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Abstract 
 

In this thesis work, diverse OTEC plant configurations for power production, working 

with zeotropic mixtures as working fluid in thermodynamic cycles, have been 

investigated in order to assess potential advantages compared to pure fluids. 

Techno-economic optimization has been performed to assess the best configuration 

among saturated Rankine cycle working with refrigerant mixtures or Kalina and 

Uehara cycle working with ammonia-water mixture. 

Furthermore, each of the studied thermodynamic cycles were compared with a 

conventional Rankine cycle working with pure ammonia. 

Finally, economic analysis has been conducted with the same simplified assumptions 

for each OTEC plants and LCOE is obtained. The achieved results show that adopting 

zeotropic mixtures in OTEC applications is not convenient with respect pure fluids; 

the lowest LCOE, equal to 259ú/MWhe, has been obtained for saturated Rankine cycle 

working with pure ammonia. 

 

 

Keywords: OTEC, ocean, seawater, zeotropic mixtures, glide, closed cycles, Kalina, 

Uehara, ammonia-water mixture. 

  



 

vi 

 

  



 

vii  

 

Sommario 
 

In questo lavoro di tesi sono stati studiati diverse configurazioni impiantistiche OTEC 

per la produzione di potenza, le quali usano miscele zeotropiche come fluido di lavoro 

allôinterno dei rispettivi cicli termodinamici, al fine di valutare se la differenza di 

temperatura in transizione di fase costituisce un vantaggio rispetto ai fluidi puri. 

Per valutare la migliore configurazione tra un ciclo Rankine saturo che lavora con 

miscele di refrigeranti o un ciclo Kalina o Uehara che lavorano con una miscela di 

acqua e ammoniaca, è stata considerata unôottimizzazione tecno-economica. 

Inoltre, ciascuno dei cicli termodinamici proposti è stato confrontato con un ciclo 

Rankine convenzionale che impiega ammoniaca pura come fluido di lavoro. 

Infine, in seguito a unôanalisi economica tra i diversi tipi di impianti studiati si è potuto 

ricavare il costo dellôelettricità LCOE. I risultati mostrano che lôimpiego di miscele 

zeotropiche per applicazioni OTEC non è conveniente rispetto allôutilizzo di fluidi 

puri; il minor costo dellôelettricit¨, LCOE uguale a 259ú/MWhe, è stato ottenuto per 

un ciclo Rankine saturo ad ammoniaca pura. 

 

 

Parole chiave: OTEC, oceano, acqua di mare, miscele zeotropiche, glide, cicli chiusi, 

Kalina, Uehara, miscela di acqua ammoniaca. 
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Extended summary 
In this thesis work, diverse OTEC plant configurations for power production, working 

with zeotropic mixtures as working fluid, have been investigated in order to assess 

potential advantages compared to pure fluids. 

Techno-economic optimization has been performed to assess the best configuration 

among saturated Rankine cycle working with refrigerant mixtures or Kalina and 

Uehara cycle working with ammonia-water mixture. 

Furthermore, each of the studied thermodynamic cycles were compared with a 

conventional Rankine cycle working with pure ammonia. 

Finally, economic analysis has been conducted with simplified assumptions for each 

OTEC plants and LCOE is obtained. 

1. Introduction to OTEC technology 

In a world increasingly influenced by the environmental issue, renewable energies are 

gaining more importance and they became a central theme in the energy scenario for 

power production. 

In this context, Ocean Thermal Energy Conversion (OTEC) is an interesting 

technology which exploits the temperature difference between warm surface seawater 

and cold seawater in depth. This temperature difference can be exploited in 

thermodynamic cycle to produce power. The main advantage of OTEC is that it can 

be applied for base load power generation since seawater temperature difference 

between the surface and the bottom of the ocean is not subject to significant seasonal 

variations throughout the year and therefore thermal source is always guaranteed. 

However, OTEC main disadvantage is that the maximum exploitable temperature 

difference is approximately limited to 24°C which is very low compared to 

conventional plants for power production. Moreover, this operative conditions are 

typical of oceanic tropical regions in between approximately 15° north and 15° south 

latitude [1], making OTEC site dependent. 

The conventional and most studied reference cycle is the closed OTEC cycle which 

uses a working fluid different from seawater in a Rankine configuration, but also open 

OTEC cycle which uses directly surface warm seawater as working fluid are studied, 

even if commercial plants are not yet available; also hybrid systems integrated with 

solar field or offshore solar pond are studied. Then, there are two general typologies 

of plant installation for OTEC which can be placed onshore or offshore, thanks to the 

knowledge and the technology derived from the offshore industry. 

Besides power production, OTEC can produce interesting by-products like desalinated 

water or it can provide cold water that can be exploited for aquaculture or used in air 

conditioning systems. Therefore, OTEC could be an important solution for power 

generation in the tropical region, especially for islands or little communities which can 

reach energetic independence. 
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2. OTEC Thermodynamic and optimization purpose 

Oceans have a huge amount of stored thermal energy, although the energy density is 

low. In fact, the ideal Carnot efficiency of OTEC cycle is strongly limited by low 

temperature difference between the two thermal sources. Considering the operating 

conditions used in this work, warm surface seawater at 28°C and cold seawater in 

depth at 4°C, the theoretical efficiency is 8%. However, energy losses due to non-ideal 

behaviour of the components and of the processes inside the thermodynamic cycle 

determine energy conversion efficiencies of about 3-4%. 

In this work, the use of zeotropic mixtures as working fluid has been investigated in 

order to determine whether the cycle performances can be improved with respect to 

pure fluids. In fact, zeotropic mixtures have the property to change phase at variable 

temperature and constant pressure. This temperature difference occurring in phase 

transition is called glide and it allows the mixture to follow in a better way the seawater 

temperature profiles. Therefore, since the glide reduces the temperature difference 

between working fluid and seawater inside heat exchangers, first and second law 

efficiencies are expected to be higher than cases with pure fluid with null glide. 

First law efficiency is higher because at evaporator side entering heat is exchanged at 

higher mean temperature of the cycle while at the condenser heat is discharged at lower 

mean temperature. On the other hand, second law efficiency is higher because less 

entropy is produced when heat is exchanged at lower temperature differences and so 

irreversible losses are lower.  

However, even if adoption of zeotropic mixtures could be a better solution from an 

efficiency perspective, it has to be assessed if it is convenient also from an economic 

point of view with respect pure fluids. 

In fact, due to limited conversion efficiency, huge amounts of exchanged thermal 

power are required by the cycle with respect other conventional plants in order to 

produce appreciable amount of power output. Exchanged thermal power is evaluated 

with the following equation, where ЎὝ  is function of temperature difference at inlet 

and outlet of the heat exchanger: 

 ὗ ὟὃЎὝ  (0.1) 

Since the glide makes ЎὝ  lower for zeotropic mixtures than for pure fluids, for the 

same thermal power, the same pinch point temperature difference and the same overall 

heat transfer coefficient, the area of the heat exchanger is higher in case of zeotropic 

mixtures. Therefore, considering low temperature differences and high thermal power 

typical of OTEC application, areas of heat exchangers result to be significantly high. 

The cost of these components is estimated to be 25%-50% of the total investment cost 

of the plant [1]. 

Thus, a parameter is defined to take into account the weight of the total area of heat 

exchangers related to the net electric power output [2]. 

 
‎  

 ὡ ȟ

Ὕέὸὥὰ ὥὶὩὥ έὪ ὬὩὥὸ ὩὼὧὬὥὲὫὩὶί
 (0.2) 

With the aim of comparing the performance of zeotropic mixtures with the one of pure 

fluids, considering OTEC plants working with same seawater conditions in the same 

site, the components whose cost is expected to change the most depending on working 

fluid are the heat exchangers. Therefore, ɔ parameter has been chosen as the index that 

best represents the trade-off between power output and plant cost. 
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In this work, diverse plant configurations working with zeotropic mixtures have been 

investigated and compared to a reference study on a Rankine cycle working with pure 

ammonia. 

3. Reference case  

The considered reference OTEC cycle has been identified with a saturated Rankine 

cycle working with pure ammonia whose performance has been evaluated with a 

model developed in a master thesis at Politecnico di Milano University [3]. For this 

configuration, an optimization has been conducted in order to maximise ɔ parameter 

for different pure fluids and the best one was pure ammonia. The model of the Rankine 

cycle is based on different assumptions that are reported in Table 0.1. 

 
Table 0.1 ï Main assumptions used in this work. 

Assumed variables 

Warm seawater inlet temperature 28 °C 

Cold seawater inlet temperature 4 °C 

Seawater salinity 35 g/kg 

Cold seawater mass flow rate 8500 kg/s 

Cold water pipe length 1000 m 

Warm water pipe length 200 m 

Limit diameter 2,5 m 

Cycle turbomachinery 

Isoentropic turbine efficiency –ȟ  89 % 

Mechanical turbine efficiency – ȟ  97 % 

Electric turbine efficiency –ȟ  99.5 % 

Isoentropic pump efficiency –ȟ  80 % 

Mechanical pump efficiency – ȟ  96 % 

Electric pump efficiency –ȟ  98 % 

Seawater pumps 

Hydraulic seawater pump efficiency – ȟ  85 % 

Mechanical seawater pump efficiency – ȟ  97 % 

Electric seawater pump efficiency –ȟ  97 % 

Heat exchanger  

U Evaporator 3198 W/m2K 

U Condenser 2987 W/m2K 

U Economizer  3198 W/m2K 

 

Inlet warm seawater temperature is equal to 28°C, typical of tropical ocean regions 

[1]. Cold water pipe (CWP) length was chosen to be 1000m, typical value of depth at 

which cold seawater temperature is 4°C [1]. Then, CWP diameter was fixed to 2.5m 

and cold seawater mass flow rate was considered constant and equal to 8500kg/s [3] 

from a trade-off between pressure drops and mechanical resistance. On the other hand, 

warm seawater pipe length was set to 200m and limit diameter equal to the CWP one. 

Total seawater pumps consumption is evaluated considering pressure drops in heat 

exchangers and in the pipes. The first are calculated seawater side by means of a 

proportionality constant [3]. The latter are evaluated calculating pressure drops as 

function of diameter and length of the pipes and seawater velocity with the same 

relation used in literature [2]. Referring to reference case, efficiencies of turbine, 
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working fluid and seawater pumps and mechanical and electrical efficiencies are 

considered constant. 

Overall heat transfer coefficients for pure ammonia, as reported in the Table 0.1, are 

considered constant in the reference case study. Preheating section heat transfer 

coefficients are considered equal to the evaporator one since thermal power exchanged 

in this segment of the heat exchanger is a few percentage points with respect 

evaporation.  

With these assumptions, the resulting maximum ɔ parameter for pure ammonia was 

found to be 0.1908kW/m2. 

4. OTEC models for zeotropic mixtures 

In general, proper working fluids for OTEC have to be characterised by very low 

boiling temperature of about 20-25°C and, in case of zeotropic mixtures, such fluids 

have to be characterised by a suitable glide for the limited maximum exploitable 

temperature difference of about 20°C in OTEC application. Moreover, mixtures of 

components with temperature differences in evaporation or condensation under 20 °C 

but with steep glide are not appropriate for the seawater heat sources, that are 

characterised in general by temperature difference of a few degrees.  

Therefore, suitable working fluids and plant configurations selected in this work are: 

¶ pure ammonia used in Rankine cycle 

¶ refrigerant zeotropic mixtures used in Rankine cycle 

¶ ammonia-water mixture used in Kalina and Uehara cycles. 

. These models of thermodynamic cycles are developed with the same assumptions of 

the reference case, such that all the configurations could be optimized with the same 

rationale.  

Overall heat transfer coefficients for zeotropic mixtures are maintained the same 

because their evaluation is a very difficult task. In fact, in literature there are not 

general correlations to apply to a mixture, but the only correlations proposed are 

dependent on specific experimental evaluation performed at certain operating 

conditions. However, even if the real overall heat transfer coefficients are not used, 

this procedure is reasonable considering that mixture heat transfer coefficients are 

expected to be lower than pure fluids which compose it. Thus, if overall heat transfer 

coefficients of the mixtures are considered equal to the pure fluid ones and the resulting 

maximised ɔ parameter is still lower than pure fluid case, zeotropic mixtures for OTEC 

application do not constitute a better solution than using pure fluids. This because in 

terms of techno-economic optimization, the net power output of the cycle working 

with mixture is not sufficiently high to balance the increase in surface extension of 

heat exchangers, even if efficiency of the cycle is expected to be higher. 

4.1 Brief description of the models 

All the models developed to study performance of the different configurations have 

been implemented using MATLAB and each code has an embedded optimization tool 

used to maximise the value of the ɔ parameter, optimizing different design variables. 

The higher the complexity of the OTEC cycle, the higher the number of design 

variables to be optimized. The optimizer has been tested with two functions of 

MATLAB which are fmincon and patternsearch, but the latter showed better 
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performance because it is found to depend less on initial values than the former and 

therefore it has been used for all the cases. 

Thermodynamic properties of working fluids and seawater are calculated with 

equations of state provided respectively by REFPROP [4] and TEOS-10 [5]. Both the 

programs are recalled in MATLAB by means of specific functions. 

Optimization of conventional Rankine cycle, represented in Figure 0.1, working with 

pure ammonia or with refrigerant zeotropic mixtures has been conducted. The working 

fluid evaporates exploiting the heat of warm seawater, it is expanded in turbine and 

then it is condensed using cold seawater. 

 
Figure 0.1 - Reference plant scheme of Rankine cycle for OTEC [3]. 

Kalina cycle [6], whose plant scheme is represented in Figure 0.2, differs from Rankine 

cycle because of the presence of the separator, located after evaporator.  

 

 
Figure 0.2 - Reference plant scheme of Kalina cycle for OTEC. 

In separator, ammonia-water mixture is separated in saturated liquid and vapor phase. 

Heat of the liquid phase leaner in ammonia is used in a regenerator to preheat the 

mixture entering the evaporator, while vapor phase richer in ammonia is expanded in 

turbine to produce power. These two streams are mixed in the absorber before 

condensation occurs. 
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Uehara [7, 8] is similar to Kalina but it presents also a vapor bleeding form the turbine 

in order to preheat the working fluid before it enters in the regenerator, as showed in 

plant scheme of Figure 0.3. 

 

 
Figure 0.3 - Reference plant scheme of Uehara cycle for OTEC. 

 

In Table 0.2, design variables of the implemented models have been reported for each 

configuration and maximum ɔ parameter depends on their optimization. 

 
Table 0.2 ï List of the design variables to be optimized for each configuration. 

 Rankine Kalina  Uehara 

Temperature difference [°C] 
ῳὝȟ ; ῳὝȟ 

ῳὝȟ  Ƞ ῳὝȟ  

ῳὝȟ ; ῳὝȟ 

ῳὝȟ  Ƞ ῳὝȟ  

ῳὝȟ ; ῳὝȟ 

ῳὝȟ  Ƞ ῳὝȟ  

ῳὝ ȟ  

Ammonia mass fraction   ὼ ȟ  ὼ ȟ  

Vapor quality 1 ή ή 

5. Optimization results  

5.1 Rankine cycle with refrigerant mixtures  

Rankine cycle working with zeotropic mixtures has been optimized for several 

refrigerant mixtures and two of these fluids have been chosen as the best ones. 

Refrigerant mixtures R416A, which was chosen because it presents the highest value 

of ɔ parameter among the other fluids, and refrigerant mixtures R454A, which is the 

most environmental friendly considered fluid according to GWP and ODP parameters. 

However, maximum ɔ parameter of R416A and R454A is lower than pure ammonia 

case, ɔ=0.1884 kW/m2 and ɔ=0.1776 kW/m2 respectively. Therefore, the higher heat 

transfer area in case of mixtures due to their glide makes this solution not convenient 

based on ɔ parameter analysis, even if optimized solution for R416A produces more 

net electrical power than the reference case. 
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The optimized Rankine cycles working with pure ammonia and R416A are represented 

in a temperature-entropy diagram in Figure 0.4. 

 
Figure 0.4 - Ts diagrams for optimized Rankine cycles with pure ammonia and R416A. 

These configurations have been studied also based on first law efficiency analysis such 

that for pinch points equal to 0.5°C (null pinch points conditions is avoided since heat 

exchanger area would be infinite), first and second law efficiency results effectively 

higher for the mixture than for pure ammonia case, but the total heat exchanger area 

increases of about 7 times for R416A and 3.5 times for pure ammonia with respect the 

former optimization, leading to value of ɔ parameter still higher for pure fluid case. 

Performances of Rankine cycle with refrigerant mixtures and pure ammonia have been 

evaluated also with a correlation for variable turbine efficiency calculated as a function 

of volume ratio of working fluid and size parameter [9]. With the new optimization, 

R416A fluid shows a maximum ɔ parameter equal to 0.2001 kW/m2, similar to pure 

ammonia, which is equal to ɔ=0.2002 kW/m2, in case of a single stage turbine. 

5.2 Kalina cycle 

Kalina cycle is studied at first through a sensitivity analysis for which the plant has 

been optimized for every ammonia mass fraction from 0.95 to 1(pure ammonia). It 

was found that the higher the ammonia mass fraction of the fluid entering the separator, 

the higher is the maximum ɔ parameter. In fact, the higher the ammonia mass fraction, 

the lower the glide magnitude in evaporation and so resulting vapor quality at the exit 

of evaporator is higher leading to higher vapor phase flow rate which is separated and 

expanded in the turbine producing more electric power. Moreover, ɔ parameter 

maximum values tend to maximum ɔ parameter of the reference case, as showed in 

Figure 0.5. 

 
Figure 0.5 ï Maximum ɔ parameter of Kalina cycle for every ammonia mass fraction. 

In fact, if Kalina cycle works with pure ammonia, separator is useless and the cycle is 

the equivalent of a saturated Rankine one. Therefore, Kalina cycle has been studied 
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for optimal case with ammonia mass fraction of 0.99 since it would be very difficult 

to handle and to guarantee a mixture with higher ammonia mass fraction close to 1 in 

real thermodynamic cycle. Thus, for this composition, maximum ɔ parameter is equal 

to 0.1898 kW/m2. This optimized cycle is represented in Figure 0.6. 

 
Figure 0.6 - Ts diagram of optimized Kalina cycle with ammonia mass fraction of 0.99. 

5.3 Uehara cycle 

Trends of Uehara design variables have been highlighted. Extraction rate of vapor 

bleeding decreases as the temperature difference at regenerator inlet increases. 

Moreover, the higher the ammonia mass fraction of the mixture entering the separator, 

the lower the extraction rate at same temperature difference at regenerator inlet. 

Finally, from the optimization point of view, ɔ parameter increases with ammonia mass 

fraction. However, extraction rate of vapor are in the order of 1% for such high 

ammonia mass fraction and the relative regenerator inlet temperature difference is in 

the order of 0.5°C. In fact, considering Kalina optimized case, for which this 

temperature difference is 2.12°C, extraction rate tends to zero and Uehara cycle 

becomes equivalent to Kalina ones. Thus, Uehara cycle optimized for ammonia mass 

fraction equal to 0.99 and regenerator inlet temperature difference equal to 0.5°C, 

yields for an extraction rate of 0.99% maximum ɔ parameter equal to 0.1911 kW/m2 

which is higher than the reference case; also produced power, first and second law 

efficiency are higher. This configuration is represented in a temperature-entropy 

diagram in Figure 0.7. 

 
Figure 0.7 ï Temperature-pressure-composition diagram of optimizied Uehara cycle with ammonia mass fraction 

of 0.99 and ὈὝ ȟ =0.5°C. 
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Besides this configuration of Uehara cycle, another solution has been investigated with 

the aim of exploiting the advantages of pure fluid Rankine configuration together with 

vapor bleeding of Uehara. Therefore, a regenerative Rankine cycle working with pure 

ammonia has been considered and it is the equivalent of Uehara cycle working with a 

mixture composed by 100% of pure ammonia. This configuration has been optimized 

as well and the optimal solution is found for extraction rate of vapor of 3.39% which 

gives maximum ɔ parameter equal to 0.1922 kW/m2. Notice that in this case, 

regenerator is not present since pure ammonia is at saturated vapor state at the exit of 

the evaporator and thus no liquid phase is separated.  

In Table 0.3, results of these optimization in terms of optimal design variables and 

maximum ɔ parameter are reported. 

 
Table 0.3 ï Results of the optimization for every cycle configuration. 

Cycle  Rankine Rankine Kalina Uehara Regenerative Rankine 

Working fluid NH3 R416A NH3-H2O NH3-H2O NH 

ὼ ȟ  1 - 0,99 0,99 1 

ῳὝȟ [°C] 1,64 1,79 1,73 1,75 1,61 

ῳὝȟȟ  [°C] 1,56 1,63 1,65 1,69 1,59 

ῳὝȟ [°C] 2,20 2,37 2,30 2,32 2,17 

ῳὝȟ  [°C] 3,89 4,42 3,43 2,70 3,92 

ῳὝȟ [°C] 3,67 4,50 4,27 4,29 3,66 

ῳὝ ȟ  [°C] - - 2,12 0,50 - 

ή 1 1 0,865 0,891 1 

‫ % - - - 0,989 3,390 

ὴ [bar] 9,30 5,42 9,04 9,00 9,28 

ὴ [bar] - - - 7,48 7,70 

ὴ [bar] 6,12 3,61 5,97 5,95 6,11 

ά  [kg/s] 62,60 451,90 75,20 74,30 64,00 

ά ȟ [kg/s] 11773 11669 11676 11668 11847 

ɖ I % 2,58 2,52 2,572 2,59 2,61 

ɖ II % 37,61 36,9 37,6 37,85 38,15 

ὡ ȟ  [MW]  1,9911 2,106 2,0841 2,1173 1,9976 

ὃ  [m2] 10433 11175 10980 11082 10394 

ɔ[kW/m2] 0,19085 0,1884 0,18981 0,19106 0,19218 

6. Economic analysis 

Preliminary economic analysis has been performed for all the investigated OTEC 

plants, referring to Bernardoni [3] for which the proposed costs of components were 

evaluated with a method based on different assumptions with respect to this work. 

Since high uncertainties exist among cost assessment of OTEC cycle, common 

features of the cycles like cold water pipe, engineering and project management cost 

and other costs relative to power block components are considered the same since they 
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are not expected to change among the different cases. For the other components, 

turbogenerator cost has been derived scaling the cost of Mini -Spar plant proposed by 

Lockheed Martin [10] as function of net power of each plant. Costs of seawater pumps 

and heat exchangers are derived from reference case. The former are specific to the 

electrical power needed to drive the pumps and they are equal to 890ú/kW [3]; the 

latter are specific to heat exchangers area and they are equal to 869ú/m2 [3]. For Kalina 

and Uehara case, regenerator has been treated as the other heat exchangers and 

separator cost has been evaluated with general correlations [11] used to evaluate costs 

of diverse components depending on operative conditions, materials and typology of 

the equipment.  

Therefore, LCOE can be finally determined considering the following assumptions 

[3]: each plant is assumed to work at constant power for 8000 h/year, operation and 

maintenance costs are equal to 3.3% of the plant cost and a fixed charge ratio (FCR) 

is assumed to be equal to 10.05%. FCR derives assuming a debit share of 60%, a cost 

of debit of 60%, an equity share of 40% and a cost of equity of 13% for a plant life of 

30 years. 

LCOE for the generic plant is therefore equal to: 

 
ὒὅὕὉ

ὅὅ ȟ ὊὅὙ

ὉὉ

ὅǪ ȟ

ὉὉ
 

(0.3) 

 

Where ὅὅ ȟ is the capital cost of the plant, ὉὉ is the electric energy produced and 

ὅǪ ȟ is the cost of operation and maintenance of the single plant. In Table 0.4, results 

of this economic analysis are reported and compared to the results of Bernardoni 

(Rankine optimHX) which depend on different assumptions. 

 
Table 0.4 ï Costs of all the components and LCOE for all the investigated plant. The first column refers to [3]. 

component 

Rankine 

optimHX 
[3] 

Rankine 

ammonia 

Rankine 

R416A 
Kalina Uehara 

Regenerative 

Rankine 

CWP 4,890 4,890 4,890 4,890 4,890 4,890 

Turbogenerator 1,745 1,429 1,483 1,463 1,473 1,431 

Evaporator  6,709 4,440 4,724 4,640 4,680 4,438 

Condenser 6,872 4,626 4,987 4,871 4,909 4,594 

Regenerator 0 0 0 0,030 0,041 0 

Separator 0 0 0 11,000 11,408 0 

Wam seawater pump 0,439 0,201 0,211 0,207 0,208 0,201 

Cold seawater pump 0,698 0,489 0,500 0,496 0,497 0,488 

Other costs 5,550 4,149 4,312 7,572 7,692 4,157 

Eng&project 

management 
10,600 10,600 10,600 10,600 10,600 10,600 

Total ὅὅ  [Mú] 37,503 30,855 31,762 45,769 46,425 30,813 

ὒὅὕὉ [ú/MWhe] 241 259 252 366 366 257 
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7. Conclusions 

Performance of different OTEC cycles for power production working with zeotropic 

mixtures have been investigated based on a techno-economic optimization.  

Each plant has been optimized with the goal of evaluating maximum ɔ parameter 

which represents the trade-off between power produced and total area of heat 

exchangers, since their cost, which depends on the chosen working fluid, is a 

significant fraction of the plant cost. The plants that have been investigated are 

Rankine cycle with refrigerant mixture and Kalina and Uehara cycles with ammonia-

water mixture. Moreover, these plants are compared to Rankine cycle working with 

pure ammonia in order to compare performance of zeotropic mixtures with pure fluid. 

Among the optimized cycles that work with mixtures, only Uehara cycle presents ɔ 

parameter higher than pure ammonia case, but this value should be verified adopting 

real heat transfer coefficients for the ammonia-water mixture which are expected to 

make ɔ parameter decrease, due to worse heat transfer performance of the mixture with 

respect to the pure fluids. Instead, ɔ parameter of Kalina cycle is always lower than 

Rankine with pure ammonia. Moreover, from the economic point of view Uehara and 

Kalina cycles have the highest LCOE equal to 366ú/kWhe. In fact, total plant cost of 

these configurations is higher than the others due to more components present and their 

electric energy produced is not sufficiently high to have lower LCOE.  

On the other hand, Rankine cycle working with refrigerant mixture R416A has the 

lowest ɔ parameter and the lowest LCOE equal to 252ú/kWhe, contrary to what it 

would be expected. In fact, the increase of net power produced with respect pure 

ammonia case is higher than the relative increase of heat exchanger area. However, 

real overall heat transfer coefficients of the mixture are expected to be lower than pure 

ammonia ones and so ɔ parameter as well. Moreover, R416A has GWP value of 1084, 

which make it susceptible to be phased out in a near future.  

Therefore, saturated and regenerative Rankine cycles working with pure ammonia are 

the best proposed configuration for OTEC, with a resulting LCOE of 259ú/kWhe and 

257ú/kWhe respectively. 

This work could be expanded removing the assumption of constant overall heat 

transfer coefficients equal to pure ammonia ones, and their real value should be 

assessed for each fluid in order to obtain more accurate value of the ɔ parameter. 

Then, models for the design of optimized heat exchangers would improve the techno-

economic analysis for each plant. 

Moreover, an off-design analysis should be performed to evaluate the performance of 

the plants over the year at variable operative conditions due to seasonal effects, in 

particular the temperature variation of the warm seawater in surface. 
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1. OTEC technology 
 

1.1 OTEC energy source 

Nowadays, in a world strongly characterised by the environmental issue, alternative 

energies have become increasingly important and Ocean Thermal Energy Conversion 

(OTEC) fits perfectly in this context. 

In fact, OTEC is a renewable form of energy since it comes from the sun, in particular 

from the sunlight that hits the ocean surface and the energy is strongly absorbed by the 

water in a shallow ñmixed layerò at the surface of 35-100 m thick [1]; in this layer, in 

the regions of the tropical oceans between approximately 15° north and 15° south 

latitude, the temperature of 27 to 29 °C (annual variation) and the salinity of seawater 

are uniform due to wind and wave actions. 

The vertical distribution of temperature, represented in Figure 1.1, could be seen by 

first approximation as two layers separated by an interface called thermocline, which 

divides the two regions sometimes abruptly but more often gradually. 

