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ARTICLE INFO ABSTRACT

Keywords:
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In this study, the optimal design and operation of an Organic Rankine Cycle (ORC) system driven by solar energy
is investigated. A two-tank sensible thermal energy storage system is configured to overcome the intermittency of
solar energy. A circulating fluid, also termed as heat transfer fluid (HTF) that connects the solar collector and the
ORC system plays a critical role in this system. The mass flowrate of the HTF determines both the temperature of
the HTF and the amount of heat absorbed from the solar collector. A simulation-based optimization model is
developed in this work. Process simulation of the ORC is performed in Aspen HYSYS, and the mathematical
models of the energy storage system and the parabolic trough collector are developed in Matlab. The optimal
design of the system including the hot tank temperature, cold tank temperature, mass flowrate of the HTF, and
operating conditions of the ORC are determined simultaneously based on the simulation-based optimization
framework. The control strategy of the solar collector can be determined as well. The system efficiency of the
solar energy driven ORC system is maximized with the proposed optimal operation strategy. With the simulation-
based optimization framework, the system efficiency of the recuperative ORC power plant with toluene as the
working fluid is increased from 17.9% to 24.8% compared with a previous study in the literature. The recu-
perative ORC performs much better than the basic ORC. Toluene performs best among all the investigated
working fluids ignoring the problem with vacuum condensation. The cycle type (subcritical vs. supercritical)
exerts great influence on the system performance. The supercritical ORC can improve the thermal efficiency by
11.3% and the overall system efficiency by 10.8% compared with the subcritical ORC with n-pentane as the
working fluid.

Furthermore, there are different CSP technologies such as parabolic
trough collectors (PTC), linear Fresnel reflectors (LFR), solar power

1. Introduction

Pressing climate change along with technological advancements has
spurred the growth of renewable energy installations in the last decade
[1]. The greenhouse gas emissions from conventional power generation
are receiving increasing attention. Environmentally friendly and energy-
efficient power generation technologies represent a general trend in the
future energy market. Solar energy utilization is a promising way to
generate electricity because of its abundance and availability [2].
Electricity production from solar energy has been proven to be a viable
option for green energy production. Among various solar energy tech-
nologies, concentrated solar power (CSP) is attractive due to its high
efficiency, low operating cost, and flexible scale-up potential [3].
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towers (SPT), and parabolic dish reflectors [4]. The PTC technology is
one of the most advanced solar thermal energy technologies with
considerable operational experience and has the advantage of low
installation cost compared to other technologies. PTCs can effectively
produce heat at temperatures between 50 °C and 400 °C [4]. Several
different potential power cycles can convert heat into power. The most
versatile and efficient power cycle below 400 °C is the Organic Rankine
Cycle (ORC) [5], which is widely used for low-temperature waste heat
recovery in the industry [6]. Although the conventional steam Rankine
cycle dominates in terms of efficiency when utilizing heat sources at
temperatures of 400 °C or higher, these temperatures are out of reach for
many conventional PTC technologies. In addition, the ORC is more
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Nomenclature

Abbreviation

CSP concentrated solar power
CPC compound parabolic collector
DNI direct normal irradiance

FPC flat plate collector

HTF heat transfer fluid

LFR linear Fresnel reflector

LNG liquefied natural gas

ORC Organic Rankine Cycle
PDC parabolic dish collector
PTC parabolic trough collector
TES thermal energy storage

Variables and parameters

A, solar collector area
Cp specific heat capacity
Gy beam irradiation

P pressure

Q heat load

T temperature

h specific enthalpy

me mass flowrate of HTF through the solar collector
Mmyrr mass flowrate of HTF through the ORC evaporator
More mass flowrate of the organic working fluid

w work

n efficiency

Subscript and Superscript

amb ambient state

c critical property

cold cold storage tank

eva evaporation

hot hot storage tank

inlet inlet stream

net net power output

1,2,3... different state points in the system

s saturation state

tur turbine

compact and less costly compared with the conventional steam Rankine
cycle power plant [7].

A transcritical CO3 cycle is also an alternative for solar energy uti-
lization if a low temperature heat sink is available. Mehrpooya and
Sharifzadeh [8] proposed a novel oxy-fuel transcritical Rankine cycle
with carbon capture for the simultaneous utilization of solar energy and
liquefied natural gas (LNG) cold energy. A thermal energy storage tank
was adopted to overcome the intermittency of solar energy. Ahmadi
et al. [9] performed a techno-economic analysis and multi-objective
optimization of a transcritical COy power cycle driven by solar energy
and LNG cold energy. A heat storage tank and an auxiliary heater are
configured in their system as well. It is obvious that energy storage is
necessary for solar energy utilization by means of power cycles. How-
ever, without a perfect heat sink like LNG, an Organic Rankine Cycle is
more suitable for solar energy utilization. Cocco and Serra [10]
compared the solar-powered ORC system with a two-tank direct energy
storage system and a thermocline energy storage system, and concluded
that the two-tank direct energy storage system shows slightly higher
efficiency. Wang et al. [11] investigated the off-design performance of a
solar-powered ORC, where only one tank is considered. To avoid off-
design operation of the ORC system, Yang et al. [12] proposed a novel
operating mode of the ORC system with a two-tank energy storage
system under nominal design conditions. This novel operating mode can
maintain high efficiency of the ORC system with stable power output.
However, process optimization and optimal operation of the energy
storage system were not thoroughly addressed in their study. Table 1

Table 1
Summary of key characteristics of the previous studies and this study.
References  Solar Power Energy Stable Optimization
collector cycle storage power
output
[8] CPC CO, One Tank Yes No
Cycle
[9]1 FPC CO, One Tank No Yes
Cycle
[10] LFC ORC One/Two Yes Partially
Tanks done
[11] CPC ORC One Tank No No
[12] PTC ORC Two Yes No
Tanks
This study PTC ORC Two Yes Yes
Tanks

summarizes the key contributions and characteristics of relevant pre-
vious studies and this study.

