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Abstract: Ocean thermal energy conversion (OTEC) is a solution for environmental and climate
change issues in the tropics. The OTEC potential in Malaysia using ocean conditions and bathymetry
data has been previously studied and demonstrated. Following this, it is vital to perform a basic
performance analysis of a 10 MW Rankine Cycle OTEC plant using the Malaysian ocean conditions.
In this paper, the results of heat and mass balance will be reported for a 10 MW Rankine cycle OTEC
plant which uses heat exchangers of plate-type and anhydrous ammonia as its working fluid. The
value of a minimum objective function (y) is derived by total heat surface area (At) divided by the net
power (Py). v decreases when the inlet temperature difference (inlet temperature of warm seawater
(Twswi)—inlet temperature of cold seawater (Tcswr)) increases. Py is clarified to be approximately
70-80% of the Pg (gross power) using Malaysian ocean conditions.

Keywords: steepest descent; Rankine cycle; OTEC; plate type; ammonia

1. Introduction

2020 has been a year where decarbonization and carbon neutrality gained strong trac-
tion, specifically in the oil and gas, logistic, and energy industries [1,2]. This has led to many
major companies pledging for decarbonization by 2050, considering their contributions
toward climate change and their pivotal role in environmental sustainability. Ocean thermal
energy conversion (OTEC) could be one of the solutions for carbon neutrality aligned with
other established technologies, and this needs comprehensive evaluation. OTEC is a system
that extracts and converts heat energy into electricity using the temperature difference
between the warm seawater on the surface and cold seawater at the depth [3,4]. The
temperature difference in an OTEC plant is only 20~23 °C, thus, the thermal efficiency is
only 3~5%. Nevertheless, this is a perpetually working system utilizing naturally available
energy in the sea, thus any efficiency is a net gain. Studies are necessary to push the
efficiency boundary as much as possible to make the OTEC system to be economically
viable for the long term. Considering the growing concern for environmental impacts
and Malaysia’s aspiration to reduce its carbon footprint, ocean thermal energy conversion
(OTEC) could be a solution for environmental and climate change issues.
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Nihous (2007), evaluated the Atlantic OTEC resource as net power density using
the thermohaline circulation model and estimated the thermohaline circulation strength
over time by the operation of the simplified heat engine model [5]. Langer et al. (2020),
summarized the OTEC economics including the relation between the levelized cost of
electricity (LCOE) and the power plant capacity [6]. In general, the bigger the OTEC system,
the lower its LCOE, but there are challenges to reducing the cost of capital expenditure
(CAPEX) of an OTEC plant. Arcuri et al. (2015), studied several MW scales of the OTEC
system by combining the sea thermal with the cold energy of the liquefied natural gas
(LNG) vaporization [7]. Anhydrous ammonia (NH3) was used commonly as the working
fluid to drive a Rankine cycle heat engine to reduce the cost of electricity. However, the
potential to apply the LNG cold energy is limited compared to the deep seawater. The
small MW scale onshore plants can combine power generation, seawater desalination, and
deep ocean water applications, including auriculate, air-conditioning, and agriculture. This
is due to the characteristics of deep ocean water, which is clean, cold, virus and bacteria-
free, and mineral-rich [8,9]. Seungtaek et al. (2020), revealed the possibility of OTEC and
seawater desalination considering the local tariff of electricity as well as water [9]. By
focusing on the large capacity OTEC plants, the upscaling scenario in Indonesia is proposed
because of the higher contribution to carbon reduction, easier business, and strategy for
the installation [10]. Moreover, Langer, et al. (2021) proposed a GIS-based method for the
site selection and discussed a band of a cost analysis of large-scale OTEC systems showing
the sensitivity of the design capacity, and seawater temperature at selected locations in
Indonesia [10,11]. Adiputra et al. (2020), designed the retrofit of a 100 MW OTEC using a
second-hand large ship as a lower cost option [12].