 

 
Figure 1.1 - Vertical temperature distribution in ocean [7] 

Underneath the mixed layer, seawater becomes gradually colder until depth increases 

to 800-1000 m where a mean temperature of 4°C is reached. Below this level, water 

cools down just for a few degrees until the bottom of the ocean. 

This cold reservoir of water at the bottom comes from the ice melted of the polar 

regions and it flows toward the equator, remaining separate from the warmer seawater 

above due to its higher density and minimal mixing with the upper layers [1]. 

Therefore, in areas where depth exceeds 1000 m, ocean assumes this structure with a 

warm reservoir at the surface and a cold one at the bottom, characterised by a 

temperature difference of 22 to 25 °C [1]. 

This temperature difference is maintained during the year with variation of few degrees 

due to seasonal and weather effects and also due to difference between night and 

daytime 
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Avery et al. [1] estimate in their work (1994) that in regions of the oceans where the 

temperature difference is higher than 22°C throughout the year,  if all the useful area 

were exploited with OTEC, the total power generated on board would overcame 10 

million of MWel; Vega [12] states in his work in 2002/2003 that it is estimated that 

the energy coming from the sun which is absorbed by the ocean is about 4000 times 

the amount consumed by humans and, assuming an energy conversion efficiency of 

3%, less than 1 percent of this renewable source would be sufficient to satisfy worldôs 

needs.  

1.1.1 Site selection criteria 

OTEC technology seems to be huge energy resource from the analysis of its potential 

but it is also site dependent and it presents diverse limitations. 

As mentioned in section 1.1, the concept exploits the temperature difference between 

warm surface water and cold one at depths of about 1000 m; deep seawater comes 

from the Polar Regions and originates mainly from the Arctic for the Atlantic and 

North Pacific Oceans, while from the Antarctic for all the other important oceans. 

Hence, cold seawater below 500 m could be considered the same for all the regions of 

interest with good approximation, since the cold water temperature gradient does not 

vary significantly with depth. In fact, it is estimated that this temperature is 

approximately constant with depth to values of 4-5°C because between 500 m and 

1000 m typical gradient of seawater is about 1°C per 150 m [13]. 

An appreciable OTEC application would be characterised by a thermal resource of at 

least 20°C of temperature difference between surface and deep waters, which means 

warm seawater temperature of the order of 25°C. Thus, suitable sites for OTEC are 

generally located between latitudes 20°N and 20°S: equatorial waters, defined between 

10°N and 10°S, and tropical waters, considered between equatorial regions boundary 

and 20°N and 20°S respectively, are the regions for which OTEC thermal source is 

available. 

There are some exceptions in these locations where the exploitable temperature 

difference is not sufficient due to strong cold currents along the West Coast of South 

America and West Coast of Southern Africa, and due to seasonal upwelling 

phenomena caused by the action of the wind for the West Coast of Northern Africa 

and Arabian Peninsula [13]. 

In Figure 1.2 is represented the world map of suitable regions where it is appropriate 

to install plants for ocean thermal energy conversion. 

Others important aspects regarding proper sites for OTEC application are the 

accessibility to the deep cold seawater, political, socioeconomic and environmental 

factors. As a matter of fact, this technology has the advantage to be renewable and to 

provide energy independence and economical safety to isolated communities that live 

in aforementioned locations, whose energy needs are limited with respect of more 

developed realties; nevertheless, if a designed site were under development it would 

be likely affected by logistical problems due to lack of knowledge and adequate 

infrastructures. 

Moreover, significant amount of seawater would be probably used in OTEC in order 

to produce adequate power with a thermodynamic cycle and the discharge flow of 

seawater used in the heat exchangers could have a long term impact on marine 

environment [12]. Therefore, the effluents coming from condenser and evaporator are 
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discharged to a depth below the mixed layer to avoid interactions with surface water. 

Furthermore, at this depth, effluents coming from evaporator and condenser can be 

discharged separately or mixed together. With the first solution, colder water sinks 

more rapidly than warmer seawater due to higher density, while with the second 

solution, discharge flow is expected to be at a mean temperature, between the two 

effluents, colder than the temperature of the surrounding water at the discharge point, 

such that mixed effluents can sink more in depth avoiding interferences with mixed 

layer in surface [1].    

Vega states that in 1980 ninety-eight nations and territories have access to OTEC 

thermal resource within their 200 nautical mile exclusive economic zone (EEZ) [13]. 

 

 
Figure 1.2 - World map of OTEC suitable sites with DT > 18 °C 

1.2 History of OTEC  

The concept of OTEC was theorized by Arsene DôArsonval in 1881 who proposed 

heat engines working with liquefied gases as working fluid to produce power from 

heat sources available at low temperature in nature. In fact, he supported the point that 

such systems could generate power from as temperature difference of about 15°C and 

in particular he noted that this thermal resource subsisted in the oceans in tropical and 

equatorial regions. 

Assuming a boiler temperature of 30°C and a condenser temperature of 15°C he 

proposed also pressure difference that would be available for some potential working 

fluids like sulfur dioxide, dimethyl ether, methyl chloride, ammonia, hydrogen 

sulphide, nitrous oxide and carbon dioxide [1]. 

However, DôArsonval did not develop his proposal and his former student Georges 

Claude suggested the OTEC concept with an open cycle instead of the closed cycle 

conceived by DôArsonval. In fact, Claude believed that closed cycle was not practical 

because the design of heat exchangers would have been difficult in order to avoid 

corrosion and biofouling issues and the large areas required would have made the plant 

uneconomical. Therefore, he proposed to use directly warm seawater as working fluid 

which is evaporated, separated in a flash chamber and the resulting low pressure steam 

is successively condensed through cold seawater after it is expanded through the 

turbine. 
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In 1928 Claude demonstrated the feasibility of open cycle by an experiment in 

Belgium, using the water of the Meuse River at 10°C as condensing fluid. With warm 

water at 30°C he managed to produce 50 kW of power using a turbine whose speed 

was 5000 rpm [1]. 

After this successful demonstration Claude obtained financial support in order to test 

another plant at Matanzas Bay in Cuba, where warm sweater temperature was 25 to 

28°C and cold water was available at a depth of 700 m; this plant produced 22kW for 

11 days until cold water pipe failed in a storm. 

Then in 1933 he installed a plant in Brazil to produce ice, including a turbine designed 

to produce 2 MW but the project failed during attachment of cold water pipe and it 

was abandoned because of the lack of funds. 

The last attempt was done in 1940 at Abidjan in Ivory Coast for French government 

and the plant was designed to produce 40 MW but this project was abandoned in the 

end. 

In subsequent years, there were no interesting proposals on this technology until in 

1963 in America, the original concept of closed cycle of DôArsonval was proposed to 

the American Society of Mechanical Engineers by the Andersons, since improvements 

for closed cycle application operating between low temperatures were available from 

refrigeration and cryogenic industries. 

Moreover, in the seventies, renewable energy sources started to gain more attention 

due to the increase of oil prices subsequent the formation of OPEC and due to growing 

public opinion awareness on pollution, human health and hazards of nuclear 

developments. 

In 1978 the project ñMini-OTECò was completed thanks to the collaboration of Hawaii 

State government, Dillingham Corporation, Lockheed Corporation and others and it 

provided proof of feasibility of the technology and its distribution.  

In the same period the Department of Energy (DOE) developed a program known as 

OTEC-1 which started in 1980 in Hawaii; this project was conceived to test some 

critical components of floating plant such as cold water pipe, the mooring system and 

the heat exchangers. Since the program did not include the turbine, diesel engines were 

used to drive water pumps resulting in high fuel costs and lack of information about 

power plant performance and therefore OTEC-1 test program was concluded in the 

following year. 

In 1980, DOE was active also on another project and instituted a Program Opportunity 

Notice (PON) which would have fund contracts for consortia of industries in order to 

develop a program aimed to produce a 40 MW OTEC. Only two proposed design were 

accepted among eight proposals and both on delivering electrical power to the island 

of Oahu, Hawaii. Some years later, loans were interrupted because prices of oil 

dropped drastically in 1985. 

Also in Japan some tests and studies were conducted with success as the on-shore 

closed cycle OTEC of the Nauru island, which produced 100kW gross power with R22 

as working fluid [14], and the Saga University which focused on plate type heat 

exchangers in OTEC fields and its optimization. 

Nevertheless, after the sharp drop of crude oil price, research and funding toward 

OTEC (and renewable energies in general) reduced significantly, therefore large scale 

development was abandoned even if some programs have continued at small scale. In 

the nineties the interest in renewables was grew again; research on open cycle OTEC 
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continued at the Natural Energy Laboratory of Hawaii (NELH) while in Japan at Saga 

University new designs started for Philippine Island sites. 

In 2002 near South east coast in India, National Institute of Ocean Technology (NIOT) 

designed a plant of 1 MW capacity working with ammonia but the project was 

abandoned due to problems with the floating platform and pipes. 

In 2013 Saga University, together with several Japanese industries, started up new 

closed cycle OTEC in Okinawa Prefecture at Kume Island, installing 100kW plant 

which is still working [15]. Meanwhile, in 2014 Global Ocean reSource and Energy 

Association (GOSEA) was founded; this group has begun domestically in Japan with 

the aim of extending invitations to other interested parties around the world. Starting 

from an efficient and practical OTEC model based on the plant in Kume Island, 

GOSEA objective is to provide all countries around the world solutions and studies to 

install OTEC plants suitable for specific locations [15].  

At the same time, DCNS and Akuo Energy started the project New Energy for 

Martinique and Overseas (NEMO) which consists in installing an ammonia closed 

cycle OTEC designed to produce 10.7 MW net power output [16]. 

In 2015, Makai Ocean Engineering announced that the worldôs largest operating 

OTEC power plant was concluded in Hawaii and it is the first true closed cycle plant 

connected to the grid, producing 100kW of sustainable and continuous electricity [16, 

17]. 

1.3 Technologies of OTEC plants 

Two main different technologies are conceived for the installation of OTEC 

application and they can be classified according to the location, in particular there are 

shore-based or floating offshore plants. Moreover, offshore plants are divided in 

moored and grazing systems. 

Each technology has its own advantages and disadvantages. 

Shore based plants can be installed on land or can be shelf mounted on the coast and 

in general their building and design are simpler than offshore solutions. Then the plant 

can be directly connected to grid and in this way losses due to power conversion from 

mechanical to electrical one are the minimum possible. However, since the plant is 

land-based, both warm a cold seawater pipes are required to provide water to the heat 

exchangers and the cold water one can be from two to five times longer than in offshore 

systems. This implies that more attention to mechanical resistance is required in design 

and cold water pipe length depends strongly on site of installation and its bathymetric 

profile, so this solution is more suitable for island, coral atolls or continental sites 

where deep water is near the shore [1]. 

Shelf mounted configuration is in between offshore and land-based solutions because 

plant is positioned in the sea and it is supported by a platform on the bottom near the 

shore such that power plant is immersed [1]. 

Offshore plants technology is more complicated than the shore based one since the 

design of a barge on which the plant is installed is required, even if offshore concept 

is well established from oil and gas sector. There are two configurations: the moored 

one consists in a platform moored to the sea bottom while the grazing one consists in 

ship on which the plant is installed, as showed in Figure 1.3 and Figure 1.4 

respectively. 
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Figure 1.3 ï Artistic scheme of offshore OTEC design moored to the ocean bottom through anchoring system on 

the left and through fixed tower on the right [1].  

 
Figure 1.4 ï Artistic view of grazing system for offshore OTEC plant 

The main disadvantage is related to mechanical resistance to the loads for which the 

plant has to withstand the effect of waves and currents. For these reasons the moored 

system has to be designed properly since it is anchored to the bottom, while for the 

grazing plant the ship can change position during operation according to marine 

conditions thanks to propulsion system, which however requires fuel consumption  [1].  

Nevertheless, the most important disadvantage of this configuration is the energy 

transfer, but diverse solutions to store energy like hydrogen or methanol production 

have been developed. 
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1.4 Plant configuration of OTEC cycles 

Several plant configurations have been conceived for OTEC application according to 

different operating conditions, working fluids and outputs. 

Firstly, the most important subdivision can be made between open and closed cycle 

since the former works with a specific working fluid while the latter works with 

seawater. The concept of closed cycle has been firstly developed with pure fluid as 

working fluid. Then, other types of cycles with different characteristics have been 

conceived. Among them the most important are Kalina and Uehara cycles which use 

a mixture of ammonia and water in closed cycle configuration and hybrid cycles which 

can be coupled with solar facilities or they combine power production with other by-

products such as desalinated water that is fundamental for diverse processes. 

1.4.1 Open cycle 

The Open Cycle OTEC (OC-OTEC) uses warm seawater as working fluids and it is 

characterised by the following principal components, as shown in Figure 1.5: a flash 

evaporator in which a fraction of warm seawater evaporates, a turbine that expands the 

generated steam, a condenser in which cold seawater is the thermal sink and makes the 

steam condense and a compressor required to discharge incondensable gases. 

 

 
Figure 1.5 - OC OTEC scheme [1] 

 

Evaporation in flash evaporator involves complex heat and mass transfer processes 

and only a small fraction of warm seawater evaporates; to make this possible, the 

pressure of the chamber has to be below the saturation value relative to seawater 

temperature and therefore flash chamber operates at partial vacuum ranging from 3% 

to 1% atmospheric pressure [18].  



 

8 

 

As a consequence, also turbine and condenser operate at these low pressure values, 

resulting in practical issues for the components. 

In fact, due to the low pressure below atmospheric one in-leakage from outside has to 

be avoided in order not to degrade operation; moreover, volume flow rate of steam at 

low pressure is large and so system components have large dimensions, large areas to 

avoid very high velocities of the steam flow.  

After the expansion, steam is condensed in a Direct Contact Condenser (DCC) or in 

Surface Condenser (SC). The first configuration, in which seawater is sprayed over the 

vapour, is the cheapest solution and presents good heat transfer since there are no solid 

parts which obstacle heat transfer; on the other hand, the second configuration is more 

expensive since requires heat exchanging surface but it make possible the production 

of desalinated water. 

Then, incondensable gases like oxygen, nitrogen and carbon dioxide which practically 

compose air and they are dissolved in water, come out from the solution at vacuum 

and they must be vented out. A compressor is installed for this purpose and therefore 

its role is to allow the system to operate at pressure below atmospheric. 

Finally, liquid effluents have to be pressurized to be discharged at ambient conditions. 

Despite of these technical issues, OC-OTEC has the advantage of using seawater as 

working fluid, which is nontoxic, it is not environmental harmful and permit to 

produce freshwater as valuable by-product. 

1.4.2 Closed cycle 

The Closed Cycle OTEC (CC-OTEC) is in general the conventional and well known 

saturated vapor Rankine Cycle. In fact, the working fluid evaporates in a heat 

exchanger at constant pressure, it is expanded in a turbine, then it is condensed at 

constant pressure and finally the liquid is pumped again to evaporator or to preheating 

section if present. The scheme of the closed cycle is represented in Figure 1.6. 

 

 
Figure 1.6 - CC OTEC scheme [19] 
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Heat exchangers for this configuration have separating surface between working fluid 

and heating or cooling seawater and due to the low temperature difference across the 

heat exchangers, heat transfer area specific to kilowatt of produced power is very large, 

about 10 times the one of conventional steam plants [1]. Therefore, heat exchangers 

are an important part of the power plant cost and the goal is to design these facilities 

such that costs per kilowatt, structure and materials are the smallest possible. The 

limited pressure and temperature of OTEC application do not expose heat exchangers 

to critical operating conditions with respect the ones occurring in conventional plants 

[1]. However, expensive materials like titanium have to considered for these 

components due to aggressive operating conditions such as corrosion caused by 

seawater and working fluid. Moreover, there are many types of heat exchangers that 

could be used to satisfy heat transfer characteristics and other needs specific to the 

application, from shell and tube to plate heat exchangers. 

One of the advantages of the closed cycle configuration is that working fluid can be 

selected among several fluids, based on its favourable properties and for OTEC 

applications, refrigerants are the best candidates. 

According to Avery et al. [1], suitable working fluid should have the following 

desirable characteristics: vapor pressure in the range of 7 to 14 bar at 27°C, low volume 

flow of working medium per kilowatt produced, high heat transfer coefficient, 

chemical stability and compatibility with materials, safety, environmental 

acceptability and low cost. 

Among all the potential candidates, studies [20, 21] assessed that ammonia is the most 

appropriate working fluid for its properties, especially for high thermal efficiency and 

low cost, even though it is toxic.  

Besides of conventional closed cycle configuration, there are two other interesting 

alternatives of closed cycle which work with a mixture of ammonia and water as 

working fluid. These configurations are Kalina and Uehara cycles, which are described 

and analysed in detail in two dedicated chapter of this work. 

1.4.3 Hybrid systems 

Besides open and closed cycles, there are other plants which combine features of both 

configurations to produce power and desalinated water at the same time. 

According to [14], as represented in Figure 1.7, Panchal and Bell application has a 

flash evaporator where a fraction of warm seawater evaporates and successively 

condenses providing heat to the working fluid of the power production side of the 

cycle; as a result working fluid evaporates, freshwater is produced as by-product and 

heat exchanger surfaces operate in less aggressive condition because they are not in 

contact with seawater directly. 
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Figure 1.7 - Scheme of hybrid OTEC for power and freshwater production [4] 

 

OTEC with solar hybridization (SOTEC) is another interesting application in which 

both warm seawater and a second working fluid are used respectively in open and 

closed configurations. The simplified scheme of the plant is shown in Figure 1.8. 

The important concept of this system is to increase thermal efficiency increasing the 

temperature difference between hot source and cold sink, by means of solar collector 

which heats up warm seawater in order to provide heat at higher temperature to the 

working fluid of the closed cycle part. Moreover, since sites suitable for OTEC 

applications are generally located where seasonal solar radiation is significant, this 

technology is reasonable.  

Yamada et al. [22] performed a SOTEC design under actual weather and seawater 

conditions at Kumejima Island, Japan. Simulation of a 100 kWe SOTEC plant with 

solar collector designed such that the turbine inlet temperature is 20 K higher than the 

one obtained with conventional configuration showed that annual net thermal 

efficiency is increased of 1.5 times with respect the conventional OTEC plant. 

 

 

 
Figure 1.8 - Scheme of SOTEC plant [22] 
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Another interesting hybrid design for ocean thermal energy conversion is the Offshore 

Solar Pond (OTEC-OSP). Straatman et al. [23] studied this new configuration from 

economical point of view and assessed that for the investigated design, dimensioned 

at 50 MW scale production, offshore solar pond was able to increase warm seawater 

temperature as well as thermal efficiency. As shown in Figure 1.9, solar pond 

technology is installed upstream of the thermodynamic cycle which produce power. 

The result is lower investment costs for the power block, making this application 

competitive with fossil fuel fired thermal plants in terms of levelised cost of electricity. 

 

 
Figure 1.9 - Cross section of cold water heated by solar pond technology [23] 

 

1.5 OTEC energy output usage and by-products 

One of the advantages of OTEC plants is that this technology can be exploited to 

produce other outputs besides of electric power and different solutions are adopted to 

handle energy transportation.  

1.5.1 OTEC energy transfer and storage 

Output of OTEC plant could be managed differently. In case of land based 

configuration, electric power, net of pumps and auxiliary components, produced by 

turbo-generator can be transferred directly to the grid while in case of floating systems 

it is more difficult. In fact, underwater power cables are expensive and can be attached 

only to moored barge configuration; if power cables can be not placed due to 

complicated marine environment or because the power plant in installed on a ship as 

in case of grazing floating system, the energy produced has to be stored at the same 

plant. 

Once the energy is stored in the form of diverse product like fuel of chemical products, 

these outputs are carried on shore with ships, permitting OTEC plant to operate at 

design capacity 24 h/d. 

According to Avery et al. [1] and to [14], there are different solutions for the energy 

storage: hydrogen, methanol, ammonia, jet fuel and lithium air batteries production. 

Hydrogen is produced by electrolysis but the higher costs of its storage by liquefaction 

and its transportation lead to combine it with nitrogen in order to produce ammonia or 

with nitrogen, carbon and oxygen to produce methanol; ammonia and methanol are 

easier to store because they are liquid at ambient temperature [1]. It is also possible to 
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produce synthetic liquid hydrocarbon fuel (Jet Fuel) from carbon dioxide generated by 

OTEC process and used as carbon source [14]. 

1.5.2 OTEC by-products 

Apart from energy storage and production of fuel like methanol, ammonia and 

hydrogen, OTEC is an interesting technology also from the point of view of the by-

products and processes that can be obtained (Figure 1.10). 

Deep ocean water is a precious resource that can be reused before it is discharged since 

it is cold, rich of nutrients, minerals and pure and its pumping costs is already sustained 

for power production purpose; in fact, it can be exploited for aquaculture, air 

conditioning and mineral water production.   

One of the most important and step is the desalination of sweater which can be 

developed both in closed and open OTEC cycles. Distilled water is obtained from open 

cycle by flash evaporation of warm seawater already required to produce steam that is 

expanded in the turbine; instead in closed cycle, desalinated water can be obtained, for 

examples, by means of distillation with spray-flush type system [10] or with reverse 

osmosis desalination plant which uses part of electricity produced by OTEC plant itself  

[24]. According to Kobayashi [7], approximately 10000 m3/day of distilled water can 

be obtained for 1 megawatt OTEC. 

Desalinated water can be used to produce freshwater and based on a case study in the 

Bahamas made by Muralidharan [14], an OTEC plant could produce freshwater at 

about 0,24 $/litre (0,89 $/kgallon) which is less than the fourth times market prices. 

Moreover, mineral water can be produced by freshwater and promote sustainability of 

local industry and especially for islands or isolated communities. 

Deep ocean cold water is attractive also both for air-conditioning among tropical 

islands where small scale systems would be appropriate and food processing or 

chilling, since cold seawater after condenser has a temperature sufficiently low for 

these kind of applications [14][ cap 1 - 10]. 

Finally, other attractive processes are chilled soil agriculture to cultivate products 

throughout the year in tropical regions and marine culture exploiting artificial 

upwelling of cold water, which is richer of nutrients, from depth to surface in order to 

promote fish production [14]. 

 

 
Figure 1.10 - Diagram of OTEC by-products [24] 
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1.6 OTEC and environment 

The relation between OTEC and Environment can be divided in two related main 

specular topics: in fact, environment and OTEC plant interact among each other. 

1.6.1 Effects of the Environment on OTEC 

Marine Environment can affect OTEC by means of biofouling or adverse climatic 

conditions, since for economic reasons these plants must have long operating life of 

about 30 years [1]. 

Several studies were conducted on biofouling issue in order to estimate the effects of 

marine biological environment on OTEC facilities, in particular heat exchangers, cold 

water pipe and platform. In fact, biofouling can significantly degrade in long term the 

performance and the operating costs; therefore, suitable materials have been identified 

to satisfy the operating life constraint. 

Some tests developed in Puerto Rico, Hawaii and Gulf of Mexico showed similar 

results, which means that biofouling is not site dependent at deep-water in tropical 

areas. Moreover, studies on heat exchangers proved that fouling occurs more 

significantly near shores than in open ocean waters; evaporator under operating 

conditions is subject to certain fouling growing rate while it is negligible in condenser 

because of lower temperature and very low level of marine life in the deep oceans. 

However, without control and prevention techniques have been conceived; chemical 

methods consist in injecting chlorine in into inlet seawater. Experiments in Hawaii 

have shown that addition of very low concentration of chlorine is required to prevent 

biofouling and U.S. EPAôs standard for marine water quality allows higher average 

concentration of chlorine to have minimal impact on marine environment. On the other 

hand, physical methods include brushing and ultraviolet and ultrasonic radiation and 

they result to be less attractive than chemical ones [1]. 

On the other hand, tests have been done also to confirm the suitability of the designed 

grazing plants which were able to withstand adverse storm conditions in Atlantic sites. 

1.6.2 Impacts of OTEC on Environment 

OTEC technology impact, positive or negative, on environment should be assessed 

even if it is renewable application and does not rely on fuel consumption; in particular, 

effects like interaction with marine organism ecosystem, seawater temperature change 

or release of chemical pollutants in the waters have to be considered. 

Small organisms, such that small vertebrate or the major parts from plankton 

communities, are subject to impingement or entrainment at cold and water seawater 

inflow points in OTEC system and they are exposed to adverse surrounding conditions 

or to biocides [25]. On the other hand, OTEC provides artificial upwelling of ocean 

water, increasing growth of plankton and nutrients in surface waters and therefore 

increasing the possibilities for marine fish farming [14]. 

Another important issue is that an OTEC system includes large amounts of working 

fluid like ammonia and biocides like chlorine which can leak due to wear corrosion or 

a failure, provoking waters and air contamination and consequent risks both for 

workers and marine organisms [26]. For this reason, working fluids characterised by 

low environmental impact should be used. 
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OTEC installation could be also potential issue for marine habitat, it can modify waves 

or tidal patterns altering sediment transport and deposit affecting beaches and shores 

in general. 

The possibility of seawater surface temperature change has been considered but this 

kind of alteration seem to be insignificant if warm water is released in surface, if cold 

water is released at proper depth and in general if water discharge in mixed layer is 

minimized [26]. 

1.7 OTEC technical limitations and challenges 

The performance of OTEC cycles is evaluated in the same manner of conventional 

steam plants for power production and compared to them. In OTEC a great part of 

power generated by the turbine is used to drive operational pumps, especially the 

seawater ones which are required to provide large quantities of seawater for the heat 

exchangers. 

Moreover, the ideal Carnot efficiency of OTEC cycle is strongly limited by low 

temperature difference between the two thermal resources and for example, for 

operating conditions characterised by hot source at 28°C and cold sink at 4°C of 

seawater temperature, the theoretical efficiency is 8%. However, energy losses due to 

internal friction in pipes which requires pump consumption and thermodynamic 

irreversibilities in heat exchangers and in the other components of the plant, determine 

energy conversion of about 3-4% [18]. 

Compared to conventional power plants, even though conversion efficiency is very 

low due to limited temperature difference between warm and cold source of the 

thermodynamic cycle, OTEC systems rely on renewable energy source constantly 

generated by the sun. 

Besides of thermodynamic considerations, there are also technical limitations 

depending on plant configurations and construction materials. 

Cold water pipe is a component which is difficult to design since it is required to 

transport large amount of cold seawater from deep ocean, it has to withstand material 

stresses and there is no adequate experience on the field. According to Vega [18], 

fiberglass-reinforced-plastic (FRP) pipes are recommended in floating OTEC plants  

for pipes with diameter less than 2,4 m, while high-density polyethylene pipes are 

recommended for land-based applications in the case of diameter less than 2 meters; 

for offshore larger pipes, steel segmented or concrete or FRP pipes are applicable. 

Aside from cold water pipes, other components such as mooring system and 

underwater power cables constitute an engineering challenge for floating OTEC 

plants, but technological background is provided by offshore industry [12]. 
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2. Introduction to the work 
Oceans have a huge amount of stored thermal energy, although its energy density is 

low. Most of the studies available in literature on OTEC applications consider a pure 

fluid as working fluid. Research has been done on conventional closed Rankine  cycles 

adopting low boiling point working fluids.  

In a master thesis developed at Politecnico di Milano University by Bernardoni [3], 

the performance of a conventional Rankine cycle using pure fluids has been studied 

and pure ammonia resulted to be the best solution among all of the working fluids 

considered.   

In this work instead, performances of OTEC application with different kind of fluids 

have been assessed and compared to the results of Bernardoni. In particular, zeotropic 

mixtures such as refrigerant mixtures and ammonia-water mixtures have been 

considered. 

Differnt plant models for power production have been created to assess performance 

of different kinds of Closed Cycles for OTEC application with these kind of fluids: 

firstly, conventional saturated Rankine cycle working with zeotropic refrigerant 

mixtures are studied, then Kalina and Uehara cycles working with ammonia-water 

mixtures are investigated. 

2.1 Zeotropic mixture properties 

Zeotropic mixtures have the property to change phase at variable temperature and 

constant pressure, In fact, during evaporation, the most volatile specie, which has the 

lower boiling temperature, starts to evaporate lowering its concentration in the liquid 

phase and increasing the boiling temperature of the mixture gradually; during 

condensation, the less volatile specie, which has the higher dew temperature, starts to 

condensate lowering its concentration in the vapour phase and decreasing the dew 

temperature of the mixture gradually. 

