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Abstract: Phase change materials employed as thermal energy storage can aid in maximizing the
use of stored solar energy. The current research examined the impact of three kinds of phase change
materials (PCMs) on the dynamic performance of a solar organic Rankine cycle (ORC) system based
on a direct vapor production. A number of evacuated flat plate collectors, a condenser, an expander,
and an organic fluid pump make up this system. The thermodynamic cycle model of the direct
vapor generation (DVG) solar ORC system was combined with the finite difference model of a phase
change material heat storage tank created in MATLAB. The effect of PCMs (Organic, Inorganic and
Eutectic PCMs) on the collector, ORC, and system efficiency, net power output, PCM temperature,
and heat stored was studied weekly, monthly, and annually. Among the selected PCMs,
Mg(NO3)2.6H20 had the highest system efficiency at 9.34%; KNO3-NaNO: had the highest net
power output at 33.80 kW; and MgCl2.6H:0 stored the maximum energy of 20.18 MJ annually. Un-
der the given operational and boundary conditions, the spring and fall were preferable to the sum-
mer and winter months for storing heat from phase change materials.

Keywords: phase change material; organic Rankine cycle; heat stored; direct vapor generation; net
power; output efficiency

1. Introduction

Due to the exponential growth of the human population, particularly in emerging
nations, the demand for energy per capita is rising at a rapid rate. Consequently, govern-
ments are pursuing many potential approaches for effectively using current energy
sources. In the recent past, low-grade heat has gained prominence alongside high-grade
heat. Solar thermal energy is a viable source of low-grade heat and a potentially appealing
alternative. Different researchers have employed several methods, including the Stirling
cycle, Kalina cycle [1], trilateral flash cycle [2], Goswami cycle [3], and organic Rankine
cycle to collect low-grade heat. Amongst the most promising systems for turning little to
moderate thermal energy into power is the organic Rankine cycle (ORC) [4].

The organic Rankine cycle operates similarly to the conventional steam Rankine cy-
cle. In the ORC, a fluid with a high molecular weight and a low saturated boiling temper-
ature is used as a working fluid. Organic fluids having a greater molecular weight than
water, resulting in a larger mass flow rate for a similar-sized turbine [5]. As a result, in-
creasing mass flow rate leads to enhanced cycle efficiency. Furthermore, due to its lower
boiling temperature, organic fluid is excellent for low-temperature applications [6].

Solar thermal energy is a more recent utilization of the ORC system compared to
organic matter, waste heat recuperation, and geothermal sources. It can be a possible
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source of heat for the organic Rankine cycle since it can drive the ORC at temperatures of
around 100 °C or just a little higher [7]. In the past, there have been two types of solar ORC
systems reported: indirect and direct solar ORC systems [8]. Commonly known as “con-
ventional solar ORC systems”, indirect solar ORC systems use a heat transfer fluid (HTF)
to transmit heat from the solar thermal collectors to the organic fluid in a heat exchanger
[9].

However, a transitional heat exchanger is unnecessary in a direct solar ORC system
since the organic fluid (two-phase fluid) is passed through the solar thermal collector as
an HTF. This means that the solar collector in a direct solar ORC system acts as an evapo-
rator [10]. Recently, there has been a lot of interest in the direct solar ORC system, some-
times referred to as the direct vapor generation (DVG) solar ORC system. Researchers
have presented both experimental findings [11,12] and theoretical investigations [13-15].

Furthermore, Wang et al. [15] found that employing an organic fluid (R245fa) as an
HTF in a flat plate collector may achieve a collector efficiency of up to 55% under normal
October weather conditions in Tianjin city. The primary objectives of the researchers were
the working fluids selection and the evaluation of system performance [16]. The DVG so-
lar ORC has demonstrated excellent thermal compatibility with varying solar radiation.
As aresult, its thermal efficiency and net power output are superior to those of a conven-
tional solar ORC system [13].

