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ABSTRACT

Ocean Thermal Energy Conversion (OTEC) is a system that produce energy of electricity
by exploiting the temperature difference between surface part of seawater and deep region
of seawater. The thermal energy at the surface seawater is used to convert working fluid
into vapor which expands in the turbine to generate electricity and revert into liquid state
by rejecting heat to cold seawater pumped from deep region of seawater. Basically, there
are various types of working fluids that can be applied in an OTEC system depending on
its contribution towards the performance of the system. In this study, the thermodynamics
efficiency and net power output of basic OTEC system will be evaluated by varying three
parameters which are the turbine inlet temperature, turbine inlet pressure and condenser
outlet temperature using various working fluids through simulation using MATLAB.
Simulation results indicate that R717 excels in producing the highest net power output but
R600a has the best average value in thermodynamic efficiency. The findings of this work
can contribute in giving an insight on which working fluid has the optimal characteristics
in obtaining the best performance of the OTEC system.
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1.0 INTRODUCTION

The Ocean Thermal Energy Conversion (OTEC) system utilises the Rankine cycle to
manage the temperature difference between warm seawater at the surface (24-30 °C) and
cold seawater in the deep region of the ocean (6-8 °C) in order to generate power [1][2].
As numerous OTEC plants have been built in various locations, such as Hawaii and Japan,
they have significantly contributed to the generation of power as well as other by products,
such as freshwater and food for mariculture [3]. The study of OTEC is still ongoing, though,
as a result of the system's net efficiency being still only 2 to 5 percent due to the shallow
temperature difference between the surface and deep regions of the ocean, which can range
from 10 to 25 °C, depending on the region [4]. Since choosing the appropriate working
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fluid is one of the key factors in ensuring the system's functionality, this is one strategy
used by researchers to enhance the OTEC system's performance [5].

Choosing the best working fluid is essential because it is closely related to many
different factors, including obtaining data on the system's optimal performance, obtaining
asimple cycle structure, obtaining small component sizes, and ensuring the system operates
safely [6]. The Organic Rankine Cycle (ORC) is considered to be the best technique for
OTEC application to generate power, according to Wang et al. (2018). This is because, in
contrast to the conventional Rankine cycle, which uses water as the medium for heat
exchange, it uses organic working fluids, which have advantages in terms of
thermophysical properties, cycle architecture, and determining component sizes.
According to their Ozone Depletion Potential (ODP) and Global Warming Potential (GWP)
values, organic working fluids have a worse environmental impact than water, which is a
drawback. Despite this, a number of organic working fluids have low environmental
impacts, as evidenced by low ODP and GWP values, which enables them to be
reconsidered for use in OTEC systems.

Wet, dry, and isentropic fluids can all be categorised as organic working fluids, with
wet fluids having a negative slope of the saturation vapour curve in the T-s diagram and
dry and isentropic fluids having positive and vertical slopes, respectively [7]. These slopes
frequently have an impact on the working fluid state at the turbine outlet of a cycle, where
wet fluids usually appear as a mixture and dry and isentropic fluids have a significantly
higher dryness fraction than wet fluids [8]. Working fluids have additionally demonstrated
thermodynamic characteristics like boiling point, critical temperature, latent heat, specific
heat capacity, and thermal conductivity, which are said to be directly related to cycle
performance [9]. The following highlights the significance of these characteristics: in order
to allow for state conversion in the evaporator, a working fluid's boiling point must be lower
than the heat source. Concerning critical temperature, they claimed that since a working
fluid with a higher critical temperature can reach a higher evaporation temperature, it gives
a much higher system efficiency. Due to the fact that low latent heat allows almost all of
the heat to be added during phase change, low latent heat when using low grade heat source
favours higher system efficiency and net power output. Additionally, in order to achieve a
high coefficient of heat transfer, a high thermal conductivity is also necessary. On the other
hand, a working fluid's specific heat capacity needed to be low in order to lessen pump
work and increase work output [10].

