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Abstract

In thisthesis work, diverse OTEC plamnfigurationdor power productiorworking

with zeotropic mixtures as working fluidin thermodynamic cycleshave been
investigated in order tassespotential advantagesompared to pure fluids.
Techneeconomic optimization has been performed to assess the best configuration
among saturated Rankine cycle workiwith refrigerant mixtures or Kalina and
Uehara cycle working with ammoniaater mixture.

Furthermore, each of the studied thermodynamic cycles were compared with a
conventional Rankine cycle working with pure ammonia.

Finally, economic analysis has bemnducted with the same simplified assumptions
for each OTEC plants and LCOE is obtainEle achieved results show that adopting
zeotropic mixtures in OTEC applicati®ms not convenient with respect pure fluids;
the lowest LCOE, equal to 2681Whe, has ben obtained for saturated Rankine cycle
working with pure ammonia.

Keywords: OTEC, ocean, seawater, zeotropic mixtures, gildeed cyclesKalina,
Uehara, ammoniavater mixture.
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Sommar il o

In questo lavoro diesi sono stati studiati diverse cufrazioniimpiantisticheOTEC

per la produzione giotenzale quali usananiscele zeotropiche come fluido di lavoro

all 6interno dei r i sapfme di valtare se ilddférenzadi e r mo d i
temperaturan transizione di faseostituisce urvantaggio rispetto ai fluidi puri

Per valutare la migliore configurazione tua ciclo Rankinesaturoche lavora con

miscele di refrigeranti @n ciclo Kalinao Uehara che lavoranmon unamiscela di

acqua e ammoniaca,stata considerata rotlimizzaziore tecro-economica.

Inoltre, ciascuno dei cicli termodinamipropostié stato confrontato con un ciclo
Rankineconvenzionale chenpiegaammoniaca puraome fluido di lavoro

I nfine, in seguito a unbéanal i sisiéepatuton o mi C ¢
ricavar e dlettrictabCOEb dies bt at i mostrano che
zeotropiche per applicazioni OTEC non é conveniente rispettol 6 ut i | i zzo d
puri; il mi nor cost o 269/MWIeetlstattottenutopert = , L

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 thisthesis work, diverse OTEC platnfiguratonsfor power productiorworking

with zeotropic mixtures as working fluithave beennvestigated in order to assess
potentialadvantagecompared to pure fluids.

Techneeconomic optimization has been performed to assess the best configuration
among sattated Rankine cycle working with refrigerant mixtures or Kalina and
Uehara cycle working with ammoniaater 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 environmergsilie renewable energiese
gaining more importance and theecame 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 safaceseawater

and cold seawater in depth.hi§ temperature difference can be exploitad
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 ocganti subject to significant seasonal
variations throughout the year and therefore thermal source is always guaranteed.
However, OTEC main disadvantage is tha¢ thaximum exploitabléemperature
difference is approximately limited to 24°C which is verywlacompared to
conventional plants for power production. Moreover, this operative conditions are
typical of oceanic tropical regions etween 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 @mmercial plants are nget 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 offsti@eks to the
knowledye and the technologlerived from the offshore industry.

Besides power production, OTEC can produce interestigytgucts like desalinated
water or it carprovide cold watethat can be exploited for aquaculture or usedliin
conditioning system Theefore, OTEC could be an important solution fmwer
generation irthe tropical region, especially for islands or little communities which can
reach energetic independence.



2. OTEC Thermodynamic and optimization purpose

Oceans have a huge amount of storedntiakenergy, although the energy density is
low. In fact,the ideal Carnot efficiency of OTEC cycle is strongly limited by low
temperature diffeence between the two thernmsdurces Consideringthe operating
conditionsusedin this work warm surface seaaterat 28°C and colcdgeawater in
depthat 4°C, the thoreticalefficiency is 8% However, energy losselsie to noAdeal
behavour of the components araf the processs inside the thermodynamic cycle
determinesnergy conversioafficienciesof about 34%.
In this work, the use of zeotropic mixtures as working fluid has been investigated in
order to determinghetherthe cycle performancesan be improved with respect to
pure fluids.In fact, zeotropic mixtures have the property to change phase at variable
temperature and constant pressdreis temperature difference occurring in phase
transition is called glidand it allows the mixture tollow in a better way the seawater
temperature profilesTherefore, since the glide reduces the temperature differen
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 diffeandcso
irreversible losses are lower.
However, even if adoption of zeotropic mixtures could be a better solution from an
efficiencyperspective, it has to be assessatlig convenient also from an economic
point of view with respect pure fluids.
In fact, due to Imited conversion efficiency, huggmounts ofexchangedhermal
power are required bythe cyclewith respect other conventional plantsorder to
produceappreciable amount of power outpikchanged thermal power is evaluated
with the following equatiowhereY"Y is function of temperature difference at inlet
and outlet of the heat exchanger

0 Y&Y (0.1)

Sincethe glide make¥’Y lower for zeotropic mixturethan for pure fluidsfor 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 Therefae, mnsidering low temperature differences and high thepoaier

typical of OTEC applicatiomareas of heat exchangeesult to besignificantly high.