Solar ORC systems cannot function without solar collectors; they are an essential
component [17]. The collectors are characterized as either concentrating or non-concen-
trating. Concentrating solar collectors only utilize direct solar radiation, whereas collec-
tors that do not focus the solar rays use both beam and diffuse radiation [18]. As a result
of the high working pressure inside the collector tube, solar thermal collectors are an im-
portant element of the DVG solar ORC system. Therefore, DVG systems may use solar
collectors designed for high-pressure operation. The more common parabolic trough col-
lectors (PTC) and evacuated tube heat pipe collectors (EFPC) have competitors in the form
of CPC collectors and U-type collectors, as well as evacuated flat plate collectors (EFPCs)
[19]. The strong vacuum inside evacuated flat plate collectors allows them to operate at
over 50% efficiency, even when heated to temperatures over 200 °C. These collectors may
operate at extremely high operating pressures with great efficiency. Unlike focusing type
collectors, the collector may employ diffuse irradiation without the necessity of a tracking
system [20]. This is why DVG solar ORC systems favor non-tracking, non-concentrating
and less-cleaning solar collectors [21,22].

Intermittent solar radiation can impair the process of generating electricity. Conse-
quently, the DVG solar ORC system is often kept operational by using thermal energy
storage [23]. It is challenging and time-consuming to choose the ideal heat storage for
thermal power generating systems. Latent heat storage (LHS) and sensible heat storage
(SHS) are two forms of thermal storage that have been described in the past [24]. One form
of LHS is phase change material (PCM) storage. This type of thermal storage has shown
promise and efficiency because of its greater energy density in comparison with SHS.
PCMs have a 5-14x greater energy density per volume than SHS [25]. Moreover, they are
useful, since the maximal energy storage happens at constant temperatures. Conversely,
they pose substantial drawbacks, such as poor heat transmission, subcooling, and flam-
mability etc., [26].

There are three distinct forms of phase transitions of PCMs: solid —liquid, liquid —
gas, and gas—liquid [27]. The primary categories are organic, inorganic, and eutectics,
which are split into organic, inorganic, and eutectics. PCMs have a variety of advantages
and disadvantages depending on their categorization [19]. For instance, the organic PCMs
are preferred due to their chemical stability at high temperature and pressure, low sus-
ceptibility to corrosion and sub-cooling, high compatibility with a variety of container
types, and broad temperature accessibility. They do, however, have the drawbacks of be-
ing very flammable, having poor heat conductivity, and having larger changes in volume.
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However, the inorganic PCMs have several benefits, including excellent thermal con-
ductivity, low cost, little volume change, and zero flammability. A few disadvantages of
inorganic PCMs are their incompatibility with micro- and nano-capsulation procedures,
the high degree of sub-cooling, and corrosivity. The thermal conductivity, energy density,
and the sharpness of the phase transitions in eutectic PCMs are all noteworthy. PCMs of
this kind, on the other hand, are rare and costly [28,29]. Low-temperature PCMs have a
melting point below 60 °C, whereas medium-temperature PCMs fall between 60 °C and
150 °C, and high-temperature PCMs melt at temperatures higher than 150 °C. [25]. For the
solar ORC system, PCMs with a modest temperature range are often appropriate.

PCMs and solar power plants together provide a realistic option [30]. Abbasi et al.
[28,31] investigated the exergo-economic performance of a solar thermal power genera-
tion with PCMs. It has been demonstrated that the use of PCMs resulted in the power
plant functioning continuously. The levelized cost of electricity (LCOE) from concentrated
solar systems has been trending downwards. This research has focused on identifying
methods to decrease thermal resistance between the heat transfer fluid and the PCM in
order to boost heat extraction rates [32].

A 100 kilowatt solar ORC system with solar salt PCM storage was analyzed [33,34].
Aluminum fins significantly reduced the temperature gradient inside the PCM storage
tank. Alvi et al. [35] investigated and compared indirect and direct solar ORC systems
based on PCM. The thermal reactivity of PCM with the organic fluid was discovered to
be substantially greater than that of PCM with water. In contrast to the direct system, the
indirect solar ORC system has a higher energy density per unit volume.

The majority of prior research on solar ORC systems integrated with PCMs has been
on modeling, simulation, and performance assessment. In addition, most studies relied
on an indirect solar ORC system. However, there is a lack of research on how different
organic, inorganic, and eutectic PCMs influence the DVG solar ORC system. This research
is one of a kind, since it compares the performance of the DVG solar ORC system with
three distinct PCMs. Some additional input comprises:

The PCM storage tank model was developed and validated in the MATLAB pro-
gramming environment using the finite difference approach.

Weekly, monthly, and annual simulations of the PCM integrated DVG solar ORC
system were carried out.

The measurement and comparison of net power output, as well as the quantity of
heat stored, were carried out.

DVG solar ORC systems with PCM storage will be able to be compared to the results
of this study as they advance in the research field. The system’s performance will guide
design engineers to select the best phase change materials for use in specific applications.

