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A B S T R A C T

Ocean Thermal Energy Conversion (OTEC) is a type of ocean renewable energy that generates electricity by 
utilizing the temperature difference between warm surface seawater and cold deep seawater. Despite its vast 
potential, especially in tropical regions, OTEC technology remains at the pilot stage. To enhance the imple
mentation of OTEC on a commercial scale, this study aims to determine the working fluid by conducting an in- 
depth analysis of working fluid selection in OTEC systems, focusing on energy efficiency, safety, and environ
mental impact. The study involved modeling and creating an in-house program to calculate the heat and mass 
balance, which was validated using ASPEN+ software in the single-stage Rankine cycle system. The working 
fluid selection optimization study was conducted through two stages of selection. At the initial stage, the se
lection involved ten candidate working fluids, based on a literature review of their characteristics, safety, 
environmental impact, and cost. From the initial selection, four candidates with the highest assessment results 
were selected, namely Ammonia, R134a, R32, and R22. The second selection stage involved assessing the in
fluence of the four fluids on the quality of power generation and the main equipment specifications for the 
prospective working fluid. The final results show that Ammonia achieved the highest total score of 37, followed 
by R32 with a score of 28. In contrast, R22 and R134a scored 23 and 21, respectively.

1. Introduction

Energy saving and carbon dioxide emission reduction have become 
essential aspects of energy use due to growing concerns about energy 
shortages, global warming, and environmental pollution [1]. As a result, 
researchers have extensively investigated ways to utilize renewable and 
sustainable energy sources more effectively [2], including ocean-based 
renewable energy such as Ocean Thermal Energy Conversion (OTEC) 
[3].

Ocean Thermal Energy Conversion (OTEC) converts solar energy 
stored in tropical and subtropical oceans into electricity [4]. It operates 
on a Rankine cycle, where a working fluid is vaporized by warm surface 
seawater and condensed with cold deep water [5,6]. Despite its vast 
potential and minimal environmental impact, OTEC is limited by low 
thermal efficiency due to the slight temperature difference between 
surface and deep seawater [7]. Moreover, some fluids once used in OTEC 

studies, such as R22, are now phased out under international regulations 
for their ozone depletion potential (ODP) [8] and are referenced mainly 
for comparison [9].

Optimization in Ocean Thermal Energy Conversion (OTEC) systems 
has been widely explored through structural and thermodynamic com
ponents. The cold water pipe (CWP) is one of the most studied elements, 
with research focusing on its structural behavior, internal flow, and 
performance under marine loading conditions [10–14]. Another critical 
component is the floating platform, particularly in large-scale OTEC 
facilities [15]. From a thermodynamic perspective, exergy analysis is 
commonly applied to identify optimal operating conditions and sensi
tive components within the cycle. Heat exchangers, especially 
shell-and-tube types, are central to this process due to their adaptability 
and simplicity [16–18]. Studies demonstrate that design modifications, 
such as groove enhancements, can improve heat transfer but may also 
increase pressure drop, making tube configuration a key optimization 
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factor [19–21].
Further research has targeted turbine optimization, where response 

surface methodology and genetic algorithms have been used to refine 
variables such as speed, pressure ratio, and blade number [22]. Other 
studies have also explored the design and optimization of micro radial 
inflow turbines for low-temperature organic Rankine cycles using pre
liminary design methods [23]. Integrated hybrid systems combining 
OTEC with solar, wind, and thermoelectric technologies have also been 
shown to enhance power generation, freshwater production, and exergy 
efficiency [24]. In addition, optimization of net power output has 
highlighted the advantages of the Dual-Pressure Organic Rankine Cycle 
(DPORC) over the Single-Pressure configuration [25].

Many studies have focused on optimizing various aspects of OTEC 
system design, yet only a limited number have comprehensively 
compared different working fluids across multiple criteria. Wang et al. 
[26] optimized inlet and outlet seawater temperatures using the 
Multi-Objective Particle Swarm Optimization (MOPSO) algorithm and 
the LINMAP method. Several working fluids (R717, R600a, R152a, and 
R134a) were assessed, with R717 showing the best overall performance 
and R600a exhibiting the highest thermal efficiency—similarly, Sun 
et al. [27] focused on ammonia and R134a, where net power output was 
determined by variables such as warm seawater temperature and mass 
flow rate. The study demonstrated that ammonia is a suitable choice for 
ORC in OTEC from the perspective of net power output.

Research conducted by Samsuri et al. [28] highlighted the health 
risks of ammonia and therefore evaluated alternatives such as ammo
nia–water mixtures, propane, and several refrigerants (R22, R32, R134a, 
R143a, R410a). Their thermodynamic analysis showed that the ammo
nia–water mixture provides the highest performance and reliability. 
Chen et al. [29] further compared six working fluids under uniform 
conditions, finding that R717 (ammonia) remained the most suitable, 
with the highest thermal cycle efficiency achieved when turbine inlet 
and outlet temperatures were fixed. Another study evaluated the impact 
of temperature on OTEC performance using R717, R600a, R245fa, 
R152a, and R134a. While ammonia showed relatively lower perfor
mance in some aspects, it offered a wider turbine inlet pressure range, 
which improves operational flexibility [30].

Further analyses categorized organic fluids into wet, dry, and isen
tropic groups based on parameters such as turbine inlet and outlet 
conditions, condenser temperature, turbine outlet quality, irrevers
ibility, and overall efficiency. The results show that wet fluids with steep 
saturated vapor curves provide superior energy conversion, while 
isentropic fluids achieve high efficiency without requiring regenerators 
[31]. Related studies on subcritical OTEC cycles further revealed that 
thermal efficiency is strongly influenced by evaporation and condensa
tion temperatures as well as turbine efficiency, but is less affected by 
superheating and pump efficiency. R717 was identified as a suitable 
fluid due to its high thermal efficiency [32].

In OTEC systems, the working fluid plays a central role in capturing 
heat through the heat exchanger, directly influencing the amount of 
electricity generated. While many studies have explored OTEC optimi
zation, most have approached fluid selection from a single perspective, 
focusing either on thermodynamic efficiency, economic feasibility, or 
environmental impact. However, comprehensive comparisons that 
integrate these criteria remain limited. To address this gap, the present 
study emphasizes a multi-criteria assessment of working fluid selection, 
incorporating energy conversion performance, safety considerations, 
and environmental sustainability. In doing so, this study contributes by 
integrating multi-criteria screening with validated cycle modeling and 
explicitly linking component-level implications to the choice of working 
fluids for OTEC systems.

2. Methodology

OTEC generates electricity by utilizing the temperature difference in 
seawater through a thermodynamic cycle, in which the system operates 

based on mass and heat balance. In this study, the calculation of the mass 
and heat balance is carried out using the Rankine thermodynamic cycle, 
as illustrated in Fig. 1, where several calculation parameters must be 
specifically determined, including seawater characteristics, working 
fluid enthalpy, pressure drop, pump power requirements, and generator 
output.

The fluid selection process in this study consists of two main stages: 

• Preliminary Assessment – initial screening based on safety, envi
ronmental impact, cost, and enthalpy (used only as a scoring indi
cator); no thermodynamic calculations are performed at this stage.

• Techno-Selection Approach – detailed thermodynamic evaluation of 
the shortlisted fluids, incorporating enthalpy and other thermody
namic properties, as well as system-level performance indicators.

The blue block represents the Preliminary Assessment, which in
volves the initial screening of ten candidate working fluids based on 
enthalpy (see Table 1), safety, environmental impact, and cost consid
erations as the primary filters. At this stage, enthalpy values are used 
solely as scoring parameters, where higher values are considered more 
favorable; however, no thermodynamic performance calculations have 
been performed yet. This ensures that only fluids meeting minimum 
safety and sustainability standards, while also showing favorable 
enthalpy characteristics, are advanced. The process yields a smaller set 
of fluids suitable for detailed thermodynamic evaluation in the next 
stage.

The orange block illustrates the Techno-Selection Approach, where 
the shortlisted fluids are then evaluated using detailed thermodynamic 
parameters. At this stage, enthalpy and other thermodynamic properties 
are incorporated, along with their effects on equipment specifications, 
such as heat exchangers and pumps, as well as on system-level in
dicators, including capacity factor, efficiency, and annual electricity 
production. This two-stage approach is designed to reflect a more real
istic decision-making process, where screening is performed before 
detailed performance analysis is conducted.

This stage employs two methods: a numerical simulation using 
ASPEN Plus and an analytical approach with an in-house code. The re
sults are compared with findings from previous journal studies for 
validation. Finally, optimization is performed by evaluating power 
generation performance in parallel with safety, environmental impact, 
and cost, thereby identifying the most suitable working fluid.

3. Preliminary assessment

3.1. Parameter considerations

Based on a study by Hung et al. [31], it is essential to consider several 
crucial characteristics of the working fluid, including toxicity, chemical 
stability, boiling point, flash point, and thermal conductivity. Fluids 
with low toxicity are used to ensure personnel safety in the event of a 
leak. The use of chemically stable working fluids is necessary due to the 
tendency of organic fluids to decompose under high pressure and tem
perature, which can cause corrosion of surrounding materials. Some 
organic fluids have extremely low boiling points under standard atmo
spheric conditions. In such cases, the cooling water temperature in the 
condenser must be maintained at a very low level, placing additional 
constraints on the selection of suitable condensers. Furthermore, a 
working fluid with a high flash point is required to prevent the risk of 
flammability during operation. High thermal conductivity facilitates 
more effective heat transfer in the heat exchanger.

