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Abstract: The present work focuses on the techno-economic assessment and multi-objective genetic
algorithm optimization of small-scale (40 kWy, input), solar Organic Rankine Cycle (ORC) systems
driven by medium-to-high temperature (up to 210 °C) parabolic dish (PDC) and trough (PTC)
collectors. The ORCs are designed to maximize their nominal thermal efficiency for several natural
hydrocarbon working fluids. The optimization variables are the solar field area and storage tank
capacity, with the goal of minimizing the levelized cost of produced electricity (LCoE) and maximizing
the annual solar conversion efficiency. The lowest LCOE (0.34 € /kWh) was obtained in Athens for a
high solar field area and low storage tank capacity. Meanwhile, the maximum annual solar conversion
efficiencies (10.5-11%) were obtained in northern cities (e.g., Brussels) at lower solar field locations.
While PTCs and PDCs result in similar efficiencies, the use of PTCs is more cost-effective. Among
the working fluids, Cyclopentane and Cyclohexane exhibited the best performance, owing to their
high critical temperatures. Notably, the systems could be more profitable at higher system sizes, as
indicated by the 6% LCoE decrease of the solar ORC in Athens when the nominal heat input was
increased to 80 kWy,.

Keywords: organic Rankine cycle; solar energy; genetic algorithm

1. Introduction

Organic Rankine Cycle (ORC) technology is widely considered for various appli-
cations, including geothermal energy [1], biomass [2], waste heat recovery [3] and the
production of electricity through the utilization of solar thermal energy, due to its suit-
ability for operation at small power capacities and relatively low temperatures below
300 °C, in which the conventional steam-Rankine cycle is technically infeasible or not
cost-effective. Solar ORCs are oriented toward grid-connected or distributed generation
(i.e., to cover the electricity demands of isolated industrial consumers or in the context
of community mini-grids) [4] as well as desalination [5] and irrigation [6] applications.
In contrast to more mature photovoltaics (PV), the key advantage of solar ORCs is their
capability for cost-effective thermal energy storage (TES), which comes at a lower cost than
electrochemical batteries [7]. The cost-effective energy storage of solar ORCs can also make
them more profitable as dispatchable power sources in the renewable energy-dominated
landscape. Considering the above, the investigation of their thermodynamic and economic
performance becomes increasingly significant.

Up to date, several thermodynamic and techno-economic studies on the simulation
and optimization of solar ORCs have only considered their nominal design points. One of
the first studies following this approach was conducted by Tchanche et al. [8], who investi-
gated different fluids for low-temperature solar ORCs and highlighted the importance of
different evaluation criteria that need to be taken into account during the selection process.
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A study of similar scope was carried out by Delgado-Torres and Garcia-Rodriguez [9], who
evaluated the on-design performance of low-temperature (<145 °C) solar recuperative
ORCs driven by flat plate collectors (FPCs). The authors highlighted the overall superior
performance of dry fluids, with isopentane, R245ca, R245fa and isobutane featuring the
minimum solar collector areas per produced kW, of electrical output. A study of similar
scope but focusing on a concentrated solar power (CSP) standard and recuperative ORC
with a power capacity of 20 kWe was carried out by Ferrara et al. [10]. The authors com-
pared the performance of three fluids: R134a, R245fa and acetone. For the latter, a cycle
efficiency of 20% was calculated (recuperative ORC). Finally, the authors suggested that pis-
ton expanders are the most suitable expander technology, due to the capability of handling
low fluid rates and high-pressure ratios. Other studies follow similar approaches but put
more emphasis on novel configurations and components. For example, Shahverdi et al. [11]
investigated the installation of an Archimedes screw turbine in the heat transfer loop of
a solar ORC driven by parabolic trough collectors (PTCs), considering different working
fluids. In this study, two types of absorbers were evaluated, consisting of smooth and
corrugated tubes. The best performance in terms of net power as well as cycle (25%) and
total efficiency (about 17%) was obtained by R113, while the corrugated tube absorber was
superior. Deligant et al. [12] assessed the potential of using a standard radial turbine as an
expander in a solar ORC by conducting computational fluid dynamics (CFD) simulations,
which indicated that isentropic efficiencies of up to 78% were achievable.

Another topic that is widely investigated is the performance of solar cogeneration
(combined heat and power-CHP) and trigeneration (combined cooling heat and power-
CCHP) systems including ORCs, which come in different varieties, depending on the
employed cooling technology, which can be (among different solutions) a vapor compres-
sion cycle (VCC) [13], an absorption chiller [14] an adsorption chiller [15] or an ejector-based
cycle [16] in different configurations. Some indicative examples are presented in the follow-
ing. Jafary et al. [17] investigated a PTC-driven system consisting of two different types of
ORCs (recuperative and regenerative) and an absorption chiller. The overall energy and
exergy efficiencies of the systems were 93.35% and 12.69% (recuperative) and 80.66% and
6.64% (regenerative system). Khaliq et al. [18] investigated a system including an ORC and
a hybrid cooling cycle involving an absorption chiller and an ejector device and examined
the influence of different design parameters on the energetic and exergetic performance.
In a particular scenario in which isobutane was considered as the ORC working fluid, the
overall energy and exergy efficiencies were 65.42% and 13.98%, respectively. Braimakis
et al. [19] evaluated the thermodynamic and economic performance of a hybrid solar-
biomass trigeneration system based on the combination of an ORC and a VCC. The authors
reported ORC thermal efficiencies between 3.7% and 10.05% for different organic fluids
and conditions, while the cogeneration efficiency could be as high as 73.5% resulting in a
payback period of 12.3 years.

Several studies have considered the off-design operation of solar ORCs, which is of
high significance due to the daily and seasonal variability of solar radiation. In these studies,
off-design simulation models for the solar collectors, storage tank and ORC equipment
components (heat exchangers, expanders, pumps) are developed and interconnected, while
different control strategies are defined to determine the operational mode of the system
under different solar availability and energy demand scenarios. In this way, the operation
of the solar ORC is simulated under variable heat input from the solar collectors (usually
considering an hourly time step) and its performance is assessed based on its operation
throughout a particular period (daily, seasonal or annual).

