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1. INTRODUCTION

Because of the expanding global population and rising living standards, demand for various forms of high-quality
energy (e.g., electricity, heat, and cold) has increased considerably in recent decades. Three of the most popular uses
of energy are lighting, heating, and air conditioning. However, the necessity to power an ever-increasing humber of
domestic appliances, electric autos, and other equipment has resulted in increased energy consumption in recent
decades [1]. ORC technology significantly reduces emissions and greenhouse gas emissions by vaporizing the active
agent using solar, geothermal, and waste heat as heat sources [2] [3]. One easy way to enhance the Rankine cycle's
efficiency is to lower the condensing temperature, which is the cycle's lowest temperature. The performance of a solar
organic Rankine cycle system has been studied in relation to condensing temperature. Water is used to cool the
condenser. When the condensing temperature is dropped from 25 °C to 10 °C, R134a's thermal efficiency rises by
29.78 % [4]. Exergy efficiency is suggested for analyzing low-temperature power systems and comparing performance
for different heat source temperatures. Energy and exergy efficiency decrease as condenser pressure rises. Energy and
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exergy efficiency were respectively 7.5 % and 43.8 %. In the condenser, the rate of exergy degradation is rising [5].
Using R134a, Water, Ammonia, and R113 working fluids, a study of the change in thermal efficiency and total
irreversibility rate of ORC was done at various temperatures. When the turbine pressure was raised, the total
irreversibility of all fluids rose. The highest irreversibility values are found in water, while the lowest are found in
R134a. According to the experts, the working fluid should operate under saturated conditions to reduce the
irreversibility of the entire process [6]. R134a has demonstrated promising results as a working fluid in organic
Rankine cycles [7], allowing for high power outputs. R134a-based systems have 21.3% exergy efficiencies [8]. The
ORC system was designed and constructed as an evaporator for a liquid helical heat exchanger and a helical heat
exchanger as a condenser for R-134a. The system efficiency in the experiment was 3.33 %, and the turbine power was
614W [9]. The conclusion was that ORC with R134a can function at lower temperatures; it is an excellent candidate
for creating usable energy as a working fluid using low enthalpy heat [10]. The effect of condensation temperature on
the performance of the organic Rankine cycle system was investigated in this study. The condenser is cooled by water.
R134a is a particular working fluid. All compounds were subjected to energy and exergy tests in order to evaluate
ORC performance. It also looked at how it affected rotational speed.

2. DESCRIPTION OF THE ORC SYSTEM

The organic Rankine cycle system under study consists of an evaporator, an expander, a condenser, and a pump. We
used a counter-flow shell and tube for the condenser and evaporator. A schematic of the ORC system is shown in
Figure 1. The fluid is pumped to high pressure, and after passing via a heat exchanger, it is heated and evaporated in
the evaporator. High-temperature, high-pressure vapour from the evaporator enters the expander, where the enthalpy
produced by the rotation of the shaft transforms it into energy. when low-pressure liquid is pumped into to the
condenser and is condensed by the water, the cycle is repeated. As shown in Figure 2, temperature-sensitive and
pressure measurements were put at each component's entrance. A P-h diagram is used to show the preceding steps.
Table 1 lists the simulation parameter conditions for the ORC model. This research does not account for pressure
losses in the evaporator and condenser. Temperatures in the condensing chamber range from 20 to 30 °C.
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Figure 1 Schematic diagram of the ORC system.
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Figure 2 P-h diagram of the ORC system

3. EES SOFTWARE SIMULATION

The main purpose of this research is to undertake a thermodynamic analysis of variables such as condensation
temperature. The effect of the parameters on expander power output, thermal and exergy efficiency, and rotation speed
is explored in this study, as illustrated in Figure 3. The simulation was performed using EES. The energy and exergy
equations were utilized to create the ORC simulation programs in EES. The input parameters are shown in Table 1.

Input parameter:

MNpis, Nexpis, To,Pe, Te

Variable parameter:

Condenser outlet temperature [—»|

Ty, Pe

Compute:

T2, T4, Wexpis, Wpis,

Ip: Ih1 Iexp: I

Cycle exergy performance
Calculation:

¢ ltot, Tex

A4

Figure 3 Flow chart of the simulation procedure.

