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Abstract: There is a need to reduce carbon dioxide emissions to mitigate the effects of climate change. 

One of the solutions lies in ocean thermal energy conversion (OTEC) systems. When reviewing the 

literature, it is evident that the exergy analysis of these systems does not follow any established standard. 

Therefore, a standard is proposed in this work: to consider the reference environment temperature as the 

temperature of the warm surface water and associate the cold deep-water temperature with the exergy 

input of the cycles. Firstly, reversible power cycles are studied. Subsequently, an organic Rankine cycle 

(ORC) is analyzed. Approaches found in the literature are also applied to analyze the ORC. It is shown 

that, for any reversible power cycle, when the hot reservoir temperature equals the reference 

environment temperature, the work produced by the cycle equals the exergy accompanying the heat 

transfer associated with the cold reservoir temperature. For an ORC, taking the reference environment 

temperature as the warm surface water temperature and considering the exergy input as the exergy 

change of the deep cold water in the condenser generates robust and coherent results. The proposed 

standard can contribute to the systematic advancement of scientific knowledge on OTEC systems. 

 

Keywords: engineering thermodynamics; exergetic efficiency; ORC; OTEC; second law analysis.   
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1 INTRODUCTION 

 The world is facing a catastrophic 

period concerning the environment. 

Climate change is a reality, and humanity 

must act to, at the very least, mitigate the 

effects of these changes. Science has shown 

that increasing carbon dioxide sinks and 

reducing sources of this gas are urgent 

actions that must be taken. Regarding 

emissions, electricity generation from fossil 

energy sources is among the main 

contributors. Due to this, the world is 

undergoing an energy transition aimed at 

decarbonization. 

Renewable energy sources have 

been employed in the energy transition. 

Solar, wind, biomass, and geothermal 

energy have been applied, and their 

technologies are continuously being 

developed. The utilization of waste, 

whether organic waste or residual heat, for 

electricity generation has also gained 

prominence. 

Regarding renewable sources, there 

is also a focus on the oceans. Systems to 

convert energy from waves and tides have 

been proposed. Additionally, the oceans 

hold potential for electricity generation due 

to the temperature gradient that exists in the 

vertical direction. To exploit this potential, 

ocean thermal energy conversion (OTEC) 

systems have been proposed. Despite the 

high cost of implementation, a relevant 

feature of these systems is that they offer 

superior stability compared to solar and 

wind energy systems (Xiao and Gulfam 

2023). 

For the performance evaluation of 

energy conversion systems, including 

OTEC, a widely used tool is exergy 

analysis. The main objective is to identify, 

in light of the second law of 

thermodynamics, the inefficiencies in the 

thermodynamic processes associated with 

the system's components. Based on the 

results of this analysis, decisions can be 

made for resource conservation (de Oliveira 

Junior 2013). 

There are dozens of published 

studies on the exergy analysis of OTEC 

systems or energetically integrated systems 

that include an OTEC power cycle. Despite 

the notable efforts of researchers to analyze 

such systems, aiming for improvements or 

optimization, there is no standard regarding 

the definition of fundamental information to 

carry out the exergy analysis. Thus, the 

comparison of results from different studies 

is weakened. 

Table 1 presents citations of studies 

that employed exergy analysis on systems 

composed of OTEC. The selected and 

presented information includes the warm 

surface ocean water temperature, the 

reference environment temperature, and the 

definition of exergy input for the calculation 

of exergetic efficiency of the power cycle. 

In general, it is possible to see that not all 

three selected pieces of information are 

always available. Furthermore, it can be 

observed that the choice of the reference 

environment temperature does not 

correspond to TW except in four studies. 

Additionally, there is no single definition of 

exergy input and, consequently, of the 

calculation of exergetic efficiency. It is 

emphasized that net exergy refers to the 

exergy change of a material flow passing 

through a heat exchanger, while gross 

exergy is the flow exergy at a specific point. 

 

Table 1: Temperatures of warm water, reference environment, and exergy inputs 
Study Tw T0 Exergy input 

Yilmaz (2019) 30–35 °C 20 °C Net exergy of the water entering 

the evaporator. 

Malik et al. (2020) <24–30 °C - Gross exergy of the water entering 

the evaporator and condenser. 

Ahmadi et al. (2013) 22 °C 25 °C Gross exergy of the water entering 

the evaporator and condenser. 
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Yoon et al. (2013) 25 °C 30 °C Exergy associated with the heat 

entering the evaporator. 

Talluri et al. (2021) 29.56 °C 15 °C - 

Ma et al. (2022) 28 °C - - 

Ishaq et al. (2019) 28 °C 25 °C Gross exergy of the water entering 

the evaporator and condenser. 

Sun et al. (2012) 25–31 °C 20 °C Gross exergy of the water entering 

the evaporator and condenser. 

Gao et al. (2024) 31 °C 35 °C Net exergy of the water entering 

the evaporator, superheater, and 

condenser, as well as the power of 

the pump and expander. 

Haroon et al. (2022) 28 °C 10 °C Exergy associated with the heat 

entering the evaporator. 

Basta et al. (2021) 29.6 °C - Net exergy of the water entering 

the evaporator and condenser. 