Baccioli and Desideri [20] developed a dynamic simulation model of a solar ORC
operating with R600a driven by compound solar collectors with a maximum heat transfer
fluid (HTF) temperature of 140 °C. A sliding-velocity control strategy was assumed for the
ORC, which, according to the authors, could drive the plant without requiring a thermal
energy storage system (TES). In another study, Wang et al. [21], implemented a genetic
algorithm (GA) based methodology for optimizing recuperative solar ORCs driven by
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FPCs under variable solar radiation. The authors concluded that the best daily performance
was obtained by working fluid R123, which had a daily energy efficiency of 7.59% at a
maximum cycle temperature of 69.84 °C. Freeman et al. [22] investigated the working
fluid selection and thermodynamic optimization aspects of a domestic solar ORC for CHP
production. The ORC was driven by evacuated tube collectors (ETCs) of a 15 m? area, while
the temperature of the HTF was varied from 90 °C to 240 °C. When considering a standard,
single-stage collector configuration, the authors concluded that the optimal system resulted
in an annual work output equal to 955 kWh/year. Furthermore, the authors additionally
evaluated a modified configuration that included a two-stage solar collector array which,
owing to its improved efficiency, could lead to a 12% increase in the annual work output. In
both cases, R245ca was found to be the optimal working fluid. Kutlu et al. [23] investigated
the off-design performance of a small-scale solar ORC equipped with a pressurized hot
water storage tank and driven by an ETC field of 500 m? with a nominal maximum hot
water temperature of 110 °C. The power output of the ORC, which operated with R245fa,
varied between 4.3 kWe and 11.2 kWe throughout 24 h, while its efficiency ranged from
7.6% t0 9.2%. Petrollese and Cocco [24] introduced a thermodynamic and techno-economic
optimization approach for large-scale solar recuperative ORCs operating with linear Fresnel
collectors (LFCs) of a total area of 8500 m?, operating with a nominal HTF temperature equal
to 275 °C and considering the use of three different working fluids, hexamethyldisiloxane,
toluene and n-heptane. The off-design modeling approach was based on the definition of a
probability distribution of multiple operating scenarios including different HTF mass flow
rates and temperatures as well as ambient temperatures. Among the examined working
fluids, toluene led to the lowest levelized cost of electricity (LCoE), which was equal
to 122 €2019/MWhe, while also having a cycle efficiency of 19.5%. Casartelli et al. [25]
investigated different off-design control strategies for a 5 MW, solar ORC driven by LFCs
featuring maximum HTF temperatures of 390 °C and 310 °C and operating with toluene.
Among the two investigated control strategies (sliding pressure and fixed pressure-partial
admission at turbine inlet), the second resulted in higher electrical power output and
efficiency. Patil et al. [26] carried out a techno-economic performance comparison between
a PV (with and without battery storage) and a PTC-driven ORC system having a nominal
power capacity of 50 kWe. The authors concluded that while the stand-alone PV (capacity
factor 0.27) had the overall lowest LCoE (0.12 USD2018/kWh,) when a higher capacity
factor (0.56) was considered, the LCoE of the solar ORC (0.19 USD2018/kWh,) was lower
than that of the PV-battery module (0.26 USD2018/kWhe,). Li et al. [27] also evaluated the
off-design performance of a solar ORC driven by CPCs and highlighted the importance of
proper TES sizing to minimize dynamic resonance phenomena.

Most studies on small-scale solar ORCs focus on low- or mid-temperature applications
featuring flat plate and evacuated tube collectors with nominal cycle temperatures below
150 °C. As a result, the thermodynamic and techno-economic performance of micro- and
small-scale solar ORCs driven by concentrated solar collectors such as parabolic trough and
dish collectors, which enable their more efficient operation at higher temperatures, has not
been thoroughly evaluated. Furthermore, in most techno-economic studies on solar ORCs,
only their on-design performance is assessed, while their off-design operation, which is
of high importance considering the intermittent and variable nature of solar energy, is
neglected. Finally, in many studies, the optimization of key design variables of solar ORCs
is not undertaken, as their goal is only the simulation/evaluation of system performance
under different scenarios.

Aiming to address the aforementioned research gaps, the present work aims at the
systematic techno-economic optimization of high-temperature solar ORCs driven by PTCs
and parabolic dish collectors (PDCs), considering their off-design, annual performance in
five European cities, namely Athens, Madrid, Rome, Brussels and Berlin. The selection
of these cities was based on their climate classification according to the Képpen-Geiger
climate specification [28]. More specifically, since the cities are located in southern and
central Europe, they are associated with sufficient annual direct solar irradiation, which
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is necessary for the cost-effectiveness of the proposed solar ORC (Table 1). Regarding the
southern cities, all of them are characterized by a Mediterranean climate. However, while
Rome’s climate is standard Mediterranean, Athens and Madrid have hotter and colder
semi-arid climates, respectively. Meanwhile, Berlin and Brussels have Marine West Coast
climates. The selection of cities with different climate characteristics helps to examine the
impact of climate on system performance and profitability. As a matter of fact, Madrid and
Athens exhibit the highest annual direct normal irradiance, while the corresponding value
for Brussels is almost three times less and slightly lower than in Berlin.

Table 1. Annual direct normal irradiance for a number of European cities.

City Athens Madrid Rome Brussels
Value (MWh/m?) 1519.8 1542.3 1204.8 508.9

City Berlin Dublin Warsaw Copenhagen
Value (MWh/m?) 585.1 577.45 676.5 698.6

The off-design performance of the solar ORC is evaluated with the development and
integration of a series of off-design models for all equipment components (solar collectors,
thermal energy storage tank, heat exchangers, expander, pump, motor/generator) to
accurately simulate their operation under realistic, variable conditions. Furthermore, cost
correlations based on literature data and manufacturers’ datasheets are used for capital
and operational cost estimation. In each case, a GA optimization technique is implemented
to determine the optimal solar field area and storage tank capacity with regard to the
maximum annual total solar energy conversion efficiency and minimum LCoE of the solar
ORCs. GA optimization belongs to the larger class of evolutionary algorithms, which
are based on Darwin’s theory of evolution [29]. Nowadays, this optimization method
is applied with many variations to numerous engineering problems and has been used
on several occasions for the thermodynamic and technoeconomic optimization of ORC
systems of various configurations and types [30-32].

2. Methods

The layout of the investigated system is illustrated in Figure 1. The HTF is heated in
the field of solar collectors and is conveyed to the heat storage tank in the collectors’ sub-
circuit. Subsequently, depending on the operating mode of the system, the HTF circulates
from the storage tank to the ORC evaporator to provide heat to the cycle.

Expander 1

Intermediate ORC
sub-circuit

Water
from grid

Solar pump

Condenser

Receiver

Pump

Figure 1. Layout of the investigated solar-driven ORC with a recuperator and two serial expanders.
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Depending on the operating conditions, a second expander is considered when the
pressure ratio of the cycle is higher than a maximum expansion ratio (to be discussed in
more detail in Section 2.3). Meanwhile, a recuperator is added to recover heat from the
expanded superheated vapor for preheating the subcooled liquid after the pump (also
presented in more detail in Section 2.3). Finally, the working fluid is condensed in a
water-cooled condenser.

In the following sections, the models that are used for simulating the operation and
the solar-driven ORC subsystem’s performance are described in detail.

2.1. Solar Collectors

A medium to high-temperature ORC is investigated; hence, only concentrating collec-
tors are considered. These collectors utilize only the sun’s direct radiation; the sunlight
is reflected and focused onto a receiver, which absorbs the radiation with a concentration
ratio higher than 1, resulting in higher heat flux and leading to much higher working
temperatures [33]. Furthermore, in most cases, concentrating collectors include a sun-
tracking system, which adjusts the tilt angle according to the sun’s position, aiming at a
perpendicular incidence of the solar beams to the collector maximizing the absorbed solar
irradiance [34]. From the available collector types, PTC and PDC are selected and modeled
as the most common options that respond effectively in the examined temperature interval
(150-250 °C).

The solar collectors’ efficiency (1¢1) can be computed by using empirical polynomial
expressions that correlate it with the solar irradiance (I,) and temperature difference
between the fluid in the collectors’ circuit (T,;) and the ambient temperature (T,np) [35]:

Tcol — Tamb
Isol

fleol = C0 — C1 )
The values of coefficients cy, c1 that are used in the present study are listed in Table 2.

Table 2. Collectors’ efficiency coefficients for each type of collector.

Coefficient PTC [36] PDC [37]
co () 0.673 0.7053
c1(-) 0.2243 1.2503

Based on the definition of the collectors’ efficiency, the heat absorbed by the collectors
can be determined through the following equation:

Qcol

Mol = A = Qcol = WcolAcol Isol (2)

collgol

Eventually, the enthalpy (and thus the temperature) at the outlet of the collectors can
be determined by applying the energy balance equation:

Qcol
hcol,o = hcol,i + =

®G)
col
For both types of solar collectors, it was decided to consider a sun tracking system to
maximize the absorbed solar energy. A single-axis tracking mechanism was considered, in
which the collectors are fixed with respect to the North-South axis and rotate around an
axis in the direction East-West.