The cost of these components is estimatduktd5%50% of the tadl investment cost

of the plan{1].

Thus,a parameter is definea ttake into account the weight of ttatal area ofheat
exchangerselated to thenetelectric power outpyf].

. W h _ (0.2)
"Y€ 0000 0@ GXT) (D W@ € "QQI
With the aim of comparing thgerformance 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 depavdinking

fluid are the heat exchangers. Therefore,par amet er has been chosen

best represents the trad# between power output amiantcost.



In this work, diverse plant configurations working with zeotropic mixtures have been
investigated and compared to a reference study on a Ragykie 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
modeldeveloped in a master thesis at Politegrdc Milano University[3]. For this
configuration, an optimization has beeonduced in order to maximise par amet er
for different pure fluids and the best one wasgpammonia. The model of the Rankine

cycleis based on different assumptions that are reportédbie0.1.

Table0.11 Main assumptionased in this work.

Assumed variables
Warm seawater inlet temperature 28 °C
Cold seawater inlet temperature 4 °C
Seawater salinity 35 a/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 -7 89 %
Mechanical turbine efficiency - ; 97 %
Electric turbine efficiency - K 99.5 %
Isoentropic pump efficiency -7 80 %
Mechanical pump efficiency - A 96 %
Electric pump efficiency - 98 %
Seawater pumps
Hydraulic seawater pumpfficiency - § 85 %
Mechanical seawater pump efficiency - A 97 %
Electric seawater pump efficiency - 97 %
Heat exchanger

U Evaporator 3198 W/mPK
U Condenser 2987 W/mPK
U Economizer 3198 W/mPK

Inlet warm seawater temperature is equal to 28°C, typical of tropical ocean regions
[1]. Cold water pipe (CWP) length was choseéol000m, typical value of depth at
which cold seawater temperature is 41 Then, CWP diameter was fixed to 2.5m

and cold seawater mass flow rate was considered constant and equal to §3)0kg/s
from a tradeoff 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
exdhangers and in the pipes. The first are calculated seawater side by means of a
proportionality constanf3]. The latter are evaluated calculating pressure drops as
function of diameter and length of the pipes and seawaterityeloith the same
relation used in literaturg]. 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 transferoefficients for pure ammonia, as reported inTable0.1, are

considered constant in the reference case study. Preheating section heat transfer
coefficients are considered equal to the evaporator one since thermal powegegdchan

in this segment of thédneat exchangers a few percentage points with respect

evaporation.

With these assumptions, the resulting maxi mt
found to be 0.1908kW/fn

4. OTEC models for zeotropic mixtures

In general,properworking fluids for OTEC have to be characterisedveyy low
boiling temperature of about Zb°Cand, in case of zeotropic mixtures, such fluids
have to be characterised bysaitableglide for the limited maximum exploitable
temperature differencef about20°Cin OTEC applicationMoreover, mixtures of
components withemperaturelifferences in evaporatiasr condensationnder 20 °C
but with steep glideare not appropriate for theeawater heat sources, that are
characteriseth general byemperaturelifference of a few degrees
Therefore suitable working fluig and plant configurations selected in this wark

1 pure ammoniaised in Rankine cycle

1 refrigerant zeotropic mixturassed in Rankine cycle

1 ammoniawatermixtureused in Kalina and Uehara cycles
. These mdelsof thermodynamic cycles are developed withghme assumptiors
the reference case, such that all the configurations coubgtiraizedwith the same
rationale.
Overall heat transfer coefficients for zeotropic mixtures are maintaimedsame
because theievaluation 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 fluidhich compose itThus if overallheat transdr
coefficiensof the mixturesareconsidereaqual to the pure fluid osand the resulting
ma x i miparaneteisostill lower than pure fluid case, zeotropic mixtures for OTEC
applicationdo not constitute aetter solution than using pufieids. This because in
terms of techne@conomic optimization, the net power outpditthe cycle working
with mixture is not sufficiently high to balance thecrease irsurface extension of
heatexchangerseven 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 tomaximise thevalue oftheo par ameter, optimizing differ
The higher the complexity of the OTEC cycle, the higher the number of design

variables to be optimizedlhe 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 praled respectively by REFPRQ# and TEOS10([5]. Both the
programs are recalled in MATLAB by means of specific functions.