The main objective of this study is to determine the optimal design
and optimal operating strategy for the two-tank storage solar energy
driven ORC system proposed by Yang et al. [12] and carry out a thor-
ough performance analysis under different assumptions. The main
contributions of this study are the following: (1) A simulation-based
optimization framework is developed to optimize the performance of
the solar driven ORC system with round-the-clock electricity generation.
(2) The impacts on the system performance of (i) system configuration
(basic ORC vs. recuperative ORC), (ii) power cycle type (subcritical vs.
supercritical), and (iii) working fluids are investigated thoroughly. The
rest of this paper is organized as follows: Section 2 presents the detailed
description of the solar energy driven ORC power plant with energy
storage. The mathematical model and process simulation model along
with the optimization algorithm used in this study are presented in
Section 3. The optimal results and the main findings are analyzed in
Section 4. Section 5 summarizes the conclusions of this study.

2. Process description

The peak hours of solar irradiation are usually in hours of low
electricity demand in the grid. Without energy storage technology, the
solar power plant has to be operated at off-design conditions most of the
time, which leads to the quite low thermal efficiency of the ORC and low
overall system efficiency. Therefore, thermal energy storage (TES) is
normally configured to overcome this challenge, and thus the profit of
the solar energy power plant can be improved [13]. With the TES sys-
tem, the solar power plant can not only generate electricity round-the-
clock but also operate at nominal design conditions to maintain high
efficiency. TES technology, acting like a buffer between the solar col-
lector and the power generating unit, allows for flexibility of the power
system. The periods with high solar intensity do not correspond to the
periods with high power demand. Thus, the energy can be stored in
periods with high solar intensity and low power demand, and be
released in periods with low solar intensity and high power demand [3].
TES systems can be classified into sensible heat, latent heat and ther-
mochemical energy storage technologies [14], while TES systems can
also be classified as direct and indirect based on the heat transfer fluid
and the storage medium [15]. The two-tank energy storage system
proposed by Yang et al. [12] is shown in Fig. 1. This system has been
proven to be an efficient system configuration for solar energy



H. Yuetal

Energy Conversion and Management 244 (2021) 114494

My Turbine
K { Generator
Mores Bigns Ty 4 | myer P, T,
‘ow
3
‘ Condenser
m P . .T

.

cold

ORC >+ high> 42

Fig. 1. Flowsheet of the basic ORC system with two-tank energy storage [12].

utilization with stable power output. In our study, the two-tank energy
storage system, which can also be categorized as a direct and sensible
thermal energy storage, is chosen as the TES system.

In this study, the integrated system consists of a solar energy col-
lecting sub-system, thermal energy storage sub-system, and an ORC
power generation sub-system. The parabolic trough collector (PTC) was
selected as the solar collector as it can heat the heat transfer fluid (HTF)
to relatively high temperatures with good efficiency, and this technol-
ogy has reached the highest level of commercial maturity. PTC systems
account for the largest share of the current concentrated solar power
market compared with other technologies [16]. As shown by the dashed
lines in Fig. 1, by adjusting the mass flowrate of the HTF through the
solar collector (m.), the HTF can be heated to a constant temperature
even under varying solar insolation. The HTF can be released at a con-
stant mass flowrate to the evaporator, where it delivers heat to the ORC
sub-system; thus, the ORC can always operate stable at nominal design
conditions. During solar peak hours, the HTF travels through the PTC
from the cold tank at a high flowrate and then is stored in the hot tank.
Stable operation of the system can avoid a drastic decrease of system
efficiency during unstable operation, as shown in the work of Wang et al.
[11]. The solid lines in Figs. 1 and 2 are meant to indicate that the
flowrates of these streams are constant, while the dashed lines mean that
the flowrate of such streams varies with the insolation. The pumps to
circulate the HTF between the hot tank and the cold tank are omitted
because their work requirements are negligible compared to the power

output of the ORC sub-system.

The ORC sub-system consists of a pump, an evaporator, a turbine and
a condenser as shown in Fig. 1. The organic working fluid is pumped
from condensation pressure to evaporation pressure (process 1 — 2).
After pumping, the organic working fluid is vaporized and superheated
in the evaporator (process 2 — 3). Next, the high temperature and high
pressure vapor is expanded through the turbine to generate power
(process 3 — 4). Finally, the working fluid is condensed in the condenser
(process 4 — 1). To improve the thermal efficiency of the ORC sub-
system, a recuperator can be configured between the turbine outlet
stream and the pump outlet stream to recover part of the condensation
heat of the organic working fluid. Fig. 2 illustrates the layout of the
integrated system with a recuperator.

