Case Studies in Thermal Engineering 64 (2024) 105408

Contents lists available at ScienceDirect

Case Studies in Thermal Engineering

ELSEVIER

journal homepage: www.elsevier.com/locate/csite

Check for

Thermodynamic and economic analysis of ocean thermal energy
conversion system using zeotropic mixtures

Yanmei Zhang?, Jiawei Deng ", Zilong Deng """

@ Shanghai Electric Group Co., Ltd., Shanghai, 200070, PR China
Y School of Energy and Environment, Southeast University, Nanjing, 210096, PR China

ARTICLE INFO ABSTRACT

Keywords:

Ocean thermal energy conversion
Zeotropic mixtures
Thermodynamic

Economic

Levelized cost of electricity

Zeotropic mixtures offer a promising strategy for enhancing the thermodynamic efficiency and
economic feasibility of ocean thermal energy conversion (OTEC) systems. This study investigates
two binary mixtures containing R32: R32/R125 and R32/R134a. Through the development of
comprehensive thermodynamic and economic models, the research examines the impact of mass
fraction and evaporation temperature on the efficiency and cost-effectiveness of the OTEC system.
The results indicate that, especially at high evaporation temperatures, the R32/R134a mixtur-
e—characterized by significant temperature glide—substantially increases the total energy pro-
duction capacity of the OTEC system. Compared to pure R32, the OTEC with R32/R134a (mass
fraction of R32 is 0.55) has a net output power increase of 9.87 kW and a reduction in LCOE of
about 61.4 %. In addition, the advantages of R32/R125 mixtures over pure working fluids are not
significant due to the small glide temperature. Ultimately, this investigation enhances the overall
performance of OTEC systems, thereby supporting sustainable energy solutions for island
communities.

Nomenclature top Time of operation, h
Abbreviations T Temperature, °C
GWP Global warming potential v Velocity, m/s
ODP Ozone depletion potential w Power, kW

ORC Organic Rankine cycle Greek letters

OTEC Ocean thermal energy conversion n Efficiency, %
Symbols A Difference,-

A Area, m? p Density, kg/m®
By, By, Cy, Cs, C3, K1, Ko, K3 Costing-related constants, - Subscripts

c Specific heat, kJ/(kg-K) 0,1,2 ... Nodes in system
C Cost, $ B Bend pipe
CEPCI Chemical Engineering Plant Cost Index, - C Condenser

COM Operational and maintenance costs, $ cs Cold seawater
D Diameter, m d Density

f Fanning friction factor, - E Evaporator

f8 Total loss coefficient, - HX Heat Exchanger
Fu Material factor, - in Inlet

* Corresponding author.
E-mail address: zldeng@seu.edu.cn (Z. Deng).

https://doi.org/10.1016/j.csite.2024.105408
Received 22 July 2024; Received in revised form 5 October 2024; Accepted 2 November 2024

Available online 12 November 2024
2214-157X/© 2024 The Authors. Published by Elsevier Ltd.

(http://creativecommons.org/licenses/by-nc/4.0/).

This is an open access article under

(continued on next page)

the CC BY-NC license


mailto:zldeng@seu.edu.cn
www.sciencedirect.com/science/journal/2214157X
https://www.elsevier.com/locate/csite
https://doi.org/10.1016/j.csite.2024.105408
https://doi.org/10.1016/j.csite.2024.105408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csite.2024.105408&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/

Y. Zhang et al. Case Studies in Thermal Engineering 64 (2024) 105408

(continued)
Fp Pressure factor, - net Net
Fs Ancillary cost factor, - out Outlet
g Gravitational acceleration, m/s? P Pump
h Specific enthalpy, kJ/kg P Pipeline
ir Annual interest rate, - ref Reference
K Absolute roughness, m s Isentropic
L Length, m SP Straight pipe
LCOE Levelized cost of electricity, $/kWh t Turbine
Lt Lifespan, year tot Total
m Mass flow rate, kg/s wf Working fluid
p Pressure, Pa ws Warm seawater
Q Heat load, kW WP Seawater pipe
Re Reynolds number, -

1. Introduction

Ocean thermal energy conversion (OTEC) leverages the thermal variance between the ocean’s warmer surface water and its colder
deep-sea counterpart to produce electricity [1,2]. This approach is both sustainable and eco-friendly, offering a promising alternative
for energy generation. It is widely regarded as a promising solution for providing a green, stable, and sustainable power supply to
remote tropical islands [3-5]. However, due to the limitation of available temperature differences (generally lower than 25 °C), the
efficiency of traditional OTEC system is relatively low [6,7]. Zeotropic mixtures, with their temperature glide characteristics, can
significantly reduce irreversible losses, thereby enhancing the efficiency of OTEC systems [8,9]. Accordingly, studying zeotropic
mixtures applied in the OTEC system is of great practical significance.

