermal oils analyzed and the mass flow required 
to produce 38 kW of net power (ORC cycle) with a collector efficiency of 50.75%, maintaining 
the ambient temperature at 14.5 C, direct radiation at 185 W/m2 and using Cyclohexane as the 
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working fluid in the ORC. Based on the analysis, the thermal oil that requires less mass flow to 
achieve the same performance is Therminol VP1. 
 

 
 
Figure 6. Required mass flow rate as a function of heat capacity of thermal oil 
 

Thermal Oil Cp (kJ/kgC) Required mass flow (kg/s) 

Therminol VP1 2300 19.62 

Hitec 1560 28.92 

Molten salts 1492 30.23 

Hitec XL 1448 31.15 

 

3.2.2 Collector performance as a function of the oil heat capacity 

The collector efficiency was determined as a function of the heat capacity of the oil maintaining a 
mass flow rate of 19.62 kg/s, and a temperature differential between the inlet and outlet of the 
collector of 50 C. As shown in Table 6, the higher the cp of the thermal oil, the higher the efficiency 
of the solar collector since the efficiency is directly proportional to the heat generated by the solar 
collector. Therminol VP1 oil provides better operability of the solar collector, achieving an 
efficiency of approximately 56%. This confirms the findings of [39] that Therminol VP1 is the 
most suitable oil for solar collector operation since its stability ranges from 12 to 400 C and its 
thermodynamic efficiency is better than other working fluids such as molten salts and water vapor. 
 
Table 6. Collector performance as a function of thermal oil Cp 

Thermal Oil Cp (kJ/kgC) ⴄcollector 

Therminol VP1 2300 0.5540 
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Hitec 1560 0.3758 

Molten salts 1492 0.3594 

Hitec XL 1448 0.3498 

 

3.2.3 Collector performance as a function of the amount of direct solar irradiation 

The collector performance was calculated as a function of the amount of direct solar irradiation 
received by the collector and the ambient temperature in each of the regions of Ecuador (Coast, 
Andean, Amazon and Galapagos). This analysis used the average ambient temperature and direct 
solar irradiation of a 10-year time series. The Coast region has the highest Tamb (27 C), and the 
Sierra region has the lowest Tamb (14 C); however, the highest solar radiation levels are found in 
the Sierra region (194.98 W/m2). As shown in Table 7, the collectors' efficiency is higher in the 
Andean Region due to its high level of radiation compared to the other regions. The ideal 
conditions would be for both (Tamb and Gb) to be higher, but in Ecuador, due to topographic, 
hydrographic and climatological conditions, it is difficult for these two factors to increase 
proportionally (Figure 7). 
Table 7. Collector performance as a function of Ecuadorian weather conditions 

Region Tamb 
(ºC) 

Gb(W/m )2 ⴄcollector 

Coast 27.18 86.29 0.3089 

Amazon 24.40 107.55 0.3871 

Galapagos 21.54 165.12 0.5055 

Andean 14.07 194.98 0.5306 

 
Figure 7. Collector Efficiency as a Function of Ambient Temperature and Solar Radiation 
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3.3. ORC analysis 

3.3.1 Analysis of ORC performance as a function of the evaporation temperature of the working 
fluid before the turbine inlet 

For this analysis, the condensation temperature of the working fluids was kept constant (60 ºC - 
Toluene and Water, 40 C - Cyclohexane, 87 C - Siloxane D4), and the evaporation temperature 
(turbine inlet temperature) was varied with a varied range of 210 to 310 C because it is an ORC 
operated at high temperatures and taking into account the critical temperatures of each fluid. As 
shown in Figure 8, for all working fluids except Siloxane D-4, the ORC efficiency increases as the 
boiling temperature increases, and the increase in cycle efficiency for Cyclohexane, toluene, and 
water are 0.0061%, 0.0046%, and 0.0028% respectively. 
 