2. The Overall System Layout

Figure 1 depicts the layout of the proposed DVG solar ORC system. The suggested
system is comprised of a number of evacuated flat plate collectors (EFPCs), a tank for
phase change materials, a pump for an organic fluid, a condenser, a turbine, and a gener-
ator. The EFPC array serves as an evaporator (direct vapor generator) in the current con-
figuration. The PCM storage tank has two modes of operation: discharging and charging.
Additionally, the fundamental solar ORC system is taken into consideration, which does
not need a sophisticated control scheme.
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Figure 1. The DVG solar ORC system layout diagram: (a) charging mode; and (b) discharging
mode.

If the PCM temperature is lower than the evaporation temperature (Tevp > Tpem), the
system enters the charging mode.

If the evaporation temperature is less than the PCM temperature (Tevp < Tpem), the
system enters the discharging mode.

The whole process is comprised of expansion, condensation, pressurization, and
evaporation. The organic fluid is first warmed up in a network of EFPCs to the appropri-
ate evaporation temperature. Solar radiation heat is captured by the collectors, who then
transfer it to the organic fluid. After entering the PCM storage tank, the working fluid
either releases heat during discharge or takes it in during charging, depending on the
mode. After entering the expander in a saturated vapor phase, the working fluid produces
power while lowering the pressure. It is then cooled to the subcooled liquid state in the
condenser. The organic fluid is then transferred back to the solar collectors by pressurizing
it in the organic fluid pump.

It was presumed that the organic fluid’s temperature did not change as it moved
through the tube. Consequently, the fluid’s temperature loss across the tube is insignifi-
cant. Throughout this process, it was expected that the tube’s inner wall would be at an
isothermal temperature. The exterior surface of the working fluid tube is a component of
the PCM interface. Additionally, a linked boundary condition indicating the variation in
the outer surface temperature was chosen to represent the PCM. Whether the system is in
discharging or charging mode, each of the five valves opened or closed accordingly. In
addition, to aid the reader’s comprehension, the color red was used to represent a closed
valve and the color blue to represent an open valve. Arrow signs are placed to show the
direction of flow in both modes. Valves Vz, V3, and Vs were left open during charging,
while Vi and Vi were closed. During the discharge phase, all the valves except Vi were
closed.

The data were imported into MATLAB in order to conduct a dynamic simulation of
a DVG solar ORC system coupled with PCM storage. The system was expected to begin
functioning when solar radiation at the collector’s surface approaches 400 W/m2. The sys-
tem instead powered down or entered a discharge mode. The PCM was kept at a temper-
ature 10 °C below its melting point. This demonstrated that the PCM started off the sim-
ulation in its solid form, uncharged. The storage tank’s discharge limit was kept at a tem-
perature 20 °C below the PCM’s melting point, enabling the system to discharge the stor-
age within a reasonable temperature range.

The present research made use of Lahore, Pakistan’s hourly climate data. Data for
Lahore’s typical meteorological year (TMY) were produced using the Meteonorm pro-
gram [36]. Both the average monthly temperature and the average amount of solar radia-
tion are shown in Figure 2. Maximum solar radiation and ambient temperature are both
seen to occur in June, whereas the minimums occur in January.
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Figure 2. Climate information for Lahore, Pakistan (daily average monthly).

3. Modeling Based on Thermodynamics
3.1. Solar Radiation

The formula [22] was used to determine how much sunlight the solar collector’s slop-
ing surface received. The tilt of the solar collectors was the same as Pakistan’s latitude at
Lahore.

Gb+GdiJRb+1d (1—ij(—l+°°sﬂJ[1+Fsm%ﬁ)]mhp (—l‘c‘)sﬁj )
G, G\ 2 G~ 2 2

3.2. Thermal Solar Collectors

The solar ORC system with direct vapor production used evacuated flat plate collec-
tors. At high working temperatures, the EFPCs are useful because of their high efficiency.
They are helpful due to the fact that they are non-concentrating, non-tracking, and static.
In addition, they employ both dispersed and direct radiation, which makes them advan-
tageous in regions with limited sun resources [21]. A thermal gradient equation is often
used to determine a solar collector’s thermal efficiency.