As for the large offshore OTEC power plants of more than 10 MW per unit, the technical
feasibility of the large diameter of deep seawater intake piping and heat exchanger are the
key technologies. An idea on the site fabrication in the mooring float was proposed for the
large-scale FRP piping [13]. Yeh, et al. (2005), reported on the maximum net output with
included parameters such as length of pipe, the diameter of the pipe, seawater depth and
flowrate [14]. This study is focusing more on the effect of pipe size and velocity of fluid
rather than on the heat transfer area. But theoretically, the higher the power output the
larger will be the total heat transfer area. Langer et al. (2020), compared the cost distribution
of heat exchangers for floating OTEC of 100 MWe and 3.5 MWe to be 27.2% and 21.1%,
respectively [11]. This aligns with Bernardoni et al. (2019), reporting that heat exchangers
have the highest cost contribution of 36% in a 2.35 MWe OTEC plant [15].

This study presents a novel idea of 10 MW OTEC simulation for Malaysian sites and
designed the optimum condition using REFPROP and incorporating theoretical calculation
of an objective function that Uehara and Ikegami (1990), proposed as the ratio of total
heat transfer area and net power output [16]. Specifically, the heat exchanger performance
uses new boiling and condensing heat transfer coefficients. The improvised model of
this simulation is clearly shown in the flow diagram of Rankine cycle in the Figure 1.
Furthermore, the smaller levelized cost of electricity in Maluku compared to Hawaii is
calculated due to the lower CAPEX and operating expense (OPEX) of more compact heat
exchanger sizes [10]. Their study is extended to off-design. Giostri et al. (2021), proposed
the total capital cost as the objective function [17]. They balanced and found the minimum
capital design cost considering the variation of the temperature; however, the deep seawater
intake piping cost is only dependent on deep seawaters’ flow rate. Therefore, the total heat
transfer area of whole heat exchangers over the net power output as the objective function
seems to be practical and can still represent the dominant capital cost in a large-scale OTEC.
This is because the heat exchanger volume will also affect the floating volume size which is
directly related to the mooring design strength. This objective function leads to a bigger size
of heat exchangers that will substantially increase the cost of components. It is necessary to
design the entire OTEC plant, with emphasis and details on the surface and deep seawater
intake systems. Regarding the heat source, the authors have conducted an oceanographic
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survey on Malaysian waters, reported by Thirugnana, et al., (2021), and found that there is

sufficient marine renewable energy, namely OTEC in the Malaysian waters [18].
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Figure 1. Steepest descent also known as Powell’s method—flow diagram of Rankine cycle method

used in this study.
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This paper aims for a discussion and is presented mainly on technical viability con-
sidering the case for a commercial OTEC plant which could be installed in the sea areas
of Kalumpang, Malaysia. The temperature in this sea area is used, and the case where
the surface temperature changes is described thoroughly. The critical parameter for cost
effectiveness, such as the cold seawater pipe length effect has been investigated. The
OTEC plant performance analysis was conducted, and the results of a 10 MW OTEC plant
using the Rankine cycle with heat exchangers of plate-type and NHj as the working fluid
are reported.

2. Analysis Method
2.1. OTEC Potential and Profile of Temperature

Temperatures of different sites were close to each other, as shown in Figure 2, which
depicts the vertical temperature profile from Japan Oceanographic [18,19]. A closer exami-
nation of the sites reveals that there was a slight temperature change of 0.11 °C at each of
the measured depths, with the tendency being greater in the areas shallower than 700 m
deep. The temperature drops sharply from 27.5~28.5 °C at the surface to 7.2~7.5 °C at
600 m depth as the depth increases, and no distinct layer where warm seawater mixes layer
to 600 m deep was observed, despite a notable change in temperature from the surface.
After 600 m, the temperature of the seawater gradually dropped to 4.6 to 4.8 °C between
1050 m and 1150 m. As a result, a temperature difference of more than 20 degrees Celsius
can be obtained in order to materialize a hybrid OTEC system in Sabah, Malaysia. An
OTEC hybrid system generates both energy and water.
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Figure 2. Depth and deep seawater temperature profile of several potential sites in Sabah at 1000 m,
800 m, and 600 m, respectively. For simulation purpose, the applied data for Kalumpang was
retrieved from Japan Oceanographic Data Center (JODC) (2020) 1000 m (4.6 °C), 800 m (5.79 °C), and
600 m (7.5 °C), respectively.