 
 
Figure 8. Efficiency of ORC as a function of evaporating temperature. 

3.3.2 Analysis of ORC performance as a function of the condensing temperature of the working 
fluid before the turbine inlet 

To perform this analysis, the evaporation temperature of the working fluids was kept constant (302 
C - Toluene, 265 C - Cyclohexane, 307 C - Siloxane D4), and the condensation temperature (pump 
inlet temperature) was varied with a range of variation from 30 to 110 C. As seen in Figure 9, for 
all working fluids, the ORC efficiency decreases as the condensing temperature increases; 
however, the decrease in cycle efficiency for toluene, Cyclohexane and Siloxane D4 is 0.014%, 
0.0108% and 0.022%, respectively, is minimal.  
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Figure 8. ORC efficiency as a function of condensing temperature. 

3.3.3 Analysis of the network the ORC provides as a function of Pinch Point temperature. 

According to the results detailed in Table 8, the increase in the pinch point temperature (PP) 
decreases the net work produced by the system. The choice of the pinch point depends mainly on 
economic factors since, at a relatively low PP, the heat transfer area increases, and this represents 
high operating costs; it is for this reason that a variation of the minimum pinch point should be 
established in such a way that the network production is maximized, but at the same time the 
system operating costs are minimized. Based on the results, Cyclohexane produces more networks 
for the temperatures analyzed, resulting in higher ORC performance. 
 
Table 8. Net work varying the pinch point temperature 

Working 
Fluid 

Parameter Pinch Point Temperature (C ) 

0 C 10 C 20 C 30 C 

Cyclohexane  
Wneto 
 

- - 379.73 230.61 

Toluene 363.99 222.72 160.53 125.54 

Water 132.99 111.47 95.97 84.27 

Siloxane D4 101.24 78.61 64.27 54.37 

 

3.4. Thermal Modulus Analysis - ORC 

3.4.1 Analysis of total system performance as a function of heat transfer area and heat reservoir 
volume 

Figure 9 indicates that for the same operating conditions, the working fluid that induces better total 
system yields is Cyclohexane, with a maximum yield reaching approximately 25.13% at the most 
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favorable conditions, in contrast to the yields of toluene, water and siloxane D4, which are: 22%, 
20.61% and 14.99% respectively. 

 
Figure 9. Total system performance as a function of collector area and Ac/V ratio Wnom=f 
(Collector Area) 

3.4.1 Analysis of the network of the system by adding a waste heat source to the ORC 

The addition of waste heat to an ORC constitutes an energy cogeneration system, which consists 
of taking advantage of the exhaust gases of an industrial process (generally cement and sugar 
industries) in which the waste heat generated varies in the range of 10 kW to 10 MW [40]. [40].  
As shown in Figure 10, when an additional heat source is added (Qresidual = 184 kW) the network 
of the ORC increases considerably compared to the network performed when the system operates 
using only the solar collectors as an energy source.  
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Figure 10. Net work done with solar collectors only and adding a waste heat source. 

3.4.2 Internal Rate of Return (IRR) Analysis 

As shown in Figure 11a, the IRR increases as the collector area increases, but this increase has a 
maximum peak (IRR = 15.66%) when the collector area is 1400 to 1650m2. From that value, the 
IRR begins to decline, and this effect occurs because the system has been designed to work with a 
maximum rated power of 92 kW; from 1600 m2, the capacity factor is 100%. Therefore, the 
increase in the area of the solar collectors does not bring more networks to the system and increases 
the initial investment costs by increasing the solar collector area exponentially, and for this reason, 
the growth curve decreases. Similarly, Figure 11b shows that the IRR is practically maintained as 
the Ac/v ratio increases; however, a maximum peak is observed when the ratio is 0.02 to 0.04 m-
1. According to the system optimization, the collector area equals 1600 m2 with an Ac/v ratio of 
(1/30) m-1. Once the maximum rate of return has been determined, it is important to determine the 
minimum payback period to recover the investment and start earning profits. The payback period 
corresponds to the number of years for which the NPV is minimized. Figure 12 shows the payback 
period for implementing the system is 9.81 years. 
 

