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The Organic Rankine Cycle (ORC) technology is recognized to supply electricity from low temperature waste
heat and solar energy sources. When the ORC system is heated by solar energy it uses two-fluids and two-loops,
producing a relatively low thermal efficiency. To increase the ORC applicability, a solar energy assisted ORC
system of single loop is proposed. The aim is to reduce the ORC heat transfer losses, minimize the equipment
initial and maintenance cost and enhance the thermal efficiency. This is achieved by using bladder tanks which
may improve drastically the ORC technical and economic performance. This method allows the heating to vary in
the collector keeping the turbine inlet condition as a constant, impacting on the heat transfer losses and
simplifying the configuration. The paper shows that an ORC of a single fluid can keep a constant turbine inlet
despite the mass flow rate variations due to the suns radiation incidence, therefore, reducing the risk of likely
faults in the turbine caused by high frequency vibration. An ORC enhanced 10.54% thermal efficiency is obtained
with 0.5 kg/s of R1233zd(E) and a pressure ratio = 5, powered by parabolic trough collectors to generate 10 kW
during eight hours per day. The ORC competitiveness is dictated by a total generation cost of 54.3 $/MWh and
the advantages of a single working-fluid single loop simplicity for overall configuration.

best operating condition for the highest turbine efficiency demands a
high speed [5,6,10]. This situation leads to unsuitability for the direct
coupling to a grid synchronous running speed [11]. Regarding the
working fluid, it must be specifically selected according to the source of
heating, the site climate conditions and load conditions [5,6,12-16]. For
instance, R245fa is used with flat plate solar collectors in a layout of
rolling piston expander to obtain 1.73 kW and thermal efficiency of
3.2% [17]. With evacuated solar collectors the system reaches an isen-
tropic expander efficiency of 45.2% and a thermal efficiency of 4.2%.
Instead, with a regenerator the thermal efficiency goes to 3.67% [18],

1. Introduction

Global demand for energy consumption increases despite the vari-
able prices of fossil fuel and its negative effects on the environment. The
consequence is that the ratio of using conventional energy sources to
alternative technologies for a variety of applications is continuously
reducing [1]. Low-grade heat sources like solar, geothermal, biomass,
surface seawater, and waste heat are thus clean and sustainable alter-
natives [2-6], suitable as for driving an organic Rankine cycle (ORC)

with multipurpose applications [7,8]. Focusing on the generation of
electricity, examples of installed plants worldwide use this technology,
which also demonstrate their cost-effective potential [3,6,7,9].
Achievement of these goals means that several constraints must be
overcome: the expander to drive the electrical generator, typically a
turbine, directly affects the efficiency of the system given that its
designed for the working fluid properties, energy source temperature,
flow rate, condensing pressure and goal power output [10]. Also, the
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which may still improve if the mass flow of the working fluid could offset
the influence from unsteady solar radiation. Another solution for
increasing the applicability of the ORC technology is the use of thermal
energy storage (TES), because it allows the ORC to operate with low
solar radiation, or even running using a different R123 working fluid,
and powering with parabolic trough or flat plate solar collectors
[19,20]. The TES approach basically allows to overcome the variable
nature of solar radiation using heat storage materials to interact through
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Nomenclature

A PTC Area, m?

Crotal total specific cost rate, $/kWh, $/MWh
MO operating cost, %

m, m mass flow rate, kg/s

n operation years

OH the operating hours per year

oh superheating temperature of working fluid
P power, W

Pr pressure ratio

P1,P5,P3,P, pressure through the Organic Rankine Cycle
thermodynamic stages, Pa

Q available radiation heat flux
q heat flux per unit area

q specific heat per unit of mass,
s specific entropy, kJ/kg K

t time, min

T temperature, K

\Y% volume, m®

X, ki, ko, ks constants for each equipment in the ORC
Zi operation cost, $

Zigp specific operation cost, $/kW

2 fixed interest rate, %

Greek letters

A Difference

p density, kg/m>

n efficiency

® specific work, kJ/kg

Subscripts

Col solar collector

e time for which the mass of fluid starts entering the turbine

evap evaporator, evaporation

fluid working fluid

i equipment of the ORC

inc solar radiation incidence surface

min minimum

max maximum

net net

0] time at which the pump stops pumping mass of fluid to the
collector

PST pressure storage tank

p, pump pump

s isentropic

sat saturation

TST thermal storage tank

th thermal

t, turb turbine

rad radiation

sensible heat transfer with the working fluid [21-26]. However, it in-
volves the use of two fluids instead of only one, implicating more steps of
heat transfer in detriment of the efficiency. For instance, Delgado-Torres
et al. [21,22] analyzed and optimized a solar assisted ORC reverse
osmosis desalination system using different working fluids as butane,
isobutane, R245ca and R245fa and four configurations of solar collec-
tors. Calise et al. [23] studied a 6-kW solar power plant operating with
evacuated flat solar collectors, using a diathermic oil storage tank to
mitigate any variations of thermal conditions due to fluctuations of ra-
diation along the day. A constant thermal yearly efficiency of 10% with a
solar collector’s efficiency from 50% in summer to 20% in winter
resulted given the variations of Mediterranean climates. In general, the
irradiance variation during the day, and from one place to another seems
one of the main concerns. Freeman et al. [24] analyzed 2 different types
of solar collectors: a high-performance evacuated flat-plate and an
evacuated-tube heat-pipe, for two different locations: London, and
Laranca, Cyprus. The TES approach allowed to keep a small temperature
difference of 5 degree in the source heat exchanger to obtain an 80-kW
power output, assuming fixed isentropic efficiency for both, the pump,
and the expander [25,26]. Quoilin et al. [27] combined parabolic trough
collector and thermal storage unit packed bed of quartzite for a remote
power generation solar ORC. Combined domestic heating/cooling can
be achieved with solar energy in bio-climatic building architectures, but
not driven by ORC systems [28-30]. Alternatively, TES schemes with
latent heat transfer involves phase change materials, PCM, like paraf-
fins, water, stearic acid and n-octadecane but the melting point of ma-
terials limits the applications to temperatures between 273 and 333 K, or
like Erythritol and RT100 for higher limits to 353 and 493 K [30].
However, the performance of the system is affected by the poor thermal
conductivity of the PCM material [30,31], despite recent efforts tried to
reduce this drawback [32,33]. Other example of TES for higher melting
temperatures above 573 K is the concentrating solar plants that use
PCMs like salt (NaCl) [31]. In summary, combined ORC/thermal energy
storage relies on a second working fluid or a material for latent or sen-
sible heat transfer in a second loop, suitable for high temperature ap-
plications, far from the objectives of the ORC proposed in this work.

