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HIGHLIGHTS

® CO,-based binary zeotropic mixtures are studied for converting ocean thermal energy.
® These fluids have potential to improve coupling of thermodynamic cycle and seawater.
® Comparison, evaluation and optimization are carried out on several mixture fluids.
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This work provides an exploration on improving the performance of a closed ocean thermal energy conversion
(OTEC) system. In order to approach the Lorenz cycle and obtain better thermal matching, a Rankine cycle using
CO,-based binary zeotropic mixtures is considered. Six organic working fluids, including R134a, R152a, R161,
R1234yf, R1234ze(E) and R32, are selected to be additives for binary mixtures, in addition, various con-
centrations of CO, are investigated in order to obtain varying temperature glide. Besides, pure working fluids,
including NH3; and CO,, are also comparatively investigated with the mixtures. The specific net power output
and thermal efficiency are used to evaluate OTEC thermodynamic performance, and the ratio of net power
output to total heat transfer area is adopted for a preliminary economic analysis. Different effects on cycle
performance are analyzed. Finally, an overall optimization to maximize the system thermal efficiency and
specific work are carried out, respectively. The simulation is based on a designed Matlab program. The results
indicate that CO,-based binary zeotropic mixtures could improve thermodynamic coupling of cycle and external
seawater, achieving a deeper heat utilization of warm/cold seawater than that of pure working fluid. The
performance of Rankine cycle is affected by the mixture composition, and composition at which mixture has
evaporating temperature glide of 7-8 °C is recommended. The binary mixtures produce larger specific power
output than pure working fluids, and CO»/R32 (0.76/0.24 wt%) produces the maximum value of 0.696 kJ/kg,
nearly 38% higher than that of pure NHs. Although the mixtures are inferior to NH3 according to preliminary
economic analysis. The thermodynamic findings still prove that Rankine cycle with CO,-based binary mixture is
a promising alternative for OTEC system.

1. Introduction

The ocean is the largest energy store on Earth, and offers in-
exhaustible sources of renewable energy. The thermal gradient between
warm surface water and cold deep ocean water is sufficient for the
OTEC (ocean thermal energy conversion) system to drive a heat engine
power cycle and generate power. It is estimated that the maximum
OTEC net power production is about 30 TW, with net power density
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ranging from about 500 to 1000 kW/km? [1]. The first demonstrative
50 kW Mini-OTEC offshore plant was constructed in Hawaii in 1979,
using ammonia as working fluid [2]. Saga University constructed an
onshore demonstration 100 kW OTEC plant on the Coast of Nauru Is-
land in 1981, with R22 as working fluid. Recently, a 100 kW OTEC
plant using R134a was operated in Kumejima island of Japan in 2013,
and a 100 kW plant was connected to the electric grid in Hawaii in 2015
[3]. Many other projects are currently under development throughout
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Nomenclature

o specific heat, kJ/(kgK)

g gravitational acceleration, m/s>
h specific enthalpy, kJ/kg

K absolute roughness, um

m mass flow rate, kg/s

p pressure, MPa

Q heat flow rate, kW

T temperature, °C

U overall heat transfer coefficient
w power produced or consumed, kW
x mass fraction

Subscripts

cond condensing

cs cold seawater

evap evaporating

g gas

| liquid

in inlet

max maximum

min minimum

out outlet

p pump

PP pinch point

S isentropic

sys system

t turbine

ws warm seawater
Greek symbols

P density, kg/m>
Y gamma parameter, kW/m?
n efficiency

the world. For example, a 10-25 MW offshore OTEC power plant in
Curagao is planned by Ecopark, the design of plant and effects of sea-
water fluctuations have been finished [4]. DCNS is planning to build a
16 MW OTEC plant in Martinique Island, it is expected to be operated in
the summer of 2020 [5]. Although technical feasibility has been de-
monstrated by several pilot plants, the OTEC tech faces many chal-
lenges, and has not been economically applied until now, even so, in-
terest in this renewable technology has been sustained.

In view of the low temperature difference between surface and deep
sea water, which is only 20-25 °C even in tropical area, thermal effi-
ciency of OTEC is in the order of 3-5% at best [6]. The OTEC system
shows more temperature sensitivity, which a variation of 1 °C in the
seawater thermal resource corresponds to a change in net power output
of the order of 15% [1]. Therefore, under the limited external condi-
tions, study to improve thermodynamic performance of OTEC system is
one way of the utmost importance. Many researchers have contributed
their efforts in cycle design and fluids selection. Uehara [7] performed
optimization study for a closed OTEC system using ammonia as working
fluid. To improve cycle thermal efficiency, Uehara further presented a
new closed cycle system named Uehara Cycle [8]. Yoon et al. [9]
proposed an ejector pump OTEC (EP-OTEC) configuration using R152a
as working fluid which yields 38% higher system efficiency than a basic
OTEC cycle. To improve cycle thermodynamic performance, Ikegami
et al. [10] investigated a double-stage Rankine cycle, using R134a and
ammonia as working fluid. Influence of reduction of the irreversible
losses in the heat exchange process on the system performance was
investigated, and results indicate that the double-stage Rankine cycle
can improve the power output by reducing the irreversible losses in
heat exchange process. Sun et al. [11] performed theoretical optimi-
zation of OTEC to maximize the net power output, using NH; and
R134a as working fluid. Yang et al. [12] conducted a thermodynamic
performance optimization using five working fluids. The ratio of net
power output to total heat transfer area was introduced to evaluate the
objective parameter. Results indicate that NH; performs optimally in
objective parameter evaluation, while R600a yields the highest thermal
efficiency. A multi-objective optimization of OTEC system using six
working fluids was carried out by Wang et al. [13], considering leve-
lized cost of energy and exergy efficiency as two objective functions.
The results show that NH3 and R601 have the best performance. Yoon
et al. [14] conducted screening of working fluids in a subcritical OTEC
power cycle based on thermal efficiency and main component size

requirement. Results indicate that NH; is the preferred working fluid.
However, these commonly investigated working fluids for OTEC may
suffer from environmental or safety defects, for example, NHj is toxic,
flammable and incompatible with copper.