Since both criteria complement one another, relying solely on working fluid without
taking operation parameters into account would not significantly affect system performance.
The turbine inlet and condenser outlet are the critical points in a typical Rankine cycle,
where the parameters of temperature and pressure have been shown to have a significant
impact on cycle performance [11]. OTEC system efficiency is relatively low due to the low
temperature difference in seawater, so researchers have tried a variety of methods to raise
the turbine inlet parameters, including integrating solar collectors and using geothermal
energy as the heat source. Similar circumstances exist at the condenser outlet, where
changing the temperature there may have an impact on how well the system works.
Different working fluids operated at various temperatures and pressures; therefore, it is
critical to determine which working fluids, when combined with the turbine inlet and
condenser outlet parameters, produce the desired results.

In this study, various working fluids will be used and analysed to find the best working
fluid that could improve an OTEC system's performance. In order to assess the performance
of the OTEC system in terms of its thermodynamic efficiency and net power output, the
turbine inlet and condenser outlet parameters turbine inlet temperature, turbine inlet
pressure, and condenser outlet temperature will be taken into account. This study's goal is
to improve simulation models of basic OTEC systems by identifying the best working
fluids through thermodynamic analysis of each working fluid's impact on system
performance.
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20 METHODOLOGY
2.1  System Description

The basic organic Rankine cycle-based OTEC system is depicted schematically in Figure
1 along with its state points of analysis, which are depicted on the T-s diagram in Figure 2.
Turbine, evaporator, condenser, and pump make up the OTEC system's four main parts. To
find the best one that could provide the system's maximum performance in terms of
thermodynamic efficiency and net power output, a variety of working fluids from the three
phases of dry, wet, and isentropic fluids are used. The temperature of the seawater flowing
into the evaporator and condenser is based on the typical ocean temperatures in the tropical
region, which are 6-8 °C for the deep region of the ocean and 24-30 °C for the surface part
of the ocean.
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Warm seawater 4 Turbine
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6 +
A Condenser
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Figure 1: Schematic diagram of a basic OTEC cycle
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Figure 2: T-s diagram

Referring to Figures 1 and 2, the following thermodynamic processes comprise the OTEC
system. In the evaporator, the working fluid changes from liquid to vapour due to heat
exchange with warm seawater. This process is depicted in the T-s diagram from state 4 to
state 1 where the pressure is constant. The vapour will then expand in the turbine to produce
electricity, representing a transition from state 1 to state 2. In this state, the process is known
as isentropic expansion because no heat transfer occurred. After leaving the turbine, the
vapour will return to liquid form by rejecting heat to the cold seawater in the condenser, as
depicted by the transition from state 2 to state 3. This process, like the evaporator, maintains
constant pressure, but at a much lower value. The cycle is then completed by pumping the
working fluid back to the evaporator.
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In an OTEC system that employs ORC, it is required to choose the optimal working
fluid in order to achieve maximum performance and ensure long-term safety. The working
fluids shown in Table 1 were selected based on their Ozone Depletion Potential (ODP) and
Global Warming Potential (GWP) values, which measure their environmental impact. The
performance of the OTEC system will be assessed based on the thermophysical properties
of the selected working fluids, specifically the specific heat capacity, thermal conductivity,
and latent heat. Figures 3 and 4 depict the slope of the saturation vapour curve and the

thermophysical properties of each fluid, respectively.

Table 1: Thermodynamics data for working fluids

. Ozone Global
Working fluid Grou Boiling point (°C tergr:atrlg?sjre Depletion ~ Warming
g ® gp ) FEQC) Potential Potential
(ODP) (GWP)
R123 Dry 276 183.68 0.06 77
R600a Dry -11.7 134.98 0 3
R290 Wet -42 96.7 0 3
R717 Wet -33.4 132 0 0
R1234yf Isentropic -30 94.7 0 4
R1234ze Isentropic -18.95 109.37 0 6
200 —— R 123
180 R290
e R1234yf
160 R600a
U 140 R717
i_; 120 e R 123472
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Figure 3: Saturation vapor curve for the selected working fluids
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Figure 4: Temperature-dependant of thermophysical properties for each working fluid (a) Specific
heat capacity, (b) Thermal conductivity, (c) Latent heat

The mathematical model of the OTEC system (referred to Figure 3) is computed as follows:

_ Wnet _ (h1—ha)—(hy—h3)

n= Py 1)
Evaporator:
Qg = Mp(hy — hy) = Mycp(Ts — Te) )
Turbine:
Wy = M;(hy — hy) @)
Condenser:
Mg = (hy — h3) = M.C,(Tg — T7) 4)
Pump:
Wp = Ms(hy — h3) ®)

The operating conditions and presumptions that will be used to analyse the OTEC system's
performance are shown in Table 2. The following three variables, which have an impact on
the thermodynamic efficiency and net power output, were examined using the calculation
results from the analysis conditions in Table 1:
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Table 2: Assumptions and operating condition for OTEC cycle

Parameter Value References
Turbine isentropic efficiency (%) 80 (Javanshir et al., 2017)
Pump isentropic efficiency (%) 85 (Javanshir et al., 2017)
Working fluid mass flowrate (kg/s) 0.1 (Faizal & Ahmad, 2013)
Turbine inlet temperature (°C) 22-40 (Hung et al., 2010)
Condenser outlet temperature (°C) 5-10 (Hung et al., 2010)

MATLAB Flowchart for Parametric Analysis

Figure 5 shown is the process flow of the OTEC cycle scripted by using MATLAB. Pay
attention to the process shown where it is demonstrated by manipulating turbine inlet
temperature only. The purpose of this is only to visualize how the programming was done
in the software.

19 DOI: https://doi.org/10.11113/jm.v46.465



Wahinuddin M.A., Nik Mohd, N.A.R, Mohd Nasir M.N., Othman N., Mat S. and Thirugana S.T.

Jurnal Mekanikal, June 2023, 46 : 14-26
-*.

Declare Ty, Py, Ty m, T

max»

T, ws,i2 T»'.'s‘-:ﬂ Tcs.i- Tcs.c-'*"]Tv‘llp

Calculate 1, 51 at
—
state 1

‘ Assume quallt\ at state 2=1

. Calculate h,, s,
at state 2

Assume qualltx at state 3 =10

To=T,+1
Calculate Ty, hi4
—
at state 3

Calling Coolprop database
for thermodynamic properties —|

value

L » Calculate £y, /1y
at state 4

Calculate )y, and W,

v

Caleculate )y,

v

Figure 5: MATLAB process flow

The process begins by connecting the MATLAB programming with CoolProp to acquire
the properties of the working liquid that is chosen in the initial phase of the simulation.
Then, at that point, a couple of known variables are instated ahead of time as per the
assumptions that has been made in Table 2. The computation begins by identifying the
enthalpy and entropy of the fluid at the evaporator outlet, which is signified as state 1, by
utilizing the assumed temperature and tension by then.

The process then continues to the state 2, which is the turbine outlet. Here, the entropy
value is equivalent to the value in state 1, while the enthalpy is determined by utilizing the
temperature and quality value of the working liquid. The quality value is denoted as 1 since
one of the constraints is to ensure that the condition of the working liquid at the turbine
outlet is in saturated vapor state.
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Continuing on toward the following point which is state 3, the temperature at this
location is designated to the assumed temperature, while the enthalpy is determined
utilizing the temperature and quality value. As seen in the coding, the quality is assumed to
be 0 to picture a saturated liquid state at the condenser outlet. In addition, the pressure and
specific volume are also determined, as the two variables will be utilized in the following
computation.

In state 4, which represents the evaporator inlet, the pressure is assumed to be similar to
in state 1, as to show that there is no pressure drop across the evaporator. Additionally, the
pump work is determined by utilizing the specific volume and pressure difference between
state 3 and state 4, alongside the assumed work of pump. Then, the enthalpy at this point is
determined by using the enthalpy value at state 3 and work of pump.