Besides, the literature survey indicates that the ORC performance pa-
rameters are maximized for unique configuration and specific condi-
tions. In this sense, one goal in this work is a low-cost ORC scheme
regarding other experiences [34]. The system is proposed for electricity
generation of small-scale to support affordable and sustainable solutions
to several applications, including the residential lighting. The simplicity
of this ORC relies on only one loop with a single working fluid despite
the effects of any mass flow rate variation in the solar collector derived
from variable solar radiation incidence. A second goal consists of con-
trolling a constant flow rate that feeds the turbine. The method is to
allow the mass flow rate variation in the collection field to maintain a
constant storage temperature, giving place to held constant the mass
flow rate and fluid properties at the turbine inlet throughout the day.
Therefore, the low-cost goal includes the operation design as well as the
layout of this ORC. The turbine is the most valuable element of the cycle.
As failure reports show, the damage of operating turbines exposed to
frequent flow rate fluctuations include low and high frequency vibration
ending in engine failures in a short time of operation, reducing drasti-
cally the useful life of the turbine [35-37]. Turbines respond to mass
flow rate variations in several ways. Long term vibration can be due to
erosion caused by cavitation of the suction side of the blades, or abrasion
of the pressure blade side. Fatigue of leading-suction edges or bearings
results in units subject to mass flow variable conditions [35]. Therefore,
the present design considers keeping the mass flow rate in the turbine as
a constant because turbines are considered the main element of an ORC
system, given their influence on the overall efficiency, and their cost,
especially looking for reduced operating and maintenance costs,
avoiding the low/high frequency vibrations from pressure variations. To
achieve this goal the scheme considers a bladder tank placed after the
solar collection outlet and prior to the turbinés fluid inlet. A bladder tank
allows the volume variations without affecting the pressure because it
has inside a flexible polymeric membrane [38,39]. Therefore, the
working fluid accumulates in the storage tank as a superheated vapor
without any phase change or use of PCM. The fluid is then released at a
constant mass flow rate to ensure a continuous and constant speed in the
turbine, independently of how the working fluid fluctuates in the solar
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collecting field as a response to solar energy changes along the day. The
way this ORC system stores sensible thermal energy makes use of an
elastomer that keeps the working fluid without variation of pressure and
temperature, neither phase-change, which allows to regulate the mass
flow rate that feds the turbine. Although the use of bladder tanks in-
volves thermal storage, there is not any phase-change material, there-
fore, the present design is out of the traditional scheme of thermal
storage system, TES.

The novelty and originality of the paper and highlighting the main
contributions may be stated as: A solar driven ORC system is proposed
considering the solar radiation along an 8-h operation. The solar radi-
ation is not constant during the operation time; thereby, to achieve the
same thermodynamic conditions at the solar collector outlet, a varying
mass flow rate is needed. The value of mass flow rate depends entirely on
the instantaneous available solar radiation so a control valve working
with the solar radiation information is used for this purpose. Regarding
the varying mass flow rate required in the solar collector, the turbine
needs a constant mass flow rate to operate safely with the maximum
efficiency. Therefore, a novel configuration is proposed to achieve these
operating conditions: a bladder tank is used in between the solar col-
lector outlet and the turbine inlet. This storage tank must ensure the
availability of the working fluid to feed the turbine inlet regarding the
solar collector mass flow rate. It also must keep the thermodynamic
properties without any change.

To test the ORC design proposed in this work, a set parabolic trough
solar energy collector (PTC) of recent development [40], is connected
for a demand of 10 kW. The test is set to the conditions of solar radiation
at Temixco, Morelos, a small city located 18.86-degree North latitude
and —99.23 longitude and situated at 1299 m above sea level, in the
central region of Mexico. The results indicate a fluid R245fa as the most
suitable working fluid to obtain a thermal efficiency ng = 10.11%. It is
shown that low volume storage is required, which includes two tanks,
one of 66.82 m® and another of 2.11 m® for the superheated vapor and
saturated liquid, respectively. The global cost of electricity generation
using different technologies is analyzed. A comparison of present ORC
with concentrating solar energy shows a total specific cost on the order
of $ 0.0543/kWh, which represents an ORC plant output of a high level
of competitiveness.
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2. Methodology
2.1. System configuration

The ORC configuration is shown in Fig. 1a and 1b. A cycle of four
thermodynamic states, one for each component: pump, evaporator,
turbine, and condenser, constitutes the simplest ORC [19,22,24].
Starting in the pump: the fluid pressure increases from saturated liquid
state condition (1), 300 K, to the evaporating pressure. A control valve
located after the pump is used for the mass flow rate in the solar col-
lector. This control valve regulates the flow by a control system in which
the input parameter is the solar radiation. Using this information and the
turbine inlet temperature design condition, the mass flow rate is
calculated.

In the evaporator, state 2, the solar collector transfers heat from solar
radiation to the working fluid in an isobaric process, until reaching a
final condition of 5 K superheated vapor, state 3. The broken line in
Fig. 1b indicates phase change. Overheating temperature is defined to
avoid any possible pressure drop in the evaporating process due to
irreversibility. This condition also prevents that humid vapor reaches
the turbine’s inlet since pressure drop still ensures superheated vapor,
state 4. In this stage, heat transfer from the collection to the working
fluid considers energy losses which depend on the temperature differ-
ence between the collection surface and the working fluid and radiation
of heat [34]. Since the energy input varies during the operating time, the
collection efficiency varies as well. Thus, to maintain the same ther-
modynamic conditions at the outlet evaporator regardless of any energy
input variation, the mass flow rate must vary as a function of daytime.
This mass flow rate turns out to be the turbine storage tank (TST) inlet.
For the TST outlet, a constant mass flow rate is required. To ensure this
condition, the tank must operate with a constant pressure, which is
achieved with a bladder tank, which is explained below.

The literature presents a variety of expander designs for similar ORC
systems to the proposed. These include axial and radial turbine ex-
panders, and piston positive displacement, as well as scroll and screw
volume expanders [8,41]. Many of the parameters to consider like the
mass flow rate, the pressure ratio, the temperature level, and the speed
of rotation combined with the properties of the working fluid are defined
by the size of the ORC system. In this work a radial income turbine
expander was designed based on the efficiency diagram [42,43]. The
turbine incorporates a geometry of blade designed by third order Bezier
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Fig. 1. Layout of the ORC system; a) Elements of the thermodynamic cycle; b) T-s diagram for R245fa as a working fluid.
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curves and high performance for 10 kW power output [44-51]. Fig. 2
shows both, an isometric and the plan views of the radial income tur-
bine. Blades in this design are camber line optimized to reduce the risk of
misalignment with the flow from the inlet to outlet. The turbine char-
acteristics are listed in Fig. 2c. For a further detailed description, the
reader is referred elsewhere [47].