2.2. Thermal Energy Storage Tank

The developed model for the thermal energy storage (TES) system is based on the
assumption of the thermal stratification of the tank [38]. The tank is considered to be
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separated into horizontal zones inside each of which the HTF has a uniform temperature,
as shown in Figure 2a. Between the zones, heat and mass transfer phenomena take place,
which contribute to its temperature gradient, according to mass and energy balance in each

zone [39].
iorc,in
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Figure 2. (a) Schematic of the storage tank’s discretization methodology; (b) overview of the influence
of the number of mixing zones on the stability of the solution.

Concerning the modeling of the storage tank, the assumption of a number (1 = 25) of
mixing zones was considered as shown in Figure 2b so that a maximum relative error of
0.25% is attained in the calculation of the HTF supply temperature to the ORC evaporator
and the solar collectors [40]. The selection of this number of elements was dictated by the
fact that both exiting streams had a deviation of less than 0.2 K from the estimated value
when the double (n = 50) elements were used. Moreover, a relatively small number of
elements reduces the computational costs, as this function has to be solved 8760 times for
every case study. Assuming a uniform temperature within each mixing zone, an energy
balance is applied at the boundaries of each zone [39,41]. For a total of 25 zones at each
time step ¢, the energy balance equations at each timestep t are:

For the upper zone, j = 1:

Mt Bt 1,1) Bt (1-11 . .
Z;t st{EL) A: LD — iy (hcol,o - hst,(t,l)) + Miore (hst,(t,z)fhst,(t,l)) — U Astn (Tst,(t,l) - Tamb) 4)

For the intermediate zones, j= (2,3, ... ,24):

Mt Pt (1,5)— Pt (1-1,f ) )
Tg% = Mgl (hst,(t,j—l)—hst,(t,j)) + Migpe (hst,(t,j+1)—hst,(t,1)> — UjAgt (Tst,(t,j) - Tamh) @)

For the bottom zone, j = 25:

Mgy Bt (125) - Pist (11,25 . .
255 st, (£25) - ts ( ) — Mol (hst,(t,24)—hst,(t,25)> + Miope (hiorc,ofhst,(t,25)> — U At 25 (Tst,(t,ZS) - Tamb) (6)

The heat loss coefficient of the storage tank to its surroundings, U;, was assumed to be
equal to 2.5 W m~2 K1 [42].

For both sub-circuits interconnected with the storage tank, the same HTF was selected
based on the maximum working temperatures. The selected HTF is Therminol VP-1, which
is commonly used at temperatures above 250 °C since its maximum working temperature
is approximately 327 °C [43,44]. The operating strategy of the solar subsystem is depicted
in Figure Al of Appendix A.




Thermo 2021, 1

83

2.3. Organic Rankine Cycle
2.3.1. Component Simulation Models
Heat Exchangers

The layout of the ORC includes three heat exchangers; the evaporator, condenser
and recuperator. Their on-design modeling is based on the selection of the appropriate
commercial plate heat exchanger that satisfies the needs in terms of the heat transfer surface
and has an acceptable pressure drop on both streams.

The sizing of heat exchangers is based on the LMTD method [45]. The Nusselt number
for the heat transfer during evaporation is estimated using the correlation of Yan and
Lin [46]:

Nu = 19.26Re{*Bo0;’ Pr}/? ?)

Regarding the calculation of the pressure drop on each channel, the equation of
Focke [47] is applied:
_ fﬂ Pchvgh

A
Pch Dh B

®)

The friction factor for the evaporator is derived from different expressions according
to the range within which the Reynolds number lies [46,48]

6.1-10% Reeg (1) ~2°, Rey (1) < 750
=73 694710 Rep (1) " Regg(n) %, Rep (1) > 750 and Reey(n) < 6000 (9)
31.21Reg, ’O'5Regq0'04557, otherwise

For the condenser, the correlations used to calculate the Nusselt number and the
friction factor are those of Thonon [49] and Han [50], respectively:

Nu = 0.5331 DiReeq*mPr}/ 3Rey 0653 (10)
h
=3521.1( — = - Rey C¢ 11
f=3 (Dh) (5-¢) " Re (1)
A \00925 13
Gey = 1'024<Dh> (E - q)) (12)

Finally, for the case of the recuperator, as well as of a single-phase heat transfer process,
the Nusselt number derives from the correlation of Donowski and Kandlikar [51], whereas
Thonon’s friction factor is used [52]:

Nu = 0.2875Pr}/3 Re®78 (13)

45.57Re~%67 Re < 160
f= { (14)

0.37Re 0172 Re > 160

Pump

A positive displacement diaphragm pump is considered, whose basic technical char-
acteristics are presented in Table 3, as they are derived from its technical datasheet [53].

Table 3. Design specifications of Hydra Cell G25-E pump [53].

Property Value
Maximum flow rate (1t/min) 75.9
Maximum discharge pressure (bar) 69
Maximum inlet pressure (bar) 17

Maximum operating temperature (°C) 121
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Based on the data provided by the manufacturer, the rotational speed, the mechanical
power loads and the total electrical consumption of the pump can be estimated by Equations
(14)—(16):

Npump = 14.6574V pymp + 1.2586 (15)

W _ 50Npump VpumpAp
mech,pump = Tgaqd8 511

(16)

W
mech,pump (17)

el,pump —
prme Nel motortel inv

In the above Equations (15) and (16), the rotational speed, the volumetric flowrate and
the pressure difference are expressed in rpm, bar and 1t/ min, respectively.

The expander’s generator and the pump’s motor are both considered to be connected
with an inverter. The correlations derived from the study by Ziviani et al. [54] are used for
the estimation of their efficiencies. More details on these equations are listed in a previous
study conducted by the authors [55].

Expanders

The investigated ORC is intended for operation at medium to high-temperature range,
and thus a conventional hermetic screw expander was considered. A correlation between
the isentropic efficiency and the pressure ratio of the screw machine was derived based on
the experimental data of the study by Hsu et al. [56], in which the performance of a screw
expander coupled with an ORC system for various working conditions was investigated.
Due to the limitations of the pressure ratio of screw machines, it was considered that
the system may contain a maximum of two expanders functioning with a pressure ratio
varying between 2.4 and 6.1 [56,57]. The correlation between the isentropic efficiency of a
screw expander and its pressure ratio (rp) is the following;:

Tis.exp = 0.001082r5 — 0.027767ry + 0.2871r3 — 1.51052r% + 4069657, — 3.78 (18)

Thus, when the high and low pressures of the ORC are known, the isentropic efficiency
of the expander can be calculated from Equation (18), considering that both expanders
work at the same pressure ratios, equal to the square root of the ORC’s high pressure
to low pressure ratio. In order to estimate the power production in the expanders, the
losses involved in the expansion process have to be considered. Apart from the isentropic
efficiency, the inverter’s and the generator’s efficiencies, there has to be a term for the heat
losses in the expander. In literature, there is a large deviation in the estimated heat losses
of the expanders. For example, Wang et al. [58] reported heat losses of up to 0.65 kW for
a screw expander of approximately 7 kWe (9.2%). Lemort et al. [59] measured the heat
losses for a scroll expander at almost 4%, while the study from Giuffrida [60] estimated
losses to the ambient of more than 6%. Due to these deviations, this study considered an
average value for the heat losses, in the range of 5%. Hence, the net produced power in the
expander can be calculated by the following expression:

Wel,exp = 0'9577is,expWis,expﬂel,genWel,inv (19)

The displacement volume of the expander, required for the cost estimation of the
expander, is calculated, taking into consideration the definition of its filling factor:

_ 60m
Nexppexp,iff

The value of the filling factor is derived by applying a polynomial expression based
on the experimental data presented by Dumont et al. [61], as shown in Figure 3.