A B
(D) =110 _E(T_Tamb)_a(T_Tamb)z )

The solar thermal collectors with an optical efficiency of 0.774 have a primary heat
loss coefficient A of 0.376 Wm= °C-! and an additional heat loss coefficient B of 0.006 Wm™2
°C2[19]. The collector’s performance can be impacted if fluid is subjected to a phase shift
while in the thermal collection process. However, this effect was ignored in the present
research. Because of this, two-phase fluid was acceptable for use in the solar collector. The
efficiency of a single, commercially accessible unit with a surface area of between 1-2 m?
is often determined using the Equation (2). When hundreds of square meters are involved,
the temperature differential between nearby solar collectors is negligible. This implies that
the collector’s typical temperature may differ from one module to the next. The array of
collectors contains an organic fluid in both its vapor and liquid states. Throughout the
whole binary state, the average collector temperature remains stable. Thus, Equation (2)
may be used to ascertain the collector efficiency. The temperature of the collector
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fluctuates depending on where it is in relation to the liquid. Equation (3) can be used to
compute the collector’s surface area.
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An approximate first-order calculation may be used to determine an organic fluid’s
thermal heat capacity.

C,(I)=C,,+a(l -Ty) )

Using Equations (2)—(4) the solar collector area may be calculated by putting
a=A4/G a,=B/G

m T, -7 .-—0 o -T, +T
/ (Cpa +ag1)1nw+(cp)a +m92)1nw )
Tf,i_Tamb_el 62_Tf,o+Tamb
The arithmetic solutions to Equation (6) are, where, and. o and 0 when
0,<0, 0,>0
770—“19—“292:0 (6)
Cp,a =Cp,0+a(Tamb_TO) (7)

The efficiency of solar thermal collectors in the liquid state may be calculated using

mf(hl,o —h;)

77(,’1’] = GS[ (8)

Using Equations (9) and (10), the efficiencies of solar collectors with organic fluid in
the vapor state and the whole collector array are computed, respectively.

my(hy, , —hy ;)
7701‘, = L éS (9)
’ b
my(hy,—hy ;)
ncl G(Sl +Sb) (10)

3.3. Thermal Storage Tank

Figure 3 illustrates the architecture of the PCM-filled double-pipe heat exchanger. As
indicated in portion (a) of Figure 3, the multi-tubes are merged into the large cylinder
shell. Moreover, as illustrated in portion (b) of Figure 3, each tube comprises of a mini-
tube contained inside a bigger tube. PCM is injected into the larger cylinder while the
organic fluid is pumped through the smaller cylinder. The length of each tube stays un-
changed. The fluid tube’s diameter is maintained to be 10 times smaller than that of the
PCM tube [35]. The PCM tank is estimated to have a capacity of 90 m3. The PCM tube and
the containers outside surface need to be insulated. Depending on operational circum-
stances, the thermal storage tank runs in a discharging or charging mode. The transfer of
heat between PCM and organic fluid is accomplished by convection. However, it is con-
sidered that heat transport inside PCM occurs by conduction. The organic fluid transfers
heat to the PCM as it is charging. PCM’s melting point is reached when its temperature
rises from its solid state. The PCM’s temperature stays constant during the remainder of
the melting process. When the melting process is finished, the PCM transforms into a lig-
uid state.
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Figure 3. (a) PCM storage tank layout; and (b) basic component of PCM storage tank (mini-tube).

During the discharging phase, heat is transmitted from PCM to working fluid. By
dissipating heat into the organic fluid, the PCM changes state from liquid to solid [37,38].
The PCM storage tank is modeled using the renowned Enthalpy approach. To create the
mathematical model for heat transfer via PCM, the following inferences are drawn:

e  Conductive heat transmission is regarded as the PCM’s predominant mechanism;

e  One-dimensional heat transmission is considered;

e During each condition, the thermophysical parameters of the PCM stay constant;

e Natural convections may occur owing to density differences, which were disre-
garded by this model.

oH o'T,,
ot oy
where “H” represents the total volumetric enthalpy. It is the total of PCM’s latent and
sensible heat at a certain temperature [39]. As a result, the Equation (12) allows for the
determination of the total volumetric enthalpy of PCM at any given temperature.
T
H = J‘ppcmcpcdepcm + ppcmLF(ﬂ‘) (12)
T
The PCM’s latent heat is correlated with its density and liquid fraction (“LE”), respec-

tively [40]. The liquid fraction LF must be determined in order to determine the latent heat
of the PCM. As a result, LF can be determined using the relation below.