% Thermodynamic properties at point 1
H_1 = py.CoolProp.CoolProp.PropsSI('H", 'T', T_1, 'P', P_1, 'R717");
S_1 = py.CoolProp.CoolProp.PropsSI('S", 'T', T_1, 'P', P_1, 'R717");

% Thermodynamic Properties at Point 2
S.2=51;
H_2 = py.CoolProp.CoolProp.PropsSI('H"', 'T', T_2, 'Q",

=

, 'R717');

% Thermodynamic Properties at Point 3
T3=7T2;

P_3 = py.CoolProp.CoolProp.PropsSI('P', 'T',
D_3 = py.CoolProp.CoolProp.PropsSI('D"', 'T',
SV_3 = 1/D_3;

H_3 = py.CoolProp.CoolProp.PropsSI('H", 'T', T_3, 'Q', @, 'R717');

T_3, 'Q', @, 'R717");
T3, 'Q', @, 'R717");

% Thermodynamic Properties at Point 4
P4 ="P_1;

PW = (SV_3 * (P_4 - P_3))/Pump_eff ;
H4 =H3+PW ;

Figure 6: State 1 — 4 for specific enthalpy and entropy

Finally, the result of the analysis which are the heat input, work of turbine, net power output
and cycle efficiency are determined as displayed in Figure 7. When the calculation is
finished, the process will circle back to the initial process with the increase of the turbine
inlet temperature and stops in the event that it arrives at its upper limit as expressed in Table
2. This cycle is repeated with other working fluids until the goals are accomplished. In
addition, the cycle stream in MATLAB for the other two manipulated variables, which are
the turbine inlet pressure and condenser outlet temperature are using the same concept as
above, by just changing the selected variables while keeping the other as constant.

%#Performance

HI = M_ORC * (H_1 - H_4) ;

TW = (M_ORC * (H_1 - H_2))*Turb_eff;
SOP = TW - PW ;

Cycle_eff = SOP/HI;

T2=T2+1;
end

Figure 7: Performance parameter calculation
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3.0 RESULTS AND DISCUSSION

3.1 Effect of turbine inlet temperature on thermodynamic efficiency and net power
output

Figure 8 shows the variation in thermodynamic efficiency and net power output with
different turbine inlet temperature values for six different working fluids. The trend in
thermodynamic efficiency rises as the turbine inlet temperature rises. At a temperature of
40 °C, R600a and R717 show the highest and lowest efficiency, with 5.1 percent and 4.5
percent, respectively. The enthalpy of each working fluid at the turbine inlet provides
evidence of the cause of this result. In comparison to other working fluids, R717 has a
higher enthalpy value as saturated vapour, as shown in the property table. Due to the
predetermined fact that the evaporator inlet temperature will remain constant throughout
all parameter analyses, R717 exhibits a significant enthalpy difference when compared to
other working fluids. Since they are inversely proportional to one another, as shown in
Equation (1), the thermodynamic efficiency of the system decreases as the enthalpy
difference between the evaporator inlet and outlet increases. The efficiency of the system
can change depending on the thermophysical characteristics of the working fluids. High
heat input is required for phase change to occur in R717 due to its high latent heat. Because
of the low temperature and low heat energy of the warm seawater as a heat source,
efficiency is decreased. When compared to R717, which only needs a small amount of heat
input to transition from a liquid to a vapour phase, R600a has low latent heat.

The graph for thermodynamic efficiency, which is in increasing order as the temperature
at the turbine inlet increases, has the same pattern for the power produced by the OTEC
system. At this temperature of 40 °C, R717 has the highest net power output of 5.6 kW,
which is five times greater than that of other fluids, which only produce 1 to 2 kW at the
same temperature. A higher temperature results in a higher enthalpy value at the turbine
inlet, which causes the turbine to perform more work overall, explaining the difference in
power output between low and high temperatures. Additionally, R717 has an advantage in
producing more power because it has a much higher enthalpy value than other working
fluids.