The selection of an appropriate working fluid for an OTEC system can 
be made by determining the system’s priority. This priority can be 
aligned with the characteristics of the working fluid, considering the 
impact of each property on the system. Several studies highlight key 
considerations in selecting a working fluid. The evaporation tempera
ture should be lower than the temperature of the surface seawater, while 
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Fig. 1. Flow diagram for working fluid selection in OTEC.

Table 1 
Working fluid characteristics.

Parameters Ammonia R152a R134a R32 R22 R1270 R600a R290 R744 R245fa

Molecular weight (g/mol) 17.031 66.0 102.032 52.024 86.468 42.090 58.120 44.100 44.0 134.05
Boiling temperature ( ◦C) − 33.33 24.70 − 26.30 − 51.70 − 40,8 − 48.00 − 11.80 − 42.10 − 56.60 15.13
Melting temperature ( ◦C) − 77.73 − 117.00 − 103.30 − 136.00 − 146.00 − 185.00 − 159,6 − 185.89 − 78.50 − 102.1
Critical temperature ( ◦C) 132.41 113.50 101.21 78.26 96.30 91.83 134.98 96.70 30.98 154.01
Critical tekanan (Bar) 113.57 45.00 405.93 578.20 499.00 466.43 36.60 42.50 73.77 36.51
Specific Heat (kJ/kg⋅K) 4.776 1.795 1.421 1.926 1.252 2.659 2.42 2.708 5.77 1.32
Liquid Thermal Conductivity (mW/mK @24 ◦C) 488.40 98.40 81.60 126.60 84.10 111.20 89.6 94.2 81.5 88.40
Evaporation Enthalpy (kJ/kg, @24 ◦C) 1169.95 280.57 178.7 272.93 183.73 336.77 330.01 337.49 127.0899 190.91
Evaporation Entropy (kJ/kg-K, @24 ◦C) 3.9372 0.9442 0.6014 0.9185 0.6386 1.1334 1.1106 1.1357 0.4277 0.6425
ODP 0 0 0 0 0.05 0 0 0 0 0
GWP (AR5) 0 124 1300 675 1760 2 4 3 0 1030
ASHRAE B2L A2 A1 A2L A1 A3 A3 A3 A1 A2
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the condensation temperature should be higher than that of the deep 
seawater. Additionally, the flash point should exceed the temperature of 
the heat source [33]. The working fluid should not have high operating 
pressure within the system’s temperature range to avoid leakage and 
improve safety [33]. It should also be inexpensive and easily obtainable, 
as well as have low toxicity, flammability, explosiveness, and corrosivity 
[34]. Lastly, it should have zero ozone-depletion potential and a low 
global warming potential [33].

In the study, ten types of working fluids were selected for analysis, 
each adjusted to optimize the cycle while considering economic and 
safety factors. The characteristics of these working fluids are listed in 
Table 1. The different values of these characteristics yield significant 
results in the analysis of OTEC system potential and optimization. The 
use of working fluids with varied parameter values allows for assessing 
the impact of each parameter. In this selection, besides thermodynamic 
characteristics, safety factors and global warming potential were also 
considered.

3.1.1. Enthalpy parameter
One of the primary factors influencing the selection of a working 

fluid for OTEC systems is its capacity to harness the thermal energy 
available in seawater. The total energy output is directly proportional to 
the heat transfer rate within the heat exchanger, which is primarily 
affected by the enthalpy of the working fluid. A higher enthalpy value 
indicates a greater ability to absorb heat from seawater, thus enabling 
the system to generate more power.

As shown in Fig. 2, ammonia (R717) exhibits significantly higher 
enthalpy characteristics compared to the other working fluids analyzed. 
In contrast, R245fa, R22, and R744 are among the working fluids with 
the lowest enthalpy values. Notably, the enthalpy of R744 declines 
sharply above 10 ◦C, and due to its limited properties, it is only exper
imentally feasible up to 30 ◦C. Within this range, its enthalpy remains 
significantly lower than that of R245fa and R22.

While the energy produced by OTEC is theoretically equivalent to the 

thermal energy extracted from seawater, several other fluid properties 
must also be considered when selecting an appropriate working fluid.

3.1.2. Safety parameter
The safety study encompasses several key parameters, including 

flammability, corrosivity, explosivity, stability, reactivity, and toxicity. 
Additionally, two classifications are also used: ASHRAE and NFPA 
(National Fire Protection Association). NFPA Ratings are a chemical 
safety classification that indicates the level of hazard of a chemical 
compound. The NFPA rating system provides a numerical scale (0–4) to 
indicate the hazard level of chemical compounds, with 0 representing 
non-hazardous substances and 4 indicating extreme danger.

As shown in Table 2, all working fluids exhibit low instability, with 
NFPA instability ratings ranging from 0 to 1. This suggests that they are 
generally stable and safe for use in OTEC systems. However, differences 
emerge when health hazards are considered. Among all fluids, ammonia 
(R717) has the highest health hazard rating of 3, meaning that exposure 
can cause serious or permanent injury, even with medical treatment. 
Therefore, strict leak prevention and additional protective measures are 
essential when using R717. Meanwhile, R134a, R32, R290, R744, and 
R245fa are rated 2 for health, indicating that prolonged or intense 
exposure may cause temporary or permanent injury, but risk can be 
mitigated with prompt handling.

In terms of flammability, R152a, R32, R1270, R600a, and R290 are 
highly likely to burn even at normal pressure and temperature. There
fore, the OTEC system, which utilizes five working fluids, must be made 
sterile to prevent widespread fires in the event of a leak. Meanwhile, the 
other five working fluids, R717/ammonia, R134a, R22, R744, and 
R245fa, are relatively safe from the possibility of fire because they can 
only burn at temperatures above 93 ◦C. According to ASHRAE classifi
cation (as shown in Table 3), only R717/ammonia is categorized as 
having high toxicity. This is consistent with the NFPA rating, which 
indicates that harmful effects can occur at concentrations below 400 
ppm (ppm). The remaining nine working fluids are considered to have 

Fig. 2. The relationship between the enthalpy of vaporization and temperature in all working fluids.
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low toxicity levels. Regarding flammability, R1270, R600a, and R290 
are classified as level 3 substances. These fluids demonstrate flame 
propagation at 60 ◦C and 101.3 kPa, have a minimum heat of combus
tion of 19,000 kJ/kg, and a maximum lower flammability limit (LFL) of 
0.10 kg/m³.

3.1.3. Health parameter
The use of working fluids with high levels of atmospheric contami

nation contradicts the environmental objectives of OTEC systems. 
Greenhouse gases contribute to global warming by absorbing thermal 
energy and preventing its release into the atmosphere. In this study, the 
Global Warming Potential (GWP) is used as a metric to compare the 
capacity of different working fluids to trap heat, with carbon dioxide 
(CO₂) serving as the reference standard, under IPCC guidelines. As 
shown in Fig. 3, working fluids such as R22 and R134a have a GWP 
above 1000, so they are not environmentally friendly in the context of 

global warming. As long as they do not leak, they can still be used in 
OTEC systems. In contrast, R717/ammonia has a GWP of zero and does 
not absorb or release energy into the atmosphere.

Ozone Depletion Potential (ODP) is a relative index that compares 
the ability of a compound to deplete ozone with that of CFC-11, which is 
assigned a value of 1. Among the ten working fluids considered, almost 
all exhibit an ODP of zero, except for R22, which has a relatively low 
value of 0.05. While this is acknowledged in the literature by Zhang 
et al. [31], it is essential to note that this value is an order of magnitude 
lower than that of typical CFCs and thus represents a significantly 
smaller contribution to ozone depletion. Furthermore, in the context of 
OTEC applications, the working fluids operate in a closed-loop cycle 
with negligible emissions to the atmosphere, which significantly reduces 
environmental risks compared to conventional refrigeration systems. 
Therefore, the inclusion of R22 in the preliminary screening remains 
scientifically justifiable, as its ODP impact under OTEC operational 

Table 2 
NFPA rating of each working fluid.

Parameter Ammonia R152a R134a R32 R22 R1270 R600a R290 R744 R245fa

Health 3 1 2 2 1 1 1 2 2 2
Flammability 1 4 1 4 0 4 4 4 0 1
Instability 0 1 0 1 1 1 0 0 0 0

Table 3 
Working fluid safety parameters.

Parameter Ammonia R152a R134a R32 R22 R1270 R600a R290 R744 R245fa

Flammability Flammable Very 
flammable

Not 
Flammable

Very 
flammable

Not 
Flammable

Very 
flammable

Very 
flammable

Very 
flammable

Not 
Flammable

Not 
Flammable

Corrosive Corrosive Corrosive Non- 
Corrosive

Non- 
Corrosive

Non- 
Corrosive

Corrosive Non- 
Corrosive

Non- 
Corrosive

Non- 
Corrosive

Non- 
Corrosive

Explosivity High; Auto 
ignition 
@669 ◦C

High; Auto 
ignition 
@440 ◦C

Low; Auto 
ignition 
>750 ◦C

High; Auto 
ignition 
@530 ◦C

Very low High; Auto 
ignition 
@455 ◦C

High; Auto 
ignition 
@460 ◦C

High; Auto 
ignition 
@468 ◦C

Low Medium; 
Auto ignition 
@412 ◦C

Stability Stable Stable Stable Stable Stable Stable Stable Stable Stable Stable
Reactivity Not reactive Not reactive Not reactive Not reactive Not 

reactive
Not Reactive Not Reactive Not Reactive Not 

Reactive
Not Reactive

Toksisitas High toxicity Not toxic Low toxicity 
to animals

Low toxicity Low 
toxicity

Not toxic Yes Not toxic Not toxic Not toxic

ASHRAE B2L A2 A1 A2L A1 A3 A3 A3 A1 A2

Fig. 3. Potential parameters of working fluids that contribute to global warming.
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conditions is marginal compared to its thermodynamic relevance.

