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ABSTRACT

This paper presents thermodynamic modelling and simulation study of a small scale saturated
solar organic Rankine cycle (ORC) which consists of a stationary, flat plate solar energy
collector that is utilised as a vapour generator, a vane expander, a water-cooled condenser and
a pump. Simulations are conducted under constant condensing temperature/pressure and
various cycle pressure ratios (PR) for 24 organic thermofluids including Hydrocarbons
(HCs), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs), Hydrofluoroethers (HFEs) and
Hydrofluoroolefins (HFOs). Special attention is given to the influence of PR and fluids’
physical properties on the solar ORC performance as well as fluids’ environmental and safety
impacts including global warming potential (GWP), flammability and toxicity. The
simulation results indicate that when the same fluid is considered, pressure ratio of the cycle
leads to various operating conditions such as collector (evaporating) pressure which results in
various collector, expander and cycle efficiency. For instance, increasing the pressure ratio of
the cycle enhances the net work output and the thermal efficiency of the cycle, whereas it
decreases the flat plate collector efficiency. The results also indicate that the proposed system
produces the maximum net work output of 210.45W with a thermal efficiency of 9.64% by
using 1-butene. Furthermore, trans-2-butene, cis-2-butene, R600, R600a, R601, R601a and
neopentane (HC), R227ea and R236fa (HFC), RC318 (PFC) and R1234ze (HFO) show
promising solar ORC thermal performances. However, the flammability problem of HCs and
global warming potential issue of HFCs and PFCs limit their applications, owing to the safety
and environmental concerns.

On the other hand, in terms of the environmental impact, thermofluids such as RE347mcc,
RE245fa2 (HFEs) and R1234ze, R1233zd (HFOs) offer an attractive alternative, yet they

were neither the most efficient, nor generated the highest amount of net work output. This
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paper provides thermofluids’ selection guidelines to achieve maximum efficiency within

solar thermal energy technologies while keeping environmental impacts into considerations.

Keywords: Solar thermal energy; saturated organic Rankine cycle; vane expander;

thermofluids

Nomenclature

A area, m*

Bo boiling number

C constant

Coh bond conductance

Cp specific heat, J/kg K

Co convection number

q radius of the stator to the centre of the

rotor

D diameter, m

e eccentricity, m

f friction factor

F fin efficiency

F' collector efficiency factor

Fr heat removal factor

Fr Froude number

G mass flux, kg/m?s

h single phase heat transfer coefficient,
» W/m?K

hip two phase heat transfer coefficient, W/m°K

Pnc.s nucleate boiling factor

heg convective boiling factor

h enthalpy, J/kg

hig heat of vaporisation, J/kg

k thermal conductivity, W/m K

Kratio heat capacity ratio

m mass flow rate, kg/s

M molecular weight, g/mol

N dimensionless parameter

n number of vanes

Nu Nusselt number

ORC organic Rankine cycle

P Pressure, bar

PR pressure ratio

Pr Prandtl number

r radius, m

I'v built-in built-in ratio of the expander

Re Reynolds number

S solar radiation, W/m?

Subscripts

a ambient

col collector
cond condensation
crit critical

cw cooling water
cyc cycle

dsg designed
evaporation

evap
exh exhaust

exp expander

f fluid

g vapour

i inner

in inlet, incoming
int intake

is isentropic

| liquid

lat latent

max maximum

mec mechanical

nbp Normal boiling point
0 outer

out outlet

ov over

p plate

pp pinch point
rot rotor

S isentropic
snb sensible

sp single phase
stat stator

t top

tp two phase
T total

u useful

ud under

wf working fluid
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T temperature, °C

U heat loss coefficient, W/m*K Greek symbols

0 heat, W v kinematic viscosity, m?/s
% velocity, m/s v specific volume, m®/kg
% volume, m® ) heat flux, W/m?

W tube spacing p density, kg/m*

W work, kW r 3zgle between the vanes,
« vapour quality 0 angle of a specific vane

from the origin

1. Introduction

The World has been facing numerous environmental problems such as air pollution,
ozone layer depletion, acid rain and global warming, mainly due to increasing consumption
of fossil fuels [1]. Extracting fossil fuels in the future will become gradually challenging.
Increasing demands of energy from non-renewable sources remain unsustainable. Therefore
utilising renewable energy sources as an alternative has been of great importance for
domestic heating and electricity generation [2, 3].

Renewable energy sources such as solar thermal, geothermal, biomass and waste heat can
be categorised as low-grade temperature energy sources and they have potential in reducing
consumption of fossil fuels [4, 5]. However, conventional Rankine cycle is not an economical
and efficient alternative for the conversion of heat from renewable energy sources [4]. A
conventional Rankine cycle employing organic compounds rather than water is called as
organic Rankine cycle (ORC) and it is the most accepted technology for converting low-
grade heat energy source into mechanical work [6].

A considerable amount of research has been conducted on the installation of solar ORCs
where non-stationary flat plate collectors are used as a heat source of the cycle. Experimental
study on the performance of such systems with a selected pure fluid including various types
of organic compounds such as HFCs (R134a, R245fa), HFEs (HFE 7000) and inorganic

compounds (CO;) has been conducted. Manolakos et al. conducted an experimental study on
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a low-grade solar ORC using pure R-134a as the working fluid. The generated mechanical
work is utilised for reverse osmosis (RO) desalination [7-9]. Wang et al. designed and
constructed a solar sourced ORC, where R245fa is used as the working fluid of the system.
They reported that 1.64 KW average shaft output was obtained from the new designed R245fa
expander [10]. Another experimental study of a small scale solar ORC using R245fa is
established by [11]. The effect of a recuperator for the constant flow rate condition was
analysed in their study, it was concluded that the recuperator does not lead to an increase in
the thermal efficiency of the system [11]. Yamaguchi et al. conducted an experimental study
on supercritical solar ORCs, using CO, [12]. Another solar ORC, utilising inorganic fluid
(CO,) was also investigated in Ref. [13]. In both studies it is concluded that CO, offers a
feasible alternative to be used in solar thermal power applications.

On the other hand, selection of the most suitable working fluid for solar ORCs and
optimisation of the system for various operating conditions, including both simulation and
experimental studies has attracted many researchers. Rayegan [14] compared 117 organic
fluids on the basis of their effects on thermal efficiency, net power output and exergetic
efficiency of the solar ORC. They claimed that fluids with higher critical temperature were
considered to be the best [14]. Torres [15] presented a theoretical study of solar ORC where
solar collector is used as thermal energy source of the cycle. In their analysis, they considered
four different models of stationary solar collectors with twelve substances, including organic
(HCs and HFCs) and inorganic (ammonia) fluids. Aperture area needed per unit of
mechanical power output was set as a comparison criteria and it was generalised that dry
fluids need lower values of the unit aperture area than wet fluids. Marion et al. carried out
both theoretical and experimental analyses to show the potential of generating mechanical
energy by combining a solar thermal flat plate collector with an organic Rankine cycle. The

cycle was simulated by using three organic fluids which were R134a, R227ea and R365mfc.
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In order to investigate the optimum operating conditions, a parametric optimisation was
conducted. It was found that R365mfc gives the highest performance and it is followed by
R134a and R227ea. They also reported that net mechanical power work generation highly
depends on the working fluid flow rate [16]. A mathematical model was presented to
simulate a solar-sourced regenerative ORC by [17]. In their study they performed a
parametric analysis of the system by using different working fluids. They also presented an
optimisation study where the daily average efficiency was set as the objective function. It was
reported that R245fa and R123 was recommended as the most suitable fluids for the proposed
system. They also claimed that turbine inlet pressure and condensation temperature have an
effect on the system performance [17]. Another working fluid selection study was conducted
by [18]. They modelled the solar organic Rankine cycle with fifteen organic fluids and
evaluated the thermodynamic performance of the system for each case. It was reported that
R134a and R245fa are the most suitable working fluids [18]. In another study of working
fluid selection for solar ORC, R134a was found to be the most appropriate working fluid
[19]. It is also concluded that although hydrocarbons such as R600, R600a and R290 show
good performance characteristics they need safety measures due to their high flammable
nature.