5.5
5
=S
x4 .
g R123
Q
;g 4 R600a
2 . R290
R y R717
5 3 d ORI1234yf
= R1234ze
2.5
2
15 20 25 30 35 40 45
Turbine inlet temperature, °C
(a)
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Figure 8: Turbine inlet temperature versus (a) thermodynamic efficiency and (b) net power output

3.2 Effect of turbine inlet pressure on thermodynamic efficiency and net power
output

The net power output and thermodynamic efficiency for each working fluid at each pressure
were shown in Figure 9. From the standpoint of thermodynamic efficiency, R123
completely dominates the outcome, providing the highest value of 5.2 percent at a fixed
turbine inlet temperature of 22 °C and 550 kW. R717 exhibits the lowest thermodynamic
efficiency, with only 3.5 percent at 1100kW of pressure. Working fluid R717 managed to
reach the highest value in terms of net power output, which is roughly 4.2 kW, at a turbine
inlet pressure of roughly 1000 kPa. In comparison to R717, other working fluids appear to
have very low peak power outputs of between 1 and 2 kPa. As a result, R717 is now being
considered as a working fluid that can be used in the OTEC system. Additionally, as shown
in Figure 9, R717 has a much wider operating working pressure than R123, which drops
significantly when the pressure is slightly increased. As a result, R717 is now more
adaptable and can be used with significant pressure changes without worrying about a
sudden drop in performance. To operate this working fluid, though, very high pressure is
necessary. A higher operating pressure necessitates the use of high-performance equipment,
which raises the cost.

The thermodynamic efficiency and net power output of each working fluid, however,
start to decline after they reach their peak points, as shown in Figure 9. The reason for this
pattern is that each working fluid has its saturation pressure at a fixed temperature of 22 °C,
which is taken as the inlet temperature for the turbine. The working fluid at the turbine inlet
will turn liquid when the saturation pressure is exceeded, harming the turbine blade. In
order to prevent further system damage, it is best not to recklessly increase the pressure at
the turbine inlet.
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Figure 9: Turbine inlet pressure versus (a) thermodynamic efficiency and (b) net power output
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3.3  Effect of condenser outlet temperature on thermodynamic efficiency and net
power output

Figure 10 presented the results of thermodynamic efficiency and net power output when
varying condenser outlet temperature. From the figures, the graphs pattern differs from the
two parameter studies as the graphs are in decreasing manner as the temperature at
condenser outlet increases. The reasonable explanation for this output can be observed on
the work required by the pump to elevate the temperature at its inlet to achieve the
temperature at the outlet which has been declared as constant for this parameter analysis.
For instance, as the condenser outlet temperature rises, the pump can achieve the constant
temperature declared at the beginning of the analysis with less effort because the
temperature difference between the pump inlet and outlet is small. Consequently, according
to the equation for net power output and thermodynamic efficiency shown in Equation (1),
a higher condenser outlet temperature results in a lower net power output, as well as a
decrease in the system's thermodynamic efficiency, as their relationship is directly
proportional.

With a thermodynamic efficiency of 4.5% at a condenser output temperature of 5 °C,
R600a has the greatest value when compared to other working fluids. But R717 manages
to have the best efficiency with a value of 3% at higher condenser outlet temperature, which
in this study is 10 °C. This includes the net power output, where R717 exhibits a substantial
variation from other working fluids. The greatest value would be 5.1kW at the condenser
outlet temperature of 5 °C and would drop to 3.3kW at a temperature of 10 °C.
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Figure 10: Condenser outlet temperature versus (a) thermodynamic efficiency and (b) net power

output

4.0 CONCLUSION

The performance of an OTEC system was tested using several working fluid types in the
current work. R123, R290, R600a, R717, R1234yf, and R1234ze are the six working fluids
that are employed. The results suggest that R600a performed best in terms of
thermodynamic efficiency, whereas R717 dominated the amount of power produced by the
turbine. The greatest results are produced when system parameters and the thermophysical
characteristics of the working fluids are combined. Since R717's thermodynamic efficiency
and R600a's efficiency are so closely matched, R717 appears more likely to be chosen as
the best working fluidThe only factor in this investigation is the requirement for high
performance equipment when using R717 as the working fluid because it must be operated
under high pressure. In addition, it can be shown that each working fluid's net power
production and thermodynamic efficiency started to decline at a certain pressure value after
reaching their maximum levels. The working fluid is kept at the turbine inlet as a saturated
liquid as a result of the pressure value being higher than the saturation pressure for the
determined temperature. To prevent liquid from forming in the turbine, the pressure
increment should be made with caution. In order to achieve the greatest outcomes for OTEC
performance in the future, parameter optimization employing the optimal working fluid
should be carried out.
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