3.1.4. Cost parameter
As shown in Table 4, R152a has the lowest cost per metric ton (MT) 

among the evaluated working fluids. However, its cost does not differ 
significantly from that of most other fluids. The most significant cost 
disparities are observed with R1270 and R245fa, which exhibit the 
highest price variation within the group.

3.2. Screening method

To ensure a transparent and structured evaluation, each parameter in 
the screening method was assigned a score based on its relative influence 
on key performance indicators of the OTEC system. The indicators 
considered include Annual Energy Production (AEP), Capacity Factor 
(CF), and Environmental Impact, with each parameter scored on a 0–5 
scale (0 = no influence, 5 = highly influential). This scoring framework 
facilitates a balanced comparison by highlighting the most critical fac
tors for thermodynamic performance and economic feasibility, while 
also considering potential safety and health impacts under abnormal 
operating conditions. The weighting of each parameter reflects its 
relative impact on energy production and environmental considerations, 
with higher scores assigned to factors that are directly related to these 
aspects. The detailed scoring matrix is presented in Table 5.

Enthalpy received the highest score for AEP and a high score for CF 
because it directly governs the thermodynamic efficiency of the OTEC 
cycle [35,36]. A higher enthalpy difference between the warm and cold 
seawater streams allows greater energy extraction, which translates into 
improved net power output and system performance [37]. However, it 
was scored zero for environmental impact, since enthalpy itself does not 
cause direct environmental consequences. Its role is strictly technical, 
confined to influencing the energy conversion process without affecting 
external ecological or health-related aspects. Cost plays a dominant role 
in determining the economic feasibility of OTEC. It was scored highest 
for CF since cost directly affects the ability of the system to operate 
competitively and sustainably at scale [38]. It also has a significant in
fluence on AEP, as financial limitations may constrain the system design 
and operational efficiency [38]. Its effect on environmental impact is 
moderate, primarily through material choices and lifecycle consider
ations [39]. Overall, cost is a critical driver for evaluating whether an 
OTEC plant can be realistically implemented.

Safety and Health were both scored zero for AEP and CF, as they do 
not directly affect energy output or operational reliability under normal 
operating conditions. However, both parameters were assigned the 
maximum score for environmental impact because their relevance be
comes critical under abnormal scenarios, such as leakage of working 
fluid, structural failures, or accidental exposure [40]. In such cases, 
potential risks may involve not only environmental contamination but 
also hazards to operators and nearby communities [41]. While these 
risks can be mitigated through proper engineering design, safety stan
dards, and containment procedures [42].

In summary, the technical analysis highlights that enthalpy plays the 
most dominant role in determining OTEC system performance, as it 
directly governs thermodynamic efficiency and net energy production. 
Cost also significantly influences both capacity factor and annual energy 
production, making it a crucial factor in determining the feasibility of 

large-scale deployment. By contrast, safety and health do not signifi
cantly impact performance metrics under normal operations but become 
highly relevant in failure scenarios, such as working-fluid leakage or 
structural damage, which may pose risks to the environment and nearby 
communities. For this reason, the scoring method prioritizes enthalpy 
and cost as the primary determinants of OTEC feasibility, while safety 
and health are considered essential safeguards for environmental and 
social sustainability

Given this prioritization, the next step is to translate the scoring 
framework into the selection of working fluids. In particular, enthalpy is 
treated as a primary technical criterion, alongside environmental con
siderations such as global warming potential. The scoring of working 
fluids based on enthalpy is derived from Table 1, using a scale from 1 to 
5. As shown in Table 5, each score corresponds to a specific enthalpy 
range: a value of 1 represents 100–200 kJ/kg, while a value of 5 means 
500 kJ/kg and above (∞). The enthalpy values used in this assessment 
refer to the evaporation enthalpy of each fluid at a constant temperature 
of 24 ◦C. This temperature was selected because it is commonly reached 
by working fluids in typical OTEC operations.

To evaluate the impact of working fluids on global warming, a 
maximum score of 5 is used, based on their Global Warming Potential 
(GWP). The classification of scores and corresponding GWP ranges is 
also presented in Table 6. In terms of cost, the scoring ranges from 1 to 5, 
depending on whether the price is above or below $1000 and whether 
the fluid is domestically available. Cost is considered a significant factor, 
as it can substantially affect the overall value and feasibility of the 
system.

The standard used to assess the safety and health parameters of 
working fluids is presented in Table 7. Safety is evaluated based on 
flammability levels according to the ASHRAE classification, while health 
risks are assessed based on toxicity, also following the ASHRAE classi
fication. Both parameters are evaluated using a scoring scale from 1 to 4. 
For the safety parameter, the classification is divided into two main 
categories: fluids with an ASHRAE flammability classification of 2 are 
assigned a score of 2. In contrast, those with a classification of 2 L are 
assigned a score of 3.

3.3. Initial selection results

The assessment of a working fluid is based on four main points: 
enthalpy, safety, health, and cost. All of these points have varying 
maximum values, depending on their level of importance. Parameters 
with high importance, such as enthalpy capacity and cost, are given a 
maximum value of 5. Other parameters, such as safety and health, are 
given a maximum value of 4.

Table 4 
Cost of working fluid.

Working fluid Cost (MT) Working fluid Cost (MT)

Ammonia $ 502.00 R1270 $ 2550.00
R152a $ 450.00 R600a $ 461.00
R134a $ 750.00 R290 $ 600.00
R32 $ 480.00 R744 $ 505.00
R22 $ 526.00 R245fa $ 3100.00

Table 5 
Scoring of key parameters for OTEC working fluid selection.

Parameter Annual Energy 
Production (AEP)

Capacity Factor 
(CF)

Environmental 
Impact

Enthalpy 5 4 0
Cost 4 5 3
Safety 0 0 5
Health 0 0 5

Table 6 
Basis for assessing the enthalpy and global warming threat parameters of 
working fluids.

Value Range

Enthalpy GWP

1 100 – 200 1000 – Ꝏ
2 200 – 300 750 – 1000
3 300 – 400 500 – 750
4 400 – 500 250 – 500
5 500 – Ꝏ 0 – 250
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Based on the preliminary assessment results for each working fluid 
listed in Table 8, it is found that the working fluid with the best value is 
R717 or ammonia. The working fluids with the lowest values are R1270 
and R245fa. Although the ammonia working fluid has an average value 
in four parameters, the value of 5 in the enthalpy and cost parameters 
makes ammonia have the highest total value.

In terms of safety and health, the majority of working fluids receive a 
safety score of 4, indicating they are either non-flammable or have low 
flammability. Ammonia is the only fluid with both a high flammability 
level and an ASHRAE B toxicity classification. Furthermore, when the 
safety and health parameter scores are combined, only ammonia has a 
total value below 5. This stands in stark contrast to its enthalpy score, 
which reaches the maximum point of 5 based on a single assessment 
parameter. Conversely, only ammonia and R744 attain a score of 5 in the 
cost parameter. When selecting the four most suitable working fluids, 
aside from ammonia, the other three with high total scores are R134a, 
R32, and R22. These fluids each have a total value of 13, although their 
enthalpy scores range only from 1 to 2. The relatively low enthalpy 
values of these fluids should be given more attention, as enthalpy is a 
key parameter that determines the power output of an OTEC system.

In terms of safety and health, ammonia (R717) shows a notably 
lower score compared to the other three candidates. For both parame
ters, it only receives a score of 2, while the others generally receive a 
score of 4. Given the significant differences among these four fluids 
across the three primary parameters, a more comprehensive evaluation 
is necessary to determine the most suitable working fluid for OTEC 
systems. In terms of safety and health, the majority of working fluids 
receive a safety score of 4, indicating they are either non-flammable or 
have low flammability. Ammonia is the only fluid with both a high 
flammability level and an ASHRAE B toxicity classification. Further
more, when the safety and health parameter scores are combined, only 
ammonia has a total value below 5. This stands in stark contrast to its 
enthalpy score, which reaches the maximum point of 5 based on a single 
assessment parameter. Conversely, only ammonia and R744 attain a 
score of 5 in the cost parameter.

When selecting the four most suitable working fluids, aside from 
ammonia, the other three with high total scores are R134a, R32, and 
R22. These fluids each have a total value of 13, although their enthalpy 
scores range only from 1 to 2. The relatively low enthalpy values of 
R134a (178.7 kJ/kg) and R22 (184.73 kJ/kg) are compensated by their 
good safety and cost scores. At the same time, R32 achieves the exact 
total due to a balance between moderate enthalpy and favourable cost. 

The relatively low enthalpy values of these fluids should be given more 
attention, as enthalpy is a key parameter that determines the power 
output of an OTEC system. In terms of safety and health, ammonia 
(R717) shows a notably lower score compared to the other three can
didates. For both parameters, it only receives a score of 2, while the 
others generally receive a score of 4. These contrasting characteristics 
explain why ammonia leads overall, as its very high enthalpy (1169.95 
kJ/kg) and low cost outweigh its safety and health drawbacks. In 
contrast, the other fluids rely more on their safer and less toxic profiles 
to remain competitive. Given the significant differences among these 
four fluids across the three primary parameters, a more comprehensive 
evaluation is necessary to determine the most suitable working fluid for 
OTEC systems.