In order to improve thermodynamic performance of OTEC system,
additional heat sources, such as waste heat from nuclear power plant
condenser effluent [15], geothermal waste heat [16], and solar energy
[6,17], were incorporated to increase the temperature of warm sea-
water. In addition, some researchers also performed experimental re-
searches on OTEC system. A newly designed closed cycle demonstration
OTEC plant using R134a was built by Faizal et al. [18] to experimen-
tally investigate the system performance at different operating condi-
tions, and a maximum efficiency of about 1.5% was achieved in the
system. Yuan et al. [19] conducted an experimental investigation on
OTEC system using ammonia-water as working fluid. Effects of heating
and cooling source temperature, as well as the solution flow rate on
system performance were investigated, the results show that heating
source temperature contributes the most significant effects.

Although many studies have investigated thermodynamic optimi-
zation of OTEC systems, in which maximum thermal efficiency is
usually selected as objective function. It should be stressed that the
maximization of cycle efficiency is not a reasonable optimization ob-
jective in an OTEC plant, although the thermal energy contained in
ocean is nearly inexhaustible. The maximum cycle efficiency usually
refers to high evaporating and low condensing temperature for a
Rankine cycle, however, to pursue maximum efficiency would lead to a
reduction of heat recovery rate of seawater which has variable tem-
perature. It should be stressed at this point that in some cases, increase
of cycle power output is more important than how efficient a thermo-
dynamic cycle is. OTEC cycle utilizes a major portion of net power for
pumping the seawater. Since the seawater is pumped up, heat/cold
energy carried by seawater should be entirely utilized, just like it is
done in a geothermal power plant. A proper objective function called
specific net power output is selected to evaluate power cycle perfor-
mance [20]. As discussed in [3], the best theoretical power cycle for
OTEC is a Lorenz cycle. Lorenz cycle refers to an ideal trapezoidal cycle
if a limit in reinjection temperature is considered. Lorenz cycle has
variable temperature during heating and cooling processes, and it is
suitable for variable temperature heat source/sink (warm seawater with
temperature decrease and cold seawater with temperature increase).
Given this, Lorenz cycle enables entire work availability utilization of
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seawater. It has been proved that a Lorenz cycle produces larger specific
work than Carnot cycle or multi-cycle [3].

In the above context, this work aims to explore the optimized
thermodynamic performance of closed off-shore OTEC system based on
Rankine cycle. In order to approach the ideal Lorenz cycle, Rankine
cycle using CO»-based binary zeotropic mixtures are novelty proposed
for OTEC application. It is noteworthy that CO,-rich mixtures exhibit
good properties in safety and environmental impact, and they have
been proven to be effective working fluids in many other applications
[21,22]. To the authors' best knowledge, there has not been any pub-
lished work in OTEC power cycle using CO»-based binary mixture. Pure
working fluids, including NH3 and CO,, are also comparatively in-
vestigated with mixtures. Different effects on cycle performance are
analyzed. Overall optimization to maximize the system thermal effi-
ciency and specific work to warm seawater flow rate are carried out,
respectively. A preliminary economic analysis using the ratio of net
power output to total heat transfer area is also conducted. This work
may contribute to OTEC cycle design and application of novel CO»-
based binary mixtures. In addition, the optimized data may serve as
future reference.

2. Methodology
2.1. Description of the OTEC system

Basically, an OTEC system consists of a working fluid pump, an
evaporator, a turbine, a generator, a condenser, and pumps for both
warm and cold seawater, as shown in Fig. 1. The Rankine cycle consists
of four processes: the saturated liquid is first compressed to high
pressure (1-2), it then flows into the evaporator and receives heat from
warm surface seawater, being vaporized at the outlet (2-3). Afterwards,
the high-pressure vapor flows into the turbine and its enthalpy drop is
converted into work (3-4). Finally the low pressure vapor flows into the
condenser and is liquefied by cold deep seawater (4-1). The water
pump circulates seawater into exchangers to exchange heat with
working fluid.

The T-s diagram of a Rankine cycle is shown in Fig. 2, using pure
working fluid and CO,-based binary mixture, respectively. Seawater is
sensible heat source of finite heat capacity, and its temperature changes
during a heat transfer process. As shown in Fig. 2a, pure working fluid
has isothermal evaporating and condensing process. During heat addi-
tion process, the latent heat of fluid is dominant in amount.. To avoid
intersection of temperature profiles during heat transfer, a limit of
pinch point temperature difference must be imposed. Due to this limit,
the entrance and terminal temperature difference in evaporator is re-
latively larger than pinch temperature difference. Turbine inlet tem-
perature of working fluid and outlet temperature of warm seawater are
both restricted, resulting in decreasing of both cycle thermal efficiency
and heat addition. The pinch point locates at cold seawater outlet in
condensing process, and condensing temperature is restricted by cold
seawater inlet temperature and its temperature rise. The entrance
temperature difference in condenser is relatively larger. Therefore, a
Rankine cycle using pure working fluid does not match well with
warm/cold seawater.

In order to increase the utilization of sensible heat source/sink, CO,-
based binary zeotropic mixtures are considered as working fluid. As
shown in Fig. 2b, the temperature glide in evaporating/condensing
process improves thermal match. The pinch point appears inside con-
densing process, and more temperature lift for cold seawater could be
achieved. Temperature profiles along the heat exchanger are nearly
parallel, and terminal temperature difference of heat exchangers (outlet
of both evaporator and condenser) could be equal to pinch point tem-
perature difference. Thus the irreversibility could be minimized during
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heat transfer process.