IF 0 for T,,<T, Solidregion
11 for T, >T, Liquidregion

pem

(13)

Whether a PCM is liquid or solid is indicated by its LF value. When LF equals 0, PCM
is in the solid phase. However, if LF = 1, it is assumed that the PCM is in the liquid area.
Furthermore, Equation (14) allows for the calculation of the PCM’s sensible enthalpy.
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pem = pem pem (14)

T
h(T):jp C _dT
T

From Equations (11) and (13), the PCM enthalpy may be calculated as follows:

ppcm Cp('Wl (Tp('Wl - TWI ) for Tp('Wl < TV" SOlid region
H = (15)
ppcmcpcm (Tpcm - T;n )+ ﬂ’ppcm fOr Tpcm > T;n quuld region
If the PCM is in a solid area, as shown by Equation (15), it carries solely sensible heat.
On the other hand, if the PCM is in a liquid phase, there is both latent and sensible heat
available. With the help of Equation (16), we see that the PCM’s temperature, “Tpcm”, can
be derived from the PCM’s volumetric enthalpy [29].
H
T m +— for H <0
p pcm 'Cpcm
T,..= Tm for 0 <H<p,,A (16)
H - (10 pcm '/1 )
Tm t— o P
ppcm'Cpcm fOl" > ppcm b

PCM’s latent heat is denoted by A and density of PCM Qpem is given by Equation (10).
In order to determine one-dimensional heat flow inside the PCM could be rewritten as
follows using Equations (12) and (13).

oh o oh OLF
—=—(@)- P, A—) 17)
o oy oy ot

In addition, as shown in Equation (18), the amount of heat retained by the PCM is
calculated by multiplying the PCM’s total mass by the disparity in specific enthalpy be-
tween the PCM’s terminal and terminal nodes [27].

Qst = Mpcm (hmx - hin) (18)

In a similar fashion, discharge heat is determined by multiplying the specific en-
thalpy difference between the first and last nodes of the storage tank by the entire mass of
the PCM, as per Equation (19).

Qrel = Mpcm (h[n - hmx) (19)
Using Equation (20), the entire mass of PCM can be estimated.
2 2
Mpcm = ﬂ.(rpcm - rtﬂuid ) X chm x ppcm (20)

In this equation, the density is denoted by P, and r stands for the radius. Using the
finite difference technique and the MATLAB simulation tool, an accurate model of the
PCM storage tank was developed and then compared to experimental data published in
academic journals. Afterwards, the PCM model was integrated with the solar ORC sys-
tem. Table 1 displays the thermophysical characteristics of the PCMs employed in this
investigation.
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Table 1. Thermo-physical properties of PCMs employed in the present system [24].
Name of the PCM MgCl2.6H:20 Mg(:gs)2°6 KNO:-NaNO:
2
PCM category Inorganic Organic Eutectic
Melting point temperature (°C) 116.7 89 141
Latent heat (k]/kg) 160 140 97
both states
Thermal conductivity . .
(W/m-°C) (slohd & lig- 0.7 0.58 0.65
uid)
Specific heat capacit both states
(E] ko) PAAY (solid & lig- 2.61 2.78 1.46
& uid)

3.4. PCM Model Validation

The current numerical model was experimentally validated by comparing the find-
ings of the Lacriox [41] experiment with those of the numerical simulation. Two concentric
tubes, one 0.0127 and the other 0.0258 mm in diameter, made up the unit’s storage capac-
ity. Each tube was 1 m in length. The outside tube has superior insulation. PCM was used
to fill the inter-tube spaces. Water was utilized to fill the inner tube so that it might serve
as a heat exchanger (HTF). The heat transfer fluid maintained a constant mass flow rate
of 0.0315 kg/s. The used PCM (n-octadecane) has a melting point of 28.2 °C. Comparing
experimental outcomes to those anticipated by this model constitutes validation. Figure 4
demonstrates that the experimental and numerical findings are in excellent agreement.
Table 2 displays the thermophysical characteristics of PCM n-octadecane.

Table 2. Thermophysical characteristics of the Paraffin utilized by Lacriox [41].

Thermophysical Property Value
Melting point temperature (°C) 28.2
Latent heat (kJ/kg) 243.5
. Solid 861
Density (kg/m?) Liquid 772
Solid 0.358
. 20
Thermal conductivity (W/m?2-°C) Liquid 0.148
Solid 1.85

Specific heat capacity (k]J/kg-°C) Liquid 233
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Figure 4. Lacriox [41] results vs the results from the current numerical model.