 
Figure 11. a) Internal rate of return as a function of collector area b) IRR as a function of Ac/V 
ratio c) IRR as a function of collector area and Ac/V ratio 
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Figure 12. a) Payback period for the initial investment (Ac/V = 30 m-1 ) 
 

3.5. Optimal operating conditions 

Finally, Table 9 summarizes the final results for the optimum operating conditions using 
Therminol VP1 as the thermal fluid, Cyclohexane as the ORC working fluid, with the 
meteorological conditions of the Sierra Region of Ecuador and with the Ac and Ac/v ratio that 
maximize the TIR and minimize the recovery period. 
 
Table 8. Energy parameters of the optimized system. 

 

Parameter Unit  Value Parameter Unit  Value 
Collector Area (Ac) m2 1600 IRR % 15.65 
Energy reservoir 
volume (V) 

m3 
54  Recovery 

Period  
years 9.81 

Oil inlet 
temperature (Toil,in) 

C 
292.34 Total electric 

power 
TJ 7.42  

Collector efficiency 
(η )c 

% 
50.42 %    

ORC Efficiency (n 
)T 

% 
25.01 %    

System Efficiency 
(n )T 

% 
20.86 %    
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4. Conclusions 

An ORC operated with solar collectors was mathematically modeled to evaluate the performance 
of the thermal module and the ORC by analyzing various operating parameters. The thermal 
module was analyzed with 4 thermal fluids: Therminol VP1, Hitec, Molten Salts, and Hitec XL. 
The solar collectors achieved the highest efficiency (55.40%) using Therminol VP1 oil as the 
thermal fluid. Furthermore, the collectors' efficiency as a function of the meteorological conditions 
(pressure and temperature) in each of the regions of Ecuador was: 53.06% Sierra, 50.55% Insular, 
38.71% Oriente and 30.89% on the Coast. Therefore, it is suggested that implementing a system 
of this type will have greater operability in both the Sierra and Galapagos regions.  
On the other hand, based on the analyses, it can be determined that the ORC performance decreases 
with increasing temperature since the condensation pressure indirectly increases and the actual 
work of the pump increases. For the evaporation temperature, the ORC performance is 
proportional since the higher the temperature, the higher the work of the turbine; however, the 
temperature cannot exceed the critical temperature of each fluid, which becomes unstable.  
Moreover, the ORC efficiency increases with the collector area, and the same effect happens with 
the Ac/v ratio. For example, for Ac/V = 130-1, with Ac = 200 m2, the network (Wneto) done is 
1.45 kW; if the Ac increases 10 times (2000 m2), the Wneto rises to 6.74 kW. Whereas, if the 
Ac/V increases to 10-1, the Wneto, when Ac = 200 m2, increases considerably to 37.03 kW. 
However, at higher Ac and Ac/V, the volume of the energy storage tank increases and the system 
implementation costs become more expensive. 
The organic fluid that best suits the operation of the system and that results in obtaining the highest 
efficiency of the ORC are Cyclohexane; in which if waste heat is added the increase in the rate of 
electricity production increases considerably, and the percentage increase is approximately 300% 
in production this percentage varies depending on the area of the collector. Under optimum 
operating conditions, the network produced increased from 18.30 kW to 65.09 kW.  
Finally, the system was optimized, obtaining an IRR of 15.65 % with a payback period of 9.81 
years. These results were obtained with a total collector area of 1600 m2 and an energy storage 
volume of 54 m3. Therefore, the amount of electricity is estimated at 7.42 TJ per year with a 
collector, ORC and total efficiency of 50.42%, 25.01% and 20.86%, respectively. 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure 
S1: title, Table S1: title, and Video S1: title. 
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