Table 1 Specifications of the ORC conditions.

Parameter Value | Unit
Evaporator temperature 85 °C
Evaporator pressure 0.65 MPa
Condensing temperature range 10-20 °C
Ambient temperature 15 °C
Ambient pressure 0.1015 | MPa
the expander’s isentropic efficiency | 85% -
Isentropic efficiency of the pump 80% -
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Cycle energy performance
Calculation:

Qe, Qc, Wexp, Whet, n, BWR, Nth
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4. WORKING FLUID

The performance and thermodynamic design of the ORC system may be significantly impacted by the selection of an
appropriate working fluid. A few of the qualities that make it ideal include the working fluid's latent heat, Ozone
Depletion Potential (ODP), and Global Warming Potential (GWP) [11]. Based on the slope of the saturation vapour
line, the best working fluid is selected. The operating fluid was decided upon as R134a. The standard boiling point,
critical pressure, and fluid molecular weight are all factors that affect an ORC's efficacy and efficiency. Table 2 lists
the physical parameters of the organic fluid.

Table 2 Thermal and physical properties of R134a [12]

Working | Type | Molecular mass | Critical Temperature | Critical Pressure | Flammability/ Toxicity
(kg / kmol) C) (MPa)

R134a Wet 102.03 101.1 4.06 No

5. MATHEMATICAL MODEL

In this part, we conducted two different sorts of analysis. The first kind employs the first law of thermodynamics to
study energy. The thermal efficiency and power of the ORC are calculated using energy analysis. Exergy analysis,
which makes use of the second law of thermodynamics, is the second kind. Exergy analysis' main objective is to assess
each component's effectiveness and rate of exergy degradation (ORC). The program Engineering Equation Solver
(EES) is used to perform these evaluations.

In a steady-state with all components, the first and second thermodynamic analysis rules are applied. These
calculations employ data from the EES software program that measures temperature, pressure, and flow rate. On all
ORC components, governing equations, energy, and exergy studies were carried out. A statistic for assessing
reversibility and the ability to convert low or medium temperatures into work is the exergy destruction rate (I). All
ORC compounds' energy and exergy analyses are shown in Equations (1) through (17).

The exergy balance is the difference between the net exergy transfer across a system boundary and the exergy
destroyed within a system boundary because of changes in exergy that can't be changed back.

Y om =Y m, (€

Q+W =Y mh;, —Y myh, forenergyanalysis 2

Enear + W =Y me; —Y mye, + I for exergy analysis (3)
Where: e = (h — h,) — To(s — S,)

I=3% me—% mee, + (X (Q(1-2)- @ Q(-2)+W 0

The equations for doing a comparative thermodynamic analysis are presented below. Energy analyses equation [13]
[14]:

Although the pressure in the evaporator pipes lowers somewhat, the process is referred to be isobaric since heat is
transmitted to the working fluid at a constant pressure. The condition of the working fluid as it exits the evaporator is
shown in point 3, and the heat produced by the working fluid may be estimated using Equation (5).

Q. = m, (h; — hy) )

Condenser: Because the heat is rejected in the condenser, the working fluid can condense and be re-circulated in the
cycle. Despite pressure dips in the condenser owing to friction losses in condenser pipes, the heat rejection process is
called isobaric. Use the Equation to figure out how much heat is being rejected (6).

Qc = m,(h3 — hy) (6)

An expander, also known as a turbine or expander, converts the absorbed energy at the evaporator into usable mechanical
work. Because the expander efficiency can never reach 100%, the process is called isentropic. Point 4 depicts the condition
of the working fluid entering the expander, and the usable work out may be calculated using equation (7).

VVexp. = m,(h; — hy) * Nexp = My (hss — hy) (7)
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Pump: The working fluid is delivered to the evaporator at constant entropy after passing through the condenser as a
saturated liquid. The process is ideal. Energy conversion efficiency, on the other hand, is never 100%. Equation (8)
in point 1 is used to compute the amount of power absorbed by the pump.

Vl/p = mr(hz - hl) *MNp = my(hys — hy) (8)

Energy efficiency is critical for reducing both fuel use and greenhouse gas emissions. The ratio of net work out to heat
absorbed in the evaporator is known as thermal efficiency.