The temperature difference between saturated vapor and saturated liquid state in phase 

transition is called glide. In case of OTEC cycles, in which a variable temperature heat 

source/sink is exploited, working fluid with glide can reduce mean temperature 

difference in the heat exchanges, increasing first and second law efficiencies with 

respect to pure fluid with no glide. 

First law efficiency is higher because at evaporator side heat is exchanged at higher 

mean temperature, while at the condenser heat is discharged at lower mean 

temperature. On the other hand, second law efficiency is higher because less entropy 

is produced when heat is exchanged at lower temperature difference and so irreversible 

losses are lower.  

In Figure 2.1 irreversibilities related to heat transfer are represented for an ideal 

conventional Rankine saturated cycle working with mixture and pure fluid.  

Notice that, for the same value of pinch points and for equal warm and cold seawater 

temperature differences, the dotted area in the temperature-entropy diagram is more 

extended for the pure fluid case. 

The extension of this dotted area is proportional to exergy loss due to heat transfer. 

Therefore, mixtures are characterised by lower energy degradation since heat is 

exchanged at lower mean temperature difference as showed in Figure 2.1.    
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Figure 2.1 - Comparison between ideal conventional Rankine saturated cycle working with mixture on the left 

and with a pure fluid on the right in TS diagram. 

Nevertheless, lower temperature differences in heat exchangers means lower ЎὝ  and 

for the same heat transfer coefficient and thermal power exchanged, area required by 

heat exchanger is higher according to the following equation: 

 

 ὗ ὟὃЎὝ  (2.1) 

2.2 Optimization purpose  

As underlined by the literature review, an important percentage of the plant investment 

cost, about 25-50%, is determined by heat exchangers costs [2]. 

A parameter is defined to take into account the weight of the heat exchangers area to 

the electric power output. This parameter is maximised by the optimization of the cycle 

for all the plant configurations considered in this work and it is defined as follow [2, 

27]: 

 

 
‎  

 ὡ ȟ

Ὕέὸὥὰ ὥὶὩὥ έὪ ὬὩὥὸ ὩὼὧὬὥὲὫὩὶί
 

(2.2) 

 

This parameter is the variable chosen to compare cycles working with different fluids. 

Since OTEC is characterised by low temperature differences and since heat transfer 

coefficient of a mixture is expected to be lower than pure fluids which compose it, area 

of the heat exchangers is expected to be higher with respect pure fluid case for the 

same thermal power exchanged. Therefore, cycle configurations working with 

zeotropic mixtures are worth only if net power produced is conveniently high such ɔ 

parameter is higher or comparable with the one of pure ammonia even if higher area 

of heat exchangers is required. 

2.2.1 Evaluation of ɔ parameter for an ideal cycle with glide  

For sake of demonstration, Carnot cycle, which represents the ideal thermodynamic 

cycle working with pure fluid since heat is exchanged at constant temperature, is 

compared to an ideal cycle with fluid characterised by linear glide. This comparison 
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was made in order to assess if there are theoretically possible operating conditions, 

characterised by combination of ЎὝ , ЎὝ  and ЎὝ  such that ɔ parameter of fluid 

with glide is higher than the case with pure fluid. Therefore, a cycle with the shape of 

a parallelogram is considered to represent ideal cycle with glide as showed in Figure 

2.2. 

 
Figure 2.2 ï Reference ideal cycles considered in this analysis.  

Carnot cycle efficiency is computed using constant evaporation and condensation 

temperature, while efficiency for the ideal glide cycle is evaluated through logarithmic 

mean temperatures during evaporation and condensation. 
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Some assumptions that are discussed in chapter 4, have been used to evaluate ɔ 

parameter. Firstly, the same amount of ά ȟ  is considered for each case and therefore, 

for a given ЎὝ ȟ, it is possible to evaluate the electric power produced by the cycle 

through the efficiency in the following way: 

 
ὡ ȟ

ὗ

ρ –
–

ά ȟ ὧЎὝ ȟ 

ρ –
–

 (2.5) 

Moreover, according to section 4.1.4, seawater pumps consumption has been 

evaluated considering friction losses inside seawater pipes and pressure losses in heat 

exchanger by means of a proportionality constant, that relates electric power used to 

drive the pump with the thermal power exchanged. Thus, net electric power of the 

cycle has been evaluated subtracting pump consumptions to ὡ ȟ . 

Then, assuming constant overall heat transfer coefficient as explained in section 4.1.3, 

total area of the heat exchangers has been calculated with equation (2.1) knowing 

thermal power and all the ЎὝ of heat exchangers. Finally, ɔ parameter can obtained 

with equation (2.2). 

To simplify this analysis, glides are considered parallel. Then, for a fixed value of ЎὝ  

considered equal for evaporator and condenser, for different ЎὝ  between 0°C and 

ЎὝ ȟ , maps of ɔ parameter are constructed for every couple of ЎὝ  between 
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0°C and the maximum possible ЎὝ ȟ . These two maximum values are function of 

ЎὝ  and ЎὝ  as represented by the following equation: 

 

ЎὝ ȟ ЎὝ ȟ Ὕȟ ȟ Ὕȟ ȟ ЎὝ ȟ ЎὝ ȟ  (2.6) 

Notice that for ЎὝ ȟ  and ЎὝ ȟ , the limit case that is obtained is the cycle 

that tends to a straight line parallel to seawater temperature profiles. On the contrary, 

for the minimum values of these variables, the corresponding cycle is a Carnot and 

since for ЎὝ =0°C seawater flow rates of the pumps tend to infinite and therefore the 

consumptions as well, corresponding ɔ parameter is considered null. In the middle of 

this range of values, cycle changes configuration accordingly. 

Three different cases corresponding to three different values of ЎὝ  will be 

considered. Maps of ɔ parameters of the ideal parallelogram cycle are initially 

computed for every ЎὝ . For sake of demonstration, in Figure 2.3 the map at 

constant ЎὝ =5°C relative to ЎὝ =1°C is represented to show common features 

of ɔ parameter variation with ЎὝ .  

 
Figure 2.3 ï Maps of ɔ parameters for all possible ЎὝ  at ЎὝ =1°C and ЎὝ =5°C. 

Referring to Figure 2.3, notice that the map presents a local minimum ñMinò of ɔ 

parameter in correspondence of the point where ЎὝ ȟ=ЎὝ ȟ= ЎὝ =5°C, so 

when the resulting cycle is a parallelogram with the glides parallel to seawater 

temperature profiles, equal in this case. In fact, this is the case for which the total area 

of the heat exchangers is the largest possible for the considered ЎὝ , because ЎὝ  of 

both the heat exchangers tends to ЎὝ  which is the minimum temperature difference 

by definition, and therefore, from equation (2.1), the area is the maximum one. On the 

other hand, the absolute maximum ñMax 1ò of ɔ parameter is found for low ЎὝ  and 

others local maxima are present: ñMax 2ò again is for equal ЎὝ  but higher than 

ЎὝ , while ñMax 3ò and ñMax 4ò are in correspondence of two combinations of 

different ЎὝ ȟ and ЎὝ ȟ symmetrical with respect the diagonal of the plane with 

seawater temperature differences. Once this kind of surfaces are obtained for each 

ЎὝ , maximum ɔ parameter corresponding to its relative optimal ЎὝ   is 
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evaluated for each couple of ЎὝ  as showed in Figure 2.4 for two couples of ЎὝ  at 

ЎὝ =3°C. 

 
Figure 2.4 ï Method of selection of maximum ɔ parameters for each couple of ЎὝ  varying ЎὝ . In this 

example ЎὝ =3°C 

Finally, the map of all the maximum ɔ parameters for a given couple of  ЎὝ  is 

obtained solving the ideal cycles for each combination of ЎὝ  and its relative optimal 

ЎὝ  found before. 

In Figure 2.5, Figure 2.6 and Figure 2.7 this kind of map is reported for ЎὝ  equal to 

2°C, 3°C, 4°C respectively. These results show that for optimal ЎὝ  at given ЎὝ , 

ɔ parameter of the cycle with glide is always higher than the one of the Carnot cycle 

for every ЎὝ  apart from a narrow region for cases with ЎὝ < 4°C, where the two 

cycles have the same ɔ parameter resulting from ЎὝ  very close or equal to zero. 

This case is represented by the blue line in Figure 2.4 where maximum ɔ parameter is 

the Carnot one. 

In each figure the values of optimal ЎὝ  for which ɔ parameters are the maximum 

are showed. In Table 2.1, results for the absolute maximum ɔ parameters (red dots in 

the figures) are reported for each case.  

 
Table 2.1 ï Optimal variables of absolute maximum ɔ parameters. 

 ЎὝ ȟ 

optimal[°C] 

ЎὝ ȟ 

optimal[°C] 

ЎὝ  

optimal[°C] 

max ɔ 

[kW/m2] 

ЎὝ =2°C 1,5 2 6 0,2167 

ЎὝ =3°C 1,5 2 4,4 0,2342 

ЎὝ =4°C 1,5 2 2,3 0,2423 

 

Relatively to absolute maximum ɔ parameters, the best solutions are always for cycle 

with glides with optimal ЎὝ  higher than both ЎὝ ȟ and ЎὝ ȟ and therefore with 

pinch points located at the end of the heat exchangers. Then, the optimal ЎὝ  

increases when ЎὝ  decreases. In this way, the temperature differences inside the heat 

exchangers are high enough to avoid the case of maximum area of heat exchangers, so 

when glide is parallel to seawater temperature profiles. On the other hand, optimal 

ЎὝ  decreases when ЎὝ  increase in order to maintain the best trade-off between 

power output and area of heat exchangers which deceases for higher temperature 

differences. 
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Then relatively to all the other maximum ɔ parameters, the higher the ЎὝ ȟ and 

ЎὝ ȟ, the higher the optimal ЎὝ  because the possible configurations with ɔ 

parameters higher than zero are the ones with the glide that tend to be parallel to ЎὝ , 

until power produced is zero. Notice that the higher ЎὝ , the lower ЎὝ ȟ  

according to equation (2.6). 

 
Figure 2.5 ï Maps of maximum ɔ parameters obtainable with Carnot or ideal cycle with glide when ЎὝ =2°C on 

the right. On the left, optimal ЎὝ  relative to the maximum ɔ parameters are represented. 

 

 
Figure 2.6 - Maps of maximum ɔ parameters obtainable with Carnot or ideal cycle with glide when ЎὝ =3°C on 

the right. On the left, optimal ЎὝ  relative to the maximum ɔ parameters are represented. 

 
Figure 2.7 - Maps of maximum ɔ parameters obtainable with Carnot or ideal cycle with glide when ЎὝ =4°C on 

the right. On the left, optimal ЎὝ  relative to the maximum ɔ parameters are represented. 

Therefore, based on ɔ parameter evaluation, it could be assessed that ideal cycle with 

parallel linear glide is theoretically better than Carnot. However, this preliminary study 

has been conducted on ideal cycles and with the assumption of linear ideal glide of the 

working fluid. In this work, more realistic configurations are investigated and cycles 

working with zeotropic mixtures with glide will be compared to a Rankine cycle with 

pure fluid. 
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2.3 Brief description of the work structure  

In this work, all the models developed to study performance of the different 

configurations have been implemented using MATLAB and each code has an 

embedded optimization tool used to find the maximum value of ɔ parameter, 

optimizing different design variables. The optimizer has been tested with two functions 

of MATLAB which are fmincon and patternsearch, but the latter showed better 

performance because it is found to depend less on initial values than the former and 

therefore it has been used for all the cases. 

Thermodynamic properties of working fluids and seawater are calculated with 

equations of state provided respectively by REFPROP and TEOS-10 [5]. Both the 

programs are recalled in MATLAB by means of specific functions. 

  

In chapter 4, results of the reference case and the assumptions on which it is based are 

reported. Optimization of conventional Rankine cycle working with pure ammonia has 

been conducted optimizing ЎὝ ȟ, ЎὝ ȟ, ЎὝ ȟ  and ЎὝ ȟ , respectively 

temperature difference of cold and warm seawater and condenser and evaporator pinch 

point. 

Every plant configuration studied in this work has been treated in detail in a dedicated 

chapter. 

 

In chapter 5, Rankine cycle working with refrigerant mixtures is analysed. The model 

implemented for this configuration is an expansion of Rankine working with pure 

fluids, since it is made applicable not only to pure fluid but also to zeotropic mixture 

with temperature glide. Moreover, same results of the reference case are obtained also 

with this generalised model to prove its validity. 

A code that analyses the glide of the mixture in the range of all possible operating 

conditions as explained in section 5.1 is developed before implementing the model and 

the optimizer for the Rankine cycle. 

The model has been developed to maintain the same configuration of the one 

developed by Bernardoni [3], in order to compare the results obtained with same 

similar solution methods. Moreover, the main difference in this work depends on the 

fact that evaporating and condensing pressures are calculated iteratively because 

mixture present non-linear glide: pinch points could be thus located in any section of 

the heat exchangers. Hence, pressures are calculated through iterations in order to 

satisfy pinch point conditions and therefore the model has been conceived to solve the 

cycle depending on the four ῳὝ variables. After the cycle is solved, these variables are 

varied in an optimization tool with the aim of maximizing the ɔ parameter. 

 

In chapter 6, Kalina cycle for OTEC is investigated. This thermodynamic cycle works 

with ammonia-water mixture and it is different from conventional Rankine because it 

has more components that allow the plant to work at variable composition by 

regulating ammonia mass fraction at three different values. In fact, evaporation in 

Kalina cycle is not complete but it is stopped at a certain vapor quality depending on 

mixture composition entering the heat exchanger. Moreover, the plant includes also a 

regenerator to improve efficiency of the cycle. Therefore, the higher complexity 

requires more design variables to be specified to implement the model and they have 
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been chosen in order to be as much as possible similar to the ones of Rankine model 

for comparison purpose. 

The design variables in this case are four ῳὝ plus composition of the mixture ὼ Ȣ  

and vapor quality ή at the exit of the evaporator. Notice that ῳὝ variables are the same 

of Rankine cycle except from ЎὝ ȟ which becomes ЎὝ ȟȟ Ȣ 
 

In chapter 1, Uehara cycle is studied and it is an evolution of Kalina cycle for OTEC. 

The main difference is that a fraction of vapor is extracted from the turbine to be mixed 

with the working fluid exiting the condenser in order to increase efficiency even more 

than Kalina configuration. Thus, even complexity of the plant has increased and design 

variables to be optimized to maximize ɔ parameter are same of Kalina cycle plus 

temperature difference at the inlet of regenerator ЎὝ ȟ . In fact, from a sensitivity 

analysis made in chapter 1 results that ЎὝ ȟ  and the extraction rate of the vapor 

bleeding ‫  are correlated.    
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3. Working fluid mixtures 
 

In this chapter, description of the fluids used in this work for plant configuration 

working with mixtures is presented and some selection criteria are defined to choose 

the best candidates before implementing the models to assess OTEC performance. 

As mentioned in chapter 2, in general suitable working fluids for OTEC have to be 

characterised by very low boiling temperature of about 20-25°C and, in case of 

zeotropic mixtures, such fluids have to be characterised by a glide suitable for the 

limited maximum exploitable temperature difference in OTEC application of about 

20°C. Moreover, mixtures of components with temperature differences in evaporation 

or condensation under 20 °C but with steep glide are not appropriate for the seawater 

heat sources, that are characterised in general by temperature difference of a few 

degrees.  

Therefore, suitable working fluids for this kind of OTEC cycle are pure refrigerant like 

ammonia, refrigerant zeotropic mixtures or other mixtures like ammonia-water 

because they satisfy these requirements. 

3.1 History of refrigerants  

At the beginning of 19th century, the first refrigerants conceived for mechanical 

refrigeration were natural fluids as water and air, then, approximately in the second 

half of the century, also system working with sulfur dioxide, carbon dioxide, ammonia 

and ethyl or methyl ether were designed. 

In the first years of 20th century, all of these natural fluids, even if they are not 

environmental harmful, start to be substituted by other fluids because of safety and 

operational issues: natural refrigerants are generally flammable, toxic or both, so for 

example ethers were dismissed because they are flammable, carbon dioxide was used 

less because it works at high operating pressures. 

Therefore, new fluids were considered in order to match better safety and operational 

conditions: refrigerants were required to be chemically stable, non-flammable, non-

toxic and with suitable thermodynamic properties. 

The chemical elements which satisfied these requirements were chlorine and fluorine 

and they started to be involved in large quantities in the composition of CFCs 

(Chlorofluorocarbons) and HCFCs (Hydrochlorofluorocarbures). 

The second half of 20th century was dominated by these refrigerants and also by 

mixtures, while ammonia was the only one natural refrigerant that survived in 

industrial applications especially for food and beverage processing and storage. [28] 

Subsequently, the problems of ozone depletion and global warming became of great 

importance and these kinds of refrigerants contributed negatively due to the high 

stability of CFCs molecules which remain in the atmosphere where the halogen 

components (Cl and F) reacts with ozone depleting the ozone layer. 

Montreal Protocol in 1987 was the first treaty which started CFCs and HCFCs 

refrigerants phase out and individual countries chose different approaches: the 

majority of developed countries required phaseout of R-22, the most used refrigerant, 
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by 2010 in new equipment and then also of HCFCs by 2020, while most of the western 

and central European countries accelerated this phaseout. 

New refrigerants, the HFCs (Hydrofluorocarbons), were studied in order to remove 

chlorine from refrigerants and substitute it with hydrogen which makes ozone 

depletion potential null and gives more instability to the molecule favouring its 

dissolution in atmosphere, thus lowering its GWP. 

With the Kyoto Protocol in 1997, also HFCs were considered environmentally harmful 

because responsible of global warming and they were gradually regulated starting from 

the HFCs with relative high global warming potential, until they will be prohibited in 

Europe in the near future. 

For these reasons, the selection of refrigerants returns to be focused on the natural 

ones. 

Besides ammonia and carbon dioxide, also hydrocarbons like propane, propylene and 

isobutane could be considered since they are characterised by null ozone depletion 

potential and not significant direct global warming potential; they are also cheap and 

energy efficient refrigerants, even if they are flammable and proper safety regulations 

are required for their usage. 

Future of refrigerants is not easy to predict but now, with more experience in the field 

and with technologies able to compensate the lower efficiency of some refrigerants 

maintaining costs within acceptable range, natural refrigerants seem to be the most 

likely scenario. [29] 

3.2 Selection criteria for  refrigerant mixtures : 

In general, refrigerant fluids are classified according to several factors, from 

environmental to safety ones. 

Two parameters are considered to take into account the environmental issue:  the 

global warming potential (GWP) and the ozone depletion potential (ODP). 

Global Warming Potential (GWP):ò[é] An index, based on radiative properties of 

greenhouse gases, measuring the radiative forcing following a pulse emission of a unit 

mass of a given greenhouse gas in the present day atmosphere integrated over a 

chosen time horizon, relative to that of carbon dioxide. The GWP represents the 

combined effect of the differing times these gases remain in the atmosphere and their 

relative effectiveness in causing radiative forcing. The Kyoto Protocol is based on 

GWPs from pulse emissions over a 100-year time frame [é]ò [30]. 

Ozone Depletion Potential (ODP): ñ[...] A number that refers to the amount of ozone 

depletion caused by a substance. The ODP is the ratio of the impact of a similar mass 

of CFC-11, whose ODP is defined to be 1,0. Other CFCs and HCFCs have ODPs that 

range from 0,01 to 1,0. The halons have ODPs ranging up to 10. Carbon tetrachloride 

has an ODP of 1,2 and methyl chloroformôs ODP is 0,11. HFCs have zero ODP 

because they do not contain chlorine [é]ò [31]. 

As mentioned above, Kyoto Protocol had scheduled regulations on phase-out of HFCs 

which have zero ODP but relatively high GWP. 

According to EU Regulation No 517/2014, some prohibitions were placed on the 

market of refrigerants for systems whose functioning relies on HFCs with GWP > 2500 

(phase-out date 2020) and GWP>150 (phase-out date 2022). [32] 

According to Ashrae Standard, toxicity and flammability classification is represented 

in this matrix diagram of safety group classification system Figure 3.1 [33]: 
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Figure 3.1 - Matrix diagram of safety group classification system [33] 

For these reasons it is clear that the ideal refrigerant has different characteristics which 

have to be considered from the environmental, safeness and thermodynamic point of 

view: it would have suitable thermodynamic properties such as low boiling 

temperature, high heat involved in phase changes, high critical temperature, moderate 

density in liquid phase and relatively high density in gas phase; it would not be 

flammable and toxic; it would not be corrosive to mechanical components; it would 

not be able to affect negatively and deplete the ozone layer and it would not be 

responsible for climate change. 

Since these main important properties belong to different fluids with different degrees, 

the best refrigerant is chosen after a trade-off among all the fluids, depending on the 

application and operating conditions. 

3.2.1 Choice of refrigerant mixture used in this work 

Several refrigerant mixtures are considered and among a list of about forty fluids 

considered from REFPROP predefined mixture database [4], less than twenty have 

been selected because they satisfy the following criteria: 

 

¶ DT glide at a pressure for which mixture is saturated liquid at 25 °C has to be 

between 0,1 and 10 °C such that it is applicable for OTEC applications with 

limited heat source temperature difference 

¶ Absence of R22 refrigerant because it is forbidden from Montreal Protocol as 

stated in section 3.1. 

¶ Ozone Depletion Potential ODP = 0, or almost zero 

¶ Global Warming Potential GWP < 2500 as a first guess referring to EU 

Regulation No 517/2014 [32], but the lower the better due to the very strict 

regulation for the near future. 

 

In Figure 3.2 GWP and DT glide values of each considered mixtures are reported; ODP 

value in not represented since it is equal to zero for all the mixtures except R416A, 

which has ODP = 0.01. Moreover, R454A is the refrigerant with the lowest GWP, 

while the others present quite high values. 

Despite all these fluids are below the GWP limit considered in the criteria listed above, 

the majority of them have high GWP and their usage should be avoided because they 

will likely be dismissed in the near future. 
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Figure 3.2 - GWP and ȹT glide starting from saturated liquid at 25°C for selected mixtures 

All these analysed mixtures are characterised by low toxicity and flammability as 

reported in ASHRAE standards [34]. 

However, as first analysis all the selected refrigerants have been investigated the same 

in order to assess their performance as working fluid in power application regardless 

of GWP and ODP values. 

Therefore, in this work two solutions are proposed: the first configuration works with 

the R416A refrigerant mixture which shows the highest performance in a closed 

Rankine cycle, while the second one works with the R454A mixture which has the 

lowest environmental impact. 

3.3 Ammonia-Water mixture  

Ammonia-water mixture has been used in different applications as absorption chillers, 

heat pump and, for power generation, in Kalina Cycle; using this mixture as working 

fluid in a thermodynamic cycle has several advantages. 

In fact, ammonia-water mixture is a zeotropic mixture which presents varying boiling 

and condensing temperature, depending on the composition and this feature is 

exploited to reduce losses in heat exchangers. 

Since ammonia and water have very similar molecular weights (17.03 for ammonia 

and 18.015 for water), ammonia-water vapour phase behaves similarly to steam, 

enabling to use standard and well known components of steam industrial sector. 

Furthermore, the design of power plant working with ammonia-water is practically 

based on to the experience from ammonia production for agricultural and industrial 

purposes [35, 36]. 

However, the use of ammonia-water mixture requires some safety precautions since 

ammonia is classified as B2 (higher toxicity and lower flammability) from ASHRAE 

standard [34]. In fact, ammonia is toxic in nature and it could be dangerous and also 

lethal in high doses for the human. 
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It is characterised by strong and distinct odour and it has irritating properties such that 

ammonia-water working plants have to be safe, with adequate ventilation system in 

case of leakage. 

However, ammonia is self-alarming due to its properties and it is part of nature since 

is produced decomposing by product of nature, which means that ammonia does not 

constitute global pollution or global warming issue. 

Ammonia is gaseous at atmospheric pressure and it has the advantage of being much 

lighter than air and, therefore, it is easy to vent off. [36] 

In literature, tests on power plant working with ammonia-water mixture has been 

studied, in order to assess what are suitable materials for certain operating conditions. 

In general, traditional materials of construction for power plants are acceptable but it 

is better to not reach temperature above 450°C for which ammonia becomes unstable 

and, therefore, avoid nitriding of steel that could lead to corrosion; nitridation should 

be a concern for the elements of the plant which work at high temperature. The use of 

copper alloys is not recommended because of potential corrosion problems and the 

high value of pH for ammonia with the low presence of oxygen in the mixture should 

limi t the risk of general corrosion [37]. 

3.4 Thermodynamic properties calculation and heat transfer 

correlations 

Besides of all the other characteristics of a working fluid that have been considered 

previously, good heat transfer properties are of crucial importance for a plant that 

produces power by means of thermodynamic cycle, especially for OTEC since it is 

characterised very low temperature differences with respect conventional power cycle. 

However, as explained in next section 3.4.2, mixtures are characterised by heat transfer 

coefficient lower than the respective pure fluids which compose the mixture.  

Hence, it is important to specify how thermodynamic properties of working fluids are 

calculated and how heat transfer coefficients are evaluated in this work. 

3.4.1 Working fluid models and thermodynamic properties 

In this work, the software REFPROP [4], developed by the National Institute of 

Standards and Technology (NIST), has been used to calculate thermodynamic 

properties of industrially important fluids and their mixture, which are used as working 

fluids in OTEC application that have been studied. 

This program implements three models for evaluation of thermodynamic properties of 

pure fluids depending on the availability of data. The first is based on Helmholtz 

energy explicit equations of state and this formulation is used for all the high accuracy 

equations of state provided in literature. The second is based on modified Benedict-

Webb-Rubin equation of state. The third is an extended corresponding states (ECS) 

model, which is used for fluids with limited experimental data [4]. Viscosity and 

thermal conductivity are modelled with either fluid-specific correlations, an ECS 

method, or in some cases the friction theory method. 

The thermodynamic properties of mixtures are calculated starting from pure fluids by 

applying mixing rules to the Helmholtz energy of the mixture components, taking into 

account a departure function from the ideal solution. This allows the use of high-

accuracy equations of state for the components, and the properties of the mixture will 
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reduce exactly to the pure components as the composition approaches a mole fraction 

of 1 [38]. Moreover, different components in a mixture may be modelled with different 

forms; for example, a MBWR equation may be mixed with a Helmholtz equation of 

state. The great flexibility of the adjustable parameters in this model allows an accurate 

representation of a wide variety of mixtures, provided sufficient experimental data are 

available. 

3.4.2 Refrigerant mixtures heat transfer coefficients 

From a literature review of studies that have been conducted on mixtures in order to 

assess heat transfer performances in boiling and condensation inside and outside tubes 

[39], it result that heat transfer coefficients of mixture are lower than the ones of its 

pure components. 

Therefore, several researches have been performed to understand the main reasons of 

heat transfer coefficient degradation during diverse boiling and condensation 

phenomena. Different causes have been individuated, even though uncertainty is 

always present since each mixture behaves differently depending on its components. 

Regarding boiling phenomena, studies on nucleate and enhanced pool boiling, smooth 

and enhanced flow boiling are reported. The most important issues that characterise 

boiling heat transfer performance are: additional mass diffusion resistance of the more 

volatile component, significant changes in the physical properties of the mixture with 

composition, lower boiling nucleation sites densities affected by composition effects, 

the consequent delay of the principal heat transport mechanisms and rise in the local 

boiling point caused by preferential evaporation of the more volatile component. 

Depending on operating conditions like heat flux, flow rate, vapor quality, pressure 

and difference between liquid and vapor concentration of the more volatile component, 

a mixture shows different degree of heat transfer coefficient. 

Condensation has been studied in different phenomena like free convection, forced 

convection in horizontal and vertical tubes. The main reasons of worst heat transfer 

performance for a mixture are thermal resistance of the vapor diffusion layer, the 

accumulation of the more volatile component at vapor-liquid interface lowers 

temperature at the interface reducing condensation rate and this reduction increase for 

components with less similar boiling point and properties [39]. 

According to the work of Shin et al. [40] on correlation of evaporative heat transfer 

coefficients, worst performances are due to non-linear behaviour of thermodynamic 

properties and also due to mass transfer effects caused by composition change of 

zeotropic mixtures during phase transition. Moreover, always regarding research in 

boiling heat transfer performance, according to Monde et al. [41], lower heat transfer 

coefficients can be related to temperature differences between boiling and dew points 

and also to the difference of mass fraction in liquid and vapor phase. 