Optimization of conventional Rankine cycle, representdéigare0.1, working with

pure ammonia or with refrigerant zeotropic mixtures has been condlibd/orking

fluid evaporates exploiting the heat of warm seawater, it is expanded in turbine and
then it is condensed using cold seawater.

T QUL W.SW Th T W SW @
) T I Warm seawater

pump

Preheating Evaporator
Working Turbine
fluid pump

Condenser

b
| \
:E % Ticsw Tum,(,sw

Cold seawater
pump
Figure0.1 - Reference plant scheme of Rankine cycle for OTHC

Kalinacycle[6], whose plant scheme is representdeiguire0.2, differs from Rankine
cycle because of the presencehaf separator, located after evaporator

SEPARATOR

5 (T

Main mixture stream
Stream ammonia-rich

Stream ammonia-lean

Warm seawater

REGENERATOR (-“
COND Cold seawater
Bl P 1
Tinswe *—l—)

Figure0.2 - Reference plant scheme of Kalina cycle for OTEC.

In se@rator ammoniawatermixture is separateid saturated liquid and vapor phase
Heat of the liquid phaskeaner in ammoni& used in a regenerator to preheat the
mixture entering the evaporatavrhile vapor phase richer in ammonia is expanded in
turbine © produce power. These two streams are mixed in the absorber before

condensation occurs.
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Uehard7, 8]is similar to Kalina but it presents also a vapor bleeding form the turbine
in order to preheat the working fluictfore it enters in the regenerator, as showed in
plant scheme dfigure0.3.

SEPARATOR

Main mixture stream

Stream exiting
absorber

Stream ammonia-rich

ABSOEBER

Stream ammonia-lean

REGENERATOR
‘Warm seawater

'

o A\

Figure0.3 - Reference plarscheme of Uehara cycle for OTEC.

In Table0.2, design variables of the implemented models have been reported for each
configuration and maximurmparameter depends on their optimization.

Table0.21 List of the design ariablesto be optimizedor each configuration

Rankine Kalina Uehara
" " " " ®WYq s w YR
. W Yh s w Y WYy ;W YR
o " ‘" "l l" Yv YV
Temperature difference [°C] WY NV WYy N Yi W Y nw R
WY
Ammonia mass fraction W R ®w i
Vapor quality 1 n n

5. Optimization results

5.1Rankine cyde 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 presenigltest hialue

of o parameter among the other fluids, and refrigerant mixtures R454A, which is the
most environmental friendly considered fluid according to GWP and ODP parameters.
However, maximuno parameter of R416A and R454A is lower than pure ammonia
casep = 0 . kv@/@’4ndo = 0 . kW/m?Bespectively. Therefore, the higher heat
transfer area in case of mixtures due to their glide makes this solution not convenient
based oro parameter analysis, evenoptimized solution for R416A produces more

net electrical power #n the reference case
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The optimized Rankine cycles working with pure ammonia and R416A are represented
in a temperaturentropy diagram ifrigure0.4.

ammonia . R416A
50 50

saturated liquid
safurated vapor
—consensation

saturated liquid| 40+
---saturated vapor| Q'
——consensation

&

g
£ af _ ) 2 0 <+ —evaporation
2 evaporation 3 AT -
m % e pump
h& I A ¢ —pump G [ — preheating
g / —preheating gar / T | expansion
8 / expansion i / ~==cold seawater
o K |- /
wl ! . | cold seawater 10k o % -y Seawaler
IS [7mwarm seawater | L
0 0
1 2 3 4 5 6 7 1 Moo12 13 M 15 16 17 18
Entropy [kJ/kgK] Entropy [kJ/kgK]

Figure0.4 - Ts diagrams fooptimized 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 lafinite), first and second law efficiency results effectively
higher for the mixture than for pure ammonia case, but the total heat exchanger area
increass of about 7 times for R416A and 3.5 times for pure ammonia with respect the
former optimization, lading to value ob parameter still higher for pure fluid case.
Performancsof Rankine cyclavith refrigerant mixtures and pure ammonia have been
evaluated also with a correlation for variable turbine efficieratgulate as a function

of volume ratio of working fluid andize parametg®]. With the new optimization,
R416A fluid shows a maximurm parameter equal 1©.2001kW/m?, similar to pure
ammonia, which is equal o= 0 . RV®/r@?2in case of a single stage turbine.

