AIMS Energy, 11(6): 1153-1178.
DOI: 10.3934/energy.2023053
Received: 01 August 2023
Revised: 24 October 2023
Accepted: 01 November 2023
Published: 17 November 2023

H

ATM

NS

0)

4

http://www.aimspress.com/journal/ energy

Research article

Mathematical modeling of a binary ORC operated with solar collectors.

Case study—Ecuador

Daniel Chuquin-Vasco*, Cristina Calderén-Tapia?, Nelson Chuquin-Vasco®, Maria Nifiez-
Moreno?, Diana Aguirre-Ruiz’® and Vanesa G. Lo-Iacono-Ferreira®

! Escuela Superior Politécnica de Chimborazo (ESPOCH), Chemical Engineering Career, Safety,
Environment and Engineering Research Group (GISAI), Riobamba, Ecuador

Escuela Superior Politécnica de Chimborazo (ESPOCH), Environmental Engineering Career,
Riobamba, Ecuador

Escuela Superior Politécnica de Chimborazo (ESPOCH), Mechanical Engineering Career, Safety,
Environment and Engineering Research Group (GISAI), Riobamba, Ecuador

Escuela Superior Politécnica de Chimborazo (ESPOCH), Environmental Engineering Career,
Riobamba, Ecuador

SOLMA, Advanced Mechanical Solutions, Mechanical Engineering and Construction Services
Project Management, Innovation and Sustainability Research Center (PRINS), Alcoy Campus,
Universitat Politécnica de Valéncia, Alcoy, Spain

* Correspondence: Email: daniel.chuquin@espoch.edu.ec; Tel: +593998163018.

Abstract: The present study is significant because it can contribute to developing sustainable energy
strategies and expanding knowledge about renewable energies in Ecuador, specifically by modeling
two modules: the thermal module (parabolic solar collectors and energy storage tank) and the Organic
Rankine Cycle (ORC) module. The objective was to determine a region in Ecuador where the thermal
module exhibits the highest efficiency for solar collectors. Subsequently, a detailed analysis of the
ORC module was conducted, considering the working fluid, boiling temperature, condensation
temperature, pinch point temperature, solar collector area, and the collector area-to-energy storage
volume ratio (4¢/V). Finally, an economic analysis was performed based on the Net Present Value (NPV),
Internal Rate of Return (IRR), and payback period of implementing this type of system. After
conducting all the respective analyses in the thermal module, while considering the yearly average
meteorological data of ten years (2012—2022), it was determined that due to its meteorological conditions,
ambient temperature (14.7 °C) and solar beam radiation (184.5 W/m?), the efficiency of the collectors
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in the Andean region of Ecuador is higher. This efficiency is further enhanced by using Therminol VP-
1 as the thermal fluid, as it possesses better thermodynamic properties than the other fluids analyzed.
Similarly, the ORC module analysis results determined that cyclohexane is the working fluid for the
ORC, thereby leading to a higher ORC efficiency (25%) and overall system efficiency (20%). Finally,
the system was optimized to maximize the IRR and minimize the Ac/V of the collector for a nominal
power of 92 kW. As a result, the optimal operating conditions of the system include a solar collector
area of 1600 m?, an energy storage tank volume of 54 m?, an electricity production of 23757 MW/year,
a total system efficiency of 22%, an IRR of 15.65% and a payback period of 9.81 years.

Keywords: solar collectors; working fluid; ORC; thermal module; energy

Nomenclature: Ac: Collecting area (m?); Ast: Storage tank area (m?); Cp: Specific heat capacity (kJ/kg);
Co: Capital cost (€); DSt: Storage tank diameter (m); Eel: Energy electric (J); Egrid: Energy solar (J);
Esolar: Energy given to the grid (J); Gb: Solar beam radiation (W/m?); 4: Enthalpy (J/kg); K: Specific
cost (€/kWh); L: Longitude (m); M: Molecular weight (kg/mol); M: Mass flow rate (kg/s); #: Efficiency;
Q: Heat rate (W); r: Discount factor (%); T: Temperature (°C); UL: Heat losses coefficient of
tank (W/(m?-K)); V: Volume (m?®); W: Specific work pump (kJ/kg)

Subscripts: amb: Ambient; c: Collector; el: Electric; grid: Energy given to the grid; in: Inlet; L:
Thermal oil; Loss: Thermal loss; mg: Mechanical & generator; mot: Motor; ORC: Organic Rankine
Cycle; out: Outlet; O&M: Operation and maintenance; Pump: Working fluid pump; res: Residual; sat:
Saturation; solar: Solar energy; u: Useful; st: Storage tank; w: Waste