With this configuration, the HTF from the hot tank to the cold tank
can be maintained at constant flowrate and temperature, while the HTF
from the cold tank to the hot tank varies with the insolation. Both the
constant flowrate (myrr) and the variable flowrate (m.) determine how
much solar energy can be collected from the PTC and the efficiency of
the ORC. In addition, the temperatures of the hot and cold tanks are
critical for the integrated system for the following reasons: Both tem-
peratures exert a great influence on the thermal efficiency of the ORC
sub-system. The higher the hot tank temperature, the higher the thermal
efficiency of the ORC sub-system. However, the temperature of the hot
tank cannot be very high since the efficiency of the PTC will degrade at
higher temperatures, which means less heat can be absorbed by the solar
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Fig. 2. Flowsheet of the recuperative ORC system with two-tank energy storage [12].
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collector. Therefore, there is a trade-off between the PTC efficiency and
the ORC efficiency. Moreover, the operating conditions of the ORC sub-
system affect the HTF inlet temperature to the cold tank, and thus in-
fluences the PTC sub-system. It is obvious that the HTF is connecting the
PTC, the thermal energy storage and the ORC sub-systems. The flowrate
of the HTF, the target temperatures of hot and cold tanks, and the ORC
operating conditions should be determined simultaneously to maximize
the overall system efficiency of the solar energy power plant. The
objective of this study is to determine the optimal design and operation
of the integrated solar energy driven power plant, namely the optimal
operating conditions of the ORC sub-system, the optimal design of the
energy storage system, and the optimal operation of the PTC.

3. Modeling and optimization

To determine the optimal operation of the integrated solar-based
power plant, Yang et al. [12] proposed a methodology for the optimal
configuration of the system. The HTF inlet temperature to the evapo-
rator is fixed at discrete values from 225 to 375 °C with 25 °C in-
crements. For each HTF inlet temperature, an iterative procedure is
performed to locate the optimal operating conditions of the integrated
system. A large number of iterations is needed, and the process is
tedious. Also, the optimal operating condition of the ORC system is
determined under given HTF inlet temperatures, which means that the
operating conditions of the ORC sub-system and the HTF inlet temper-
ature are not optimized simultaneously. To address this shortcoming in
their study, the HTF inlet temperature, the operating conditions of the
ORGC, and the optimal control of the energy storage system are optimized
simultaneously in this work. An integrated model is developed in Matlab
and Aspen HYSYS, which is a widely used process simulator, to obtain
the optimal process design and control strategy of the solar energy
driven ORC power plant. The thermal energy storage sub-system and the
PTC sub-system are modeled in Matlab, while the ORC sub-system is
simulated in Aspen HYSYS. The modeling of each sub-system is pre-
sented in the following.

The time horizon in this study is assumed to be one day as done by
Yang et al. [12]. The direct normal irradiance (DNI) is divided into 24
time-intervals for one day. The irradiation and ambient temperature are
assumed to be constant for each time-interval. The available energy
from the sun in each time interval, Q;, can be calculated by Eq. (1).

0, =AcG (€]

where A, is the aperture area of the collector and Gy, is the beam irra-
diation or the DNI.
The efficiency of the collector can be defined by Eq. (2).

QL‘

% 2
=7, 2

where Q. is the energy absorbed by the HTF in the collector.

The PTC chosen for modeling purposes in this study is the
commercially available EuroTrough ET-150. This model was found to be
both economical and effective for similar system layouts by Tzivanidis
et al. [13]. The efficiency of the collector is given by Eq. (3), as suggested
by Blanco et al. [17].

AT AT\?
e = 0.75 — 0.000045AT — 0.039°—~ — 0.0003G, (F) 3)
b b

where G, is the beam irradiation and AT is the difference between
ambient temperature and mean temperature in the solar collector, as
shown in Eq. (4) [17].

AT = (Thor + Teota)/2 — Tamp (©))

where T,,; is the ambient temperature, which also has an impact on the
system.
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Given the temperatures of the HTF at the inlet and outlet of the
collector and the mass flowrate through the collector, the heat absorbed
by the HTF in the solar collector can be calculated by Eq. (5).

Q(, = I‘)‘l(,'C:'IF'(Th(;r - cnld) (5)

where Ty, and T,oq are the temperatures of the hot and cold tanks, and
C™F is the specific heat capacity of the HTF. Synthetic organic thermal
oils are commonly used as the HTF in parabolic trough collectors. A
mixture of Diphenyl Oxide and Biphenyl, with mass fractions of 73.5%
and 26.5% respectively, is chosen as the HTF because the mixture can be
used for temperatures up to 400 °C [18].

To determine the mass flowrate of the HTF, the specific heat capacity
should be given. However, the specific heat capacity of the thermal oil
mixture is unknown, and it is a function of temperature. Therefore, the
specific heat capacities under different temperatures are retrieved from
multiple simulations in Aspen HYSYS. Based on the simulation results,
the specific heat capacity of the HTF is regressed as a function of tem-
perature and shown in Eq. (6).

C,’;’TF =3.3811 -T+1509.7 (6)

Then the mass flowrate of the thermal oil to the ORC sub-system can
be calculated by Eq. (7).

