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ABSTRACT

Ocean thermal energy has been identified as a good
thermal source for electric power generation especially
for offshore oil and gas platforms and island energy
security. Organic Rankine Cycles (ORCs) are promising
systems for conversion ocean thermal energy to
electricity; however, the thermal efficiencies still need to
be increased. In this work, a dual-pressure ORC is used to
improve the thermal efficiency of a closed ocean thermal
energy conversion (OTEC) power plant. The evaporation
and condensation temperatures of the dual-pressure
ORCs are optimized to maximize the net power out.
Compared to single-pressure ORCs, the dual-pressure
ORCs can reduce the warm seawater temperature drop
about 2 °C and generate 28-29% more net power. The
working fluid with a higher critical temperature has a
lower flow rate for the optimal condition. R600 produces
slight high power than the other selected working fluids.

Keywords: dual-pressure Organic Rankine Cycle, ocean
geothermal energy conversion (OTEC), thermodynamic
analysis, parameter optimization, working fluid

NONMENCLATURE
Abbreviations
Ccwp Cold sea water pump
G Generator
HPE High pressure evaporator
HPP High pressure pump
HPPH High pressure preheater
HPT High pressure turbine
LPE Low pressure evaporator
LPPH Low pressure preheater

LPT Low pressure turbine

ORC Organic Rankine cycle

OTEC Ocean thermal energy conversion
WCC Wet cooling condenser

WFP Working fluid pump

WWP Warm sea water pump

Symbols

d Diameter (m)

L Pipe length (m)

m Mass flow rate (kg s?)

P Power (kW)

Q Heat flow (kW)

h Specific enthalpy (kJ kg?)

H Head loss (m)

s Specific entropy (KJ kg K?)

w Power (kW)

Cr Isobaric heat capacity (kJ kg™*K?)
n efficiency

1. INTRODUCTION

Ocean temperature varies from 24 to 28 °C on surface
and to 4-6°C at 1 km depths. The Ocean thermal energy
refers to the thermal energy between surface warm
seawater and deep cold seawater and has the distinctive
features of being stable and being controllable. The
ocean thermal power potential is estimated to be 87600
TWh/y [1]. The ocean thermal energy conversion (OTEC)
has been identified as a good electrical power production
strategy for island energy supply, offshore oil and gas
platforms [2]. Organic Rankine Cycle (ORC) is a state-of-
the-art technology that can generate power using ocean
thermal energy at temperatures of 24-28°C. There have
been a number of studies addressing OTEC performance
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[1-3], characteristics [4-7], design criteria and types [8-13]
for power generation systems.

The thermal efficiencies of OTEC power plants are still
lower. How to improve the OTEC performance remains a
crucial issue. The thermodynamic perfectness of a single
pressure evaporation OTEC is relatively low. A dual-
pressure ORC (DPORC) with a high-pressure and a low-
pressure evaporation has a better match between the
temperatures of the working fluid and the warm
seawater which leads to an increase in the average heat
absorption temperature and a decrease in the exergy
losses during the evaporation [14]. The temperature drop
of the warm seawater is lower for a single-pressure ORC;
while the warm seawater can be cooled to a much lower
temperature. This work focuses on the thermodynamic
performance of dual-pressure ORCs for OTEC. The
evaporation and condensation temperatures are
simultaneously optimized to maximize the net power
output. R218, R1234yf, R1234ze, R600a and R600 are
selected as the working fluids. The thermodynamic
performance is analyzed and the results are compared to
find attractive working fluids.

2. MODEL

A schematic of a dual-pressure ORC using ocean
thermal energy is shown in Fig. 1. The saturated working
fluid from the water cooling condenser (WCC) outlet is
pressurized by the working fluid feed pump (WFP) and
then absorbs the sea water heat in the low-pressure
preheater (LPPH). The working fluid is separated at the
LPPH outlet. Part of the working fluid flows into the low-
pressure evaporator (LPE). The other part of the working
fluid is pressurized again to a higher pressure by the high-
pressure feed pump (HPP) and then successively flows
into the high-pressure preheater (HPPH) and the high-
pressure evaporator (HPE). The high-pressure saturated
vapor then expands in the high-pressure turbine (HPT).
The superheated vapor exhausted from the HPT
combines with the saturated vapor from the LPE, and
then expands in the low-pressure turbine (LPT) to the
condensation pressure. The exhaust vapor from the LPT
is then condensed by the cold sea water to the saturated
liquid in the WCC. Compared to a single-pressure ORC,
the warm sea water can be cooled to a lower
temperature in a dual-pressure ORC. The operating
parameters and boundary conditions of the OTEC power
plant are listed in Table 1.

Mass and energy balances for any control volume at
steady state with negligible potential and kinetic energy
changes can be expressed as

Zrhin = Zn‘"out (1)
Q - W = Z’hinhin - z“n;'wuthc)ut (2)

The net power output of the dual-pressure ORC is
calculated as

W, = WI' - WWFP - WWWP - WCWP (3)

net

where Vt'/T is the power generated by the high-pressure
and low-pressure turbines, W,,, is the power

consumed by the warm sea water pump, W,,, is the

power consumed by the cold sea water pump, and WWFP
is the power consumed by the working fluid pumps.