1. Introduction

As the population grows, the need for electrical energy increases. The production from
non-renewable sources, such as the burning of fossil fuels, which represents a serious environmental
impact, is often chosen to meet the demand [1]. From this perspective, due to its geographical location,
Ecuador began to utilize solar energy as an alternative to hydroelectric power plants, which currently
covers 76.65% of the total electricity demand in the country, with only 0.11% corresponding to
photovoltaic energy [2]. The advantage lies in Ecuador’s location on the equator, where direct solar
radiation is perpendicular throughout the year, varying only based on the meteorological conditions of
each region within Ecuador (Coast, Andean, Amazon, and Galapagos Island). In line with the use of
solar energy, according to the National Energy Efficiency Plan (2016-2035), the main and current
objective is to reduce energy consumption per unit of physical production in the industrial subsectors
by employing energy cogeneration systems, which can be combined with solar collectors to increase
the energy efficiency of the system. Additionally, hybrid nanofluids offer a promising solution for solar
steam generation by significantly improving solar energy utilization and evaporation efficiency. In this
context, their excellent stability, high solar irradiation absorption capacity, and increased solar-thermal
conversion efficiency at higher mass concentrations further emphasize their potential [3,4].

With the current implementation of these techniques, it is estimated that companies can reduce
their energy consumption by 29.9 Mtoe (Million of tonne of oil equivalent) by 2035. Currently, “only
three sugar mills supply electrical energy through cogeneration, with a total capacity of 136.4 MW [5].
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1.1. Organic Rankine Cycle (ORC)

The global energy demand has increased because of overpopulation, which compels governments
to seek environmentally friendly alternatives for electricity generation through renewable energy
sources and/or the utilization of waste heat from industrial processes. Organic Rankine Cycle (ORC)
systems are power systems that have simple configurations and the ability to operate at low
temperatures with high efficiencies by using organic substances as working fluids, which have low
boiling points [6].

Review articles such as those presented by Bao and Zhao [7], Lecompte et al. [8], and Vélez
et al. [9] have provided an overview of the cycles, selection of working fluids, and the system’s main
components. However, most existing studies have solely focused on technical difficulties related to the
heat source for specific case studies. The heat source is one of the most important aspects during the
design and construction of an ORC, as the working conditions and thermodynamic efficiency of the
cycle are determined by the heat source used. The main heat sources used in ORC systems come from
waste heat in industrial processes, internal combustion engines, gas turbines, renewable energies (solar,
geothermal, biomass), and the key parameters considered for their selection are temperature, capacity,
thermodynamic behavior, and cost [10].

The most common method of generating electricity from solar energy is through the application
of the basic Rankine cycle. However, when the temperatures of the heat source are low (i.e.,
around 300 °C), the ORC is preferred [11]. Around this temperature, various working fluids are used,
such as Octamethyltrisiloxane (MDM), Hexamethyldisiloxane (MM), isopentane, and cyclohexane,
among others, due to their thermal characteristics. The lower critical point and the positive slope
formed in the temperature vs entropy (T-s) diagram are factors that determine the suitability of the
selected working fluid [12]. Within the temperature range of 150-200 °C, isopentane and isobutane
are generally used as working fluids [13,14]. Delgado-Torres et al. [13] conducted studies to determine
the performance of different solar collectors (PTC—Parabolic Trough Collectors, ETC—Evacuated
Tube Collectors, FPC—Flat Plate Collectors) on the thermal efficiency of an ORC in desalination
systems for electricity production (0.5 MW) using MM and R245fa as working fluids. They found that
the use of parabolic trough collectors led to a higher performance.

1.2. Thermodynamic analysis of the ORC

ORCs operate with high molecular weight organic fluids that have different critical
thermodynamic properties compared to water, and they are characterized by enhancing heat recovery
and cycle efficiency [15,16]. Figure 1 shows the main components of a basic ORC and the T-s diagram,
which represents the four ideal processes of the cycle. The basic ORC consists of a pump that raises
the working fluid pressure and transports it to the evaporator (Point 1). In the evaporator, the working
fluid is heated to either its saturation point or superheated vapor state (Point 2). Then, the fluid expands
in the turbine, produces mechanical work (Point 3) and is converted into electrical energy through a
generator. The superheated fluid is condensed back into a saturated liquid (Point 4). Finally, the
pressure is raised by the pump, thus closing the thermodynamic cycle. The dissipated and supplied
heat represent a finite thermal reservoir and are represented by Points (7,8) and Points (5,6) in Figure 1(a).