24 R
Mmyrr = 72":52% (l) @

where i denotes the time intervals, which are assumed to be 24 in this
study.

The evaporator of the ORC sub-system connects the energy storage
system with the ORC sub-system. The energy balance between the
organic working fluid in the ORC and the HTF in the solar energy storage
system can be expressed by Eq. (8).

Mz Co'(Thor = Teota) = More* (s — ) (8

where mogc denotes the mass flowrate of the organic working fluid in

the ORC system, and h; and h3 are the specific enthalpies of the working

fluid at state points 2 and 3 respectively, as shown in Fig. 1. The values of

these parameters can be obtained from the Aspen HYSYS simulator.

Aspen HYSYS is interfaced with Matlab with the help of Actxserver.
For the recuperative ORC system, E. (8) is modified to Eq. (9).

Teoi) = Morc-(ha — h3) 9

The ORC model is built in Aspen HYSYS, and the Peng-Robinson
equation of state is chosen as the thermodynamic property method
[19,20], which has been widely used to simulate ORC systems [21,22].
To be consistent with the work of Yang et al. [12], the same assumptions
are adopted: (i) the solar irradiation and ambient temperature for each
hour are assumed to be constant; (ii) pressure drop and heat loss for heat
exchangers and storage tanks are neglected; (iii) condensation temper-
ature of the ORC is assumed to be 50 °C; (iv) minimum heat transfer
approach temperature is set to 20 °C; and (v) isentropic efficiencies of
the turbine and pump are assumed to be 80% and 75% respectively.

The net power output of the ORC sub-system is calculated by Eq.
(10).

HTF
Myrr* C,) . (Thm -

Wiet = War — Wpum[) (10)
The thermal efficiency of the ORC sub-system is defined by Eq. (11).
Woer

- an
fore ggre CH - (Thor — Teota)
The overall system efficiency is defined by Eq. (12).
Wer-3600-24
My ; (12)

T A% Gyli)3600
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The objective function is the overall system efficiency, which is
equivalent to maximizing the power output of the ORC system for a
given area of solar collectors and DNI values.

Based on the ORC model in Aspen HYSYS, the collector model and
thermal energy storage model in Matlab, the integrated system can be
simulated and evaluated. The optimal operating conditions of the ORC
sub-system, the optimal design of the energy storage system and the
optimal operation of the solar collector system should be determined
simultaneously by optimization. The particle swarm optimization (PSO)
algorithm [23], inspired by the behavior of the flock and their ability to
localize food as a group, is a computationally efficient algorithm and
chosen for optimization in this study. The PSO algorithm is a meta-
heuristic algorithm, which does not require gradient information and
can escape from local optima. In addition, the PSO algorithm has the
advantages of few tuning parameters and ease of implementation [24].
A population (called swarm) of potential solutions (called particles)
moves around in the search space according to the particles positions
and velocities [25]. The position of each particle in the PSO stands for a
potential solution in the searching space. Each particle’s movement is
influenced by both its best-known position and the swarm’s best-known
position. This can speed up the process of locating the optimal solution
[26]. This algorithm has been applied to many engineering problems
and the effectiveness has been proven. Garg and Orosz [27] performed a
thermo-economic optimization of a one-tank ORC system for waste heat
and solar applications with the PSO algorithm. Liu et al. [28] applied the
PSO algorithm to the multi-objective optimization of the fin-and-tube
evaporator in a diesel engine ORC system. The PSO algorithm has
been demonstrated to be robust in non-linear programming such as in
heat exchanger network synthesis as well [29].

The PSO algorithm combining with Aspen HYSYS and Matlab
capability is adopted to optimize the integrated ORC system in this

Initialization of decision
variables

|

ORC model in Aspen HYSYS
» Solar collector and energy storage
model in Matlab

Update the position of No
cach particle

'y Yes

Constraints evaluation

A 4

Return a large number
to the fitness function

Update the velocity of
each particle

Violating
constraints?

Y

Evaluate the fitness function and
update particle best

Stop criteria
Satisfied”?

Optimal
Results

Fig. 3. Flowchart for the simulation-based PSO framework.
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Table 2
Independent variables and their corresponding lower and upper bounds.
Variables Unit  Lower Upper
bound bound
Hot tank temperature °C 300 400
Cold tank temperature °C 50 300
Mass flowrate of working fluid kg/ 0 50
S
Evaporation pressure bar 5 0.9-P,
Cold tank temperature (recuperative ORC) °C 100 300
Heat load of recuperator (recuperative kw 50 500
ORCQC)

study. The flowchart of the simulation-based optimization framework is
illustrated in Fig. 3. This framework takes advantage of the modeling
capability of Aspen HYSYS and Matlab, and the optimization capability
of the PSO algorithm. The PSO algorithm generates the initial values of
the decision variables based on the given upper and lower bounds. After
the initialization, the decision variables are sent to the ORC model in
Aspen HYSYS and the solar collector and energy storage system model in
Matlab. However, the initial values may be infeasible. If the models do
not converge, a large enough number is returned to the fitness function
to penalize the infeasibility of the initial values. This is inspired by the
penalty method for constrained optimization algorithms. If the models
converge, the algorithm proceeds to the next step, where the constraints
are evaluated. If the constraints are violated, a larger number is returned
to the fitness function. After checking the constraints, the fitness func-
tion is evaluated for all the particles and the best particle can be ob-
tained. Finally, the stop criteria of the algorithm are checked. If none of
the criteria are satisfied, the algorithm proceeds to the next iteration,
and the velocity and position of each particle will be updated based on
information from the previous iterations. The optimal results are ob-
tained when one of the stop criteria is satisfied.