Vi (20)
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Figure 3. Filling factor as a function of the rotational speed based on data from Dumont et al. [61].

2.3.2. ORC Design
General Assumptions

The aforementioned models are used to calculate the on-design thermodynamic states
at each point of the cycle and size the equipment components, according to the assumptions
and boundary conditions summarized in Table 4 and the layout of the cycle shown in
Figure 1. An optimization algorithm is implemented to estimate the optimal subcritical
cycle conditions in order to maximize the thermal efficiency of the cycle, which is defined
according to the following equation:

Wel,exp - Wel,pump o Wel,net
Qevap - Qrec Qewzp - Qrec

N = (21)

Table 4. On-design working parameters of ORC.

Property Value
Evaporator heat duty (kW) 40.0
Heat exchangers pinch point (K) 5.0 +40
Condenser subcooling (K) 5.0
HTF inlet temperature (°C) 210
HTF inlet pressure (bar) 15
HTF mass flow rate (kg/s) 0.8
Single expander pressure ratio (-) 24+61
Cooling water inlet temperature (°C) 20.0
Cooling water inlet pressure (bar) 2.0
Cooling water mass flow rate (kg/s) 1.0

In the above formula, the difference in the denominator is the final heat supplied to
the evaporator, which is equal to the initially imposed evaporator’s heat duty reduced by
the heat duty of the recuperator.

The independent design variables of the ORC are the evaporation and condensation
pressure as well as the mass flowrate of the working fluid. These variables were selected by
taking into account the boundary conditions and constraints that are presented in Table 4.

A dedicated single objective optimization algorithm is executed to find the optimal
specifications of the ORC cycle for each of the considered working fluids towards the
maximization of the cycle’s thermal efficiency, presented in Section 4.1. The on-design
algorithm, shown in Figure A2 of Appendix A, is based on the assumption of a mass
flow rate and the evaluation of different levels of superheating, which define the high
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pressure of the ORC cycle for the set driving temperature (HTF inlet), and different values
of pressure ratios, which eventually lead to the estimation of the low pressure as well. As
initial values, 15 K of superheating and a pressure ratio of 6 were set. The individual ORC
component models are then solved sequentially, starting from the evaporator and ending
in the pump. The feasibility of the solution is then evaluated based on the resulting pinch
points of the heat exchangers. Once a solution delivers feasible pinch points (>5 K) in all
heat exchangers, the mass flow is calculated by the solver to minimize the energy balance
residual. Finally, a resizing of the evaporator and the condenser takes place to realize the
requested heat transfer processes with the final mass flow of the ORC working fluid.

Depending on the operating conditions, a second expander is considered when the
pressure ratio of the cycle is higher than the maximum expansion ratio of a single expander
(set at 6.1). Meanwhile, a recuperator is operational when the temperature difference
between the expander outlet temperature and the condensation temperature is greater than
20 K. Both the second expander and the recuperator can be bypassed if their operating
criteria are not met with the addition of two diverting three-way valves.

Working Fluid Selection

The working fluid selection is based on critical properties and thermodynamic effi-
ciency. In the present study, the thermodynamic efficiency at the nominal operating point
was the main selection criterion. In most applications, the maximum efficiency is attained
with fluids whose critical temperature is slightly higher than the cycle’s driving tempera-
ture, to achieve maximum heat source utilization [62]. The considered working fluids are
natural hydrocarbons, which have low cost and are very environmentally friendly owing
to their extremely low global warming and zero ozone depletion potential. Although
the particular working fluids are flammable, they could be employed in ORC systems if
adequate safety measures are taken, as they are commonly used in commercial ORC plants.
As shown in Figure 4, working fluids are distinguished into wet (i.e., working fluids which
have a negative saturated vapor line in the temperature-entropy diagram) and dry (i.e.,
working fluids which have a positive saturated vapor line in the temperature-entropy
diagram). In the present work, all considered fluids are dry to avoid droplet formation
during expansion.
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Figure 4. Temperature vs. specific entropy saturation curve of a dry fluid [63].

Furthermore, the use of the recuperator is more beneficial in the case of these fluids [64].
Since the maximum temperature of the solar loop is around 210 °C, only fluids with critical
temperatures higher than this value were examined in the study. Although fluids with
critical temperatures above 300 °C cannot be effectively coupled with the HTF, some
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notable fluids with wide commercial application and critical temperatures exceeding this
value were also assessed [40] for the sake of completeness. The list of the considered
working fluids along with their critical properties and their type are presented in Table 5.
The fluids that are selected for the main analysis of the study are highlighted in grey. These
include the fluids yielding the highest efficiency values, as well as Toluene, which has
extensive use in commercial ORC systems [44]. Since, according to Equation (18), expander
efficiency is almost constant, exceeding 70%, for pressure ratios higher than 4, and since the
examined cycles correspond to two-stage cycles with the pressure ratios of both machines
above 4, the difference is derived from the isentropic enthalpy difference during expansion
and the pump’s consumption. The former is a property of the fluid and is maximized for
the selected fluids whereas the latter depends on the volume flow rate and the difference
between evaporation and condensation pressures. Although the pressure difference is
higher for the selected fluids, they exhibit a higher expansion enthalpic difference, which
outperforms the increased pump consumption.

Table 5. Properties and calculated design thermal efficiency of the examined organic fluids [65,66].

Organic Fluid Terit °C) Perit (bar) Fluid Type Pevap (bar) Tmax,orc Q) Pcond (bar) Wel,net (kW) Nen (%)
Isohexane 225 30.4 Dry 20.47 203.2 0.55 5.16 17.01
Acetone 235 47 Dry 25.24 199.5 0.68 6.07 15.17
Hexane 235 30.34 Dry 17.18 201.9 0.46 5.14 16.78
Cyclopentane 239 45.71 Dry 24.99 200.7 0.67 6.17 17.24
Methanol 240 82.16 Wet 12.04 204.7 0.32 5.74 14.14
Ethanol 242 62.68 Wet 23.02 204.9 0.62 5.34 129
Heptane 267 27.3 Dry 9.10 202.7 0.24 4.70 16.02
Cyclohexane 280 40.82 Dry 12.24 199.2 0.33 5.52 17.02
Benzene 289 48.9 Dry 12.82 198.0 0.34 5.90 16.39
MDM 291 14.1 Dry 2.80 201.3 0.08 3.34 13.77
Octane 296 25 Dry 493 199.8 0.13 4.35 15.1
Toluene 319 41.3 Dry 6.53 197.4 0.18 5.37 15.71
n-Nonane 321 227 Dry 2.80 193.9 0.08 4.05 14.21
p-Xylene 343 35.3 Dry 3.66 196.7 0.09 4.92 14.88

In order to account for the fluctuations in the driving temperature, the off-design
operation of the system is simulated. The lowest HTF temperature which is the threshold
for the operation of the ORC system is taken equal to 180 °C (Ty,). Thus, as the HTF
varies from 180 °C to 210 °C the heat absorbed by the evaporator varies from 20 kWy, to its
nominal value of 40 kWy,. For intermediate HTF temperatures between 180 and 210 °C,
a linear variation of the heat input to the ORC is considered. A detailed analysis of the
off-design modeling of the system accompanied by a flowchart is included in Appendix A.