The selection of the working fluid is crucial in ORC processes and depends on the specific
application for which it will be designed [17]. The ORC could work with either constantly saturated

AIMS Energy Volume 11, Issue 6, 1153-1178.
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or superheated vapor. Superheating at high temperatures to prevent vapor carryover of liquid droplets
is not necessary because, unlike water, the expansion of most fluids ends in the superheated vapor
region. Superheating improves the cycle efficiency; however, due to the low heat transfer coefficients
in the heat exchangers, large and expensive heat exchangers are required [18]. The technical criteria
for selecting the type of fluid include the thermodynamic cycle efficiency, net power produced, return
on investment, and net power produced per unit heat transfer area, while the thermodynamic
parameters taken into consideration include the boiling critical pressure and temperature, condensation
critical pressure and temperature, latent heats, low freezing point, low enthalpy of vaporization, and
low environmental impact [16].
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Figure 1. (a) Main components of an ORC, (b) T-s diagram of an ORC.
1.3. Heat source in ORCs

Based on their configuration, power, and heat source temperature, ORC’s have the ability to
harness different types of available energy, such as industrial waste heat, geothermal, solar, exhaust
gases, and nuclear energy [9]. The categorization of heat sources is important for optimizing the
thermodynamic cycle and selecting the working fluid. Table 1 provides detailed characteristics of the
typical heat sources used in ORC’s.

Generally, solar collectors operated at high temperatures provide good efficiencies to the ORC.
However, this leads to a decrease in the collector’s efficiency, and the implementation costs of solar
panels increase. For this reason, each system is designed with an optimal design temperature [19].
Energy storage in solar collectors depends on the fluctuation in solar radiation levels. Several studies
have employed dynamic models to evaluate the effects of radiation on electricity generation based on
meteorological conditions [20—22]. In ORC systems operated with solar collectors, radiation is stored
as energy in reservoirs installed between the collectors and the ORC to maintain system efficiency.
Typically, these systems have three modes of operation: solar mode during periods of low insolation, solar
mode with energy storage during periods of high insolation, and the release of stored energy at night [23].

AIMS Energy Volume 11, Issue 6, 1153-1178.
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Table 1. Heat source characteristics.

Heat source Temperature Medium Capacity System cost References
Industrial 80-500 °C Water, oil, or 0.125-3 MW $1800-$5500 /kW [24,25]
Steam
Residual heat ~ 80-100 °C Water or oil 0.095-6.5 MW - [26-28]
(Cooling system)  with other
400-900 °C gases
(Exhaust gases)
Geothermal 80-180 °C Brine water 0.6-27 MW $1500-$5000 [29,30]
Solar collector <300 °C Water or oil <30 MW $6000-$7500 /kW [31]
Biomass Aprox. 300 °C Oil 100-1500 kW $2000/kW (medium scale)  [32-34]
$12000/kW (big scale)

Ecuador’s strategic advantage for solar energy projects lies in its consistent tropical climate,
which is further characterized by minimal annual variations. This stability ensures reliable solar energy
generation, thus making it an ideal location for sustainable solar projects [35].

This work stands as a pioneering endeavor within the Ecuadorian context. To date, no similar
study or proposal of this nature has been conducted in the region. The comprehensive approach makes
this research not only particularly innovative, but also considers the integration of waste heat from
environmentally polluting industries by harnessing solar collectors for sustainable energy generation.
Consequently, our project promises to usher in a transformative era of reduced environmental
footprints and enhanced sustainability in Ecuador’s energy landscape.

2. Materials and methods

In this work, an ORC system will be modeled using solar collectors (thermal module) and waste
heat as the heat source. The model was developed to determine the optimal design parameters that
maximize the thermal efficiency of the ORC while minimizing the solar energy capture area.

Figure 2 details the methodological scheme for the development and evaluation of the model.
Initially, a thermodynamic analysis of the thermal oil used in the thermal module and the working
fluids of the ORC Module was conducted based on the operating conditions imposed by the system.
Subsequently, an energy evaluation was performed to determine an optimal solution by maximizing
the IRR. The parameters subject to optimization were the solar panel capture area, the volume of the
energy storage tank, and the system installation costs.

AIMS Energy Volume 11, Issue 6, 1153-1178.
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Figure 2. Methodology for system modeling ORC.
2.1. System description

Figure 3 shows the diagram of the modeled system, which consists of 2 modules: The thermal
module and the ORC module (with a recuperator).

The thermal module is composed of a set of solar collectors operated with thermal oil and an
energy storage tank, which together have the capacity to transfer heat to the ORC module through the
heat exchanger. The collectors used in the modeling were similar to the Eurotrough ET-150, which has
a tracking control (clock + solar sensor, <2 rad) and which provides better efficiencies at a lower
system cost [36,37].