Chen et al. (2016) 27–31 °C - - 

Jung et al. (2016) 26.19 °C -40 °C Net exergy of the water entering 

the evaporator. 

Yasunaga et al. (2021) 29–31 °C - A mathematical expression as a 

function of the mass flow rates, 

specific heats, and temperatures of 

the water entering the evaporator 

and condenser. 

Ofosu-Adarkwa and Hao 

(2017) 

25–40 °C 25 °C Net exergy of the water entering 

the evaporator. 

Doorga et al. (2018) 25 °C 5 °C Exergy associated with the heat 

entering the evaporator. 

Zhou et al. (2020) 29 °C 25 °C Net exergy of the water entering 

the evaporator. 

Zhu et al. (2022) 29 °C 25 °C Net exergy of the water entering 

the evaporator and condenser. 

Du et al. (2024) 25 °C TW - 

Khanmohammadi et al. 

(2020) 

23 °C 20 °C Exergy associated with the solar 

heat entering the collector. 

Hernández-Romero et al. 

(2020) 

24–31 °C 25 °C Gross exergy of the water entering 

the evaporator and condenser, and 

exergy associated with the solar 

collector. 

Hasan and Dincer (2020) 26 °C 4.5 °C Exergy associated with the heat 

entering the evaporator. 

Khosravi et al. (2019) 27 °C 20 °C Gross exergy of the water entering 

the evaporator and condenser. 

Zhou et al. (2021) 29 °C 25 °C Net exergy of the water entering 

the evaporator. 

Zhang et al. (2022) 27–32 °C 20 °C Net exergy of the water entering 

the evaporator. 

Ma et al. (2024) 28 °C 5 °C Net exergy of the water entering 

the evaporator. 

Hoseinzadeh et al. (2024) 27.5 °C 25 °C Gross exergy of the water entering 

the evaporator, condenser, and 

power of the pump. 

Hoseinzadeh et al. (2023) 30 °C 25 °C Exergy associated with solar 

radiation. 
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Kim et al. (2017) 28 °C 20 °C Exergy associated with the heat 

entering the evaporator, using the 

cold-water temperature as the 

reference temperature. 

Wang et al. (2018) 22–27 °C 20 °C Gross exergy of the water entering 

the evaporator, condenser, and 

power of the pump. 

Langer et al. (2022) 23.7–29.2 °C 6–9 °C Gross exergy of the water entering 

the evaporator. 

Colorado-Garrido et al. 

(2024) 

28 °C 0 °C Net exergy of the water entering 

the evaporator. 

Zhang et al. (2024) 26–31 °C 35 °C Net exergy of the water entering 

the evaporator and superheater. 

Huo et al. (2023) 30 °C TW Net exergy of the water entering 

the evaporator and superheater. 

Fan et al. (2024) 28 °C - Net exergy of the water entering 

the evaporator and superheater. 

Zhang et al. (2024) 22–34 °C -52 °C Exergy associated with the heat 

leaving the condenser. 

Dezhdar et al. (2023) 30 °C 25 °C Exergy associated with solar 

radiation. 

Zhang et al. (2023) 20–35 °C TW Exergy associated with the heat 

entering the generator and leaving 

the condenser. 

Yilmaz et al. (2024) 28–38 °C 25 °C Net exergy of the water entering 

the evaporator. 

Soyturk and Kizilkan 

(2024) 

21–28 °C 20 °C Gross exergy of the water entering 

the evaporator. 

Zoghi et al. (2024) 22–36 °C 20 °C Gross exergy of the water entering 

the evaporator and condenser, and 

exergy associated with the solar 

collector. 

Zainul et al. (2024) 30 °C 25 °C - 

Ishaq and Dincer (2020) 28 °C 0–30 °C Gross exergy of the water entering 

the evaporator and condenser. 

Tian et al. (2023) 30 °C 15 °C Net exergy of the water entering 

the evaporator and condenser, and 

the power of the pump. 

Yuan et al. (2015) 26 °C 25 °C Exergy associated with the heat 

entering the generator. 

Yilmaz et al. (2018) 10–40 °C 0–40 °C Net exergy of the water entering 

the evaporator. 

Xiao et al. (2024) 30 °C 6 °C Net exergy of the water entering 

the evaporator. 

Geng and Gao (2023) 25 °C TW Gross exergy of the water exiting 

the auxiliary heat subsystem. 

Assareh et al. (2021) 30 °C 25 °C Exergy associated with the solar 

collector and gross exergy of the 

warm surface water. 

Azhar et al. (2017) 28 °C 15–25 °C Net exergy of the water entering 

the evaporator. 

Yuan et al. (2014) 28–33 °C 25 °C Exergy associated with the heat 

entering the generators and 

reheater. 
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Ahmadi et al. (2015) - 25 °C Gross exergy of the water entering 

the evaporator and condenser, and 

exergy associated with the solar 

collector. 

Sun et al. (2017) 25 °C 20 °C Exergy associated with solar 

radiation. 

Bahari et al. (2024) 30 °C 25 °C Exergy associated with solar 

radiation. 
Source: The author. 

 

The organic Rankine cycle (ORC), 

with or without modifications, was the 

system chosen in most of the cited studies. 