One of the major limiting factors for the application of OTEC is its low economic efficiency, primarily due to the low thermal
efficiency caused by the small driving temperature difference [3]. Therefore, improving the thermal efficiency of OTEC systems is a key
research direction, mainly focusing on optimizing cycle structures and working fluids [6]. OTEC was initially proposed as a Rankine
cycle [10]. Later, the Kalina cycle [11], using ammonia water as the working fluid, and its modified form, the Uehara cycle [12], were
introduced, significantly improving the thermal efficiency of OTEC. However, this improvement came at the cost of adding extra
distillation and absorption units (due to incomplete evaporation of ammonia), increasing system investment and reducing reliability
[13]. As a result, the simple and reliable Rankine cycle remains the preferred choice for OTEC engineering applications today. Another
important approach to enhancing the thermal efficiency of OTEC systems is finding a suitable working fluid for the Rankine cycle. In
most studies, R717 (ammonia) is considered the most suitable working fluid for Rankine cycle-based OTEC systems, primarily due to
its higher latent heat and lower viscosity [14,15]. For example, Rosard [16] compared 11 working fluids for OTEC systems and found
that R717 performed best in terms of turbine output. Sun et al.’s research [17] also identified R717 as the ideal working fluid for OTEC.
Yoon et al. [18] screened various fluids, including dry, wet, and isentropic fluids, for subcritical OTEC systems and concluded that
R717 had the best overall performance. However, they also noted that R717 poses issues due to its toxicity, flammability, and strong
corrosiveness. Given these concerns, non-toxic, non-corrosive organic refrigerants may be the best alternative to R717. Some studies
have demonstrated the thermodynamic advantages of organic refrigerants in OTEC systems [19]. For instance, Wu et al. [20] con-
ducted extensive research comparing various organic refrigerants to R717, concluding that organic refrigerants outperformed R717 in
terms of exergy efficiency. Gong et al. [21] evaluated the performance of six working fluids at different turbine inlet pressures,
identifying R125, R143a, and R32 as suitable alternatives.

In Rankine cycles that employ pure substances as working fluids, the isothermal phase change characteristics of these fluids lead to
temperature mismatches between the fluid in the evaporator and condenser, resulting in significant irreversible losses. This is one of
the key reasons for the thermodynamic advantages of the Kalina and Uehara cycles, which use ammonia-water mixtures as working
fluids [22]. By introducing zeotropic mixtures as the working fluids in a Rankine cycle, it is possible to enhance the system’s ther-
modynamic performance while maintaining simplicity and reliability—on the condition that the zeotropic mixture is fully evaporated
to avoid the need for additional equipment [23-25]. This principle has already been widely applied in the field of low-temperature
waste heat recovery [26]. For instance, Liu et al. [27] proposed using an R600a/R601a mixture as the working fluid in a system
designed for heat recovery from sources at 100-150 °C, achieving greater power output than using R600a alone. Similarly, Mosaffa
et al. [28] evaluated organic working fluids for solar pond organic Rankine cycles, and found that a 0.6/0.4 mass ratio mixture of
R245ca/R236ea delivered the best thermal performance. However, research on this approach in OTEC systems remains limited. Only
Yang et al. [29] and Hu et al. [30] have studied the thermodynamic performance of binary R717-based mixtures in Rankine
cycle-based OTEC systems. As mentioned earlier, R717’s toxicity, flammability, and corrosiveness present challenges and may add
unnecessary costs to OTEC applications. Therefore, the use of zeotropic organic refrigerant mixtures in OTEC systems hold great
promise and could lead to significant advancements in the field.

In summary, the simple and reliable Rankine cycle remains the preferred choice for OTEC engineering applications, and zeotropic
mixtures have the potential to enhance the thermodynamic performance of Rankine cycle-based OTEC systems. However, existing
research has primarily focused on R717-based mixtures. Given the potential hazards posed by R717’s toxicity, flammability, and
corrosiveness in OTEC applications, this study proposes the use of non-toxic and environmentally friendly organic mixtures. Specif-
ically, two R32-based organic mixtures, R32/R125 and R32/R134a, are selected. The thermodynamic and economic models of the
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OTEC system are developed to analyze the system’s thermodynamic performance (including thermal efficiency and power output) and
economic feasibility (including total costs and levelized cost of electricity) under different mass fractions and evaporation
temperatures.

2. System description
2.1. OTEC system

As shown in Fig. 1, the illustration of the OTEC system primarily features a series of components including a pump for the working
fluid, an evaporator, a turbine, and a condenser. Additionally, it incorporates pumps for both warm and cold seawater, along with
pipelines for transporting the fluid. The basic operating principle is as follows: the condensed organic fluid, at low pressure and in a
saturated liquid state, is transported from the condenser to the evaporator. In the evaporator, it undergoes heating by absorbing
thermal energy from the warm seawater surface. and a phase change into high-temperature and high-pressure steam. This steam then
enters the turbine, where it expands and generates electricity. Following the expansion, the exhaust steam is channeled towards the
condenser. Here, it undergoes a transformation back into a low-pressure saturated liquid, facilitated by the intense chill of deep-sea
water., completing the cycle.