4. Techno selection approach

Based on the selection and initial assessment of ten working fluids, 
the four best working fluids were ammonia, R22, R32, and R134a. The 
OTEC system is planned to have a capacity of 100 kW, assuming a power 
plant electricity demand of 20 %. Therefore, the optimization of the 100 
kW OTEC system must be able to achieve the 120 kW target.

In the optimization of OTEC systems, it is essential to define the 
limitations and general assumptions related to system components [39]. 
Establishing these assumptions is necessary to enable a fair comparison 
of the performance of the four working fluids. In addition to the power 
generation capacity, several other system components are standardized. 
This standardization encompasses key components, including the 
generator, turbine, pump, heat exchanger, and seawater pipeline.

One approach to standardizing components is by applying uniform 
efficiency values. As shown in Table 9, two types of efficiency values are 
presented: reference-based efficiency and the efficiency used in calcu
lations. The efficiency used in calculations is 10 % lower than the 
reference value. This reduction acts as a safety factor, based on the 
assumption that the actual performance of components in the con
structed OTEC system may be lower than that in the referenced systems.

In addition to efficiency, component uniformity is also ensured by 
the basic size of components, such as pipes and heat exchangers. The 
uniformity of the seawater pipe components is carried out with the 
assumption that each working fluid system uses the same type and size 
of pipe. Additionally, the seawater pipe is assumed to be installed in an 
inclined position, with a uniform distance and depth between each 
working fluid system. As for the heat exchanger, since its performance 
will be affected by the type of working fluid, uniformity is applied to the 
tube size and basic design. The uniformity of the seawater pipe and heat 
exchanger components is listed in Table 10.

In addition to component uniformity, the same case configuration is 
used to optimize the generating system. In this optimization, it is 
assumed that the power plant is located on land, with the seawater 
intake located approximately 2 km from the Ambon Bay shoreline in 
Indonesia. The average temperature at depths of 30 m and 400 m is 
obtained as shown in Table 11.

OTEC System Calculation Method
The calculation of the power generated by the OTEC system is based 

on the heat equilibrium of the system. In the Rankine Cycle, there are 
three approaches to determining the heat exchange during the cycle. 
The heat exchange calculation is formulated in Eqs. (1)–3 for the 

Table 7 
Basic assessment of safety and health parameters of working fluids.

Value Flammability Toxicity

1 3 B
2 2
3 2L A
4 1

Table 8 
Working fluid assessment results.

Working Fluid Parameters Total

Enthalpy Safety Health Cost

Ammonia 5 2 2 5 14
R152a 2 2 4 4 12
R134a 1 4 4 4 13
R32 2 3 4 4 13
R22 1 4 4 4 13
R1270 3 1 4 3 11
R600a 3 1 4 4 12
R290 3 1 4 4 12
R744 1 2 4 5 12
R245fa 1 4 4 3 11

Table 9 
Main component efficiency parameters.

Parameter Value References

References Used

Generator efficiency ( %) 95 85 [43]
Turbine efficiency ( %) 95 85 [43]
Working fluid pump efficiency ( %) 85 75 [44]
Sea water pump efficiency ( %) 85 75 [44]
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evaporator and Eqs. (4)–6 for the condenser. 

Qe = mWF(h1 − h4) (1) 

Qe = UA(ΔTme) (2) 

Qe = mWScP,WS(Twsi − Twso) (3) 

Qc = mWF(h2 − h3) (4) 

Qc = UA(ΔTmc) (5) 

Qc = mCScP,CS(Tcso − Tcsi) (6) 

Where Qe,c is the heat flow rate in the evaporator and condenser 
(kW), mWF is the mass flow rate of the working fluid (kg/s), mCS,WS is the 
mass flow rate of surface and depth seawater (kg/s), h is the enthalpy of 
the working fluid at each point (kJ/kg), cP,WS,CS is the specific heat of 
surface and depth seawater (kJ/(kg.K)), ΔTme,c is the temperature 
change in the evaporator and condenser (K), Tcsi,o is the cold seawater 
temperature at the condenser inlet and outlet (K), Twsi,o is the warm 
seawater temperature at the condenser inlet and outlet (K), U is the heat 
exchange coefficient of the heat exchanger (kW/(m2.K)), and A is the 
total heat exchange area of the heat exchanger (m2).

The heat exchange between seawater and the working fluid in the 
heat exchanger is strongly influenced by the input and output temper
atures of the two fluids [45]. As shown in Fig. 1, the change in seawater 
temperature after passing through the heat exchanger is assumed in the 
loop. The working fluid temperature after going through the evaporator 
and condenser (T1 and T3) is calculated twice, using the UA minimum 
target, and after the UA actual calculation. The working fluid temper
ature in the heat exchanger is determined by Eqs. (8) and 9

Twso,cso = Twsi,csi ± ΔTe,c (7) 

T1 =
e

[
Twsi − Twso

ΔTme

]

Twso − Twsi

e

[
Twsi − Twso

ΔTme

]

− 1

(8) 

T3 =
e

[
Tcso − Tcsi

ΔTmc

]

Tcso − Tcsi

e

[
Tcso − Tcsi

ΔTmc

]

− 1

(9) 

Where ΔTe,c is a change in seawater temperature after going through 
the evaporator and condenser (K) and T1,3 is the working fluid temper
ature after going through the evaporator and condenser (K).

Immediately after going through the heat exchanger, the condition of 
the working fluid is assumed to be in a pure saturated condition, where 
the evaporator is in a saturated vapor condition, and the saturated liquid 
is in the condenser. So that the enthalpy of the working fluid in the 
evaporator (h1) and condenser (h3) is determined by adjusting the 
temperature and pressure to the specific enthalpy of the working fluid. 
As illustrated in Fig. 4, the enthalpy value in the turbine and condenser 
exhibits a deviation from the pure saturated line. Therefore, it is 
necessary to calculate this value separately, as outlined in Eqs. (10)–13
for turbines and Eqs. (14)–16 for working fluid pumps. 

s1 = s2i (10) 

x2i =
(
sʹ
2 − s2i

)/(
sʹ
2 − s3

)
(11) 

h2i = x2ih
ʹ
2 + (1 − x2i)h3 (12) 

h2 = h1 − (h1 − h2i)ηT (13) 

P4 = P1 (14) 

h4i = h3 + v3(P4 − P3) (15) 

h4 = h3 +
(h4i − h3)

ηP,WF
(16) 

Where s is entropy (kJ), P is pressure (kPa), v is the specific volume 
of the working fluid (m3), ηT is turbine efficiency, and ηP,WF is working 
fluid pump efficiency.

The calculation of the heat exchange coefficient and the total heat 
exchange area of the heat exchanger is based on the assumption that the 
heat exchanger in use is of the shell-and-tube type. The primary heat 
exchange occurs between the seawater and the working fluid. The 
working fluid is consistently located within the tube section, both in the 
evaporator and the condenser. Conversely, the seawater is always situ
ated within the shell section.

The turbulence of seawater flow within the shell will significantly 
impact the efficiency of heat exchange within the heat exchanger. The 

Table 10 
Parameters of heat exchangers and seawater pipes.

Parameter Value

Heat exchanger length (m) 8
Tube inner diameter (mm) 9
Tube thickness (mm) 0.7
Number of passes 6
Tube pitch 1.25 × Tube outer diameter
Tube material Titanium
Distance between Baffles (m) 0.5
Pitch Layout Triangular
Sea water pipe diameter (m) 1
Sea water pipe material HDPE
Length of surface seawater pipe (m) 2138
Length of deep-sea water pipe (m) 105

Table 11 
Parameters of temperature and average salinity of seawater.

Parameter Value

Temperature at 30 m Depth ( ◦C) 28.62
Temperature at 400 m Depth ( ◦C) 8.013
Salinity at 30 m Depth (ppt) 33.772
Salinity at 400 m Depth (ppt) 34.492

Fig. 4. Temperature-enthalpy diagram of the OTEC rankine cycle.
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greater the turbulence, the more effective the heat exchange. In the 
design, the shell section is equipped with a barrier in the form of baffles, 
which directs seawater and increases turbulence within the flow. 
Accordingly, the mass flow rate of seawater in the shell section is 
determined by Eq. (17), wherein the seawater flow area (AS) is influ
enced by the shell diameter (Ds), number of tubes (N), distance between 
tubes (C), distance of baffles (B), and distance between tubes/pitches 
(pt), as listed in Eqs. (18)–21. 

GS =
mCS,WS

AS
(17) 

AS =
DsCB

pt
(18) 

C = pt − dot (19) 

Db = dot

(
Nt

k

)1/n

(20) 

Ds = Db + C (21) 

Where mCS,WS is seawater mass flow rate (kg/s), AS is the area of 
seawater flow on the shell (m2), Ds is shell diameter (m), B is the distance 
between baffles (m), C is clearance [pt − dot], pt is the distance between 
tubes (m) [1.25 × dot], Db is the diameter of the tube assembly (m), Nt is 
the number of tubes, and dot is the outer diameter of the tube (m).

The convection coefficient of seawater (hSW) is represented using the 
Nusselt Number (Nusw). Nusselt numbers are the ratio of convection to 
conduction heat transfer in a fluid. The greater the Russell number, the 
greater the heat transfer that occurs. Where the Nusselt number value is 
determined by the Reynolds number (Reh.sw) as a representation of the 
ratio of flow conditions and the Prandtl number (Prsw) as a representa
tion of the thermal diffusivity ratio of seawater. 

hSW =
Nu.ksw

De
(22) 

Nusw = 0.047Reh.sw
0.8Pr1/3 (23) 

Reh.sw =
Ds × Gs

μ (24) 

Prsw =
μcp,sw

ksw
(25) 

De =

4

(

pt
2 − π do

2

4

)

πdot
(26) 

Where ksw is thermal conductivity of sea water (kW/(m.K)), μ is 
dynamic viscosity (kg/ms), and De is equivalent shell diameter (m).