2.4. Cost Estimation

Several cost correlations are used for calculating the cost of system components.
Because these correlations have different reference years, they are modified by taking into
account the inflation rate to convert their outputs from their respective reference years to
2019-equivalent monetary values.

The specific purchase cost (€/m?) of PTCs and PDCs is displayed in Table 6.

Table 6. Solar panels’ specific costs based on data from literature.

PTC [67]
178 (in €2015)

Type of Collector PDC [68,69]

235 (in €2010)

Specific price (€/m?)

The cost correlations shown in Table 7 are used for calculating the cost of the ORC
equipment components.



Thermo 2021, 1

88

Table 7. Cost correlations for system’s components (all correlations are adapted to €2019 equivalent

values).
Component (Year of Value) Correlation
Pipelines (€2013) [70] Cyip = (0.89+ 021D, ) Ly (22)
Storage tank (€2020) Cst = 1129V + 82.8 (23)
ORC hardware/Miscellaneous (€2020) * [62] Cisc,orc = 800 (24)
Receiver (€2016) [71] Cyt = 4.48V,; 4+ 150.46 (25)
. 0.25
P €2013) [70 _ W nech,pump,nom 26
ump ( ) [70] Cpump_goo(whd’m!o) (26)
. 0.95
Motor/G tor (€2015) [72 _ Weper 27
otor/Generator ( ) [72] Coen = 71.7( 10100;:) (27)
Expander (€2014) [73] Cexp = 0.88(3143.7 4- 217423V5) (28)
Heat exchangers (€2011) [62] Chex = 190+ 310(Acvap + Acond + Arec)  (29)
Installation (€2020) [62] Cins = 0.2.-CAPEX (30)

* As the hardware of the ORC is conventional equipment, no inflation was considered in this case.

The cost of the working fluids and HTF Therminol VP-1 is calculated according to
market price data (Table 8).

Table 8. Specific cost of working fluids and heat transfer fluid Therminol VP-1 (in €2020).

Working Fluid Cyclopentane [74]  Cyclohexane [75] Isohexane [76] Hexane [77]
Specific price (€/1t) 1.32 2.84 0.85 0.82
. . Therminol VP-1
Working Fluid Benzene [78] Toluene [79] (HTF) [80]
Specific price (€/1t) 1.09 0.92 4.78

The HTF volume in the solar circuit is calculated based on the solar field surface and
storage tank capacity (as the storage tank is considered to be filled with HTF), according to
the following equation:

Viure = Vet +0.12A,,; + 0.05 (31)

The factor 0.12 is a typical value provided by a manufacturer, while the added con-
stant of 0.05 is an approximation for the intermediate pipelines between the solar field,
the storage tank and the ORC evaporator. The quantity of working fluid used in the ORC
is calculated based on its capacity and the size of heat exchangers, as well as the require-
ment of an 80 It receiver tank, in accordance with experience from similar experimental
systems [81-83]. Overall, the total amount of working fluid is taken equal to 1.5 times the
total capacity of the receiver tank (120 It).

2.5. Performance Indicators-Optimization Objectives

Two performance indicators are used, which are also the optimization objectives. The
first is the total solar conversion efficiency (#7:0¢), which accounts for the total solar energy
harvested over a complete year of operation:

f(Wel,exp - WEZ,PW”P) - fWel,net
f Qsol f QSOZ

Qsol = IsolAcol (33)

The thermodynamic assessment of the designed system is coupled with the corre-
sponding economic evaluation to estimate its economic viability. In order to allow for a
direct comparison of the proposed system with alternative energy production technologies,
the economic performance is evaluated with respect to its Levelized Cost of Electricity
(LCoE). LCoE is one of the most commonly used economic evaluation indexes and can be

Ntot = (32)
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used for the comparison of energy production systems of various technologies [84]. It is
computed by dividing the electricity generation costs, reduced in an annual period, by the
annually produced electrical energy and reflects the cost of the produced energy within the
system’s lifetime:

CAPEXL. | OPEX

LCoE = =0+ (34)

Wel,net

In the above equation, CAPEX is the total capital expenditure of the system, while
OPEX represents the annual operational expenses, which are taken equal to 2% of the
CAPEX. Meanwhile, a discount rate (i) equal to 5% is assumed, while the system lifetime
(n) is considered equal to 25 years.

In each case, the calculated LCoE values are compared to the national electricity prices
for private household consumers of the selected cities [85], as shown in Table 9. It should be
noted that these electricity prices are determined by the electricity mix (which is dominated
by mature, cost-effective power generation technologies with minimal marginal costs) and
by the electrical energy imports/exports of the countries as well as policy factors. It is
thus expected that these prices will be substantially lower than the cost of the investigated
solar ORC, which is a non-commercialized technology with a low technology readiness
level (TRL). Therefore, the electricity prices are used in the present study only to provide a
preliminary comparison basis of the LCoE of the solar ORC and should not be interpreted
as strict economic evaluation indicators. However, it has to be noted that as EU directive
2018/2021 [86] promotes the increased penetration of renewables and the consequent
reduction in low-cost fossil-derived energy, the electricity prices are expected to increase in
the near future, towards the benefit of the proposed solar ORC solution.

Table 9. Electricity prices for private household consumers in the selected countries for 2020 (€/kWh)
based on data from Eurostat [85].

Country Greece Spain Italy Belgium Germany
Electricity price, ce; (€/kWh) 0.1641 0.2298 0.2153 0.2702 0.3006

2.6. Genetic Algorithm Optimization

A multi-objective genetic algorithm was implemented to optimize the system’s per-
formance with two objective functions: (a) the system’s total efficiency (not) which must
be maximized, and (b) the Levelized Cost of Energy (LCoE) which must be minimized.
Two independent optimization variables are considered: the collectors’ surface (A1) and
the storage tank’s capacity (Vst). The boundaries for the genetic algorithm’s variables are
listed in Table 10. The initial solar field area and tank capacity are 120 m? and 3.0 m?,
respectively, as the ratio of 40 m?/m3 is commonly applied in solar-driven applications
with TES [87]. The population of each generation was equal to 50, which is a sufficient
number of offspring for a two-variable problem. The optimization was set to terminate
after 20 generations.

Table 10. Genetic algorithm optimization variable boundaries and initial values.