_ Wnet
Nth = % )

Where : Wyee = Wexp. — W
Exergy destruction or irreversibility rate analyses equation [15]:

A thermodynamic system's performance is strongly impacted by the pace at which its action is irreversible. Entropy
production in a genuine process is primarily caused by internal or external forces. Internal entropy is caused by
frictional pressure drops in pipes that are part of the system, unchecked turbine expansions, and the transfer of energy
across a small difference in temperature between the components. External entropy may be produced through both
the transmission of mechanical work and heat via restricted temperature changes. This is a reference to the second
law of thermodynamics' basic concept [18].

The evaporator irreversibility rate may be calculated using Equation (4)

(h3—hy)
Iy =Tym, ((s3 — ) — ST—HZ) (10)

The irreversibility rate of an expander may be calculated as follows:
[exp. = Tom, (54 — S3) (11)

Equation (4) may be used to calculate the condenser irreversibility rate.

(h1—h4)
e = Tom, (51— s) - =2 (12)

The irreversibility rate for the pump is:
L, = Tym, (s; —s1) 13)
Equations (10), (11), (12), and (13) may be used to calculate total irreversibility as follows:
liot = In+ loxp + I+ I (14)

Second law efficiency or exergy efficiency: The exergy efficiency of the ORC system is defined as the ratio of net
power production to waste heat exergy before inflowing evaporation, and it's calculated using equation (15).

Mex = — (15)

To
1__
( Thw)

Where : Ty, = —Th‘”";T"Wi

In theory, it's easier to figure out how much energy the pump used than how much energy it made (the energy produced
by the expander). The back work ratio (BWR) compares how much energy the pump needs to how much energy it
makes [16]. This helps figure out how much energy the pump uses in the system.

Back work ratio BWR = 22

(16)

exp.
25 Wexp*60

For figuring out the speed of the expander's rotation [17], use the equation: n=
V#(pin—Pout)*(h3—ha)

17
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6. RESULTS AND DISCUSSION

ORC performance is determined by the condensing pressure and temperature. This is accomplished by examining
how they influence the system. For the working fluid R134a, the condensing temperature was raised from 10 to 20 °C
in this study. The constant evaporator pressure of R134a used in the evaporator is 0.65 MPa. All other factors remain
unchanged. The important parts of the thermodynamic cycle were computed using the EES software.

The effect of increasing the condenser temperature on system performance is being investigated. it can be seen
when the temperature of the condenser rises from 10 to 20 degrees Celsius, as seen in Figure 4, if R134a is in a
saturated or superheated vapor state at the expander's input, as in equation (5). The net power lowers between 0.09474
and 0.02689 kW, resulting in a beneficial duty cycle due to the reduction in total work. As a result, the extender's
output is lowered to between 0.09765 and 0.02789 kW.
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® Net power output
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Figure 4 Variation of net power output and expander power output with condensation temperature.

While, as shown in Figures 5 and 6 and 7, reducing the pump's work consumption from the power of the expander
reduces net power, resulting in a linear loss in thermal efficiency from 3.826 -1.167 % as given in Eq. (9). While the
exergy's effectiveness varies between 18.26 and 5.556 %, as seen in Eq.(15). As a result, as the BWR rises, the system's
efficiency falls. According to Eq. (16), the BWR is between 0.02983 and 0.03563. The reason for this is that when
the condensing pressure rises, the pressure back or exit pressure of the expander rises as well, lowering the enthalpy
at the expander's outlet.
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Figure 5 Variation of thermal efficiency of system with condensation temperature.
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Figure 6 Variations of the exergy efficiency with condenser temperature.
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Figure 7 Influence BWR on the outlet condenser temperature.

The quantity of heat taken from the condenser and received in the evaporator is impacted by the condensing
temperature, as shown in Figure 8, which is dependent on the temperature decrease of the liquid at the expander's
output, as shown in equations (5) and (6). As a result, heat extracted from the condenser varies from 2.382 to 2.278
kW, whereas heat entering the evaporator ranges from 2.476 to 2.305 kW. Reducing the amount of heat entering the
evaporator and extracting it into the condenser results in lower thermal efficiency. This is due to a rise in both the

condenser's outflow temperature and pressure. As a result, the chilled used water enters the condenser and emerges
hotter. The heat exchange between R134a and cold water causes this.
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Figure 8 Variation of the amount of heat extracted from the condenser and received in the evaporator with condensation
temperature.