In contrast to the seawater flow within the shell, which is constrained 
by baffles, the fluid flow within the tube is relatively undisturbed by 
obstacles. This is due to the small diameter of the tube used, which 
precludes the possibility of adding grooves. Furthermore, tubes that 
have many grooves will result in a notable pressure drop. The mass flow 
rate of the working fluid in each tube will decrease in proportion to the 
number of tubes, as demonstrated by Eqs. (27) and 28. Consequently, 
although there is an increase in the heat transfer area, the number of 
tubes does not necessarily correlate with an increase in heat transfer in 
the heat exchanger. 

Gt =
mWF

At
(27) 

At = Nt
aʹ

t
n

(28) 

Where mWF is working fluid mass flow rate (kg/s), aʹ
tis the flow area 

in each tube (m2), and n is the number of passes.
As in the shell section, the working fluid convection coefficient (hWF) 

in the tube is also described by the Nusselt Number (Nuwf ). However, 
different from the shell section, the Nusselt number on the tube is 
calculated depending on the Reynolds number (Reh.wf ). 

hWF =
Nu.kWF

dit
(29) 

Nuwf = 3.657
0.0677

(

Reh.wf Prwf
dit
Lt

)1.3

1 + 0.1Prwf

(

Reh.wf
dit
Lt

)0.3 for Reh.wf < 2300 (30) 

Nuwf =

f
8

(
Reh.wf − 1000

)
Prwf

1 + 12.7
̅̅
f
8

√ (
Prwf 0.67

)

(

1+

(
dit

Lt

)0.67
)

for 2300 < Reh.wf

< 10000 (31) 

Nuwf = 0.047Reh.wf
0.8Prwf

1/3 for Reh.wf > 10000 (32) 

Where kwf is the thermal conductivity of the working fluid (kW/(m. 
K)), dit is the tube inner diameter (m), f is the working fluid friction 
factor, Lt is tube length (m), and Prwf is the Prandtl number of the 
working fluid.

The overall convection coefficient in the shell and tube type heat 
exchanger (U), is formulated as Eq. (34), where the value is strongly 
influenced by the convection coefficient in the shell (hSW) and tube 
(hWF). Additionally, the thermal conductivity of the material also has a 
significant influence. The better the thermal conductivity of the mate
rial, the better the heat exchange that occurs. 

U =
1

1
hsw

+ t
kpt

+ 1
hwf

+ Rf
(33) 

Where hsw is the forced convection heat transfer coefficient of 
seawater (W/m2K), hwf is the convection heat transfer coefficient of the 
working fluid (W/m2K), Rf is thermal resistance due to impurities (m2K/ 
W), and kpt is the thermal conductivity of the heat exchanger material 
(W/mK).

Fluid pressure drop is a key parameter that must be determined in 
calculating mass and heat equilibrium for the OTEC system. Pressure 
drop occurs in all fluids, both working fluid and seawater. The pressure 
drop in the working fluid is assumed to occur only in the heat exchanger. 
The calculation is divided into two parts: straight tubes and pass turns, 
with the pressure drop being the sum of the pressure drops across the 
tube and pass. The pressure drops in the straight tube and the pass turns 
are formulated in Eqs. (34) and 35. 

(ΔPWF)t = 4fNt
LtGt

2

2ditρwf
(34) 

(ΔPWF)p = 4Nt
Gt

2

2ρwf
(35) 

ΔPWF = (ΔPWF)t + (ΔPWF)p (36) 

Where Gt is the mass flow rate of the working fluid in each tube (kg/ 
s) and ρwf is the density of the working fluid (kg/m3).

In contrast, the pressure drop in seawater flow occurs in two com
ponents: the seawater pipe and the shell. In the shell, as with the 
working fluid pressure drop, the pressure drop is determined based on 
the mass flow rate of seawater after dividing the shell flow area (GS). 
While in the pipe, the pressure drop is determined using the seawater 
flow velocity. The pressure drops in both components are formulated in 
Eq. (37) for the shell and Eq. (38) for the pipe. 
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(ΔPSw)S = f
lSGS

2

2ρDs
(37) 

(ΔPSw)P = f
lWSρvsw

2

2D
(38) 

Where Gs is the mass flow rate of seawater on the shell (kg/s), ρwf is 
the density of the working fluid (kg/m3), lS is shell length (m), lWS is the 
length of the seawater pipe (m), and vsw is the sea water flow speed in the 
pipe (m3/s).

As stated in Eqs. (34), 37, and 38, the determination of fluid pressure 
drop is determined by the coefficient of friction factor of the fluid against 
the material (f). The determination of the friction coefficient factor in 
dynamic fluids can be done using the Darcy-Weisbach coefficient. In 
determining the coefficient of friction, the Reynolds number (Re) is the 
main parameter that determines the value of the coefficient of friction. 
The higher the Reynolds number of the flow, the higher the coefficient of 
friction against the pipe wall. The calculation of the friction coefficient 
of the working fluid and seawater is formulated in Eq. (39) [46]. 

1
f
=

(
Re
64

)a(

1.8log
Re
6.8

)2(1− a)b(

2log
3.7D

k

)2(1− a)(1− b)

(39) 

a =
1

1 +

(
Re

2720

)9 (40) 

b =
1

1 +

⎛

⎜
⎝ Re

160 D
k

⎞

⎟
⎠

2 (41) 

Where f is the Darcy-Weisbach friction coefficient, Re is the Reynolds 
number of fluid, k is the roughness of the pipe or shell material, and D is 
the diameter of the pipe or shell (m).

The net power output of the OTEC system (W), is determined from 
the accumulated power generated by the generator (WG), minus the 
power required to operate the working fluid pump (WP,WF), surface 
seawater (WP,WS), and deep seawater (WP,CS). The power generated by 
the generator and required by the working fluid pump is determined by 
considering the enthalpy of each component in the cycle. The power 
requirement of the seawater pump is determined based on the pressure 
drop of seawater, as shown in Eqs. (42)–47. 

W = WG − WP,WF − WP,WS − WP,CS (42) 

WG = mWF(h1 − h2)ηTηG (43) 

WP,WF = mWF(h4i − h3)
/

ηP,WF (44) 

WP,WS = mWSΔPWS
/

ρWSηP,SW (45) 

WP,CS = mCSΔPCS
/

ρCSηP,SW (46) 

ηS =
W
Qe

(47) 

Where mWF is working fluid mass flow rate (kg/s), ηT is turbine ef
ficiency, ηG is generator efficiency, ηP;WF,SW is the pump efficiency of the 
working fluid and seawater, ηS is system efficiency ( %), Qe is the total 
heat exchange in the evaporator (kW), and WP;WS,CS is the decrease in 
surface and deep-sea water pressure (kPa).

4.1. Validation and benchmarking

Before system simulation, it is essential to conduct benchmarking to 
validate the simulation results against studies with similar topics. 

Benchmarking helps identify discrepancies between the desired and 
actual system performance or design, thereby enabling more effective 
refinement and improvement of the product or process under develop
ment. Simulations are carried out to determine the mass and heat bal
ance of the cycle and to calculate the optimal net power output of the 
designed system.

The benchmarking process in this study is based on the findings 
presented by Bharathan [47], which aimed to assess the potential for 
increased economic benefits through effective seawater utilization and 
reduced maintenance costs. The OTEC systems discussed in the study 
utilize the Rankine cycle to generate electricity through the phase 
change of a working fluid, which drives a turbine connected to a 
generator. The Rankine cycle can be configured as a single, dual, or 
multi-stage process, with additional stages typically yielding higher 
power output. In [47], Ammonia was selected as the working fluid, as it 
yielded the highest net power output, albeit with safety concerns that 
require careful consideration.

Benchmarking was carried out using ASPEN + (version 11, Aspen
Tech), which allows the construction and simulation of process models 
involving complex calculations. The software supports both modifying 
existing models and developing new ones. For this study, the bench
marking data consists of simulation results for single-cycle configura
tions. In addition to benchmarking, validation of the numerical methods 
and results was also conducted. Given that all equations used in the 
numerical simulations are formulated and parameterized based on sys
tem requirements, it is crucial to ensure the correctness of the selected 
equations. Therefore, validation was performed by comparing the nu
merical and analytical results with simulations from ASPEN+ and 
reference data. Unlike the benchmarking process, which involved both 
single and dual cycles, validation was limited to the single-cycle 
configuration, with the primary parameters outlined in Table 12. In 
the evaporator, a minimum temperature approach of 1.2 ◦C is applied 
between the hot and cold streams, while the condenser is modeled with a 
minimum approach of 1.0 ◦C. These values are specified in Aspen Plus as 
heat-transfer constraints to maintain both physical realism and numer
ical stability in the simulation, rather than representing superheating or 
subcooling of the working fluid. Accordingly, the working fluid exits the 
evaporator as saturated vapor and leaves the condenser as saturated 
liquid.

In addition to the main parameters outlined in Table 12, several 
supplementary parameters are applied specifically within each method. 
In the analytical approach, additional parameters are utilized for the 
single-cycle configuration, as detailed in Table 13. Meanwhile, the nu
merical method requires a broader set of input parameters, which are 
summarized in Table 14.