The temperature of the seawater is especially important in the design of an OTEC
plant. A temperature difference of more than 20 °C between warm and cold seawater is
required to establish a commercially viable OTEC plant. As a result, in this case, for a
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requirement of 5 °C cold seawater, the cold seawater pipe must be long enough to reach
900 m depth (as shown in the Figure 2).

2.2. Rankine Cycle

Figure 3 shows a schematic diagram of the Rankine cycle for an OTEC system. The
basic equipment of the Rankine cycle is an evaporator, condenser, turbine, and working
fluid pump. The principle of the OTEC system follows a continuous cycle of processes
which starts with the working fluid circulation pump transporting the working fluid to the
evaporator (3 — 4), and it vaporizes after the warm seawater exchanges the heat with it
(4 — 1). Then, the vapor passes through the turbine and does the work (1 — 2). Followed
by it, the working fluid enters the condenser after leaving the turbine, and exchange heat
with the cold seawater before being condensed (2 — 3). The process continues, whereby
the working fluid circulation pump returns the condensed working fluid to the evaporator
for vaporization again (3 — 4) and these processes continue in OTEC closed cycle [20].
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Figure 3. The schematic diagram of OTEC cycle, where warm seawater is represented in red line,
cold seawater in blue line and NH3, the working fluid in orange line.

Next, the Figure 4 shows the T-s diagram of the Rankine cycle which explains the
significance of Tg, and T¢ using NH3 as the working fluid. The efficiency of NHj as the
working fluid for the OTEC system was studied by Ganic and Wu (1980), and they found
NHj to be the best fluid owing to its highest thermal efficiency [21]. These were supported
by several other studies in which, the latent heat of NH3; was found to be higher than
halogenated hydrocarbons [22]. NHj also outranked other types of working fluids in
performance under a subcritical OTEC system [23].
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Figure 4. T—s diagram of the Rankine cycle.

2.3. Objective Function

In the case of ocean thermal energy conversion, the cost required for power generation
of the total cost (total cost) for use, and the cost of manufacturing the evaporator and
condenser is approximately 30-50%. For this reason, minimizing the evaporator’s and
condenser’s total surface area is considered to be the most critical factor in minimizing
the total cost of power generation. Therefore, the objective function of the evaporator and
condenser is defined and shown in Equation (1),

_Ar
-

)

The value of vy is obtained by dividing the total heat transfer surface area At with the net
output PNy (Net power) and is often used as the objective function for optimization [24,25]. It
is clearly derived and identified in previous studies that the objective function v, that is,
the relationship between the total heat transfer area of the heat exchanger per (unit) 1 kW
of output power and the inlet temperatures of warm and cold seawater, is important [26].
Therefore, the total heat transfer area of the heat exchanger in the objective function
becomes small, and the net power output becomes large. As a result, the objective function
becomes small (known as the minimum objective function) and the OTEC plant will be
economically viable.

2.3.1. Net Power
The net power Py is defined as in Equation (2) [27,28],

Pn =Pg — (Pwsw + Pcsw + Pwr) ()
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Pg in Equation (2) is the generated power, also known as gross power, Pysy is warm
seawater pumping power, Pcgw is cold seawater pumping power, and Pwr is working
fluid pumping power, shown in Equations (3)—(6).

Pg =mwgnrng (hy — hy) 3)
m AP
Posw = wsw Al'wsw 4)
Nwsw Pwsw
m AP,
Pegw — csw APcsw )
Ticsw Pcsw
mwg AP
Pwg = JIWFE 27 WF (6)
MWE PWF

where APysyy is the total pressure difference between the warm seawater pipe and the
cold seawater pipe, and APcsw is the total pressure difference between the working fluid
piping APwg.

APywsw is the total pressure variance of the warm seawater pipe, shown in Equation (7),

APwsw = APwswe + APwswEia (7)

where the pressure difference in the evaporator is represented by APwswg, and APwswga
is the pressure difference around the evaporator.
APywswe is the pressure difference in the evaporator and is calculated as in Equation (8).