Meanwhile, the ORC module is composed of five components (a pump, a heat exchanger, a
turbine, a recuperator, and a condenser) in which four processes take place. In processes 1 and 2, a
compression process occurs, where the fluid, initially in a low-pressure saturated liquid state, enters
the pump to reach the maximum cycle pressure. In processes (2,3) and processes (5,6) the fluid is
internally heated by the exchange of heat (i.e., via the recuperator) with the saturated vapor from the
turbine to increase the overall energy efficiency of the cycle. In processes 3 and 4, heat transfer (i.e.,
via the heat exchanger) occurs between the thermal module’s thermal oil and the ORC’s working
fluid, resulting in superheated vapor at Point 4. In processes 4 and 5, the superheated vapor expands
in the turbine to the minimum cycle pressure, thereby transforming the working fluid into saturated
vapor (Point 5). Finally, in processes 6 to 1, the saturated vapor is converted back into saturated liquid
in the condenser (i.e., heat rejection) to initiate the cycle again.

AIMS Energy Volume 11, Issue 6, 1153-1178.
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Figure 3. Schematic representation of the model.

2.2. Modeling parameters

The meteorological data used in the modeling process were obtained from the National
Renewable Energy Laboratory (NREL), which recorded the average temperatures and solar radiation
in 30-minute measurement intervals (Time series: 2012-2022). Given that the typical temperature
varies throughout the year for various regions, the analysis considered four regions of Ecuador: Coast,
Andean, Amazon, and Galapagos Islands. Figure 4 shows the ambient temperature (Tamb) for each of
the regions in Ecuador, while Figure 5 details the solar irradiation values received by the collector
depending on the region where it is located. It is important to note that only the direct normal irradiation
can be used by the parabolic trough collectors since they only absorb a specific solar image. Table 2
provides detailed conditions assumed for the system modeling. These values have been reasonably
selected based on real operating conditions and have been tested in preliminary studies [38].
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Figure 4. Average ambient temperature (30-minute scale; time series: 2012-2022)—
Ecuador regions.
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Figure 5. Average direct solar radiation ambient temperature (30-minute scale; time series:
2012-2022)—Ecuador regions.

Table 2. Operating parameters of the thermal module and the ORC.

Parameter Simbology Value Reference
Collector volume/area ratio V/Ac 8 <V/Ac <100 [39]
Maximum temperature Toit;max 300 °C [19]
AT of thermal oil AToil 50 °C [37]
Thermal tank heat loss coefficient ulL 1 W/(m?-K) [37]
Isentropic turbine efficiency Nis,T 85% [40]
Turbine pressure ratio TT1 max 60 [37]
Isentropic pump efficiency MNis.b 70% [40]
Engine efficiency Tmotor 70% [37]
Generator and machine efficiency Nmg 97% [41]
Recovery efficiency NRe 60% [40]
Condensation temperature Teond 60 °C [37]
AT in the regenerator AT 10 °C [42]
Pinch point PP >5°C [43]
Pressure relationship Pmax/Pcrit 0.9 [41]

2.3. Mathematical model

A sequential list of equations (Eqs 1-17) employed during model development can be found in
Table 3. These equations served to model both the thermal module and the ORC system. The solutions
to these equations were derived using multistep implicit methods, specifically the Adams-Bashforth
method for the initial value problems, in conjunction with the double Newton method. The
thermodynamic properties required for ORC calculations were computed using the EES-Demo
software. The entire model was constructed using MATLAB R2018a, thereby facilitating a
comprehensive analysis of thermodynamic properties, with a primary focus on assessing the collector
efficiency, the thermodynamic cycle efficiency, and the total electrical energy production. Furthermore,

AIMS Energy Volume 11, Issue 6, 1153-1178.
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optimization procedures were executed using nonlinear reduced generalized gradient algorithms, with
the net present value (NPV) serving as the objective function. The financial parameters of the present
study are included in Table 4.

Table 3. Equations used for system modeling.

Module  Parameter Equation Reference
Thermal  Available solar  Qgg1ar = A¢ * Gy, (1) [44]
irradiation
Solar collector Tin—Tam i TinTam\? (5 36
efficioncy n, = 0.7408 — 0.0432 * (—Gb )= 5.03107* % G * (—Gb ) @ 36]
Eurotrough
( g n, = Qu 3)
ET-150) Qsolar
Absorbed Qu=m=* ¢y * (Tout — Tin) 4) [44]
useful energy
Evolution  of
temperature in oT ) )
the hot zone Mc, aitl =1 * ¢p * (Toue — Tser) + Mot * ¢ * (Tsez — Tser) — 5)  [23]
(Energy Uy * Aser * (Tseg — Tamp)
storage tank)
Evolution  of
temperature in oT ) )
the transition Mc, aitz =1 * ¢p * (Tspr — Tsez) + Moj * ¢p * (Tses — Tsez) — ©)
zone (Energy Uy * Asty * (Tstz — Tamb)
storage tank)
Evolution  of
temperature in oT ) )
the cold zone Mcp—2 = ti1e * ¢ * (Tsrz = Tsta) + o * ¢ * (Toitour — Tsts) = ™
[45]
(Energy Uy, * Asz * (Tsts — Tamp)b
storage tank)
Area of the Ao = nDg 4 TDstLst (8)
energy storage Sty 3
tank Derxl,
Asip = )
2 *
Agy = T80 4 TSt (10)
ORC ORC net work orc*Wpum
Whet = Nmg * Nore * (hy — hg) — T2C—RumD (11)  [46,47]
Nmot
Net heat of the  Qnet = Mo * cPoir * Ao (12) [44]
ORC
ORC Whet
- n 13) [46,47
efficiency o Qnet (13) ]
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Module  Parameter Equation Reference
Thermal- Total system Eql
ORC efficiency Mot = otar (14 [23,45]
Ntot = e * Norc * Moss (15)
Net present NPV = —C, + 3N, Egria*Kel—Koam*Co 16) [37]
value (NPV) a+n¥
Capital cost (3) C, = K * Vs + Koo * Wher + K, * A (17) [37]
Table 4. Financial parameters of the analysis.
Parameter Value
K 2223 $/m?
N 25
7 (%) 5
Ko 2667.6 $/kW
K. 340 $/m?
Koen (%) 2