In Basta et al. (2021), Du et al. (2024), and 

Xiao et al. (2024), the Kalina cycle was 

studied. In Ofosu-Adarkwa and Hao (2017), 

the Goswami cycle was analyzed. In Zhu et 

al. (2022), the Uehara cycle was evaluated. 

Fan et al. (2024) separately assessed the 

Organic Rankine Cycle and the Kalina 

cycle. Zhang et al. (2023), Yuan et al. 

(2015), and Yuan et al. (2014) studied 

cycles with ejectors. 

One study not cited in Table 1 is the 

work published by Yasunaga et al. (2021). 

A definition for the reference environment 

temperature is proposed, which is the 
equilibrium temperature between the warm 

water from the evaporator and the cold 

water from the condenser, according to their 

respective mass flow rates, specific heats, 

and temperatures. This approach could have 

physical meaning if, for example, both 

flows were intended for an insulated mixing 

tank. Alternatively, it could have physical 

significance if the flows were discharged at 

the depth corresponding to that temperature. 

However, in real systems, this is not the 

case. The intake of warm water occurs at 

approximately 20 meters depth. To avoid 

discharging warm water and minimize the 

environmental impacts of this water 

returning to the ocean, it is sufficient for the 

outflow streams to be discharged at 

approximately 60 meters depth (Vega 

2012). On the other hand, there is data 

showing that the average depth of the 

ocean's isothermal layer is increasing over 

time (Chu and Fan 2020). As of 2017, the 

average depth of the isothermal layer was 

67.5 m, meaning that up to this depth, the 

water temperature can be considered 

constant from the ocean's surface. 

In Yasunaga and Ikegami (2020), a 

similar approach was applied. The reference 

environment temperature was interpreted as 

the equilibrium temperature at which both 

reservoirs of warm water and cold water 

would be found. This situation was defined 

as "the dead state of OTEC." 

Another article not cited in Table 1 

is the one written by Fachina (2016). In this 

article, the possibility of using an OTEC 

system to supply a seawater desalination 

system in the context of the northeastern 

region of Brazil is analyzed. Although not 

applied in the proposed modeling, the 

concept of exergy is discussed. The 

temperature of the cold water was taken as 

the reference environment temperature. In 

this case, the exergy of the warm surface 

water was calculated. 

In light of the above, the objective 

of this work is to propose and evaluate a 

standard for the exergy analysis of OTEC 

power cycles: to take the reference 

environment temperature as the temperature 

of the warm surface water and associate the 

temperature of the cold deep water with the 

exergy input of the cycles. It is understood 

that the warm surface water of the oceans, 

which represents the local physical 

environment, corresponds to the reference 

environment, while the cold deep water is 

the material resource to be obtained from 

the effort, similar to geothermal energy, 

solar energy, etc., in conventional power 

systems. 

There are two novelties presented in 

this work. First, it involves the proposal of 

the standard itself and its application to an 

OTEC system based on ORC. As shown in 
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Table 1, there are no published studies with 

this approach. Additionally, an exergetic 

study is conducted on reversible power 

cycles that operate below the reference 

environment temperature. Even basic 

thermodynamics textbooks do not address 

this topic. 

This work contributes to the 

systematic advancement of scientific 

knowledge regarding OTEC systems. 

Based on the standard proposed in this 

work, the comparison of results from 

different studies can be made consistently. 

This could support the advancement of the 

implementation of OTEC systems. 

 

2 MATERIALS AND METHODS 

 Two types of systems are addressed 

from an exergetic perspective in this work. 

First, reversible power cycles are analyzed. 

Subsequently, an ORC is examined, as it is 

the most analyzed type of OTEC system for 

electricity generation according to the 

literature. All models are simulated using 

the Engineering Equation Solver 

computational software (F-Chart Software 

2017). 

 

2.1 REVERSIBLE POWER CYCLES 

 Reversible power cycles are 

theoretical cycles that do not present 

internal or external irreversibilities in their 

operation. Thus, these cycles can be 

interpreted as a perfect model of real power 

systems based on thermodynamic cycles, 

serving as a reference model. Therefore, it 

is necessary to start the analysis with 

theoretical cycles before proceeding to real 

systems, such as the ORC. 

 As real power systems usually 

operate at temperatures above the reference 

environment temperature, generally taken 

as the air temperature, the typical model for 

reversible cycles follows the logic of setting 

the cold reservoir temperature equal to the 

environment temperature. From an 

exergetic perspective, an example can be 

found in a citation from the textbook by 

Çengel et al. (2023): 

For a heat engine, the exergy 

expended is the decrease in the 

exergy of the heat transferred to 

the engine, which is the 

difference between the exergy 

of the heat supplied and the 

exergy of the heat rejected. (The 

exergy of the heat rejected at the 

temperature of the surroundings 

is zero.) The net work output is 

the recovered exergy. 

 

 In this work, it is proposed to set the 

hot reservoir temperature equal to the 

environment temperature, that is, the 

temperature of the warm surface water. 

Figure 1 illustrates two schematic diagrams 

of a reversible power cycle, one showing 

energy transfers and the other showing 

exergy transfers. As TW > TC, from an 

energy perspective, nothing changes 

compared to what is already known. 