2
APwswEg = CE(V‘gng ) ( (]A)XqE) ) (8)
eq)g

where (g is the friction factor in the evaporator.
APwswea is assumed as 1.0 [m].
APcsw is the total pressure difference of the cold seawater pipe, shown in Equation (9),

APcsw = APcswe + APcswea +APcswp )

where APcgw is the pressure difference in the condenser, APcswca is the pressure differ-
ence around the condenser, and APcsyyp is the pressure difference of the cold seawater piping.
APcswc is calculated as the pressure difference in the condenser as shown in Equation (10),

Vesw? AX
APcswe = Cc( ;S;;N )((D C) ) (10)
eq)c

where (¢ is the friction factor in the condenser.

APcswea assumed it with 1.0 (m).

APcswp has calculated pressure is the pressure difference of the cold seawater piping
as shown in Equation (11),

APcswp = APcswps + APcswrp (11)

where APcgwps is the friction loss and APcswpp is the density difference of the cold seawater
in the cold seawater piping, respectively.
APcswos is calculated using Equation (12) [29],

6.819 1CSW VCSW1'852

CH1.852 dCSW1'167 (12)

APcswps =

where CH = 100.
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Next, APcswpp is calculated using Equation (13).

+ 1
APcsirn = losw — [(pwsw2 Opcsw) ( CSW )] (13)
- PCsw

APwr is the total pressure difference of the working fluid piping, and is calculated
using Equation (14),
APwr = [v3 (P1 — P3)] + Pg (14)

where vq = vj is the specific volume in the condensing temperature Tc, P; the is evaporation
pressure, Pj is the condensing pressure, and Py is the pressure lost in working fluid piping
(9.8 x 10%).

2.3.2. Heat Transfer Area

The total heat transfer surface, A, is given as in Equation (15) [30],
AT = AE + AC (15)

where Ap and Ac are the heat transfer area of the evaporator and condenser and are
calculated using Equations (16)—(19).

Qg

A= —————— 1

E= Up (ATm)g (16)

A — TWSW Cp wsw (Twswi — Twswo) 17)
BT Ug (ATm)g

Qc

Ac=—F—7—+—— 18

€7 Uc (ATm)c (18)

A — TCSW Cp Csw (Teswo — Teswr) (19)
€ Uc (ATm)c

where Qg and Q¢ are the evaporator and condenser heat transfer rates. The logarithmic
mean temperature differences of the evaporator and condenser are (ATy)g and (ATm)c.

The Ug and Uc represent the evaporator and condenser’s overall heat transfer coeffi-
cients, respectively. The heat transfer coefficient on warm sea water awsw, the boiling heat
transfer coefficient B, and the thermal conductivity of the heat transfer surface kywsw can be
used to calculate Uc. The heat transfer coefficient on cold seawater CSW, the condensation
heat transfer coefficient C, and the thermal conductivity of the heat transfer surface ccsw
can be used to calculate Uc. In an OTEC system, the heat transfer area of the heat exchanger
must be estimated.

Thus, calculations are carried out using the empirical equation which incorporates
NHj as the working fluid and plate-type evaporator to determine the boiling heat transfer
coefficient. On the other hand, an empirical equation of a fluted plate was used for the heat
transfer coefficient for condensation.

(a) Boiling Heat Transfer Coefficient
The boiling heat transfer coefficient o is calculated from the Equations (20) and (21) [31],

—0.448
Y = 0.716(£pX)*1 H-0834 (gL) fpX < 14.9 (20)
\%
P —0.448
Y = 2.218(£pX)*1 g0834 (pL) fpX > 14.9 1)
\%
where,
D
Y = M (22)

ki,
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C Two — T,
H — pL ( WO E) (23)

L
1/2
CpL PL 28 3/2

X = P D 24
M2 P, kL ‘TLLPV] ( eq)E q ( )
M =900 (m™') (25)
Pa = 1.976 (W) (26)

(b) Condensation Heat Transfer Coefficient

The condensation heat transfer coefficient of the working fluid o and steam vapor in
the desalination condenser apc is calculated from the Equation (27) [32].