The simulation process is initiated by entering the type of working 
fluid, which in this case is water (H₂O) and ammonia, and then checking 
the fluid properties. Subsequently, the Base Method was selected for 
calculating the physical properties of the components within the simu
lation. The Base Method provides mathematical models and parameters 
for estimating properties such as enthalpy, entropy, vapor pressure, and 
density. In OTEC systems, a suitable thermodynamic method is the Peng- 
Robinson (PR) equation of state, which is capable of assessing the 

Table 12 
Main input parameters for validation and benchmarking of numerical and 
analytical methods.

Parameter Value

Surface sea water temperature ( ◦C) 26
Mass flow rate of surface seawater (kg/s) 50,000
Deep-sea water temperature ( ◦C) 4.5
Mass flow rate of deep-sea water (kg/s) 28,450
Working fluid and seawater pump efficiency ( %) 0.72
Minimum temperature on the evaporator ( ◦C) 1.2
Minimum temperature of the condenser ( ◦C) 1.0
Working fluid Ammonia
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thermophysical behavior of complex fluid mixtures, including phase 
changes. This method considers molecular interactions, pressure, and 
temperature effects, thereby ensuring the accuracy of the simulation 
results [48].

After defining the fluid parameters, the simulation proceeds to the 
next stage by constructing the Rankine cycle circuit, as illustrated in 
Fig. 5. The circuit consists of standard components typically found in a 
Rankine cycle, including pumps, heat exchangers, and turbines.

In this cycle, streamlines are assembled to facilitate mass equilibrium 
calculations. The system is considered balanced when the key proper
ties—such as temperature, pressure, specific volume, and phase—of the 
input stream match those of the output. Once the circuit is constructed, 
the parameters for the working fluid, warm seawater input, and cold 

seawater input are defined. Adjustments are then made to the pump, 
evaporator, condenser, and turbine to ensure that the output conditions 
align with the initial design specifications.

The working fluid pump increases the pressure by 2.49 bar with an 
efficiency of 0.58, ensuring that the working fluid reaches the required 
operating pressure for stable evaporation under saturated conditions in 
the evaporator. Meanwhile, the seawater pump operates with an effi
ciency of 0.72, providing pressure increases of 0.72 bar and 0.3 bar for 
the condenser and evaporator circuits, respectively. These pressure rises 
are not only intended to circulate fluids through the heat exchangers but 
also to compensate for the pressure drops that occur along the piping 
and heat exchanger passages, thereby maintaining hydraulic stability 
and the overall energy balance of the cycle. The turbine has an efficiency 
of 0.75 and operates with a pressure ratio of 0.722. Once all settings are 
configured, the simulation is executed.

The simulation results show that the working fluid absorbs 
175,784,039 cal/sec (735,972.61 kW) of heat in the evaporator, tran
sitions into a superheated vapor, and passes through the turbine, where 
it reduces its temperature and pressure while increasing its volumetric 
flow rate. In the condenser, although the temperature does not change 
significantly, the phase transition from vapor to liquid requires 
171,492,691 cal/sec (718,005.59 kW) of heat removal. The turbine 
generates − 18,377 kW of power, while the working fluid, warm water, 
and cold-water pumps consume 400, 2098, and 2807 kW of power, 
respectively. These results, along with the flow conditions, are illus
trated in Fig. 6.

The comparison of the simulation results with previous research is 
presented in Fig. 6, where Fig. 6(a) corresponds to the simulation results 
from the earlier study. In contrast, Fig. 6(b) depicts the results obtained 
in the present work. The comparison reveals a remarkable agreement, 
indicating that the patterns of heat transfer, phase transitions of the 
working fluid, and trends in power output observed in this study are 
strongly consistent with the findings reported previously. Table 15
presents a comparison between the simulation results from the previous 
study and those obtained in the present work, focusing on the generator 
power output and the system’s parasitic power. During the last study, 

Table 13 
Cycle input parameters.

Parameter Value

Surface sea water pressure (bar) 1
Deep-sea water pressure (bar) 1
Working fluid temperature 1 ( ◦C) 11.72
Working fluid pressure 1 (bar) 6.47
Working fluid mass flow rate 1 (kg/s) 580

Table 14 
Numerical method benchmarking calculation parameters.

Parameter Value

Generator efficiency ( %) 0.94
Turbine efficiency ( %) 0.75
Heat exchanger thermal conductivity (kW/m2K) 4.693
Total heat transfer area on the evaporator (m2) 41,500
Total heat transfer area of the condenser (m2) 42,500
Working fluid mass flow rate (kg/s) 580
Sea water flow speed (m/s) 1.5
Sea water pipe diameter (m) 1
Length of surface seawater pipe (m) 100
Length of deep-sea water pipe (m) 2800

Fig. 5. Rankine cycle circuit schematic in ASPEN+ software.
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the power output was reported as 18,389 kW, while the current simu
lation produced 18,377 kW, corresponding to an error of only 0.065 %. 
For the parasitic power, the previous result was 5344 kW, whereas the 
present simulation yielded 5296 kW, with an error of just 0.89 %. Both 

the power output and parasitic power show errors of <1 %, confirming 
that the benchmarking simulation is valid.

After the numerical method using ASPEN+ software was validated, 
the validation results from ASPEN+ were compared with those from the 
analytical method (in-house code written in MATLAB), which will be 

Fig. 6. Single cycle simulation results (a) benchmarking [47], and (b) present simulation.

Table 15 
Comparison of simulation results with single-cycle journals.

Parameters Journal [47] Numerical (ASPEN +) Errors

Power Output 18,389 Kw 18,377 kW 0.065 %
Parasitic Power 5344 kW 5296 kW 0.89 %

Table 16 
Comparison of simulation results between numerical and analytical methods.

Parameters Numerical (ASPEN +) Analytical (In-house Code) Errors

Power Output 18,377 kW 18,367 kW 0.05 %
Parasitic Power 5296 kW 5590.5 kW 5.3 %
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used for the overall calculation. The analytical method follows the 
flowchart in Fig. 1 and the calculation process already described in 
subSection 4.1. As shown in Table 16, the difference in power output is 
only 10 kW, or about 0.05 %. The larger difference is found in the 
parasitic power requirement, where the discrepancy between the two 
methods reaches 294.5 kW, or >5 %. Nevertheless, this difference is still 
within a normal range, and therefore, both approaches can be used 
consistently to determine the performance of the OTEC system.

4.2. Power generation analysis results

4.2.1. Power generation performance
The calculations and simulations are evaluated based on several 

parameters, including the power requirement of the working fluid 
pump, the working fluid temperature after the evaporator (T1), the 
working fluid pressure after the evaporator (P1), the working fluid 
temperature after the condenser (T3), the working fluid pressure after 
the condenser (P3) and the power generated by the turbine. The simu
lation is performed by targeting the values of T1, P1, T3 and P3 to match 
those obtained from the calculations. T3 and P3 are input parameters to 
provide the initial temperature and pressure of the working fluid, along 
with the mass flow rate of the working fluid. Once the simulation is 
executed, the results include the turbine power output. The power 
consumed by the working fluid pump is a critical factor, as it signifi
cantly influences T₁ and P₁, which in turn affect the turbine’s power 
output.

Each working fluid has different thermophysical properties; there
fore, system parameters must be adjusted to ensure mass balance. 
Additionally, the efficiencies of the pump and turbine are calibrated to 
realistic values, reflecting plausible operating conditions. The input 
parameters used for each working fluid are listed in Table 17.

Based on the power output and working fluid pump power data 
within the cycle, it is observed that the power output values across 
different working fluids do not differ significantly. As presented in 
Table 18, for example, ammonia produces a power output of 131.278 
kW with a pump power requirement of 2.972 kW, while R-32 yields a 
slightly higher output of 139.70 kW with a pump power requirement of 
11.96 kW. Based on the power output and working fluid pump power 
data within the cycle, it is observed that the power output values across 
different working fluids do not differ significantly. As shown in Table 18, 
R32 achieves the highest gross power of 139.70 kW, but also requires the 
highest pump power of 11.96 kW, resulting in a net output comparable 
to that of other fluids. Ammonia, on the other hand, produces 131.28 kW 
with only 2.97 kW of pump power. This advantage arises from its rela
tively low suction pressure at the pump inlet (P1 ≈ 9.2 bar), which re
duces the compression ratio, combined with a relatively small working 

fluid mass flow rate (7 kg/s). Both factors minimize the required 
pumping work. In contrast, R134a requires the highest mass flow rate 
(44.5 kg/s) and approximately 6.24 kW of pump power, while R32 
operates at a higher P1 (~15.7 bar) with a mass flow rate of 27.8 kg/s, 
which explains its higher pump consumption. In summary, variations in 
pump work among the fluids are directly governed by differences in 
suction pressure and mass flow, with ammonia achieving the most 
favorable balance between net power output, pumping cost, and mass 
flow demand.

4.2.2. Main component specification
Although they have the exact basic component specifications, each 

working fluid requires different component specifications to achieve the 
target power output capacity of 120 kW. The performance of the 
working fluid in OTEC systems can be observed from its component 
requirements. The larger the system components required, the lower the 
performance of the working fluid in the OTEC system. Given that the 
main specifications of the seawater pipes are uniform across all systems, 
variations emerge in the required seawater mass flow rates. As presented 
in Table 19, the mass flow rates of deep and surface seawater differ. This 
is influenced by the pressure loss experienced by seawater as it travels 
through the deep seawater pipe. Due to the greater pipe length, the 
pressure drop in the deep seawater pipeline is significantly higher, even 
when the mass flow rate remains constant.