The analysis is based on the firstlaw of thermodynamics.
Parametric optimization and discussion are performed to maximize
Rankine cycle thermal efficiency, OTEC system thermal efficiency, and
net power output per unit mass flow rate of warm seawater, respec-
tively. The basic equations of energy analysis for OTEC system are ex-
pressed as follows.

Heat input in evaporator:

Qinzmwf (h3 - h2)=mwscp,ws(Tws, in — Tws, out) (@D)]

Heat rejection in condenser:

Qoutzmw'f (h4 - hl)=mcscp, cs (ns, out — 7z:s, in) (2)

Working fluid pump power consumption:

Wp=mwf (hy — hy) 3

Turbine power output:

Wi=ritys (hs — hy) @
The pump and turbine isentropic efficiency can be expressed as:
ﬂpz(th — h)/(hy — ) 5)
n=(hs — hs)/(hs — hys) (6)

Power output and thermal efficiency of Rankine cycle:

I"chcle:u./t - u/p @)
uV/cyclc

ncycle= 3
Qin (8)

In view of the low efficiency of Rankine cycle and fairly long dis-
tance for sea water transport, the effect of the water pump power
consumption on OTEC system cannot be neglected. The power con-
sumption of seawater pump is expressed as follows:

. mWS (cs) prs (cs)
%, ws(e)=—

pws(cs) np, ws(cs) (9)
where Wp, ws and Wp, s are the power consumptions of warm seawater
pump and cold seawater pump, respectively. Ap,, is the total pres-
sure drop along seawater pipeline.

For the warm seawater piping, the total pressure dop can be defined
as [7]:

prs :(prs )P+(prs )E (10)

where (Ap,,)r is the pressure drop of the warm seawater pipe, ex-
pressed as:

(Apys )p=(APy )sp+(Apys )8 (11)

where (Ap,, )sp is the friction loss of the straight pipe and (Ap,, )z is the

Turbine

Generator

Evaporator
Condenser

Warm seawater,
pump

— |

Warm surface s

cawater

Fig. 1. The schematic diagram of an OTEC system.
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Fig. 2. T-s diagram of Rankine cycle.

bending loss alone the warm seawater pipe. (Ap,,)sp can be expressed
as:

=fpwsLWSv\%vs

(Apys)sp 2D, 12

where f represents the fanning friction factor, and f can be expressed by
Colebrook-White equation [23]:

+

1
)
N Og( ReJf = 372 as)

where K is the pipeline absolute roughness, Re is Reynolds Number.
(Ap, )5 can be expressed as [7]:

251 K/De)

(AP s=(fiHfy s+ o+ Ha 4 )Pus Vs 25 PusVis 2 149

where f; is the inlet loss coefficient, f, is the valve loss coefficient, f; is
the separating loss coefficient, f; is the joint loss coefficient, f;, is the
outlet loss coefficient, is the elbow loss coefficient, f; is the diffuser loss
cofficient, f, is the reducer loss coefficient.

(Ap,,s)r represents the pressure drop of the warm seawater in plate-
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type evaporator:
(AP JE=(APys JFEH (AP IMEH (AP )GE (15)

where (Ap,,)rE is the frictional pressure drop, (Ap,,)me is the pressure
loss at the inlet and outlet, and (Ap,, )e is the gravitation pressure drop
in evaporator [24].

The pressure loss at inlet and outlet can be expressured by
(APyME =1.50,,V5s/2 (18)
Frictional pressure drop can be expressured by:
pwsLEvlg
A =4t 28
(Apy e =4f 2Dg (19)
where f is the friction factor in evaporator, Ly is the length of path, Dy is
the hydaulic diameter, defined as:
_ 2wb,
w+b, (20)

E

where w is the plate width inside gasket, and b is the mean spacing
between the plates.

For a plate heat exchanger with chevron angles of 60°, the friction
factor can be calculated by [24]:

f=2.48Re®% (1)
For the cold seawater piping, the total pressure dop can be defined

as:

Ape = (AP + (AP )c + (AP (22)

where (Ap,,)p is the pressure of the cold seawater pipe, (Ap,)c is the
pressure of cold seawater in condenser, the calculation is similar to that
of warm seawater. (Ap,)q represents the pressure difference caused by
the density difference between warm and cold seawater, defined as [7]:

Pus + P
(Apcs)d = Lcspcs (1 - u)g
2p:5

(23)
The totale net power output of an OTEC system is expressed as:

I’Vnet=u./t - % - u./p,ws - u/p,cs

29
The system thermal efficiency of OTEC can be determined as:
" - "Vnet
0 Qn (25)

In order to objectively compare various cycle designs with different
workings fluids, the specific net power output is used. The specific net
power output is defined as the net power output per unit mass flow rate
of warm seawater, and it can be determined as follows [20]:

Whet [kJ/kg]
ws (26)

Whet,spec =

The ratio between net power output and heat exchangers area is
used for a preliminary economic analysis, y defined as:

Aot 27

The detailed mathematical models of the heat exchangers are de-
picted in Appendix A.

The pinch point temperature difference in heat exchanger is an

important parameter to be calculated as constraint, which is calculated

by an element division and iteration method in [25]. For each iteration,

the heat exchange length is discretized into 100 segments and the
temperature difference is checked.
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Table 1
Properties of working fluids [30].