1/4
Ny, = 1.77 Bo**o-l(iG“i{PrL) 27)
where,
D,
Ny = m (28)
kp
g pL P
B, = L (29)
o
* _ P\(P
Bo" = Bo(F)(5) (30)
_ Lﬁ PL — Po
6= (512) (452) 2
Py = 2L HL (32)
kg,
Ty, — T
H — CpL (Tym wv) (33)

L
(c) Heat Transfer Coefficient of the Seawater side (Evaporator and Condenser)

The heat transfer coefficient of the seawater in the evaporator and condenser awsw,
acsw and are calculated from Equation (34) [33].

0.12

WSW,CSW
Nuwsw,csw = 0.047 Reysw, csw S Prwsw csw'’ S(HT) (34)
where (D)

awsw,csw (Meq ) wsw csw

Nuwsw, csw = - (35)
VWSW,CSW

VWSW,CSW (Deq)wsw CSW

Rewsw,csw = - (36)

Vwsw,csw

2.4. Objective Function and Its Variables

Objective function y in Equation (1) is dependent on various variables. There are five
dependent variables that can be considered such as design condition variable C, shape
factor G, state factor S, operation factor D, and piping factor P [25,33]. Among the variables,
some experimental and empirical assumptions are incorporated to predict its values. Some
variables are constant and some have upper and lower limits. Variables with upper limits
include turbine efficiency, generator efficiency, and pump efficiency. Thus, upon limiting
some variables, vy can be derived as Equation (37),

v =f(Tg, Tc, Viwsw, Vcsw) (37)
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As shown in Equation (37), if the parameters of the generated power, working fluid, the
material of the heat exchanger, an inlet temperature of warm seawater Tysw, and inlet tem-
perature of the cold seawater Tcgwy are given, 7y is a function of the evaporation temperature
Tg, condensation temperature T, warm seawater velocity in the evaporator Vyysy and cold
seawater velocity in the condenser Vcgy. A minimum value of the objective function ymin
can be calculated by the steepest descent or Powell’s method using Equations (2)-(36).

When optimizing the entire system, it is necessary to optimize each component. There-
fore, the in-house program for optimizing these components was included as subroutines.
In this study, REFPROP (Lemmon et al. (2013)), was used as the physical properties of
anhydrous ammonia and seawater [34]. In addition, a Handbook (Society of Sea Water
Science Japan, 1966), was used for the physical properties of warm and cold seawater [35].

Condition and Calculation Method

A flow chart of the method used in this study is developed as shown in the Figure 1.
When optimizing the entire system, it is necessary to optimize each component. Therefore,
the optimization program for these components is included as subroutines.

As shown in the Figure 1, first, calculate y at a certain point. Next, fix other variables
and calculate y; when one variable (for example Tg) is slightly changed. Subsequently, the
partial derivative for T is obtained as (y; — v)/ATg. Then, as a new initial value for Tg,
the step is multiplied by an arbitrary constant §; to proceed to the next step. Using the
same method, Tc, Vywsw, and Vcgw are obtained. As clearly shown in the Figure 1, y is
calculated using the new combination of variables to derive the minimum value of y which
is Ymin.

Table 1 shows the design condition of the Rankine cycle OTEC plant which generates
10 MW of power. The length of the cold seawater pipes used in this calculation are 1000,
800, and 600 m, and its diameter is 5 m. From the perspective of the capital expenditure
(CAPEX) of an OTEC plant, the shorter length of the cold seawater pipes would result in
lowering the CAPEX. Thus, the length of cold seawater pipes must be thoroughly discussed
and identified during the OTEC plant design and feasibility study phase.

Table 1. Design conditions.

° Gross power Pg [MW] 10

e  Warm seawater inlet temperature Twswr [°C] 25.0,28.98, 31.0
o  Cold seawater inlet temperature Tcswy [°C] 4.6,5.79,7.5

e  Cold seawater pipe length lcgw [m] 1000, 800, 600
e  Cold seawater pipe diameter dcsw [m] 5

Dimensions of Evaporator and Condenser

° Plate length AX [m] 4

° Plate width AL [m] 1.5
e  DPlate thickness t [mm] 1

e  Plate clearance in seawater side AYwsw, AYcsw [mm] 5

e  Plate clearance in working fluid side AYwp [mm] 5

e  Thermal conductivity of plate (titanium) kyy [W/mK] 14.76
e  Efficiency of turbine nt [%] 85
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Table 1. Cont.

e  Efficiency of seawater pumps nwswp, Ncswp [%] 80
e  Efficiency of working fluid pump nwrp [%] 75
e  Efficiency of generator ng [%] 96

Anhydrous ammonia is used as the working fluid. Titanium being a strong and non-
corrosive material is suitable for plate heat exchangers. The thermophysical properties
of NHj and the seawater are taken from [34,35], respectively. In this paper, optimization
is carried out using the REFPROP as the thermophysical properties of NHj. In previous
studies, PROPATH and other approximate values were used for NH; which has resulted in
a different optimization design.