3.5. Organic Rankine Cycle

Due to its cheap cost, simple technical requirements, and usefulness in low-to-me-
dium temperature applications, the fundamental and subcritical ORC was investigated in
this work. It was assumed that evaporation and condensation are isobaric processes,
whereas expansion and pressurization are adiabatic. Table 3 lists the assumptions and
operating conditions examined for this investigation.

Table 3. The presumptions for the fundamental ORC.

Parameter Value
Isentropic expander efficiency [42] 80%
Pump efficiency [7] 60%
Generator efficiency 85%
The condensation temperature 30 °C

Using Equations (21) and (22), the power created by the expander and the power
utilized by the pump were examined, respectively.

W, =myg (ht,i - ht,o) (21)
w, =m(h,,~h,;) (22)

The expander and pump isentropic efficiencies were obtained using Equations (23)
and (24) respectively.

£ = ht,i - ht,o (23)
t ht,i - ht,os
h —h, .
& = P,0S Pl 24
p h _ h ) ( )
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os represents the ideal thermodynamic process. To calculate how much energy is required
to perform the heating operation of an ORC, the rise in enthalpy of the working fluid from
the pump to the expander, multiplied by the mass flow rate of the organic fluid.

q= m(h,,l. - hp,o) (25)

As demonstrated in Equation (26), The efficiency of an ORC may be estimated by
dividing the net power produced by the heat input.
W, Eg =W

Norc = —££ 7 (26)
q

The DVG solar ORC system’s overall system efficiency can be estimated using

775)/.9 =Norc Mei (27)

3.6. A Suitable Organic Fluid for the DVG Solar ORC System

Various parameters, including as flammability, toxicity, cycle efficiency, and differ-
ent environmental issues (GWP and ODP), are used to identify the fluid that works well
in the solar ORC system [7]. Choosing the appropriate organic fluid for a solar ORC sys-
tem is a difficult and critical undertaking. In addition, the DVG solar ORC system becomes
more sophisticated because of its constraints, such as its heightened sensitivity to envi-
ronmental conditions, and increased operating pressure and temperature.

R123 is commonly acknowledged as a viable fluid used in organic Rankine cycle
(ORC) devices at low temperatures; nonetheless, there is no perfect or optimal operating
fluid. R123 has a fair condenser and evaporator pressure, is harmless to use, has no ODP,
but has a GWP, enabling the seek for a low-temperature fluid with greater performance
[11].

4. Results and Discussions

In this section, the outcomes of dynamic MATLAB simulations of solar ORC systems
are shown, analyzed, and debated. A 1-h time step is used for the duration of the simula-
tion. Lahore is selected as a reference point with coordinates of 31.5204° N and 74.3587°
E. In order to assess the efficiency of a PCM-based DVG solar ORC system, year simula-
tions are run. First, simulations are conducted for the coldest and warmest weeks of the
year. On the coldest week, ambient temperature and solar radiation (G<400 W/m?) are
quite low. Therefore, the energy provided by the solar collector array is insufficient to
power the PCM storage tank. Under such conditions, the suggested system is inoperable.
Therefore, the performance of the whole system on the week with the lowest temperature
and solar radiation was not discussed in this study.

Then impact of three different types of PCMs on overall system efficiency and net
power output were also analyzed and compared. Moreover, the amount of heat stored by
PCM was also examined.

4.1. During the Warmest Week, PCM-Based DVG Solar ORC System’s Dynamic Performance

4.1.1. Changes in the Temperature of PCMs and the Amount of Solar Radiation over
Time

Three different types of PCMs were selected to compare the storage tank’s dynamic
performance. Figure 5 depicts the evolution of PCMs solar radiation and temperature over
time. The PCM’s initial temperature was set 10 °C below its melting point. The PCM tem-
perature reduces until 8 a.m., then increases until 4 p.m., and then declines again till mid-
night. In addition, it was determined that PCM storage was adequate for the system to
operate for a whole day.
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Moreover, time required by eutectic, organic and inorganic PCM was found to be 6,
7 and 8 h, respectively, depending on the operational and boundary circumstances. This
might be because of higher thermal conductivity of eutectic PCM in comparison with oth-
ers.

mmmm Solar radiation == Organic PCM
s norganic PCM Eutectic PCM
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Figure 5. Solar radiation received at the surface of the collector and PCM temperature with time.