Previously, a theoretical and simulation study of multiphase flow (single and two-phase)
in a flat plate collector was conducted and the effect of single and two-phase flows on the
heat transfer coefficients, as well as the collector performance was investigated for two
working fluids (R134a and HFE 7000) [20]. In the current study, the previous work is
extended by modelling a small scale solar ORC, where the flat plate collector is connected
directly to the cycle. The simulation analysis of the cycle, using 24 working fluids is
conducted under various pressure ratio points. Special attention is given to the effect of the

system pressure ratio on the collector efficiency, expander efficiency, net work output of the
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cycle and the cycle efficiency. Investigation of the most suitable working fluid for a small
scale solar ORC is also discussed in terms of its thermo-physical and environmental
properties. This research is also expected to demonstrate the potential of solar ORCs where
flat-plate collectors can be either mounted on or integrated into a roof of a commercial or
residential building to generate mechanical and heat energy simultaneously by utilising
environmentally friendly thermo-fluids.
2. Mathematical modelling
2.1.  Solar organic Rankine cycle

The proposed small scale saturated solar ORC is made up of four components which are a

solar collector, a pump, a condenser and an expander (Figure 1).

©)
|

t@ it /
(®) 4
(6) N ] \\_ / V/\/)
Expander 5
(\) > 9 ¢
Y
Condenser
I T Pump
N J

Figure 1 A schematic diagram of the proposed solar ORC

In the proposed system, the solar collector is utilised as an evaporator of the cycle where
pressurised vapour is directly generated. This configuration is called ‘Direct vapour
generation’ (DVG) and has been studied and recommended by various researchers [15, 16]
due to its advantage of eliminating additional heat exchanger (evaporator) which would cause
extra cost and heat losses. As represented in Figure 1, the liquid working fluid is pressurised
by the pump and is then sent to the flat plate collector (1—2). In the collector, solar
radiations are converted to thermal energy and this energy is then transferred to the working

fluid. The working fluid is preheated and evaporated within the collector tube (2—>3). Then,
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the pressurised saturated vapour reaches the expander and turns the expander shaft to
generate mechanical energy. This mechanical work could be used to produce electricity when
the expander shaft is connected to a generator (3—4). In the condenser, low pressure exhaust
vapour coming from the expander is condensed to saturated liquid with a constant pressure
(4—1). The working fluid is cooled by cold water as it circulates through the condenser (5—
»6). Finally, the working fluid is pumped back to the collector to start a new cycle (1-—?2).
The thermodynamic process of the saturated organic Rankine cycle on T-s diagram is

represented in Figure 2.

ES

Figure 2 A typical T-s diagram of saturated ORC (for HFE 7000)

Each component of the system is modelled by considering the following assumptions:

e The system is considered as a steady state

e Pressure drops in the collector, condenser and the pipelines have been neglected
2.2. Flat plate collector

The serpentine  flat plate collector is previously modelled and represented
comprehensively in [20]. The collector consists of a glass cover, absorber plate, copper tube

and insulation as it is shown in Figure 3.
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Figure 3 Schematic of the serpentine tube flat plate collector [20]

As the incoming solar radiation travels through the glass cover (1) some portion of this heat is
lost to the atmosphere and the remaining is absorbed on the absorber plate (2). Solar energy

on the absorber plate surface is calculated as;

Qp = Ap [Sin(Ta) - UT(Tp - Ta)] (1)

where A, is the collector plate area, Si, is the incoming solar radiation on the collector and
(ra) is the transmittance-absorbance product. Ut represents the total heat loss coefficient, T,
and T, represent the plate and ambient temperature respectively. Since the heat loss through
the edges has been neglected in this study, the total heat loss coefficient is found to be below:
Ur = Utop + Upack 2)

Utop @and Upack €an be calculated by the formula developed by Klein [21].

Absorbed solar energy on the collector plate (2) is transferred to the working fluid as it
circulates along the collector tube (3). This is called “useful energy gain” of the fluid and it is
estimated as;

Qu = ApFr[Sin(t@) = Ur(Tyin — Tu)] (3)
where Fgr represents the collector heat removal factor and Ty, represents the working fluid
collector inlet temperature.

Collector heat removal factor is found to be as below:

_mep [ _ ApUrF’
o251 - (222
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In Eq. (4), F' is the collector efficiency factor and it can be calculated as:

, (Up)t
F == T_ — =1 (5)
W[UT(Do+(W—Dgo)F)]~1+(Cp)~1+(mD;hy)

where W is tube spacing, D, and D; is the outer and inner tube diameter respectively. Cy
represents the bond conductance and it is neglected (1/C,=0) in the calculation.

F is the fin efficiency and it is determined by Eq. (6):

F = tenhlm@W-Do/2)] where m = \/Z:; (6)

m(W-Dqy/2)

In Eq. (5), hs represents the convective heat transfer coefficient of the fluid in the collector
tube. As mentioned previously, the flat plate collector is utilised as an evaporator of the solar
thermal cycle where the phase change of the fluid takes place. Therefore, the convective heat
transfer coefficient (hy) is evaluated for both single and two phase flows separately in the
model.
2.2.1. Single-phase flow

The heat transfer coefficient in the single phase region for fully developed laminar flow
and for fully developed turbulent flow are calculated respectively as follows [22]:

Nu = 4.36 where Re<2300 (7)

(g)(Re—woo)Pr

1+12.7(£)0'5(Pr2/3—1)

Nu = where (3x10%<Re<5x10°), (0.5<Pr<2000) (8)

In the calculations the Reynolds number is estimated as:

Re =22 (©)

v

and the Prandtl number is defined as:

Pr = %Cp (10)

where v is the flow velocity, v is the kinematic viscosity, p is the density, C,, is the specific

heat of the working fluid and k is the thermal conductivity.
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The single phase heat transfer coefficient of the working fluid in the collector tube is

calculated with the following equation:

k
hep = Nu= (11)

2.2.2. Two-phase flow

Calculation of two-phase flow heat transfer coefficient (hy) is based on the model
represented by Shah [23]. The model consists of two distinct boiling mechanisms (nucleate
and convective) relies on the calculation of a range of dimensionless parameters.