Another important factor which influences heat transfer is the type of heat exchanger 

and for OTEC technology plate heat exchangers are the best solution due to high 

compactness and heat transfer performance, making them suitable in applications 

where evaporation and condensation of refrigerants occur [42]. 

According to Amalfi et al. [42], many studies have been done on single phase flow 

inside plate heat exchanger but less on two phase flow and refrigerant mixture. Thus, 

the developed empirical correlations have not been widely validated beyond their 

original experimental data. In fact, heat transfer coefficients depend strongly not only 
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on the geometry of the component, but also on boiling phenomena occurring in the 

heat exchanger and the transition from one to another is not totally clear. 

 

Evaporation of ammonia-water mixture has been studied in plate heat exchanger by 

Táboas et al. [43, 44]. In their works a correlation which calculate boiling heat transfer 

coefficient of ammonia-water mixture in plate heat exchanger is presented, based on a 

separate model which uses a transition criterion. In fact, heat transfer coefficient is 

calculated considering nucleate or convective boiling, depending on a certain 

condition based on superficial velocity of vapour and liquid phase. However, even if 

this correlation takes into account the transition between two boiling phenomena, the 

range of experimental data considered to develop the correlation is very different from 

the operating conditions of OTEC. In fact, these correlations are valid for vapor quality 

of the mixture from 0 to 0.22 [43, 44] and ammonia mass fraction of 42% [43] and 

also between 0.35 and 0.62 [44]. 

 

Another work more suitable for OTEC is proposed in literature for evaporation heat 

transfer coefficient of ammonia-water mixture in plate heat exchanger, considering 

ammonia concentration from 0.93 to 0.99 [45]. In this study, since there are no 

proposed correlations or data in literature about heat transfer coefficient for high 

ammonia concentrations, the strategy was to apply other known correlations to the 

experimental data, modified by a correction factor depending on concentration. 

However, the developed correlation is not satisfactory because it does not take into 

account the influence of physical quantities like heat flux, vapor quality and flow rate 

which are important factors that affect strongly heat transfer performance as stated 

before. 

 

For these reasons, global heat transfer coefficients are considered with simplified 

assumptions explained in the next section 4.1.3, since development of correlation for 

each analysed working fluid goes beyond the purpose of this work. 
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4. Reference case and 
assumptions of the work 

The purpose of this work is to compare different OTEC configurations with 

conventional Rankine cycle working with ammonia as explained in chapter 2. 

In this chapter, several assumptions of this reference case are explained and they are 

maintained in this work in order to compare the different OTEC systems in the most 

similar operating conditions. 

4.1 The assumptions of the models 

Even if different types of plant for OTEC are investigated, the developed models of 

each system have in common same turbomachinery and same external components to 

the thermodynamic cycle as piping to supply warm and cold seawater and seawater 

conditions.  

4.1.1 Cold and warm seawater pipes 

From literature emerges that cold water pipe constitutes a significant technical 

limitation for the design of the entire OTEC plant for different reasons. In fact, cold 

water pipe has to provide large amount of seawater flow rate due to limited temperature 

difference across the condenser and it should have sufficiently big diameter dimension 

in order avoid excessive velocities of the seawater flow rate. Moreover, the longer the 

pipe, the better the efficiency since the plant would be able to use cold seawater at 

lower temperature. Nevertheless, is not possible to build cold water pipe with big 

diameter because it has to be resistant enough to withstand mechanical stresses due to 

currents, waves and storms that can occur in operation and it has to guarantee a proper 

connection to the plant. Obviously, cold water pipe in offshore plants are even more 

critical. Then, dimension of the pipe, flowrate and its velocity are the most important 

factors pressure drops depend on. 

In this work a cold water pipe made in high density polyethylene (HDPE) with a 

diameter of 2.5 m has been selected and maintained for all the studied cases since it is 

the limit for this kind of pipe that are commercially available [10]. Furthermore, HDPE 

has been chosen pipe because it has been successfully adopted in the Mini OTEC-1 

and Nauru plants, according to literature [1].  

Then, velocities in the pipe are limited to 0.7-2 m/s to avoid high pressure drop [3]. 

For the warm water pipe, design parameters are less critical. 

Summarizing the characteristics of seawater pipes: 

 

¶ Cold water pipe length equal to 1000m [10] 

¶ Warm water pipe length equal to 200m [3] 

¶ Limit diameter is fixed to 2.5m as explained and it is applied to both seawater 

pipes  
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4.1.2 Seawater and working fluid properties  

The assumptions used for working fluids and seawater are the following for each case 

studied: 

 

¶ Warm seawater inlet temperature is Ὕȟ ȟ= 28°C for all the analysis  

¶ Cold seawater inlet temperature is Ὕȟ ȟ  4°C for all the analysis 

¶ Cold seawater flow rate is assumed to be constant at a value of ά ȟ  8500 

kg/s  

¶ Salinity of seawater is considered constant at a value of 35 g/kg 

¶ Pressure of seawater is considered equal to the atmospheric one 

¶ Warm and cold specific heat capacity are evaluated by means of TEOS-10 at 

inlet warm and cold seawater temperature respectively, and they are considered 

constant for all the analysis since specific heat capacity does not vary 

significantly for the limited temperature differences that occur in OTEC 

application. 

¶ Pressure drop in heat exchanger are evaluated only for seawater side 

4.1.3 Heat transfer coefficients 

Heat transfer coefficient evaluation for the heat exchanger working with a zeotropic 

mixture is a very difficult task. In fact, in literature there are not general correlations 

to apply to a mixture, but the only correlations proposed are dependent on specific 

experimental evaluation performed at certain operating conditions as explained in 

section 3.4.2. 

For these reasons and with the aim of comparing performance of the different analysed 

cycle with the one working with pure ammonia at same operating condition, overall 

heat transfer coefficients are considered in the same way of Bernardoni [3]. 

This procedure is reasonable considering that mixture heat transfer coefficients are 

expected to be lower than pure fluids and that the techno-economic parameter ɔ, that 

is maximised with an optimization process, increases when total heat exchanger area 

decreases or when net power produced increases. In fact, if global heat transfer 

coefficient of the mixture is equal to the pure fluid one and the resulting maximised ɔ 

is still lower than pure fluid case, it means that adopting zeotropic mixtures for OTEC 

application in the studied operating conditions is not a better solution than using pure 

fluids. This because in terms of techno-economic optimization, the net power output 

is not sufficiently high to balance the worst heat transfer performances, even if 

efficiency is expected to be higher, and consequently the higher heat exchanger costs 

due to more extended surface of these components. 

Hence, for the closed cycle configuration working with zeotropic refrigerant mixtures, 

global heat transfer coefficients are considered equal to ones calculated by Bernardoni 

who referred to Avery [1] and the procedure is briefly reported. 

Global heat transfer coefficient for a heat exchanger in general is: 
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Where Ὤ  and Ὤ  are convective heat transfer coefficients of seawater and working 

fluid respectively, Ὑ , Ὑ  and Ὑ  are thermal resistance per surface area 

due to biofouling, metal conductive resistance of the wall and corrosion film, which is 

generally neglected, respectively. 

Referring to heat transfer coefficients found in literature [1], Bernardoni has calculated 

an overall heat transfer coefficient in the evaporator of 3198 W/m2K [3]. This value is 

kept constant through the optimization and is also considered equal to the preheating 

section, since thermal power exchanged in economizer is of one order of magnitude 

less than in evaporation or condensation and therefore its global heat transfer 

coefficient is not expected to influence significantly the extension of total heat transfer 

area. 

Moreover, from a conceptual design present in literature [1], the overall heat transfer 

coefficient of the condenser is about 85-98% of the evaporator one. Therefore, he 

assumed ammonia convective heat transfer for condensation of 80% with respect of 

the one in evaporation and no biofouling effect to obtain that the overall heat transfer 

coefficient of the condenser is 2987 W/m2K (93% of the evaporator one) [3]. 

In the case of Kalina and Uehara cycles, which are characterised also by the presence 

of regenerative heat exchangers, global heat exchanger coefficients for these 

components are assumed to be equal to 3000 W/m2K. This assumption will be verified 

with the results. 

4.1.4 Seawater pressure drop evaluation 

In this work, seawater pumping power consumption is computed in the same way for 

all the OTEC systems that have been investigated, with the assumption that for all the 

cases seawater is provided to the systems in the same way and at the same conditions. 

Avery [1] assessed that seawater pumping power is about 20-30% of the gross power 

produced by OTEC cycle and Vega [13] had estimated that to keep water pumping 

power consumption at 20-30% of the gross power, an average speed less than 2 m/s is 

suggested for seawater in pipes. 

It is clear that seawater pressure drop evaluation is important and significant to 

determine net power produced by the plant. Total pressure drop can be divided in two 

contributions:  

¶ Pressure drop in seawater pipes;  

¶ Pressure drop in the heat exchangers.  

In this work, localized pressure drops contributions, such as pressure drop due to 

valves, heat exchanger manifolds or pipe bending were neglected and the following 

assessment procedure is maintained according to Bernardoni [3]. Pressure drop for 

cold seawater pipe is the sum of pressure drop due to friction and pressure loss caused 

by the difference in density between the water in the CWP and the surrounding warm 

seawater [2, 1]. The frictional pressure drop is computed in terms of pressure head and 

is function of pipe length, diameter and velocity, as described by an empirical formula 

proposed by Uehara et al. [2]: 
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(4.2) 

 

Since CWP geometry and cold seawater flowrate are fixed by technical limitations as 

reported in previous section, velocity remains constant in the optimization and 
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consequently also frictional pressure head as shown in equation (4.2). Also pressure 

drop due to density difference is considered in terms of pressure head and it is 

determined according to the following equation [2]: 

 
ЎὌȟ ὒ

ρ

”ȟ

ρ

ς
”ȟ ”ȟ ὒ  (4.3) 

The cold water pipe length is assumed equal to the depth at which cold seawater is 

drawn.  

For warm seawater side, the only pressure drop considered for warm water pipe is 

frictional pressure drop, with the analogue equation used for the cold water side: 
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 (4.4) 

The difference is that warm seawater flowrate is not imposed as it was done for cold 

water due to technical constraints, and it is computed by means of the energy balance 

at the evaporator. Therefore, seawater velocity in warm pipe was initially assumed and 

the pipe diameter results from the following equation: 
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(4.5) 

 

If diameter of warm water pipe corresponding to the guessed velocity is higher than 

maximum obtainable diameter defined in section 4.1.1, the diameter is imposed to this 

limit and velocity was calculated for the warm seawater flowrate resulting from the 

energy balance: 
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(4.6) 

Considering Bernardoni method, pressure drop in heat exchangers are evaluated by 

means of a proportionality relation between the ideal pumping power required to let 

the seawater flow in the heat exchanger and the relative involved thermal power. 

Thermal power in a heat exchanger can be calculated with the following equation: 

 ὗ ά ὧЎὝ  

 
(4.7) 

The ideal pumping power required is calculated as a function of pressure drop, density 

of seawater and its flowrate: 
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The ideal pumping power required for heat exchangers is assumed to be proportional 

to thermal power [3]: 

 ὡ ȟ Ὧὗ  (4.9) 

Where the proportionality constant Ὧὴ derives from a reference heat exchanger 

performance: 
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(4.10) 

By substituting equation (4.10) in equation (4.9), if seawater density and seawater 

specific heat are maintained constant: 
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By rearranging the terms of the latter: 
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By comparing equation (4.8) with equation (4.12) it is found that: 
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Notice that from equation (4.12), the pumping power varies proportionally with 

seawater mass flowrate or with ЎὝ  in the same way and if seawater temperature 

difference increases, the pressure drop increases and the final ideal pumping power 

required by each heat exchanger is obtained with equation (4.9).  

Finally, ideal cold and warm seawater pumping power required are calculated as 

follow: 

 ὡ ȟ ȟ ȟ ά ȟ ὫЎὌ ЎὌȟ ὡ ȟ ȟ 

 
(4.14) 
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(4.15) 

Then, with the assumed value of hydraulic, mechanical and electric efficiencies, the 

net electric power consumed by seawater pumps is calculated as: 
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(4.16) 

4.1.5 Working fluid turbomachines and seawater pumps 

In this work efficiencies of the turbine and of the pumps are considered constant  [46]. 

For the case of Rankine cycle OTEC working with zeotropic mixtures, it is considered 

also Astolfi correlation [9] that take into account turbine efficiency variation as a 

function of volume ratio and size parameter and the results will be compared with the 

constant efficiency case. 

The assumed values of the efficiency for working fluid turbomachines used in the 

plants are the following: 
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Table 4.1 ï Table of efficiency of turbomachinery and seawater pumps used in this work 

Cycle turbomachinery 

Isoentropic turbine efficiency –ȟ  89 % 

Mechanical turbine efficiency – ȟ  97 % 

Electric turbine efficiency –ȟ  99.5 % 

Isoentropic pump efficiency –ȟ  80 % 

Mechanical pump efficiency – ȟ  96 % 

Electric pump efficiency –ȟ  98 % 

Seawater pumps 

Hydraulic seawater pump efficiency – ȟ  85 % 

Mechanical seawater pump efficiency – ȟ  97 % 

Electric seawater pump efficiency –ȟ  97 % 

4.2 Reference case: Rankine cycle working with pure ammonia 

The assumptions reported so far are used in the models developed in this work in order 

to assess the performance of Rankine cycle for OTEC working with mixture and of 

Kalina and Uehara cycles working with ammonia-water mixture.  

These models will be described in the following chapters and the results will be 

compared with the case studied by Bernardoni [3], which has been reproduced in this 

work in order to compare its performance with the other configurations considered for 

OTEC. Therefore, Rankine cycle working with pure ammonia is considered in this 

work as the reference case and the optimized results based on ɔ parameter as specified 

by equation (2.2) at the introduction of this chapter. Optimal design parameters and 

results of the optimization made on Rankine cycle working with pure ammonia are 

reported in Table 4.2. These values of the optimal case will be compared with the 

optimization results of the other cycle configuration analysed in this work. In order, 

firstly Rankine cycle working with refrigerant mixtures is considered, then Kalina and 

Uehara cycles working with ammonia-water mixture. 
 

Table 4.2 ï Results of the Rankine cycle working with pure ammonia, optimized based on ɔ parameter. 

ȹT w sw 1,64 °C Condensation pressure 6,12 bar 

ȹT c sw 2,20 °C Turbine electric power 2,911 MW 

ȹT pp eva 3,89 °C Working fluid pump consumption 0,042 MW 

ȹT pp cond 3,67 °C Gross power produced by the cycle 2,767 MW 

Inlet thermal power  77,283 MW Warm seawater pump consumption 0,226 MW 

Outlet thermal power 74,412 MW Cold seawater pump consumption 0,550 MW 

Warm seawater mass flow rate 11773 kg/s Net electric power produced 1,991 MW 

Cold seawater mass fow rate 8500 kg/s ɖ I 2,58 % 

Working fluid mass flowrate 62,6 kg/s Total heat exchangers area 10433 m2 

Evaporation pressure 9,30 bar ɔ  0,1908 kW/m2 
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5. Rankine Cycle with refrigerant 

mixtures 
 

In this chapter, performance of a closed Rankine cycle for OTEC application working 

with refrigerant zeotropic mixtures is analysed based on the optimization of ɔ 

parameter. 

Before implementing the model of the Rankine cycle working with mixtures, a brief 

analysis of the properties of the selected working fluids (see section 3.2.1) is done, in 

order to define some useful information to be used in the thermodynamic cycle model. 

5.1 Glide analysis 

A code in MATLAB has been implemented in order to analyse a generic working fluid 

from the point of view of glide properties like its curvature and the temperature glide, 

i.e. the value between the starting and finishing point of the phase transition. 

In this work, zeotropic mixtures are analysed because they are characterised by large 

range of temperature variation during phase transition, as functionof composition. 

The thermodynamic cycle can experience ideal maximum and minimum pressures 

correspondent to the ideal maximum and minimum temperatures the working fluid can 

reach; in the ideal case of heat exchangers with infinite area, these temperatures are 

the inlet warm seawater and the inlet cold seawater temperature respectively. 

¶ ὴ ȟ = Pressure at ideal max saturated vapour temperature Ὕȟ ȟ 

¶ ὴ ȟ = Pressure at ideal min saturated liquid temperature Ὕȟ ȟ 

Since the pressure is considered constant during the phase transition, the value of the 

glide temperature difference in evaporation and condensation at that pressure, is 

function of the mixtureôs components and its composition. 

This analysis is performed for several values of pressure between the maximum and 

the minimum one, dividing evaporation and condensation in N intervals such that each 

of them represents the increasing value of the vapour quality (from 0 to 1). The real 

glide curves are evaluated in each of these points between the liquid and vapour 

saturated states of the curve corresponding to phase transition for each pressure 

considered between ὴ  and ὴ . 

All these real states are calculated through the software REFPROP [4] which is called 

with appropriate functions in MATLAB, while the states corresponding to the ideal 

linear glide are obtained with a straight line connecting saturated liquid and vapor 

states. Finally, temperature difference between the ideal and the real glide curves is 

calculated for evaporation and condensation at each point of the discretized heat 

exchangers.  

If these temperature differences along the phase transition curves are always positive, 

the shape is concave because the linear glide is always above the real one; on the 

contrary if they are negative, the shape of the curve is convex because the real glide is 

always above the linear one; moreover, in the other cases an inflection point is present 

if temperature differences are negative and positive along the phase transition. 
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Finally, if all the temperature differences between linear glide and real glide are equal 

to zero, the glide is flat and if saturated liquid and vapor temperature are equal,  it 

means that this is the case of pure fluids. 

In fact, due to this limited range of ῳὝvalues, in general glides are not expected to 

have high degree of curvature such that the concavity or convexity changes along the 

phase transition. 

All the concepts considered in the glide analysis are showed for a generic mixture in 

Figure 5.1 for better comprehension. 

 
Figure 5.1 - Glide analysis criteria and separation between evaporating and condensing pressures working fluid 

can assume 

 

Another criterion showed in Figure 5.1 is that the highest value the glide can assume 

in evaporation or condensation is roughly limited to the half of the maximum seawater 

temperature difference: 
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Ὕ ȟ Ὕȟ ȟ ῳὝȟ ȟ ρφЈὅ (5.3) 

Therefore, since glide temperature difference is considered starting from saturated 

liquid temperature and since in this work OTEC application is studied between 

Ὕȟ ȟ= 28°C and Ὕȟ ȟ= 4°C as mentioned in section 4.1.2, evaporation pressures 

are considered from the one corresponding to saturated liquid at Ὕ ȟ  and ὴ ȟ , 

while condensation pressures from ὴ ȟ  and the one relative to saturated vapor at 

Ὕ ȟ . 
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Once the possible operating pressures of the cycle are divided in a representative way 

between condensing and evaporating ones as stated above, this code, which analyses 

the fluids in a temperature-entropy diagram, gives as a result the shape of the glides.  

At the evaporator, the glide is concave if for all the considered evaporation pressures 

the glide is concave. It is convex if for all the evaporation pressures the curvature of 

the phase transition curve is convex. It presents an inflection point in the other case. 

In case of pure fluids, the code associate flat glide to evaporation. At the condenser, 

the code analyses the glide in the same way. 

Therefore, this method of glide analysis is implemented in a code before the program 

of the Rankine cycle starts. In fact, even if it does not consider actual pressures that 

are evaluated in the iterations needed to solve the cycle, the analysis done on indicative 

pressures in the range between minimum and maximum ideal ones, allows to provide 

information to the Rankine cycle program and increase the speed of the calculations 

performed. In this way, the code is implemented only once at the very start instead of 

being called multiple times inside the optimization program, resulting in larger time of 

calculations. 

In fact, knowing or assuming properly the position of the pinch point in heat exchanger 

thanks to the performed analysis of the glide, and knowing its temperature difference 

simplifies and speeds up the calculations. 

5.1.1 Considerations about pinch point evaluation  

This analysis is important for the design of the heat exchanger and especially for the 

pinch point evaluation. In fact, considering the case of counter-current heat exchangers 

working with a pure fluid, evaporation and condensation occur at constant pressure 

and temperature, and if the heat source and the cold sink are characterised by finite 

thermal capacity, the pinch points will be located at the entrance of both the evaporator 

and the condenser (working fluid side). 

For real mixtures, glide non-linearity make the evaluation of the pinch point value and 

position more difficult, since the concavity or convexity of the glide can change with 

the operating conditions such as evaporating or condensing pressure and composition 

in case of non-predefined mixture. As a result pinch point could be located everywhere 

and iterative procedures are required to set pinch point in correspondence of minimum 

temperature difference. 

Considering working fluid side, different positions where minimum temperature 

difference occurs are the following: 

¶ at the inlet of evaporator if glide is concave and if ῳὝȟ  ῳὝ ȟ , Figure 

5.2 on the left  

¶ at the outlet of evaporator if glide is concave and if ῳὝȟ  ῳὝ ȟ , 

Figure 5.3 on the left  

¶ somewhere in the middle of evaporator if glide is convex, Figure 5.4 on the left  

¶ at the inlet of condenser if glide is convex and if ῳὝȟ  ῳὝ ȟ , Figure 

5.2 on the right  

¶ at the outlet of condenser if glide is convex and if ῳὝȟ  ῳὝ ȟ , 

Figure 5.3 on the left  

¶ somewhere in the middle of condenser if glide is concave, Figure 5.4 on the 

right  
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In the following figures, these concepts are represented in a schematic view of a 

temperature-entropy diagram where pinch point position can be identified, depending 

on the magnitude of ῳὝ and ῳὝ  and also on the curvature of the glide in each 

heat exchanger. For all these figures, evaporator is on the left and condenser in on the 

right; in evaporator warm seawater is represented in red and working fluid in blue 

while in condenser is the other way around.  

 
Figure 5.2 ï This is the case when pinch point is located at the inlet of the heat exchanger, working fluid side. 

Evaporator is on the left and condenser is on the right. 

 
Figure 5.3 ï This is the case when pinch point is located at the outlet of the heat exchanger, working fluid side. 

Evaporator is on the left and condenser is on the right. 

 

Figure 5.4 ï This is the case when pinch point is located at the middle of the heat exchanger. Evaporator is on the 

left and condenser is on the right. 

In this work, pinch points evaluation and localization are very important for the study 

of performance of each thermodynamic cycle which has been analysed, also for the 

speed of the code as mentioned in chapter 2. 
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5.1.2 Results of glide analysis for the selected mixtures and pure ammonia 

All the analysed mixtures are refrigerants with predefined and constant composition 

that are present in the library of REFPROP [4] and they satisfy the selection criteria 

imposed in section 3.2. For all of them, the degree of curvature of the glides are not 

very high as expectations even if some mixtures present more accentuated curves in 

the temperature-entropy diagram. In Table 5.1 the output of this analysis is reported. 

 
Table 5.1 ï Glide curvature of the analysed refrigerants mixtures at evaporator and condenser 

Working fluid  evaporation condensation 

R407A concave concave 

R407C convex inflection point 

R407D convex convex 

R407E convex inflection point 

R407F concave concave 

R410A concave concave 

R410B concave concave 

R413A convex convex 

R416A concave concave 

R417A inflection point convex 

R425A convex convex 

R427A convex inflection point 

R437A inflection point inflection point 

R438A inflection point inflection point 

R449A convex inflection point 

R454A convex convex 

R717 - Ammonia flat flat 

 

Notice that the concavity or the convexity of the glide does not change for more than 

half of the analysed mixtures for all the evaporating/condensing pressure considered 

in the possible range between the heat source and the cold sink. 

Glide curvature possibilities are represented for three of these mixtures in Figure 5.5 

in a temperature-entropy diagram to appreciate trend of the glide for diverse pressures 

considered between the minimum and the maximum one defined in section 5.1. 

 
Figure 5.5 ï Example of glide curvature for three mixtures between minimum and maximim ideal pressure of the 

cycle. R416A on the left presents concave glide; R425A in the middle presents convex glide; R437A presents 

inflection point along phase transition. 
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5.2 Rankine cycle model 

Once the glide of the mixture is analysed in the range of all possible operating 

conditions as explained in section 5.1, a model for the resolution of saturated Rankine 

closed cycle is implemented.  

5.2.1 Solution strategy 

 
Figure 5.6 - Plant scheme of closed Rankine cycle for OTEC [3] 

The model implemented to solve Rankine cycle for OTEC refers to Figure 5.6. 

Five different strategies are considered based on the output of the glide analysis 

together with consideration made on pinch points location as mentioned in section 

5.1.1.  

For the most general case for which position of pinch points is not known before 

solving the cycle, condensing and evaporating pressures of the cycle are unknown and 

therefore they are initially set to a guess value; then for given ȹT of cold and warm 

seawater and for given ȹT of pinch point at both the heat exchangers, the solution of 

the cycle is obtained by means of several iterative procedures with the goal of 

satisfying the pinch point conditions. Otherwise, if the curvature of glide is such that 

pinch point could be individuated at the inlet or at the outlet of the heat exchangers, 

different strategies are developed accordingly.  

Solving the cycle means calculating and defining entirely the thermodynamic state of 

each point of Figure 5.6 and this is possible knowing at least two variables like 

temperature and pressure, or pressure and vapor quality for saturated states etc.  

 

The procedure followed to solve the model is reported for the most general case in the 

following scheme in Figure 5.7. The entire explanation of the procedure is explained 

for all the possibilities that can occur based on the previous glide analysis.  
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Figure 5.7 - Flow chart of the model implemented to solve Rankine cycle working with mixtures 

If the evaporator glide is concave, pinch point is initially located at the end of the heat 

exchanger (working fluid side); now it is possible to determine the temperature of 

saturated vapour from which the relative evaporating pressure for saturated vapor state 

(vapour quality q = 1) is evaluated: 

 Ὕ ȟ Ὕ Ὕȟ ȟ ῳὝȟ  

 
(5.4) 

 ὴ ὴὝȟή ρ (5.5) 

Now it is possible to calculate enthalpy and entropy at point 4. 

The enthalpy at the inlet of the condenser is evaluated through the assumed constant 

turbine isoentropic efficiency and, considering the guess value of the condensing 

pressure, all the other thermodynamic quantities are calculated as function of pressure 

ὴ  and enthalpy. 

 Ὤ Ὤ Ὤ Ὤȟ –ȟ  (5.6) 

Since the working fluid condenses at constant pressure, also the state at the exit of the 

condenser is completely known because it is saturated liquid with vapour quality q=0. 

Moreover, mass flow rate of working fluid is calculated. 

 ὗ ά ȟὧὴȟῳὝȟ 

 
(5.7) 



 

44 

 

 ά ὗ ȾὬ Ὤ  (5.8) 

In order to satisfy the pinch point condition to evaluate the real condensing pressure, 

the heat exchanger is discretized in N control volumes and for each of them the model 

solve an energy balance for the enthalpies starting from the inlet of the condenser. 

With the assumption of constant specific heat capacity of seawater in 4.1.2, cold 

seawater temperature for each step is calculated as follow: 

 
ὝὭ ρ ȟ ὝὭ ȟ

ῳὝȟ
ὔ   

(5.9) 

Then, for each point, temperature is calculated as function of pressure and enthalpy 

and the difference between working fluid and seawater temperature is evaluated for 

each step. 

 ὬὭ ὬὭ ρ ά ȟὧὴȟὝὭ ρ ȟ ὝὭ ȟ  

 
(5.10) 

 ῳὝὭ ὝὭ ὝὭ ȟ (5.11) 

At this point the condensing pressure is varied in an objective function whose goal is 

to find that pressure for which the minimum temperature difference between working 

fluid and seawater is equal to the given condenser pinch point: 

 ῳὝȟ ῳὝ ȟ  (5.12) 

From the exit of the condenser, the working fluid is pumped, becomes subcooled liquid 

at a certain pressure that is the evaporating pressure since the pressure drop in the 

economizer are not considered (ὴ =ὴ ). With the isoentropic efficiency of the 

pump, the enthalpy in this state is calculated starting from the one of saturated liquid 

at point 1 and knowing the pressure the other thermodynamics quantities are evaluated. 