However, from an exergetic perspective, 

the exergy input is associated with the cold 

reservoir. Additionally, since TW = T0, the 

exergy transferred to the hot reservoir is 

zero. As the cycle is reversible, the work 

generated by the cycle must be equal to the 

exergy input. The demonstration of this 

statement is available in Appendix A. 

 

Figure 1: Schematic diagrams of a 

reversible power cycle: (a) energy 

transfers, (b) exergy transfers 

 
Source: The author. 
 

 To enhance the consistency of the 
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analyzed. Basic thermodynamics textbooks, 

such as Çengel et al. (2023) and Moran et 

al. (2018), indicate that there are 

specifically three reversible power cycles: 

the Carnot, Stirling, and Ericsson cycles. 

 The four processes that make up the 

Carnot cycle are isentropic expansion, 

isothermal heat rejection at TC, isentropic 

compression, and isothermal heat addition 

at TW. The other two cycles differ from the 

Carnot cycle because there are no isentropic 

processes. In the Stirling cycle, these 

processes are replaced by isochoric 

regeneration processes. In the Ericsson 

cycle, there are two isobaric regeneration 

processes. Regeneration is the internal heat 

transfer from the working fluid to a thermal 

energy storage in one process, followed by 

the internal heat transfer from the storage 

back to the working fluid in another 

process. 

 The P-v and T-s diagrams of the 

cycles are presented in Figure 2. For the 

Stirling and Ericsson cycles, the working 

fluid is modeled as an ideal gas. This is not 

the case, however, for the Carnot cycle. The 

adoption of a real fluid, with phase change 

occurring during the cycle, is due to its 

association with what happens in real 

systems, such as the ORC. Nevertheless, 

there is no loss of generality in the proposed 

approach if an ideal gas were adopted for 

the Carnot cycle. All cycles can be analyzed 

from the perspective of a closed system or 

as control volumes operating under steady-

state conditions. Therefore, there is a 

combination of six cycles. 

 Equations 1 and 2 represent the 

energy balance per unit mass for a closed 

system and for a control volume, 

respectively. The work per unit mass for a 

closed system and for a control volume can 

be calculated according to Equations 3 and 

4, respectively. It is emphasized that the 

expressions are presented according to the 

sign convention. With the results of the 

energy balances, the net amount of work per 

unit mass exchanged between the system 

and its surroundings can be accounted for. 

This amount must be equal to the specific 

exergy associated with the heat transfer at 

TC. 

 

𝑞𝐶𝑆 − 𝑤𝐶𝑆 = ∆𝑢  (1) 

 

𝑞𝐶𝑉 − 𝑤𝐶𝑉 = ∆ℎ  (2) 

 
𝑤𝐶𝑆 = ∫ 𝑃 𝑑𝑣   (3) 

𝑤𝐶𝑉 = − ∫ 𝑣 𝑑𝑃  (4) 

 

Table 2 presents the input data for 

the baseline cases. The temperature of the 

cold water at a depth of 1 km was obtained 

from Xiao and Gulfam (2023) and is taken 

here as TC. The values of CR for the Stirling 

cycle, PR for the Ericsson cycle, and P1 for 

both cycles are arbitrarily chosen. The 

temperature of the warm surface water is 

also arbitrarily determined. It is emphasized 

that a parametric analysis will be conducted 

later. 

For OTEC based on ORC, 

Bernardoni et al. (2019) showed that the 

best economic performance was achieved 

using ammonia, R-32, and propylene. 

Therefore, these are the fluids chosen for 

the Carnot cycle. Katooli et al. (2020) 

simulated a real Stirling engine considering 

three different fluids, namely helium, 

nitrogen, and hydrogen. Thus, these gases 

are also considered for the Stirling cycle. 

The three gases adopted for the Ericsson 

cycle are the same as those for the Stirling 

cycle. This approach was utilized by Costa 

and MacDonald (2018) and is applied here 

as well. 

 

2.2 ORGANIC RANKINE CYCLE 

Figure 3 shows the schematic 

diagram of the analyzed ORC. The gray 

arrows indicate the working fluid. The 

ocean water is represented by the dashed 

black arrows. Power is transferred 

according to the solid black arrows. The 

difference between the power produced by 

the turbine and the power demanded by the 

pump flows to the surroundings of the 

cycle, with the circle representing a power 

distributor. An electric generator is coupled 
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to the turbine shaft, and an electric motor 

drives the pump. The working fluid is 

vaporized in the evaporator and directed to 

the turbine. Power is generated, and the 

working fluid exits the turbine to be 

condensed in the condenser. The pump 

draws liquid from the condenser and pumps 

this pressurized liquid to the evaporator. 

The warm surface water interacts with the 

evaporator, while the cold deep water 

exchanges heat with the condenser. The 

ocean water pumps are not taken into 

account because the focus is on the analysis 

of the cycle itself. However, this does not 

affect the arguments presented in this work 

if such pumps were to be considered. 