A storage tank (TST) between the evaporator and the turbine, after
state 3 has the advantage that there is no need for a secondary loop in the
PTC, which could increase the loss of heat transfer to the working fluid.
The TST compensates the variable mass flow rate from the evaporator
while supplying a constant mass flow rate to the turbine, which is the
desired operating condition.

Because TST stores a variable amount of fluid with a bladder tank,
given its capacity to keep the fluid at constant pressure regardless of the
volume variation. For this purpose, it is important to ensure that
working fluid enters the TST, which depends on the bladder tank pres-
sure. The pressure condition is set to a slightly smaller value than the
evaporating pressure. A bladder tank serves to control pressure varia-
tions in the cycle pipeline created by solar energy transient behavior
[38,52]. Piping systems including a bladder tank can meet standard
codes like B31.3 and B31.4 sections by ASME, which apply for this kind
or piping system [52].

It is through flexible materials that the bladder tank cumulates en-
ergy timely and releases the stored energy as pressure relief a time delay.
The bladder tank is used to store energy in two ways: the first one is
thermally, because the working fluid enters the tank in a superheated
state at high temperature from the PTC array. The vapor remains in this
condition since the tank is a heat insulation due low conductivity
polypropylene that deforms to get the whole volume after peak radiation
hours. The second way of storing energy is pressuring, because the
flexible material absorbs energy keeping the superheated vapor at high
pressure. The study considers a calculation of the thermal efficiency by
coupling the turbine to the solar collector (evaporator) through the
bladder tank, and daily averaged value of turbine, pump power and
thermal energy in the collector.

The ORC operation requires availability of working fluid for tur-
bine’s feeding, which is satisfied whenever the average inlet mass flow
rate equals the outlet mass flow rate. Also, for the starting stage of
operation, the TST mass balance equation must include only the inlet
condition. Once in the turbine, the working fluid expands until it reaches
the condensation pressure at entropy change because of work produced,
state 4. For that, isentropic efficiency is assumed, which is set to 0.8
[47-51].

In the condenser the working fluid changes phase from superheated
vapor to saturated liquid, states 4 and 1, after which a second tank, the
pressure storage tank (PST) is used to feed the pump with the variable
mass flow rate required in the collection stage. This PST a has constant
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mass flow rate as inlet and a variable mass flow rate as output. PST is a
second bladder tank, which ensures constant pressure regardless of any
variation of volume.

2.2. Working fluid

A selection of fluids from the CoolProp library [53] was conducted
based on the saturation conditions for condensation pressure and tem-
perature for the site of operation. The pump inlet condition is assumed
as saturated liquid pressure at 300 K. In the condenser a temperature
difference of 5 degree between the working fluid and the cooling fluid is
stated. Any organic fluid having saturation pressure between 1 and 1.6
bar and temperature at 300 K may be a candidate for working fluid.
Condensation takes place at ambient temperature and pressure but
never at vacuum conditions/below atmospheric pressure. Four candi-
dates for working fluid meet these conditions as shown in Table 1 [53].
The maximum temperature in the PTC is always below 110 °C, and the
maximum temperature for every working fluid under consideration for a
pressure rate PR = 6 are shown in Table 1. Although R11 has a high ODP
and has been phased out, this study considers it to conduct a compara-
tive ORC performance with acceptable fluids, which can be thermody-
namically classified by GWP.

2.3. Thermodynamic model

Cubic equations of state were used to calculate the thermodynamic
and transport properties for working fluids following Jacobsen et al.
[57], which require two known properties for the same state. State 1 in
Fig. 1a is calculated for pump inlet temperature of 300 K, saturated
conditions and zero vapor quality. State 2 corresponds to the pump
outlet, where the pressure increases from P; to P, as:

Py = P Pp (€)]
where Pr is the pressure ratio, which defines the thermodynamic
behavior of the ORC. In considering an ideal final enthalpy of the pro-

cess, an isentropic efficiency for the pump demands the actual enthalpy
for state 2, hy, using the following expression:

(h2.r — hl)

r]pmnpp

hy =hy + (2

State 2 is also the condition of inlet to the collector. The heat transfer
process that occurs in this device is isobaric, so P3 = P,. Whichever the
irradiation available is, the solar collector outlet temperature T3 is fixed
to be 5 K above the saturation line, which on time is a function of the
evaporating pressure for each working fluid. T5 increases as pressure
increases with vapor quality of 1, as:

Design parameters for the turbine:

Inlet temperature 333.12K

Inlet pressure 4.365 bar

Power output 10 kW

Rotational speed 2907 rad s™!

Blade number 12

External radius 10.91 mm
C

Fig. 2. Radial inflow turbine; a) Isometric of shrouded blade rotor; b) Plan view of the unshrouded rotor; ¢) Main characteristics of turbine design.
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Table 1
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Saturation pressure at 300 K, and maximum operating conditions for each candidate working fluid [53].

Fluid Saturation pressure (bar) oDP GWP classification Operating pressure (Pa) Operating temperature (°C) Thermal stability (°C)

R11 1.131 1 4600 636279.1 98.33 150 [54]

R245fa 1.590 0 950 891486.4 94.95 250 [54]

R1233zd(E) 1.386 0.00034 1 2990690.1 109.41 175 [55]

R245ca 1.076 0 610 601819.6 92.02 250 [54,56]
T3 = T30 + Oh 3 .

. . . Mauia = — e, 1()00 S (10)

where Oh represents the superheating degree of working fluid at the uid = 54 Z “r

turbine’s inlet. Once knowing T3 and Ps, it is possible to calculate the
enthalpy and density (same as collector outlet).

To complete the ORC, the condition for state 4, at the turbine’s outlet
and condenser’s inlet is calculated as follows. The condensing process is
assumed as isobaric, P4 = P1, therefore, an isentropic expansion in the
turbine results on an ideal enthalpy h4;. Using this ideal enthalpy and the
turbine’s isentropic efficiency #,,the actual enthalpy at the turbine’s
outlet is computed using the following equation:

ha = hy =y (hs — hay) 4

Thus, the ORC is defined as a thermodynamic cycle. However, the
mass flow rate at the evaporator must be controlled to ensure proper
operation with any available energy input. Therefore, an average mass
flow rate in the evaporator must equal a constant mass flow rate in the
turbine. First, the available radiation heat flux, Qevap is calculated using
Equation (5):

Qevup = r]/.‘a/q’mdAinc (5)

where 7, is the efficiency of the collector, q’;4q is the heat flux per unit
area and A;,. represents the surface needed to collect any solar radiation
incidence. A;y is the surface area for collecting the radiative incidence
q’rad> Which is known from measured data; an efficiency of collecting,
. depends on the collector configuration, based on a temperature
difference between the working fluid and the ambient condition as:

ATy

5
q rad

Neot = (6)

On the other hand, the heat flux received in the collector Q. is a
function of the initial and final thermodynamic states of the mass flow m
that circulates through it as:

Q.o = titeor(hs — 2) )

By equating Equations (5) and (7), a mass flow rate can be calculated
to reach the ORC thermodynamic conditions:

P - r]m[q’mdAinc
col 7(}[3 )

However, the solar radiation magnitude changes instantaneously
making the data along the daily operating time be defined by a sub-index
i in Equation (8), thus Equation (8) swaps to Equation (9) as:

(8)

;. Neord ’ rad- A inc
m.,, ——2 - —
coli (h3 — hz)

As this parameter varies along the day, 7, also does.