Based on a degree freedom analysis for the basic ORC system, the
following 4 variables are chosen as the independent variables: (1) hot
tank temperature; (2) old tank temperature; (3) mass flowrate of the
organic working fluid of the ORC; and (4) evaporation pressure of the
ORC. For the recuperative ORC system, other than the above 4 degree of
freedom, the heat load of the recuperator is chosen as the fifth inde-
pendent variable since the heat exchanger heat load is easy to transfer
between Matlab and Aspen HYSYS compared with other parameters in
the model. The lower and upper bounds of the independent variables are
listed in Table 2. It should be noted that the maximum evaporation
pressure is set as 90% of the working fluid critical pressure. The
condensation temperature, collectors’ area, DNI, ambient temperature,
turbine isentropic efficiency, pump isentropic efficiency, and motor ef-
ficiency are given the same values as used in Yang et al.’s work [12].
Since we will compare our results with Yang et al.’s work, the same
assumptions and parameters are used in this study. If other assumptions
are used, the results will be different, but the methodology is still valid.

The following constraints are considered in this study: (1) minimum
approach temperature of the recuperator and evaporator must be
greater than 3 °C to avoid too large heat exchanger; (2) vapor fraction of
the turbine inlet stream must be 100%; (3) vapor fraction of the turbine
outlet stream must greater or equal to 95% to avoid blade erosion due to
droplets formed at the outlet of the turbine; and (4) vapor fraction of the
pump inlet stream must be 0 to guarantee normal operation of the pump.
Finally, the optimization model can be formulated as follows:

Maximize Nys
s.t.  Solar collector and thermal energy storage model in Equations (1 -9)
ORC model in Aspen HYSYS
The net power output in Equation (10)
Heat exchanger approach temperature > 3K
Turbine inlet vapor fraction = 1
Turbine outlet vapor fraction>0.95
Pump inlet stream vapor fraction = 0
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To make sure the search space is within the feasible region, a penalty
function method is adopted to handle these constraints. Once a
constraint is violated, a large penalty is added to the objective function
to counteract the violation of the constraint, as shown in the flowchart in
Fig. 3. The algorithm terminates when the maximum number of itera-
tions or a specified tolerance is reached. The parameters of the PSO al-
gorithm are set as follows: The maximum number of iterations is 100,
the swarm size is 50, and the stop tolerance is set as 1e—5. The inte-
grated optimization model is solved on a PC with 4 cores 2.8 GHz Intel i7
CUP and 32 GB of RAM running Windows 10.

4. Results and discussion

The DNI value and the corresponding ambient temperature profile
are given and illustrated in Fig. 4. The DNI values taken from Yang et al.
[12] represent a typical summer day in Yinchuan (38°2859"N,
106°13'1”E), in the northwest part of China. Four working fluids
(toluene, cyclohexane, hexamethyldisiloxane (HMDSO) and n-pentane)
studied by Yang et al. [12] and two additional working fluids (benzene
and n-hexane) are investigated in this study. The critical parameters of
the investigated working fluids are listed in Table 3. Since the conden-
sation temperature is assumed to be 50 °C, the saturation pressure at
50 °C indicates the condensation pressure. The saturation temperature
at 1 bar is also an important parameter, because 1 bar is the minimum
condensation pressure if vacuum operation is not allowed in the system.
As shown in Table 3, n-pentane has the lowest condensation tempera-
ture at 1 bar, while other working fluids have considerably higher
condensation temperatures. A high condensation temperature indicates
a low thermal efficiency of the ORC.

4.1. Basic ORC versus recuperative ORC

The optimal results of the basic ORC and the recuperative ORC are
listed in Table 4. It is clear that for all investigated working fluids, the
recuperative ORC can improve both the ORC thermal efficiency and the
system efficiency significantly. For all of the working fluids investigated
in this study, the improvement in ORC thermal efficiency lies in the
range between 11.2 and 18.7% points, while the improvement in overall
system efficiency is between 6.9 and 12% points. Toluene has the
maximum power output for both basic and recuperative ORCs. The ORC

1000 T T ; T T
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Table 3
Critical properties for working fluids investigated in this study.

Working fluids Chemical Te P Ts (°C) at P, (bar)
formula cQ (bar) 1 bar at 50 °C
Toluene C;Hg 318.8 41.23 111.7 0.12
Cyclohexane CaoFg 280.4 40.81 80.96 0.36
Hexamethyldisiloxane  O[Si 245.6 19.39 100.2 0.37
(CH3)3]2
n-Pentane CsHio-1 196.6 33.70 35.91 1.58
Benzene CeHg 289.5 49.24 79.71 0.37
n-Hexane CgHi4-1 234.3 30.31 68.44 0.54

thermal efficiency is improved from 24.3% to 36.3% with toluene as the
working fluid. The overall system efficiency is improved from 17.4% to
24.8%. This shows that the recuperator can improve ORC thermal effi-
ciency and overall system efficiency substantially. For the basic ORC,
toluene and benzene perform much better than the other working fluids
studied, while the superiority becomes marginal in the recuperative
ORC. Hexamethyldisiloxane achieves the largest improvement when
using recuperative ORC (18.7 and 12.0% points for ORC thermal effi-
ciency and overall system efficiency respectively). For ORC applications
in waste heat recovery, the recuperator is not always beneficial [30].
However, the results show that for the solar energy driven ORC system
in this study, a recuperator should be configured.