3. Results and discussion
3.1. Model validation

To validate the model, the established operating conditions in Table 2 were employed. The results
were compared with the work conducted by Tzivanidis et al. [12]. As shown in Table 5, the calculated

percentage errors (%E) are below 3%, indicating the reliability of the modeled process.

Table 5. Model validation.

Working fluid  Parameter Tzivanidis et al. [12] Developed model Error (%)

Cyclohexane T oil input (Zoit,in) 295.6 °C 292.35°C 0.82%
Solar collector efficiency (7c) 61.44% 63.22% 2.96%
ORC efficiency (forc) 25.36% 24.80% 2.91%

3.2. Solar collectors analysis

Three analyses were conducted based on the performance of the solar collector, considering four
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. Additionally, the
environmental conditions (direct solar radiation and ambient temperature) of the four regions of
Ecuador were considered.

AIMS Energy Volume 11, Issue 6, 1153-1178.
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3.2.1. Required mass flow

Figure 6 represents the variation of the flow vs. the heat capacity of the thermal oil, where the
green dots represent the heat capacity at a constant pressure of the thermal oils analyzed in the model.
As shown in Figure 6, the required mass flow rate varies depending on the specific heat capacity (Cp)
of the thermal oil used. The higher the C,, delivered by the oil, the lower the mass flow rate required to
achieve the same power output of the ORC cycle and the solar collector efficiency. Using oil with
superior thermodynamic properties reduces the required investment in the thermal module. Table 6
provides details of the analyzed thermal oils’ characteristics and the required mass flow rate to
produce 38 kW (maximum net power, minimizing the Ac/» = 10~/ m based on [48]) with a collector
efficiency of 50.75%, while maintaining the ambient temperature at 14.07 °C and the direct radiation
at 194.98 W/m? (Andean Region weather conditions), using cyclohexane as the working fluid in the
ORC. Based on the analysis, Therminol VP1 requires the lowest mass flow rate to achieve the
same efficiency.

32 T T T T T T

28 - 1

Mass flow (kg/s)

22 - =

20 - -!

18 1 1 | 1 L | 1 1
1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
Cp (JIKg°C)

Figure 6. Mass flow rate required based on the thermal oil’s specific heat capacity.

Table 6. Mass flow rate required based on the Cy,.

Thermal oil Cp (kJ/(kg-°C)) Mass flow required (kg/s) Tin=Tg (°C) Tou (°C)
Therminol VP1 2300 19.62

Hitec 1560 28.92

Molten salts 1492 30.23 259.81 309.96
Hitec XL 1448 31.15

3.2.2.  Collector performance based on the heat capacity of the oil

The collector’s efficiency was determined based on the thermal oil’s specific heat capacity, thus
maintaining a mass flow rate of 19.62 kg/s and a temperature differential between the collector’s inlet
and outlet of 50 °C. As shown in Table 7, the higher the specific heat capacity (Cp) of the thermal oil,
the greater the efficiency of the solar collector, since efficiency is directly proportional to the heat

AIMS Energy Volume 11, Issue 6, 1153-1178.
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generated by the solar collector. The Therminol VP1 oil provides improved operability of the solar
collector, thereby achieving an approximate efficiency of 56%. This verifies what was established
by [49], which determined that Therminol VP1 is the most suitable oil for the operation of solar
collectors, since its stability ranges from 12 to 400 °C, and its thermodynamic efficiency is better
compared to other working fluids such as molten salts and steam.

Table 7. Mass flow rate required based on the C,.