A total mass of working fluid results for all solar radiation data
during the day, which is measured in a solar station at an elapsed time of
10 min, where 10-min increments for a 9-h operation gives 54 steps. The
fluid flow starts every day at 8:00 h circulating in the collector hence
storing in TST with no turbine feeding. It is at 9:00 h when the exit valve
for TST superheated vapor opens to run the turbine, which stops at
17:00 h when the electricity generation process ends.

Thus, the total mass is:

9

Therefore, a mass flow rate during the 9-h period is defined as:

Mfyia

32400 s an

Mypyig =

In the same way, the total mass during a working day divided by the
time when the ORC is going to generate electricity, defines the mass flow
rate of income to the turbine, which is set by the power output Wi, for
the thermodynamic conditions of the ORC system as:

Wrurb
h3 - ]’l4

My = 12)

An iterative process leads to satisfy the condition of flow rate, where
the convergence indicates that the collecting surface A, fits the ORC
thermodynamic conditions. To achieve this, the collecting surface A,
must fit the average value of the mass flow rate in the collector and the
mass flow rate in the turbine as:

Myia = My 13
Thereby, an initial value of A;, is proposed, subsequently it increases

if:

Mpia < Mgyt 14)
Otherwise A;,. reduces if:

Mftia > Myt (15)

Therefore, a convergence criterion is set to the maximum difference
allowed amongst both flows, and the iterative process to define the value
of A, stops when this criterion is satisfied:

a7 Tty < 0.0001 kg /s (16)

Once the collecting surface A;, is defined, the performance param-
eters are calculated as follows. The calculation starts with the specific
work in both, the turbine, @ and the pump, @wp,mp, where kinetic en-
ergy is neglected, as:

Opry = h3 — hy a7)
Dpymp = hy —hy (18)

where a net work is calculated as Wpet = ®Oprh —@pump- The heat supplied

to the evaporator is given in Equation (5), thus the specific heat per unit

of mass reads as:

. 19 radAine

Gy = T4 19)
Finally, the thermal efficiency #,, is calculated as the ratio between

the solar radiation collected and the net work developed in the ORC

system, the mechanical power in the turbine less the work spent in the

pump. Since the input energy is varying along with the daily operation,

an average value for daily operation is defined as:

(a)mrb - a)pump)

771/1 = (20)

Devap
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2.4. Bladder tanks size calculation

The capacity of the tanks TST and PST is calculated in this section.
The calculation for saturated liquid PST starts by applying a mass bal-
ance for the initial condition of the ORC operation, for the condition of
no-running turbine. This tank must contain the total mass of working
fluid used during the daytime for the ORC operation. This is understood
given that at the end of the day no fluid remains in the TST, while the
total mass rests in the PST for starting a new working day. This means
that there is no working fluid in the TST while the working fluid mass in
the PST is maximum. Applying the mass conservation principle, from
Equation (10) we have an expression for the PST volume as:

Vpsr (1) = "2 1)
P

The mass of fluid my,q is pumped to the collection field at a variable
rate. A time t, after the fluid starts to circulate through the collector it
enters the TST. Only after a time t, the fluid in the TST already in the
condition of superheated vapor starts to enter the turbine at a constant
rate. The amount of fluid, sufficient to ensure that the turbine runs
without any variations and without stopping, is a function of such a time
t., which is defined by a mass balance in both tanks, the PST and the TST.
Starting the volume calculation with the mass of fluid required in the
TST:

le
mysr(t) :/ m(t)-tdt for t <t, (22)
t

where:

t, is the instantaneous time for which the calculation of mass fluid in
the TST is conducted.
t,, is the time for which the mass of fluid starts entering the turbine.

After the time t, we have another condition given by the mass of fluid
in the TST:

1o o
mysy (1) = mrsr(1,) + / m(t)-(t — t,)dr — / Mg+ (t — t.)dt for t, <t
te te

<t
(23)

where:

tp, is the time at which the pump stops pumping mass of fluid to the
collector, say after 9 h of operating the ORC each day. After the time
tp the mass balance in the TST reads:

!
mysr(t) = mrsy(to) — / Hitgia-(t — to)dt for t >t (24)
fo
Which represents the outflow of the remaining fluid in the TST after
the pump is turned off.
Similarly, the PST volume calculation starts with the mass of fluid in
the TST during the first minutes of operation of the system, when no
fluid is going through the turbine giving a mass of fluid balance:

e
mpsr(t) = mpsr(ty) — / m(t)-tdt for t <t, (25)
t

After the time t, we have another condition given by the mass of fluid
in the PST:

1 o
mpsr(£) = mpsr (1) — / () (¢ — £ )dt + / g~ (t — 1)dt for 1, <1
1, e

e

<t
(26)

After the time ty, after the pump is turned off and the remining fluid
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in the TST is passed through the turbine, the mass balance in the PST
reads:

"l
mpsr(t) = mpST(to) + / l’ilﬂuid'(l—l())dt for t >ty 27)
)

where the same sub-indexes for Equations (22)-(24) apply. For calcu-
lating the volume of PST an initial value of mpsr(ty) is proposed. This
value changes according to any variation of fluid mass in the tank to
avoid negative values. This process leads to minimizing the total volume
of PST ensuring the mass fluid availability for the ORC operation. As the
mass flow rate in the evaporator m; is not a continuous function of time,
a numerical calculation is conducted with a time step of 10 min, see
Equation (10). Instead, a fixed mass flow rate is needed at the turbine
inlet. This condition requires the TST to store fluid during the starting
stage of ORC on a basis of daily operation. A period t, = 50min with a
lock outlet flow is allowed before opening the outlet of TST. The time of
50 min was selected through an iteration process, in which the mass of
fluid in both, the PST and the TST tanks was calculated for different
times t, and paying special attention to the minimum value of mass in
both tanks. Mathematically it is possible to get a negative mass of fluid in
the tanks which physically has no meaning. Thereby, the time t, =
50min allows the availability of working fluid in TST. The reason is to
ensure a continuous operation for the ORC system, avoiding any lack of
fluid at any time of ORC work.