Yang et al. [12] concluded that toluene has the best performance,
which agrees well with our results in Table 4. However, the optimal
system design derived from our work performs much better than the
results reported by Yang et al. [12]. The reason is that our methodology
optimizes the solar collector, the energy storage system and the ORC
system simultaneously, and the optimal trade-off between the ORC
system efficiency and the solar collector efficiency can be determined
automatically by the PSO algorithm. Table 5 presents a detailed com-
parison between the results by Yang et al. [12] and the results obtained
in this study.

In Yang et al. [12], the hot tank temperature is 375 °C, which is the
highest temperature among all tested temperatures. However, for the
basic ORC in our study, the optimal hot tank temperature is 368 °C,
which is found by the optimizer. The cold tank temperature in our study
is also lower than the reported value. For the basic ORC, the thermal
efficiency is improved from 22.2% to 24.3%, while the system efficiency
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Table 4
Optimal performance of basic and recuperative ORCs.

Energy Conversion and Management 244 (2021) 114494

Working fluids Basic ORC Recuperative ORC
Whee(kW) Nore (%) Ny (%) Whet (kW) Nore (%) Ny (%)

Toluene 70.53 24.3 17.4 100.5 36.3 24.8
Cyclohexane 61.89 22.4 15.3 97.91 35.5 24.1
HDSMO 44.73 15.2 11.0 93.33 33.9 23.0
n-Pentane 46.83 15.8 11.5 85.95 31.0 21.2
Benzene 69.57 23.9 17.2 97.68 35.1 24.1
n-Hexane 51.58 17.5 12.7 92.50 33.4 22.8
n-Pentane (supercritical) - - - 95.31 345 23.5

is improved from 14.9% to 17.4%. For the recuperative ORC, the ther-
mal efficiency is improved from 30.4% to 36.3%, while the system ef-
ficiency is improved from 17.9% to 24.8%. However, for the
recuperative ORC in our work, the optimal hot tank temperature
(399 °C) almost reaches the upper bound (400 °C). The fact that an
optimization variable reaches a constraint (here an upper bound) in-
dicates that the objective function could be improved with relaxed upper
bound. As already mentioned, PTCs can effectively produce heat at
temperatures between 50 and 400 °C. As a result, the upper bound for
the hot tank temperature is set to 400 °C, and the heat transfer fluid used
in this study (diphenyl oxide and biphenyl) can operate at this upper
temperature. If another HTF applicable for a higher temperature range is
used, the system performance could be improved further, however, such
operation would need to be checked against the PTC behavior. The cold
tank temperatures are quite different for the basic and recuperative ORC
systems. The optimal cold tank temperature for the basic ORC is 57.6 °C,
while it becomes 234.3 °C for the recuperative ORC. The temperature
profiles in the evaporator for the basic and recuperative ORCs in our
study are shown in Fig. 5. The flat range in working fluid curves for both
basic ORC and recuperative ORC denotes a phase change. Since the
optimal evaporation pressure is located at the upper bound (90% of the
critical pressure of the working fluid), the flat range does not take up a
big portion of the whole curve. It can be seen that the degree of super-
heating at the turbine inlet is very high for the recuperative ORC, thus
the HTF and the toluene match well and the system efficiency is higher
for the recuperative ORC (see Fig. 5).

The evaporation pressure in the basic ORC and recuperative ORC
reaches the upper bound (37.12 bar) in both our study and the one by
Yang et al. [12], which indicates that both the basic ORC and the
recuperative ORC favor high evaporation pressure. In this study, the
maximum evaporation pressure is set to 90% of the critical pressure to
guarantee stable operation and reliable simulation results for the
subcritical ORC. The upper bound can be relaxed if a supercritical ORC is
considered, which will be discussed in detail later.

For the subcritical ORC without superheating, the pinch point be-
tween the working fluid and the heat source can be located either at the
starting point of vaporization or at the starting point of preheating, also
referred to as Vaporization Pinch Point (VPP) and Preheating Pinch
Point (PPP) [31]. With reference to the results of the recuperative ORC
with superheating as shown in Fig. 5, the pinch point can also be located
at the superheating end, which can be termed Superheating Pinch Point
(SPP). However, the degree of superheating in recuperative ORC can is
around 100 °C as shown in Fig. 5. A large degree of superheating can

increase the capital cost of the evaporator. To avoid too large degree of
superheating, an easy way to handle this problem is to add a constraint
to the model Since the HTF is a mixture, and the temperature profile is
not a straight line, the pinch point can also be located in the preheating
process as shown in Fig. 5 for the basic ORC. In both the basic and the
recuperative ORCs, the phase change process exhibits a large tempera-
ture difference, which results in exergy losses.