4.1.2. Collector and ORC Efficiencies Variation over Time

The characteristics that directly affect the system’s overall performance are the col-
lector and ORC efficiency. Hence, it is essential to evaluate the effect of PCM on collector
and ORC efficiency. Figure 6 depicts the variations in collector and ORC efficiency. The
ORC efficiency was found to be in the 10% to 13% range. The efficiency of solar collectors,
on the other hand, lies between 48% and 75%. As a result, the DVG solar ORC system is
able to operate for 24 h straight.

Moreover, ORC efficiency exhibited by eutectic, organic and inorganic PCM was
found to be directly related to their melting point temperature at given operating and
boundary conditions. Hence, organic PCM showed higher ORC efficiency as compared to
others.
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Figure 6. Efficiency changes in the collector and ORC over time.
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4.2. Performanceof the System over the Month
4.2.1. Variation in Collector and ORC Efficiency on Annual Basis

The daily average monthly ORC efficiency and collector efficiency of three different
PCMs are depicted in Figure 7. Observations revealed that both parameters (collector ef-
ficiency and ORC efficiency) climb and fall when solar radiation and ambient temperature
increase and drop. The highest ORC efficiency and collector efficiency output are seen
during the hottest month of June. In contrast, these levels are lowest in January, which is
the chilliest month. It was demonstrated that ORC efficiency remains in the 6.5% to 13.5%
range. On the other hand, the efficiency of solar collectors remains between 74% and 77.5%
at given operating and boundary conditions.

ORC efficiency of the eutectic, organic, and inorganic PCM was found to be directly
correlated with melting point temperature under specific boundary and operating condi-
tions. In general, the ORC efficiency falls as the melting point temperature rises for a fixed
evaporation temperature. Because of this, organic PCM exhibited a better ORC efficiency
than other PCMs.
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Figure 7. The change in efficiencies of collector and ORC efficiency over time on daily average
monthly basis.

4.2.2. Variation in System Efficiency on Annual Basis

Figure 8 shows how three distinct types of PCMs’ total system efficiency changed on
a daily average monthly basis. By comparing Figures 3 and 8, it can be seen that the overall
system efficiency increases and decreases when solar radiation and ambient temperature
rises and declines. Consequently, system efficiency exhibited comparable behavior, as ob-
served in a weekly simulation. The highest system efficiency was seen during the hottest
month of June. In contrast, these levels were lowest in January, which is the coolest month.
The overall system efficiency lies in the range of 4 to 11% at specific boundary and oper-
ating conditions.

Under specified operating and boundary conditions, eutectic, organic, and inorganic
PCMs system efficiency was found to be directly associated with the melting point tem-
perature. The overall system efficiency has shown decreasing trend with increase in melt-
ing point temperature. Due to this, organic PCM demonstrated superior system efficiency
compared to other PCMs.
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Figure 8. Variation in overall system efficiency over time on daily average monthly basis.

4.2.3. Variation in Net Power Output on Yearly Basis

Figure 9 displays the daily average monthly change in the net power output of three
distinct PCM types. Comparing Figures 3 and 9 demonstrates that the net power output
increases and decreases as solar radiation and ambient temperature increase and decrease,
respectively. As demonstrated by a weekly simulation, the net power output has exhibited
comparable behavior. During the hottest month of June, the net power output is at its
peak. In contrast, these levels are lowest during the coldest month of January. Under spec-
ified operating and boundary circumstances, the net power output falls between 17.4 kW
and 40.4 KW.

Under defined operating and boundary conditions, it was found that the net power
output of eutectic, organic, and inorganic PCMs is linearly proportional to their melting
point temperatures. As a result, the eutectic PCM has greater net power output compared
to other PCMs.
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Figure 9. Variation in net power output over time on daily average monthly basis.



Sustainability 2022, 14, 15296

15 of 19

4.2.4. Variation Energy Stored on Annual Basis

One of the most important metrics by which PCM storage performance may be eval-
uated is the quantity of energy it can hold. The storage tank is constructed to operate at
the PCM’s melting point. The entire quantity of energy retained by PCM, however, com-
prises both sensible and latent heat. Figure 10 displays the daily average monthly amount
of energy conserved by PCM in the DVG solar ORC system. The amount of energy re-
tained by PCM is independent of changes in solar radiation and ambient temperature,
contrasting collector, ORC, and system efficiency. December and January have no energy
stored, since solar radiation is so low during these months. Since the working fluid tem-
perature does not rise beyond the PCM temperature during these months, there is no heat
transfer between the two.