 

 

Figure 2: P-v and T-s diagrams of the (a) Carnot, (b) Stirling, and (c) Ericsson cycles 

 

 
 

 

 
Source: The author.
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Table 2: Input data for the reversible cycles 

for the baseline cases 
Parameter Carnot Stirling Ericsson 

P0 [kPa] - 101.325 101.325 

T0 [°C] 25 25 25 

TC [°C] 4 4 4 

CR = v1/v2 - 3 - 

PR = P3/P2 - - 3 

P1 - P0 P0 
Source: The author. 
 

Figure 3: Schematic diagram of the ORC 

 
Source: The author. 
 

The assumptions for modeling the ORC 

are listed below: 

 The components of the cycle 

operate under steady-state 

conditions. 

 There is no significant heat loss in 

the cycle components. 

 Kinetic and potential energy 

changes are neglected. 

 There is no significant pressure drop 

in the heat exchangers. 

 Saturated vapor exits the 

evaporator. 

 Saturated liquid exits the condenser. 

 Ocean water is considered as pure 

water in the saturated liquid state. 

The temperature distributions in the 

evaporator and condenser are graphically 

represented in Figure 4. In the analyzed 

ORC, there is superheated vapor at the 

condenser inlet and compressed liquid at the 

evaporator inlet. Thus, the pinch points of 

the heat exchangers must be considered for 

the modeling to be consistent. 

 

 

 

 

Figure 4: Graphical representation of the temperature distributions in the evaporator and 

condenser 

 
Source: The author. 
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(K). The fractions of exergy destruction and 

loss relative to the exergy input of the ORC 

are defined according to Equations 8 and 9. 

The exergetic efficiency of the ORC is 

calculated using Equation 10. 
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0 = −�̇� + ∑ �̇�𝑖(ℎ𝑖 − ℎ𝑜)   (5) 

 

0 = −�̇� + ∑(𝐸�̇�𝑓,𝑖 − 𝐸�̇�𝑓,𝑜) − 𝐸�̇�𝐷   (6) 

 

𝐸�̇�𝑓,𝑖 − 𝐸�̇�𝑓,𝑜 = �̇�𝑖[ℎ𝑖 − ℎ𝑜 − 𝑇0(𝑠𝑖 − 𝑠𝑜)] (7) 

 

𝑦𝐷 =
𝐸�̇�𝐷

𝐸�̇�𝑖,𝑂𝑅𝐶
  (8) 

 

𝑦𝐿 =
𝐸�̇�𝐿

𝐸�̇�𝑖,𝑂𝑅𝐶
  (9) 

 

𝜀𝑂𝑅𝐶 =
�̇�𝑂𝑅𝐶

𝐸�̇�𝑖,𝑂𝑅𝐶
  (10) 

 

To better assess the proposed 

standard, three definitions for the exergy 

analysis of the ORC are applied. In each 

definition, a reference environment 

temperature and an exergy input are 

adopted. Definition 1 is associated with the 

proposed standard. The net exergy of the 

condenser water enters the cycle. Part of it 

is destroyed in the four components of the 

ORC. Another part is converted into net 

power. The remainder is lost with the 

evaporator water, represented by the net 

exergy of that water. 

 

In Definition 2, it is ensured that there is a 

reduction in the net exergy of the evaporator 

and condenser water. A temperature of 5°C 

below Two is arbitrarily chosen. However, 

there is no loss of generality in the 

arguments presented, as long as T0 > Tco. 

For Definition 2, there is no exergy lost to 

the surroundings of the ORC. 

 For Definition 3, the ORC is treated 

conventionally, that is, like ORCs that 

operate at temperatures above the reference 

environment temperature (air). The net 

exergy of the evaporator water feeds the 

ORC, with part of it being destroyed in the 

cycle components, another part converted 

into net power, and the remainder lost to the 

surroundings of the ORC via the condenser 

water. 

 The three definitions are listed in 

Table 3. In all definitions, the gross exergy 

of the water entering the evaporator and/or 

condenser is not considered. From a rational 

perspective, the net exergies of the water are 

the exergies associated with the operation of 

the cycle itself. Additionally, a definition 

with T0 < Two and with the exergy input 

equal to the net exergy of the water entering 

the evaporator is not considered, as 

inconsistent results are obtained from such 

a definition. Nevertheless, for informational 

purposes, the simulation results considering 

this definition are presented in Appendix B. 

 

Table 3: Definitions for the exergy analysis 

of the ORC 
Definition T0 Exergy input 

1 Twi Net exergy of the 

water entering the 

condenser. 

2 Two - 5°C Net exergy of the 

water entering the 

evaporator and 

condenser. 

3 Tci Net exergy of the 

water entering the 

evaporator. 
Source: The author. 
 

The input data for the ORC 

simulations are presented in Table 4. All 

data were obtained from the optimized 

ORC, whose working fluid is R-134a, as 

reported by Yang et al. (2022). 

 

Table 4: Input data for the ORC 

simulations 
Parameter Amount 

ṁR-134a 7.117 kg/s 

ηtrb 0.80 

ηpmp 0.60 

τgen 0.90 

τmtr 0.90 

Twi 28°C 

Tci 4 °C 

Tevp 23.24 °C 

Tcnd 11.50 °C 

ΔTpp,evp 1.48 °C 

ΔTpp,cnd 1.78 °C 
Source: The author. 
 