Furthermore, as shown in Table 19, R134a requires the highest total 
seawater mass flow rate (430 for surface seawater and 410 for deep 
seawater), followed by R22, ammonia, and R32. With the pipe diameter 
kept constant, variations in mass flow rate directly affect the flow ve
locity of seawater. In this context, the relationship between mass flow 
rate and flow velocity is linear; higher mass flow rates lead to higher 
flow velocities. However, the actual flow velocities of seawater through 
the pipes remain relatively low, at approximately 5 × 10–3 m/s across all 
working fluids (see Table 20). This indicates that the current pipe di
mensions are oversized and have not been fully utilized. Consequently, 
either the pipe size could be reduced or the system could be scaled up to 
accommodate a higher power output.

A significant distinction between systems using different working 
fluids lies in the heat exchanger size requirement. As defined in Eqs. (2) 
and 5, to achieve a total heat transfer sufficient to produce 120 kW of 
power, each system must attain the same overall heat transfer 
coefficient-area product (UA value). However, due to varying thermo
physical properties—particularly thermal conductivity—each working 
fluid demands a different number of heat exchanger tubes to meet the 
required UA.

As shown in Table 21, the number of tubes required differs signifi
cantly across the systems, depending on the working fluid. For ammonia 
and R32, the requirements are relatively close, with ammonia requiring 
approximately 4200 tubes for both the condenser and evaporator, while 

Table 17 
Analytical method input parameter.

Parameters Working fluid

Ammonia R22 R32 R134a

Evaporator area (m2) 1029.2 2376.9 1249.7 2940.5
Condenser area (m2) 1029.2 2376.9 1249.7 2940.5
Evaporator U value (kW/m2) 2489.9 2363.6 2556.8 2395.2
Condenser U value (kW/m2) 2203.7 2218.2 2283.8 2258.4
Mass flow rate of working fluid (kg/s) 7 43 27.8 44.5
Mass flow rate of surface seawater 

(kg/s)
415 425 410 430

Mass flow rate of deep-sea water (kg/ 
s)

390 405 390 410

T1 ( ◦C) 22.42 22.2 21.92 21.83
P1 (bar) 9.17 9.6 15.67 6.03
T3 ( ◦C) 14.74 14.55 13.77 14.06
P3 (bar) 7.21 7.73 12.57 4.81
Working fluid pump power (kW) 2.97 8.7 11.9 6.24
Surface sea water pump power (kW) 0.247 0.266 0.238 0.275
Deep-sea water pump power (kW) 4.170 4.669 4.170 4.844

Table 18 
Working fluid simulation results.

Results Ammonia R-22 R-32 R-134

Power output (kW) 131.278 134.309 139.70 133.252
Working fluid pump power (kW) 2.972 8.79 11.96 6.239

Table 19 
Requirements for the mass flow rate of seawater in each system with different 
working fluids.

Working Fluid Sea Water Mass Flow Rate (kg/s)

Surface Deep

Ammonia 415 390
R32 410 390
R22 425 405
R134a 430 410
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R32 requires about 5100 tubes. The difference between these two sys
tems is therefore only about 1100 tubes. In contrast, the systems using 
R22 and R134a require a significantly larger number of tubes, with 
approximately 9700 and 12,000 tubes, respectively, indicating a 
considerably higher design demand.

Under the required number of tubes, the shell diameter of the heat 
exchanger increases proportionally. As presented in Table 22, systems 
utilizing ammonia and R32 as working fluids require shell diameters of 
<1 m In contrast, systems employing R22 and R134a exhibit shell 
diameter requirements exceeding 1 m This outcome highlights the in
fluence of working fluid properties on the dimensional configuration of 
the heat exchanger, particularly in terms of space and material effi
ciency considerations.

In calculating the power production capacity of the generator in the 
OTEC system, the mass flow rate of the working fluid becomes a key 
factor in the calculation. Thus, as the target capacity is 120 kW, the mass 
flow rate of the working fluid used in the future should be able to reach 
or approach the net power output of 120 kW. However, the addition of 
the working fluid flow rate is linear with the increase in the overall 
convection coefficient of the heat exchanger (U). In reality, increasing 
the mass flow rate of the working fluid does not necessarily increase the 
generation and net power output of the OTEC system. As shown in 
Figs. 7–10, the relentless increase of working fluid causes a bell-shaped 
graph of power versus working fluid. In each system with different 
working fluids, it is necessary to consider the mass flow rate corre
sponding to the highest power generation or the point at the top of the 
graph.

Furthermore, the range of working fluid mass flow rates exhibits a 
considerable difference between each system. The system utilising an 
ammonia working fluid displays the lowest mass flow rate range among 
systems employing other working fluids. Conversely, systems employing 
R22 and R134a working fluids exhibit a range of working fluid mass 
flow rates that tend to be similar in magnitude. As shown in Fig. 7,8,9,
Fig. 10, the relentless increase of working fluid causes a bell-shaped 
graph of power versus working fluid. In each system with different 

working fluids, it is necessary to consider the mass flow rate corre
sponding to the highest power generation or the point at the top of the 
graph. Furthermore, the range of working fluid mass flow rates exhibits 
a considerable difference between each system. The system utilising an 
ammonia working fluid displays the lowest mass flow rate range among 
systems employing other working fluids. Conversely, systems employing 
R22 and R134a working fluids exhibit a range of working fluid mass 
flow rates that tend to be similar in magnitude.

The bell-shaped relationship between power and flow rate is 
explained by two main factors: at higher flow rates, pressure losses in the 
heat exchangers increase. In contrast, the temperature driving force for 
heat transfer becomes less effective. These effects counteract the po
tential thermal gain, resulting in a peak point that marks the balance 
between the added pumping work and the heat transfer benefits. The 
optimal flow rate for each working fluid was identified by systematically 
varying the mass flow rate while keeping other parameters constant, and 
selecting the maximum net output observed.

Based on the power versus mass flow rate graph, the optimal mass 
flow rate for each working fluid system has been identified. The corre
sponding values for the four systems using different working fluids are 
presented in Table 23. Consistent with the observed differences in mass 
flow rate ranges, the optimal mass flow rate for each working fluid also 
varies significantly. The system utilizing ammonia demonstrates the 
lowest optimal mass flow rate at 7 kg/s, while R134a and R22 exhibit 
the highest values at 44.5 kg/s and 43 kg/s, respectively.

For further discussion, a sensitivity analysis was conducted by 
varying the component efficiencies by ±5 %, using the reference values 
presented in Table 9. Additionally, the surface and deep seawater tem
peratures were varied by ±1 ◦C. In this analysis, the efficiencies of the 
four components were assumed as a single package, and the same 
approach was applied to the seawater temperatures. Cross variations 
were then performed, resulting in nine possible outcomes for each 
working fluid, as presented in Table 24.

The results indicate that when the efficiencies of all components are 
reduced by 5 %, the target power output cannot be achieved, with the 
net output averaging only around 100 kW for each working fluid. 
Conversely, increasing the component efficiencies by 5 % leads to an 
additional net power output of approximately 24–27 kW. Meanwhile, 
the variation of surface and deep seawater temperatures by ±1 ◦C shows 
no significant effect, with a difference of only about 1 kW in net output.

4.3. Optimization process

The results of the calculations and analysis were obtained after 
identifying the most optimal OTEC system using four selected working 
fluids. These fluids are ammonia, R32, R22, and R134a, which were re- 
evaluated to determine the most suitable working fluid. The selection 
was based on the overall performance of each fluid within the OTEC 
system.

4.3.1. Power generation parameters
As in the initial assessment of the ten working fluids, the enthalpy 

evaluation of the four selected working fluids — namely, ammonia, R32, 
R22, and R134a — is conducted using the same criteria. The assessment 
uses a scale ranging from 1 to 5, with ammonia receiving the highest 
score, while R134a and R22 obtain the lowest score of 1. The range of 
values for each parameter is presented in Table 25.

The flow rate of the working fluid is a primary determinant of the 
system’s power generation capacity. A lower working fluid flow rate 
tends to enhance heat exchange efficiency. However, it also influences 
the power requirement of the working fluid pump, although this effect is 
not always dominant. The working fluid flow rate is assessed on a 
maximum scale of 4, based on the established criteria. A lower seawater 
flow rate can reduce the operational load on the seawater pumps and 
consequently decrease the overall power requirement. The characteris
tics of each working fluid, particularly its thermal conductivity, 

Table 20 
Seawater flow speed requirements in each system with different working fluids.

Working fluid Velocity × 10–3 (m/s)

Surface Deep

Ammonia 5.2 4.8
R32 5.1 4.8
R22 5.3 5.0
R134a 5.4 5.1

Table 21 
The required number of tubes is between each system, which uses different 
working fluids.

Working fluid Number of tubes

Evaporator Condenser

Ammonia 4200 4200
R32 5100 5100
R22 9700 9700
R134a 12,000 12,000

Table 22 
Shell diameter requirements between systems with different working fluids.

Working fluid Shell diameter (m)

Evaporator Condenser

Ammonia 0.83 0.83
R32 0.90 0.90
R22 1.16 1.16
R134a 1.26 1.26

R. Adiputra et al.                                                                                                                                                                                                                               Results in Engineering 28 (2025) 108086 

14 



significantly influence the required mass flow rate of seawater. The 
assessment of seawater flow rate is based on the deep seawater mass 
flow rate, which serves as a standard reference for comparison.