Working fluid T, (°C) p.(MPa) Molar mass (§/mol) ODP GWP Safety

CO, 31.1 7.38 44.01 0 1 Al
R32 78.1 5.78 52.02 0 675 A2
R1234yf 94.7 3.38 114.04 0 <44 A2L
R134a 101.1  4.06 102.03 0 1370 Al
R161 102.2  5.09 48.06 0 12 A3
R1234ze(E) 109.4  3.64 114.04 0 6 A2L
R152a 113.3  4.52 66.05 0 124 A2
NH; 132.3  11.33 17.03 0 <1 B2

2.2. Selection of working fluids

Working fluid selection is a key aspect for Rankine cycle optimiza-
tion, and the most important criteria for the selection of working fluid is
good thermodynamic performance. Besides, transport, safety and en-
vironmental properties are also important aspects in working fluid se-
lection. CO, has advantages in use as working fluid such as zero ODP,
low GWP, non-explosive, non-flammable, non-toxic, stable and relative
inert, abundant and low cost, etc. In view of the moderate critical
pressure and low critical temperature, CO, has potential in low-grade
heat resource recovery [26], and various cycle configurations have
been widely investigated. In order to ensure that the actual cycle serves
close to an ideal Lorenz cycle, CO»-based binary zeotropic mixtures are
considered to be working fluids. The second component of mixture is
suggested to be zero-ODP, low-GWP, nonflammable and non-reactive
with CO,. After an initial screening, six working fluids were selected as
potential as potential additives into CO, as listed in Table 1. Among
them, R32 is flammable, and R134a is with high GWP, etc. Nonetheless,
their mixtures with high CO, concentration are considered to be non-
flammable, safe [27] and environmental-friendly [21,28] working
fluids. The properties of the mixtures are based on REFPROP 9.0 [29].

Fig. 3 shows the temperature glide of six mixtures with variation of
CO,, mass fraction at a fixed saturated vapor temperature of 28 °C. As
the figure illustrated, temperature glide of a certain mixture changes
with mass fraction of CO,, and there exists a maximum value. Besides,
the variation tendency of temperature glide differs among different
mixtures. Considering the low temperature difference between hot and
cold sources, a temperature glide of no larger than 10 °C may be ap-
propriate to guarantee the feasibility of power cycle. To ensure the
stability of OTEC system, the gradient of temperature glide should be
smooth. The working pairs of CO»/R32, CO»/R1234yf seems to be
potential candidates.

2.3. Assumption of the analysis

The simulation conditions used in this study are listed in Table 2.
The constant parameters (e.g. component efficiency, length of seawater
pipe, etc.) are assumed to be fixed. The boundaries of decision variables
(e.g. evaporating and condensing temperature, etc.) are restricted by
environmental condition and pinch limit. The dependent variables (e.g.
outlet temperature of warm and cold seawater, mass flow rate of fluid,
etc.) are based on the energy balance, and affected by other parameters.
The surface seawater normally has a temperature range of 24-30 °C
[9,31] in summer season, and it is considered to be external variable. In
this project, fixed heat input for Rankine cycle, rather than fixed mass
flow rate of warm seawater, is assumed. The mass flow rate of seawater
is determined by its temperature variation among heat rejection. The
total net power output is the product of system efficiency and heat
supplied to cycle, therefore, it is corresponding to OTEC system thermal
efficiency.
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A Matlab program is designed for the simulation, and a flow chart
for the simulation is listed in Appendix B. As shown in Fig. A.1, opti-
mization is carried out using “Direct Search method”. The basic idea is
to simplify the multi-dimensional optimization by using a series of one-
dimensional searches to find the optimum. The pinch point location is
calculated by an element division and iteration method. The iteration
stops when the difference between the calculated ATpp, car With the
default ATpp, ser is < 0.0001 °C. The assumptions ensure enough ac-
curacy of results.

To facilitate the simulation, the following assumptions and simpli-
fications are formulated in this project:

1) Each component of OTEC system is considered to be steady-state
and steady-flow.

2) The kinetic and potential energies, friction and pressure losses of
working fluid are neglected.

3) Heat exchange (heat losses of hot fluid, and heat gains in the cool
water pipeline) with the surroundings are negligible.

4) Overall composition of mixture in each component keeps constant.

5) The leakage of working fluid from the components are negligible.

3. Results and discussion
3.1. Influence of working fluid composition

Composition is a key factor that influences the property of mixture
as well as its cycle performance. Fig. 4 illustrates the variation of
Rankine cycle efficiency with CO, mass fraction for different mixtures.
The saturated liquid temperature in condensing (Tconq, 1) and saturated
vapor temperature in evaporating (Tevap, ) are fixed, It is interesting to
note that thermal efficiency varies in a counter direction to the mixture
temperature glide, and pure CO, outputs the maximum efficiency. This
is mainly because the temperature glide during evaporating/conden-
sing process induces the increasing of mean heat rejection temperature
and decreasing of mean heat addition temperature. Thus, temperature
glide is disadvantaged to improve cycle thermal efficiency, in other
words, pure fluid is a better choice for maximization of thermal effi-
ciency.

Fig. 5 shows the variation of Rankine cycle and OTEC system
thermal efficiency with CO, mass fraction, taking CO»/R32 mixture for
example. There exists two local maximum value for both 7, and 7.

LI T T 77T L T T ™7 T T

" —+— CO/RI34a
//M‘., ——CO,R152a
g —— CO,RI161
~ 40 ‘. ™ —— CO,/RI1234yf |
< [/ —+— CO/R12347¢(E)
il o,
2 I —— CO,/R32
= 30 |
)
=
=1
N
S 20
D
(=%
=
D
= 10}
0