5.2Kalina cycle

Kalina cycle is studied at first through a sensitivity analysis for which the plant has
been optimized for evergmmonia mass fraction from 0.95 to 1(pure ammonia). |
was found that the higher the ammonia mass fraction of the fluid entering the separator,
thehigher is the maximurnparameter. 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 turbé producing more electric power. Moreoverparameter
maximum values tend to maximusrparameter of the reference caas showed in
Figure0.5.

0,1910

0,95 0,96 0,97 0,98 0,59 1
ammonia mass fraction

Gamma linear

Figure0.57 Maximuma parametepf 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 mafsaction 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, maximump ar amet er

to 0.1898W/m?. This optimized cycle is representedrigure0.6.

25 -

20

Temperature [°C]
o

condenser 1-2
——evaporator 5-6
—pump 2-3

regenerator 8-9

regenerator 3-4
——economizer 4-5
——-separator 6-7
——-separator 6-8
—turbine 7-11
--—-absorber 10-1
----- absorber 11-1

|
2 \\ | o —throttling 9-10
4 T~ | T 008 - - -warm sweawater
6 T — 0.96 - - -cold sweawater
Entropy [kJ/kgK] 8 10 ‘\092 0.94 ammonia mass fraction

Figure0.6 - Ts diagram of optimized Kalina cycle with ammonia mass fraction of 0.99.

5.3Uehara cycle

Trends of Uehara design variables have been highligitddaction rateof vapor

bleeding decreases as the temperature differeateegenerator inletncreases.
Moreover, the higher the ammonia mass fraction of the mixture entering the@epara
the lower the extraction rate at same temperature difference at regenerator inlet.
Finally, from the optimization point of vieyo 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 Kalingtimized 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 differequal to 0.5°C,

yieldsfor an extraction rate

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

of 0.99%aximumo parameter equal to 0.19kW/m?

efficiency are higherThis configuration is represented in a temperaamntopy

diagram inFigure0.7.

Temperature [°C]
o o

o
~E®
(=1
1
1
i
i
i
i
i
i
i
i
i
i

Entropy [kJ/kgK]

Figure0.7 7 Temperaturgressurecomposition diagram of optimizied Uehara cycle with ammonia mass fraction

condenser 1-2
——evaporator 5-6
——pumpl 2-15
——pumpll 18-3

regenerator 8-9

regenerator 3-4
——economizer 4-5
----- separator 6-7
—-—--separator 6-8
—turbinel 7-12
—turbinell 11-12
——-absorber 10-1
—--absorber 11-1
——throttling 9-10
— |=—-mixingl 14-18
——-mixingll 15-18
- = ~warm sweawater
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of 0.99 andO Y j =0.5°C.
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Besides this configuration of Uehara cycle, another solution hasrmesstigated with

the aim of exploihg the advantages of pure fluid Rankine configuration together with
vapor bleeding of Uehara. Therefoaeregenerative Rankine cycle working with pure
ammonia has been considesedl it istheequivalent olUehara cgle working with a
mixture composed by 100% of pure ammonia. This configuration has been optimized
as welland the optimal solution is found for extraction rate of vapor of 3.39% which
gives maximum o parameter equal to 0.192@N/m?. 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 Table0.3, results ofthese optimization in terms of optimal design variables and
maximumy parameter are reported.

Table0.3 7 Results of the optimizatiorof every cycle configuration.

Cycle Rankine | Rankine | Kalina Uehara | Regeneative Rankine

Working fluid NH3 R416A | NH3-H20 | NH3-H20 NH
W j 1 - 0,99 0,99 1
W Yy [°C] 1,64 1,79 1,73 1,75 1,61
wYrp [°C] 1,56 1,63 1,65 1,69 1,59
wYj [°C] 2,20 2,37 2,30 2,32 2,17
wYr [°C] 3,89 4,42 3,43 2,70 3,92
WY [°C] 3,67 4,50 4,27 4,29 3,66
W'Y [°C] - - 2,12 0,50 -

N 1 1 0,865 0,891 1

1 % - - - 0,989 3,390
n [bar] 9,30 5,42 9,04 9,00 9,28
n [bar] - - - 7,48 7,70
n [bar] 6,12 3,61 5,97 5,95 6,11
a  [kals] 62,60 | 451,90 75,20 74,30 64,00
a j [kals] 11773 | 11669 11676 11668 11847
d | % 2,58 2,52 2,572 2,59 2,61
d Il % 37,61 36,9 37,6 37,85 38,15
® 5 [MW] 1,9911 | 2,106 2,0841 2,1173 1,9976
0 [m? 10433 | 11175 10980 11082 10394
o[ kW/ m | 0,19085| 0,1884 | 0,18981 | 0,19106 0,19218

6. Economic analysis

Preliminary €onomic analysis has been performed dirthe investigated OTEC

planss, refering 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

XVii



are not expected to change among the different c&sesthe other components,
turbogenerator cost has been derived scaling the cddinofSpar plant proposed by
Lockheed Martif10] as function of net power of each plant. Gastseawater pumps

and heat exchangers aterivedfrom reference case. The foemare specific to the
electrical power needed to drive the pumps and they are eq8a0idW [3]; the

latter are specific to heat exchangers area and they are equaltbH89. For Kalina

and Uehara case, regenerator has been treated as the other heat exchangers and
separator costas been evaluated with general correlatj@d$used to evaluate costs

of diverse components depending on operative conditions, materials and typology of
the equipment.