The dimensionless parameter (N) is calculated according to the conditions of Froude number

Fr.
G2
Fry = Froude number = —— (12)
p%gD
where;
Fr,<0.04 N = 0.38(Fr;)"%3Co (13)
Fr,>0.04 N =Co (14)
Convection number is calculated as follows;
_ . . 1 0.8 Pg 0.5
Co = Convection number = (; — 1) (E) (15)

Then, nucleate boiling (h,cg) and convective boiling (h.g) factors are determined at the

following cases;

Case 1 (N>1)
hncs = (230B0%°) x hy where Bo >0.0003 (16a)
huep = (14 46B0%%) X hy where Bo < 0.0003 (16b)

hep = (1..8N°®) x b, (16c)
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Case 2 (1>N >0.1)

hncs = (CB0%®) X exp(0.47N 1) x h (17a)
hep = (1..8N%8) x h, (17b)
Case3. (N<0.1)

hucs = (CB0%®) X exp(2.47N~%1%) x h, (18a)
hep = (1..8N%8) x h, (18b)

In all three cases, h, represents the liquid phase heat transfer coefficient and it is calculated by
using Dittus-Boelter equation.

The constant C is calculated by using the following equations:

Bo>0.0011 C=147 (19a)
Bo<0.0011 C=15.43 (19b)
where

Bo = Boiling number = é (20)

Finally, for each case the nucleate boiling and convective boiling factors are calculated and
the larger value is selected. In other words, the larger represents the boiling mechanism and is
taken as two-phase flow heat transfer coefficient.
2.3. Expander

The expander is mathematically modelled in the current study, was tested experimentally
in a small scale solar organic Rankine cycle using HFE 7000 refrigerant in [24]. The
mathematical modelling is divided into two parts which are geometrical and thermodynamic
analyses respectively. The former is developed in order to determine the design
characteristics and the built-in volume ratio of the expander, whereas the latter is built up to
evaluate the expander expansion losses (under or over expansion) where the effect of the

operating conditions of the system is taken into account.



246  The multi-vane expander mainly consists of a stator (cylinder), a rotor and four vanes Figure
247 4. The rotor is mounted eccentrically in the stator, has radial slots where the vanes are
248  positioned. As the working fluid enters the expander through the inlet port, the rotor as well
249  as the vanes move and compose a working chamber. Due to the continuous rotational
250 movement of the rotor, the area of the working chamber increases until the working fluid
251  begins flowing toward the outlet port. Since then, the area of the working chamber starts to
252  decrease and eventually the vanes close the working chamber. When the fluid begins filling
253  the chamber again after the minimum area of the working chamber is reached, the cycle of

254  the expander is completed [25].

\
\ \ Tstator

255

256  Figure 4 Schematic of the multi-vane expander

257  In order to evaluate the volume of a working chamber as a function of angular displacement,
258 initially, the radius of the stator to the centre of the rotor is calculated by using the following

259  formula;

260 d(6) = —e x sin@ + / (r¢ar)? — (e X cosh)? (21)
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The area of a working chamber can be evaluated if the geometrical parameters of the
expander such as stator radius (rsa), rotor radius (r.), eccentricity (e) and number of the

vanes (n) are known.

A©) = [T (2 — 1,02 dB 22)
The volume of a working chamber can be given as;

V(0) = AX Lgtqr (23)
Volume ratio or built-in ratio of an expander can be defined as the ratio between the volume
of the working chambers at the end and at the beginning of an expansion process [26]. The
volume of the working chambers can be calculated by introducing the intake (8;,;) and the
exhaust (Bexn) angles into the Eq. (22-23). Thus, built-in ratio is calculated by using the

formula below;

— Vout
Ty, built—in = Vin (24)

Following the built-in ratio of the expander, expander designed pressure ratio can be

calculated as [27];

_ Pexp,in _ kratio
PRdsg ~p - (rv,built—in) (25)
exp,out,dsg

where k represents the heat capacity ratio of the fluid.

As it is stated in [28, 29] that during the expansion process, under-expansion occurs if the
designed pressure ratio imposed by the expander is lower than the operating pressure ratio of
the system whereas over-expansion happens when the designed pressure ratio is higher than
the operating pressure ratio. The operating pressure ratio of the system is the pressure ratio of

the collector outlet/expander inlet and expander outlet/condenser inlet.

Pex in
PRy = =2 (26)

Pexp,out

Figure 5 represents the isentropic expansion process on a P-V diagram for both under and

over expansion cases [29].
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Figure 5 Isentropic expansion process a) under expansion b) over expansion

Then, the work during the expansion process can be calculated according to the areas
represented in Figure 5.

Under-expansion

Wexp,ud = Aud,l + Aud,z = mwf X (hexp,in - hexp,out) x 1073 + Vexp,out X <P€Xp.0uf - Pexp,out> x 1072 | x Nmec
dsg,s dsg,s dsg

(27)

The efficiency of the expander for under-expansion case is calculated as;

W expuax103

= = : 28
Nexpud mwfx(hexp,in_hexp,out,is) ( )
Over-expansion
Vi/exp,ov = (on,l + on,z) - (on,z + on,S) = m'wf X (hexp,in - h‘-’XP.OU-f> x 1073 — (VEXP.OM X (PEXP.OW -

dsg,s dsg,s dsg

Pexp,out)) X 1072 | x Nmec (29)
The efficiency of the expander for over-expansion case is calculated as;

_ Wexp,orx103
Nexp,ov = (30)

My, £X (hexp,in _hexp,out,is)
In Eq. (27-30), hexp,in and hexp.outdsg,s represent the enthalpy at the expander inlet and expander

designed outlet isentropic enthalpy respectively. Pexpoutdsg and Pexpout are the designed
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expander outlet pressure and expander outlet pressure at operating conditions respectively.
Vexpoutdsgs aNd #mec indicates expander designed outlet isentropic specific volume and the
mechanical efficiency of the expander respectively. Expander mechanical efficiency, which
represents the frictional, leakage and heat dissipation losses is assumed to be 0.7 [25].

To validate the expander simulation the model is utilised by using the same expander input
conditions as those in [24]; Texp,in = 45.41 °C, Peypin = 1.32 bar and ¢ = 0.022 kg/s. A good

agreement between the simulation and experimental results are obtained (Table 1).

Table 1 Expander model validation results

Conditions Current study  [24]
Texp,in (°C) 45.41 45.41
Texp,out °C) 36.36 36.36
I:>exp,in (bar) 1.32 1.32
Pexp,out (bar) 0.66 0.66
¢ (Kg/s) 0.022 0.022
Wexp(W) 130.3 146.74
2.4. Condenser

The modelled condenser is a water-cooled heat exchanger in which the cooling water
circulates to condense working fluid at desired conditions. The condenser is divided into 2
zones during the analysis, which are sensible heat and latent heat rejection respectively. As it
is previously mentioned, the working fluid leaves the condenser as saturated liquid at
corresponding temperature. The total amount of condensation heat can be calculated as the

sum of the sensible and latent heat rejection of the working fluid in the condenser.

Qcond = mwf X (hexp,out - hg@cond) + Thwf X <hg@cond - hl@cond) (31)

temp temp. temp.
The first and the second terms of the right hand side of Eq. (31) represent the sensible and
latent heat rejection respectively.
In the condenser modelling, the pinch point temperature (ATpp) which is the smallest

difference between the working fluid and cooling water temperature is imposed (Figure 6)
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[30]. The pinch point (point pp) takes place at where the working fluid starts to condense and
the pinch point difference at this point is assumed to be 5 °C.