00 01 02 03 04 05 06 07 08 09 1.0
Mass fraction of CO,

Fig. 3. Temperature glide variation of different binary mixtures.
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Table 2
Specifications of the model.
Parameter Value
Heat input of OTEC, Qi, (MW) 1
Warm seawater inlet temperature, Tys, in (°C) 26-30 [9]
Deep cold seawater inlet temperature, T, in (°C) 5[12]
Pinch point temperature difference, ATyp (CC) 2 [6,32]
Turbine efficiency, #; 85% [33]
Working fluid pump efficiency, #, 80% [13,34]
Seawater pump efficiency, #7p, ws(cs) 80% [7,35]
Roughness of seawater pipeline, K (um) 4 [35]
Seawater velocity in pipeline, v (m/s) 1 [3,36]
Length of warm seawater pipeline, (m) 200 [3]
Length of cold seawater pipeline, (m) 1000 [7,32]
0 040F T — T T~ 1 T~ 1T T T T T 1T T T T T]
[|—=—CO,/R134a ]
0.035 H -
E I —e—CO,/R152a T ]
< —a— CO,/R161 Vo
‘s 0.030 H ’ ’ -
= | [—v— CO,/R1234yf ]
= 0.025 H—*— CO,/RI1234ze(E) 4
= X
g | |—<«—CO,/R32 ]
= b
2 0.020 |- -
At - <4
=
o 0.015 - -
>
5] L ]
£ oo} .
<
= L ]
£ 0.005 - e
0.000 [~ -
P TP TP TR SRR SRR TP PR SR |

055 060 065 070 075 080 085 090 0.95

Mass fraction of CO,

Fig. 4. Variation of Rankine cycle thermal efficiency with mass fraction of CO,.

0.050 T T T T T T T T T T T
0.045 - —a— System thermal efficiency 7
0.040 —e— Rankine cycle thermal efficiency

>

;‘E 0.030 Tusin™28°C

i; ) Tcs,in:5 °C

E 0.025 - Tevap,g:26 °C 1

) —Q O,

= T onai=8 °C

& 0.2} cond! -
0.015 - —
0.010 -

1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
Mass fraction of CO,

Fig. 5. Variation of Rankine cycle and OTEC system thermal efficiency with
CO, mass fraction.

Rankine cycle efficiency achieves the maximum value in case of using
pure fluid. While for system efficiency, the seawater pump power
consumption plays an important role, with an efficiency penalty of
about 0.5% to 1%. The local maximum values for 7, are obtained at
Xco, = 0.02, xco,=0.91, respectively. This is mainly due to that mix-
ture's temperature glide improves thermal matching between working
fluid and seawater. It allows a lager temperature difference between
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Fig. 6. Temperature profile matches between OTEC working fluid and external
fluids (a. warm seawater; b. cold seawater).
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inlet and outlet of seawater, thus, a smaller mass flow rate of seawater
is needed at given exchanging heat quantity. Power consumption of
seawater pump decreases with increasing of mixture's temperature
glide. The optimal value of Nys 18 obtained after comprehensive con-
sideration of seawater pump power consumption and cycle thermal
efficiency variation with xco,.

Fig. 6 illustrates temperature profiles and pinch locations between
working fluid and external fluids at different CO, concentration. Mass
flow rate of warm seawater is set to be 1 kg/s, and mass flow rate of
cold seawater is calculated dependently based on energy balance. As
shown in Fig. 6a, thermal matching improves as mass fraction of CO,
decreases from 0.9 to 0.7, resulting in a larger heat input from a certain
flow rate of heat source. Temperature difference between warm sea-
water inlet and outlet (ATs) is calculated to be 2.9, 5.93 and 8.55 °C at
Xco, = 0.9, 0.8 and 0.7, respectively. Therefore, in the case of same
heat source mass flow, the heat received for OTEC with xco, = 0.7 is
nearly three times as much as that with xco, = 0.9. With the proper
increase of temperature glide, a larger ratio of latent heat transfer to
overall heat transfer is achieved, and a lower mean temperature dif-
ference along evaporator is obtained. As shown in Fig. 7, the log-mean
temperature difference achieves the minimum value of 2.3 °C at
Xco, = 0.53. Similar results for condenser could also be obtained, as
shown in Fig. 6b. ATy is calculated to be 3.51, 6.1 and 8.68 °C at
Xco, = 0.9, 0.8 and 0.7, respectively. Temperature profiles of working
fluid and cold seawater are nearly parallel, and heat transfer tem-
perature difference along the path is rather closed to pinch point tem-
perature difference. The minimum log-mean temperature difference of
2.2 °C is obtained at xco, = 0.57. The above analyses indicate that
temperature glide of mixture makes Rankine cycle serve like Lorenz
cycle. Zeotropic mixture with adequate temperature glide can enhance
the utilization of sensitive heat source/sink.

In the condition of fixed heat input of 1 MW for OTEC system, the
influence of CO, concentration on mass flow rate and corresponding
temperature variation of seawater is illustrated in Fig. 8. Temperature
difference between seawater inlet and outlet varies in a counter direc-
tion to the mass fraction of CO,, and increasing mass flow rate of sea-
water is needed to guarantee the formulated heat input. With the in-
creasing of CO, mass fraction, mass flow rate of seawater initially
increases modestly and then sharply due to changes of working fluid's
temperature glide. Note that seawater pumping power is closed related
to the mass flow rate of seawater, and plays a significant role in the
determination of net power in an OTEC system.

Fig. 9 illustrates the variation of system specific net power output
(Whet, spec) With CO, mass fraction. It should be noted that the maximum
Whet, spec 1S €qual to the maximization of system net power output under
given mass flow rate of warm water. Furthermore, the maximum wy,,
spec indicates the minimum seawater flow rate to produce the same
power output for OTEC system, thus, the diameter of pipe and ex-
changer size could be reduced. As shown in the figure, there exists an
optimal value of CO, mass fraction for each mixture to produce the
Maximum Wyet, spec- The optimum values differ from each other, mainly
ranging from about 678 to 693 J/kg under survey conditions. The
maximum specific power output is obtained when cycle efficiency, heat
recovery rate of seawater and thermal matching between cycle and heat
source/sink are synthetically considered. While the temperature glide
has great effects on above mentioned factors. According to Fig. 3, the
optimal value is obtained when evaporating temperature glide is about
8 °C under this case study.