Therefore,LCOE can be finally determined considerirge tfollowing 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 10.038%6R 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:

66 RO0YO g (0.3)

LOUVO—/FF 00

Whered 0  is the capital cost of the plai@®,Ois the electric energy produced and

0 o nisthe cost obperation and maintenance of the single plaritable0.4, results

of this economic analysis are reported and compared to the results of Bernardoni
(Rankine optimHX) which depend on different assumptions.

Table0.41 Costs ofall the componentand LCOEfor all the investigated planThe first column refers t3].

Rankine

) Rankine |Rankine . Regenerative

component optl[rg]HX ammonia | R416A Kalina | Uehara 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 4987 | 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 seawadr pump 0,439 0,201 0,211 | 0,207 | 0,208 0,201
Cold seawater pumy 0,698 0,489 0,500 | 0,496 | 0,497 0,488
Other costs 5,550 4,149 4312 | 7,572 | 7,692 4,157
Eng&project 10,600 | 10,600 | 10,600 | 10,600| 10,600 10,600
management
Total0 0 [Ma ] 37,503 30,855 | 31,762 | 45,769 46,425 30,813

0 6 0[OMWhe] 241 259 252 366 366 257
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7. Conclusions

Performance of iferent OTEC cycles for power production working with zeotropic
mixtures have been investigatealsed ora echneecoromic optimization

Each plant has been optimized with the goal of evaluahagimumo parameter
which representghe tradeoff 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 cosfThe plants that have been investigated are
Rankine cycle with refrigerant mixture and Kalina and Uelsgicdeswith ammonia

water mixture.Moreover, these plants are compared to Rankine cycle working with
pure ammonian order tocompareperformance of zeotropic mixtures with pure fluid.
Among the optimized cycles that work with mixtures, only Uehara cycle psesent
parametehigher than pure ammonia case, but this value should be verified adopting
real heat transfer coefficients for the ammengter mixture which are expected to
makeo parametedecrease, due to worse heat transfer performance of the mixture with
respect to the pure fluids. Insteadparametenf Kalina cycleis always lower than
Rankine with pure ammonia. Moreover,rfrdhe economic point of view Uehaaad

Kalina cycleshave the highest COE equal to3661 / k Wh fact, total plant cost of
theseconfigurations 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 R416Aheas
lowesto parameter andhe lowest LCOE equal to 26 / k Wh e , contrary |
would be expectedin fact, the increase ofnet power produced with respegutire
ammonia casé higher than the relative increase of heat exchanger ldoseever,

real overall heat transfer coefférits of the mixture are expected to be lower than pure
ammonia ones and sgparameteas well Moreover, R416/Aas GWP value of 1084,
which make it susceptible to be phased out in a near future

Therefore, saturated and regenerative Rankine cycles workih pure ammonia are

the besproposedonfiguration for OTEC, with a resulting LCOE of 269 k Véhde

2570 | k \kdsmectively.

This work could be expanded removing the assumption of constant overall heat
transfer coefficients equal to pure ammonia oragl their real value should be
assessed for each fluid in order to obtain more accurate valuexbdn@meter.

Then, models for the design of optimized heat exchangers would improve the techno
economic analysis for each plant.

Moreover, an ofidesign aalysis should be performed 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 technol ogy

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) fitsperfectly 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 shall ow A nB-100emdthickH;ynahistayepin t he
the regions of the tropical oceans between approximately 15° north and 15° south
latitude,thetemperature of 27 to 29 °C (annual variation) and the salinity of seawater
are uniform due to ind and wave actions.

The vertical distribution of temperatymepresented ifrigure 1.1, could be seen by

first approximation as two layers separated by an interface called thermocline, which
divides the two rgions sometimes abruptly but more often gradually.
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Figurel.1 - Vertical temperature distribution in ocef

Underneath the mixed layer, seawater becomes gradually coldetapth increases

to 8001000 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
regionsand it flows toward the equator, remaining separate from the warmer seawater
above due to its higher density and minimal mixing with the upggers [1].
Therefore, in areas where depth exceeds 1000 m, ocean assumegdiugesiith a

warm reservoir at the surface and a cold one at the bottom, characterised by a
temperature difference of 22 to 25 1.

