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Abstract—In order to have a thorough parameter identi-
fication of a closed cycle ocean thermal energy conversion
(OTEC), sensitivity analysis method is suggested. It can
illustrate the effects of each parameter variation on the output
of the system and also can reveal their order of significance.
In this paper, effect of different input parameters such as
input warm and cold water temperatures, warm and cold
water pipe diameters, warm and cold water velocity in pipes,
and evaporator and condenser working temperatures on the
net output power and efficiency of the system is investigated.
A 100 MW power plant case study has been chosen for
the sensitivity analysis process. The main advantage of this
study is providing an acceptable range for system parameters
which gives designers an insight to select system configuration
properly.
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I. INTRODUCTION

Ocean thermal energy conversion (OTEC) is a power
generation method utilizes the temperature difference be-
tween warm surface water and cold deep water of the
oceans to produce electricity. Therefore, OTEC is a reliable
source of energy in islands near equator and also oil
platforms owing to the capability of generating rather stable
amount of electricity during the year and in all hours.
Depending on the working fluid utilization, OTEC cycles
are divided into open and closed cycles. Open cycles
vaporize warm sea water as working fluid to drive the
turbine. On the other hand, a closed cycle OTEC, was
first proposed by D’ Arsonoval in 1881 [1], uses high vapor
density liquids such as freon, propane or ammonia as its
working fluid [2]. Due to a small temperature difference
(approximately 15 - 25 °C) between the surface water
and deep water of the ocean, the Rankine-cycle efficiency
is limited to be about 3% - 5%. Therefore, there has
been considerable research effort aimed at improving the



performance of an OTEC power plant. The effect of various
working fluids on the performance of a cycle has been
investigated by Kim et al. [3]. They also examined the
influence of different cycles such as closed system, a
regeneration system, and a Kalina system on improving the
efficiency. Furthermore, hybrid cycles were developed to
improve the efficiency of closed cycle OTEC power plants.
For instance, Yamada et al. [4] proposed a solar-boosted
OTEC system and stated that the net thermal efficiency
of the operation with 20 °C solar boost is 2.7 times
higher than that of OTEC operation under the daytime
conditions at Kumejima Island. A combination of OTEC
cycle with solar pond was introduced by Straatman et al. [5]
to increase the temperature difference in the Rankine cycle,
which leads to an improved efficiency of 12%.

Another approach leads to system efficiency increment
is optimizing plant design parameters. Wu [6], [7] utilized
a finite-time thermodynamic approach to a Rankine closed
cycle OTEC analysis which gave a much more realistic heat
engine power, specific power and efficiency prediction than
did the classical Carnot ideal cycle. A detailed optimization
was carried out by Uehara and Ikegami [8] using Powell
method. In addition, Najafi et al. conducted multi-objective
genetic algorithm in order to find optimum set of plant
design parameters [9]. However, it must be noted that
parameter selection plays an important role in optimization
procedure. Thus, it needs a thorough understanding of
the effects of parameters on system performance. To this
goal, the sensitivity analysis methods are developed and
widely used in engineering applications. Moreover, sensi-
tivity analysis provides suitable background to compare the
effects of each parameters on the desired system output.
Yeh et al. [10] theoretically investigated the effects of the
temperature and flow rate of cold seawater on the net
output of a pilot OTEC plant. They only considered the net
output power while the energy quality which is expressed
in system efficiency is neglected.

In the present work, a sensitivity analysis is performed
to investigate the effect of various independent design vari-
ables on efficiency and net output power of a closed cycle
OTEC power plant. The main advantage of this study is
providing an acceptable range for system parameters which
gives designers an insight to select system configuration

properly.
II. SYSTEM MODEL

Aside from the media used to accomplish the heat
transfer, a closed cycle OTEC is the same as a Rankine
cycle. The medium gains the heat through an evaporator
from the ocean surface warm water, and produces power
by passing through a turbine. Cold water from deep parts
of the ocean cools the outlet flow from the turbine in a
condenser and completes the cycle as shown in Fig. 1.
The temperature-entropy (T-s) diagram of a closed Rankine
cycle used in OTEC power plants is illustrated in Fig. 2.
Heat transfer between pipes and sea water is assumed to be
negligible, due to the massive amount of water flow rates
and the large pipe diameters. Therefore, the temperature
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Fig. 1. Schematics of conventional closed Rankine cycle OTEC operation
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Fig. 2. T-s diagram of the closed Rankine cycle

change of inlet cold sea water is not taken into account [8],
[10].
The net power Py of the OTEC operation is written
as [8]
Py = Pg — Prp (D

where P is the turbine generator power and Prp is the
total pumping power in a power plant defined as:

Prp = Pws + Pcs + Pwr ()

Pws, Pcs, and Pwy are the pumping powers required for
warm sea water, cold sea water, and the working fluid,
respectively. The value of turbine generator power, Pg is
calculated from the product of the mass flow rate of the



working fluid and the adiabatic enthalpy difference between
the evaporator and the condenser as:

Pg = mwentna (h1 — ha) ©)

where 1t and 7¢ are the turbine and generator efficiencies,
respectively. Other power parameters shown in Eq. (2) are
given as:

Pyws = mwsAHwsg/nwsp 4
Pcs = mcsAHcsg/ncsp )
Pwr = mwrAHwrg/Mwrp (6)

where g is the acceleration due to gravity and rmws, mcs,
mwr, AHws, AHcs, AHwr, nwsp, jcsp, and nwrp are
mass flow rates, total pressure differences (i.e. head), and
pump efficiencies of the piping used for warm sea water,
cold sea water, and working fluid, respectively.

AHcg is the total pressure difference of the cold sea
water pipe, defined as:

AHcs = (AHcs)p + (AHces)e + (AHes)y (D)

where (AHcg)p is the friction factor of the cold sea water
straight pipe, defined as [8]:

(AHcs)p = 6.82lcfl7<
dcs

where [cg is the length of the cold sea water pipe, dcs
is the diameter of the cold sea water pipe, and V(g is the
velocity of the cold sea water. (AHcg) is the cold sea
water pressure difference in the condenser which is defined
by experimental data from related works for a specific type
of condenser as [11]:

VCS ) 1.85 (8)

100

(AHcs)o = 3.3Vos™ 9)

(AHcg), is the pressure difference caused by the density
difference between the warm and the cold sea water,
defined as:

1 1
(AHcs), = lcs — — ( (pws + pcs) lcs) (10)
pcs \ 2

A Hvwysg is also the total pressure difference of the warm
sea water pipe, defined as:

AHws = (AHws)p + (AHws)g €8))

where the the value of (AHws)p is evaluated like the cold
sea water pipe calculation with warm water pipe properties.
(AHws)g is also the warm sea water pressure difference
in evaporator and is calculated by the experimental data for
a given evaporator in the same way as condenser [11]:

(AHws)p = 4.72Viys> "2 (12)

AHwr is the total pressure difference of the working
fluid piping, defined as:

AHwr = (AHwr)ap + (AHwr)p + (AHwr)o (13)

(AHwr) Ap 18 the saturation pressure difference between

evaporator and condenser, defined as:

_ PE —Ppc
Pg

(AHwr) 4, (14)

where p is the density of the working fluid.
The total heat transfer surface area, A, is given as:

At = Ag + Ac (15)

Ag and Ac are the heat transfer areas of the evaporator
and the condenser which are shell and plate type heat
exchangers and defined as:

Ap = Qe _ mwsCrys (Twst — Twso) (16)
Ur(ATw)g Us(ATw)g
Qc mcsCres (Test — Tcso)
Ao = - & 17
© = Ue(ATm) Uc(AT)c 4

where (AT,)g and (AT, ) are also logarithmic mean
temperature differences of the evaporator and the con-
denser, respectively, defined as:

(Twst — Tx) — (Twso — 1k)

ATy)w = 1
( )E ln ( (TWSI _ TE) ) ( 8)
(Twso — Tk)
(ATw)e = (Te — Test) — (Te — Teso) (19)

I ( (Tc — Test) )

(Tc — Tcso)
Qg and Q¢ are also the heat transfer rate of the evaporator
and the condenser, respectively, defined as:

Qe = mwr (h1 — ha) (20)

Qc = rwr (ha — h3) 21
where 7wy is the working fluid flow rate, given as:

Pg

= 22
nrng (h1 — ha) 22

mwr

Calculating the system properties, power plant perfor-

mance might be evaluated by first law efficiency. According

to Carnot’s theorem, maximum efficiency of a system

working between two cold and warm reservoirs could be

calculated by:
Tc

T, max = 1- T7H (23)

Actual efficiency of the system can also be calculated

utilizing the amounts of output net power and heat transfer
rate of the evaporator as:

Py

= 24
On (24)

Uit



III. SENSITIVITY ANALYSIS

Sensitivity analysis (SA) is the study of how the variation
in the output of a statistical model can be attributed to
different variations in the inputs of the model [12]. Put
another way, it is a technique for systematically changing
variables in a model to determine the effects of such
changes.