Parameter Range
Solar collectors’ field (m?) 10 <+ 400
Initial solar collectors’ surface (m?) 120
Storage tank capacity (m?) 02-+5.0
Initial storage tank capacity (m?) 3.0

Overall, 60 scenarios were evaluated, consisting of the five cities, six working flu-
ids/ORC nominal designs and two types of collectors.
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3. Results

All results are available in the Supplementary Materials of the present publication.
The Pareto fronts of the solutions produced by the GA are shown in Figure 5. The shape of
the fronts illustrates that there is a trade-off between the optimization criteria of efficiency
and LCoE [88]. Indeed, the energy efficiency maximization and the LCoE minimization
are independent and in certain cases conflicting objectives. For example, a small-sized
system may achieve high annual solar conversion efficiencies, but the produced electricity
may not necessarily be sufficient to compensate for its investment cost, negatively affecting
its cost-effectiveness. Regarding the investigated solar ORC, increasing the area of solar
collectors enables the ORC to operate closer to its nominal point (and hence at higher
thermal efficiency) for longer periods, leading to an increase of the total solar thermal
conversion efficiency. However, the increased generated electricity does not necessarily
compensate for the higher cost of the solar field. Accordingly, increasing the storage tank
volume extends the capacity factor of the system and results in increased solar thermal
conversion efficiencies, but the increased cost of the tank may lead to disproportionately
increased capital costs and have a negative influence on the LCoE.
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Figure 5. Pareto fronts (LCoE-not) for the considered working fluids in the examined cities for (a)

PTCs and (b) PDCs.
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The above point is illustrated more clearly in Figure 6, which presents the optimization
results for an indicative scenario of Athens with PTCs for all the examined working fluids.
In this figure, the variation of the two optimization objectives (1t and LCoE) with respect
to the two optimization variables of the system (A, and V) is illustrated.
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Figure 6. Variation of the optimization objectives (LCoE and 1yt) as a function of the optimization
variables (A, and V) for a PTC-driven system in Athens for the investigated working fluids.

3.1. Total Energy Efficiency

It can be observed that higher total conversion efficiencies are obtained in northern
cities (Brussels and Berlin) compared to southern cities (mainly Athens and Madrid). Since
in all cases the nominal size of the ORC is the same, due to the lower solar availability in
Northern cities, the ORC directly exploits the harvested solar energy. On the contrary, in
Southern cities, a large share of the harvested solar heat is stored and eventually lost to the
ambient. Furthermore, the lower ambient temperatures in Northern cities lead to lower
solar collector losses.

It can be observed that the use of different working fluids does not lead to substantial
differences in efficiencies. Generally, Cyclohexane tends to achieve the highest performance,
followed by Cyclopentane and Isohexane. In most cases, Toluene appears to yield slightly
inferior efficiencies followed by Benzene. The overall maximum efficiency achieved in
the studied cities lies between 10.5-11%. These values are, in general, lower than those
reported in similar studies. This can be mainly attributed to the fact that the present work
takes into detailed account different types of losses, including the heat losses to the ambient,
pump, inverters’ and generators’ losses, which are often underestimated or even neglected.

Finally, it can be observed that, although PDCs lead to slightly higher efficiencies
compared to PTCs, the difference in the performance of systems operating with these two
types of collectors is insignificant.

3.2. LCoE

The influence of the geographical location on the LCoE is much more significant
than its influence on the total conversion efficiency. As already mentioned, for southern
cities, the available solar energy is higher, leading to higher power generation and en-
abling system operation for more hours annually and closer to nominal conditions. The
increased electricity generation results in increased cash inflows and reduced LCoE values,
improving the economic viability of the system. More specifically, in the case of Athens
and Madrid, which represent the financially optimal results, the cost of electricity for the
PTC-Cyclopentane scenario is close to 0.34 €/kWh, whereas the corresponding LCoE in
Brussels is 0.9 € /kWh.
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In the majority of the scenarios, the optimal financial outcome is achieved by the
fluids that yield the highest efficiencies, as Cyclopentane and Cyclohexane exhibit the
highest profitability, whereas Toluene, Benzene and Hexane are associated with lower
cost-effectiveness. Since the fluids are hydrocarbons and have similar prices, their costs do
not lead to substantial differentiation in their economic competitiveness, which is mainly
ruled by their thermodynamic performance and equipment sizing and, hence, costs.

From an economic perspective, PTCs are more favorable, since they have almost the
same energetic performance but come at a lower cost than PDCs.

4. Discussion
4.1. Interpretation of Optimization Results
An overview of the results is presented in Table 11, in which the combinations of

optimal solar field areas and storage tank capacities with regard to efficiency and LCoE for
each city are shown.

Table 11. Optimal working fluids, collector types, solar field areas and storage tank volumes that maximize total solar

conversion efficiency and minimize levelized cost of electricity in each of the examined cities.

Working Collector LCoE

City Obijective Fluid Type Ntot (%) (€/1KWh) Ao (m?) Vst (m3) ¢ (€/kWh)
Athens max Mot Cyclohexane PTC 10.49 0.6432 24.37 0.46 0.1646
Athens min LCoE ~ Cyclopentane PTC 7.14 0.3432 137.32 0.27 0.1646
Madrid max Mot Cyclohexane PDC 10.9 0.7034 20.81 0.33 0.2477
Madrid min LCoE  Cyclopentane PTC 7.37 0.3444 120.84 0.33 0.2477

Rome max Mot Cyclopentane PDC 10.64 0.7010 29.9 0.37 0.2161
Rome min LCoE ~ Cyclopentane PTC 7.08 0.4214 150.84 0.30 0.2161
Brussels max Mot Isohexane PDC 10.91 0.9706 84.22 0.22 0.2937
Brussels min LCoE  Cyclopentane PTC 7.93 0.9146 146.1 0.31 0.2937
Berlin max Mot Cyclohexane PDC 10.9 0.7096 149.92 0.23 0.3000
Berlin min LCoE  Cyclopentane PTC 8.61 0.6661 211.69 0.26 0.3000

As it can be observed in Figure 6, the collecting surface appears to be negatively
correlated with both 1ot and LCoE. When the surface is too small, the useful solar heat
is reduced. As a result, the harvested solar energy is fully used directly for driving the
ORC, while the stored heat and thus storage tank energy losses are minimized. On the
other hand, as the surface is increased, although more solar energy is harvested, a part is
left unexploited and eventually lost to the ambient from the storage tank due to the fixed
nominal size of the ORC.

Accordingly, for smaller collector areas, the annually generated electrical energy is
lower because the system is operational for fewer hours, resulting in a decreased cashflows
and increased LCoE. On the contrary, for larger collector areas, the ORC operates for
longer periods at higher efficiencies, producing more electrical energy and thus the LCoE
is reduced.

As shown in the figures, the solar field area corresponding to the optimal economic
performance is around 150 m?2. For larger areas, the improvement in the economic com-
petitiveness of the system is negligible, since the CAPEX is increased while the electrical
energy generation remains almost constant. This region is not depicted in the diagrams
since it corresponds to both minimized efficiency and financial performance.

Concerning the volume of the storage tank, it is positively correlated with the energy
efficiency, since higher volumes result in increased system operating hours and thus higher
energy exploitation. However, given a specific collecting area, an increase in the storage
capacity beyond a specific value does not offer any more benefits and even increases the
CAPEX, resulting in a stall of economic and energy efficiency.

Additionally, it can be observed that the optimal results are concentrated in a range of
relatively small storage tank capacities. This is justified both in terms of efficiency as well
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as in terms of economic performance. It is obvious that the higher storage tank volumes
increase the CAPEX, while at the same time they increase the thermal inertia of the system.
Larger tanks would demand much higher thermal power from the collectors to increase
their temperature since they contain larger quantities of HTF and have greater ambient
losses. Therefore, even though the inspected range is between 0.2-5 m?, in all cases the
derived optimal points correspond to tank capacities below 1.2 m®. Another reason for
this behavior is justified by the selection of the heat losses coefficient of the tank. The
value considered in this study corresponds to a medium-insulated tank, hence for high
temperatures the heat losses are not negligible. If high insulation is considered, the total
energy efficiency is expected to increase for the same tank size; however, this would lead to
a significantly higher tank cost and may have either an either neutral or a negative impact
on the LCoE.

Generally, the lowest LCoE values are attained in the southern cities, where the solar
availability, and thus the total electrical energy generation, are higher.