Teona — Tew,pp = ATy (32)
Latent heat rejection represents the enthalpy change of the working fluid from the pinch point
to the end of the condenser. This latent heat is equal to the amount of heat that increased the

cooling water temperature from the inlet to the pinch point.

mwf X (hg@cond - hl@COTld) = Mgy X Cp,cw X (Tcw,pp - Tcw,in) (33)
temp temp

As the condensation temperature and the minimum pinch point temperature are defined as 25
°C and 5 °C respectively, the cooling water pinch point temperature and the cooling water

mass flow rate can be evaluated by utilising Eq. (33) iteratively.

T°C

Tcond,in

cond,out

cw,out

cw,in

Q (W)
Figure 6 Temperature profiles and the pinch point in the condenser
Then, the cooling water outlet temperature is calculated by using the formula below;
Qeona = Mew X Cp.ew X (Tewout = Tew,in) (34)
2.5. Pump
The consumed work by the pump is determined by the following equation [31].

Wpump — mwf(vpump,in)x(Pevap_Pcond)X10_2 (35)

Npump,s
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where v is the specific volume of the working fluid, P is the pressure and npump,is IS the pump
isentropic efficiency. It is important to note that in Eq. (35), the specific volume at the inlet of
the pump is used instead of the average of the specific volume at the inlet and outlet of the
pump as the difference is small.
3. Numerical process

The simulation model which utilises the developed Matlab computer code is explained in
terms of the iteration procedure of the components as well as the whole system in this
section. The proposed solar ORC model consists of specific sub-codes which are developed
to simulate each component according to the defined input, output and fixed variables. Each
component calculates output variables which are utilised as input variables of an another
component as each sub-code is connected to each other. In the simulations, the component
specifications, the condensing temperature, the ambient and the cooling water temperature,
the pump isentropic efficiency, the expander mechanical efficiency and the incoming solar
radiation were kept constant whereas the pressure ratio of the cycle was the only selected
control variable of the cycle. Properties of each fluid at various operating conditions were
taken from REFPROP 9.1 [32] which was developed by the National Institute of Standards
and Technology was run in parallel with the computer code. Operating conditions of the
system are given in Table 2.

Table 2 Operating conditions of the saturated solar ORC

Parameter Unit Value
Incoming solar radiation W/m? 800
Condensation temperature °C 25
Ambient temperature °C 15
Cooling water inlet temperature  °C 12
Pump isentropic efficiency - 0.6
Expander mechanical efficiency - 0.7
Pressure ratio of the cycle - 15-6

As the condensing temperature is set constant at 25 °C, the corresponding condensing

pressure at saturated conditions can be determined. The system operating pressure ratio
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represents the ratio between the evaporation and the condensation pressure. Thus, the
evaporating pressure of each fluid at saturated conditions is determined for each pressure
ratio value.

Initially, the fluid properties at given operating conditions is taken from REFPROP (Table 3).

Table 3 Fluid data taken from REFPROP at given operating conditions

Fluid data

Fluid evaporation temperature at corresponding Peyap Fluid sat. liquid enthalpy at corresponding Peyap
Fluid sat. liquid density at corresponding Peyap Fluid sat. vapour enthalpy at corresponding Peyap
Fluid sat. liquid density at corresponding Peyap Fluid condensation pressure at 25 °C

Fluid sat. vapour density at corresponding Peyap Fluid saturated liquid enthalpy at 25 °C

Fluid sat. liquid conductivity at corresponding Peyap Fluid saturated vapour enthalpy at 25 °C

Fluid sat. liquid viscosity at corresponding Peyap Fluid saturated liquid specific volume at 25 °C

Fluid sat. vapour viscosity at corresponding Peyap

As all the necessary fluid data is derived by the computer code, the simulation starts with the

determination of the specific pump work by using the following equation;

. _ -2
_ Upump,mX(Pevap Pcond)X10 (kJ/kg) (36)

Npump,s

Wpump

Thus, the collector inlet enthalpy can be calculated as the pump inlet enthalpy and the pump
specific work is known.
heotin = Wpump X 10%) + hpump in (J/kg) @37)
According to the calculated collector inlet enthalpy and given collector (evaporation)
pressure, the collector inlet temperature is identified and sent to the computer code.
3.1. Flat plate collector

Previously, a numerical model of the serpentine flat plate collector was developed and
experimentally validated [20]. The collector specifications which are also used in this study

are given in Table 4.

Table 4 Collector specifications

Collector area (m°?) 6.96
Absorber plate thermal conductivity (W/m-K) 50
Absorber plate thickness (m) 0.001
Total length of tube (m) 56

Tube inner diameter (m) 0.008
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Tube outer diameter (m) 0.01

Effective transmittance-absorbance product (-) 0.81

In the model, the collector tube was considered as a single flat tube and was divided into
small finite elements. Then, the outlet temperature of the fluid, collector plate temperature,
useful heat gain and the collector heat loss at the end of each element and also at the collector
outlet was evaluated iteratively for given fluid inlet temperature and fluid mass flow rate. In
this study, the same approach is followed by the difference of investigating the mass flow rate
for given collector inlet and collector outlet temperature (as the cycle is saturated). Basically,
the collector iteration model consists of two parts which are single phase and two phase flow
calculations. Single phase flow represents the region from the fluid temperature at the
collector inlet to its saturation temperature at corresponding saturation pressure. Two phase
flow indicates the region between saturated liquid and saturated vapour points of the fluid.
Initially, the simulation considers only the first element in the single phase region and the rest
of the elements in the two phase region. Then, after each iteration, the model increases the
number of elements in the single phase region until the desired criteria is satisfied. Figure 7
demonstrates the elements and their regions (single or two phase) at two various iteration

steps.

a)

Two phase
Istelement A ~
| | | | | [
— ]
) (i— 1)th element
Single phase
b)
Two phase
A
nth element Ve ~~
| e | I }--

! J
T

. (i — n)th element
Single phase

Figure 7 Simulation iteration steps a) first iteration b) xth iteration
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At the start, the flow rate of fluid as well as at which element the fluid goes into the saturated
region is not known. Therefore, an arbitrary value of the fluid mass flow rate for the first
element which represents the single phase flow region is given. Then, in order to calculate the
fluid heat transfer coefficient in the single phase region, the flow type is determined whether
it is laminar or turbulent by using Eg. (7-8). In the inner loop, the heat loss coefficient is
calculated with the given initial plate temperature (T,) value. (T, value is considered as 5 °C
higher than the fluid inlet temperature for the first iteration) [20]. After the calculation of
collector heat loss coefficient, the useful gain of the fluid Q,, is evaluated by using Eq. (3).
With the calculated value of Q,, the new plate temperature is evaluated by using the
following equation;

Qu

Ty = Teorin + - (1—-Fgr) (38)

FRUT

This process is repeated until the difference of two consecutive values of T, is less than
0.01°C. When the condition of T, is satisfied in the inner loop, the last value of the useful
heat gain of the fluid represents the amount of the heat for the whole collector tube and it can
be shown as;

Qu = Qu" ™D Lepe (39)
where Q,," represents the useful heat rate, mD;, and L,,;. indicate the surface perimeter and
the length of the collector tube. Then, the heat gain of each element is calculated by using the

formula below;

. " L

anin = Qus 7Dy fo dx (40)
In Eg. (40), dx is the length of each element which is obtained by dividing the whole

collector tube into ‘n” number of small elements. Using Eq. (40), the length of the first

element is multiplied by useful heat rate and surface perimeter to evaluate the heat gain of the
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first element. As the collector inlet temperature and the saturation temperature of the fluid is
known, the amount of the sensible heat transfer can be calculated as;

Qsnp = Mur sp X Cp X (Tevap — Teovin) (41)
Then, the mass flow rate for single phase flow is calculated as the sensible heat transfer is

equal to the heat gain of the first element.