In June, solar light and accessible heat are at their peak, but the PCM stores very little
energy. When solar radiation and ambient temperature are quite high, the organic fluid
evaporation temperature of reaches near its critical point temperature. When the working
fluid’s evaporation temperature gets close to its critical point temperature, the working
fluid’s thermal conductivity drops considerably, which has further consequences on heat
transmission between the PCM and the working fluid. If we take R123 as an example, at
2 MPa and 100 °C, its thermal conductivity is 0.068 Wm™K™, but at 180 °C, it drops to
0.0205 WmK-". Finally, R123’s thermal conductivity decreases more than three times
from 100 to 180 °C (approaches its critical point temperature of 183.68 °C) as the evapora-
tion temperature increases. As a consequence, the amount of energy that can be stored
between R123 and PCM lowers dramatically.
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Figure 10. The changes in net power output over time on daily average monthly basis.

5. Conclusions

A solar ORC system with direct vapor generation based on phase change materials
was examined. Heat was transferred to the system via a set of evacuated flat plate collec-
tors. The PCM storage tank was connected to the system for stable power production. To
duplicate discharging and charging mode, the complete system was modeled in
MATLAB. The duration of the simulation was maintained at one hour throughout the
simulation process. Weekly, monthly, and yearly simulations were run to assess the effi-
cacy of the PCM-based DVG solar ORC system.
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The effects of three different kinds of PCMs (organic, Inorganic and eutectic PCMs)
on collector, ORC, system efficiency, PCM temperature, net power output, and stored en-
ergy were analyzed on a weekly, monthly, and yearly basis.

The system efficiency decreased when melting point temperature moved closer to
the critical point temperature of the working fluid under the given operating and bound-
ary conditions. Conversely, the net power output increased with an increase in the melt-
ing point temperature of the PCM.

Each of the three chosen PCMs showed superior performance in some aspects of the
performance assessment, but none of them have done so across the board. For example,
organic PCM achieved the highest system efficiency (9.34%) among the chosen PCMs,
while eutectic PCM had the highest net power production (33.8 kW), and the inorganic
PCM stored a maximum of 20.18 M] on an annual basis. Consequently, by adopting a
more complicated control method and PCM storage, system performance can be en-
hanced even more.
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Nomenclature

Symbols

w, Work done by expander, W

w, Work done by pump, W

hy; Enthalpy at expander inlet, kJ/kg

b, Enthalpy at expander outlet, kj/kg

h, . Enthalpy of expander at ideal thermodynamic
’ process, k]/kg

m Working fluid mass flow rate, kg/s

g, Efficiency of expander, %

&, Efficiency of pump, %

Hore Efficiency of organic Rankine cycle, %

A area, m?

G irradiation, W/m?2

T Temperature of collector, °C

T. Critical temperature, °C

Ta Ambient temperature, °C

c, Specific heat, J / (kg - K)

T,, Temperature of fluid at collector outlet, °C

Ty, Temperature of fluid at collector inlet, °C

S Surface area of collector in liquid phase, m?

S Surface area of collector in binary phase, m?

Ne, Efficiency of collector in liquid phase, %

Te, Efficiency of collector in binary phase, %
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Ty o Enthalpy at liquid phase outlet, kJ/kg
hy; Enthalpy at liquid phase inlet, k]/kg
By Enthalpy at binary phase outlet, k]/kg
Y Enthalpy at binary phase inlet, k]/kg
my Working fluid mass flow rate, kg/s
P Efficiency of collector system, %

7, Maximum Efficiency, %

N sys System thermal efficiency, %

A Latent heat of the PCM, (])
Abbreviations

GWP Global Warming Potential

0)D) Ozone Depletion Potential

ORC Organic Rankine Cycle

DVG Direct vapor generation

FPC Flat plate collector

CPC Compound parabolic concentrator
ETC Evacuated tube collector

PTC Parabolic trough concentrator

CHP Combined heat and power

HTF Heat transfer fluid

DSG direct steam generation

csp Concentrated solar power

PCM Phase change material

G Generator

p Pump

Subscript

ORC Organic Rankine Cycle

Opt Optimum

max maximum

Sys System

c critical

i inlet

0 outlet

0 Reference state

m Melting point

evp evaporation
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