Thermal oil G (kl/(kg-°C)) Me

Therminol VP1 2300 55.40%
Hitec 1560 37.58%
Molten salts 1492 35.94%
Hitec XL 1448 34.98%

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

The collector’s efficiency was calculated based on the amount of direct solar irradiation received
by the collector and the ambient temperature in each of the regions of Ecuador. For this analysis, the
average ambient temperature and the direct solar radiation from a 10-year time series were used. The
Coast region recorded the highest Tamp (27 °C) and the Andean region had the lowest Tamp (14 °C).
However, the highest levels of solar radiation were observed in the Andean region (194.98 W/m?). As
shown in Table 8, the collector efficiency is higher in the Andean region due to its higher radiation
levels compared to the other regions. The ideal conditions would be that both Tamb and Gy, are higher;
however, due to the topographical, hydrographic and climatological conditions in Ecuador, it is
challenging for these two factors to increase proportionally. In Figure 7, the green dots illustrate the
relationship between the collector efficiency and both the ambient temperature and the solar radiation
within the four regions of Ecuador (Coast, Andean, Amazon, and Galapagos Island).

0.5

Efficiency Collector
()
/

28

140

18
Gb (Wim?) 14 1 amb (O

Figure 7. Collector efficiency vs ambient temperature and solar radiation.
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Table 8. Collector performance based on the weather conditions of Ecuador.

Region Tamb (°C) Gy (W/m?) Me

Coast 27.18 86.29 30.89%
Amazon 24.40 107.55 38.71%
Galapagos Islands 21.54 165.12 50.55%
Andean 14.07 194.98 53.06%

3.3. Energy storage tank analysis

Thermal based energy storage systems are more efficient and sustainable compared to traditional
energy systems [50]. At almost any time, three zones coexist within the tank: A hot fluid zone at the
top, a cold fluid zone at the bottom, and an intermediate zone called a transition [51]. In fact, the tank
was divided into three main zones for modeling (hot-T5, transition-T7s2, and cold-753), and its modeling
was based on Eqs 4-6. As shown in Figure 8, 751 corresponds to the inlet temperature to the
ORC (Toilin), while T3 corresponds to the inlet temperature to the solar collectors (7¢,in).

The analysis of the energy storage tank was conducted in a dynamic mode for a period of 168 h (7
days), using average temperature and solar radiation data recorded for the Sierra region (to maximize
collector efficiency; see Section 3.2.3) by the NREL with 30-minute measurement intervals (time
series 2012-2022).

Toil, out

Figure 8. Energy storage tank (Temperatures).

Figure 9 illustrates the temperature variation in the hot zone over seven days of analysis. During this
period, there was no significant variation in this zone, with a range of approximately 1.3 °C (from 293.19
to 291.95 °C). This suggests that once a steady state is achieved, the changes occurring in the hot zone
are practically negligible. The temperature decrease occurs from 00:00 a.m. to 6:00 a.m., where no
normal direct radiation data is recorded. Furthermore, an increase in the Tc is observed when the
radiation levels rise during the day from 6:00 a.m. to 7:00 p.m. Subsequently, the same trend is
observed throughout the 7-day analysis. The temperature drop is attributed to the thermodynamic
properties of the thermal oil, which has a high specific heat, causing the last term in Eq 4 to be minimal,
thus resulting in the dTsi/dt evolution with time being virtually unaffected.

AIMS Energy Volume 11, Issue 6, 1153-1178.
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Figure 9. T;; variation in the storage tank (hot zone).

On the other hand, the temperature of the transition zone (7s2) is directly influenced by
temperature variations in both the hot and cold zones (i.e., exchanging heat with both ends of the tank).
As shown in Figure 10, the variation of T follows a polynomial trend. However, similar to T, the
temperature change is minimal (<0.5 °C), ranging from 276.5 to 276.36 °C. This is because it receives
heat from both the hot and cold zones, and both terms (751 and 753) in Eq 5 contribute to the temperature
increase, with only the last term causing a decrease. As mentioned in the previous analysis, the
thermodynamic properties of the thermal oil (specifically, density and Cp) are responsible for this term
being so small.

276.5
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Figure 10. T, variation in the storage tank (Transition zone).

Finally, the temperature variation in the cold zone follows a linear trend with a negative
slope (Figure 11). This zone undergoes more significant changes compared to the upper zones;
however, similar to the upper zones, the change is minimal (<2.5 °C), ranging from 259.83 to 257.39 °C.
This zone is directly dependent on the temperature of the oil at the Rankine organic cycle outlet, which,
in turn, depends on the net heat required by the ORC. Despite being referred to as the cold zone, the
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temperature difference between the hot and cold zones does not exceed 50 °C, which is within the
design range of the thermodynamic cycle. This temperature difference is due to the depth and volume
of the tank. However, it is important to note that no significant thermoclines are formed, which allows
for water stratification, where the colder and denser water moves towards the bottom and the warmer
and less dense water moves towards the top, separated by a transition zone (thermocline).
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Figure 11. T variation in the storage tank (Cold zone).
3.4. ORC analysis