3.2. Influence of evaporating and condensing temperature

Fig. 10 shows the influence of evaporating temperature (saturated
vapor temperature for mixture) on OTEC system efficiency and specific
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net power output. Mixtures as well as pure fluid of CO, and NH; are
investigated, while the mass fraction of CO, is fixed at 0.9 for each
mixture. As the figure shows in this case study, OTEC system thermal
efficiency is strongly linearly related to evaporating temperature. As
evaporating temperature increases from 20 to 26 °C, system efficiency
increases about 67.8% taking CO,/R32 for example. Mixtures of CO5/
R32 and CO,/R1234yf achieve a higher system efficiency at evapor-
ating temperature below 24 °C, otherwise, NH; produces a higher
system efficiency. With respect to the specific net power output, most
mixtures have an optimum evaporating temperature, while CO,/R152a
and CO./R161 achieve progressive increase with the evaporating
temperature. The optimum evaporating temperature is related to tem-
perature glide, and a proper larger value of temperature glide results in
an increasing value of optimum evaporating temperature. It can be
found that optimum values for mixtures are higher than the values for
pure working fluids. In view of the improved coupling of power cycle
and heat source, mixtures produce significant larger specific net power
output than the pure working fluids.

Fig. 11 illustrates the effects of condensing temperature (saturated
liquid temperature for mixture) on OTEC system efficiency and specific
net power output. The system efficiency and specific net power output
of mixtures decrease linearly with the increase of condensing tem-
perature, while for the pure working fluid, the slop first increases
sharply and then becomes flat. This is mainly due to the reason that the
cold seawater pump power consumption is largely dependent on the
mass flow rate of cold seawater, while the mass flow rate of cold sea-
water is mainly determined by temperature rise of seawater. For the
pure working fluid, the outlet temperature of cold seawater is equal to
the difference value between condensing temperature and pinch tem-
perature difference, thus, the temperature rise is restricted by conden-
sing temperature. As the condensing temperature moves downwards,
the cold seawater mass flow rate will increase sharply, and this induces
more pump power consumption in turn. The initial increase of 7y or
Whet, spec iS mainly due to the reduction of seawater pump power,
however, the further increase of condensing temperature will lead to
the decline of Rankine cycle efficiency. For the mixtures, the tem-
perature glide allows a lager temperature rise of cold seawater, and
variation of cold seawater mass flow rate with T.onq, 1 is unapparent.
Thus, the influence from cold seawater pump power is minor. The
linear decrease of 7sys OF Wpey, spec is mainly due to the decline of Ran-
kine cycle efficiency.
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Fig. 8. Influence of CO, concentration on seawater mass flow rate and corre-
sponding temperature variation.
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3.3. Influence of warm seawater temperature

Higher warm seawater temperatures and lower cold seawater tem-
peratures increase the net output power and efficiency of an OTEC
system. The surface warm seawater temperature is affected by weather,
daytime cycle and season, thus effects of warm seawater temperature
ranging from 26 to 28 °C on system thermal efficiency and specific net
power output are illustrated in Fig. 12. Both system thermal efficiency
and specific net power output increase almost linearly for each working
fluid with T, in ranging from 26 to 28 °C. A variation of 1 °C in the
warm seawater resource corresponds to a change in system efficiency of
about 8%, yet a change in specific net power output of the order of
about 15%, taking CO,/R32 into consideration.

3.4. Optimum cycle design for each working fluid

For an OTEC system with heat input of 1 MW, the overall optimum
system configurations at maximum system efficiency and specific net
power output for different working fluid are obtained, as listed in
Table 3 and Table 4, respectively. As the results indicate, the optimum
cycle design under different optimization objective differs largely from
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each other. For the maximization of system efficiency, NH; produces
the maximum value of 3.32%, and CO,/R32 (0.91/0.09 wt%) produces
the maximum of 2.84% among the mixtures. Although pure CO, gen-
erates the maximum turbine power of 52.88 kW, it also consumes the
highest working fluid pump of 17.93 kW, thus it outputs the lowest
system efficiency of 2.48%. The mixtures have lower working pump
power than pure CO,, owning to the reduction of pressure difference
between evaporating and condensing process. In view of the low press
difference of 0.21 MPa, NH;3 has a negligible working pump power of
only 0.67 kW.

For the maximization of specific net power output, the mixtures
produce significant higher net power than the pure working fluid. CO,/
R32 (0.76/0.24 wt%) outputs the maximum value of 0.696 kJ/kg,
however, the optimum values of other mixtures are also very close to
that of CO,/R32. This is mainly because the temperature glide of
mixture could be adjusted by changing composition, each mixture cold
achieve optimal coupling with heat source/sink. Temperature change of
heat source/sink varies among mixtures, and it is higher than that of
pure working fluids. Therefore, the heat source/sink supplies more
heat/cold energy to the mixtures. For the pure working fluids, the only
way to increases utilization of warm seawater is to reduce its evapor-
ating temperature. The optimized evaporating temperature is only
19 °C for NHj, resulting in larger heat transfer irreversibility and a
lower Wpet spec Value of 0.505 kJ/kg The optimum system design under
maximum specific net power is obtained after making a proper com-
promise between cycle efficiency and heat input.

3.5. Preliminary economic analysis

Since the heat exchanger cost is one of the major costs of OTEC
plant [7], the ratio between net power output and heat exchangers area
is suggested to be the metric for preliminary economic analysis of OTEC
system [3,7,12]. Therefore, effects on vy for different working fluids are
comparatively analyzed.

Fig. 13 illustrates the effects of CO, mass fraction on y. The value of
y first increases and then decreases with increasing CO, mass fraction
for CO,/R134a, CO,/R1234yf and CO,/R32 under survey conditions.
For other mixtures, the value of y increases with increasing CO, mass
fraction. The optimal values for different mixtures are very close to
each other. Among the mixtures, CO»/R32 produces the maximum
value of 62.78 W/m? at CO, mass fraction of 0.86.