Only for Definition 1, a parametric 

analysis is conducted to obtain generalized 

information about the thermodynamic 
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robustness of the proposed standard. The 

influence of the pinch points of the two heat 

exchangers and the isentropic efficiencies 

of the two machines on the respective rates 

of exergy destruction and fractions of 

exergy destruction is analyzed. 

 

3 RESULTS AND DISCUSSION 

 The results of the simulations for the 

baseline cases and the parametric study are 

presented and discussed for the reversible 

power cycles. For the ORC, the results of 

the simulations for the three definitions and 

the parametric analysis of the definition 

corresponding to the proposed standard are 

shown. 

3.1 REVERSIBLE POWER CYCLES 

Table 5 presents the amounts of 

work per unit mass for each process and for 

the cycle, as well as the amounts of heat per 

unit mass entering and leaving the system. 

The specific exergy associated with the heat 

transfer related to TC is also presented. The 

working fluids considered are ammonia and 

helium. The amounts shown in the table can 

aid in the reproducibility of the results. As 

expected, the net work per unit mass and the 

specific exergy associated with the heat 

transfer related to TC are the same for all 

cycles.

 

Table 5: Results for the baseline cases of the reversible power cycles 
Amount 

[kJ/kg] 

Carnot, 

CS 

Carnot, 

CV 

Stirling, 

CS 

Stirling, 

CV 

Ericsson, 

CS 

Ericsson, 

CV 

qw 1165.9 1165.9 680.3 680.3 680.3 680.3 

qc -1083.8 -1083.8 -632.4 -632.4 -632.4 -632.4 

w1.4 126.8 0 0 43.6 680.3 680.3 

w2.1 76.2 86.5 -632.4 -632.4 -43.6 0 

w3.2 -108.0 0 0 -43.6 -632.4 -632.4 

w4.3 -12.9 -4.4 680.3 680.3 43.6 0 

wcycle 82.1 82.1 47.9 47.9 47.9 47.9 

exqc 82.1 82.1 47.9 47.9 47.9 47.9 
Source: The author. 

 

Figure 5 shows the parametric 

curves as a function of the reference 

environment temperature for the Carnot 

cycle, considering both the closed system 

and control volume approaches. For the 

three working fluids considered, and as 

expected, the net work per unit mass is 

equal to the specific exergy associated with 

the heat transfer related to TC, regardless of 

T0. Also as expected, the higher the T0, the 

higher the input exergy, as the temperature 

difference between the thermal reservoirs 

increases as well. 

Figure 6 illustrates the parametric 

curves as a function of the reference 

environment temperature, compression 

ratio, and pressure at state 1 for the Stirling 

cycle. Again, this result applies to both the 

closed system and control volume 

approaches. The same discussion regarding 

T0 for the Carnot cycle can be applied to the 

Stirling cycle. Additionally, the higher the 

CR, the more heat per unit mass is 

exchanged between the system and its 

surroundings, resulting in a higher exergy 

input. On the other hand, P1 has no effect on 

this variable. 

For the Ericsson cycle, the same 

discussion regarding the Stirling cycle 

results can be applied by simply replacing 

CR with PR. Thus, Figure 6 also presents 

the results for the Ericsson cycle. 

 

3.2 ORGANIC RANKINE CYCLE 

The pressures and temperatures of 

R-134a obtained in the reference study by 

Yang et al. (2022) and in the present study 

are shown in Table 6. All the properties 
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obtained deviate very little from those 

obtained in the reference study. Thus, it is 

understood that the thermodynamic model 

of the ORC is validated. 

Table 7 presents the mass flow rates, 

specific enthalpies, and specific entropies of 

the R-134a and water streams. The amounts 

shown in the table can aid in the 

reproducibility of the results.

 

Figure 5: Parametric curves as a function of T0 for the Carnot cycle 

 

Source: The author. 

 

 

The exergy balance sheets for the 

three definitions are shown in Table 8. The 

total exergy input must be equal to the sum 

of the net power and the exergy destructions 

and losses. The percentages in parentheses 

are associated with exergetic efficiency and 

exergy destructions and losses. It is clearly 

seen that the results generated by the three 

definitions are different. 

Regardless of the adopted 

definition, the net power is the same. This is 

expected since the power generated by the 

ORC is obtained through the energy 

modeling of the cycle, which does not 

depend on second law considerations. 

For all ORC components, the exergy 

destruction rates decrease as T0 decreases. 

This is also expected, as it is consistent with 

the Gouy-Stodola theorem. The exergy 

destruction rate can be calculated as the 

product of T0 and the entropy generation 

rate in each component. Since obtaining this 

rate does not depend on exergy 

considerations, only on entropy, the exergy 

destruction rate becomes directly 

proportional to the adopted T0. 