3. Results and Discussion
3.1. Minimum Objective Function

Figure 5 shows the minimum value of the objective function versus the inlet tempera-
ture difference (Twswr — Tcswi)- The value of the minimum objective function is decreased
when the inlet temperature difference (Tywswi — Tcswi) is increased as can be seen in the
Figure 5. In other words, the objective function vy is smaller when the warm seawater inlet
temperature, Twswi is higher and the cold seawater inlet temperature, Tcswy is lower.

5 |

L Rankine cycle e (%SW‘(C) 25.0 | 28.98 [ 31.0 |4

Pg =10 [MW] "¢ A oo

[NH; 5.79 A O | m
7.5 A [ ] ]

‘\‘\ y=4.5x10*(Tywswi - Tesw) ~°

\

3 L I I (N N

(TWSWI - TCSWI) [K]

Figure 5. Comparison of minimum objective function from Equation (38) (simulation from this study)
and Equation (39) (comparing with empirical data from Uehara & Nakaoka, 1984)) [30].

For example, when Tyswr = 28.98 °C and Tcgwy = 4.6 °C, vy =7.44 m?/kW, whereas
when Tyswr = 28.98 °C and Tegwy = 7.5 °C, v = 9.14 m? /kW. Although the inlet temperature
difference (Twswi — Tcswi) under these two conditions is only 2.9 °C, the ratio of y is 1:1.2
and significant. This indicates that the effect of cold seawater inlet temperature is large
and impactful.
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The objective function versus inlet temperature difference (Twswi — Tcswi) is shown
in Figure 5 and is given by Equation (38) in solid line:

Ymin = 4.5 x 10° (Twswi — Tcswr) >° (38)

The alternate dashed line in the Figure 5 is the result of a study on an OTEC system
using a plate heat exchanger [30]. The system was calibrated and optimized for an output
power of 100 MW. The minimum objective function obtained from that study is shown in
Equation (39).

Ymin = 1.3 % 10° (Twswi — Tcswi) 2 39)

Comparing Equations (38) from this simulation study with (39) from [30], when
Twswi = 28.98 °C and Tcgw = 4.6 °C, vy = 7.44 m?/kW from Equation (38), whereas
v = 4.73 m? /kW from Equation (39), respectively. v is about 1.57 times larger. The reason
for this increase is probably due to the smaller power generation output of 10 MW. This
is because when the power output decreases, the performance of the heat exchanger
deteriorates and the total heat transfer area increases. Nevertheless, it could also be due
to the efficiency of each component in the OTEC system (turbine, heat exchanger, pumps,
and others) having improved and it caused an improvement in the total OTEC system,
attributing an increase in the net power output.

As can be seen from Figure 5, even if Twswr and Tcswi change, considering within the
range of (Twswi — Tcswi), the objective function vy is determined only by the temperature
difference between warm and cold seawater inlets. Performance analysis for the OTEC
system must be done considering the minimum objective function for cost viability.

3.2. Pumping Power and Net Power

Figure 6a—c show the net power Py, the warm seawater pumping power Pysw, the
cold seawater pumping power Pcsw and the working fluid pumping power Py versus
the inlet temperature difference (Twswi — Tcswi). In the Figure 6a—c, cold seawater pipe
length is 1000 m, 800 m, and 600 m, respectively.
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Figure 6. (a—c) Net power and pumping power.

The values of warm seawater pumping power and cold seawater pumping power
decrease when the inlet temperature difference (Tywswi — Tcswi) is increased as can be
seen in the Figure 6a—c. The working fluid pumping power is constant when an inlet
temperature difference is increased. The working fluid pumping power is estimated to be
200 kW.