The effects of evaporating and condensing temperature on vy are il-
lustrated in Fig. 14 and Fig. 15, respectively. CO, mass fraction of 0.9 is

Table 3

System configurations under maximum system efficiency.
Parameters M1 M2 M3 M4 M5 M6 NH3 CO,
Mass fraction of CO, 0.95 0.95 0.95 0.89 0.94 0.91 - -
Evaporating temperature, °C 26 26 26 26 26 26 25.5 25.5
Evaporating temperature glide, °C 2.4 4.4 4.0 1.9 2.0 2.0 - -
Evaporating pressure, MPa 6.00 5.62 5.61 5.93 6.06 5.81 1.02 6.51
Condensing temperature, °C 8.0 8.0 8.0 8.0 8.0 8.0 9.5 9.5
Condensing temperature glide, °C 3.8 6.1 5.5 3.0 3.1 3.0 - -
Condensing pressure, MPa 4.15 4.08 4.03 4.07 4.15 3.98 0.81 4.45
Mass flow rate of warm seawater, kg/s 79.59 46.37 51.06 96.12 95.57 96.68 462.76 344.68
Temperature drop of warm seawater, °C 3.14 5.39 4.90 2.60 2.62 2.59 0.54 0.73
Mass flow rate of cold seawater, kg/s 80.82 59.42 57.34 80.14 86.42 73.97 95.56 96.46
Temperature rise of cold seawater, °C 2.98 4.07 4.21 3.01 2.79 3.25 2.5 2.5
Power generation of turbine, kW 49.74 43.15 44.08 51.30 51.26 49.82 44.66 52.88
Working fluid pump power, kW 13.87 10.72 10.89 15.41 14.94 13.08 0.67 17.93
Seawater pump power, kW 8.86 7.46 7.27 8.72 9.20 8.34 10.79 10.19
System net power output, kW 27.01 27.97 25.93 27.17 27.12 28.39 33.20 24.76
System thermal efficiency, % 2.70 2.80 2.59 2.72 2.71 2.84 3.32 2.48
Specific net power output, kJ/kg 0.339 0.538 0.507 0.283 0.283 0.294 0.072 0.072

M1: CO»/R134a, M2: CO,/R152a, M3: CO,/R161, M4: CO,/R1234yf, M5: CO,/R1234ze(E), M6: CO,/R32.
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Table 4
System configurations under maximum specific net power output.
Parameters M1 M2 M3 M4 M5 M6 NH3 CO,
Mass fraction of CO, 0.86 0.92 0.91 0.72 0.83 0.76 - -
Evaporating temperature, °C 25.5 25.5 25.5 25.0 25.5 24.5 19 20
Evaporating temperature glide, °C 8.4 7.9 7.9 7.1 7.3 6.3 - -
Evaporating pressure, MPa 4.84 4.97 4.82 4.65 4.93 4.46 0.83 5.73
Condensing temperature, °C 8 8 8 8 8 8 9.5 9.5
Condensing temperature glide, °C 3.8 6.1 5.5 3.0 3.1 3.0 - -
Condensing pressure, MPa 3.91 3.97 3.85 3.69 3.88 3.50 0.60 4.45
Mass flow rate of warm seawater, kg/s 24.80 26.19 26.27 26.82 27.75 28.34 34.29 34.22
Temperature drop of warm seawater, °C 10.08 9.55 9.52 9.32 9.01 8.82 7.29 7.31
Mass flow rate of cold seawater, kg/s 37.52 41.59 36.55 35.94 39.46 33.72 97.28 97.46
Temperature rise of cold seawater, °C 6.51 5.87 6.68 6.79 6.18 7.23 2.5 2.5
Power generation of turbine, kW 28.75 30.51 30.02 31.35 32.34 20.83 27.40 35.43
Working fluid pump power, kW 6.07 6.47 6.10 7.57 7.40 5.70 0.37 10.17
Seawater pump power, kW 5.66 6.04 5.67 5.54 5.85 5.39 9.72 10.01
System net power output, kW 17.02 18.00 18.25 18.24 19.08 19.74 17.32 15.25
System thermal efficiency, % 1.70 1.80 1.83 1.82 1.91 1.97 1.73 1.53
Specific net power output, kJ/kg 0.686 0.687 0.695 0.680 0.688 0.696 0.505 0.446
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timal value is obtained at T.onq Of 11 °C. These figures reveal that NHj is
more profitable in respect to its higher value of y. This founding is in
consistent with previous works [3,12].
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4. Other considerations

Different from conventional power cycles, the OTEC system pro-
duces fairly low thermal efficiency, and its thermodynamic perfor-
mance exhibits more temperature sensitivity. The frictional pressure
drop of working fluid may induces additional temperature change alone
the heat exchange process, while the quantitative analysis of this in-
fluence is usually neglected in previous researches, including this work.
In the point view of qualitative analysis, the pressure drop will certainly
lead to the drop of saturated (evaporating/condensing) temperature,
and the temperature drop is closely related to the saturated pressure.
Working fluid with lower saturated pressure shows more dependence
between pressure and temperature, for example, the saturated tem-
perature change is about 3.28 °C (from 26 to 22.72 °C) for NH; with its
pressure changing from 1.0345 MPa to 0.9345 MPa (pressure drop of
0.1 MPa). While for CO,, the saturated temperature change is only
0.67 °C (from 26 to 25.33 °C) with its pressure changing from
6.584 MPa to 6.484 MPa (pressure drop of 0.1 MPa). Temperature drop
in evaporating/condensing process caused by frictional pressure drop
will lead to performance decline or even infeasibility for power cycle.
Therefore, working fluids with higher saturated pressure, such as CO,
and CO,-based binary mixtures, show the property that its saturated
temperature is more insensitive to pressure drop, and of more ther-
modynamic performance stability. Besides, as the p-h diagrams illus-
trate in Appendix C, COy-based binary mixtures exhibit much more
lager pressure drop (more than 1 MPa) between turbine inlet and outlet
which serves as driving force for power generation, while the pressure
drop for NH; is only 0.5 MPa or even lower. An efficient compact
turbine may benefit from the higher pressure and larger pressure drop.