In the present paper, the variation of net power and
efficiency of a 100 MW OTEC power plant as system
objectives is studied by the system parameters variation.
The most important system parameters in an OTEC power
plant design are input warm and cold water temperatures,
warm and cold water pipe diameters, warm and cold water
velocity in pipes, and evaporator and condenser working
temperatures.

In order to achieve feasible results, appropriate con-
straints for parameters is needed. According to the study
done by Najafi et al [9], reasonable constraints could be
established as,

22 < Tyygr <28 (25)
4<Tcs1 <8 (26)

5 < Dcs, Dws <25 27
0.7 < Vs, Vivs < 2 28)
Twsi —7<Tp < Twsi — 3 (29)
Tesi+3<Tc <Tcs1+7 (30)

IV. RESULTS AND DISCUSSION

To validate the model, the results from the simulations
are compared with a case study from Uehara and Tkegami
[8] in TABLE 1. It can be observed that the results are in an
acceptable agreement with different inlet warm sea water
temperatures.

TABLE 1
VALIDATION
Twst Py Pyws Pog Py
(°C) | (MW)  (MW) (MW) (MW)
Ref. [8] 28 714 11.1 15.6 1.97
Present work 28 71.8 12.1 14.4 1.42

Results of sensitivity analysis are illustrated in figures
3 to 10. In each figure the variance of the net power and
efficiency is depicted as the input parameters are changed.
In Fig. 3 inlet warm water temperature is assumed as
input parameter. It can be seen that by increasing the
water temperature and fixing other parameters, both net
power and efficiency will improve. However, net power
will decrease as the input warm water temperature reaches
to evaporator working temperature.

As expected, similar to previous results, net power will
also decrease by increasing the inlet cold water temper-
ature. This effect aggravates by reaching to condenser
working temperature (Fig. 4).

Next parameters of sensitivity analysis are warm and
cold water pipes diameters. Neglecting the economical and
construction considerations, widening the pipes results in
a larger inlet water mass flow rate which will raise the
generated power as well as working pumps consuming
power (Fig. 5 and Fig. 6). By enlarging pipe diameters,
pumps powers will become massive enough to terminate
increasing rate of net power. This is more vivid in cold
water pipes due to longer pipe length. Moreover, it is
notable that designing based on only higher output net
power will not always bring about better performance, since
pipe diameter selection plays an important role in plant
efficiency. Efficiency diagram behaves as a parabola and
has a maximum point at diameters about 15 meters. This
result correspond data from Uehara and Tkegami [8].

By increasing the water velocity in pipes, efficiency rate
has a descent behavior, while net output power increases
at first then decreases in higher velocities. The net output
power peak is located at about velocity of 1 meter per
second which is near to the optimized results [9].

In figure 9 the effect of evaporator working temperature
on net power and efficiency is illustrated. As it discussed
earlier, net output power will decrease by increasing the
evaporator working temperature toward the input warm
water temperature. Hence, the best design is one that has
an appropriate temperature difference between evaporator
working temperature and input warm water temperature.
From efficiency diagram, it can be observed that the
suitable temperature is about 23.5° which has about 5.5°
difference from input warm water temperature, that is
similar to results of [6], [7].

V. CONCLUSION

A sensitivity analysis was carried out in order to find
the variation in the output of a closed cycle OTEC plant
by variations in the inputs of the model. Effect of different
input parameters on the net output power and efficiency of
a 100 MW power plant case study had been investigated.

It was observed that in locations with warmer surface
water temperature, higher amounts of net output power and
efficiency are achieved. It was also shown that widening
the pipes in order to increase the mass flow rate would
not improve the objectives necessarily and in some cases
pumps consuming power would decrease the objectives.
Each diagrams of pipe diameters and velocities contain a
maximum efficiency point that corroborates the results in
similar works in the literature. Furthermore, It was deduced
that by approximating the input water temperatures to heat
exchangers working temperatures, both objectives decrease
simultaneously. Thus, an appropriate difference between
these two temperatures is needed.
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