Since the TST is designed to store the working fluid in the condition
of superheated vapor regarding any variation in the evaporator mass
flow rate, it requires constant thermodynamic conditions in the TST. The
volume of fluid in this tank is calculated as the largest volume required
for the operation of the ORC system shown in Equations (28) and (29):

Vi (1) = "0 28)
P3
Vrsr = max|[Vysr(2) ] 29)

On the other hand, the PST stores the working fluid as a saturated
liquid. Its volume is given by Equation (30). The volume of the tank
corresponds to the maximum volume stored during the operation of the
ORC and this value depends directly on the initial volume of the PST. To
minimize the volume of the tank, the minimum volume of fluid stored
during the operation of the ORC is set to zero. To do this, the initial mass
contained in the PST is set to be the maximum mass stored in the TST
because of the mass conservation principle. By making this calculation,
the volume of the PST is defined as:

t
Vpsr(t) = msr(t) (30)
P1
Vesr = Vrsrp*1 31
Ps3

2.5. Techno-economic analysis

This section presents the ORC system as an economic solution for a
specific application. A total investment required by the ORC system is
based on purchased equipment costs (PEC ;), which is calculated as
follows [58]:

l0g\gPEC; = ki + ks-log o X + ks-(log oX)" (32)

where X, ki,ky,ks are constants for each element considered in the
layout of Fig. 1 a. Values for constants of Equation (32) are provided in
Table 2 [58-59]. We assume the use of a peristaltic pump, of size
calculated for the mass flow rate 0.5 kg/s and a pressure ratio P = 5.
The condenser is considered a U pass single pipe. For turbines, it is the
cost of commercial units as discussed below, as well as the cost of PTC/
m?, to make it comparable with other proposals. Saturated tanks were
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Table 2

Constants for PEC ; calculation, Equation (32) [58,59].
i Equipment Units X k1 ko k3
1 pump kw) 1.05 3.5793 0.3208 0.0285
2 condenser (mz) 400 3.2138 0.2688 0.07961
3 turbine kw) 10 3.1143 0.6923 0
4 PTC (m? 341.11 5.0775 0.699 0
5 TST (m%) 66.87 3.9484 0.712 0.1717
6 PST (ms) 211 3.4746 0.5893 0.2053

1000 T
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cost by Meinel et al. [60]. Additionally, bladder tanks are costed within
the same range, as well as a required amount of R245fa which can be
stored in contact with N5 instead of Oy [61].

A total cost of equipment > PEC; is used to calculate the capital in-
vestment cost CIC:

6.32 Z(1+72)"

CIC = > 10156,--7(1 e (33)
which refers to the rate of return assuming a fixed interest rate z = 5%,
OH the operating hours per year, and operation n = 20 years. The
operation cost Zi, is computed with Equation (34) assuming a mainte-
nance operating cost MO = 20% of the total purchase equipment cost
PEC; as:

PEC;

S PEC; 34

Zi = (MO + CIC)
We focus on the total specific cost rate, C,, based on the operating
cost of each component of the plant Zi in $USD, calculated as:
S Zi

Cioar = m (35)

where total power generated and total power consumption in the pump
over the year, > P, — > P, in kWh are considered for normalizing.

3. Results and discussion
3.1. Technical analysis

To test the ORC model described above, concentrating solar radia-
tion is considered as the power source because it has a higher power
conversion efficiency compared to flat plate collectors, which are suit-
able for double-loop systems [62,63]. An average solar radiation is the
input of energy that allows the ORC to achieve a condition of 5 K su-
perheated vapor at turbine inlet (see Fig. 1b). Isentropic efficiency is
assumed for the pump and the turbine, of 0.7 and 0.8, respectively,
while the efficiency of a solar field consisting of parabolic trough col-
lectors (PTC) is calculated using Equation (36) provided by Jaramillo
et al. [40]:

AT,
= (36)

q rad

Ny = 0.624 — 2.227

Any fluid thermodynamic state as well as all the corresponding
properties and their magnitude are found in CoolProp wrapper for Py-
thon software, which is available in the published literature [53]. The
validation of equations of state is based on experimental data for R11,
R1233zd(E), R245ca and R245fa, within the established range of pres-
sure and temperature, as found in the published literature [53,64-67].
For this case-study, the solar radiation data shown in Fig. 3 is used,
which was registered in Temixco, a small town in Central Mexico, by a
solarimetric and meteorological station [68]. This station records the
value for global, direct, and diffuse components of solar radiation on a
regular basis every 10 min. A full year’s averaged data of radiation
components shown in Fig. 3 indicates the variation for a daily time
between 8:00 and 17:00 h reaching values above 900 W/m?, which is
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Fig. 3. Registered solar radiation data for one year in Temixco, Morelos,
Central Mexico; daily average [68].

considered acceptable for powering the proposed ORC system. Peak
values for global radiation between 12:00 and 13:00 h produce a
maximum mass flow rate, while the average value of solar energy gives
the average value.

3.1.1. ORC performance

The ORC performance is evaluated through the average collector
efficiency, the solar radiation incidence surface, the minimum mass flow
rate in the turbine and the highest possible thermal efficiency, with basis
on the pressure ratio between evaporating and condensing stages in a
range 2 < Py <6, for each one of four selected fluids. The working-fluids
thermal stability is warrantied despite any change of mass flow rate in
the PTC, required to keep constant the thermodynamic conditions at the
turbinés inlet. The purpose of this evaluation is defining the best fluid
and pressure ratio for ORC system operation. The range of pressure ratio,
rather low, is suitable with a small power output from the PTCs, as well
as the designed radial inflow turbine. This is a suitable expander device
for the present ORC system [47] and it is recommended in general for
small-scale ORC systems [50]. Due to its geometric configuration, which
includes variable radius during its operation, radial income turbines are
designed for a pressure ratio not higher than 6 [50]; in this case limiting
the Mach number at the rotor inlet condition to 0.9 for a rotor velocity
not exceeding 27,760 rpm [47]. The efficiency of the solar PTC, where
the ORC is in contact with the source of energy, is shown in Fig. 4. The
operation starts for a solar radiation incidence on the PTC surface, of low
energy and low temperature, according to Fig. 1, which produces a very

52.5 —— R25fa
Ri1
50.0 —— RI1233zd(E)
—— R245ca
47.5
= 45,01
T 4251
0.0
37.5

35 40 45 50 55 6.0
Pg

2.0 2.5 3.0

Fig. 4. Average solar collector efficiency as a function of Pg.
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small pressure ratio Pz = 2 and the higher PTC efficiency, as observed in
Fig. 4.