 
Ὤ

Ὤȟ Ὤ
–ȟ Ὤ 

(5.13) 

 ὴ ὴ ὴ  (5.14) 

At this point the inlet thermal power is calculated between inlet of economizer and 

outlet of evaporator, and the warm seawater flow rate are determined knowing ῳὝȟ: 

 ὗ ά Ὤ Ὤ  (5.15) 

 
ά ȟ

ὗ
ὧὴ ȟῳὝȟ

 
(5.16) 

At the inlet of evaporator, point 3, the enthalpy of the working fluid is determined as 

function of the evaporating pressure and the vapour quality because it is saturated 

liquid (q=0) and heat exchanged in the economizer is: 

 ὗ ά Ὤ Ὤ  (5.17) 

At this point, it is necessary to calculate seawater temperature Ὕ at the exit of the 

economizer and its difference with the inlet of the evaporator working fluid 

temperature: 

 
Ὕ Ὕȟ ȟ ῳὝȟ

ὗ
ά ȟ

 
(5.18) 

 In the same way of the condenser, the evaporator is discretised in N control volume 

and in all the points temperatures and enthalpies are computed by means of energy 

balances for each step, starting from the exit of the evaporator (working fluid side). 
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Also the temperature differences between seawater and working fluid at each step are 

evaluated and in particular at the inlet: 

 ῳὝὭ ὝὭ ȟ ὝὭ  (5.19) 

 ῳὝȟ ῳὝρ Ὕ Ὕ (5.20) 

Now if ῳὝȟ  is lower than the pinch point at the evaporator, it means that for this 

mixture the pinch point has to be at the inlet of the evaporator and all the steps of this 

procedure are iterated through another objective function, which finds the real 

evaporating pressure starting from a guess one. In this case the iterations are necessary 

because the temperature of the seawater at the exit of economizer Ὕ is unknown since 

it is function of pressures. 

 

If the condenser glide is convex instead, the pinch point is located initially at the outlet 

of the condenser, where the thermodynamic state, that is saturated liquid, is defined 

knowing the vapour quality q=0 and the condensing pressure as a function of vapour 

quality and temperature: 

 Ὕ Ὕȟ ȟ ῳὝȟ  (5.21) 

 ὴ ὴὝȟή π (5.22) 

Then, the procedure is very similar to the previous case. Assuming initially the 

evaporating pressure equal to a guess value, the subcooled liquid state at the inlet of 

economizer is calculated as the previous case with equation (5.14). 

At the inlet and at the outlet of the evaporator, vapor quality and assumed pressure are 

known, so the states 3 and 4 of the cycle are determined. 

At the inlet of the condenser, enthalpy is calculated from isoentropic efficiency of the 

turbine with equation (5.6). 

At this point, with the same energy balances of the previous case, is possible to 

calculate the working fluid mass flow rate, and then the seawater temperature at the 

inlet of economizer Ὕ and the warm seawater flow rate. 

Once the evaporator is discretised, temperature differences between seawater and 

working fluid are calculated for each step and the minimum of them is imposed to be 

equal to the evaporator pinch point. 

Then an iterative procedure repeats all these steps varying the evaporating pressure, in 

order to find that pressure which satisfies the pinch point condition. 

Once the thermodynamic cycle is solved, if the temperature difference between 

working fluid and seawater at the inlet of the condenser ῳὝȟ  is lower than the one 

at the outlet, pinch point at the condenser is at the outlet and all the procedure is iterated 

through a new objective function which finds the condensing temperature for which 

the aforementioned temperature difference is equal to the pinch point value. In this 

case iterations are necessary because is not possible to know the thermodynamic state 

of the working fluid at the inlet of the condenser since it is function of pressures. 

This code works also if pure fluids are considered: with this option, the code 

implemented to analyse the glide gives the information of flat glide at both evaporator 

and condenser and therefore pinch point is located at the inlet of the evaporator and at 

the outlet of the condenser. For given cold seawater and pinch point temperature 

difference which will be optimized in a second time, condensing pressure is calculated 

without iterations with following equations, since temperature Ὕ is calculated as 
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function of ῳὝȟ  and ῳὝȟ and it is equal to Ὕ because of the flat glide of pure 

fluid. 

 Ὕ Ὕȟ ȟ ῳὝȟ ῳὝȟ  (5.23) 

 Ὕ Ὕ (5.24) 

 ὴ ὴὝȟή π (5.25) 

With the same procedure of previous cases, point 2, point 3 and point 4 are calculated 

assuming evaporation pressure. It is necessary to assume the pressure and perform 

iteration even if pinch point position is known to be at the inlet of the evaporator, 

because the corresponding temperature of warm seawater at the outlet of economizer 

is not known. Therefore, the same procedure is adopted and evaporating pressure is 

calculated with n iterative method since pinch point temperature difference at the inlet 

of the evaporator is equal to ῳὝȟ . 

 

In the most general case, the model describes the thermodynamic cycle even if the 

glide at the evaporator and at the condenser are not concave or convex respectively, 

neither if they are not flat. Therefore, the model computes pressures and all the other 

thermodynamic quantities by means of iterations of the two objective functions 

described in the previous cases, in order to satisfy at the same time pinch point 

conditions. However, this is the case with the lowest speed of code execution since the 

objective function and REFPROP calls in MATLAB increase a lot with respect the 

other solutions. 

5.2.2 Power output, heat transfer area and ɔ parameter of the plant 

Once the thermodynamic states of the cycle and the flow rates are completely defined, 

energy, power and consumption outputs of the plant can be evaluated.  

Net power output of the plant is the electric power generated by the turbine minus the 

fraction that is used to drive working fluid pump and especially seawater pumps as 

explained in section 4.1.4: 

ὡ ȟ  ὡ ȟ  ὡ ȟ ȟ ὡ ȟ ȟȟ ὡ ȟ ȟȟ  ( 5.26) 

 

Furthermore evaporator, condenser and preheating-economizer areas are computed 

with the assumption of constant heat transfer coefficient reported in section 4.1.3. 

In this work, since heat exchangers have been discretized in N parts in order to 

represent the glide and each part is assumed to exchange the same amount of thermal 

power, the total surface of a single component is computed as the sum of the area of 

all the elements which compose the heat exchanger: 

 

ὃ ὃὶὩὥὭ
ῳὗ Ὥ

Ὗ ῳὝȟ Ὥ
 (5.27) 

 
ῳὝȟ Ὥ

ῳὝ Ὥ ρ ῳὝ Ὥ

ὰὲ
ῳὝ Ὥ ρ
ῳὝ Ὥ

 (5.28) 
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Hence, total area of the heat exchangers is computed as the sum of the areas computed 

with equation:   

 ὃ ȟ ὃ ὃ ὃ  (5.29) 

Moreover, with the information of the discretized heat exchangers form the solved 

cycle, the code is able to create temperature-thermal power transferred diagrams (TQ). 

Temperature-entropy diagram (Ts) is also created by the code in order to represent all 

the thermodynamic states of the cycle.  

Finally, with net electric power and total area of the heat exchangers, ɔ parameter can 

be computed. 

5.2.3 First and second law efficiency  

Besides techno-economic assessment, performances of the cycle are evaluated also 

from the point of view of thermal efficiency and irreversibilities. 

Thermal efficiency is defined as the ratio between net electric power generated by the 

plant and the total heat entering in the cycle: 

 
–

ὡ ȟ

ὗ
 

(5.30) 

Exergy analysis is conducted to take into account losses in the cycle and to estimate 

second law efficiency. Destroyed exergy is calculated considering a balance among all 

the energy flows throughout each component of the plant as represented in Figure 5.8: 

 
Figure 5.8 - Exergy flows diagram: on the left the concept for turbines, pumps and valves; on the right the 

concept for heat exchangers 

Exergy of each stream is defined in the following way: 

 Ὁὼ ά Ὤ Ὕί  (5.31) 

Where Ὕ is equal to Ὕ  which is considered the same of Ὕȟ ȟ according to 

Bernardoni [3]. 

Exergy balances are performed for every component of the plant in the following 

manner: 

 Ὁὼ Ὁὼ ὡ ȟ Ὁὼ  (5.32) 

Where ὡ ȟ  is the net power produced and Ὁὼ  is the destructed exergy, i.e. the 

power loss due to irreversibilities. 

Considering all the entering flow as total entering exergy and all exiting flow as total 

exiting exergy, the second law efficiency is calculated as follow: 

 
–

ὡ ȟ

Ὁὼ ȟ Ὁὼ ȟ

 (5.33) 
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5.2.4 Rankine cycle optimization tool 

The model has embedded an optimization tool which use the MATLAB functions 

fmincon or patternsearch. The aim of the optimization is to found the maximum value 

of ɔ parameter which depends on cold and warm ῳὝ and ῳὝ of evaporator and 

condenser. Therefore, design variables are the following: 

¶ ῳὝȟ and ῳὝȟ : warm and cold seawater temperature differences  

¶ ῳὝȟ  and ῳὝȟ  : pinch point at evaporator and condenser 

In fact, in this work all the other quantities like pressures, warm seawater and working 

fluid flow rates depend on these four parameters as explained in section 5.2.1. 

In this work optimizations with both the functions have been performed and it was 

found that for this application patternsearch is better than fmincon because it depends 

less significantly on the initial values and shows better accuracy in evaluating global 

minimum instead of ending the optimization at the local ones. 

5.3 Results and working fluid selection 

The thermodynamic cycle has been solved for all the zeotropic refrigerant mixtures 

selected in section 3.2.1 and two fluids have been chosen as best solutions based on 

two different criteria: the first is the performance represented by the value of ɔ 

parameter, while the second is the environment issue represented by GWP value. 

Besides pure ammonia, refrigerant R416A has the highest ɔ parameter, ɔ=0.1884 but 

it is characterised also by a quite high GWP value (GWP = 1084, section 3.2.1). 

Refrigerant R454A has a lower ɔ parameter, ɔ=0.1776 but it is more environmental 

friendly with a GWP = 239. 

Results of the optimization for all the investigated fluids are reported in Table 5.2. 

Moreover, in Figure 5.9 a comparison between first and second law efficiency is 

reported at the top, while at the bottom is represented the comparison between ɔ 

parameter and net electric power produced by the plant. 

Looking at the results, first and second law efficiency show the same trend which is 

also similar to the ɔ parameter one. 

Notice that pure ammonia is still better than all of these refrigerants based on ɔ 

parameter optimization since for ammonia ɔ=0.1908. The trend of ɔ parameter is not 

the same of the electric power produced which is higher for almost all the refrigerants 

investigated. 

This behaviour can be explained considering heat transfer: in fact, even if global heat 

transfer coefficients are equal, lower temperature differences across heat exchangers 

due to the glide lead to lower logarithmic mean temperature difference and 

consequently, for the same amount of exchanged thermal power, higher heat transfer 

surface extension is required. 

R454A working fluid has the higher power output in optimized configuration with 

respect to pure ammonia and R416A. However, higher total heat exchanger area is 

acceptable as long as net produced power is high enough such that ɔ parameter is 

greater or equal to the pure ammonia one. Nevertheless, this does not occur for any of 

the selected mixtures even if plant working with most of them generates more power 

than pure ammonia case. 
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Table 5.2 ï Results of cycle optimization for every mixture 

 fluid  ɖ I % ɖ II % ╦▄■ȟ▪▄◄ [MW]  A tot [m 2] ɔ [kW/m2] 

AMMONIA  2,5763 37,6140 1,9911 10432,71 0,1908 

R407A 2,3792 34,9686 2,2565 12755,35 0,1769 

R407B 2,4276 35,5704 2,1517 11862,31 0,1814 

R407C 2,3534 34,6289 2,2856 13090,62 0,1746 

R407D 2,3695 34,8538 2,2894 13005,47 0,1760 

R407E 2,3470 34,5480 2,2980 13211,36 0,1739 

R407F 2,3906 35,1325 2,2578 12713,12 0,1776 

R410A 2,4522 35,7902 1,9507 10684,86 0,1826 

R410B 2,4476 35,7240 1,9522 10708,41 0,1823 

R413A 2,4644 36,1060 2,1752 11807,43 0,1842 

R416A 2,5227 36,8989 2,1058 11174,61 0,1884 

R417A 2,4390 35,7653 2,1910 12029,46 0,1821 

R425A 2,3567 34,6820 2,3016 13157,79 0,1749 

R427A 2,3706 34,8581 2,2723 12896,00 0,1762 

R437A 2,4787 36,3178 2,1797 11773,38 0,1851 

R438A 2,3951 35,1891 2,2530 12698,92 0,1774 

R449A 2,3652 34,7834 2,2701 12923,33 0,1757 

R454A 2,3914 35,1511 2,2678 12769,91 0,1776 

 

 
Figure 5.9 ï Comparison of the performance of the cycle working with different fluids. Pure ammonia is 

represented in a different colour with respect to refrigerant mixtures.  
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The optimal operating conditions of the three configurations are the represented in 

Table 5.3. 
Table 5.3 ï Optimal operative conditions of the cycle working with each mixture 

 Pressure [bar] ◕╣▼◌ [°C]  ◕╣▬▬ [°C]  ◕╣▌■░▀▄ [°C]  

Mixture cond  eva  warm cold eva cond eva cond 

Ammonia 6,12 9,30 1,64 2,20 3,89 3,67 0,00 0,00 

R416A 3,61 5,42 1,79 2,37 4,42 4,50 1,82 2,13 

R454A 6,76 9,63 2,04 2,70 3,17 3,42 5,23 5,23 

 

For each fluid, temperature-thermal power (TQ) and temperature-entropy (Ts) 

diagram are represented in Figure 5.10, Figure 5.11 and Figure 5.12. Notice that the 

positions of pinch point (black dots) are indicated in TQ diagrams and, even if glide 

curvatures are difficult to appreciate due to limited temperature difference in heat 

exchangers, R416A shows concave glides at both evaporator and condenser, while 

R454A has convex ones. Moreover, for R416A the expansion is dry but since 

superheating section would be very short, it is considered in condenser. 

 

 

 

 

 
Figure 5.10 - Ammonia TS and TQ diagrams 
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Figure 5.11 - R416A TS and TQ diagrams 

 

 

Figure 5.12 - R454A TS and TQ diagrams 

Refrigerant R416A and R454A have been studied also for different values of the 

design parameters ῳὝ and ῳὝ in order to assess if the optimal parameters found 

with the previous optimization are the ones which give the absolute maximum ɔ 

parameter. Therefore, in Figure 5.13, a map of all the possible combinations of warm 

and cold seawater temperature differences is obtained through solution of the cycle 

with optimized ῳὝ such that ɔ parameter is the maximum that can be computed for 

each couple of ῳὝ.  
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Figure 5.13 ï Refrigerant R416A: Map of all maximized ɔ parameter for each combination of ῳὝίύ couple  

From this analysis, ɔ=0.1883 kW/m2 for optimal warm and cold ῳὝ are 1.75°C and 

2.25°C respectively, which are in good agreement with the optimized cycle obtained 

with the global optimization as reported in Table 5.3 where ῳὝȟ=1.788°C and 

ῳὝȟ=2.373°C. There is a little difference among these numbers because the values 

of ῳὝ used to construct the map of every possible solution are not optimal ones, but 

they are discrete values between 1°C and 6°C. Notice that optimal pinch point 

temperature differences are higher compared to the seawater ones and in particular, for 

ῳὝȟ =4.423°C and ῳὝȟ =4.501°C, maximum ɔ=0.1884 kW/m2. 

In fact, higher pinch point values involve lower total heat exchanger area because ῳὝ 

increase with ῳὝ, and so even ɔ parameter increases. 

For certain pinch point temperature differences, configurations with lower ῳὝ would 

require higher amount of sweater to be pumped, resulting in higher seawater pumps 

consumption, less net power produced and consequently lower ɔ parameter. Instead, 

solutions with higher ῳὝ  would result in lower pressure difference between 

evaporation and condensation, resulting in lower expansion ratio across the turbine, 

therefore lower power produced and lower ɔ parameter. 

In the map, zones where electric power produced by the turbine is not sufficiently high 

to withstand all the consumptions of the cycle are represented by ɔ parameter equal to 

zero. These regions are not represented in the map since they are not interesting, but 

notice that these are the configurations with null or almost null ῳὝ ρ°C, for which 

ɔ drops approaching to zero. 

A map of maximized ɔ parameter for optimal ῳὝ correspondent to several couples 

of ῳὝ is calculated also for the refrigerant R454A and it is showed in Figure 5.14. 

All the considerations explained for R416A can be done also for R454A. Maximum 

ɔ=0.1776 kW/m2 is found for the couple of optimal ῳὝȟ=2°C and ῳὝȟ=2.75°C, 

for which optimal pinch point are ῳὝȟ =3.17°C and ῳὝȟ =3.42°C, in good 

agreement with the global optimization previously developed. 
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Figure 5.14 ï Refrigerant R454A: Map of all maximized ɔ parameter for each combination of ῳὝίύ couple 

5.3.1 Thermal and exergy efficiency comparison 

Thermal efficiency is defined in equation (5.30) as the ratio between net electric power 

produced and total thermal power entering the plant and exergy efficiency is defined 

according to (5.33). Referring to results of Table 5.2, R416A and R454A mixtures has 

lower thermal and exergy efficiency than pure ammonia. In fact, for R416A 

–=2.523% and –=36.899%; for R454A –=2.377% and –=34.931%; for ammonia 

–=2.576% and –=37.614%.  

However, notice that Rankine cycle working with mixture presents lower efficiency 

since it is optimized from a techno-economic point of view. In fact, thermodynamic 

cycle working with mixture are expected to have higher thermal efficiency, so an 

optimization have been performed also for thermal efficiency. Therefore, R416A is 

compared to ammonia in the following efficiency analysis, since it is the mixture 

which presents higher ɔ parameter with resect R454A which was considered only for 

its lowest GWP value. 

If the cycle were optimized for the efficiency, maximum – and –  would be in 

correspondence of null ῳὝ which is physically unfeasible. Therefore, an 

optimization of this type is not useful to assess the performance of the cycle, but 

limiting ῳὝ at a minimum threshold of 0.5°C and evaluating – and –  for each 

couple of ῳὝ with fixed ῳὝ, maps of all these solutions could be computed and a 

similar trend is obtained. 

In Figure 5.15 it is shown how the refrigerant R416A has higher first and second law 

efficiencies than pure fluid like ammonia since zeotropic mixtures are characterised 

by large range of variable temperature during phase transition such that irreversibility 

losses due to lower temperature differences in heat exchanger are less than pure fluid 

case. 
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Figure 5.15 ï Comparison between first and second law efficiencies of the cycle working with pure ammonia or 

refrigerant R416A mixture. ῳὝ=0.5°C 

More in particular, the solution of cycles corresponding to maximum thermal 

efficiency for ammonia and R416A are considered for a comparison with the ones 

obtained with maximum ɔ parameter. 

 
Table 5.4 ï Result of techno-economic and thermal efficiency optimizations for ammonia and R416A 

  max ɔ max ɖth   

  Working fluid  ammonia R416A ammonia R416A 

ῳὝȟ 1,64 1,79 1,4 2 °C 

ῳὝȟ 2,20 2,37 1,8 2,2 °C 
ῳὝȟ  3,89 4,42 0,5 0,5 °C 
ῳὝȟ  3,67 4,50 0,5 0,5 °C 

ὴ  9,30 5,42 10,41 6,09 bar  

ὴ  6,12 3,61 5,40 3,13 bar  

working fluid flow rate 62,6 451,9 51,6 411,8 kg/s 

warm seawater flow rate 11773 11669 11551 9884 kg/s 

cold seawater flow rate 8500 8500 8500 8500 kg/s 

ɖ I % 2,58 2,52 4,36 4,53 % 

ɖ II   37,61 36,90 65,02 67,92 % 

ɔ parameter 0,1908 0,1884 0,0783 0,0463 kW/m2 

ὡ ȟ  1,991 2,106 2,824 3,579 MW 

ὃ  10433 11175 36079 77262 m2 

 

In Table 5.4 are represented the results of these different solutions in terms of ɔ 

parameter, net electric power produced, total area of the heat exchanger, efficiencies 

and operational conditions like  ῳὝ, ῳὝ, pressures and flow rates. 

Notice that despite of higher first and second law efficiencies, optimizing Rankine 

cycle for OTEC to have the highest electric power produced and lowest irreversible 

losses, leads to heat exchangers area bigger than three and seven times, respectively 

for ammonia and R416A, with respect to the solutions which provide the best trade-

off between produced power and heat transfer surface extension. 

From the results, efficiencies of plant working with mixture are higher than pure fluid 

configuration as expected but ɔ parameter is always lower. In fact, notice that for the 
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mixture case both working fluid flow rate and area are higher than pure ammonia case 

because of lower temperature differences inside heat exchanger due to glide.  

In Table 5.5 exergy balances of the optimization results for maximum gamma and 

maximum efficiency case are reported for each fluid. 

 
Table 5.5 ï Exergy balance for both the results of optimizations 

 MAX ɔ MAX ɖ I  

Fluid ammonia R416A ammonia R416A  

Ὁὼ 33632 33613 33676 33648 kW 

Ὁὼ  28338 27906 29333 28378 kW 

ὡ  =Ὁὼ-Ὁὼ  5293 5707 4343 5270 kW 

ὡ ȟ  1991 2106 2824 3579 kW 

Ὁὼ ȟ  3302 3601 1519 1691 kW 

ɖ II  37,61 36,90 65,02 67,92 % 

 

In Figure 5.16 and Figure 5.17 exergy analysis is represented with comparison between 

optimal Rankine cycle from maximum ɔ parameter and efficiency point of view 

respectively, for each working fluid. 

 
Figure 5.16 ï Exergy analysis for Rankine cycle from ɔ parameter optimization point of view. Pure ammonia is 

on the left and R416A is on the right. 
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Figure 5.17 ï Exergy analysis for Rankine cycle from maximum thermal efficiency point of view. Pure ammonia 

is on the left and R416A is on the right. 

From this exergy analysis, the components with the highest exergy destruction based 

on ɔ parameter optimization are heat exchangers as expected, followed by the turbine. 

In case of thermal efficiency maximization, the components that dissipate more exergy 

are always heat exchangers and turbine, but with a different share. In fact, exergy 

destructed in condenser and evaporator are much lower because of very low ῳὝ, 

while in preheating section, exergy destruction in economizer increases because the 

higher difference between evaporating and condensing pressure which makes more 

inlet thermal power necessary to make the working fluid reach saturated liquid 

condition. Then, in the turbine since the expansion ratio is higher, for the same 

isoentropic efficiency the resulting entropy difference between inlet and outlet of the 

turbine is higher and therefore more exergy is dissipated with respect the other case. 

On the other hand, in the case of ɔ parameter maximization the main difference 

between pure ammonia and R416A configuration is a little redistribution of the 

available exergy destructed in the heat exchangers; in particular, the mixture 

configuration shows fewer percentage points of exergy destructed in the condenser and 

evaporator but it dissipates more exergy in preheating section. 

5.3.2 Results with variable efficiency of the turbine 

The analysis developed so far has been conducted under the assumption of constant 

turbine isoentropic efficiency as reported in section 4.1.5. 

In this work, also the case with variable turbine efficiency has been studied in order to 

compare the performances with variable efficiency during optimization and the 

correlation of Astolfi [9] for ORC is used. This correlation considers the efficiency as 

a function of size parameter Ὓὖ and volume ratio ὠ calculated on the entire turbine, 

knowing the thermodynamic states at the inlet (point 4) and at the outlet (point 5) of 

the component.  
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In this correlation, volume ratio and size parameter are defined as follow: 

 
ὠȟ

ὠ ȟ

ὠ

”

”ȟ
 

(5.34) 

 

Ὓὖ
ὠ ȟ
Ȣ

ЎὬȢ
ά ”ȟ

Ȣ

Ὤ Ὤȟ
Ȣ  (5.35) 

Then the efficiency of the turbine is computed with the following equation, where the 

subscript s indicates the number of stages, selected for the machine: 

 

– ὃȟὊ  
(5.36) 

Moreover, ὃ and Ὂ coefficients are used depending on number of stages considered 

for the machine, according to Table 5.6. 

 
Table 5.6 - Correlation used for axial turbine [9] 

 
This correlation has been embedded in the model of the cycle in order to be considered 

during optimization, which is performed only for pure ammonia and the selected 

mixtures R416A and R454A. The results of the optimization are reported in Table 5.7 

while results of the parameters introduced with the correlation are shown in Table 5.8. 

Each working fluid presents isoentropic efficiency higher than the constant one, 

assumed to the value of 89%, and for all the analysed cases the expansion is wet with 

vapor quality close to the unit. 
Table 5.7 ï Optimization results for the selected mixtures 

Stages number mixture  ɖ I % ɖ II %  ╦▄■ȟ▪▄◄[MW]  A tot [m2]  ɔ [kW/m^2] 

  

1 

  

AMMONIA  2,6705 39,0430 2,0996 10489,5446 0,2002 

R416A 2,6521 38,8327 2,1912 10949,9381 0,2001 

R454A 2,5117 36,9621 2,3847 12653,0308 0,1885 

  

2 

  

AMMONIA  2,6935 39,3793 2,0908 10380,4851 0,2014 

R416A 2,6607 38,9578 2,1891 10913,7088 0,2006 

R454A 2,5209 37,0858 2,3742 12564,5517 0,1890 

  

3 

  

AMMONIA  2,7039 39,5330 2,0916 10341,4428 0,2023 

R416A 2,6684 39,0750 2,1998 10922,7315 0,2014 

R454A 2,5285 37,2013 2,3821 12557,2149 0,1897 
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Table 5.8 ï Correlation results for each mixture 

Stages number mixture  SP Vr  ɖ turbine % vapor quality at point 5 

  AMMONIA  0,2359 1,4392 0,9203 0,9691 

1 R416A 0,5168 1,4810 0,9285 0,9997 

  R454A 0,4115 1,4073 0,9274 0,9847 

  AMMONIA  0,2343 1,4412 0,9242 0,9689 

2 R416A 0,5155 1,4818 0,9300 0,9997 

  R454A 0,4097 1,4083 0,9290 0,9846 

  AMMONIA  0,2339 1,4415 0,9269 0,9687 

3 R416A 0,5162 1,4812 0,9327 0,9996 

  R454A 0,4098 1,4079 0,9316 0,9845 

 

Refrigerant R416A presents ɔ parameter for each configuration almost equal to the one 

of the pure ammonia, while R454A is still worse. 

The size parameter of R416A and R454A mixtures are almost double the one of pure 

ammonia while the volume ratio is slightly higher and lower respectively; looking at 

the equation (5.36), higher SP determines a major increase in the isoentropic efficiency 

for the mixtures with respect pure ammonia. 

In OTEC application one stage could be sufficient, in fact the value of isoentropic 

efficiency does not increase significantly with number of stages and a multistage 

solution results in a more complicated and expensive design which is not worth 

compared with the small improvement in efficiency. Therefore if a turbine with one 

stage is adopted and it is designed with the efficiency according to the used correlation, 

the plant presents the same performance working with both pure ammonia and 

refrigerant mixture R416A. 

Notice that this correlation has been developed for dry expansion and for ORC 

configuration where the expansion ratio is higher than in OTEC application and 

depending on its magnitude, the number of stage could be higher. 

For this reasons, this correlation may overestimate the efficiency and consequently the 

gamma parameter. 

 

From this analysis on saturated Rankine cycle, pure ammonia is the working fluid with 

higher ɔ parameter with respect to refrigerant mixtures. 
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6. Kalina cycle  
Besides conventional Rankine cycle working with refrigerant fluids, also Kalina cycle, 

working with ammonia-water mixture, has been investigated [] .  

Kalina cycle was developed by Alexander Kalina in early 1980s [36]. It was conceived 

as new concept of closed cycle for waste heat recovery and power generation systems 

from low enthalpy heat sources. Kalina cycle has been designed initially for many 

applications with different configurations from bottoming cycles for gas turbines to 

geothermal applications and OTEC systems. 

This concept was quite different from the existing conventional thermodynamic cycles 

because it was conceived to use ammonia-water mixture as working fluid. This fluid 

is a zeotropic mixture which evaporates and condensates at variable temperature, 

reducing heat transfer losses due to irreversibilities throughout heat exchangers and 

increasing thermal efficiency [47]. 

6.1 Ammonia-water glide analysis 

In OTEC applications working with ammonia-water mixture, the separator is a 

necessary component because this mixture has very large glide between saturated 

liquid and vapor state at constant pressure, compared to very low temperature 

differences across heat exchangers involved in OTEC. Therefore, since saturated vapor 

temperature at the exit of the evaporator would be higher than the hot source inlet 

temperature due to large glide, evaporation is stopped at a certain vapor quality and 

separator divides vapor phase from liquid phase. 