Based on the results, it can be concluded that a major hindrance to the commercial
uptake of the investigated solar ORCs is their limited financial viability. As shown in
the table, the optimal LCoE for the examined cities ranges between 0.34-0.91 €/kWh.
Meanwhile, as of 2019, the LCoE in the EU of PV technology, the main competitor to the
investigated solar ORC concept, ranges from 0.0619 to 0.32 €/kWh [89], as illustrated in
Figure 7, being considerably lower than the LCoE of the solar ORC.
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Figure 7. LCoE of PV-generated electricity in the EU as of 2019 [89].

Furthermore, the LCoE of the solar ORCs is much higher than the current electricity
prices listed in Table 9. Of course, it should be noted that in the study, no policy incentives
(such as subsidies or premiums) have been taken into account, which are very commonly
introduced in RES systems and which could greatly improve the economic competitive-
ness of the investigated solar ORCs. Moreover, it is expected that the addition of heat
production by recovering low-temperature heat from the condenser could enhance the
cost-effectiveness at a small penalty of the ORC thermal efficiency. This is mainly because
the condensation temperature is already relatively high due to the technical limitations of
the expander’s pressure ratios and therefore, under the current design, the cooling water
outlet temperature is suitable for floor heating applications.
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To provide a more detailed analysis of the system economics, the contribution of the
cost of different components into the CAPEX is illustrated for the scenario that yields the
economically optimal results of Athens for PTC and using Cyclopentane (as shown in
Table 11) in the two pie charts of Figure 8. At this point, it has to be mentioned, according
to Figure 8b and the specific costs of the HTF reported in Table 8, that the selection of
Therminol VP-1 has a significant impact on the total costs, owing to the large quantity of
the HTF used in the solar field. The use of this particular HTF is necessary due to the high
solar field temperatures, which prohibit the use of less expensive HTFs such as ethylene or
propylene glycol aqueous mixtures.
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Figure 8. (a) Cost distribution of ORC components; (b) Cost distribution of sub-systems (results refer
to the case of Athens-PTC—Cyclopentane for minimum LCoE (Table 11).

Among the ORC components, the biggest cost contribution is that of the screw ex-
panders, followed by the evaporator and pump. When the total system cost is considered,
more than half of its cost corresponds to the ORC module, with the solar field also having
a strong contribution to the CAPEX.

4.2. Operational Improvements

In order to explore the economic viability of the designed system and determine
its capability of achieving lower LCoE values, its economic performance under different
nominal evaporator heat duties is presented. The analysis is only carried out for the case of
a PTC-driven solar ORC in Athens operating with Cyclopentane, which corresponds to
the minimum LCoE scenario. Four additional cases were examined regarding the nominal
duty of the evaporator: 25 kW, 32.5 kW, 60 kW and 80 kW. In Figure 9 and Table 12, the
optimal solar field area and storage tank volume for each nominal evaporator heat duty
and corresponding LCoE and 1ot are presented.
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Figure 9. Pareto fronts of PTC-driven ORCs of different nominal heat input values located in Athens
and operating with Cyclopentane.
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Table 12. Variation of the minimum levelized cost of electricity, corresponding total solar conversion
efficiency and optimal solar field area and storage tank volume for different nominal system heat
input values (Athens, PTC, Cyclopentane).

Qevap (kW) min LCoE (€/kWh) TNtot (%) Aol (m?) Vit (m3)
25.0 0.3839 7.09 100.16 0.32
32.5 0.3588 6.98 126.23 0.29
40.0 0.3432 7.14 137.32 0.27
60.0 0.3276 7.03 181.12 0.23
80.0 0.3229 6.87 219.64 0.28

For a given driving temperature, as the evaporator’s heat duty decreases, the ORC
power output is decreased. However, the lower accumulation of stored heat (for a given
solar field area and storage tank volume) allows for a higher level of charging and therefore
the ORC is operational for longer operating hours, thus achieving higher total solar energy
conversion efficiencies. On the other hand, because of the decreasing size of the system,
the specific investment cost of the equipment components is increased. Ultimately, the
negative effect of the increasing specific investment cost is more significant than that of
the increased operating hours, as indicated by the increasing LCoE for decreasing nominal
evaporator heat duties.

As expected, there is a positive correlation between the optimal solar field area and
the ORC nominal power output; as the ORC power scale increases more heat is required,
respectively. However, a reverse behavior is observed for the storage tank volume. This can
be attributed to the substantial costs of a larger storage tank and the respective additional
HTF costs, which push the optimization algorithm toward lower storage tank capacities.
In fact, in all cases shown in Table 12 and Figure 10, the optimal economic performance
occurs at low tank capacities. As the profit by sold electricity was not considered to vary
within the day;, it is more economically efficient to directly consume the solar harvested
energy. In this perspective, the storage tank is mostly used to provide the required thermal
inertia in the system to allow it to operate at steadier and closer to nominal conditions and
therefore 200-300 1t are sufficient.
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Figure 10. Variation of the optimized total solar conversion efficiency and levelized cost of electricity
as a function of the solar collectors” surface and storage tank volume for PTC-driven ORCs of different
nominal heat input values located in Athens and operating with Cyclopentane.

By observing the trends of Figure 10, it can be deduced that a further increase in the
system scale accompanied by an increase in the collecting surface could eventually lead to
even lower LCoE values. However, further increasing the evaporator heat duty beyond
this value would require a qualitative change of the considered equipment components
(i.e., heat exchangers, expander, pump) and would be outside the scope of the present
work, which is oriented toward smaller system scales.
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4.3. Comparison of Results to Relevant Studies

In order to properly establish the undertaken optimization procedure, a comparison
to similar analyses is carried out. In particular, techno-economic studies oriented towards
small-to-medium scale (below 2 MW, [90]), exclusively solar-driven, medium-to-high
temperature (above 150 °C) ORC systems are taken as reference. The summary of the
non-exhaustive comparison is reported in Table 13, where LCoE values are converted to
2020 equivalent values accounting for inflation rates. It is also stressed that in these studies,
similar climates in terms of solar irradiance were investigated, thus neglecting the effect of
climate on the results.

Table 13. Comparison summary between present work and related studies.

Heat Source

Design Power LCoE
Reference System Type TemFoeCr?ture Capacity (kW) (€2020/kWh)

Current study PTC w/TES 180-210 6.2 0.343

[92] LFC w/TES 210-280 2.0 4.719

[26] PTC w/TES 275 50.0 0.171

[91] LEC w/o TES 210 171.8 0.045

[94] LFC w/o TES 275 700.0 0.177

[94] LFC w/TES 275 700.0 0.120
Polymer-foil

[93] CSP w/TES 165-300 1000.0 0.141
Polymer-foil

[93] CSP w/TES 165-300 1000.0 0.163

[95] PTC w/TES 300 1000.0 0.200

[90] PTC w/o TES 250 1000.0 0.301

As shown, the hereby obtained LCoE (0.343 €/kWh) is higher than most of the
others, yet within an acceptable range. First and foremost, it is apparent that economies
of scale exist, leading to substantially lower cost of energy in medium-scale systems. In
addition, this cost discrepancy is further explained by the different system layouts and
operation, as well as the conditions (heat source and heat sink temperature, power range)
and assumptions made, such as the economic terms (years of evaluation and discount
ratio) and the simulation strategy. Namely, the very low LCoE reported by Sun et al. [91] is
mainly attributed to the overestimation of ORC efficiency (15.26%) and the assumption of
constant-efficiency ORC operation throughout the evaluation period. On the other hand,
the very high LCoE presented in the study of Ciocolanti et al. [92] is expected, as it refers to
a very small-scale prototype which, additionally, is intended for CHP operation and, as a
result, a large amount of the available heat is utilized for heating purposes.