Fig. 4 shows that PTC efficiency, 7.,;, decreases as Pg increases. This
is because 7,,; is a function of the temperature difference, see Equation
(20), such that the higher AT, the lower the efficiency. Fig. 4 indicates
also that fluid R245ca produces the best efficiency for the whole range of
Pg, while the lowest one is obtained with fluid R11.

The PTC efficiency must agree with incidence surfaceA;,c needed to
capture solar energy radiation enough to increase the temperature of the
working fluid up to the turbine’s inlet thermodynamic conditions. This is
shown as a function of Py in Fig. 5. It is noticed that the surface A,
needed reduces as P increases, because a larger pressure ratio P de-
mands a higher outlet temperature. It happens like with the mass flow
rate in the collector, Fig. 6. This is because the power in the turbine is
used as the design parameter: a mass flow rate must ensure such a power
which is obtained by means of an iterative process. This mass flow rate is
defined by the difference of enthalpy through the turbine, see Equation
(8), as higher the Py higher the turbine inlet enthalpy. Therefore, the
mass flow rate reduces as Py increases, in the same way as the collector
surface needed reduces. As observed in Fig. 5, fluid R245ca demands the
largest incidence surface for the whole range of Pg. A surface Ay, 10%
smaller is the best obtained with fluid R11.

The PTC mass flow rate through, m,,,, is a key parameter for the ORC
system operation, because it varies as well, exposing the turbine to this
undesired condition. The results for m, are given in Fig. 6, and we
observe that m,,; reduces as Px increases. However, the results show that
meyis much less sensitive to the fluid. Therefore, this parameter in-
fluences little to define best Prand working fluid for ORC operation.

The ORC system thermal efficiency, 5, is plotted in Fig. 7 against the
pressure ratioPg. As observed, 7, grows for any increment of pressure
ratio. This is an expected result, given that the efficiency is a function of
PTC temperature. As observed in Fig. 7, the performance of the ORC
system over the whole range 2< Pg < 6 is maximum with fluid R11.

3.1.2. Bladder tanks volume

A contribution of this work to ORC systems is the use of storing
working fluid devices, the bladder tanks, to ensure constant fluid flow
through the turbine, which must maximize the efficiency. The storing
device counteracts the variability of mass flow in the energy collection
section. The volume of storage tanks is considered one key factor to
obtain as much power in the turbine’s shaft as possible, as well as
extending its useful life as possible.

Figs. 8 and 9 show the computation of storing volume of pump tank,
PST, and turbine tank, TST. Results in Fig. 8 indicates that PST volume
reduces as pressure ratio increases. A similar trend is observed for TST
volume as observed in Fig. 9. By comparing the volume in these figures,

600 —— R245fa
R11

— RI1233zd(E)

—— R245ca

4501

Aine [m"’]

4004

3501

300 H
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35 40 45 50 55 6.0
Py

Fig. 5. Solar radiation incidence surface as a function of Pg.
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Fig. 6. Average mass flow rate in the evaporator as a function of Pg.

124 — R245fa
R11
114 —— R1233zd(E)
—— R245ca
101
S
T_
6
5_
T T T T T

T T
3.5 4.0 4.5 5.0 5.5 6.0
Pr

Fig. 7. Thermal efficiency of ORC system, as a function of the pressure ratio Pg.
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Fig. 8. Volume capacity of PST as a function of Pg.

the PST is considerably smaller than the volume in TST. This is because
PST stores saturated liquid, while TST stores superheated vapor. The
results indicate that the largest volume of PST is obtained with fluid
R1233zd(E) when the ORC system operates at the lowest pressure ratio
Pr = 2. For this operation condition the PST volume capacity is 4.156
m®. On the other hand, fluid R245ca leads to an ORC system operating
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Fig. 9. Volume capacity of TST as a function of Pg.

with the smallest PST volume = 1.726 m? for Pg = 6.

Based on volume size for TST, Fig. 9, it is much more convenient to
operate the ORC system at the highest Pz possible. However, this only
occurs during the hours of higher radiation. By using fluid R245ca a tank
of 476.678 m® is needed for the smaller pressure ratio. This scenario
changes if the system operates with fluid R245fa, which requires a TST
= 322.586 m°. Instead, the results with the same fluids for P = 6
indicate that TST = 71.210 m® and 46.705 m®, respectively. In this
respect, R11 shows the largest volume for TST and the smallest volume
for the PST. Fluids storing is important for the selection of the working
fluid because their impact is reflected on total investment. Small storage
tanks are preferred due to space saving, considering the implementation
of this ORC system in domestic or commercial applications.

It is worth to remind that a programmed time of 50 min as waiting
time for the TST outlet to be opened, is fixed, as required by the oper-
ation of the ORC system. However, if Py increases, the mass flow rate in
the solar collector decreases as shown in Fig. 6. This way anomalous
operation may occur if the working fluid stored in the TST is not enough
for operating the turbine, for certain value of Pg.

To prevent any wrong operation, the fluid in the TST tank is
analyzed. From the mass balance in TST, the minimum volume of fluid
available in the tank after the waiting time for opening the TST outlet
valve is computed as a function of Pg. The results are shown in Fig. 10
where we notice that for a range 4< Pg < 5 the fluid stored in the TST,
Vpst, gets negative values, below 0. This happens for all the working
fluids. This anomalous situation indicates that the waiting time is not
enough and, therefore, the working fluid in the TST will not be enough

R245fa
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104
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Fig. 10. Minimum fluid volume in TST as a function of Pg.
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for proper turbine’s operation. The solution demands calibration of the
computation by increasing a waiting time.

Previous analysis reveals that it is worth operating the ORC system in
a range of pressure ratio between 4 and 5. This range is mainly suitable
with turbine design, and it is supported by a high thermal efficiency, a
low surface of PTC, and lately by a low volume of superheated storage
tank, TST. It remains to know what a time-dependence computation
throws, with special interest in the dimension of the bladder tanks,
which is addressed in the next section.

3.1.3. ORC system performance as a function of time

The ORC system performance as a function of daytime is investigated
for suitable pressure ratios Pg = 4 and 5. The performance was previ-
ously evaluated using a waiting time of 50 min for the TST outlet to be
opened, after which the turbine starts its operation. However, an
anomalous operation resulted. Therefore, a standby of 60 min is
considered, and a comparison of results is conducted. For the analysis, a
mass flow rate in the turbine is fixed to 0.5 kg/s. This low flow rate has a
purpose to extend the turbine’s useful life by reducing as much as
possible the rotational speed. A low flow in the turbine also has the
advantage of a small outer diameter, which is important given the
enthalpy drop that occurs in the expansion [48-51].