. anin Sp
. i | 42
Wf,Sp CPX(Tevap_TCOl,in) ( )

New calculated mass flow rate value of the fluid in the single phase region indicates that
the first iteration assumes that the fluid undergoes a phase change in other words reaches its
saturation points after the first element with the calculated mass flow rate. Then, the second
loop starts where the two phase flow calculations are performed. In this loop, again the heat
loss coefficient is evaluated by using the latest calculated T, value. The useful heat gain of
the fluid is evaluated (Eq. (3)) with another arbitrary value of the fluid mass flow rate for two
phase region. Similar to the single phase part of the code, the new plate temperature is
evaluated with the calculated value of useful heat (Eq. (38)). The process is repeated until the
same convergence criterion is met (0.01°C). Then, the heat gain of the fluid for the rest of the
collector elements is calculated again by using Eq. (39). Differently from the first part, useful
heat rate and surface perimeter are multiplied by another figure which equals to the length of
the first element subtracted from the total length of the tube. Then, similarly like the sensible
heat, the amount of the latent heat transfer can be calculated as;

Quae = Muwrep X (hg — hy) (43)
and the mass flow rate for the two phase region;

. _ anin,tp
Mot 0 = (ng-) (44)

At the end of the second loop, the model checks if the difference between 1, f 5, and 7, ¢ 1

is less than 0.0001. If the condition does not meet the convergence criterion (0.0001), the



443  model increases the number of elements for the single phase part region and the same
444  calculations are performed. This is continued until the condition satisfies the convergence.
445  This point represents the element where the flow reaches the saturation point with

446  corresponding mass flow rate. Finally, the collector efficiency is determined as;

MMy, X [(Cp (Tevap _Tcol,in)+(hg _hl))]
SXAcol

447 Neot =

(45)

448  The flow chart of the simulation model is represented in Figure 8.

< Impose collector parameters and fluid properties I
v
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| Set suess values for plate temperature and single phase mass flow rate |
|
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[ Determine new plate temperature |

Tp= Tp.new.sp

No

Tp.newsp—Tp <0.01 °C

Single phase
A

| Calculate heat gain of the n. element |

L Calculate single Ehase mass flow rate |

~ | Calculate heat loss coefticient and useful heat gain |
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| Evaluate heat loss coefficient and useful heat gain |
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| Determine new plate temperature |

Tp= Tpnew.ip

No

Two phase

Tp.newtp -Tp<0.01°C

Yes
| Calculate heat gain of the (i - n). element |

| Calculate two phase mass flow rate |
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Calculate collector efficiency

!

End of the collector calculation

449

450  Figure 8 Flow chart of the simulation model
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3.2. Expander

The iteration begins with setting the parameters and the inputs of the expander. The
parameters of the expander, inputs and outputs of the expander model are given in Table 5.
Then the expander built-in ratio and expander designed outlet pressure are calculated by
using Eqg. (24-25). As it is previously mentioned, the fluid at the inlet of the expander is
saturated vapour at corresponding evaporation pressure. This means the entropy at the outlet
of the expander is equal to the entropy at the inlet of the expander as long as the expansion
process is isentropic. Therefore, at the given entropy and expander designed outlet pressure,
expander designed outlet isentropic enthalpy and isentropic specific volume can be

calculated.

Table 5 Expander model specifications

Parameters Inputs Outputs

Rotor radius, (o) Inlet pressure, (Pexp,in) Built-in volume ratio, (v built-in)

Stator radius, () Outlet pressure, (Pesp.ou) Expander designed outlet pressure,
(Pexp,out,dsg)

Expander designed outlet isentropic
entha|py, (Hexp,out,dsg,s)

Expander designed outlet isentropic
specific volume, (Vexp out,dsg,s)
Exhaust angle, (Bexn) Expander mechanical work, (1#,,,)
Expander mechanical
efficiency, (Nmec)

Eccentricity, (e)

Intake angle, (Oint)

Expander efficiency, (nexp)

As all the unknowns in Eq. (27-30) are evaluated, now the model compares the designed and
system operating pressure ratio values. Then, the mechanical work generated in the expander
and the expander efficiencies are calculated according to the conditions of under and over

expansion. The flow chart of the expander model is given in Figure 9.
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Figure 9 Flow chart of the expander simulation model

3.3. Condenser

In the condenser simulations, cooling water mass flow rate and outlet temperature are
aimed to be determined. Initially, pinch point condition in the code is set as;
25 =Teypp =5°C (46)
This is to evaluate the cooling water mass flow rate. Then, with the given initial cooling
water mass flow rate (0.001 kg/s), cooling water pinch point temperature is calculated by
using Eq. (33) iteratively where the mass flow rate is increased by 0.001 intervals until the
condition (Eq. 46) is satisfied. This point provides the real value of the cooling water mass
flow rate and cooling water pinch point temperature. Thereafter, the cooling water outlet
temperature is evaluated with the use of Eq. (34) as the cooling water mass flow rate is

determined previously. It is important to note that Eq. (31) is valid as long as the fluid leaves

the expander as superheated vapour. However, if the fluid falls in the saturation region after
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the expansion process, the first term of the right hand side of Eq. (31) which represents the
sensible heat rejection is omitted and the following equation is utilised to calculate the total

amount of the condensation heat.

Qcond = mwf X (hexp,out - hl@cond) (47)

temp
As the sensible heat rejection does not occur, the smallest difference between the working
fluid and cooling water temperature takes place at the point where the cooling water leaves

the condenser. Therefore, Eq. (33) can be rewritten as:

mwf X (hexp,out - hl@cond> = mcw X Cp,cw X (Tcw,out - Tcw,in) (48)

temp
Then, Eq. (48) is solved iteratively with the same condition (Eq. 46) to calculate the cooling
water mass flow rate and outlet temperature.
3.4.  The saturated solar ORC

The model of the whole solar ORC is developed by interconnecting all the components
with the given input parameters. The performance analysis of the cycle is evaluated through
the performance parameters.
The first performance parameter is the net work output of the system and it is defined as;
Whet = Wexp — Woump (49)
The other parameter is the solar ORC efficiency and it is calculated as;

Whetx103

Nsorc = 0 gain (50)
3.5. Simulation model constraints

The boundary conditions of the saturated solar ORC model are listed below;

e Superheating at the expander inlet and sub-cooling at the condenser outlet are zero, in

other words working fluid leaves the collector as saturated vapour and leaves the

condenser as saturated liquid in order to reduce total irreversibility of the cycle [33] .
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e The saturated solar ORC is simulated at a constant condensing temperature of 25 °C
e As the fluids undergo a phase change in the collector, the maximum pressure of the
cycle is limited to 1.5MPa (15 bar) due to the leakage and safety concerns of the
maximum flat plate collector pressure in domestic applications.
e Minimum condenser pressure should be higher than 0.05 bar [34].
e Pump isentropic efficiency is 0.6 [35].
3.6. Fluid pre-selection
In order to narrow down the list of the potential candidates to be used in the proposed
solar ORC, some of the compounds were eliminated, according to their environmental
parameter (ODP) and their corresponding saturation pressure at 25 °C in the condenser.
Several Hydrocarbons and Siloxanes have been discarded from the analysis due to having

corresponding condensation pressure less than 0.05 bar at 25 °C (Table 6).