2.2. Selection principle of working fluid

Fig. 2 gives the T-s diagrams for the pure working fluid OTEC and the zeotropic working fluid OTEC. Note: The T-s diagrams here do
not contain specific data and are used only for qualitative illustration. Due to the non-isothermal phase change (temperature glide)
characteristic, the OTEC using zeotropic mixtures as the working fluid has a better temperature match in the evaporator and condenser
compared to the OTEC using pure substances as the working fluid (see Fig. 2), which contributes to the reduction of irreversible losses
in the heat exchangers. Therefore, it has become a consensus that zeotropic mixtures applied to OTEC have thermodynamic advan-
tages, which motivates this work.

In general, R717 is widely recognized as a suitable working fluid for OTEC, but it is toxic, flammable and corrosive. Therefore, this
paper considers the search for an organic refrigerant as the first component of a zeotropic working fluid. For environmental and
ecological considerations, this organic refrigerant must have an ODP of 0, a GWP that is sufficiently small, and be non-toxic and non-
corrosive. As a typical representative of third-generation refrigerants, R32 perfectly meets the requirements and is therefore chosen as
the first component of the organic non-azeotropic working fluid. In addition, for the simple structure of the OTEC system (without
additional distillation equipment), the zeotropic working fluid, which is a combination of the first and second components, must be
completely evaporated in the evaporator, which requires that its glide temperature must not be too large. After comprehensive
consideration, the third-generation refrigerants R125 and R134a are selected as alternative second components. The thermophysical
properties of the three organic refrigerants were listed in Table 1, and the variation of the glide temperatures of two zeotropic working
fluids R32/R134a and R32/R125 with the mass fraction of R32 is shown in Fig. 3. From the figure, it can be seen that compared with
R32/R125, R32/R134a has a larger glide temperature, but its maximum value is not more than 6 °C, which meets the requirement that
the glide temperature should not be too large. It is also worth noting that the maximum glide temperature of R32/R125 does not exceed
1 °C, which is very close to the azeotropic work material, which creates a natural comparison with R32/R134a. Different glide
temperatures improve the thermal matching of the heat transfer process to varying degrees. Therefore, it’s essential to elucidate how
mixed working fluids affect the efficiency of the cycle in terms of thermodynamics.
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Fig. 1. Schematic diagram of the OTEC system.
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Fig. 2. T-s diagram of the OTEC system.
Table 1
Thermal physical properties of the alternative component [31].
Cycle fluid Relative molecular mass Critical temperature T./°C Critical pressure p./MPa ODP GWP Security
R32 52.02 78.11 5.78 0 677 A2L
R125 120.02 66.02 3.62 0 3170 Al
R134a 102.03 101.06 4.06 0 1430 Al
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Fig. 3. Temperature glide curve (dew-point temperature of 28 °C).

3. Mathematical models

To assess the viability of the OTEC system with zeotropic working fluids, developing its thermodynamic and economic models is
essential. For ease of calculation, some basic assumptions are made as follows [32]:

(1) The system functions under a stable condition.
(2) This study disregards the working fluid’s kinetic and potential energies, along with the friction losses in the pipeline.
(3) Heat losses in the pipelines and equipment within the system are ignored.

(4) The mixed working fluid maintains a steady composition throughout the entire cycle.
(5) It is assumed that there is no loss of working fluid from the components.
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3.1. Thermodynamic model

The system’s thermodynamic model is constructed utilizing the first law of thermodynamics, focusing specifically on the
evaporator:

QE. = Mysf (h3 - h2) = MysCws (Tws.in - Tws‘out) (1)
For the condenser,
QC =My¢ (h4 - hl) = McsCes (Tcs,oul - Tcs,in) (2)

Moreover, we explore the turbine’s performance, focusing on its output work and isentropic efficiency. These parameters are
crucial for understanding the turbine’s energy conversion efficiency and its overall contribution to the system’s thermodynamic cycle.

Wt = mwf(h3 — h4) (3)
= (hs —hs) / (h — has) )

where, 7; denotes the isentropic efficiency of turbine.
The energy usage and the efficiency of the working fluid pump, when operating under ideal conditions, can be characterized in the
following manner:

Wp = mwf(h2 — h]) (5)
1, = (has —hy) / (ha — 1) (6)

where, hys denotes the theoretical specific enthalpy of isentropic nature expected at the pump’s discharge point, and #;, is the isentropic
efficiency of pump.

Unlike other ORC power generation systems, the OTEC system needs to draw cold seawater from a depth of 800-1000 meters below
sea level. Consequently, the decline in pressure within the marine pipeline, alongside the energy utilization of the seawater pump,
warrants significant attention. The latter aspect can be delineated as follows:

Mys/es A
Wp_ws/cs: ws/cs pws/cs (7)

pWS/CS”P-ws/cs

where, Apys/cs denotes combined pressure loss for combined warm/cold seawater pathway.
The overall decline in pressure experienced by warm seawater during its transport is the sum of the pressure reduction within the
seawater pipeline and the drop occurring in the evaporator. This can be determined through the following calculation [33]:

prs = prs.P + prs.E (8)

where, Apysp and Apys g represent warm seawater piping pressure drop and evaporator pressure drop, respectively.
The total pressure drop in the warm seawater pipeline can be calculated as follows:

prs.P = prs,SP + prs,B (9)

where Apys g is the loss in the curved section, and Apys sp denotes the loss due to friction within the section of the pipe that is straight.

pwsLWSV25
A 'ws,SP — —— 1
Duwssp = f 2Dup 1o
where, f is the Fanning friction factor, obtained from the Colebrook-White equation [34]:
1 251  K/Dyp
—=-2log| ——+ (11)
vF g(mﬁ 3-72)

where, Dyp is the diameter of the seawater pipe.
The curved segment of the warm seawater pipeline experiences a reduction in pressure (Apwsp) can be calculated as follows

ADus s =foPusVas/ 2 12)

where, fp is the total loss coefficient.
The pressure decrease experienced by the warm seawater within the evaporator (Apys k) is determined using the following method
[351.