The results for PTC efficiency and Pg = 4 are plotted against the time
in hours in Fig. 11. The trend of ., in this figure reproduces the
behavior of the direct component of solar radiation observed in Fig. 1.
This is because the design of PTC considers rather direct radiation
instead of diffuse. It is observed that collector’s performance improves
with daytime because the higher radiation of midday produces higher
temperatures and thermal energy. Also, the higher PTC performance is
obtained with fluid R245ca along the day, and the lesser with fluid R11.
A small difference of roughly 7., = 3% between the results of R11 and
R245ca is observed all along the day, which reduces to minimum values
during the sunrise and the sunset hours.

The results for mass flow rate in the evaporator along the day are
shown in Fig. 12, where we observe that fluid R11 leads to produce the
higher increment of mass flow rate along the midday hours. The influ-
ence of the fluid reduces to null difference mass flow rate over both, the
sunrise, and the sunset hours. The results in Fig. 12 have the shape of
global solar radiation. This happens because there is an influence of the
diffuse component on the heat transfer mechanism that defines the
magnitude of mass flow rate, as the day advances. However, this influ-
ence reduces at midday because of the higher thermal power of direct
radiation.

For the ORC system, operating with condition Pr = 4, the variations
of volume of fluid in the TST and PST along the time are shown in

—— R245fa

+— RI11
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Fig. 11. Solar collector efficiency along the operating time for the ORC
working with Pg = 4.
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Fig. 12. Mass flow rate in the evaporator along the operating time for the ORC
working with P = 4.

Figs. 13 and 14, respectively. As observed, for the volume tanks ca-
pacity, it exists a considerable influence of the working fluids. Fig. 13
shows that TST volume increases from very small in the sunrise to
maximum in the afternoon, after the hours of higher radiation, then
reduces to null at sunset.

A contrary trend characterizes the volume of PST, the tank for
saturated liquid. This is because fluid alternates from one tank to
another during the daytime. A moderate influence of fluid is observed in
the size of PST, as observed in Fig. 14 compared to TST volume size. That
influence is higher in PST, where fluids R11 and R245ca are the least
demanding of volume, compared against fluids R1233zd(E) and R245fa,
being the least demanding the last one. Thermodynamic conditions of
working fluid in PST and TST dictated by a density of 1333.4 kg/m? for
saturated liquid in the first compared to 23.809 kg/m? for superheated
vapor in the second produce a fluctuation during the first hours of
heating, as observed in Figs. 13 and 14. The first peak in Fig. 13, which
occurs close to 9 h in the morning indicates the starting point of the
turbine operation leading to starting the generation of electricity that
last 8 h.

The calculation showing the fluids variation in the TST along the
daytime as a function of the standby time indicates that for t, = 50min
the mass flow in the turbine is assured, is observed in Fig. 15. A standby
lesser than 50 min indicates that TST get empty during the first hours of
electricity generation.
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Fig. 13. Volume of working fluid in TST for the ORC working with Pg = 4.
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Fig. 14. Volume of working fluid in PST for the ORC working with Pr = 4.

3.1.4. Best operation conditions

The results in previous sections indicate that several parameters must
be used to determine the best operation conditions for the ORC system.
Table 3 contains the results for Pr = 4 and 5. Thermal and collector
efficiency are in the first two columns, then we present the results for the
mass flow rate in the turbine, followed by the surface of collector PTC,
and finally the size of volume required in both tanks, the PST and TST,
respectively. For the case P = 4 it is noticed that the difference in
thermal efficiency is 1.12% while the difference between the largest and
the smallest TST volume capacity is 41.812 m?, and the difference in the
incidence surface for solar radiation is 31.65 m2. The mass flow rate for
all working fluids is between 0.47 and 0.49 kg/s which satisfies condi-
tion My, = 0.5 kg/s. The results for TST represent a remainder given
that a total investment is influenced by this parameter more than by
others.

For a pressure ratio P = 5 and a standby of 50 min in the TST
outflow calculations lead to a negative minimum volume in the PST. To
solve this situation, a recalculation considering a standby of 60 min for
opening the TST outflow is conducted. The results under these condi-
tions in the same table indicate that higher values are obtained for
thermal efficiency, and smaller collectors surface are obtained, except
with fluid R245fa. Also, a waiting time slightly higher reduces the vol-
ume of TST a 20% for most fluids, except with fluid R1233zd(E).
Another advantage of larger waiting time is the mass flow rate in the
turbine, which is reduced for all fluids.

The results indicate that fluid R1233zd(E), a standby of 60 min in
TST, and a pressure ratio Pg = 5 represent the best operating conditions
for this ORC system. This statement is based on a series of criteria or-
dered by importance on performance and cost of equipment. First cri-
terion is due to the mass flow rate, where all fluids give a value close to
0.5 kg/s, with little difference. The volume of TST is a second criterion,
where R1233zd(E) also results the second smallest TST volume, 22.5 m3
less than worst R11 volume and its thermal efficiency is the highest,
even higher than the one for R11. Third criterion is thermal perfor-
mance. A 0.61% difference in thermal efficiency is sacrificed for 22.5 m®
in the TST due to the cost of construction and maintenance that could
result in this storage tank. Regardless of its thermodynamic perfor-
mance, R11 is discarded due to it is phase-out because of its high value of
ozone depleting potential, ODP. On the other hand, R1233zd(E) is a
fourth-generation fluid, thermically stable within the operating condi-
tions, and totally friendly with environment [53-56]. Furthermore,
R1233zd(E) is the second best in collector surface, which compensates
the cost of a 20% increment compared with R245fa, which seems the
second-best option to operate this ORC system after accepting a 0.44%
less thermal efficiency.

In summary, Table 4 presents overall thermodynamic conditions for
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Fig. 15. Variation of fluid in TST as a function of standby ¢, for the R1233zd(E) ORC working and Pg = 5.

Table 3
ORC system performance parameters.

Pr = 4 and a standby of 50 min

Fluid N Neol Myyrp Ainc Vpst Vst
[%] [%] [kg/s] [m*] [m?] [m®]
R245fa 8.91 43.42 0.482 363.79 2.182 86.522
R11 9.76 42.46 0.488 341.03 2.039 128.334
R1233zd(E) 9.27 42.83 0.467 354.27 2.267 100.590
R245ca 8.64 44.19 0.469 372.68 2.019 128.023
Pr =5 and a standby of 60 min
R245fa 10.11 40.12 0.412 341.11 2.117 66.877
R11 11.15 38.97 0.417 319.84 1.969 100.483
R1233zd(E) 10.54 39.41 0.400 332.94 2.194 78.035
R245ca 9.84 41.05 0.401 347.43 1.962 99.234
Table 4

Thermodynamic conditions in the ORC system (see Fig. 1a) for R1233zd(E)
working fluid, Pz = 5.