Table 6 Fluids with a condensation pressure less than 0.05 bar

Condensation

Fluid pressure at 25 °C
(bar)
D4 0.0012
Decane 0.001
Dodecane 0.0001
Ethyl benzene 0.012
MDM 0.004
MD2M 0.0005
MD3M 0.00006
m-xylene 0.011
Nonane 0.005
Octane 0.018
p-xylene 0.011
Toluene 0.037
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Table 7 Properties of the investigated fluids [32]

H Tcrit Pcrit Tboilin MOIar MaSS
Fluid Alt. Name Type (°C) (bar) (°C)* 9 (kg/kmol)
Trans-2-butene HC 155.46  40.27 0.88 56.106
Cis-2-butene HC 162.6 42.25 3.72 56.106
1-butene HC 146.14  40.05 -6.31 56.10
Isobutane R600a HC 134.66 36.29 -11.74 58.122
Butane R600 HC 151.98 37.96 -0.49 58.122
Neopentane HC 160.59  31.96 9.5 72.149
Isopentane R601a HC 187.2 33.78 27.83 72.149
Pentane R601 HC 196.55 33.7 36.06 72.149
Isohexane HC 22455 304 60.21 86.175
Hexane HC 234.67 30.34 68.71 86.175
Cyclohexane HC 280.45 40.805 80.71 84.159
1,1,1,2-tetrafluoroethane R134a HFC 101.06 40.593 -26.07 102.03
1,1-difluoroethane R152a HFC 113.26  45.168 -24.02 66.05
1,1,1,2,3,3,3-

R227ea HFC 101.75  29.25 -16.34 170.03
heptafluoropropane
1,1,1,2,3,3-hexafluoropropane  R236ea HFC 139.29 342 6.17 152.04

1,1,1,3,3,3-hexafluoropropane  R236fa HFC 12492 32.0 -1.49 152.04
1,1,1,3,3-pentafluoropropane  R245fa HFC 154.01 36.51 15.14 134.05
1,1,2,2,3-pentafluoropropane  R245ca HFC 17442  39.40 25.26 134.05
Octafluorocyclobutane RC318 PFC 115.23 27.775 -5.97 200.03

Methyl-heptafluoropropyl-
ether

2,2 2-trifluoroethyl- RE245fa2 HFE 17173 3433 2925  150.05
difluoromethyl-ether

2,3,3,3-Tetrafluoropropene R1234yf HFO 94.7 33.82 -29.45 114.04
Trans-1,3,3,3- R1234ze  HFO  109.36 3634  -1897  114.04
tetrafluoropropene
Trans-1-chloro-3,3,3-
trifluoropropene

RE347mcc  HFE 16455 24.762 34.19 200.05

R1233zd HFO 165.6 35.70 18.32 130.5

* Normal boiling temperature at 1 bar

Ozone depletion potential (ODP) states compound’s potential to contribute ozone degradation
is one of the vital environmental factors for working fluid selection [34, 36]. Due to their high
ODP values Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) are
discarded from the analysis. Thus, the fluids belong to Hydrocarbons (HCs),
Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs), Hydrofluoroolefins (HFOs) and
Hydrofluoroethers (HFES) are considered and analysed in this study and 24 fluids given in
Table 7 are considered as potential candidates.
4. Results and discussion

In this section, the simulation results of the proposed saturated solar ORC at various
pressure ratio using 24 working fluids are presented. It is well known that the net work output

and the thermal efficiency of an ORC increase with the increasing difference of condenser
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and evaporator pressure and temperature. However, as it is previously stated, the flat plate
collector is utilised as the evaporator (heat source) of the cycle in this study and the collector
efficiency, in other words the amount of the heat that is recovered by the working fluid in the
collector is highly related to the collector temperature due to the heat losses to the atmosphere
as the collector efficiency is not set constant. Furthermore, unlike many studies in the
literature, turbine/expander efficiency was not fixed and it varied as the expander inlet
pressure changes due to the different behaviours of expansion (under/over) losses in the
expander. Therefore, special attention is given to the collector and expander characteristics
under various pressure ratio values of the system when the whole system is analysed in this
section.

As it is stated previously, the maximum collector pressure is set to 15 bars. However, fluids
such as R-134a, R-152a, R-227ea, R-236fa, RC-318, 1-butene, R-600a and RE-170 have an
evaporation/collector pressure greater than 1.5 MPa at some pressure ratio points. This is due
to their low saturation temperature behaviours. In the analysis, only the cases where the
evaporation pressure is less than 1.5MPa +0.75 is taken into account for these fluids (Table
8).

Table 8 Fluid corresponding evaporation pressures at various pressure ratio values

Pressure Ratio

Pcond at
25°C 1.5 2 25 3 3.5 4 45 5 55 6
(bar)

Fluid

1-butene | 2.95 443 | 591 | 7.39 8.87 10.35 11.83 | 13.31 | 14.79 | 16.27 | 17.75

R-600a 3.49 523 | 6.98 |8.72 1047 | 1221 13.96 | 15.71 | 17.45 | 19.20 | 20.94

R-134a | 6.62 9.93 | 13.2 | 16.56 | 19.87 | 23.18 | 26.49 | 29.80 | 33.12 | 36.43 | 39.74

R-152a | 5.93 890 | 118 | 1484 |17.81 | 20.78 | 23.75 | 26.71 | 29.68 | 32.65 | 35.62

R-227ea | 4.52 6.78 | 9.05 | 11.31 | 1357 | 15.84 18.10 | 20.36 | 22.63 | 24.89 | 27.15

R-236fa | 2.7 405 | 541 | 6.76 8.11 9.47 10.82 | 12.17 | 13.52 | 14.88 | 16.23

RC-318 | 3.11 466 | 6.22 | 7.77 9.33 10.88 12.44 | 13.99 | 1555 | 17.10 | 18.66

R1234yf | 6.79 10.1 | 135 | 16.9 20.3 23.78 | 27.18 | 30.5

R1234ze | 4.96 744 1992 | 124 14.88 | 17.36 19.85 | 22.33 | 24.81 | 27.29 | 29.77




555 4.1.  Collector analysis

556 The efficiency of the collector for each fluid category (HC, HCF, PFC, HFE and HFO) at
557  various pressure ratios is represented in Figure 10. It can be seen that the collector efficiency
558  decreases independently of the fluid category as the pressure ratio of the system increases.
559  This can be explained by the fact that the higher pressure ratio leads to an increase in the
560 saturation pressure, as well as saturation temperature in the collector (saturated ORC). As a

561  result, higher collector temperature causes greater heat loss from the collector to the ambient

562 [16, 20].
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564  Figure 10 Collector efficiency a) HCs b) HFC-PFCs ¢) HFEs d) HFOs

565  Figure 11 shows the collector heat loss and the saturation temperature of the fluids R600a,
566  R236ea, RE245fa2 and R1234ze as an example. In general, the collector efficiency for all the
567 investigated fluids varied between 59.19% and 37.44% and the highest and the lowest
568 efficiency value is obtained from Hexane and R-600a which ranged from 59.19% to 44.12%

569 and 55.18% to 37.44% respectively.