Because the pumping power of the warm seawater and cold seawater decreases when
the inlet temperature difference (Twswi — Tcswi) is increased, the value of the net power
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is increased when the inlet temperature difference (Tywswr — Tcswi) is increased as can be
seen in the Figure 6a—c.

Observing the effect of the length of cold seawater pipe, the net power is greater with
1000 m of cold seawater pipe than with 600 m. This is because the net power is larger when
the temperature of the cold seawater is lower. In addition, it is said that when the cold
seawater temperature becomes low, both, the cold seawater flow rate and pump power
decrease, respectively.

3.3. Warm and Cold Seawater Flow Rate

Figure 7a—c shows the warm and cold seawater flow rate versus the inlet temperature
difference. In Figure 7a—c, cold seawater pipe length is 1000 m, 800 m, and 600 m, respec-
tively. The warm and cold seawater flow rate decreases as the inlet temperature difference
increases. Because the heat transfer area of the evaporator and condenser decrease when
the inlet temperature difference (Twswi — Tcswi) is increased, the warm and cold sea water
flow rate are decreased when the inlet temperature difference (Twswi — Tcswi) is increased
as can be seen in Figure 7a—c.

9 9
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Figure 7. (a—c) Flow rate of warm and cold seawater.

Further analysis by considering cold seawater pipe lengths for 1000 m and 600 m is
performed. In the case of 1000 m, Twswr = 28.98 °C and Tcswr = 4.6 °C, warm seawater flow
rate mysw = 4.321 x 107 kg/h, cold seawater flow rate mcsy = 4.151 x 107 kg /h, respec-
tively. On the other hand, in the case of 600 m, Twswr = 28.98 °C and Tcswy = 7.5 °C, warm
seawater flow rate mysw = 5216 x 107 kg/h and cold seawater flow rate
mcsw = 5.364 x 107 kg/h, respectively. An observation was made that the warm sea-
water flow rate mygy ratio of 1000 m is smaller than 600 m at 1:1.2 and the cold seawater
flow rate mcgw ratio of 1000 m is also smaller than 600 m at 1:1.3, respectively.

3.4. Heat Transfer Area

Figure 8a—c shows the total heat transfer area Ar, the heat transfer area of the evaporator
Ag, and the heat transfer area of the condenser Ac versus the inlet temperature difference. In
the Figure 8a—c, cold seawater pipe length is 1000 m, 800 m, and 600 m, respectively.
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Figure 8. (a—c) Heat transfer area.

The value of the total heat transfer area, the heat transfer area of the evaporator, and
the heat transfer area of the condenser decreased when the inlet temperature difference
(Twswri — Tcswr) is increased as can be confirmed in Figure 8a—c.

This is because the heat transfer coefficient of the evaporator and condenser is in-
creased when the inlet temperature difference (Twswi — Tcswi) is increased, and the heat
transfer area of the evaporator and condenser is decreased when the inlet temperature
difference (Twswr — Tcswi) is increased as can be seen in the Figure 8a—c.

Further analysis of At by considering cold seawater pipe lengths as 1000 m and 600 m
is performed. In the case of 1000 m, Tywswi = 28.98 °C and Tcswi = 4.6 °C, the total heat
transfer area At = 6.446 x 10° m2. On the other end, in the case of 600 m, Twswr = 28.98 °C
and Tcgwr = 7.5 °C, the total heat transfer area At = 7.812 x 105 m?. It was observed that
the total heat transfer area At ratio of 1000 m is smaller than 600 m at 1:1.2.

Nevertheless, if the empirical equation of other types of heat exchangers is known, the
heat transfer coefficient can be used in the optimization calculation using a similar method
as discussed in this paper.

4. Feasible OTEC Plant Specification

The OTEC design is determined based on the site location and power requirements.
There are three different designs to accommodate all scenarios: submersible type, floating,
and land based. Hence, this paper will be mainly on technical viability considering the case
for a commercial OTEC plant which could be installed in the sea areas off Sabah, namely
Kalumpang, as this is one of the strategic sites for an on-land commercial OTEC plant
in Malaysia.