Stage  Pressure Temperature Performance (%) Equipment
(bar) [¢9]
1 1.39 300 100 (isotropic) condenser,
PST
2 6.93 300.37 70 pump
3 6.93 360.32 41.1 average, Eq. collector
(6)
4 1.39 319.85 80 (isentropic) turbine, TST

all stages 1 to 4, in agreement with Fig. 1a. Columns 2 and 3 show the
pressure and temperature corresponding to a mass flow rate of working
fluid R1233zd(E), for the condition of maximum solar radiation inci-
dence. The stage equipment and their performance assumed in the
computations are include in column 4. Storage bladder tanks PST and
TST are assumed isentropic. The design of bladder tanks, which involves
the selection of one elastomer with material properties according to
thermodynamic conditions for stages 1 and 4 is not addressed because it
is out of the scope of this paper.

3.2. ORC economic performance

As in any electricity generation system, the price of equipment in an

11

ORC varies as a function of the output, being more expensive as smaller
the scale. A list of small-scale turbines from different makers is given in
Table 5 [69]. Although the cost per kW in this table is competitive, the
installation requires more consideration; for instance, a power block,
which includes the generator and connection system to the grid besides
the turbine. It varies from 830 to 1190 $/kWe, for a solar energy plant
larger than 9 MW [70,71]. Therefore, the actual cost may be higher for
the plant than discussed in this work given the change of prices as a
function of time, local expansion of clean sources policies, and the
evolution of renewable power market. The energy source has no cost,
but the PT-collector represents a wealth of the plant equipment cost.
Their price depends on cost fluctuations of main materials like
aluminum, at rates between 170 and 270 $/m2 for a high technology
system recently developed by the National Renewable Research Labo-
ratory [72,73]. An estimate per kW of plant costs and investment for the
economics analysis is given in Table 6 following Equation (32)-(35) and
the data from Table 2 discussed in Section 2.5 above.

Since column 2 of Table 6 represents an indicator of the cost of the
ORC system, in real installations it depends on prices and taxes appli-
cable for each case. The operation cost Zi given in column 3, represents
the yearly amount needed for keeping all elements working as sched-
uled. A specific cost C; is obtained from the last column. It represents the
costs in cents of dollar per kWh of generated electricity. As a result, a
total cost, 8 h operating time each day of the year, C,;= 0.0543 $/kWh
is obtained, which is better than the value for an ORC plant of output 0.5
MW reported by Meinel et al. [60].

For comparison of present results, we present data of global cost of
electricity generation for different technologies as shown in Table 7.
Data from the International Renewable Energy Agency (IREA) corre-
spond to 2019 [72], while this years report from the US Energy Infor-
mation Administration (US-EIA) was consulted [73]. The solar
photovoltaic option seems competitive against other technologies.
However, an ORC system may be scalable to cover small and medium

Table 5
Costs of turbines for ORC system [69].

Supplier Model Speed (rpm) Output (kW) Unit cost ($/kW)
Solar (TAURUS) 14,950 4.370 434.78
Nuovo Pignone (PGT10) 7900 9.980 521.04
Solar (MARS) 9000 10 460.00
Mitsubishi (MF11A) 9660 12.835 451.89
GE (LM1600) 7000 13.430 513.78
RR (AVON) 5500 14.6 328.54
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Table 6

Costs for ORC system.
i equipment PECig, ($/kW) Zis ($/kW) Ci ($/kWh)
1 pump 3000 33.07 0.001265
2 condenser 26,000 286.57 0.010965
3 turbine 20,000 220.44 0.001327
4 PTC 60,700 669.22 0.025607
5 TST 11,000 121.24 0.004639
6 PST 8000 88.18 0.003374

Table 7

Current competitive price of electricity upon the technology.

Generating technology IREA US-EIA Present design
$/MWh $/MWh $/MWh

Concentrating Solar power 182 54.3

Wind onshore 53 39.95

Solar PV 68 35.74

demand such that the specific application is decisive. Further, although
reduced in power capacity another possible option for replacing the
concentrating energy are flat-plate solar collectors which are cheaper,
provided the required temperature of 35-40 °C above ambient is ach-
ieved [74].

Advantage of subsidiary programs in several countries where the
utility cost of electricity is lower than the price paid to private producers
can apply. Specially if the electricity that goes into the grid comes from
renewable sources like solar. The incentives may be interesting because
of the policy for the development of green energy. Electricity delivered
to the grid at a regular price $ 0.045/kWh in a medium-size country is
possible [75]. A revenue is calculated under this scheme such that for
the six months of the year with the highest temperature, the first 300
kWh cost 20.76% of the regular price, the next 900 kWh consumed cost
25.93% of the regular price, and then the next 1300 kWh consumed cost
63.10% of the regular price. In the rest of the year, the subsidy is as
follows: the first 75 kWh consumed cost 28.29% of the regular price, the
next 125 kWh consumed cost 34.12% of the regular price. Under this
scenario the revenue is expected at $2904.56/year compared to the
operation and maintenance cost $1418.71/year, calculated from Equa-
tion (34), reducing the time for return of capital investment. It makes the
electricity generation with the ORC analyzed a technically and
economically feasible renewable energy application.

4. Conclusions

A novel solar assisted ORC system of single working fluid was
modeled and simulated. The system considers a bladder tank between
the trough collector and the turbine that ensures a constant mass flow
rate in the turbine despite the natural variation of solar energy input.
Thus, the reliability of the system increases, and the total cost is reduced
during the operation by extending the useful life of turbine as possible.
The results show an enhanced thermal efficiency of 10.54% for the ORC
system that generates 10 kW during 8 h/day at averaged total cost of
54.3 $/MWh using R1233zd(E), and a pressure ratio P = 5 powered by
averaged solar radiation of 900 W/m?2. The study of specific investment
cost shows a high level of competitiveness highlighting the advantages
of a single-fluid single-loop ORC system design through reduced heat
transfer losses compared with reported data of larger scale power gen-
eration systems.

Future work. It is envisaged that the results in the paper be com-
plemented with a parametric study with the purpose of identifying the
main constraints in scaling the ORC, given that the potential of appli-
cation can increase. It is also envisaged that the bladder tanks need to be
carefully designed based on the material properties of the internal
membrane. These properties must be selected to obtain the longest
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useful life under daily elongation-contraction in conditions of the stages
1 and 4 of the ORC.
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