In Figure 6.1, temperature-composition diagrams are represented for several values of 

pressure.  

 
Figure 6.1 ï On the left: dew and bubble line for ammonia-water mixture for different pressures. On the right: 

dew and bubble line for pressure p = 7 bar 

Composition is represented as function of ammonia mass fraction which is the most 

volatile species in the mixture and it is limited in the range between 0 and 1, 

corresponding to pure water or pure ammonia respectively, since water mass fraction 

is the complement to one from mass balance: 

 ὼ ὼ ρ (6.1) 

In Figure 6.1, considering a certain value of pressure (e.g. p=7 bar), the two 

represented lines divide the diagram in three different regions. Starting from the 
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bottom, the first is the zone where the mixture is in liquid state; increasing the 

temperature at constant ammonia fraction, the first bubble of vapor is formed in 

correspondence of the bottom line, i.e. bubble line or saturated liquid line; on the other 

way around, starting from the top, this region is where the mixture is in vapor state and 

decreasing the temperature at constant composition, the first liquid droplet is formed 

in correspondence of the line in the top, i.e. dew line or saturated vapor line; the region 

in between the bubble and the dew line is the vapor liquid equilibrium (VLE) region 

where the phase of the mixture coexist. It is possible to know the composition of the 

mixture in liquid and vapor phase, projecting at constant temperature the state on both 

the dew and the bubble line, and calculating the complement to one for each ammonia 

fraction in each phase, also water fractions are known. Then, for a generic amount of 

mixture, mass balances are considered as follow: 

ά ȟ ὼ ȟ ά ȟ ὼ ȟ ά ȟ  (6.2) 

ά ȟ ὼ ȟ ά ȟ ὼ ȟ ά ȟ  (6.3) 

ά ȟ ά ȟ ά ά ά  (6.4) 

ά ὼ ȟ ὼ ȟ  ά ὼ ȟ ὼ ȟ ά  (6.5) 

From Figure 6.1, it is clear that temperature glide in phase transition is calculated as 

the difference between dew and bubble temperature at the correspondent composition 

for each pressure. This value is larger than temperature difference between Ὕȟ ȟ 

and Ὕȟ ȟ, i.e. the ideal maximum temperature difference exploitable by OTEC 

application, in the most cases for every pressure and composition. The only cases for 

which entire phase transition temperature glide is compatible with OTEC applications 

are for almost pure ammonia mixtures (ὼ πȢωωυ where the mixture glide is 

comparable with the maximum allowable DT . 

This concept is displayed in Figure 6.2, where it is possible to notice how steep dew 

line is in this region for ammonia-water mixture.  

 
Figure 6.2 ï Particular of dew and bubble lines for ammonia mass fraction close to 1 

Therefore, separator allows to use ammonia-water in less critical region, since it 

separates gas phase as function of vapor quality of the mixture at the evaporator outlet 

to avoid using working mixture with ammonia fraction close to 1 because. In fact, for 

such high ammonia mass fractions, it would be difficult to gurantee these operative 

conditions in case of leakages.  
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Furthermore, for a certain pressure, the increase of ammonia fraction results in higher 

vapor quality obtainable as displayed in Figure 6.3, since the higher the ammonia 

fraction in the mixture, the lower the temperature glide such that more vapor can be 

produced. For a fixed value of pressure and ammonia fraction, ῳὝ  is limited to 

12°C as in section 5.1, equation (5.3), in order to not exceed the maximum exploitable 

temperature difference in heat exchangers for OTEC application. Notice that for each 

line of the diagram, the entire glide (vapor quality from 0 to 1) can be exploited only 

for concentration of ammonia close to 1, otherwise there is a maximum value of vapor 

quality for the maximum value of ῳὝ  that can be reached. 

Studying ammonia-water mixture in a similar way reported in section 5.1 at different 

composition in the range of possible operative temperatures and pressures, glide 

curvature in phase transition between Ὕȟ ȟ and Ὕȟ ȟ is always concave as shown 

in Figure 6.3. 

 
Figure 6.3 ï ȹT glide of ammonia-water mixture with constant composition, as function of vapor quality for a 

fixed pressure; in this graph p = 7 bar for sake of demonstration  

These concepts are applied to the development of a model to solve Kalina cycles. 

6.2 Kalina model description 

The model of Kalina adopts the same assumptions for seawater, seawater pipes and 

pressure drops, turbomachines and heat transfer coefficients reported in section 4.1.  

The main feature which characterises and distinguishes Kalina cycle from the Rankine 

one is the evaporation occurring in two steps: firstly, phase transition starts in 

evaporator heat exchanger, then wet vapor with a certain quality, depending on 

operative conditions, enters a flash chamber where ammonia-rich vapor phase is 

separated from the ammonia-lean liquid phase. 

Hence, Kalina is characterised by three different compositions in the same 

thermodynamic cycle, in order to reach the best operational configurations by 

regulating the fraction of ammonia in the different plant sections.  

The model has been developed referring to the plant scheme reported in Figure 6.4. 

In the system represented in Figure 6.4, three different working fluid compositions 

resulting from the separator can be individuated: 

¶ Main composition of the mixture in bright blue 

¶ Rich composition of ammonia-rich stream richer in green 

¶ Lean composition of ammonia-lean stream leaner in orange 
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Figure 6.4 ï Reference scheme of Kalina cycle for the developed model 

In the separator, vapor phase and liquid phase are separated. Vapor phase which is 

richer in ammonia, because ammonia is more volatile than water, is expanded in the 

turbine to produce power, while liquid phase, whose ammonia fraction is lower, passes 

through a throttling valve after it has cooled down in the regenerator. In the absorber, 

these two streams are mixed and successively the mixture is condensed by cold 

seawater. Working fluid circulation pump, downstream the condenser, pumps the 

mixture toward the regenerator where the fluid is preheated by liquid phase exiting the 

separator, and then returns in the evaporator where the cycle is closed. In their study, 

H. Asou et al [48] showed how the presence of a regenerator in the Kalina cycle 

increases the thermal efficiency with respect to the case of an equivalent system 

without this component, in which liquid cominq from separator is mixed directly with 

the main stream. 

From another study [49] on the design of a 150W OTEC prototype based on the Kalina 

cycle comparison with others ORC based OTEC, it emerges that Kalina system has a 

net efficiency of 3,36% while the other cycles with organic fluid like R-32, R-114 and 

R134a show an efficiency of 2,72%, 2,653% and 2,77% respectively. 

 

The increased complexity of Kalina with respect to Rankine cycle adds variables that 

have to be optimized in order to determine the optimal solution based on ɔ parameter. 

Hence, besides of the ῳὝ and ῳὝ design variables to be optimized as considered 

for Rankine case, the other considered parameters to optimize are: 

¶ ὼ ȟ ȡammonia fraction of the mixture  

¶ ήȡvapor quality at the exit of the evaporator.  

Since working fluid changes composition within the cycle, three variables are 

necessary to completely define each thermodynamic state of the cycle: one is always 

the relative composition, i.e. ammonia mass fraction, while the other two can be a 

couple of the relative thermodynamic variables among temperature, pressure, vapor 

quality, enthalpy and entropy. 

The proposed strategy implemented to solve Kalina cycle is represented by the flow 

chart of the model in Figure 6.5. 

In the following sections, the solution strategy is explained in detail. 
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Figure 6.5 ï Flow chart of the model implemented to solve Kalina cycle 

6.2.1 Evaporator pinch point and separator design definition 

The model implemented to solve Kalina cycle starts at the evaporator where pinch 

point position, pressure and temperatures at inlet and outlet of the heat exchanger are 

calculated for a given vapor quality, ῳὝȟȟ  and ῳὝȟ . 

Considering the evaporator inlet temperature of seawater at Ὕȟ ȟ=28°C as in the 

previous case, the outlet warm seawater temperature calculated as follow: 

 Ὕ ȟ ȟȟ Ὕȟ ȟ ῳὝȟȟ  (6.6) 

Pinch point at the evaporator is at the inlet or at the outlet because glide of ammonia-

water mixture is concave as explained in section 6.1 and therefore as first guess the 

pinch point is positioned at the outlet. Working fluid temperature at the evaporator 

outlet T6 can be calculated as: 
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 Ὕ Ὕȟ ȟ ῳὝȟ  (6.7) 

Then, pressure of the evaporator is calculated with REFPROP as function of Ὕ and of 

the given vapor quality ή for the considered mixture composition C defined with mass 

fraction: 

 ὅ ὼ ȟ  Ƞ ὼ ȟ ὼ Ȣ  Ƞρ ὼ ȟ  (6.8) 

 ὴ ὴὝȟήȟὅ  (6.9) 

Composition dependence on ammonia mass fraction is shown in equation (6.8) and it 

will be implied from now on. 

At this point, temperature at inlet of the evaporator is determined with REFPROP as 

function of pressure, considered constant in the heat exchanger, vapor quality, which 

is zero since at the inlet of the evaporator the mixture is in saturated liquid state, and 

composition, equal to the one calculated at point 6. Also temperature glide at the 

evaporator is calculated. 

 ὅ ὅ (6.10) 

 Ὕ Ὕὴ ὴȟή πȟὅ  (6.11) 

 ῳὝ ȟ Ὕ Ὕ (6.12) 

The pinch point position initially assumed at the outlet of the evaporator is verified if 

ῳὝ ȟ  > ῳὝȟȟ , otherwise pinch point is located at the inlet of the evaporator; 

if this happens, pressure and temperatures have to be calculated again in the following 

way: 

 Ὕ Ὕ ȟ ȟȟ ῳὝȟ  (6.13) 

 ὴ ὴὝȟή πȟὅ  (6.14) 

 Ὕ Ὕὴ ὴȟήȟὅ  (6.15) 

Once Ὕ and ὖ are known, separator can be solved with the assumption that vapor 

phase and liquid phase at the outlet of the flash chamber are both at saturated condition 

at pressure and temperature of the inlet, i.e. point 6. 

Through REFPROP it is possible to calculate the mass fractions of ammonia and water 

in liquid and vapor phase at the inlet of separator, and so, compositions of vapor and 

liquid stream downstream the separator are defined accordingly: 

 ὅ ὼ ȟȠὼ ȟ ὼ ȟ ȟ Ƞρ ὼ ȟ ȟ  (6.16) 

 ὅ ὼ ȟȠὼ ȟ ὼ ȟ ȟ Ƞρ ὼ ȟ ȟ  (6.17) 

Then, knowing composition and vapor quality of these streams and considering the 

separator working in isobaric and isothermal conditions, enthalpy and entropy of states 

7 and 8 are calculated as function of composition and two other inputs among 

Ὕ , ὴ  or ή. One of these combinations is shown in the following 

equations: 

ὴ ὴ ὴ ὴ ὴ  (6.18) 

Ὕ Ὕ Ὕ Ὕ  (6.19) 



 

65 

 

Ὤ Ὤὴȟή ρȟὅ  Ƞί ίὴȟή ρȟὅ  (6.20) 

Ὤ Ὤὴȟή πȟὅ  Ƞί ίὴȟή πȟὅ  (6.21) 

6.2.2 Implemented method to solve cycle 

After the solution of the evaporator and separator depending on vapor quality, 

ῳὝȟȟ  and ῳὝȟ , the cycle can be solved. Nevertheless, since condensing 

pressure is unknown and condenser pinch point is given, an iterative procedure is 

required to solve the cycle similarly to the one applied in Rankine cycle model. 

Working fluid flow rates in the plant are unknown and since in the cycle there are 

different components for which mass and energy balance have to performed, the 

method adopted is to evaluate mass flow ratio relative to the primary ammonia-water 

mixture flow rate, i.e. the one entering in the separator. For a generic point of the cycle: 

 
ά ȟ

ά

ά
 (6.22) 

This strategy is used since vapor quality ή is one of the input variable to be optimized 

that is assumed to be known to solve the cycle; notice that, since vapor quality of a 

point is defined as the ratio between vapor and relative stream mass flow rate in that 

point, relative mass flow ratios of the cycle as considered in Figure 6.4 can be 

calculated as follow: 

 ά ȟ ά ȟ ά ȟ ά ȟ ά ȟ ά ȟ ρ (6.23) 

 ά ȟ ά ȟ ή (6.24) 

 ά ȟ ά ȟ ά ȟ ρ ή (6.25) 

For each point of the cycle, the three different compositions present in the cycle are 

related by these equations: 

 ὅ # # # # ὅ (6.26) 

 # ὅ (6.27) 

 # # ὅ (6.28) 

After the separator, vapor phase stream is expanded in the turbine to reach 

condensation pressure, while liquid phase stream passes through the regenerator and 

then it is laminated in a throttle valve until condensation pressure. Therefore, the two 

streams are expanded to the condensing pressure and they are mixed with an isobaric 

process in the absorber component before entering the condenser. Hence, in a similar 

way explained for Rankine cycle working with refrigerant mixtures in section  5.2.1, 

condensing pressure ὴ  has to be assumed and it will be found by means of iterative 

procedure such that pinch point condition at the condenser is satisfied. 

The turbine is solved as reported in section  5.2.1: 

 Ὤ Ὤὴ ὴ ȟί ίȟὅ  (6.29) 

 Ὤ Ὤ Ὤ Ὤ ȟ –ȟ  (6.30) 

Looking at the liquid stream, point 10 is assumed to be at saturated liquid state [6] and 

this is reasonable since this stream leaves the separator in saturated state at separator 
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pressure, then becomes subcooled exchanging heat with colder side in the regenerator 

and it is throttled at constant enthalpy [6] to reach condensing pressure. Moreover, 

knowing that composition of points 8,9,10 are equal, Ὤ  and Ὤ are defined as follow: 

 

 Ὤ Ὤὴ ὴ ȟή πȟὅ  (6.31) 

 Ὤ Ὤ  (6.32) 

For these states, even temperature and entropy are calculated as function of pressure 

and enthalpy. 

In the absorber mixing process occurs at ὴ  and composition of mixture returns to 

be the one of the main stream entering in the separator as showed in equation (6.26) 

and through enthalpy balance across this component, state 1 is completely defined 

considering that ὴ ὴ . 

 
Ὤ

ά ȟὬ ά ȟὬ

ά ȟ
 

(6.33) 

Then, at the exit of the condenser saturated liquid state is assumed and the 

corresponding enthalpy is: 

 Ὤ Ὤὴ ὴ ȟή πȟὅ  (6.34) 

At this point, working fluid flow rate could be calculated through an energy balance 

knowing the thermal power exchanged at the condenser, for which cold seawater flow 

rate and temperature difference across the heat exchanger are determined from design 

assumption (explained in section 4.1.2) and initial assumption to be optimized 

respectively. 

 ὗ ά ȟὧȟ ȟῳὝȟ (6.35) 

 
ά ά

ὗ

Ὤ Ὤ
 (6.36) 

Now it is possible to find ὴ  iteratively with the same procedure explained in 

section 5.2.1 in order to satisfy pinch point condition discretizing the heat exchanger 

and computing temperature difference between cold seawater and working fluid. 

Moreover, all the mass flow rates of the cycle are determined with equation (6.22) 

being ά ά . 

Point 3 is defined completely calculating enthalpy Ὤ with the same equation (5.13) of 

the model of Rankine cycle, with the same isoentropic efficiency of the pump equal to 

80% and considering the pressure ὴ ὴ  since pressure drop in the heat exchanger 

working fluid side are neglected according to section 4.1.2. 

In the regenerator, inlet and outlet conditions of the warm stream and the inlet 

condition of the cold stream are defined, so with an energy balance across the heat 

exchanger, enthalpy of the cold stream exiting the regenerator Ὤ is calculated as 

follow: 

 
Ὤ Ὤ

ά Ὤ Ὤ

ά
 

(6.37) 

After regenerator, if the working fluid at its exit, i.e. point 4, is in the state of subcooled 

liquid, economizer is designed for preheating the mixture before entering the 

evaporator as saturated liquid. Hence, thermal power exchanged in the warm side of 

the cycle and warm seawater flowrate are calculated with the following equations: 
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 ὗ ά Ὤ Ὤ  (6.38) 

 ὗ ά Ὤ Ὤ  (6.39) 

 ὗ ὗ ὗ  (6.40) 

 
ά ȟ

ὗ

ὧὴȟῳὝȟȟ
 

(6.41) 

Warm seawater temperature at the outlet of heat exchanger can be finally calculated 

as: 

 
Ὕ ȟ ȟ Ὕ ȟ ȟȟ

ὗ

ά ȟὧȟ ȟ
 

(6.42) 

However, it is possible that evaporation starts in the regenerator depending on mass 

flow rates and thermodynamic conditions of the working fluid at the inlet of the 

regenerator and of the liquid mixture at the exit of the separator. Therefore, this control 

is introduced in the model and if evaporation began in the regenerator, economizer is 

not necessary, so state 4 is coincident with state 5 and Ὕ ȟ ȟ results to be equal to 

Ὕ ȟ ȟȟ . 

Regenerator, evaporator and condenser in order to calculate their total area i with  

equations (5.27) and (5.28). 

 

The remaining part of the model is equal to the one developed for the Rankine cycle 

described in previous section 5.2.2, where seawater pump consumptions, net power 

output, total heat exchanger area, thermal and exergy efficiencies and ɔ are calculated. 

The only difference is that regenerator area is considered in total heat exchanger area 

calculation, since Rankine cycle model that does not have this component. 

 ὃ ȟ ὃ ὃ ὃ ὃ  (6.43) 

Then, apart from TQ diagram of the heat exchangers, the model creates also Ts 

diagram which is more complex than the one developed for the Rankine cycle working 

with a fluid with fixed composition. In fact, in this case, being Kalina cycle 

characterised by three different compositions of ammonia-water mixture, , relative Ts 

diagram is a three-dimensional graph. T 

Moreover, Kalina thermodynamic cycle is represented also on temperature-pressure-

composition diagram for a better comprehension of the cycle complexity. In this graph, 

for each operating pressure of the cycle, bubble and dew lines are represented and 

every state of the cycle is displayed as function of ammonia fraction, temperature and 

pressure. 

6.2.3 Kalina cycle optimization tool 

An optimization tool has been embedded in the model for the Kalina cycle in order to 

maximise gamma. 

The optimized variables are the following: 

¶ ῳὝȟ and ῳὝȟ : warm and cold seawater temperature differences  

¶ ῳὝȟ  and ῳὝȟ  : pinch point at evaporator and condenser 

¶ ὼ ȟ : ammonia mass fraction of the mixture at separator inlet 

¶ ή: vapor quality of the mixture at separator inlet 
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Vapor quality has been chosen among these variables because it allows to solve 

evaporator and define entirely separator inlet together with ῳὝȟ  and ῳὝȟ, which 

are maintained coherently as parameters to be optimized according to the model of 

Rankine cycle working with refrigerant mixture. In fact, vapor quality at the exit of 

evaporator indicates how much of the evaporation has occurred in the evaporator and 

as a consequence it defines how much flow rate of vapor and  liquid  exits from 

separator. 

Ammonia mass fraction at separator inlet has been chosen to define the composition 

of the mixture to be optimized and notice that the other two levels of composition 

present in the cycle, saturated liquid and saturated vapor one respectively, are defined 

starting from ὼ ȟ  through mass balances. 

Since two extra variables are required with respect to the Rankine cycle case, 

complexity and time required to perform optimization increases significantly. 

6.3 Analysis and results of Kalina cycle 

Kalina cycle Performance of have been studied always from the point of view of 

techno-economic optimization and the results are compared with the reference case, 

i.e. Rankine cycle working with pure ammonia. 

Firstly, an optimization is performed varying the ammonia mass fraction of the mixture 

from 95% to 99% and optimizing pinch point and seawater temperature differences 

and vapor quality at separator inlet for each corresponding composition of the working 

fluid. In Table 6.1 optimization results have been reported and compared to the results 

of Rankine cycle case working with pure ammonia. Also first and second law 

efficiencies are reported 

 
Table 6.1 ï Optimization results for each value of ammonia mass fraction ὼ ȟ  

ὼ ȟ  0,95 0,96 0,97 0,98 0,99 1(pure ammonia) 

ῳὝȟ[°C] 1,84 1,82 1,80 1,77 1,73 1,64 

ῳὝȟȟ [°C] 1,76 1,74 1,72 1,69 1,65 1,56 

ῳὝ ȟ[°C] 2,43 2,40 2,38 2,34 2,30 2,20 

ῳὝȟ [°C] 3,26 3,32 3,35 3,43 3,43 3,89 

ῳὝȟ [°C] 4,42 4,42 4,40 4,36 4,27 3,67 

ή 0,629 0,670 0,723 0,784 0,865 1 

ɖI % 2,53 2,54 2,55 2,56 2,57 2,58 

ɖII % 36,98 37,16 37,32 37,51 37,60 37,61 

ɔ [kW/m2] 0,1834 0,1849 0,1865 0,1882 0,1898 0,1908 

 

optimum ɔ increases with ammonia mass fraction in the mixture and it is always lower 

than ɔ for pure ammonia case. Notice that if only ammonia were present in Kalina 

cycle, the evaporation would be complete and separator would be useless, since no 

liquid fraction could be separated. Hence, Kalina cycle without separator and 

consequently regenerator, results to be equal to a saturated Rankine cycle working with 

pure ammonia which is the reference case, represented by the last column of Table 6.1. 

In Figure 6.6 it is shown the trend of ɔ parameter with ammonia mass fraction. 
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Figure 6.6 ï Variation of ɔ parameter with ammonia mass fraction in the mixture and comparison between ideal 

linear trend and the trend resulting from Kalina model optimization  

Therefore, based on ɔ parameter optimization, Kalina cycle is worse than Rankine 

cycle configuration working with pure ammonia and notice that these values of 

maximum ɔ parameter tend to the value of the reference case ɔ=0.1908 kW/m2 in 

correspondence of ammonia mass fraction equal to 100%. Moreover, the hypothetical 

linear trend between ὼ ȟ =0.95 and ὼ ȟ =1 is represented by the dotted line. 

The results of the model developed for the Kalina cycle working with ammonia-water 

mixture in case of a mixture with ammonia mass fraction of 100% coincides with 

reference case, even if solution method is different from the one implemented for 

Rankine cycle. Since optimization tool works with more variables than the one 

developed for the reference case and since the models and equation of state 

implemented by REFPROP to compute thermodynamic properties of ammonia-water 

mixture may not be sufficiently accurate in case of such high concentration of 

ammonia, for the cases with highest ɔ parameter, other analysis have been conducted 

to verify the results obtained with the optimization. Firstly, a sensitivity analysis is 

performed on maximum value of ɔ parameter varying vapor quality ή and optimizing 

the other variables. Therefore, pinch point and seawater temperature differences are 

optimized for vapor quality at the entrance of the separator ranging from 0.84 to 0.9 

and for a mixture with ammonia mass fraction equal to 99%, as reported in Table 6.2.  

Each point represents an optimized Kalina cycle with maximum ɔ parameter relative 

to vapor quality considered. The maximum ɔ values of this curve are in good 

agreement with the values evaluated with the former optimization. 

 
Table 6.2 ï Sensitivity analysis for different values of vapor quality ή. 

ή 0,84 0,85 0,86 0,87 0,88 0,89 0,90 

ῳὝȟ[°C] 1,72 1,72 1,73 1,73 1,74 1,76 1,77 

ῳὝȟȟ [°C] 1,64 1,64 1,65 1,65 1,66 1,67 1,69 

ῳὝ ȟ[°C] 2,29 2,29 2,30 2,30 2,31 2,32 2,33 

ῳὝȟ [°C] 3,88 3,72 3,52 3,29 3,03 2,68 2,31 

ῳὝȟ [°C] 4,26 4,26 4,26 4,27 4,27 4,26 4,25 

ɖ I % 2,58 2,58 2,58 2,58 2,57 2,57 2,56 

ɖ II % 37,69 37,69 37,68 37,65 37,62 37,55 37,43 

ɔ [kW/m2] 0,1896 0,1897 0,1898 0,1898 0,1897 0,1895 0,1891 
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Moreover, in Figure 6.7  this result is verified also with two maps of ɔ parameter values 

for each couple of seawater and pinch point temperature differences, keeping constant 

optimal values of the couple of ῳὝȟ ȟ and ῳὝȟ ȟ  and the couple of 

ῳὝȟ ȟ  and ῳὝȟȟ  respectively. The range of variation of ῳὝ and ῳὝ are 

chosen wide enough to verify that the maximum found by optimization are absolute 

and not local ones. Ammonia mass fraction is 99% and vapor quality is equal to the 

optimal one found in the optimization, ή= 0,865. 

 
Figure 6.7 ï Maps of ɔ parameter around the maximum one found by optimization, for all possible couples of 

ῳὝ and ῳὝ  

In both cases, maximum ɔ parameter values are in good agreement with the result of 

the global optimization, and in Table 6.3 results of this comparison are reported. 

 
Table 6.3 ï Comparison between results of the map and of the optimization for mixture with 99% of ammonia 

mass fraction and ή= 0,865. 

Design optimal variables ◕╣▼◌ȟ◌ȟ▄○╪ ◕╣▼◌ȟ╬ ◕╣▬▬ȟ▄○╪ ◕╣▬▬ȟ╬▫▪▀ ɔ [kW/m
2] 

From maps ῳὝ (left) 1,65 2,30 3,40 4,30 0,18981 

From maps ῳὝ (right) 1,70 2,30 3,43 4,27 0,18978 

From optimization 1,65 2,30 3,43 4,27 0,18981 

 

Once it has been assessed that the case with higher ammonia mass fraction is the best 

solution from techno-economic perspective, the thermodynamic cycle of this case with 

the highest ɔ parameter is represented also in a temperature entropy diagram, as 

showed in Figure 6.8. Each dark green dotted line represents saturated liquid and vapor 

state of the mixture at the different levels of ammonia concentration, in particular the 

mixture ammonia mass fraction is 99% which is divided in saturated vapor, the richer 

stream, with ammonia mass fraction which is 99.99% and in saturated liquid, the leaner 

stream, with ammonia mass fraction equal to 92.23%. 

Furthermore, the separation process occurring in the separator is well represented in 

Figure 6.9 where all thermodynamic states of the cycle are showed in a temperature-

pressure-composition diagram where bubble and dew lines are represented for the 

evaporation and condensation pressure respectively. 
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Figure 6.8 - Temperature-entropy diagram of the cycle. All the processes are represented in three-dimensional 

diagram according to the different composition levels of the working fluid in the cycle once it is divided in 

separator. 

 
Figure 6.9 ï Temperature-pressure-composition diagram of Kalina cycle for ammonia-water mixture with 

ammonia mass fraction of 99% 

TQ Diagrams of evaporator, condenser and regenerator are represented in Figure 6.10, 

Figure 6.11 and Figure 6.12 respectively, for a mixture with ammonia mass fraction 

equal to 99% for all the streams but warm side in the regenerator, since the ammonia 

mass fraction of 92.23% is the leaner one of saturated liquid. 

In the regenerator, pinch point results to be located always at the inlet and in particular 

its value is 2.116°C for the case with ammonia mass fraction of the mixture of 99%. 
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Figure 6.10 - TQ diagram of evaporator ad pre-heating section 

 
Figure 6.11 - TQ diagram of condenser 

 
Figure 6.12 - TQ diagram of regenerator 

Pinch point at the regenerator is lower than the ones at evaporator and the condenser 

as showed in Table 6.4. However, even if lower pinch point means higher heat 

exchanger surface area, thermal power duty in the regenerator is of one order of 

magnitude less than heat exchanged in condenser and evaporator and therefore the area 

of this heat exchanger does not affect significantly ɔ parameter.  
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Table 6.4 - Pinch point, area and thermal power exchanged in the heat exchangers 

Heat exchanger ◕╣▬▬ [°C] Area [m2] ╠ [kW]  % of ╠░▪=╠▄╬▫╠▄○╪ 
Condenser 4,27 5605 78057 96,32 

Evaporator 3,43 5201 77255 95,33 

Economizer 4.32 139 3787 4,67 

Regenerator 2,12 35 635 0,78 

 

For this reason, a technical limit for the pinch point at the regenerator has not been 

introduced in the model, as long as this temperature difference is higher than zero. 

Notice that the assumption on regenerator heat transfer coefficient made in section 

4.1.3 is reasonable since the thermal power exchanged is one order of magnitude less 

than evaporator or condenser cases. The condenser is the component with the higher 

heat transfer surface. 