The heat exchanger assessment considers two primary factors: the 
number of tubes and the shell diameter. Since the shell diameter is 
directly and linearly related to the number of tubes, the evaluation fo
cuses mainly on the number of tubes required for each working fluid 
system. The total pump power requirement, also known as parasitic 
power, plays a crucial role in selecting the optimal working fluid, as it 
significantly affects the system’s operational load. For this analysis, all 
working fluids are assumed to generate the same annual electricity 
output based on a fixed capacity target of 120 kW. Although the dif
ferences in electricity output are not substantial, the annual electricity 
production remains a key parameter in the overall evaluation of working 
fluid performance.

4.3.2. Safety, environmental, and cost parameters
In addition to evaluating the efficiency of each working fluid in 

power generation, it is also essential to consider the safety of the system 

and its environmental impact. These aspects are critical to ensure the 
feasibility and sustainability of OTEC operations. Therefore, safety and 
environmental parameters are integrated into the overall assessment. 
For the flammability parameter, a maximum score of 4 is used. In this 
category, only ammonia receives a score of 2 due to its higher flam
mability risk, while R134a and R22 each receive the maximum score of 
4, indicating non-flammable characteristics. In terms of toxicity, 
ammonia again gets a lower score of 2, whereas R32, R22, and R134a 
are each assigned a score of 4, reflecting a higher level of safety for 
handling and use.

Regarding environmental impact, the Global Warming Potential 
(GWP) of each working fluid is considered, as listed in Table 6. A higher 
GWP value represents a greater risk if the fluid leaks into the environ
ment. Based on the GWP evaluation, R134a and R22 are assigned the 
lowest score of 1 due to their significant environmental impact. Mean
while, R32 receives a score of 3, and ammonia achieves a score of 5, 
indicating minimal global warming potential. The cost parameter is 
assessed using a maximum score of 5. Working fluids with a market cost 
below $1000 are given the highest score of 5, while those exceeding this 

Fig. 7. Results of power generation in a system with ammonia working fluid.

Fig. 8. Results of power generation in a system with R32 working fluid.
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cost threshold are assigned a score of 4. According to this assessment, 
ammonia is rated 5, while R32, R22, and R134a each receive a score of 
4.

4.3.3. Optimization results
The results of the assessment, covering all parameters including the 

performance and characteristics of the four working fluids, are pre
sented in Table 26. Ammonia and R32 achieved the highest total scores 
compared to R22 and R134a. Ammonia leads with a total score of 37, 
maintaining a significant margin of 9 points above R32 in second place. 
This high score is primarily attributed to ammonia’s superior 

Fig. 9. Results of power generation in a system with R22 working fluid.

Fig. 10. Results of power generation in a system with R134a working fluid.

Table 23 
Best mass flow rate for each working fluid.

Working fluid Mass flow rate of working fluid (kg/s)

Ammonia 7
R32 27.8
R22 43
R134a 44.5

Table 24 
Sensitivity analysis.

Working 
Fluid

Component 
efficiencies

Net Power Output (kW)

Temperature 
− 1 ◦C

Temperature 
+0 ◦C

Temperature 
+1 ◦C

Ammonia − 5 % 99.357 100.773 100.291
+0 % 121.240 122.977 122.424
+5 % 145.725 147.821 147.187

R32 − 5 % 99.464 98.506 98.603
+0 % 123.874 122.817 123.065
+5 % 151.045 149.871 150.280

R22 − 5 % 98.492 98.676 98.410
+0 % 121.829 121.073 122.077
+5 % 147.996 147.159 148.447

R134a − 5 % 100.267 99.913 99.977
+0 % 123.599 123.098 123.112
+5 % 149.634 148.974 148.934
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performance across nearly all evaluated parameters. In contrast, the 
performance scores of R22 and R134a remain relatively low, mostly 
ranging between 1 and 2. These results indicate that ammonia and R32 
not only demonstrate better thermodynamic performance but also 
require more efficient system components, making them more favour
able for OTEC system applications under the specified design 
assumptions.

To ensure the robustness of the results, a sensitivity analysis was 
performed with ±10 % adjustments in the weighting factors. In this test, 
parameters with a maximum score of 5 were reduced by 10 % of their 
values, while those with a maximum score of 4 were increased by 10 %. 
The results, as shown in Table 27, indicate that the optimization still 
yields the same ranking of working fluids: Ammonia, R32, R22, and 
R134a. This consistency occurs because Ammonia also demonstrates 
superior values in the parameters with a maximum score of 4, thereby 
maintaining its leading position in the overall ranking.

5. Conclusions

OTEC power plants represent a type of marine renewable energy that 
generates electricity indirectly from solar energy by utilizing the tem
perature difference between warm surface seawater and cold deep 
seawater. This study addressed the challenges of selecting a working 
fluid and designing a preliminary cold-water pipeline, both of which 
significantly influence energy conversion in closed-cycle systems. 
Importantly, the study contributes by integrating multi-criteria 
screening with validated cycle modeling, explicitly linking 
component-level implications—such as tube counts, shell diameters, 
and seawater flow requirements—to the choice of working fluids for 
OTEC systems. This novelty highlights how fluid selection translates into 
practical design consequences and ultimately determines the achievable 
net power output.

The selection of the working fluid was conducted in two stages. The 
initial screening included ten candidate fluids: ammonia, R152a, R134a, 
R32, R22, R1270, R600a, R290, R744, and R245fa. Selection criteria 
included generation characteristics, safety (in terms of flammability and 

toxicity), and cost. Four fluids with the highest scores—ammonia, 
R134a, R32, and R22—advanced to the detailed cycle analysis stage.

In the second stage, the influence of these fluids on leading equip
ment (heat exchanger and working fluid pump) and generation perfor
mance (capacity factor, efficiency, annual electricity) was evaluated. 
Ammonia achieved the highest overall score due to its very high latent 
heat (1169.95 kJ/kg) and low cost, consistent with previous studies [26,
29]. Its toxicity (NFPA health rating 3) lowers its safety score, but its 
thermodynamic advantage outweighs this. R32 delivered slightly higher 
gross power (139.7 kW) but required higher suction pressure (P1 =

15.67 bar) and pump work, which reduced its net output and penalized 
its total score. R22 (P1 = 9.6 bar) and R134a showed lower efficiency, 
lower enthalpy (R22: 183.73 kJ/kg; R134a: 178.7 kJ/kg), larger heat 
exchangers, and higher GWP (R22: 1760; R134a: 1300), which explains 
their lower ranks. R32 outperforms R22/R134a by balancing moderate 
enthalpy (272.93 kJ/kg) with mid-range GWP (677), offering a prag
matic compromise between performance and environmental impact. It 
should be noted that the use of R22 and R134a, both with high GWP, 
requires particular attention due to their ecological impacts; in this 
study they are included only for comparison, given regulatory concerns 
over their high GWP and non-zero ODP.

This study assumes fixed ambient conditions (26 ◦C/4.5 ◦C) and 
constant system efficiencies. Seasonal ocean temperature variations, 
fouling, or other operational effects were not considered. Future work 
could investigate how fluid rankings change in response to variations in 
ocean temperature or different scale-up targets. Additionally, only pure 
single-component fluids were considered. Prior work suggests ammo
nia–water mixtures may further improve OTEC performance; future 
studies could extend the framework to explore novel low-GWP re
frigerants (e.g., R1234ze) and assess their potential performance and 
environmental advantages in OTEC systems. While the current analysis 
is deterministic, the robustness of the rankings to small parameter 
changes could be explored; given ammonia’s considerable enthalpy 
advantage, its top ranking is expected to be robust.

Choosing ammonia can significantly reduce equipment size (heat 
exchanger and pumps), potentially lowering capital costs despite stricter 
safety requirements. R32 may be considered if ammonia use is 
restricted, though its higher pumping cost offsets part of its higher 
thermal output.
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Table 25 
Range of values for the parameters.

Point Working 
fluid flow 
rate (kg/ 
s)

Seawater 
flow rate 
(kg/s)

Number of 
heat 
exchanger 
tubes

Pump power 
requirements 
(kW)

Annual 
electrical 
energy 
production 
(MWh)

4 1 – 10 300 – 350 2500 – 
5000

1 – 5 30 – 50

3 10 – 20 350 – 400 5000 – 
7500

5 – 10 20 – 30

2 20 – 30 400 – 450 7500 – 
10,000

10 – 15 10 – 20

1 30 – 50 450 – 500 10,000 – 
15,000

15 – 20 1 – 20

Table 26 
Results of the assessment of the four working fluids.

Parameters Ammonia R32 R22 R134a

Enthalpy 5 2 1 1
Working fluid flow rate 4 2 1 1
Sea water flow rate 3 3 2 2
Heat exchanger 4 3 2 1
Parasitic power 3 1 2 2
Annual energy production 4 3 2 1
Flammability 2 3 4 4
Toxicity 2 4 4 4
GWP 5 3 1 1
Cost 5 4 4 4
TOTAL 37 28 23 21

Table 27 
Results of the sensitivity test of the four working fluids.

Parameters Ammonia R32 R22 R134a

Enthalpy 4.5 1.8 0.9 0.9
Working fluid flow rate 4.4 2.2 1.1 1.1
Sea water flow rate 3.3 3.3 2.2 2.2
Heat exchanger 4.4 3.3 2.2 1.1
Parasitic power 3.3 1.1 2.2 2.2
Annual energy production 4.4 3.3 2.2 1.1
Flammability 2.2 3.3 4.4 4.4
Toxicity 2.2 4.4 4.4 4.4
GWP 4.5 2.7 0.9 0.9
Cost 4.5 3.6 3.6 3.6
TOTAL 37.7 29 24.1 21.9
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