Apws g = APws i + APwsME + ADws GE (13)
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where, Apwsre, APws,ME, and Apyws e denote the friction pressure drop, inlet and outlet pressure drop and gravity pressure drop,
respectively.
The pressure drop across the evaporator’s inlet and outlet is represented as follows:

Apwsie =1.5p,sV2, /2 14
The friction pressure drop inside the evaporator can be expressed as follows:

Lgv2
prs.FE = 4va§TEE (15)
E

where, Lg is the pipeline length, Dg is the hydraulic diameter, and f is the friction factor inside the evaporator, calculated by the
following equation [35]:

fi =2.48Re 020 (16)
The pressure drop in the cold seawater pipeline is determined by the following criteria:

Apcs = Apv:s,P + Apcs.C + Apcs.d 17)

where, Apcp is the pressure drop in the cold seawater pipeline, Apcc is the condenser’s pressure drop, calculated similarly to the
evaporator, and the pressure difference, denoted as Apcs 4, arises due to the variance in density between warm and cold seawater:

ws T Pes
ApcsAd :Lcspcs (1 7”7:)g (18)

Combining Egs.(1)-(18), the system’s net output power can be succinctly defined as follows:
Wnet = Wt - Wp - WpAws - Wp,cs (19)

The system’s overall efficiency is described as follows:

(20)

3.2. Economic model

The main cost of the OTEC system comes from heat exchangers (such as the evaporator and the condenser), turbines, pumps, and
seawater pipelines. The modular cost calculation approach [36] is employed to assess the investment expenses of crucial components
within the OTEC system, thereby determining the system’s overall investment cost.

The cost of the evaporator and condenser can be represented as follows:

CEPCI

Cix = =
X CEPClo01

X Fs x Cixo X [Burx + (Bzsx X Fusx X Fpax) | (21

where, CEPCI and CEPClyo; are current chemical engineering plant cost index and 2001 chemical engineering plant cost index,
respectively, and Cyx,o denote foundational cost of heat exchanger, assuming the use of carbon steel and operation at atmospheric
pressure, is determined by its heat transfer area.

log Cux o =K1 ux + Ko ux(10g Aux) + Kz ux(log AHX)2 (22)

where, Ayx represents the heat transfer area, with specific calculation details provided in Appendix A. The pressure correction factor
Fp 1x can be calculated as follows:

log Fpux = C1 ux + Cauix (log pux) + CS.HX(ZOgPHX)Z (23)
The pump cost are calculated as follows:

CEPCI

D= CEPChe Fs x Cpo % [B1p+ (Bap X Fup x Fpp)] 24)

where, Cp o is the pump’s basic cost, primarily influenced by its power consumption. This simplified approach allows for a more
straightforward calculation of pump costs, taking into account the pump’s characteristics and operational conditions.

10g Cpo =Ky + Ko (logW,) + Ks , (log W) (25)

In addition, the pump’s performance is further refined by a pressure correction factor, represented as Fp . This factor is crucial for
accurately adjusting the pump’s output based on varying pressure conditions.
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2
log Fop, =C1p,+Cap (log pp) +Csp (log pp) (26)
The calculation of the turbine’s cost is determined by the following method:

CEPCI

=———— X Fs X C F 27
CEPCly001 X bg X Gro X I'mt 27)

t

where, C;( denote he fundamental cost of the turbine. This basic cost encompasses the initial expenditures associated with the tur-
bine’s production.

log Cyo =Ky + Ky, (log W) + Ks1r (log W,)? (28)

Considering that the equipment in contact with seawater needs to be resistant to corrosion, titanium material is used for the heat
exchangers and seawater pump heads. Additionally, when evaluating the pressure correction factors for each piece of equipment, the
equipment’s operational pressure is duly considered. The values of the constants involved in the cost calculations are presented in
Table 2.