Cold sea water

Fig. 1 Schematic of a dual-pressure OTEC system

The power consumed by the warm sea water pump is
W — mWWgHWWP (4)
Wwp
USWP
where m,,, isthe warm sea water flow rate, H,,, is
the warm seawater pump head and 7, is the sea

water pump efficiency.
The warm seawater head loss is defined as

L (Vo 185 (5)
Hypp =6.82 —d %T —100 + Hyw e
ww

where L,,, isthe warm sea water pipe length, d,,, is
the warm seawater pipe diameter, v,,, isthewarm sea
water velocity, and H,,,. is the head loss in the
evaporator.

The power consumed by the cold sea water pump is

W — mCWgHCWP (6)
CWP
USWP
The cold sea water flow rate can be calculated as
_ Qo (7)
AT, C

cwW
CW,p

The cold seawater pump head is defined as

HCWP = HCW,SP + HCW,D + HCW,C (8)

The friction loss of the straight pipe is

1.85
L (9)
HCW,SP =6.82 d CV1v.17 (VCW j
cw

100
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The pressure difference caused by the density
difference between the warm and the cold sea water is

10

HCW,D =Ly _L(pcw +pww)l-cw (10

2P

where L, is the COLD sea water pipe length, d_, is

the cold seawater pipe diameter, v, is the cold sea

water velocity, p, isthe cold seawater density, P,

is the warm seawater density and H,,, . isthe head loss
in the condenser.

Table 1 Boundary conditions of the OTEC power plant.

Parameters Value
Warm sea water inlet temperature 28 °C
Cold sea water temperature 4°C
Warm sea water pipe length 200 m
Cold sea water pipe length 1000 m
Pinch point difference in the evaporator 1.5°C

Pinch point difference in the IHE and condenser 1.5°C

Turbine mechanical efficiency 98%
Generator efficiency 98%
Isentropic efficiency of working fluid pumps 80%

Sea water pump efficiency 80%
Isentropic efficiency of turbine 85%
Warm seawater head loss in evaporator Im

Cold seawater head loss in condenser 1.5m
Warm sea water flow rate 1000 kg/s

The thermal efficiency of the OTEC power plant is
defined as

Woe, (11)
nth ==

m, AT,

¢ ww

WW*™WW,p

3. RESULTS AND DISCUSSION

The evaporation and condensation temperatures are
optimized simultaneously to maximize the net power
output using the generalized reduced gradient (GRG)
method [15-16]. Fig. 2 shows the temperature drop of
the warm seawater in single-pressure ORCs and dual-
pressure ORCs with the selected 5 working fluids for the
optimal conditions. Compared to a single-pressure ORC,
the temperature drop of the warm seawater is increased
by about 2.2°C due to a low pressure evaporation loop in
a dual-pressure ORC. Thus, the working fluid flow rates
are significantly increased for DPORCs as shown in Fig. 3.
The DPORCs use about 26-28% more working fluid for
the optimal conditions than single pressure ORCs. The
evaporation latent heats are higher for the working fluids
with higher critical temperatures; therefore, the working

fluid flow rates decrease. Among the selected 5 working
fluids, the critical temperature of R600 (butane) is the
highest while the flow rate is the lowest.
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Fig. 2 Temperature drop of warm seawater
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Fig. 3 Flow rates for various working fluid
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Fig. 4 Turbine power outputs for various working fluid

Fig. 4 shows the power generated by the turbine and
the maximized net power for the single-pressure and
dual-pressure ORCs with the selected working fluids. The
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turbine using the working fluids with higher critical
temperature generates higher work. The turbine using
R218 generates the maximum power; however, the
working fluid pumps and the cold seawater pump also
consume the maximum power due to the highest
working fluid flow rate. A dual-pressure ORC can
generate 27% more power than an ORC.
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Fig. 5 Net power outputs for various working fluid

Fig. 5 shows the net power output for dual-pressure
and single-pressure ORCs with the selected working
fluid. 32-37% of the power generated by the turbine are
consumed by the pumps. The net power outputs
generated by the selected working fluids are very close.
Dual-pressure ORCs generate 28-29% more net power
than single-pressure ORCs.

4. CONCLUSIONS

The evaporation and condensation temperatures are
optimized simultaneously to maximize the net power
output for OTEC power plants. The working fluid with a
lower critical temperature has a higher flow rate and
then generates a higher turbine power; however, the
pumps also consume more power. The parasitic power
consumed by the pumps accounts for 32-37% of the
turbine power output. A dual-pressure ORC can increase
the warm seawater temperature drop about 2 °C,
compared to a single-pressure ORC. The dual-pressure
ORCs generate 28-29% more net power than single-
pressure ORCs. The maximum power is produced by
R600.
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