570
571

572

573

574

575

576

S77

578

a) 36004 2 R6® b 1007 5 geao O
O R236¢a O O R236ea O
A RE245fa2 o 901 A RE245f2 O R
34001 5 Rizsze O ~ 3 7 RI23dze o R
% 32004 o m} o g \A ‘é’ 804 O A Ja\
2 Ao A 2 mAY
= o ~ A ] 704
— 3000 o A 5 )
5] a A A & 4
2 fOA E 604 _ &
— 2800 = Q) 2 W
: - 5
S 2600- g & g 0 M
3 A z
24001 g3 o g
M t
2200 T T T T T T T T T T g 30 T T T T T T T T T T
1 2 3 4 5 6 1 2 3 4 5 6
Pressure Ratio Pressure Ratio

Figure 11 Collector heat loss and saturation temperature with pressure ratio

4.2. Expander analysis

In this section, the vane expander efficiency is analysed in terms of investigating the
relation between the expander designed pressure ratio PRgsy and the system pressure ratio
PRcyc. It can be seen from Figure 12 that for each investigated fluid, the maximum expander
efficiency occurred at the pressure ratio of 2.5 which also represents the designed expander
pressure ratio (PRgyc). The only exception was R134a and R1234yf where the pressure ratio

of 2 provides the highest efficiency due to their saturation pressure limitation.
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Figure 12 Expander efficiency under various pressure ratio a) HCs b) HFC-PFCs ¢) HFEs d) HFOs

For instance, the efficiency of R600 was to be 49.26% at a pressure ratio of 1.5 which is
lower than its designed pressure ratio and results in over-expansion. Then, the efficiency
increases to 68.2% as the pressure ratio rises to 2 and the efficiency reaches its maximum
(69.98%) at PR of 2.5. After neyp achieves the maximum value, it decreases gradually with
increasing pressure ratio. This is because further increase in PR causes the expander to
operate under the under-expansion zone.

The minimum expander efficiency (35.61%) is obtained from the pressure ratio of 1.5 with
R134a and the maximum expander efficiency (70.1%) is observed for the pressure ratio of
2.5 with 1-butene among the considered fluids. It is important to note that the analysis shows
that the design parameters of a vane expander and the operating parameters of the cycle has a
significant influence on the expander performance as it is also stated by [25, 29]. It is also
worth mentioning that all the investigated fluids except HFC-152a left the expander as a

superheated vapour which shows that there is no risk of encountering any liquid droplet in the
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expander. The only exception was HFC-152a which was in the superheated vapour region at
the pressure ratio of 1.5, then fell into the saturated region and had vapour quality of 0.997,
0.988 and 0.982 at the pressure ratio of 2, 2.5 and 3 respectively. Thereby, superheating
might be necessary when utilising HFC-152a in order to avoid liquid formation in the
expander.

4.3. Condenser analysis

It was previously mentioned that the heat rejection from the proposed cycle was carried out in
the condenser. The working fluid was cooled by water which has an inlet temperature of 12
°C. The amount of the calculated condensation heat varied between 1729 W and 3223.96 W.
Thus, this amount of heat was transferred from the system to the cooling water which
subsequently increased the water temperature at the outlet of the condenser. The cooling
water mass flow rate and the cooling water temperature at the exit of the condenser was
calculated for each considered fluid. The results at pressure ratio of 1.5 are represented in
Table 9. As it can be seen from Table 9 that the cooling water mass flow rate varied from
0.087 kg/s to 0.094 kg/s and the cooling water outlet temperature varied between 18.65 °C
and 20.45 °C. Furthermore, the increased temperature of cooling water at the collector outlet
can be utilised for secondary uses. For instance, the cooling water flow can be directed to a

hot water tank to recover some portion of its heat [24].



619  Table 9 Calculated cooling water mass flow rate and outlet temperature at pressure ratio of 1.5

Cooling water mass Cooling water inlet Cooling water outlet

Fluid flow rate (kg/s) temperature (°C) temperature (°C)
Trans-2-butene 0.091 12 20.21
Cis-2-butene 0.092 12 20.11
1-butene 0.091 12 20.16
R600a 0.087 12 20.25
R600 0.091 12 20.14
Neopentane 0.09 12 20.33
R601a 0.092 12 20.16
R601 0.093 12 20.14
Isohexane 0.094 12 20.18
Hexane 0.094 12 20.2
Cyclohexane 0.094 12 19.99
R134a 0.093 12 20.13
R152a 0.093 12 20
R227ea 0.09 12 20.39
R236ea 0.092 12 20.22
R236fa 0.092 12 20.23
R245fa 0.093 12 20.18
R245ca 0.093 12 20.18
RC318 0.09 12 20.45
RE347mcc 0.091 12 20.43
RE245fa2 0.093 12 20.23
R1234yf 0.091 12 19.01
R1234ze 0.091 12 20.24
R1233zd 0.09 12 18.65

620

621 4.4, Solar ORC analysis

622 In this section the net work output of the cycle with the thermal efficiency of the solar
623 ORC is investigated. Figure 13 shows the net work output of the cycle for each investigated
624  fluid. It can be observed that the net work output of the cycle augments initially, reaches its
625 peak and remains almost constant with the increasing pressure ratio for 1-butene, R600a,

626  hexane, Isohexane, Cyclohexane, R236fa, R245fa and RE245fa2.
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Figure 13 Net work output versus pressure ratio for a) HCs b) HFC-PFCs ¢) HFEs d) HFOs

The reason for this behaviour can be explained by the decrease in the mass flow rate of the
cycle and increase in the consumed pump work. The former is due to the rise in the pressure
ratio of the system at a constant condensation pressure, which augments the difference
between the collector and condenser pressure that represent the highest and the lowest points
of the cycle respectively. This results in an increase in the enthalpy difference between the
two points and causes the mass flow rate to decrease due to the energy balance of the cycle.
Figure 14 represents the mass flow rate of four working fluids versus pressure ratio as an

example.
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Figure 14 Mass flow rate of R600, R236ea, RE245fa2 and R1234ze versus pressure ratio

It can be observed that initially, the effect of the increase in the enthalpy drop across the
expander is higher than the decrease in the mass flow rate and the increase in the consumed
pump work. However, after a certain point of the pressure ratio the increase in the enthalpy
drop does not dominate the decrease in the mass flow rate and the rise in the consumed pump
work. This is even more pronounced for the fluids such as trans-2-butene, cis-2-butene,
R600, neo-pentane, R601a, R236ea, R245ca, RE347mcc and R1233zd where the net work
output starts to decline beyond the pressure ratio of the maximum net work output. The same
trend can be found in [17, 30]. On the other hand, fluids such as R134a, R152a, R227ea,
RC318, R1234yf, R1234ze shows an increasing tendency with the rising pressure ratio owing
to the limitations of their saturation pressure points higher than 15 bars.

Another parameter which is investigated in this section is the thermal efficiency of the solar
ORC. As it is stated by [14] it is important to consider net work output along with the thermal
efficiency when comparing various working fluids. It is apparent from Figure 15 that the
cycle efficiency increases with increasing pressure ratio for each investigated fluid. Similar

trend can be found in [19].
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Figure 15 Solar ORC efficiency varies with pressure ratio for a) HCs b) HFC-PFCs ¢) HFEs d) HFOs

This behaviour is different from the net work output of the cycle as it is demonstrated
previously in Figure 13. The reason for the upward trend of cycle efficiency when there is a
maximum point for the net work output is the decrease in the amount of the heat gained by
the fluid in the collector. Similar results were reported in [33] for R134a refrigerant. The
highest cycle efficiency is obtained by trans-2-butene (9.76%) and cis-2-butene (9.69%)
among the investigated fluids.