This temperature difference is maintained during the year with variation of few degrees
dueto seasonaand weatheeffectsand also due tdlifference between night and
daytime



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

temperature difference is higher than 22°C throughktwai 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 theun 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 beiseffitt t o sati sfy wol
needs.

1.1.1 Site selection criteria

OTEC technologyseems 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 dncold 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 50Q&puld 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 talwes of 45°C because between 500 m and
1000 m typical gradient of seawater is about 1°C per 1EBin

An appreciable OTEC application would be characterised by a thermal resource of at
least 20°C of temperature differencetlween 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, consedeloetween 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 strongaaurrents 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 Peninsu[d3].

In Figurel1.2 is represented the world map of suitable regions where it is appropriate
to install plants for ocean thermal energy conversion.

Others important aspects regarding properssite OTEC application are the
accessibility ® 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 aforementioné locations, whose energy needs are limited with respfectore
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 andigbkarge flowof
seawater used in the heat exchangmmsld have a long term impact on marine
environmen{12]. Therefore, the effluents coming from condenser and evaporator are



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 surfacé¢l].

Vega states that in 1980 ninatight naions and territories have access to OTEC
thermal resource within their 200 nautical mile exclusive economic zone (E&Z)

Figurel1.2 - World map of OTEC suitable sites williT > 18 °C

1.2 History of OTEC

The concept of OTEC was theorized by Ars
heat engines working withquefied gases as working fluid to produce power from

heat sources available at low temperature in nature. In fact, hersgthe 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 amdcondenser 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 dioxjdg

However, D6Arsonval did not develop his
Claude suggested the OTEC concept with an open cycle instead of the closed cycle
conceived by DO6Arsonval . | n f acpractic&l aude

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 agviloi&in

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.



In 1928 Claude demonstrated the feasibility of open cycle by an exqurim
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 rpnf1].

After this successful demonstrationaGtle 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 int@sn.

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 1940Abidjan 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 originalcondep of ¢l osed cycl e of DOArsonyv
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 seventiesrenewable 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.

I n 1978 t heOTpE @0 ewats ficMimpil et ed t hanks to the
State government, Dillingham Corporation, Lockheed Corporation and others and it
provided proof of feasibility of the technology and its distribution

In the same periothe Department of Energy (DOE) developed a program known as
OTEC1 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 finegram 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 OTE@st program was concluded in the
following year.

In 1980, DOE wasdive 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 pragals 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 ashibezon
closedcycle 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 theharp 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 ienewables was grew again; research on open cycle OTEC



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 Insttu@cean Technolog{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
closedcycle OTEC in Okinawa Prefecture at Kume lIsland, installing 100kW plant
which is still working[15]. Meanwhile, in 2014 Global Ocean reSource and Energy
Association (GOSEA) was founded; this group has begun domesticallyan i

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 simdies
install OTEC plants suitable for specific locatigh$s].

At the same time, DCNS and Akuo Energy started the project New Energy for
Martinique and Overseas (NEMO) which corsist installing an ammonia closed
cycle OTEC esigned to produce 10.7 MW net power ouffi6f.

I n 2015, Mak a i Ocean Engineering announ:
OTEC power plant was concluded in Hawaii and it is the first true closed cycle plant
connected tohe grid, producing 100kW of sustainable and continuous electdéty

17].

1.3 Technologies of OTEC plants

Two main different technologies are conceived for the installation of OTEC
application and they can be clagsif according to the location, in particular there are
shorebased 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 ingi@lbn 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 orsre 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 thatare 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 wates inear the shoid].

Shelf mounted configuration is in between offshore and-taasid 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 isnmarsed1].

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 secibinere 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 installedis showed inFigure 1.3 and Figure 1.4
respectively.
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Figurel.47 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 ctsréfor 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 howeveriresjtuel consumptiofl].
Neverthelessthe most important disadvantage of this configuration is the energy

transfer but diverse solutions to store energy like hydrogen or methanol production
have been developed



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
sinee the former works with a specific working fluid while the latter works with
seawaterThe concept of closed cycle has been firstly developed with pure fluid as
working fluid. Then, other types of cycles with different characteridtiage been
conceived Amongthem 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 agesalinated water that is fundamental for diverse processes.