In view of the low thermal efficiency, OTEC system requires large
flow rates of seawater for power generation, therefore, the seawater
pump power consumption has non-negligible influence. For the con-
ventional Rankine cycle using pure working fluid, the temperature
change of warm seawater is about 2-4 °C, while this value could
achieve as much as 10 °C using CO»-based binary mixtures, which
means that cycle heat input could increase in several times under the
same flow rate of seawater. Zeotropic mixtures with adequate tem-
perature glide achieve good thermal matching with heat source/sink,
and perform satisfactory thermodynamic performance. However, the
lower mean temperature difference during heat exchange would result
in increase of heat exchange area and corresponding component cost.
The preliminary economic analysis ascertains mixtures produces lower
y value than NH;. Nonetheless, optimization of main component size as
well as detailed thermo-economic-environmental analysis for OTEC
using CO5-based mixtures remain to be further investigated in future.

5. Conclusions
In order to improve thermodynamic coupling of the OTEC power

Appendix A. Mathematical model of heat exchangers
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cycle and external warm/cold seawater, CO»-based binary zeotropic
mixtures are selected as promising working fluids. Rankine cycle using
six CO,-based mixtures as well as pure CO, and pure NH3; are com-
prehensively optimized and comparatively investigated. The main
conclusions can be summarized as follows:

(1) Rankine cycle using CO,-based binary zeotropic mixtures could
improve the thermal matching during heat exchange, temperature
profiles of working fluid and external seawater could get nearly
parallel. A deeper utilization of warm/cold seawater can be
achieved, and temperature change of more than 10 °C and 7 °C
could be realized for warm and cold seawater, respectively, rather
higher than the value of about 4 °C for conventional cycle using
pure working fluid. This verifies that Rankine cycle with CO,-based
binary zeotropic mixture serves close to a Lorenz cycle.

(2) The binary mixtures produce larger specific power output than pure
working fluids. Among them, CO5/R32 (0.76/0.24 wt%) produces
the maximum value of 0.696 kJ/kg, nearly 38% higher than that of
pure NH3. The maximum system efficiency is achieved to be 3.32%
by pure NHj, higher than pure CO, and COj-based mixtures.
Nonetheless, NH; outputs tiny specific power output at cycle design
of maximum system efficiency.

(3) The performance of Rankine cycle is affected by the mixture com-
position. The maximum specific power output is achieved after
synthetically considering cycle efficiency, thermal matching, and
heat recovery ratio of external fluids by adjusting the temperature
glide. The optimal composition of binary mixture is obtained when
the evaporating temperature glide is about 7-8 °C in this case study.

(4) From the preliminary economic analysis, it can be concluded that
NH; larger value of y than other fluids, and the optimal value of
144.08 W/m? is obtained. Among the mixtures, CO,/R32 performs
the best.
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A plate heat exchanger with countercurrent arrangement is chosen for the OTEC system. The evaporator and condenser are assumed to have the
same plate parameters, plate thickness of 0.6 mm, chevron angle of 60°. The length and the number of channels are selected to be the two degrees of
freedom. The model for heat exchanger sizing process is based on reference [37].

The heat transfer rate for each section is calculated by:

11
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Q = U+A-LMTD (A1)

where LMTD is the logarithmic mean temperature difference.
The overall heat transfer coefficient is given by:

1 1 é 1

+
U oaw A Qs (A.2)

where § is the thickness and A is the thermal conductivity of raw materials of the heat exchange plate, o and ag, are coefficient of heat transfer for
the working fluid and seawater, respectively.
The convection heat transfer coefficient on each side of heat exchanger can be expressed as:

_ AsNu

“= g (A.3)

The frictional pressure drop of plate heat exchanger can be given by Eq. (19).
A.1. Single-phase flow
The heat transfer coefficient for single-phase can be determined by [38]:

& = 0.428Re"864 py1/3 2
Dg A4

where Re and Pr are the Reynolds Number and Prandtl Number (applicable for 1300 < Re < 3200 and 4.74 < Pr < 5.12), A is the thermal
conductivity of working fluid.

A.2. Two-phase flow

The evaporation heat transfer coefficient of working fluid can be calculated by [39]:

A
Ueva = 5.323Rel 2 Prl/> 2L
eva eq 1 DE (AS)

where Re.q is the equivalent Reynolds numbers, which is given by:
GquE
Hy (A.6)

where y is dynamic viscosity [Pa's], Geg is the equivalent mass velocity, calculated by:

0.5
Geq = G[l—x + x(ﬂ] ]
Py (A.7)

The Fanning friction factor of the condensation process is calculated by [40]:

Reeq =

fova = 61000Rez; (A.8)

The condensation heat transfer coefficient of working fluid can be calculated by [41]:

A
Ocona=4.118Re%4Pri/3 2L
cond eq 1 DE (Ag)

The Fanning friction factor of the condensation process is calculated by Kuo correction:
Jfona = 21500Reg,"* Bog> " (A.10)

where Bo.q are the equivalent Boiling numbers, which are given by:

q

Bogq =
T G (A11)

where g is average imposed wall heat flux [W/m?], ry, is enthalpy of vaporization [J/kg].
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Appendix B. Flow chart of the simulation process

See Fig. Al.
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|
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.

Fig. Al. Flow chart for thermodynamic simulation.
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Appendix C. p-h diagrams for different working fluids

See Fig. A2.
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