Another considerable difference between the basic and recuperative
ORG s is the cold tank temperature. As already mentioned with reference
to Table 5, the cold tank temperatures are 57.6 °C and 234.3 °C for the
basic and recuperative ORCs, respectively. This significant improvement
in cold tank temperature can be explained as follows: The recuperator
can preheat the working fluid to a higher temperature, which drives the
cold tank temperature to a higher level. Therefore, both the ORC ther-
mal efficiency and the system efficiency are improved with a
recuperator.

4.2. Impact of working fluids

To investigate the effect of working fluids on system performance,
other than the four working fluids studied by Yang et al. [12], two more
working fluids (benzene and n-hexane) are investigated in this study.
While toluene has the highest ORC thermal efficiency and system effi-
ciency, one disadvantage is that its condensation pressure is less than the
ambient pressure. This means that the turbine outlet stream is in vac-
uum, which can result in operational difficulties and safety issues for the
system. Generally speaking, it is desired that the condensation pressure
of the ORC is above ambient pressure. However, among all the investi-
gated working fluids, only n-pentane can avoid vacuum condensation.
The last column of Table 3 lists the saturation pressures at 50 °C. If the
other working fluids also operate above ambient pressure, the conden-
sation temperatures will be much higher than 50 °C, and the exact
values are listed in the second last column of Table 3. If vacuum
condensation is not allowed, the efficiency of the other working fluids
will be significantly decreased. This means that n-pentane performs
much better than the other working fluids if vacuum is not allowed in
the ORC. In addition, for the recuperative ORC, the performance of n-
pentane is not too far behind the other working fluids. From a practical
point of view, n-pentane could therefore be the best choice.

Based on the results from this study, it can be concluded that the
working fluids with higher critical temperature tend to have higher
thermal efficiency, but the condensation pressure can be lower than the
ambient pressure. Vacuum condensation will increase the operation

Table 5
Comparison with Yang et al. [12] using toluene as the working fluid.
Cycle type Thot(°C) Teota(°C) Peya(bar) Tiet(°C) Norc (%) Nsys (%)
Yang et al. [12] Basic ORC 375 71.7 37.12 311.5 22.2 14.9
Recuperative 375 2519 37.12 355.0 30.4 17.9
This work Basic ORC 368 57.6 37.12 313.3 24.3 17.4
Recuperative 399 234.3 37.12 395.5 36.3 24.8
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Fig. 5. Temperature profiles in the evaporator for the basic and recuperative ORC systems.

complexity, and there is a trade-off between thermal efficiency and
operational complexity. The working fluids featuring both higher crit-
ical pressure and higher saturation pressure for the condensation tem-
perature are desired for the ORC system. If this issue is considered,
computer-aided molecular design techniques may discover more
promising working fluids for the ORC.

4.3. Subcritical versus supercritical ORC

As already mentioned, the optimal evaporation pressure reaches the
upper bound for both the basic and recuperative ORC, which indicates
that the evaporation pressure could be a bottleneck in the system. To
investigate the impact of the evaporation pressure on the system per-
formance, the upper bound of the evaporator pressure is relaxed to

supercritical pressures. With n-hexane as the working fluid, the upper
bound of the evaporation pressure is set to 90% of the critical pressure
(30.31 bar, see Table 3) for subcritical ORC and 100 bar for supercritical
ORC respectively. When the upper bound of the evaporation pressure is
less than the critical pressure, there is always phase change in the
evaporator. In contrast, the ORC can be either subcritical or supercritical
if the upper bound of the evaporation pressure is relaxed to 100 bar.
The last row in Table 4 lists the optimal results for the recuperative
supercritical ORC with n-pentane as the working fluid. Compared with
the subcritical ORC, the net power output is increased from 85.95 kW to
95.31 kW. The ORC thermal efficiency is improved by 11.3% (from
31.0% to 34.5%), and the system efficiency is improved by 10.8% (from
21.2% to 23.5%). Fig. 6 illustrates the temperature profiles in the
recuperator and evaporator under both subcritical and supercritical
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Fig. 6. Temperature profiles in the recuperator and evaporator under subcritical and supercritical conditions with n-pentane as the working fluid.
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conditions. Interestingly, for the subcritical ORC, the phase change of n-
pentane takes place in the recuperator, while the evaporator just su-
perheats the working fluid. The phase change causes a flat range for the
working fluid curve in the subcritical ORC. On the contrary, there is no
such flat range for the working fluid curve in the supercritical ORC. The
working fluid and the HTF match very well in the evaporator. The
temperature profiles in the evaporator are almost the same for the
subcritical and supercritical ORC systems, while the temperature pro-
files are quite different in the recuperator.