The cost of seawater pipelines is calculated using the six-tenths rule, as follows:

Cwp_ CEPCI (pr)°'6 y (pr) 06 y (mwp> 06 29)
Cref B CEPCIZOH Lref Dref Myef

In this study, we examine the financial aspects of constructing a seawater pipeline, focusing on its cost implications. The cost of the
seawater pipeline (Cwp) is influenced by several factors, including the CEPCIy¢;1, the pipeline’s length (Lwp), and its inner diameter
(Dwp). These elements are crucial in determining the overall expenditure required for the pipeline’s development, offering insights into
the economic feasibility of such projects, myp represents the mass flow rate of seawater through the pipeline, and the subscript ref

refers to actual engineering data from 2011.
Finally, the total cost associated with the OTEC system is determined by

Ciot = Cux + Cp + C + Cwp (30)

In contemporary power systems, the levelized cost of electricity (LCOE) [38,39] stands as a pivotal economic analysis tool. It calculates
the system’s total investment cost against its net power output. Specifically, for the OTEC systems, the LCOE is determined by

CRF x Cis + COM

LCOE =
Whet X top

(31)

In this study, we examine a system designed to operate for 8000 h annually. Operational and maintenance costs, abbreviated as COM,
constitute 1.5 % of the system’s overall expenses. Additionally, the Capital Recovery Factor (CRF) is introduced, serving as a key
financial metric to assess the system’s long-term economic viability.

ir(1 + ir)"*

Ao 2

In this scenario, the annual interest rate, denoted as ir, is established at 5 %, while the term Lt signifies the operational lifespan of the
OTEC system, which is determined to be 20 years.

4. Results and discussion

The performance of the OTEC systems employing zeotropic mixtures is notably influenced by certain critical parameters. This paper
focuses on exploring how variations in the mixture’s concentration ratio and the evaporation temperature (specifically, the dew point
temperature) affect both the thermodynamic efficiency and economic viability of these systems. Essential parameter configurations are
summarized in Table 3 for reference.

Table 2

The value of the constant coefficient involved in the economic model [37].
Constant Value Constant Value Constant Value
Fs 1.70 Conix 0.00 Cip —0.3935
Binx 0.96 Csnix 0.00 Cap 0.3957
Bouix 1.21 Bip 1.89 Cap —0.00226
Fappx 2.40 Bap 1.35 Fare 3.50
Ky ux 4.6656 Fup 2.15 Ky 2.2476
Koux —0.1557 Kip 3.3892 Koy 1.4965
Ks.nx 0.1547 Kap 0.0536 Kay ~0.1618
Crux 0.00 Kap 0.1538
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Table 3

Basic parameter settings of the system [40,41].
Parameter Value
Turbine output power(kW) 30
Inlet temperature of the warm seawater (°C) 30
Inlet temperature of the cold seawater (°C) 4
Pinch point temperature difference (°C) 1
Turbine efficiency 0.7-0.85
Efficiency of the working fluid pump 0.8
Efficiency of the seawater pump 0.8
Pipeline length of the warm seawater (m) 200
Pipeline length of the cold seawater(m) 1000

4.1. Mixture concentration ratio

The glide temperature, influenced by the concentration ratio, is crucial in determining both the thermodynamic efficiency and the
economic feasibility of OTEC systems utilizing zeotropic mixtures, as illustrated in Fig. 2. The R32 mass fraction represents the
concentration ratio for R32/R125 and R32/R134a mixtures. To obtain the optimal concentration ratio, the influence of the R32 mass
fraction on system parameters such as pump power consumption, heat exchange and heat transfer area, net output power, net effi-
ciency, and LCOE is studied.

Fig. 4 presents the variation in pump power consumption with R32 mass fraction in an environment where the evaporation
temperature is set at 28 °C and the condensation temperature at 8 °C. Fig. 4a illustrates that, the trends of pump power consumption
with R32 mass fraction are opposite for the two mixture pairs. For the R32/R125 mixture, pump power consumption decreases as the
R32 mass fraction rises, and the performance consistently surpasses the R32/R134a mixture. This difference is primarily due to the
physical properties of R32, R125, and R134a. Notably, R125 has the highest pump power consumption at 2.28 kW, followed by R32 at
1.63 kW, and R134a at 0.61 kW. Therefore, increasing the R32 mass fraction is beneficial for reducing the pump power consumption of
the R32/R125 mixture, while for the R32/R134a mixture, it has the opposite effect.

257 e R32/RI2S

\_s <— Pure R134a (a)

6 | | | | _©

00 02 04 06 038 1.0

Fig. 4. Effect of the R32 mass fraction on the pump power consumption in the system: (a) working fluid pump, (b) warm seawater pump, and (c)
cold seawater pump.
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As shown in Fig. 4b and c, the trends in power consumption of the seawater pump with R32 mass fraction are similar for both
mixture pairs. In the study of refrigerant mixtures, specifically R32/R125 and R32/R134a, the impact of R32 mass fraction on the
seawater pump’s power consumption was examined. The findings reveal that the slight variation in glide temperature, under 1 °C, has
anegligible influence on the power usage for the R32/R125 blend. Conversely, with the R32/R134a mixture, a noteworthy pattern was
observed where the power consumption initially decreases before rising as the R32 mass fraction increases and is always lower than
that of the R32/R125 mixture. This is mainly because the improved temperature glide characteristic enhances the temperature match
between the liquids surrounding the heat exchanger (including the evaporator and condenser), allowing the seawater to exhibit better
heat release/absorption potential (resulting in a larger temperature drop/rise). As a result, the seawater consumption can be reduced
and the energy usage of the seawater pump can be effectively reduced. This phenomenon also indicates that in OTEC systems, utilizing
zeotropic mixtures due to their temperature glide property significantly lowers the energy required to operate seawater pumps.