In the context of Definition 2, 

considering that both the net exergies of the 

evaporator and condenser waters comprise 

the exergy input of the ORC is analogous to 

considering that, in a conventional ORC 

(which operates at temperatures above air 

temperature), the exergy loss in its 

condenser is treated as part of the cycle's 

exergy input, added to the exergy from the 

primary heat source (solar, geothermal, 

etc.). Moreover, for any power system 

based on a thermodynamic cycle, some 

exergy loss is associated with its operation, 

which does not occur in Definition 2. 
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Figure 6: Parametric curves as a function of (a) T0, (b) CR or PR, and (c) P1 for the Stirling 

and Ericsson cycles 

 

(a) 

 

(b) 

 

(c) 
Source: The author. 
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Table 6: Pressures and temperatures of R-134a 
Stream State Reference study Present study Deviation 

P [kPa] T [°C] P [kPa] T [°C] P [%] T [%] 

1 Saturated vapor 631.09 23.24 631.57 23.24 0.08 ≈ 0.00 

2 Superheated vapor 435.78 11.73 436.07 11.72 0.07 -0.09 

3 Saturated liquid 435.78 11.50 436.07 11.50 0.07 ≈ 0.00 

4 Compressed liquid 631.09 11.67 631.57 11.67 0.08 ≈ 0.00 

Source: The author. 

 

 

Table 7: Mass flow rates, specific enthalpies, and specific entropies of R-134a and water 
Stream ṁ [kg/s] h [kJ/kg] s [kJ/kg-K] Stream ṁ [kg/s] h [kJ/kg] s [kJ/kg-K] 

1 

7.117 

263.28 0.9212 wi 
93.09 

117.37 0.4091 

2 257.21 0.9265 wo 102.43 0.3592 

3 67.50 0.2601 ci 
56.12 

16.81 0.0611 

4 67.75 0.2604 co 40.87 0.1470 
Source: The author. 

 

 

The exergy balance sheets for the 

three definitions are shown in Table 8. The 

total exergy input must be equal to the sum 

of the net power and the exergy destructions 

and losses. The percentages in parentheses 

are associated with exergetic efficiency and 

exergy destructions and losses. It is clearly 

seen that the results generated by the three 

definitions are different.

 

 

Table 8: Exergy balance sheets for Definitions 1, 2, and 3 
 Amounts 

 Definition 1 Definition 2 Definition 3 

Exergy input    

     Evaporator --- 31.60 kW 103.30 kW 

     Condenser 101.95 kW 60.60 kW --- 

Total 101.95 kW 92.20 kW 103.30 kW 

    

Net power 36.84 kW (36.13%) 36.84 kW (39.95%) 36.84 kW (35.66%) 

Exergy destruction    

     Evaporator 16.33 kW (16.02%) 15.86 kW (17.20%) 15.03 kW (14.55%) 

     Turbine 15.75 kW (15.45%) 15.42 kW (16.73%) 14.84 kW (14.36%) 

     Condenser 23.79 kW (23.34%) 23.11 kW (25.07%) 21.90 kW (21.20%) 

     Pump 0.98 kW (0.96%) 0.97 kW (1.05%) 0.92 kW (0.90%) 

Exergy loss    

     Evaporator 8.26 kW (8.10%) --- --- 

     Condenser --- --- 13.77 kW (13.33%) 

Total 101.95 kW 92.20 kW 103.30 kW 
Source: The author. 
 

 

Regardless of the adopted 

definition, the net power is the same. This is 

expected since the power generated by the 

ORC is obtained through the energy 

modeling of the cycle, which does not 

depend on second law considerations. 

For all ORC components, the exergy 

destruction rates decrease as T0 decreases. 

This is also expected, as it is consistent with 
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the Gouy-Stodola theorem. The exergy 

destruction rate can be calculated as the 

product of T0 and the entropy generation 

rate in each component. Since obtaining this 

rate does not depend on exergy 

considerations, only on entropy, the exergy 

destruction rate becomes directly 

proportional to the adopted T0. 

In the context of Definition 2, 

considering that both the net exergies of the 

evaporator and condenser waters comprise 

the exergy input of the ORC is analogous to 

considering that, in a conventional ORC 

(which operates at temperatures above air 

temperature), the exergy loss in its 

condenser is treated as part of the cycle's 

exergy input, added to the exergy from the 

primary heat source (solar, geothermal, 

etc.). Moreover, for any power system 

based on a thermodynamic cycle, some 

exergy loss is associated with its operation, 

which does not occur in Definition 2. 

Regarding Definition 3, considering 

the net exergy of the condenser water as an 

exergy loss is analogous to treating the 

exergy of the primary source in a 

conventional ORC as the exergy loss 

associated with the evaporator. 

Furthermore, considering the net exergy of 

the evaporator water as the cycle’s exergy 

input is analogous, once again in a 

conventional ORC, to considering that the 

exergy of the condenser's cooling fluid is 

associated with the exergy input. 

In summary, Definitions 2 and 3 do 

not make sense from an engineering 

perspective. On the other hand, Definition 1 

is logical: by considering the net exergy of 

the condenser water as the exergy input of 

the ORC, it corresponds to the effort and 

cost involved in obtaining the deep cold 

water. This is analogous to a conventional 

ORC, where it reflects the effort and cost of 

obtaining geothermal water/steam, 

concentrating solar heat, etc. Moreover, 

considering the net exergy of the evaporator 

water as an exergy loss is analogous to the 

exergy loss in a conventional ORC's 

condenser: in the first case, the evaporator 

water is discharged into ocean water at the 

surface water temperature; in the second 

case, the exergy of the condenser’s cooling 

fluid is dissipated into the surrounding air. 