4.4. Optimal operation of the solar collectors

The optimal operation of this system refers to the control of the mass
flowrate of the HTF to the solar collector. This is the only dynamic
variable in the system, while other parts of the system should be in
steady state. Only if the mass flowrate of the HTF is controlled properly,
the system can be operated steadily at nominal design conditions. Once
the cold and hot tank temperatures are determined, the mass flowrate of
the HTF can be calculated by Eq. (5). Fig. 7 illustrates the optimal mass
flowrate of the HTF in each time interval for a given day with toluene as
the working fluid. The corresponding control measures can be taken to
achieve the optimal operation of the integrated system. It is obvious that
the mass flowrate of the HTF varies with the DNI value. For the recu-
perative ORC, the mass flowrate of the HTF is much higher than for the
basic ORC. The mass flowrate of HTF in the recuperative ORC is 55.5%
higher than that of the basic ORC, which indicates the tank size in the
recuperative ORC should be at least 1.55 times of the tanks in the basic
ORC. This can be attributed to the small temperature difference at the
solar collector inlet and outlet in the recuperative ORC. The recuperative
ORC outperforms the basic ORC in terms of ORC thermal efficiency and
overall system efficiency. However, the basic ORC has the advantage of
lower mass flowrate of HTF, which means the volumes of the storages
tank can be smaller. If the volumes of the tanks become large, with a
corresponding high capital cost, the HTF must be chosen carefully. An
HTF with higher specific heat capacity will reduce the need for larger
storage tanks. Also, other thermodynamic properties of the HTF should
be considered in the selection process.

Fig. 7 also illustrates the solar collector efficiency variation with
time. It is interesting that the solar collector efficiency in the basic ORC
is higher than that in the recuperative ORC. This can be attributed to the
smaller temperature difference between the average solar collector
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temperature and ambient temperature in the recuperative ORC. Unlike
the mass flowrate of the HTF, the efficiency of the solar collector is quite
stable. The efficiency is almost constant except for the time without solar
radiation.

In summary, the system configuration, choice of working fluid and
the operating conditions (subcritical vs. supercritical) exert great in-
fluence on the system performance. All these factors have to be taken
into account simultaneously while designing such a solar driven PTC
power plant. Although the analysis is conducted for given DNI values for
one day, the proposed model can be applied to different days, months,
and locations. The DNI values can be predicted from historical data, and
a more robust system design can be obtained based on more compre-
hensive DNI values. Moreover, the ORC power station can also act as a
peak shaving power plant, which means that the ORC only operates a
few hours per day. The corresponding optimal system design and
operation can be determined in the same way based on the model
developed in this study. Only the number of operating hours needs to be
changed in the model. In Eq. (7), the number of hours should be changed
from 24 to a specific number. In Eq. (12), however, only the numerator
needs to be changed (from 24 to a specific number), while the denom-
inator remains the same, since it denotes the total solar energy in one
day.

4.5. Recent developments and future directions

Recently, Eterafi et al. [32] also investigated the solar driven ORC
system with stable output. Domestic hot water production is considered
alone with the ORC system for power generation. The prominent role of
thermal energy storage system is also examined. The solar collector is
parabolic dish concentrator (PDC) instead of PTC used in our study.
Aghaziarati and Aghdam [33] performed the thermoeconomic analysis
of a solar energy driven combined system consisting of ORC, cascaded
refrigeration and heating system. They also compared three different
types of solar collectors (PTC, PDC and LFR). Therefore, many more
different types of solar collectors should be investigate and compared in
the future research. Also, the cogeneration system design could be an
interesting direction since multi-products can enhance the opportunities
for process integration. Last but not least, the stochastic and seasonal
variation of long-term solar radiation and weather impacts on the
assessment of solar energy capture and use should be addressed. In this
regard, stochastic optimization for the design and selection of candidate
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working fluids [34] under uncertainty [35] in the solar radiation will be
investigated.

5. Conclusions

This study investigates the optimal design and operation of a solar
energy driven ORC system with a parabolic trough collector and a two-
tank sensible thermal energy storage system. The energy storage system
and the ORC system have been optimized simultaneously to achieve the
best performance of the total system. The power cycle system can reach
a stable and continuous operation through a given day with the help of
the two-tank energy storage system. The optimal trade-off between the
solar collector efficiency and the power output of the ORC system has
been determined by the proposed simulation-based optimization
framework. The optimal flowrate of the heat transfer fluid during the
whole day can be determined based on this model. The impact of the
ORC system configuration (with or without recuperator), working fluid
selection and the mode of operation (i.e. subcritical vs. supercritical) on
the system performance is analyzed. The thermal efficiency of recu-
perative ORC is about 11.2-18.7% points higher than that of a basic ORC
system, while the improvement in overall system efficiency is about
6.9-12% points higher. Toluene performs best among all the investi-
gated working fluids ignoring the problems with vacuum condensation.
Compared with the study by Yang et al. [35], the overall system per-
formance is improved substantially. Our methodology can improve the
ORC thermal efficiency from 22.2% (previously reported value) to
24.3%, while the system efficiency is improved from 14.9% (previously
reported value) to 17.4% for basic ORC. For the recuperative ORC, the
ORC thermal efficiency is improved from 30.4% to 36.3%, while the
overall system efficiency is improved from 17.9% to 24.8%. Using n-
pentane as working fluid, vacuum condensation can be avoided, and
both subcritical and supercritical operations are investigated with n-
pentane as the working fluid. The supercritical ORC with n-pentane as
working fluid can improve the ORC thermal efficiency by 11.3% and the
system efficiency by 10.8% compared with the subcritical ORC. In this
study, only sensible thermal energy storage is considered, while latent
thermal energy storage systems or combined latent and sensible thermal
energy storage systems are also interesting options, which deserve
thorough comparative research in future work.
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