The study illustrates how the heat exchange and the area designated for heat transfer in both the evaporator and condenser
fluctuate based on the R32 mass fraction, under specific conditions where the evaporation temperature is set at 28 °C and the
condensation temperature at 8 °C, as shown in Fig. 5. It was observed that for both equipment, the heat exchange initially rises before it
declines, correlating directly with the incremental changes in the R32 mass fraction. The trend becomes more pronounced for the R32/
R134a mixture than for the R32/R125 mixture, which is consistent with the change in glide temperature with R32 mass fraction for
both mixtures. When the R32 mass fraction is 0.1, the R32/R125 mixture has the highest glide temperature, and the heat exchange also
reaches the maximum. Under the specified conditions, the rate at which heat is transferred in both the evaporator and the condenser
stands at 702.20 kW. and 669.17 kW, respectively. When the R32 mass fraction is 0.3, the R32/R134a mixture has the highest glide
temperature, and the heat exchange also reaches the maximum. Under these conditions, the evaporator and condenser achieve heat
exchanges of 968.68 kW and 933.21 kW, respectively. The phenomenon observed can be attributed to the effect of glide temperature in
systems operating at a constant evaporation temperature, specifically the dew point temperature. The presence of glide temperature
plays a role in lowering the overall average temperature throughout the evaporation phase while elevating the average temperature
during the condensation phase., thereby reducing the system’s thermal efficiency and requiring a larger heat exchange for the same
power output. Viewed through this lens, the varying temperature feature of zeotropic mixtures negatively impacts the system.

Fig. 5c and d illustrate that the variations in the regions where heat exchange occurs are largely in agreement, which applies to both
the evaporator and the condenser. In the study of refrigerant mixtures, specifically R32/R125 and R32/R134a, the impact on heat
transfer efficiency varies significantly with the composition of the mixtures. For the R32/R125 blend, as the proportion of R32 in-
creases, the required heat transfer area diminishes. Conversely, the R32/R134a mixture exhibits a more complex behavior; the heat
transfer area initially expands with a rise in R32 content, peaking at 286.33 m? for the evaporator at a 20 % R32 composition. This area
further increases for the condenser, reaching its maximum of 342.60 m? at a 25 % R32 composition, before subsequently declining.
This pattern indicates a nuanced interaction between the components in the R32/R134a mixture, contrasting the more straightforward
relationship seen in the R32/R125 mixture. This phenomenon can also be attributed to the glide temperature.

Fig. 6 shows the variation in key indicators (including net output power, net efficiency, total cost, and LCOE) with R32 mass
fraction under the specified parameters with an evaporation temperature at 28 °C and a condensation temperature at 8 °C. The
temperature glide characteristic significantly improves the temperature matching of the fluids on both sides of the heat exchanger,
which allows seawater to show greater temperature rise/drop in the heat exchanger, thus reducing the power consumption of the
seawater pump. As a result, the net power output of R32/R134a with significant temperature glide characteristics is significantly
higher than that of pure R32 and R134a.From the data, at a mass fraction of R32 of 0.55, the net power output of the OTEC with R32/

1000'(3) R32/R125 3004(c) R32/R125
900 - —4A—R32/R134a _ 2704 —4—R32/R134a
= = 240
= 800 A 4
& & 2104
700 4 1804
o004 e
§ 900 4 300
=
= 800 - £ 250
@] 4 I3
< 700 = 5004
600 E T T T T i § T 1 50 - T T T T T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Y Y

Fig. 5. Effect of R32 mass fraction on heat exchange and heat transfer area: (a) heat exchange of the evaporator, (b) heat exchange of the condenser,
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R134a is 20.30 kW, which is much larger than that of the pure R32 of 10.43 kW and that of the pure R134a of 10.04 kW. However, due
to the small glide temperature of the R32/R125 mixture (less than 1 °C, which is close to the azeotropic mixture), the net output power
and net efficiency of the OTEC with R32/R125 are not significantly improved compared to that of pure R32 or pure R125 and are much
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Fig. 7. Effect of evaporation temperature on pump power consumption in the system: (a) working fluid pump, (b) warm seawater pump, and (c)

cold seawater pump.

10



Y. Zhang et al. Case Studies in Thermal Engineering 64 (2024) 105408

lower than that of the OTEC system with R32/R134a.

In terms of economic performance, even though the OTEC system with R32/R134a, which has significant temperature glide
characteristics, has a larger heat transfer area (see Fig. 5), the total cost of the system is still much lower than that of the OTEC with
pure working fluid and the OTEC with R32/R125, due to the reduced investment in seawater pumps and seawater piping (since R32/
R134a has a higher seawater utilization rate). Furthermore, the LCOE of the OTEC system with R32/R134a is also much lower than
that of the OTEC with pure working fluid and that of the OTEC with R32/R125 due to the advantages in both net power output as well
as in total cost. At a mass fraction of R32 of 0.4, the LCOE of the OTEC with R32/R134a is 2.36 $/kWh, while the LCOE of OTEC with
R32 as well as R32/R125 is 5.88 $/kWh and 5.61 $/kWh, respectively. Therefore, the R32/R134a mixture is the more recommended
working fluid, both in terms of thermodynamic and economic performance.