For the parametric analysis based on 

Definition 1, the respective pinch points of 

the evaporator and condenser, as well as the 

isentropic efficiencies of the turbine and 

pump, are taken into account. The effect of 

these parameters on the exergy destruction 

rate and the exergy destruction fraction is 

analyzed. 

Figure 7 presents the parametric 

curves for the four parameters, with one for 

each component of the ORC. It is known 

that higher pinch points are associated with 

higher finite temperature differences in heat 

exchangers. It is also known that lower 

isentropic efficiencies are associated with 

higher amounts of friction in machines. 

From basic thermodynamics, the higher the 

amounts of irreversibility causes, the higher 

the rates of entropy generation. Thus, the 

rates of exergy destruction are also higher, 

whether in absolute or relative terms, with 

the latter represented by the exergy 

destruction fractions. Therefore, Definition 

1 demonstrates thermodynamic robustness 

in light of the parametric analysis. 

Whether for reversible power cycles 

or for the ORC, adopting the reference 

environment temperature as the local 

physical environment temperature is an 

approach recommended by widely accepted 

texts. For example, in Bejan et al. (1996), 

the following reasoning can be found: “If 

the system uses atmospheric air, for 

example, T0 would be specified as the 

average air temperature. If both air and 

water from the natural surroundings are 

used, T0 would be specified as the lower of 

the average temperatures for air and water.” 

Following this reasoning, the (average) 

temperature of the warm surface water used 

in an OTEC system should be the reference 

environment temperature for the analysis of 

such a system. This idea is also presented in 

Dincer and Rosen (2021): “The 

environment is often modeled as a reference 

environment similar to the actual 

environment in which a system or flow 
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exists. This ability to tailor the reference 

environment to match the actual local 

environment is often an advantage of 

exergy analysis.” 

Therefore, the proposed standard is 

robust from a thermodynamic perspective, 

coherent from an engineering viewpoint, 

and compatible with statements found in 

established texts. The standard proposed in 

this work can contribute to the systematic 

advancement of scientific knowledge 

regarding OTEC systems by facilitating the 

comparison of exergy analysis results of 

different systems. 

 

 

Figure 7: Parametric curves for the ORC components: (a) evaporator, (b) condenser, (c) 

pump, (d) turbine 
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(c) 

 

(d) 
Source: The author. 

 

 

4 CONCLUSION & PERSPECTIVES 
  

In this work, a data collection was 

conducted on the application of exergy 

analysis for OTEC systems. A standard for 

exergy analysis of thermodynamic power 

cycles for OTEC was also proposed and 

evaluated. The main conclusions of this 

work are: 

 Published works on the exergy 

analysis of OTEC systems do not 

follow a standard. Thus, the 

comparison between the results of 

different studies is weakened. 

 For any reversible power cycle 

operating between TW and TC, where 

TW = T0, the work generated by the 

cycle is equal to the exergy 

associated with the heat transfer 

related to TC. 

 For an ORC, setting T0 equal to the 

temperature of the warm surface 

water and considering the exergy 
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input as the change in exergy of the 

deep cold water yields robust, 

coherent, and compatible results 

with engineering thermodynamics. 

The proposed standard can be 

applied to integrated systems that generate 

other products in addition to power, such as 

cooling and/or desalinated water. 

Furthermore, exergoeconomic and/or 

exergoenvironmental analyses of these 

systems can also be developed in a 

standardized manner. 
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APPENDIX A 

 

Considering all energy transfers as 

positive, the energy balance of a power 

cycle can be written as: 

 

cycle W CW Q Q   

Rearranging: 

 

1 1W W
cycle C C

C C

Q Q
W Q Q

Q Q

   
       
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For reversible cycles, the statement 

below is true: 

 

W W
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Q T

Q T
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 Substituting into the main 

expression: 
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1 W
cycle C

C

T
W Q

T

 
   

 
 

  

 Since TW = T0, the desired result is 

obtained: 

 

01cycle C

C

T
W Q

T

 
   

 
 (A.1) 

 

It is emphasized that the negative 

sign indicates that the heat transfer and the 

associated exergy transfer occur in opposite 

directions. 

 

 

APPENDIX B 

 

Table B.1 presents the exergy 

balance sheet for the definition with T0 = 

(Two - 5°C) and the exergy input equal to the 

net exergy of the water from the evaporator. 

 

Table B.1: Exergy balance sheet for the 

definition that yields inconsistent results 
 Amount 

Exergy input  

     Evaporator 31.60 kW 

     Condenser --- 

Total 31.60 kW 

  

Net power 36.84 kW (116.58%) 

Exergy destruction  

     Evaporator 15.86 kW (50.20%) 

     Turbine 15.42 kW (48.81%) 

     Condenser 23.11 kW (73.14%) 

     Pump 0.97 kW (3.05%) 

Exergy loss  

     Evaporator --- 

     Condenser 60.60 kW (191.78%) 

Total 152.80 kW 
Source: The author. 