3.4.1. Analysis of ORC performance based on the evaporation temperature of the working fluid prior
to turbine inlet

To perform this analysis, the condensation temperature of the working fluids (60 °C—Toluene
and Water, 40 °C—Cyclohexane, 87 °C—Siloxane D4) was kept constant, and the evaporation
temperature (i.e., the inlet temperature to the turbine) was varied within a range of 210 to 310 °C, thus
considering that it is an ORC operated at high temperatures and taking the critical temperatures of each
fluid into account. As shown in Figure 12, for all working fluids except Siloxane D4, the ORC
efficiency increases as the boiling temperature increases. The efficiency improvements for
cyclohexane, toluene, and water are 2.72%, 2.05%, and 1.34%, respectively.
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Figure 12. ORC efficiency vs evaporation temperature (°C).

3.4.2. Analysis of ORC performance based on the condensation temperature of the working fluid
prior to the turbine inlet

To perform this analysis, the evaporation temperature of the working fluids (302 °C—Toluene,
265 °C—Cyclohexane, 307 °C—Siloxane D4) was kept constant, and the condensation temperature (i.e.,
the inlet temperature to the pump) was varied within a range of 30 to 110 °C. As shown in Figure 13, for
all working fluids, the ORC efficiency decreases as the condensation temperature increases. The decrease
in cycle efficiency for toluene, cyclohexane, and Siloxane D4 are 20.97%, 4.67%, and 16%, respectively.
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Figure 13. ORC efficiency vs condensation temperature (°C).
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3.4.3. Analysis of the net work contribution provided by the ORC based on the pinch point
temperature

According to the detailed results in Table 9, increasing the Pinch Point temperature (PP) leads to
a decrease in the net work produced by the system. The choice of the PP temperature mainly depends
on economic factors, since relatively low PP values increase the heat transfer area, thereby resulting in
higher operating costs. Therefore, it is necessary to establish a minimum variation of the PP
temperature to maximize the net work production while minimizing the operating costs of the system.
Based on the results, cyclohexane produces the highest net work for the analyzed temperatures, thus
leading to higher ORC efficiencies.

Table 9. Net work varying the pinch point (PP) temperature.

Working fluid Parameter PP temperature

0°C 10 °C 20 °C 30°C
Cyclohexane Whet - - 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

Additionally, it can be observed in Table 9 that the Wret values are equal to zero for cyclohexane
when the PP temperature is within the range of 0 to 10 °C. The ORC does not function properly when
the temperature gradient between the thermal oil and the ORC fluid is limited. This temperature
gradient facilitates the heat transfer between fluids and the generation of Wpet. The thermodynamic
properties of cyclohexane contribute to this limitation, including its notably low critical temperature
compared to other fluids tested (280.5 °C).

3.5. Analysis of the thermal module—ORC

3.5.1. Analysis of the total system performance based on heat transfer area and thermal storage tank
volume

Figure 14 indicates that for the same operating conditions, the working fluid that yields the best
total system efficiencies is cyclohexane, thus reaching a maximum efficiency of approximately 25.13%
under the most favorable conditions. In contrast, toluene, water, and siloxane D4 show efficiencies
0f 22%, 20.61%, and 14.99%, respectively.
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3.5.2.  Analysis of the net system work by adding a waste heat source to the ORC

The addition of waste heat to an ORC constitutes a cogeneration system, which involves
harnessing exhaust gases from an industrial process (typically in cement, sugar, or ceramic industries),
where waste heat is generated in the range of 10 kW to 10 MW [52]. Figure 15 schematizes the ORC
powered by waste heat and solar energy. As seen in Figure 16, when an extra heat source is
added ((Qw) = 184 kW, temperature level: 250 °C), Whe increases significantly compared to the Whet
produced when the system operates solely using solar collectors as the energy source. The net work
without waste heat added to the system is 18.30 kW. However, when waste heat is added, it increases
to 65.09 kW. This means an approximate increase of 255%.
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Figure 15. ORC integrated with waste heat and solar collectors.
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3.5.3.  Analysis of the internal rate of return (/RR)

The analysis of the IRR is widely regarded as a crucial assessment within the realm of economics
due to its ability to ascertain the viability of a given project. When conducting this analysis,
cyclohexane is employed as the designated working fluid. For the financial analysis, energy
cogeneration has been considered, adding an extra source of energy (i.e., waste heat) to increase the
profitability of the system. The discount factor (r) which makes the NPV equal to zero (Eq 16) is equal
to the IRR of the investment.

As observed in Figure 17a, the /RR increases as the collector area increases; however, this increase
reaches a maximum peak (IRR = 15.66%) when the collector area is in the range of 1400 to 1650 m?.
Beyond this value, the /RR starts to decline. This effect occurs because the system has been designed
to work with a maximal nominal power of 92 kW. Once the collector area reaches 1600 m?, the capacity
factor becomes 100%, and further increasing the solar collector area does not significantly contribute
to the net work output of the system. Moreover, the initial investment costs exponentially increase with
the expansion of the solar capture area, thus leading to a decrease in the growth curve.