It is simple to estimate where the highest energy will be lost using the external energy destruction ratio given in
Figure 9. This helps to focus changes in system components and increase the ORC system's energy efficiency. The
evaporator is the largest source of external energy destruction, accounting for the majority of the total external energy
destroyed in the system, although it is declining since the evaporator temperature has not been increased. As shown
in figure 9, increasing the condensation temperature has an influence on the exergy destruction or rate of irreversibility
for all components in the ORC system as in egs. (10) to (14). This is owing to the enthalpy difference decreasing via
the evaporator, as well as the temperature difference between the hot water entering and leaving the evaporator. The
energy efficiency improves as the temperature disparity decreases. The irreversibility rate of the evaporator is 0.4265-
0.3946kW. Then, the destruction in the condenser increases as the temperature of condensation rises and therefore the
heat content rises. The irreversibility rate of the condenser ranged from 0.04505 to 0.1221kW. The heat exchange
between the liquid utilized and the water happens even if the expander and pump's exergy destruction, at 0.01753 and
0.0005922 kW, respectively, are nearly constant due to the little temperature change. As shown in Figure 10, the

impact of the evaporator and condenser on the system causes the total rate of irreversibility to increase and range
between 0.4896 and 0.5218 kW.
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Figure 9 Variations of the irreversibility rate with condenser temperature.
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Figure 10 Variations of the total irreversibility rate with condenser temperature.

Figure 11 depicts the effect of the expander's spinning speed, as described by eq. (17), on the temperature of the
condenser. Temperature and rotational speed have an inverse relationship. As the temperature increases, the
condenser's spinning speed decreases because of an increase in enthalpy at the expander's departure point and an
increase in coolant density. The rotational rates were 595 and 521 rpm when the condenser temperature was 10 °C
and 20 °C, respectively. As can be seen, the lower the condenser exit temperature is the faster the spinning speed. The
findings demonstrate that ORC is more useful in areas with lower ambient temperatures.
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Figure 11 Variations of Rotational speed with condenser temperature.

7. VALIDATION WITH OTHER STUDY

When A study like [9] was contrasted with the present research. Although there is a little variation between the two
studies, the thermal efficiency of the present research is higher than that of the prior study for the identical design of
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shell and tube heat exchangers. The efficiency in the present investigation was 3.826 % with a condenser temperature
of 10 °C and an expander pressure of 0.65 MPa. It moves at a mass flow rate of 0.0125 kg/s. While the efficiency of
the prior research was 3.8 % with a condenser temperature of 10 °C and an evaporator pressure of 0.79 MPa. the mass
flow rate of 0.123 kg/s Despite the fact that the mass flow rate is lower than in the earlier research, it is observed that
the present efficiency is higher. This is due to the fact that rising temperatures ensure the entry of superheated steam
free of moisture for R134a when they enter the expander. And the efficiency improves as the condenser's temperature
decreases.

8. CONCLUSION

Low condensation temperatures boost the performance of the organic Rankine cycle system. The output of the
extender for R134a is increased by 0.09765 kW by lowering the condensing temperature from 20 to 10 °C.
Furthermore, thermal efficiency has increased by 3.826%. The expander rotational speed was 595 rpm at the lowest
temperature of 10°C. The efficiency of exergy is 35.12 %. At the lowest temperature of 10°C, the minimum total
irreversibility or exergy destruction rate of 0.3946 kW is also achieved. To reach a condensing temperature of 10°C,
the condensing cooling water temperature should be at 5-6°C. Except in the winter, getting chilled water at this
temperature is difficult most of the year. As a result, absorption coolers with an ORC system can be utilized to generate
cold water to solve this issue.

NOMENCLATURES
Q Heat transfer rate (kW) 1 Energy efficiency (%)
W Power (kW) Nis Isentropic efficiency (%)
h Specific enthalpy (kJ/kg) Nex Exergy efficiency (%)
| Irreversibility or Exergy rate (kW) EES Engineering Equation Solver
m Mass flow rate (kg/s)
V Volume cell chamber in the expander (m?3)
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