1.4.1 Open cycle

The Open Cycle OTEC (OOTEC) uses warm seawater as working fluids and it is
characterised by the following principal componeats shown irFigure 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 dischacgelensable gases.
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Figure1l.5- OC OTEC schemH]

Evaporation in flash evaporator involves complex heat and mass transfer processes
and only a small fraction of warm seawater evaporates; to makedssible, the
pressure of the chamber has to be below the saturation value relativeviatiese
temperature and therefore flash chamber operates at partial vacuum ranging from 3%
to 1% atmospheric pressyfss].



As a consguence, 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 oteakage from outside has to

be avoided in order not to degrade operatiooraaver, 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, steaimcondensdin a Direct Contact Condenser (DCC) or in
Surface Condenser (SC). The first configuration, in whedwater 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 configuratoa is
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 outtfiersolution 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 ataincbinditions.

Despite of these technical issues,-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 fpduct.

1.4.2 Closed cycle

The Closed Cycle OTEQCC-OTEC) is in general the conventional and well known
saturated vapor Rankine Cycle. In facte thvorking fluid evaporates in heat
exchanger at constant pressure, it is expanded in a turbine, then it is condensed at
constant pressure and finally theudid is pumped again to evaporator or to preheating
section if presenfThe scheme of the closed cycle is represent&ibimre1.6.

|l.|||
| WORKING FLUID

Figurel.6 - CC OTEC schemfl9]



Heat exchangers for this configuration have separating surface between working fluid
and heating or cooling seawater and due to the low tempeditigrenceacross the

heat exchangers, heat transfer area specific to kilowatt of prbgdoeeer is very large,
about 10 times the one of conventional steam pldhtsTherefore, heat exchangers

are an important part of the power plant cost and the goal is to design these facilities
such that costs per kilowatttirscture and materials are the smallest possike.
limited pressure and temperatwfeOTEC applicatiordo not expose heat exchangers

to critical operating conditions with respect the ones occurrimgmventional plants

[1]. However, expensive materials like titanium have to considered for these
componentsdue 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 saty 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 onfateurable properties and for OTEC
applications, refrigerants are the best candidates.

According to Avery et al[l], suitable working fluid should have the following
desirable characteristics: vapor pressure in the rangedi4/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, studi&3 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 configuratithiere 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 thik.wo

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 iRigure 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 fluidvaporates, freshwater is produced agphyduct and

heat exchanger surfaces operate in less aggressive condition because they are not in
contact with seawater directly.
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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 configurationd he simplified scheme of theapit is shown irfFigure1.8.

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 seawaterarder 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.

Yamadaet 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 thighehe

one obtained with conventional configuration showed that annual net thermal
efficiency is increased of 1.5 times with respect the conventional OTEC plant.

Solar Collector

Turbine

Generator

Evaporator [ ] Condenser

Working-
fluid Pump

-
Warm-sea-
@ water Pump r 'e
T Cold-sea- @ .
Tt Ws0| vater Pump €50

NANA_ A NN A_A_A_AJA LA

Warm Sea Waler Tes

Cold Sea Water

Figure1.8 - Scheme of SOTEC plaf22]
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Another interesting hybrid design for ocean thermal energy conversion is the Offshore
Solar Pond (OTEE@SP). Straatman et 4R3] studied this new configuration from
economical point of view andsaessed 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 efficienéds shown inFigure 1.9, solar pond
technology is istalled upstream of the thermodynamic cycle which produce power.
The result islower investment costs for the power block, making this application
competitive with fossil fuel fired thermal plants in terms of levelsest of electricity

evaporation/
rain water

flotation structure

~ @ 1 @
medium \ | 4/_\ medium
in (cold) \ ’ |‘ salt gradient (brackish) ||‘ & / \ out (hot)
||‘II \ | ‘ll". S T R .lJ " ,"" to conversion
/ \ sea water ’W‘ ?\

embankment ocean bottom

A A
-

foil material

Figurel.9 - Cross section of cold water heated by solar pond techn{@8}y

1.5 OTEC energy output usage and byproducts

One of the advantages of OTEC plarstghat this technology can be eaiped 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, electripower, 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 baye 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@ked 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 transpoation 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 tempdHtultas alsopossible to
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produce synthetic liquid hydrocarbon fuel (Jet Fuel) from carbon dioxide generated by
OTEC process and used as carbon sdudle

1.5.2 OTEC by-products

Apart from energy storage and production of fuel like methanomama and
hydrogen, OTEC is an interesting technology also from the point of view of the by
products and processes that can be obtdifigdrel1.10).

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

itis 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 arstep 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; insteactlnsed cycle, desalinated water can be obtained, for
examples, by means of distillation with spifysh type system [10] or with reverse
osmosis desalination plant which uses part of electricity produced by OTEC plant itself
[24]. According to KobayasHi7], approximately 10000 #fday 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 Muralidran[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 foicaiditioning among tropical
islands where small scale systems would be appropriate and food processing or
chilling, since cold seawatertaf condenser has a temperature sufficiently low for
these kind of applicatior{44][ cap 1- 10].