4.2. Evaporation temperature

The evaporation temperature (dew point temperature) is a key design and operating parameter of the system. This study considers
three working fluids: R32, R32/R125, and R32/R134a, in a composition where R32 constitutes 50 % of the mass. The focus is on the
impact of evaporation temperature (dew point temperature) on system pump power consumption, heat exchange and heat transfer
area, net output power, net efficiency, total cost, and LCOE.

Fig. 7 presents the variation of pump power consumption (including pumps of the working fluid and the seawater) with evaporation
temperature under a condensation temperature of 8 °C. Fig. 7a illustrates that the energy usage of the pump for three different working
fluids remains relatively stable across a temperature range of 22 °C-27 °C, indicating insensitivity to fluctuations in evaporation
temperature. For the R32/R134a mixture, it is significantly lower than that for R32 and the R32/R125 mixture. It can be seen from
Fig. 7b and c that, the variation trends of power consumption of the seawater pump for systems using R32 and R32/R125 are similar
with changes in evaporation temperature because the R32/R125 mixture is close to an azeotropic mixture (glide temperature less than
1 °C). However, the trend for the R32/R134a mixture is different. Additionally, the power consumption of the warm seawater pump for
the R32/R134a mixture is higher than that for pure R32 and the R32/R125 mixture when the evaporation temperature is below
25.5 °C. Nevertheless, when the evaporation temperature is below 23.5 °C, the power consumption of the cold seawater pump for the
R32/R134a mixture is higher than that for pure R32 and the R32/R125 mixture. It can be observed that the R32/R134a mixture, which
has a significant temperature glide, does not always outperform pure R32 and the near-azeotropic R32/R125 mixture in terms of
seawater pump power consumption. Therefore, when using the R32/R134a mixture, the evaporation temperature should be as high as
possible.

The relationship between the evaporation temperature and the efficiency of heat exchange in both the evaporator and condenser,
under a fixed condensation temperature of 8 °C, is illustrated in Fig. 8. It demonstrates that the increment of evaporation temperature
results in the enhanced thermal efficiency of the system under steady condensation temperature conditions. This means that for the
same turbine output power, the higher the evaporation temperature, the lower the ability of the evaporator and condenser to transfer
heat. The data presented in Fig. 8a and b demonstrate a consistent decline in the heat exchange efficiency of the evaporator and
condenser across three different working fluids as the evaporation temperature rises from 22°C to 27 °C. Notably, the R32/R134a
mixture outperforms the other two fluids—pure R32 and the R32/R125 mixture—in terms of heat exchange, attributed to its tem-
perature glide properties.

The determination of a heat transfer area is influenced by the heat exchange process and the temperature difference during heat
transfer. Raising the evaporation temperature results in lower heat exchange efficiency and a reduced temperature gap, which in turn,
impacts the heat transfer area in contradictory ways. Specifically, a reduced heat exchange lowers the required heat transfer area,
whereas a diminished temperature difference necessitates a larger area for effective heat transfer. This balance results in varying heat
transfer area requirements for evaporators and condensers at different evaporation temperatures, as depicted in Fig. 8c and d. At an
evaporation temperature of 25 °C, the heat transfer area reaches its lowest for both the R32/R134a blend (98.38 m?) and pure R32
(88.29 m?). Meanwhile, the R32/R125 mixture attains its minimum required area of 102.38 m?2at a slightly higher temperature of
25.5 °C.However, when we consider the condenser, the minimum heat transfer area (93.76 m?, 117.82 m?, and 108.83 m?, respec-
tively) for pure R32, the R32/R125 mixture, and the R32/R134a mixture is reached at an evaporation temperature of 25 °C. Addi-
tionally, due to the temperature glide characteristics, the heat transfer area required for the R32/R134a mixture is much larger than
that for pure R32 and the R32/R125 mixture.

Fig. 9 exhibits the variation of key performance indicators (including net output power, net efficiency, total cost, and LCOE) with
evaporation temperature under a condensation temperature of 8 °C. Fig. 9a illustrates that the system’s net output power reaches its
peak at an optimal evaporation temperature. The optimal evaporation temperatures for achieving the maximum net output power for
pure R32, the R32/R125 mixture, and the R32/R134a mixture are 24.5 °C, 23.5 °C, and 26.5 °C, respectively, with maximum net
output powers of 17.28 kW, 16.94 kW, and 20.65 kW, respectively. Similarly, there is an optimal evaporation temperature that
maximizes the system’s net efficiency, which is 24.5 °C, 26 °C, and 26.5 °C for pure R32, the R32/R125 mixture, and the R32/R134a
mixture respectively. The maximum net efficiencies of the system are 1.955 %, 2.046 %, and 2.115 %, respectively. The R32/R134a
mixture demonstrates enhanced system performance, showing notable improvements in both net output power and efficiency at
elevated evaporation temperatures.