Similarly, in Figure 17b, it can be observed that the /RR remains nearly constant as the Ac/V ratio
increases. However, a maximum peak is also observed when the ratio falls within the range of 0.02
to 0.04 m™'. According to the optimization of the system, the optimal collector area is 1600 m? with
an Ac/V ratio of (1/30) m™".

Once the maximum rate of return is determined, it is important to identify the minimum payback
period to recover the investment and start realizing profits. The payback period corresponds to the
number of years for which the Net Present Value (NPV) is minimized. Based on Figure 18, the payback
period for the implementation of the system is 9.81 years.
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3.6. Optimal operating conditions

The system optimization was conducted using the average temperature and solar radiation data
collected at 30-minute intervals from the 2012-2022 time series, in combination with the financial
parameters detailed in Table 4. It’s worth noting that the model is adaptable, thereby enabling
modifications to accommodate evolving climatic conditions and financial parameters in future research.

Finally, Table 10 summarizes the results for the optimal operating conditions using Therminol
VP1 as the thermal fluid and cyclohexane as the organic working fluid for the ORC. The conditions
are based on the meteorological conditions of the Andean Region in Ecuador, and the values of 4Ac
and Ac/V ratio are chosen to maximize the /RR and minimize the recovery period.

Table 10. Optimal operating conditions.

Parameter Unit Value Parameter Unit Value
Collector area (4c) m? 1600 IRR % 15.65
Energy storage volume(V) m’ 54 Recovery period years 9.81
Oil inlet temperature (7oiLin) °C 292.34 Electric energy per year MW 23757
Collector efficiency (7.) % 50.42%

ORC efficiency (n1) % 25.01%

System efficiency (nr) % 20.86%

4. Conclusions

A mathematical modeling of an ORC operated with solar collectors was conducted to evaluate
the performance of the thermal module and the ORC by analyzing various operational parameters. The
thermal module was tested with four thermal fluids: Therminol VP1, Hitec, molten salts, and Hitec XL.
The solar collectors achieved the highest efficiency (55.40%) when using Therminol VP1 as the
thermal fluid. The efficiency of the collectors under different meteorological conditions (pressure and
temperature) in each region of Ecuador was as follows: 53.06% in the Andean region, 50.55% in the
Galapagos Island region, 38.71% in the Amazon region, and 30.89% in the Coast region. Therefore, it
is suggested that implementing a system of this type would be more viable in the Andean and
Galapagos regions.

On the other hand, based on the analysis, it was determined that the ORC’s efficiency decreases
with an increase in the condensation temperature, as it indirectly raises the condensation pressure and
the actual work of the pump. Regarding the evaporation temperature, the ORC’s efficiency is
proportional: higher temperatures lead to increased turbine work. However, the temperature cannot
exceed the critical temperature of each fluid, beyond which it becomes unstable.

Furthermore, the ORC’ s efficiency increases with the collector’s area, and the same effect applies
to the Ac/V ratio. For Ac/V = 1307!, with Ac = 200 m?, the net work (Whet) performed is 1.45 kW; if
the Ac increases tenfold (2000 m?), the Wi rises to 6.74 kW. Meanwhile, if the 4¢/V ratio increases
to 107!, the Whet at Ac = 200 m? considerably increases to 37.03 kW. However, higher Ac and Ac/V
ratios result in a larger energy storage tank volume and increased system implementation costs.

Cyclohexane is the organic fluid that best suits the system’s operation, thereby leading to the
highest ORC efficiency. When adding waste heat, the increase in electricity production rate
significantly rises when using cyclohexane, reaching up to 255% in production. This percentage varies
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depending on the collector’s area. Under optimal operating conditions, the net work produced
increased from 18.30 to 65.09 kW.

Finally, the system was optimized, resulting in an IRR equivalent to 15.65%, with a payback
period of 9.81 years. These results were obtained with a total collector area of 1600 m? and an energy
storage tank volume of 54 m>. The estimated electricity production is 23757 MW per year, with collector
efficiency, ORC efficiency, and overall system efficiency at 50.42%, 25.01%, and 20.86%, respectively.

In the context of future work and further research, it is imperative to advance our modeling
approach by optimizing it under dynamic conditions. This will involve the incorporation of
meteorological conditions that are in line with the evolving global climate patterns. Additionally, we
plan to implement more sophisticated collector tracking methods to enhance the accuracy of our model.
These improvements will enable us to account for the dynamic nature of solar energy generation, thereby
ensuring that our system operates efficiently and effectively under changing environmental conditions.
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