Previous reports have shown the temperature distribution in other sea areas and the
optimal OTEC system design by [36,37]. Thus, it was found that the optimum objective
function, pump power, flow rate, and heat exchanger area are dependent on the temperature
difference between warm and cold seawater inlet temperature (Twswi — Tcswri). As a
result, it is possible to estimate the total OTEC system output if the warm seawater inlet
temperature Tywswr and the cold seawater inlet temperature Tcswy are known from surveys
of other sea areas.

The OTEC plant proposed for Malaysia is with a gross-power of 10 MW floating type.
A conceptual idea in Figure 9 shows a floating type OTEC power plant. In this OTEC
power plant, the monitoring area and control room are above the seawater surface. All of
the OTEC plant components are enclosed in a pressured containment designed below the
seawater surface.
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Figure 9. A conceptual idea of the floating-type OTEC [38].

5. Conclusions

In this paper, the performance analysis of a commercial OTEC plant was carried outata

potential site in Sabah, Malaysia. Incorporating various Kalumpang’s oceanographic data of
WSW and CSW, the design of a 10 MW OTEC plant using the Rankine cycle and anhydrous
ammonia as the working fluid and plate type heat exchangers has been proposed.

The results of numerical analysis from this simulation are compared with those of

the Rankine cycle (Equations (38) and (39) (Uehara & Nakaoka, 1984)) and the following
results were obtained [30]:

1.

The value of the minimum objective function is decreased when the inlet temperature
difference (Twswi — Tcswi) is increased as can be seen in the Figure 5 (comparison
between Equations (38) and (39)). Pertaining to this value, the minimum objective func-
tion versus the inlet temperature difference was derived and shown in Equation (38).
Comparing 10 MW and 100 MW, the objective function of 10 MW is larger, resulting
in a higher CAPEX.

The value of the warm seawater pumping power and cold seawater pumping power
is decreased when the inlet temperature difference (Twswi — Tcswi) is increased.
Even if the inlet temperature difference is increased, the working fluid pumping
power is constant. The working fluid pumping power is as small as 200 kW.
Because the pumping power of the warm seawater and cold seawater decreases
when the inlet temperature difference (Twswi — Tcswi) is increased, the value of
the net power is increased when the inlet temperature difference (Twswi — Tcswr)
is increased.

The warm and cold sea water flow rate decreases as the inlet temperature differ-
ence increases.

The value of the total heat transfer area, the heat transfer area of the evaporator,
and the heat transfer area of the condenser decreased when the inlet temperature
difference (Twswi — Tcswi) is increased.

Future projects could include hybrid-OTEC optimization for 2.5 or 10 MW commercial

plants as a solution for carbon net-zero. Another possible extension of these findings would
be the development of an economically viable OTEC Malaysian Model.
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Nomenclature

A heat transfer area (m?)

Bo Bond number (-)

Bo* modified Bond number (-)

Cp specific heat at constant pressure (kJ/kgK)

d diameter (m)

Deq equivalent diameter (m)

fp pressure factor (-)

g gravitational acceleration (m/s?)

Gr Grashof number -)

h enthalpy (kJ/kg)
depth of flute (m)

H ratio of sensible to latent heat (-)

k thermal conductivity (W/mK)

1 length (m)

L latent heat (kJ/kg)

AL width of plate (m)

m mass flow rate (kg/s)

Nu Nusselt number (-)
Power W)

P Pressure (Pa)

Pr Prandtl number (-)

Prop property )

AP pressure difference (Pa)

q heat flux (W/m?)

Q heat flow rate (k])

Re Reynolds number )

t thickness of plate (mm)

T temperature °O)

AT temperature difference )

ATy logarithmic temperature difference  (°C)

U overall heat transfer coefficient (W/m?3K)
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specific volume (m3/kg)
velocity (m/s)
non-dimensional number  (-)

length of plate (m)
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heat transfer coefficient (W/m?K)
objective function (m? /kW)
friction factor )
efficiency )
dynamic viscosity (Pas)
kinematic viscosity (m?/s)
density (kg/m?)
surface tension (N/m)
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Subscripts

a atmosphere

B boiling

C condenser
cold seawater
density
evaporator
friction loss
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inlet
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in minimum
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turbine
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working fluid
SW warm seawater
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