It can be seen that from a total cost perspective, as presented in Fig. 9, increasing the evaporation temperature is unfavorable for
systems using pure R32 and the R32/R125 mixture. As the evaporation temperature rises, systems employing the R32/R134a mixture
see a gradual reduction in total costs. Notably, at temperatures exceeding 25 °C, these systems become more cost-effective than those
using alternative refrigerants. Furthermore, an analysis of Fig. 9d reveals a correlation between the LCOE and total costs across the
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three refrigerants, mirroring the trend observed in total cost variations with evaporation temperature. When the evaporation tem-
perature is above 24 °C, the LCOE for the R32/R134a mixture begins to be lower than that for pure R32 and the R32/R125 mixture.
Moreover, the LCOE for pure R32 and the R32/R125 mixture is 2.49 times and 2.32 times that for the R32/R134a mixture, respectively

at an evaporation temperature of 27 °C.

5. Conclusion

This study examines the efficiency and cost-effectiveness of the OTEC systems utilizing zeotropic mixed working fluids, focusing on
R32/R125 and R32/R134a blends. By developing thermodynamic and economic models, it explores how variations in the mixed
working fluid’s composition and the evaporation temperature influence the system’s performance. Key findings include:

(1) The R32/R134a mixture, with significant temperature glide characteristics, significantly reduces the power usage of the
seawater pump, resulting in an increased net power output. At a mass fraction of R32 of 0.55, the net power output of the OTEC
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with R32/R134a is 20.30 kW, which is much larger than that of the pure R32 of 10.43 kW and that of the pure R134a of 10.04
kW.

(2) The use of R32/R134a, which has significant temperature glide characteristics, as the working fluid for OTEC significantly
improves the economic performance of the system. At a mass fraction of R32 of 0.4, the LCOE of the OTEC with R32/R134a is
2.36 $/kWh, while the LCOE of OTEC with R32 as well as R32/R125 is 5.88 $/kWh and 5.61 $/kWh, respectively.

(3) For OTEC systems using R32/R134a, increasing the evaporation temperature is a promising way to improve the thermodynamic
and economic performance of the system.
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Appendix A. Calculation of the heat exchanger area

Within the framework of OTEC systems, the temperature variance for heat transfer is notably slight, compact heat exchangers
emerge as the optimal solution. Specifically, the plate heat exchanger has been identified as the most suitable for both the evaporator
and condenser roles when working with zeotropic mixed fluids. This selection is informed by the need for efficiency, assuming uni-
formity in plate parameters such as a 0.6 mm thickness and a 60°V-shaped angle. The sizing of the heat exchanger, guided by
established models (see Ref. [42]), takes into account the phase change of the working fluid. This necessitates a division into
single-phase and two-phase sections for precise calculation, each governed by a consistent energy balance equation.

Q=U-A-LMTD (A1)

In exploring how heat is exchanged, we focus on three essential elements: the area available for heat transfer (A), the average tem-
perature difference calculated logarithmically (LMTD) between the working fluid and seawater throughout the heat exchange areas,
and the comprehensive heat transfer rate (U). The latter is a calculated value that encapsulates the heat transfer efficiency across the
designated area. This document is designed to offer a succinct summary of the interaction between various elements that enable heat
transfer, emphasizing their roles and interrelations within the context of thermal engineering.

1 1 o6 1

E = a_wf )—' + E (A2)
In the study of heat exchangers, the efficiency of heat transfer is crucial. This is characterized by the plate’s thickness () and its thermal
conductivity (1), along with the convective heat transfer coefficients for both the working fluid (awf) and seawater (asy). These co-
efficients are determined through specific heat transfer correlations, highlighting the interaction between the materials and the fluids
involved.

For the single-phase section (including the working fluid and seawater, the heat transfer correlation is [43].

0.646
a=0.724 (ﬁ) Re%5%3 prl/ s b (A3)
T DE

where, f is the plate corrugation angle, Re is the Reynolds number, and Pr is the Prandtl number.
For the two-phase section inside the evaporator, the heat transfer correlation is as follows [44]:

eva =5.323Rel,*Pr!/ 2l (A9
Dg

We examine the thermal performance of saturated liquid working fluids, focusing on two key parameters: the Prandtl number (Prp)
and thermal conductivity (4. Additionally, we introduce the concept of the equivalent Reynolds number (Reeq), a crucial factor in
understanding fluid dynamics within this context. The Reeq is determined using a specific calculation method outlined in our meth-
odology section. This approach allows for a more nuanced analysis of heat transfer processes, providing insights into the optimization
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of thermal systems.

GeoDs

Reeq =
“ 171

(A5)

where, y; is the dynamic viscosity of the saturated liquid working fluid, and Geq is the equivalent mass flux, which can be calculated as
follows:

0.5
Geq:G(l —x+x<£—l> ) a6)
g

In the context of thermal systems, understanding the relationship at the interface of liquid and vapor states is crucial. This relationship
is quantified by the densities of the saturated liquid (p)) and gas (pg) states of the fluid, alongside the dryness fraction (x), which
indicates the proportion of gas in the mixture. Additionally, the mass flux (G) plays a pivotal role, representing the rate at which mass
flows through a given area. This interplay between the liquid and gas densities, the dryness fraction, and the mass flux is fundamental
in analyzing and optimizing the performance of thermal systems.

In the condenser’s two-phase region, the following formula represents the heat transfer correlation [45]:

®eond = 4.118Re2"14Pr11/3;—1 (A7)
E
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