6.3.1 Sensitivity analysis on vapor quality at the exit of throttling valve 

The results of the optimization of Kalina cycle rely on the assumption [6] that the 

liquid ammonia-lean stream coming from separator is saturated liquid at the outlet of 

the throttling valve at the inlet of the absorber, i.e. state 10 in the scheme of the cycle. 

A sensitivity analysis has been conducted for vapor quality in this point of the cycle 

ranging from 0 (saturated liquid) to 0.5 and optimization has been performed in order 

to evaluate the maximum ɔ parameter for each of these values. In Figure 6.13 results 

of this analysis are reported and ɔ parameter decreases when vapor quality at the outlet 

of the throttling valve increases. 

 
Figure 6.13 - Sensitivity analysis of ɔ parameter for each value of vapor quality at point 10, the exit of the 

throttling valve. 

Moreover, in Figure 6.13 variation of the optimized variables that yield maximum ɔ 

parameter for each vapor quality is reported and both ῳὝ and ῳὝ increase, 

determining efficiency reduction of the cycle since temperature differences across heat 

exchangers become progressively larger increasing losses in thermal power exchange. 

Therefore, the assumption made at the very start of the implemented model to solve 

Kalina cycle is maintained. 
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6.3.2 Kalina first and second law efficiency comparison 

First and second law efficiencies analysis has been performed for the best case 

considered, i.e. ammonia mass fraction of 99%. Then, comparison between Kalina and 

Rankine cycle is performed considering ῳὝ=0.5°C for both evaporator and 

condenser in a similar way of section 5.3.1 and maps of thermal and exergy efficiency 

are constructed for each couple of warm and cold seawater temperature difference. 

Even in this case it is showed that even if ɔ parameter for the mixture is lower than the 

one of Rankine cycle with pure ammonia, an optimization with the aim of maximizing 

thermal efficiency proves that Kalina cycle has better efficiency as expected, because 

its working fluid is ammonia-water mixture with glide. In Figure 6.14 it can be seen 

how efficiency is higher for every point considered. 

 

 
Figure 6.14 ï First and second law efficiency comparison between ammonia water mixture and pure ammonia 

In Table 6.5 design variables corresponding to maximum thermal and exergy 

efficiency for both cases and both working fluids are reported. 

 
Table 6.5 - Result of ɔ parameter and thermal efficiency optimizations for ammonia in Rankine cycle and 

ammonia-water mixture in Kalina cycle. 

Optimization objective max ɔ max ɖ I   

Working fluid   ammonia NH3-H2O ammonia NH3-H2O  
ῳὝȟ 1,64 1,73 1,40 1,30 °C 
ῳὝȟȟ  1,56 1,65 1,30 1,20 °C 

ῳὝȟ 2,20 2,30 1,8 1,80 °C 
ῳὝȟ  3,89 3,43 0,5 0,5 °C 
ῳὝȟ  3,67 4,27 0,5 0,5 °C 

ὴ  9,30 9,04 10,41 10,32 bar  

ὴ  6,12 5,97 5,40 5,23 bar  

working fluid flow rate 62,6 75,2 51,6 73,4 kg/s 

warm seawater flow rate 11773 11676 11551 12476 kg/s 

cold seawater flow rate 8500 8500 8500 8500 kg/s 

ɖ I % 2,58 2,57 4,36 4,49 % 

ɖ II  % 37,61 37,60 65,02 66,96 % 

ɔ parameter 0,1908 0,1898 0,0783 0,0608 kW/m2 

ὡ ȟ  1,9911 2,0841 2,8238 2,9074 MW 

ὃ  10433 10980 36079 47798 m2 
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In Table 6.6 exergy balances of the optimization results for maximum gamma and 

maximum efficiency case are reported for each fluid. 

 
Table 6.6 ï Exergy balance for both the results of optimizations 

 MAX ɔ MAX ɖ I  

Fluid  ammonia NH3-H2O ammonia NH3-H2O  

Ὁὼ 33632 33621 33676 33664 kW 

Ὁὼ  28338 28078 29333 29322 kW 

ὡ  =Ὁὼ-Ὁὼ  5293 5543 4343 4342 kW 

ὡ ȟ  1991 2084 2824 2907 kW 

Ὁὼ ȟ  3302 3459 1519 1434 kW 

ɖ II 37,61 37,60 65,02 66,96 % 

 

In Figure 6.15 and Figure 6.16 comparison between exergy analysis in case of 

maximum ɔ parameter and maximum thermal efficiency respectively is showed for 

pure ammonia on the left and ammonia water mixture on the right. 

 

 
Figure 6.15 ï Exergy analysis for Kalina cycle from maximum ɔ parameter point of view. Pure ammonia is on the 

left and ammonia-water mixture with 99% of ammonia is on the right. 
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Figure 6.16 - Exergy analysis for Kalina cycle from maximum thermal efficiency point of view. Pure ammonia is 

on the left and ammonia-water mixture with 99% of ammonia is on the right. 

Notice that even if there are more components responsible for exergy destruction in 

Kalina cycle with respect to Rankine configuration, power loss due to them is very 

limited, often lower or about 1%.Thus the major responsible of exergy destruction are 

always heat exchangers and turbine. However, comparing the two fluids in Figure 

6.15, maximum ɔ parameter solution leads to almost equal results in terms of exergy 

destruction between Kalina and Rankine, since it is analysed a mixture with ammonia 

mass fraction close to one. On the other hand, in Figure 6.16, maximum thermal 

efficiency solution presents different results, in particular for the mixture the total 

share of exergy destroyed in heat exchangers is lower than pure ammonia case and part 

of the losses in evaporator and preheating section are distributed in regenerator. The 

other difference is the exergy loss for the heat exchanged for Kalina cycle since 

evaporator and condenser has a few percentage points of exergy destructed less than 

Rankine configuration. In fact, net power produced is higher for Kalina and for total 

exergy available for the system which is almost the same for both the cases, Kalina 

has higher second law efficiency. However, these two configurations are almost 

coincident since ammonia fraction in Kalina cycle is 0.99, so very close to pure 

ammonia as in the Rankine cycle. 
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7. Uehara cycle 
Uehara cycle is the last configuration of plants for OTEC that has been investigated in 

this work. It works with ammonia-water mixture like Kalina cycle and it is more 

complex. In fact, Uehara cycle is an evolution of the Kalina cycle and it is conceived 

for OTEC applications with the aim of increasing cycle efficiency lowering losses 

especially due to heat transfer irreversibilities by means of regenerative vapor bleeding 

from the turbine. Moreover, since the condenser presents the highest share of exergy 

destroyed in the cycle as shown by the results of the optimized Rankine and Kalina 

cycles in section 5.3.1 and 6.3.2 respectively, lower mass flow rate of mixture that 

passes in the condenser due to vapor extraction implies that for the same thermal power 

exchanged and heat transfer coefficient, it is possible to have less extended surface of 

the heat exchanger, since temperature difference inside the condenser are expected to 

increase.   

However, bleeding adds more complexity to the cycle with respect to the Kalina case 

because there is another level of pressure and another mixture composition in the cycle 

as well and this, from optimization point of view, adds one more variable that influence 

the performance of the plant that have to be considered. Despite the major complexity 

of the plant, the theoretical thermal efficiency should be higher than Kalina cycle [7]. 

Moreover, in this chapter, also solution of regenerative saturated Rankine cycle 

working with pure ammonia is studied as a particular case of Uehara working with a 

mixture with ammonia mass fraction equal to 1. 

7.1 Uehara model description  

The plant scheme of Uehara cycle used in this work is represented in Figure 7.1 and it 

presents the same configuration of Kalina cycle, apart from a few components. 

 

 
Figure 7.1 ï Reference scheme of Uehara cycle used in the model. 
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In fact, during expansion, a fraction of vapor is extracted at a certain pressure between 

the separator and the condenser one and it is mixed with the streamexiting the 

condenser pump.  

The mixing process occurs at the bleeding pressure and therefore two working fluid 

pumps are required in the cycle, the first after the condenser to reach the bleeding 

pressure and the second after the mixer to pump working fluid up to the evaporation 

pressure.  

Further assumptions are required to develop a model able to solve this new 

configuration since two more variables, the fraction of vapor extracted and the pressure 

at which bleeding occur, are added. Bleeding pressure is assumed to be equal to the 

mean value between separator and condenser pressure in order to maintain the 

assumption of Nishida et al. [8], as showed in the following equation. 

 
ὴ

ὴ ὴ

ς
 (7.1) 

Consequently to this assumption, the design variable to add in the model is just the 

extraction rate of the vapor bleeding, which is the ratio between vapor mass flow rate 

extracted from the turbine and the working fluid mass flow rate entering the separator. 

Referring to the scheme of Figure 7.1, extraction rate ‫  is defined as follow: 

 
‫

ά

ά
 (7.2) 

Vapor extraction introduces more levels of mass flow rate and composition with 

respect the ones present in the Kalina cycle as explained in section 6.2.2.  

In the system represented in Figure 7.1, four different compositions of working fluid 

can be individuated: 

¶ Main composition of the mixture in bright blue 

¶ Rich composition of ammonia-rich stream richer in green 

¶ Lean composition of ammonia-leanstream leaner in orange 

¶ Composition of stream exiting the absorber in pink 

Then, for Uehara mass flow rates are expressed always by means of flow rate relative 

to the inlet of the separator and they can be expressed in the following way, referring 

to the method used for Kalina cycle: 

 

 ά ȟ ά ȟ ά ȟ ά ȟ ά ȟ ρ (7.3) 

 ά ȟ ά ȟ ή (7.4) 

 ά ȟ ‫  (7.5) 

 ά ȟ ά ȟ ή ‫  (7.6) 

 ά ȟ ά ȟ ά ȟ ρ ‫  (7.7) 

 ά ȟ ά ȟ ά ȟ ρ ή (7.8) 

Apart from this differences, starting point for the implementation of the model is the 

same of Kalina since the components of the plant such as evaporator and separator are 

the same and work in the same manner. 

The flow chart of Uehara cycle model is showed in Figure 7.2, where the procedure 

for the solution is represented and also detailed explanation of the strategy is provided. 
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Figure 7.2 - Flow chart of Uehara model 

Once evaporator and separator are solved constently  Kalina configuration as 

explained in section 6.2.1, and therefore depending on ῳὝȟȟ , ῳὝȟ  and vapor 

quality ή thermodynamic states at inlet and outlet of the evaporator and of the 

separator are defined, compositions of the cycle are considered as follow: 

 # # # # ὅ (7.9) 

 # # # # ὅ (7.10) 

 # # ὅ (7.11) 
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ὅ

ά ȟ # ά ȟ#Ȣ

ά ȟ
 

(7.12) 

 # # ὅ (7.13) 

The working fluid is then separated in saturated liquid and vapor. Liquid stream is 

solved in the same way of Kalina maintaining the assumption of vapor quality at the 

exit of the throttling valve ή π which is the solution which gives the highest ɔ 

parameter as showed in section 6.3.1. Vapor stream is expanded from ὴ  to 

ὖ  in the turbine which has the same isoentropic efficiency of 89% and the 

difference is that at ὖ , defined in equation (7.1), a faction of vapor equal to 

‫ , is extracted. Therefore, the enthalpies of states 12,13,14 and 11 are defined 

as follow: 

 Ὤ Ὤὴ ὴ ȟί ίȟὅ  (7.14) 

 Ὤ Ὤ Ὤ Ὤ ȟ –ȟ  (7.15) 

 Ὤ Ὤ Ὤ  (7.16) 

 Ὤ Ὤὴ ὴ ȟί ίȟὅ  (7.17) 

 Ὤ Ὤ Ὤ Ὤ ȟ –ȟ  (7.18) 

Notice that even if in the plant scheme the expansion is represented with two different 

turbines, in the model the vapor bleeding is extracted during expansion in the same 

turbine in order to maintain the same isoentropic efficiency along the entire expansion 

from state 7 to state 11, exactly as Kalina case. 

Then, with the same method implemented for Rankine and Kalina configuration, the 

absorber is solved knowing the thermodynamic states 10 and 11, the condenser is 

solved iteratively calculating ὴ  such that the specification at the pinch point is 

satisfied and the mixture mass flow rate at inlet of the separator is calculated with an 

energy balance at the condenser, since all the flow rates are expressed in relative terms 

with respect ά . 

 ὗ ά ȟὧὴȟῳὝȟ ά Ὤ Ὤ  (7.19) 

 ά
ὗ

Ὤ Ὤ
 

(7.20) 

 ά
ά

ά ȟ
 (7.21) 

Successively, after first pump of the cycle is solved with the same isoentropic 

efficiency of 80%, state 15 is defined and therefore state 18 can be now calculated with 

an isobaric mixing at ὖ : 

 
Ὤ

ά ȟὬ ά ȟὬ

ά ȟ
 

(7.22) 

Then, the mixture is pumped to state 3 and enters in the regenerator which is solved in 

the same wat of the Kalina cycle, always controlling that temperature differences 

inside the heat exchangers are all positive. From the results of section , pinch point in 

the regenerator is always located at the inlet and its magnitude could be much lower 
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than pinch points in other heat exchangers since heat duty and consequently heat 

transfer surface are of one order of magnitude lower of condenser and evaporator. 

Notice that since Ὤ  is function of ά ȟ ‫  and Ὤ  which is much higher 

than Ὤ , the more the extraction rate increase, the more enthalpy after the mixing is 

higher and therefore even the temperature relative to this point of the cycle. 

This feature is crucial for the model of Uehara cycle because an additional design 

variable is required with respect to Kalina model. This variable is the temperature 

difference at the inlet of regenerator, i.e. the pinch point. 

 ῳὝ ȟ Ὕ Ὕ (7.23) 

State 9 does not depend on extraction rate but only on ὴ  and composition which 

is the same of saturated liquid coming from separator. 

 Ὤ Ὤὴ ὴ ȟή πȟὅ  (7.24) 

 Ὤ Ὤ  (7.25) 

Therefore, for the same design variables ῳὝȟȟ , ῳὝȟ  and vapor quality ή, Ὕ 

does not depend on extraction rate while the higher ‫ , the higher Ὕ which 

could be higher than Ὕ for sufficiently high value of vapor bleeding fraction leading 

to negative pinch point value in the regenerator. Hence, Uehara model has been 

implemented such that for given ῳὝ ȟ , extraction rate ‫  , which is assumed 

to a first guess value, is calculated iteratively until the specification at the regenerator 

is satisfied. Since this iteration loop includes also iterations performed to satisfy pinch 

point at the condenser, the time required to solve Uehara cycle increase with respect 

to Kalina model. Finally, after regenerator calculations, the cycle is closed as explained 

for Kalina and the exit of this heat exchanger is defined by an enthalpy balance. 

Once all the thermodynamic states of Uehara cycle are completely defined, net electric 

power, total heat exchanger area, ɔ parameter and first and second law efficiency of 

the plant are evaluated as explained in section 5.2.2 and 5.2.3 respectively. 

7.1.1 Uehara cycle optimization   

The design variables for Uehara cycle are the same of Kalina plus ῳὝ ȟ . Thus, input 

parameters of the optimization tool are the following: 

¶ ῳὝȟ and ῳὝȟ : warm and cold seawater temperature differences  

¶ ῳὝȟ  and ῳὝȟ  : pinch point at evaporator and condenser 

¶ ὼ ȟ : ammonia mass fraction of the mixture at separator inlet 

¶ ή: vapor quality of the mixture at separator inlet 

¶ ῳὝ ȟ : temperature difference at regenerator inlet 

However, the optimization has been conducted for all these variables except from 

ῳὝ ȟ  whose influence on ɔ parameter and extraction rate is first analysed to identify 

the best range of values for ῳὝ ȟ  and therefore reduce the computational effort 

required by iterative procedures during optimization. 
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7.2 Sensitivity analysis on ◕╣►▄▌ȟ░▪ and mixture composition 

Sensitivity analysis on ῳὝ ȟ  has been conducted starting from the optimal solutions 

found for Kalina case working with ammonia-water mixture with ammonia mass 

fraction of 99% since it was the best case. Moreover, Uehara cycle is very similar to 

Kalina system except for the vapor bleeding whose extraction rate ‫  is in the 

order of a few percentage points to the maximum and so the optimal value of design 

variables such as ῳὝ, ῳὝ and ή are not expected to change significantly form their 

optimal value of Kalina configuration for the same ammonia mass fraction. Then, 

before performing an optimization, the objective this analysis is to understand the 

trends the new variables ῳὝ ȟ  and ‫  and how they affect the ɔ parameter 

of Uehara cycle. 

From literature, range of typical values of extraction rate and ῳὝ ȟ  in Uehara cycle 

result from a study conducted on the effect of ammonia mass fraction variation at the 

inlet of separator, for seawater temperature differences similar to the operative 

conditions of this work. Thus, the same range of values of extraction rate and ῳὝ ȟ  

are used in the following analysis  and the performance of the cycle in this work is 

assessed for ῳὝ ȟ  lower than 0.5 °C which gives extraction rate between 0 and 1% 

with respect the mass flow rate entering the separator according to Nishida et al. [8]. 

The low value of ῳὝ ȟ  has been justified knowing that regenerator area is still two 

orders of magnitude lower than condenser and evaporator. 

As explained in the previous section 7.1, ‫  is expected to decrease as ῳὝ ȟ  

increases for a certain composition and therefore ammonia mass fraction of the mixture 

at separator inlet. Furthermore, ɔ parameter is expected to increase as ῳὝ ȟ  

increases because regenerator area is supposed to be lower for higher temperature 

difference and since extraction rates in that limited range are too low such that area of 

the other heat exchangers or net electric power produced vary influencing significantly 

ɔ parameter. 

The method adopted to make this analysis is to consider the optimal design variables 

found with Kalina cycle for each ammonia mass fraction between 95% and 99%, as 

reported in Table 7.1. 

 
Table 7.1 ï Optimal design variables for each ammonia mass fraction from Kalina optimization 

ὼ ȟ  0,95 0,96 0,97 0,98 0,99 

ῳὝȟ [°C] 1,838 1,817 1,797 1,768 1,735 

ῳὝȟȟ  [°C] 1,756 1,735 1,715 1,687 1,654 

ῳὝȟ [°C] 2,429 2,403 2,378 2,345 2,303 

ῳὝȟ  [°C] 3,260 3,321 3,354 3,426 3,428 

ῳὝȟ [°C] 4,424 4,417 4,396 4,357 4,267 

ή 0,629 0,670 0,723 0,784 0,865 

Then, extraction rate and ɔ parameter are investigated for each ammonia mass fraction 

for values of ῳὝ ȟ  ranging from 0.1 to 0.5 °C. 

Notice that the higher the ammonia mass fraction, the better the ɔ parameter which 

increases also with ῳὝ ȟ . Moreover, extraction rate decreases almost linearly with 

ῳὝ ȟ  and it decreases with ammonia mass fraction. 
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Figure 7.3 ï Extraction rate and ɔ parameter for each value of ammonia mass fraction, varying ῳὝ ȟ . 

This could be explained starting from the evaporator and condenser; in fact, the higher 

ammonia mass fraction, the higher bleeding pressure which is the arithmetic mean 

between evaporator and condenser pressure which increase both. Therefore, the 

enthalpic content of the vapor extracted at ὴ  is higher for cases with mixture 

with higher ammonia mass fraction and less mass flow rate of extracted vapor is 

required in order to satisfy pinch point condition at regenerator inlet. 

For the case with ammonia mass fraction of 99% in Table 7.2 it is showed how the 

variation of ῳὝ ȟ  affect mostly the area of regenerator with respect to the other heat 

exchangers and net electric power. In fact, regenerator area decrease of about 33.4% 

with respect to the area resulting from ῳὝ ȟ =0.1°C determining an increase of ɔ 

parameter of 0.228%.  

 
Table 7.2 ï Heat exchanger area and net electric power for each ῳὝ ȟ  for case with ammonia mass fraction of 

99%. The last column indicates difference of area and power between configuration with 0.5 and 0.1 ῳὝ ȟ . 

ῳὝ ȟ  0,1 0,2 0,3 0,4 0,5 variation %  Јὅ 

‫  % 0,814 0,776 0,738 0,700 0,661 -18,767  

ɖ I % 2,60 2,60 2,60 2,60 2,60 -0,102  

ɖ II % 38,01 38,00 37,99 37,98 37,97 -0,103  

ὃ  5623 5623 5623 5623 5623 -0,006 m2 

ὃ +ὃ  5372 5370 5369 5367 5366 -0,115 m2 

ὃ  91 77 70 64 60 -33,410 m2 

ὃ  11085 11071 11061 11054 11049 -0,332 m2 

ὡ ȟ  2107 2107 2106 2106 2105 -0,105 kW 

ɔ 0,1901 0,1903 0,1904 0,1905 0,1905 0,228 [kW/m2] 
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In fact, moving toward higher ῳὝ ȟ , area decrease more than electric power, 

particularly total area reduction is mostly due to regenerator while net electric power 

remains almost constant. Therefore, ɔ parameter increase as showed in Figure 7.3. 

Moreover, the higher the ammonia mass fraction, the lower the increasing rate of ɔ 

parameter and in order to appreciate the effect of the bleeding of vapor, the analysis is 

stopped to the value of ῳὝ ȟ =0.5°C for which ‫  is already lower than 1%. 

In fact, ‫  decreases with increasing ῳὝ ȟ  and it tends theoretically to 0 for 

the value of ῳὝ ȟ =2.12°C of Kalina case, for which there is no vapor bleeding. 

7.3 Uehara optimization results 

As showed in sensitivity analysis on ῳὝ ȟ  in the previous section 7.2, based on ɔ 

parameter optimization, best Uehara cycle configuration results from ammonia mass 

fraction which tend to 1 in accordance with the results obtained with Kalina case. 

Therefore, optimization for Uehara cycle is performed for the two ῳὝ, the two ῳὝ 

and for ή at fixed ammonia mass fraction equal to 0.99 and ῳὝ ȟ =0.5°C due to 

considerations that have been done so far. In Table 7.3, results of this optimization are 

reported and compared to the reference case and Kalina cycle. 

 
Table 7.3 - Comparison between optimization results between Uehara working with ammonia-water mixture with 

ammonia mass fraction of 99% , reference Rankine cycle and Kalina cycle. 

cycle  Rankine Kalina Uehara  

ὼ ȟ  1 0,99 0,99  

ῳὝȟ (optimized) 1,64 1,73 1,75 °C 

ῳὝȟȟ  (optimized) 1,56 1,65 1,69 °C 

ῳὝȟ (optimized) 2,20 2,30 2,32 °C 

ῳὝȟ  (optimized) 3,89 3,43 2,70 °C 

ῳὝȟ  (optimized) 3,67 4,27 4,29 °C 

ῳὝ ȟ   - 2.12 0.5 °C 

‫   - - 0.989 % 

ή (optimized) 1 0,865 0,891  

ὴ  9,30  9,00 bar  

ὴ   - - 7,48 bar  

ὴ  6,12  5,95 bar  

working fluid flow rate 62,6  74,3 kg/s 

warm seawater flow rate 11773  11668 kg/s 

cold seawater flow rate 8500 8500 8500 kg/s 

ɖ I  2,58 2,572 2,59 % 

ɖ II  37,61 37,60 37,85 % 

ὡ ȟ   1,9911 2,0841 2,1173 MW 

ὃ   10433 10980 11082 m2 

ɔ parameter 0,19085 0,18981 0,19106 kW/m2 
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Notice that even if the total area of the heat exchangers for Uehara cycle is higher than 

Rankine case as expected, the net power is sufficiently high such that resulting 

maximum ɔ parameter is better than reference case. 

For Uehara cycle the analysis on first and second law efficiency has been performed 

only for maximum ɔ parameter case. 

Uehara cycle presents higher ɔ parameter and also higher first and second law 

efficiency. This improvement with respect Kalina case is due to the extraction of vapor 

from the turbine since the plant configuration is the same except from bleeding. 

Optimal ‫  is equal to 0.989%. 

For completeness, optimization has to be performed also for ῳὝ ȟ  but in this work, 

it has been chosen this value equal to 0.5°C in order to have vapor fraction extracted 

near 1% since for higher ῳὝ ȟ  the extraction rate is very low. Moreover, 

optimization process takes very long time to be performed by the optimization tool 

since for such high concentration of ammonia mass fraction, the software that 

calculates the thermophysical properties of the mixture is not accurate as for less 

extreme composition. Therefore, to verify that the maximum ɔ parameter found with 

the optimization is not a local maximum, maps of ɔ parameter calculated for different 

combinations of ῳὝ and ῳὝ for fixed optimal ῳὝȟ  and ῳὝȟ  respectively, 

with ammonia mass fraction of 99% and vapor quality ή=0.891 are showed in Figure 

7.4. 

 
Figure 7.4 - Maps of ɔ parameter around the maximum one found by optimization for Uehara cycle, for all 

possible couples of ῳὝ and ῳὝ. Ammonia mass fraction is 99%. 

Maximum ɔ parameter for each map is coincident with the one found with the 

optimization. Particularly, results are represented in Table 7.4. 

  
Table 7.4 - Comparison between results of the maps and of the optimization for mixture with 99% of ammonia 

mass fraction and ή= 0,891. 

Design optimal variables ◕╣▼◌ȟ◌ȟ▄○╪ ◕╣▼◌ȟ╬ ◕╣▬▬ȟ▄○╪ ◕╣▬▬ȟ╬▫▪▀ ⱷ╫■▄▄▀░▪▌Ϸ 
ɔ 

[kW/m 2] 

From maps ῳὝ (left) 1,69 2,32 2,70 4,25 0,9883 0,19105 

From maps ῳὝ (right) 
1,70 2,35 2,70 4,29 0,9893 0,19105 

From optimization 1,69 2,32 2,70 4,29 0,989 0,19106 

 

Uehara cycle is more complex than Kalina cycle and the optimized cycle has been 

represented also in temperature-pressure-composition diagram. In Figure 7.5, for each 
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pressure level of the cycle, the relative bubble and dew temperature lines are 

represented and each state of the cycle is obtained as function of these two 

thermodynamic quantities plus correspondent ammonia mass fraction. 

Extraction of vapor is represented by dotted green line departing from expansion 

process in bright blue, in particular from point 12; then vapor bleeding is mixed with 

mixture coming from condenser represented always with dotted dark green line. 

 
Figure 7.5 ï Temperature-pressure-composition diagram of optimized Uehara cycle in case of 99% ammonia 

mass fraction.  

In Figure 7.6, another representation of the cycle complexity is provided in a 

temperature-entropy diagram. 

 
Figure 7.6 ï Temperature-entropy diagram of Uehara cycle. Mixture entering in evaporator has 99% ammonia 

mass fraction. 

Extraction of vapor process is represented always by dotted line. Differently form 

Kalina temperature entropy diagram, for Uehara case there are four Andrews curves 

because this configuration works with four different level of composition of the 

mixture. 
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In Table 7.5 is represented a comparison of the exergy balance between reference case 

and Uehara cycle with the optimization results. Notice that Uehara cycle has higher 

second law efficiency. In fact, even if exergy destructed by the system is higher due to 

presence of more components, net power output is higher than Rankine cycle case. 
Table 7.5 ï Exergy balance comparison between Rankine cycle with pure ammonia and Uehara cycle with 

ammonia-water mixture, ammonia mass fraction 0.99 

  MAX ɔ   

Fluid  ammonia NH3-H2O   

Ὁὼ 33632 33618 kW 

Ὁὼ  28338 28024 kW 

ὡ  =Ὁὼ-Ὁὼ  5293 5595 kW 

ὡ ȟ  1991 2117 kW 

Ὁὼ ȟ  3302 3477 kW 

ɖ II 37,61 37,85 % 

7.4 Uehara working with pure ammonia: the equivalent of a 

regenerative Rankine cycle 

The model of Uehara cycle has been implemented also for the case of a mixture with 

ammonia mass fraction equal to 1, therefore with pure ammonia. Therefore, providing 

such a mixture which is a pure fluid to this cycle configuration means that separator is 

useless since only saturated vapor is produced by evaporator and in this case Uehara 

cycle is equivalent to a saturated Rankine cycle. This would be the same case of Kalina 

model working with pure ammonia as stated in section  6.3 if it were not present vapor 

bleeding from the turbine. In fact, Uehara working with a mixture of 100% ammonia 

mass fraction is a regenerative saturated Rankine cycle which is expected to have 

higher thermal efficiency due to vapor extraction that allows to preheat the working 

fluid before evaporator without additional thermal power input. However, vapor 

bleeding from the turbine lowers the working fluid that it is expanded to produce 

electric power and therefore, the scope of this analysis is to assess if it is worth to have 

extraction of vapor from ɔ parameter point of view. In Figure 7.7, the variation of ɔ 

parameter is represented for extraction rate ‫  ranging from 0 to 5% with 

respect the mixture mass flow rate entering the evaporator. 