Figure 13 and Figure 15 represents that generally, HCs provide higher net work output and
cycle efficiency compared to the others thermofluids and among the hydrocarbons, trans-2-
butene, cis-2-butene, 1-butene, R600 and R600a gives the highest results. For HCFs, HFEs
and HFOs R227ea, R236fa, RC318 and R1234ze generate more net power output, whereas
R227ea, R236ea, R236fa and RC318 provide higher thermal efficiency.

It is important to note that the net mechanical work output of R236ea (60.57W-190.39W) is

found to be less than R227ea (58.18W-205.06W) and RC318 (62.94W-206.34W). However,



671

672

673

674

675

676

677

678
679
680

681

682

683

the cycle efficiency of R236ea (1.87%-8.4%) is greater that of R227ea (1.81%-7.75%) and
RC318 (1.94%-8.25). This can be explained by the fact that R236ea provides less collector
efficiency (58.15%-40.72%) compared to R227ea (57.69%-47.57%) and RC318 (58.16%-
44.93%). In other words, less amount of useful heat is transferred to R236ea owing to its
higher saturation (collector) temperature. According to Eq. (50), the higher cycle efficiency

of R236ea shows an interesting potential of converting the heat energy into the mechanical

work.
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Figure 16 Overall efficiency varies with pressure ratio for a) HCs b) HFC-PFCs c¢) HFEs d) HFOs

In addition to the thermal efficiency of the proposed solar ORC, the overall efficiency which
represents the ratio of the net power output of the cycle to the incoming solar radiation is

calculated as:

Nsys = SAgor (51)
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The overall efficiency shows similar trend with the net work output of the solar ORC (Figure
16). The highest overall efficiency is obtained by 1-butene (3.78 %) and this is followed by
trans-2-butene (3.69%) and cis-2-butene (3.72%).
4.5. Environmental and safety impacts

In this section, the environmental impact of the fluids in terms of the contribution to the
global warming and the safety characteristics of the fluids such as flammability and toxicity
are discussed and the properties of the fluids are given in Table 10. It can be seen from Table
10 that some refrigerants such as HFCs and PFC have considerably high global warming
potential. As an example, R236fa and RC318 have a GWP of 6300 and 10300 respectively.
On the other hand, HFEs, HFOs and HCs have a negligible global warming potential [37-39].
Another environmental concern of the fluids is the flammability and toxicity. Hydrocarbons
are more flammable compared to the other fluid categories such as HFCs, HFEs and HFOs.
4.6.  Overall analysis of the thermofluids

In general, as it is stated by several researchers there is no fluid which can satisfy all the
conditions such as providing high thermal efficiency and net work output, having reasonable

saturation points and low GWP and being non-flammable [19, 28].
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Table 10 Environmental and safety data of the considered fluids

Fluid Alt. Name Type GWP Safety
Trans-2-butene HC ~20 [33] -
Cis-2-butene HC ~20 [33] -
1-butene HC ~20 [33] -
Isobutane R600a HC ~20 [33] A3 [19]
Butane R600 HC ~20 [33] A3 [19]
Neopentane HC ~20 [33] -
Isopentane R601a HC ~20 [33] A3 [40]
Pentane R601 HC ~20 [33] A3 [41]
Isohexane HC ~20 [33] -
Hexane HC ~20 [33] -
Cyclohexane HC ~20 [33] A3[19]
1,1,1,2-tetrafluoroethane R134a HFC 1370 [33] Al1[19]
1,1-difluoroethane R152a HFC 133 [33] A2 [19]
1,1,1,2,3,3,3-

heptafluoropropane R227ea HFC 3500 [42] Al[18]
LL23s R236ea  HFC  1410[33] :
exafluoropropane

LSS R236fa  HFC 6300 [42] AL [43]
exafluoropropane

1,1,1,3,3-pentafluoropropane  R245fa HFC 1050 [33] B1[18]
1,1,2,2,3-pentafluoropropane  R245ca HFC 726 [33] -
Octafluorocyclobutane RC318 PFC 10300 [35] Al[19]
gfﬁgr‘y"heptaf'“"mpmpy" RE347Tmcc HFE 450 [44] Non-flammable [44]
2,2,2-trifluoroethyl-

difluoromethyl-ether RE245fa2  HFE 659 [49] i
2,3,3,3-Tetrafluoropropene R1234yf HFO 4 [46] A2L [35]
Jrans-1,3,3,3- R1234ze HFO 6  [47] A2L [35]
tetrafluoropropene

Trans-1-chloro-3,3,3- R1233%zd HFO 7  [48] Al [48]

trifluoropropene

A Lower toxicity, B: Higher toxicity, 1: Non-flammable, 2: Lower flammability 3: Higher flammability

The selection of the most suitable thermofluid for the proposed solar ORC depends on the

decision criteria. For instance, R600a, R600 and cyclohexane show high thermal efficiency

and net work output but they have flammability problems. Furthermore, R236fa, R227ea

have high GWP, R134a, R152a, R1234yf, R1234ze represents high saturation pressure, and

R245fa has toxicity issue. One way to restrain the flammability and GWP of the compounds

is blending them with other compounds that have lower flammability and GWP.

In addition to the environmental benefits, the system performance could also be improved by

using a mixture as the limitations on the cycle operating conditions and thermodynamic and

physical properties are enhanced [49, 50]. Lastly, the selected fluid should not be corrosive to

eliminate major corrosion problems in the cycle components in terms of the durability of the

system.
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5. Conclusion

A small scale solar ORC has been modelled thermodynamically and the cycle simulations
with 24 working fluids are studied in this research. In the simulation analyses, the effect of
each working fluid on each component as well as the whole cycle at various pressure ratios of
the cycle is investigated.

The simulation results reveal that pressure ratio, in other words evaporating pressure of the
cycle, has a significant effect on the collector and expander efficiency and therefore, on the
net work output and thermal efficiency of the cycle.

The simulation results also showed that, in general, HCs such as trans-2-butene, cis-2-butene,
1-butene, R600a, R600, R601, R601a, neopentane, HFCs such as R227ea, R236fa, and
RC318 (PFC) and R1234ze (HFO) yield higher values of net work output of the cycle.
Furthermore, the working fluid plays a key role in the operation of the solar ORC. For
instance, fluids with relatively low boiling temperature, such as R134a, R152a, R227ea,
R1234yf, and R1234ze, lead to an increase in the evaporation pressure that might limit their
application in the collector. The other important parameter is the environmental impacts of
the thermo-fluids. For example, although the HCs provide high solar ORC performance, one
of the disadvantages of hydrocarbons is their high flammability. In addition to the
flammability issue of the fluids, toxicity for R245fa and global warming potential for RC318,
R134a and R236fai are the other environmental limitations of these fluids. On the other hand,
although, HFEs (RE347mcc and RE245fa2) and HFOs (R1234yf andR1233zd) offer a
moderate system performance, they are viable thermo-fluids for the proposed solar ORC
based on their thermo-physical characteristics, low GWP and safety issues.

Finally, it is suggested that a mixture of two components can be used in order to eliminate the
problems such as flammability, toxicity and global warming potential that might occur when

pure components are utilised in the solar ORC.
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