Moreover, the comparative works of Desai et al. [93] and Petrollesse and Cocco [94]
highlight the importance of TES in the economic feasibility of such systems thanks to
the increased operating time. In this context, as shown in the 1 MWe system of Desai
and Bandyopadhyay [90], the operation without TES diminishes the positive effect of
economies of scale resulting in similar cost with systems of lower capacity. Ultimately, the
50 kWe system proposed by Patil et al. [26] attained a low LCoE thanks to the combination
of increased system'’s capacity factor (0.56) and low storage cost.

Concluding, the reported cost has derived from an optimization analysis of a system
incorporating TES using detailed off-design modeling to properly estimate the net pro-
duced electricity. Furthermore, present cost values were included covering all types of the
system cost. Hence, it appears that the achieved LCoE is acceptable and could be further
reduced in a larger-scale application.

5. Conclusions

In this study, a techno-economic optimization methodology of a small-scale medium-
to-high-temperature solar ORC was presented The system was optimized using a genetic
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algorithm to maximize the total annual energy efficiency and minimize the LCoE for five
European cities accounting for several working fluids and two types of concentrating
collectors, PTCs and PDCs. The main conclusions of the study are summarized below:

e  The use of concentrating collectors (PTC and PDC) requires the integration of a sun
tracking system, which increases the total solar irradiance absorbed by the collectors,
by roughly 7.5% on an annual basis.

e Although there are no great differences in the energy efficiency between the systems
that use different types of collectors, in most cases systems using PDCs perform
slightly better. However, regarding cost-effectiveness, PTCs are more profitable from
an economic perspective due to their lower purchase costs.

e  The selection of the working fluid is strongly correlated to the temperature of the
heat source. The optimal performance is achieved in most cases by working fluids
with critical temperature slightly higher than the cycle’s top temperature. In the
examined system with a driving temperature between 180-210 °C, Cyclopentane and
Cyclohexane give the optimal results.

e  The maximum total annual solar conversion efficiency of the systems was around
10.5-11%. The best results were obtained for northern locations (e.g., Brussels) and
lower values of the collecting surface, as they enabled the operation of the ORC closer
to its design point for longer periods.

e  On the other hand, the cost of the produced electrical energy was lower for southern
locations (e.g., Athens with 0.34 €/kWh) with higher values of the collecting surface
and low storage tank capacities. However, its minimum value was found to be at least
around 1.5 times higher than the current commercial cost of electricity.

e An improvement of the economic performance of the system can be achieved by
increasing its power production. Namely, a 6% decrease in LCoE in the case of Athens
with PTC and cyclopentane as a working fluid can be attained.

e Higher LCoE values were reported compared to relevant literature studies, owing
to the small-scale of the system along with the efficiency deterioration in off-design
operation that was taken into account in the employed component models.
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Nomenclature

A Surface

Bo Boiling number

C Component cost
CAPEX Capital investment expenses
D Diameter

f Friction factor

ff Filling factor

h Enthalpy

i Discount rate

Lol Solar irradiance

L Length

LCoE Levelized cost of electricity
Lp vertical plate length
M Total mass

m Mass flow rate

N Rotational speed

n Investment lifetime
Nu Nusselt number
OPEX Annual operational expenses
Ip Pressure ratio

Q Heat

Re Reynolds number

T Temperature

t Time

U Heat losses coefficient
W Power

Winech Mechanical power

\Y% Volume

Vs Displacement volume of expander
\Y% volumetric flowrate

A velocity

Greek symbols

Ap pressure difference

A Corrugation pitch

A Thermal conductivity
n Efficiency

0 Density

0] Chevron angle
Subscript

amb  Ambient

ch Channel

col Collectors

cond Condenser

crit Critical

el Electrical

eq Equivalent

evap Evaporator

exp Expander

gen  Generator (expander’s)

Hydraulic

(kg)
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(s)
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hex Heat exchanger

HTF Heat transfer fluid

i Inlet

inv Inverter

ins Installation

iorc Intermediate ORC circuit

is Isentropic

L Referring to saturated liquid conditions

misc Miscellaneous
motor Pump’s motor

net Net (referring to the power)
nom Nominal

o Outlet

orc Referring to the ORC subsystem

pump  Referring to the pump
pip Pipeline

rec Recuperator
rt Receiver tank
sol Solar

st Storage

th Thermal

tot Total
Abbreviations

CCHP combined cooling heat and power
CFD computational fluid dynamics
CHP combined heat and power

CSP concentrated solar power
ETC evacuated tube collectors
FPC flat plate collectors

GA genetic algorithm

HTF heat transfer fluid

LFC linear Fresnel collectors

ORC Organic Rankine Cycle
PDC parabolic dish collectors
PTC parabolic trough collectors

PV photovoltaic

RES renewable energy sources
TES thermal energy storage
VCC vapor compression cycle
Appendix A

Modeling Strategies

The implementation of the solar subsystem model is based on the independent op-
eration of the collectors’ loop and the intermediate heat transfer loop, both of which are
coupled or decoupled from the ORC depending on the prevailing conditions, as shown in
the flow chart of Figure Al. In particular, at any given hour, the ORC is operational when
the accumulated heat in the storage tank is greater than the minimum heat required for its
operation.
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Figure A1. Flowchart of the solar subsystem modeling procedure.

In Figure A2, the on-design procedure for the ORC circuit which leads to the final
sizing of its components is illustrated. For dry working fluids, the evaporation and
condensing temperatures are defined based on the HTF and cooling water temperatures
at the evaporator and condenser inlet and the selected pinch point values in these heat
exchangers. For wet working fluids, the minimum superheating that leads to a single-phase
state at the expander’s output is selected.

Regarding the off-design modeling of the ORC, for each time step, the evaporation and
condensation pressures are calculated by applying a 5 K and 10 K pinch point requirement
in the evaporator and condenser, respectively. Regarding the expanders, three scenarios are
discerned. For pressure ratios lower than the maximum value, a single expander is utilized,
while for higher values two serial expanders are operational with the same pressure ratio.
At the same time, their rotational speeds are regulated to achieve their gradual insertion
into the system until they reach the maximum power load.

Based on the data deriving from the aforementioned analysis, the solar and the ORC
sub-systems can be coupled to model the operation of the overall system for each hour
step within an annual period. As shown in Figure A3, at each time step, the solar loop is
operational when there is sufficient direct solar irradiance, in which case heat absorbed
from the collectors is transferred to the storage tank. When there is no solar irradiance, the
collectors are decoupled from the storage tank.

Regarding the ORC, its operation status depends on the temperature of the tank’s
top zone, as well as on the availability of stored heat. When the temperature of the tank’s
top zone is higher than the threshold temperature (Ty,) and the stored heat in the tank is
sufficient, the HTF flows towards the evaporator heating the working fluid. Depending on
the driving temperature, a polynomial fitting on the off-design data is performed and the
cycle’s output parameters are derived. If the temperature of the tank’s top zone is lower or
the stored heat is insufficient, the ORC loop is deactivated with no heat transferred to the
evaporator.
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Figure A2. Flowchart of the ORC on-design modeling procedure.

Figure A3. Flowchart of the overall system off-design modeling procedure.
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