 

 
Figure 7.7 - ɔ parameter variation for each extraction rate value in the case of Uehara cycle working with pure 

ammonia. 



 

88 

 

For this analysis, each ɔ parameter is the maximum one relative to the optimal ῳὝ 

and ῳὝ obtained implementing with the optimization tool for each value of  

‫ . 

Notice that the case for which ‫  is 0%, ɔ parameter is equal to 0.1908 kW/m2, 

in agreement with the result of saturated Rankine cycle working with pure ammonia. 

Then, for extraction rate higher than 0%, ɔ parameter is higher than the reference case 

and thus vapor bleeding in the magnitude of 3-4% is convenient based on this 

optimization criteria. 

In Table 7.6 the results of this optimization are reported. Moreover, once the trend has 

been individuated, also an optimization for extraction rate has been done; optimal 

‫  is equal to 3.39% which gives maximum ɔ parameter ɔ=0.1922 kW/m2.  

 
Table 7.6 ï Optimal result of sensitivity analysis on ‫  for Uehara cycle working with pure ammonia. 

‫ % 0,00 1,00 2,00 3,00 3,39 4,00 5,00 

ῳὝȟ [°C] 1,64 1,63 1,63 1,62 1,61 1,61 1,60 

ῳὝȟȟ  [°C] 1,56 1,57 1,58 1,59 1,59 1,59 1,60 

ῳὝȟ [°C] 2,19 2,19 2,18 2,18 2,17 2,16 2,16 

ῳὝȟ  [°C] 3,89 3,90 3,92 3,92 3,92 3,91 3,89 

ῳὝȟ  [°C] 3,67 3,67 3,67 3,66 3,66 3,65 3,63 

ɖ I % 2,58 2,59 2,59 2,61 2,61 2,62 2,62 

ɖ II % 37,62 37,76 37,89 38,06 38,15 38,25 38,25 

ɔ [kW/m2] 0,19085 0,19122 0,19166 0,19213 0,19218 0,19206 0,19146 

 

Notice that the first column of the table shows the same results of the reference case, 

when there is no extraction of vapor. Then, the higher the extraction rate, the higher 

the enthalpy content resulting for the state 18 after vapor bleeding mixes with the 

streams coming from the condenser such that mixture entering the evaporator is in wet 

vapor state. 

Therefore, regenerative saturated Rankine cycle is the best configuration studied in 

this work, based on ɔ parameter optimization. 
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8. Economic analysis 
In this chapter, a preliminary economic analysis has been conducted for all the 

investigated OTEC plant configurations and the Levelized Cost of Electricity (LCOE) 

has been estimated.  

In the previous thesis work on the reference Rankine cycle working with pure 

ammonia, optimization of ɔ parameter of the cycle has been conducted with two 

methods. The first is the one implemented in this work as explained so far, while the 

other involves also optimization of the geometry of the heat exchangers removing the 

assumption of constant overall heat transfer coefficient by means of correlations 

obtained with Aspen EDR. Then, Bernordoni has developed the economic analysis 

based on the results of this optimization. 

In this work, the economic analysis is based on the same assumptions and results of 

the new reference optimal Rankine cycle. Finally, the results of this analysis will be 

compared with all the other optimized plants that have been investigated.   

Firstly, all the plants are considered located onshore since it is very difficult to find 

exact information about mooring systems and power transmission cables costs. Then, 

total investment cost of the plant has been calculated considering the following 

components: 

 

¶ Cold water pipe 

¶ Evaporator and condenser heat exchangers for Rankine cycles 

¶ Regenerator only for Uehara and Kalina cycles 

¶ Separator only for Uehara and Kalina cycles 

¶ Seawater pumps 

¶ Turbine 

 

According to Vega [13], total components costs, including working fluid loop, plant 

controls and other components of power block, is considered equal to 26% of the sum 

of the costs of the components listed above. Engineering and project management costs 

are maintained constant for all the configurations and equal to 10.6Mú according to 

estimation provided by Lockheed Martin [10]. Cost of CWP is considered equal to 

4.89Mú according to Mini-Spar plant proposed by Lockheed Martin [10]. 

Turbine cost is evaluated for each plant configuration with the sixth tenth rule 

according to [50, 11]: 

 
ὅὅ ὅὅ ȟ

ὡ

ὡ ȟ

Ȣ

 

 

(8.1) 

The reference cost of turbogenerator ὅὅ ȟ  is equal to 1.87 Mú and it is the 

one of the 2.5MWe Mini-spar plant, for which ὡ ȟ  is equal to 4.4MWe, 

turbine electric power. Seawater pumps specific cost is maintained the same of 

Bernardoni, and it is equal to 890ú/kWe [3]. In Table 8.1, costs of turbomachinery and 

seawater pumps for every plant are reported. 
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Table 8.1 ï Cost of turbogenerator and seawater pumps for each cycle. 

 Rankine 

ammonia 

Rankine 

R416A 
Kalina  Uehara 

Regenerative 

Rankine 
 

ὡ ȟ ȟȟ  550 562 557 559 548 kW 

ὡ ȟ ȟȟ  226 238 233 234 226 kW 

ὡ ȟ  2809 2990 2922 2958 2817 kW 

Warm Seawater pump cost 0,201 0,211 0,207 0,208 0,201 Mú 

Cold Seawater pump cost 0,489 0,500 0,496 0,497 0,488 Mú 

Turbogenerator cost 1,429 1,483 1,463 1,473 1,431 Mú 

 

The heat exchangers cost is calculated assuming for all the cycle configurations a cost 

specific to their area. The specific cost of the optimized heat exchangers evaluated by 

Bernardoni is equal to 869ú/m2 [3] and it has been chosen and maintained for all the 

cases studied in this work. In Table 8.2, total costs of heat exchangers are reported for 

every cycle and also for Rankine cycle with optimized heat exchangers (Rankine 

optimHX). 

 
Table 8.2 ï Cost of heat exchangers for the different configurations. The first line represents the Raknie cycle 

with heat exchanger optimized [3]. 

  Condenser Eva + Eco Regenerator 

Cycle  Fluid A[m 2] CC [Mú] A[m 2] CC [Mú] A[m 2] CC[Mú] 

Rankine optimHX 
NH3 7908 6,872 7720 6,709 0 0 

Rankine  
NH3 5323 4,440 4976 4,626 0 0 

Rankine  R416A 5739 4,724 5193 4,987 0 0 

Kalina  NH3-

H2O 

5605 4,640 5201 4,871 35 0,030 

Uehara 5649 4,680 5267 4,909 47 0,041 

Regenerative Rankine  NH3 5287 4,438 5043 4,594 0 0 

 

For Kalina and Uehara cycle, cost of separator has to be calculated and the method 

proposed in this work to evaluate has been derived from Turton et al. equations [11] 

applied to a generic component: 

 ὅὅ ὅ ὄ ὄὊὊ  (8.2) 

 ὰέὫὅ ὑ ὑὰέὫὢ ὑ ὰέὫὢ  (8.3) 

Where ὅ  is the purchased equipment cost and ὅ is the capital cost of the considered 

component. All the cost correlations proposed in the analysis are evaluated in $ and 

therefore the author has applied a conversion to ú to a coefficient of 0.8783 [51]. The 

other variables are the size variable ὢ specific to a component and for separator is the 

volume, Ὂ  and Ὂ are material and pressure correction factors and the others are 

coefficients depending on the component. 

These equations depend on several coefficients reported for several plant 

configurations in order to take into account the typology of the component and the 

effect of the operative conditions. These values have been obtained from a survey of 

equipment manufacturers during the period May-September 2001 [11]. 
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The separator is assumed as a vertical vessel and the chosen material is stainless steel 

since this component experiences limited temperature within the cycle, thus it is not 

subject to risk of corrosion caused by ammonia [36].  

All the coefficients required for the cost evaluation are obtained for the specific vessel 

equipment made in stainless steel and they are reported in Table 8.3.  

 
Table 8.3 ï Coefficients for cost evaluation of vessel made in stainless steel. 

Separator ╧ ╚  ╚  ╚  ╒  ╒  ╒  ║  ║  ╕□ ╕▬ 

Kalina Volume[m3] 3,4974 0,4485 0,1074 0 0 0 2,25 1,82 3,2 5,77 

Uehara Volume[m3] 3,4974 0,4485 0,1074 0 0 0 2,25 1,82 3,2 5,80 

 

The Ὂ coefficient is obtained from the following equation that it is used only for 

vessels according to Turton [11], and in particular for vessels with thickness higher 

than 0.0063m: 

 

Ὂ

ὴὈ
ςψυππȢφὴ

πȢππσρυ

πȢππφσ
 

(8.4) 

In this equation ὴ is the pressure of the vessel, Ὀ is the diameter of the vessel which is 

calculated assuming the residence time ὸ  in the separator equal to 1 minute and a 

ratio between the height and the diameter of the vessels 
Ὄ

Ὀ equal to 3, a 

common values for commercial vessels [35]. 

 
ὠ

ά

”
ὸ  (8.5) 

 

Ὀ
τὠ

σ“
 (8.6) 

Results for Ὂ are reported in the following Table 8.4. 

 
Table 8.4 - Ὂ coefficient calculations for a vertical vessel 

Separator ⱬ◌█ [kg/m3] ╥○▄▼▼▄■ [m3] ╓[m]  ╗○▄▼▼▄■[m]  ▬[bar]  ╕▬ 

Kalina 8,02 563 6,2 18,6 9,04 5,77 

Uehara 7,69 580 6,3 18,8 9 5,80 

 

Cost of separator for Uehara and Kalina cycles are obtained from equation (8.2) and 

(8.3) and they are equal to 11Mú and 11.41Mú respectively. High uncertainties 

characterise this evaluation of separator cost because its calculation relies on the 

assumption of the residence time. The higher the residence time, the higher the volume 

of the vessel and therefore the cost. In this case, for 1 minute of residence time 

separator component adds a significant cost to the overall investment cost of Kalina 

and Uehara. However, total cost of these plants are always higher than conventional 

Rankine since one more component is present. 

Results of this economic analysis are reported in Table 8.5 where all the items are 

considered in Mú.  
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Costs of heat exchangers constitutes a significant share of the total investment cost of 

each plant as expected from literature, ranging from 20% to 40%. 

 
Table 8.5 ï Cost of all the considered component and total cost for each plant configuration. All costs are 

expressed in Mú. 

component 

Rankine 

optimHX  

[3] 

Rankine 

ammonia 

Rankine 

R416A 
Kalina Uehara 

Regenerative 

Rankine 

CWP 4,890 4,890 4,890 4,890 4,890 4,890 

Turbogenerator 1,745 1,429 1,483 1,463 1,473 1,431 

Evaporator  6,709 4,440 4,724 4,640 4,680 4,438 

Condenser 6,872 4,626 4,987 4,871 4,909 4,594 

Regenerator 0 0 0 0,030 0,041 0 

Separator 0 0 0 11,000 11,408 0 

Wam seawater pump 0,439 0,201 0,211 0,207 0,208 0,201 

Cold seawater pump 0,698 0,489 0,500 0,496 0,497 0,488 

Other costs 5,550 4,149 4,312 7,572 7,692 4,157 

Eng&project 

management 
10,600 10,600 10,600 10,600 10,600 10,600 

Total ὅὅ  [Mú] 37,503 30,855 31,762 45,769 46,425 30,813 

 

 
Figure 8.1 ï Total plant cost and share of the single components for each cycle 
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In Figure 8.1, the share of each component cost is represented for all the 

configurations. Notice that the main difference between Rankine and Kalina and 

Uehara is the presence of the separator.  

while the main difference with the reference Rankine case is the optimization method 

used to maximize ɔ parameter, especially the difference of the overall heat transfer 

coefficient considered that determines higher area of the heat exchangers and therefore 

their costs for the reference case. 

 

LCOE can be finally determined considering the following assumptions [3]: each plant 

is assumed to work at constant power for 8000 h/year, operation and maintenance costs 

are equal to 3.3% of the plant cost and a fixed charge ratio (FCR) is assumed to be 

equal to 10.05%. FCR derives assuming a debit share of 60%, a cost of debit of 60%, 

an equity share of 40% and a cost of equity of 13% for a plant life of 30 years. 

LCOE for the generic plant is therefore equal to: 

 
ὒὅὕὉ

ὅὅ ȟ ὊὅὙ

ὉὉ

ὅǪ ȟ

ὉὉ
 

(8.7) 

 

Where ὅὅ ȟ is the capital cost of the plant, ὉὉ is the electric energy produced and 

ὅǪ ȟ is the cost of operation and maintenance of the single plant. 

 
Table 8.6 ï LCOE for all the studied plant in this work. 

 
Rankine 

optimHX 
[3] 

Rankine 

ammonia 

Rankine 

R416A 
Kalina Uehara 

Regenerative 

Rankine 
  

ὡ ȟ  2600 1991 2106 2084 2117 1998 kW 

ὉὉ 20,800 15,928 16,847 16,673 16,938 15,981 GWhe 

ὅǪ  1,238 1,018 1,048 1,510 1,532 1,017 Mú 

ὒὅὕὉ 241 259 252 366 366 257 ú/MWhe 

 

Even if uncertainty exists on the assumption made to calculate separator, the LCOE of 

Kalina and Uehara without considering this component would be 278 ú/MWhe and 

276 ú/MWhe for Kalina and Uehara respectively, thus these configurations are the 

most expensive solutions.  

Considering only the cases analysed in this work with the same method of 

optimization, the best plant from LCOE point of view is Rankine cycle working with 

refrigerant mixture R416A with LOCE equal to 252 ú/MWhe, even if its relative ɔ 

parameter is the lowest one. This could be explained considering the method used to 

evaluate LCOE. In fact, the relevant differences among diverse plant configurations in 

terms of cost are the heat exchangers. The lower the ɔ parameter, the higher heat 

exchangers area and their costs for the same power output. Then, the higher the 

produced electric power, the lower the LCOE considering same total cost of the plant. 

Therefore, since the cost of the other components are constant or one order of 

magnitude lower than heat exchangers costs for each plant, even if ɔ parameter for 

Rankine with R416A is lower, the increase of power produced with respect pure 

ammonia case is higher than the correspondent increase of heat exchanger area and 

therefore, LCOE for R416A is lower than ammonia one. However, this result is based 

on the assumptions that overall heat transfer coefficients of the mixture are equal to 
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the ammonia ones but since they are expected to be lower than pure fluid ones,  heat 

exchanger area for R416A would increase. Moreover, Rankine cycle with R416A has 

been studied from a techno-economic point of view, but due to its high GWP it is 

unlikely to be used considering the environmental issue. For these reasons, 

regenerative and saturated Rankine cycles working with pure ammonia have been 

proposed as the best solutions in this work, with an LCOE of 257ú/MWhe and 

259ú/MWhe respectively. Nevertheless, the best LCOE obtained among the 

investigated configurations is higher than the one relative to the Rankine cycle with 

optimized heat exchangers, on which assumptions of economic analysis are based on. 

LCOE for OTEC resulting from this economic analysis are higher than other power 

production technologies reported in Table 8.7, but it can find an application for 

communities living on small islands in tropical regions where for example the mean 

price of electricity in Hawaii is about 0.2-0.3$/kWhe [52]. In fact, cost of electricity in 

these cases are high and comparable to the one found in this analysis for Rankine cycle 

cases. However, LCOE found in this work are relative to small scale plants of about 

2MW and in literature the total capital cost for this technology is expected to decrease 

significantly with the size of the plant [13]. 

 
Table 8.7 - Estimated LCOE (simple average of regional values) for new generation resources, for plants entering 

service in 2022 [53]. 

 ὒὅὕὉ [ú/MWhe] 

Coal with carbon capture 140 

Convntional NGCC 58 

Advanced nuclear 99 

Geothermal 43 

Biomass 102 

Wind onshore 52 

Wind offshore 146 

Solar PV 67 

Solar Thermal 184 

Hydro 66 

OTEC (in this work) 257-259 
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9. Conclusions 
In this thesis work, diverse OTEC plants for power production have been modelled 

and studied from a techno-economic point of view and their performances have been 

compared in order to evaluate the best solution. 

The common feature of these cycle configuration is the adoption of zeotropic mixtures 

as working fluid and the aim of this work was to assess if it is worth to use this kind 

of fluids in OTEC applications with respect pure fluids. In fact, zeotropic mixtures 

have the property to change phase at variable temperature and constant pressure, better 

following the seawater temperature profile. The temperature difference between 

saturated vapor and saturated liquid state in phase transition is called glide. Therefore, 

since the glide reduces the temperature difference between working fluid and seawater 

inside heat exchanges, first and second law efficiencies are expected to be higher than 

cases with pure fluid with flat glide, thanks to the heat exchange irreversibilities 

reduction. 

However, even if the efficiency of the cycle is expected to be higher with respect the 

one working with pure fluids, higher surface extension of the heat exchangers is 

required for the exchange of the same thermal power with the same pinch point 

temperature differences. This is due to both the lower temperature differences inside 

these components and the heat transfer coefficient of the mixtures which are expected 

to be lower than the one of pure fluids. Therefore, since heat exchangers in OTEC 

constitute a significant part of the investment cost of the plant, from 25% to 50%, 

convenience of using zeotropic mixtures in this application has to be assessed.  

Thus, the ɔ parameter defined as the ratio between net electric power output and the 

total area of the heat exchangers is used. This parameter has been evaluated for each 

studied plant configuration and it is compared with the one evaluated for a Rankine 

cycle working with pure ammonia. 

Optimizations of different cycles working with mixtures have been performed with the 

objective of calculating optimal plants design variables for which ɔ parameter is 

maximized.  

Saturated Rankine cycle working with pure ammonia has been considered as the 

reference case for which ɔ=0.1908 kW/m2. An important assumption in this work is 

that heat transfer coefficients of all the studied working fluids are considered constant 

and equal to the ones evaluated for pure ammonia case. This assumption was necessary 

since general correlation for this kind of mixtures have not yet developed in literature 

because of the strong dependence on heat transfer phenomena that are difficult to 

understand, and also operative conditions. Furthermore, if ɔ parameter of the proposed 

solutions results lower than pure ammonia one even with the same overall heat transfer 

coefficient, adoption of different configurations is not convenient. 

Each type of the analysed plants has its own configuration depending on the fluid used 

in the thermodynamic cycle. Saturated Rankine cycle is considered for refrigerant 

mixtures, while Kalina and Uehara cycle for ammonia-water mixture. Design variables 

to be optimized are defined accordingly to the cycle and they increase with the 

complexity of the plant. Starting from Rankine cycle configuration, cold and warm 

seawater temperature differences were chosen together with pinch points temperature 

difference at evaporator and condenser, in order to maintain the method developed for 
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the reference case. For Kalina cycle, composition of the mixture and vapor quality of 

the mixture at the exit of the evaporator are chosen together with temperature 

differences considered for Rankine cases. For Uehara cycle, which adds vapor 

bleeding to Kalina cycle, same design variables of Kalina have been considered 

together with the pinch point at the regenerator. 

Firstly, saturated Rankine cycle has been optimized for several refrigerant mixtures 

that have been chosen with respect to environmental criteria (GWP and ODP) and 

suitable thermophysical properties like the magnitude of glide temperature difference 

during phase transition at operating conditions typical of OTEC application. Two 

mixtures have been selected and compared to pure ammonia case: refrigerant mixture 

R416A because it presents the higher value of ɔ parameter and refrigerant mixture 

R454A, because it is most environmental friendly considered fluid among the 

investigated mixtures. However, maximum ɔ parameters of R416A and R454A, 

ɔ=0.1884 kW/m2 and ɔ=0.1776 kW/m2 respectively, resulted to be lower than 0.1908 

kW/m2 for pure ammonia case. 

These configurations have been studied also based on first law efficiency analysis such 

that for an arbitrarily low value of pinch points equal to 0.5°C (null pinch points 

conditions are avoided since heat exchanger area would be infinite), first and second 

law efficiency results effectively higher for the mixture than for pure ammonia case. 

However, the total heat exchanger area increase of about 7 times for R416A and 3.5 

times for pure ammonia with respect the former optimization, leading to value of ɔ 

parameter still higher for pure fluid case. 

Performances of Rankine cycle with refrigerant mixtures and pure ammonia have been 

evaluated also with a correlation for variable turbine efficiency and only R416A fluid 

shows a maximum ɔ parameter, ɔ=0.2001 kW/m2, similar to pure ammonia, which is 

equal to ɔ=0.2002 kW/m2, in case of a single stage turbine. 

Then, Kalina cycle is studied with the same optimization purpose and it was found that 

the higher the ammonia mass fraction of the fluid entering the separator, the higher is 

the maximum ɔ parameter. In fact, the higher the ammonia mass fraction, the higher 

the vapor quality at the exit of evaporator leading to higher vapor phase flow rate that 

can be separated and expanded in the turbine producing more electric power. 

Moreover, ɔ parameter maximum values tend to maximum ɔ parameter of the 

reference case; in fact, if Kalina cycle works with pure ammonia, separator is useless 

and the cycle is the equivalent of a saturated Rankine one. Therefore, Kalina cycle has 

been studied for optimal case with ammonia mass fraction of 0.99 since it would be 

very difficult to handle and to guarantee a mixture with higher ammonia mass fraction 

close to 1 in real thermodynamic cycle. Thus, for this composition, maximum ɔ 

parameter is equal to 0.1898 kW/m2.   

The last OTEC cycle considered is the Uehara which is a regenerative cycle. In fact, it 

is similar to Kalina but it presents vapor bleeding from the turbine which is mixed with 

the working fluid coming from the condenser in order to preheat the mixture before 

entering the regenerator.  Extraction rate of vapor results to be dependent on 

temperature difference at the inlet of the regenerator and it decreases as this 

temperature difference increases. Moreover, the higher the ammonia mass fraction of 

the mixture entering the separator, the lower the extraction rate. Finally, ɔ parameter 

increases with ammonia mass fraction. Thus, Uehara cycle has been optimized for 

ammonia mass fraction equal to 0.99 and regenerator inlet temperature difference set 
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arbitrarily to 0.5°C, yields extraction rate of about 1% and maximum ɔ parameter equal 

to 0.1911 kW/m2. 

Besides this configuration of Uehara cycle, another solution has been investigated with 

the purpose of exploiting the advantages of pure fluid Rankine configuration together 

with vapor bleeding of Uehara. Therefore, a regenerative Rankine cycle working with 

pure ammonia is studied and optimized. The optimal solution is found for extraction 

rate of vapor of 3.39% which gives maximum ɔ parameter equal to 0.1922 kW/m2.  

Hence, Uehara cycle and regenerative Rankine cycle are the configurations which 

present the highest ɔ parameter in this work.  

Finally, simplified economic analysis has been performed to evaluate LCOE of the 

diverse configurations maintaining the same assumptions and specific costs derived 

from a study on Rankine cycle with optimized heat exchangers. The lowest LCOE 

equal to 252ú/MWhe that has been found among the investigated configurations is the 

one of the Rankine cycle working with R416A. However, it has to be considered that 

this value results from the assumption of overall heat transfer coefficients equal to the 

ammonia ones and since their value is expected to be lower, also real ɔ parameter of 

R416A is expected to be lower determining an increase of the heat exchangers cost 

and therefore of the LCOE. Another important factor is that R416A has GWP value of 

1084, which make it susceptible to be phased out in a near future. 

Therefore, the best proposed solutions of this work are saturated and regenerative 

Rankine cycle working with pure ammonia for which LCOE is equal to 259ú/MWhe 

and 257ú/MWhe respectively. Kalina and Uehara cycle are not convenient solutions 

based on this techno-economic optimization, since their value of LCOE is equal to 

366ú/MWhe due to the additional cost of the separator. Even without this component, 

their LCOE is 278ú/MWhe, higher than other configurations. 

9.1 Future developments 

This work can be expanded and deepened considering that optimization of the analysed 

configuration should be integrated with more accurate calculation for heat transfer 

coefficient of the mixtures in order to evaluate more precisely ɔ parameter. Moreover, 

the results of this work should be compared with other studies that have used different 

softwares to evaluate thermophysical properties of ammonia-water mixture. In fact, 

the software adopted in this work (REFPROP) shows instability for ammonia-water 

mixture with ammonia mass fraction higher than 0.95 and especially close to 1, 

determining high time required to perform an optimization with iterative loops. 

Optimization on heat exchangers is required for the plants studied in this work in order 

to take into account geometry and flow rate effects that have to be integrated with heat 

transfer correlations depending on the used working fluid; moreover, from the 

economic point of view, more accurate evaluation of heat exchangers cost would 

result. In fact, LCOE should be evaluated based on more reliable costs information for 

every component since high uncertainties are present in literature.  

Off design analysis for OTEC should be performed in order to evaluate the 

performance of the plant over the year at variable operative conditions due to seasonal 

effects, in particular the temperature variation of the warm seawater in surface. 
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List of symbols  
 

ὼ Ȣ  Ammonia mass fraction 

ὃ Area of heat exchanger 

Ὑ  Biofouling thermal resistance 

ὅὅ Capital cost of a component or of the plant 

ὒ ȟ  Cold or warm water pipe length 

Ὀ ȟ  Cold or warm water pipe diameter 

ὅ Composition of generic point 

ά ȟ Cold seawater mass flow rate 

ЎὝ ȟ Cold seawater temperature difference 

Ὑ  Corrosion film thermal resistance 

ὅὅǪ  Cost of operation and maintenance 

Ὀ  Diameter limit 

– Efficiency 

ὉὉ Electric energy produced 

Ὤ Enthalpy of a generic point 

ЎὬ Enthalpy difference 

ί Entropy of generic point 

Ὁὼ Exergy of a generic point 

‫  Extraction rate 

ῳὝ  Glide temperature difference at evaporator or condenser 

ὡ ȟ  Ideal pumping power for heat exchanger 

Ὕȟ ȟ Inlet cold seawater temperature 

Ὕȟ ȟ Inlet warm seawater temperature 

ὼ Liquid or vapor mass fraction 

ὒὅὕὉ Levelized cost of electricity 

ЎὝ  Mean logarithmic temperature difference 

ά  Mass of liquid or vapor phase 

 ὡ ȟ  Net electric power 

Ὗ Overall Heat Transfer Coefficient 

ЎὝ ȟ  Pinch point temperature difference at evaporator 

ЎὝ ȟ  Pinch point temperature difference at condenser 

ὴ Pressure 

Ўὴ  Pressure drop 

ЎὌ Pressure head 
ὅ  Purchased equipment cost 

ά ȟ Relative mass flow rate for generic point 

Ὤ  Seawater convective heat transfer coefficient 

”ȟ  Seawater density cold or warm 

Ὧ Seawater pumps proportionality constant 

ὡ ȟ  Seawater pumping power 



 

104 

 

Ὓὖ Size Parameter 

ὧ Specific heat 

Ὕ Temperature of a generic point 

Ὕ ȟ ȟȟ  Temperature at evaporator outlet of seawater 

ῳὝ Temperature difference 

ЎὝ ȟ  Temperature difference at regenerator inlet 

ЎὝ ȟ  Temperature difference at condenser outlet 

ЎὝ ȟ  Temperature difference at evaporator outlet 

ὗ Thermal Power 

ή Vapor quality 

ὺ ȟ  Velocity in cold or water pipe 

ὠ Volume ratio 

ὠ  Volume of separator 

Ὑ  Wall conductive resistance 

ά ȟ Warm seawater mass flow rate 

ЎὝ ȟ Warm seawater temperature difference 

ЎὝ ȟȟ Ȣ Warm seawater temperature difference at evaporator 

Ὤ  Working fluid heat transfer coefficient 

ά  Working fluid mass flow rate 

‎ Net power/total heat exchanger area 
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Abbreviation index 
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CFC Chlorofluorocarbons  

CWP Cold Water Pipe  
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ECS Extended Corresponding States 

model 

 

EEZ Exclusive Economic Zone  
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Fiberglass Reinforced Plastic  
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