Finally, other attractive processes are chilled soil agriculture to cultivate products
throughout the year in tropical regionsidamarine culture exploiting artificial
upwelling of cold water, which is richer of nutrients, from depth to surface in order to
promote fish productiofiL4].

Electricity

osmosis
Drinking
Warin sni Desalinated water
Irrigation
OTEC plant
Cold seawater Cold water discharge Aquaculture

Seawater Air Conditioning (SWAC)

Figure1.10- Diagram of OTEC byproductg24]
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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 Envronment 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 yearfl].

Several studies were condedton 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 ogging 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 atwigtepin 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 growirade whileit is negligiblein condeser
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 imo inlet seawaterExperiments in Hawalii

have shown that addition of very low concentration of chlorine is required to prevent
bi ofouling and U.S. EPAG6s standard for
concentration of chlorine to have minimal impact on marine environi@erthe other

hard, physical methods include brushing and ultraviolet and ultrasonic radatibn
theyresult to be less attractive than chemical dgs

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 relfuehconsumption; 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 pams 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 biocideqd25]. On the other hand, OTEC prdeis artificial upwelling of ocean
water, increasing growth of plankton and nutrients in surface waters and therefore
increasing the possibilities for marine fish farmjad].

Another important issue is that an OTEC systeatudes 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 organisif5]. For this reasgrworking fluids characterised by

low environmental impact should be used.
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OTEC installation could be also potential issue for marine habitat, it canyma@lis

or tidal patterns altering sediment transport and deposit affectachés 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 generahtémdischarge 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 .ther®TEC 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 cycgestrongly 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 isH@aever, energjosses due to
internal friction in pipes which requires pump consumption and thermodynamic
irreversibilities in heat exchangers and in the other components of thedgl@nimine
energy conversioanf about 34%7/[18].

Compaed to conventional power plants, even thoaghversion efficiency is very

low due to limited temperature difference between warm and cold source of the
thermodynamic cycleOTEC systems rely on renewable energy source constantly
generated by the sun.

Besides of thermodynamic consideratiprthere 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 coldawvater from deep ocean, it has to withstand material
stresses and there is no adequate experience on the field. According tfil8ega
fiberglassreinforcedplastic (FRP) pipes are recommended in floating OTEC plants
for pipes with diameter less than 2,4 m, while hagnsity polyethylene pipes are
recommended for lanrdased 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 old 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 offshmhestry[12].
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2.l nadducti on to t he

Oceans have a huge amount of stored thermal energy, althis@gtergy density is

low. Most of the studies available in literature on OTEC applications consider a pure
fluid as working fluid.Research has been doneconventional clsedRankine cycles
adoptinglow boiling pointworking fluids.

In a master thesis developed at Politecnico di Milano Universitigeapardoni[3],

the performance of @onventionalRankine cycle usm pure fluids has been sied

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 Bernbrganiiaular, zeotropic
mixtures such as refrigerant mixtarand ammoniavater mixturs have been
considered

Differnt plantmodek for power productiohave beercreated to assess performance
of different kinds of Closed Cycles for OTEC applicatigith these kind of fluids

firstly, conventional saturated Rankine cycle working with zeotropic refrigerant
mixturesare studiedthenKalina and Uehara cycles working with ammomiater
mixturesare investigated.

2.1 Zeotropic mixture properties

Zeotropic mixtures have ¢hproperty to change phase at variable temperature and
constant pressuré fact, diring evaporation, the most volatile specie, which has the
lower boiling temperature, starts to evaporate lowering its concentration in the liquid
phase and increasing tHmoiling temperature of the mixture gradually; during
condensation, the less volatile specie, which has the higher dew temperature, starts to
condenate lowering its concentration in the vapour phase and decreasing the dew
temperature of the mixture gradiyal

The temperature difference between saturated vapor and saturated liquid state in phase
transition is called gliddn case of OTEC cycles, in which a variable temperature heat
source/sink is exploited, working fluid witglide can reduce meantemperatte
differencein the heat exchangesncreasingfirst and second law efficiencies with
respecto pure fluid withno glide.

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

mean temperaturewhile at the condenser he@& 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 irreversibilitiesrelated toheat transferare represented forraideal
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 differems, the dotted area in the temperaem&opy 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 h&atas
exchanged at lower mean temperature difference as showegline2.1.
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Figure2.1 - Comparison betweedeal conventional Rankine saturated cycle working with mixoumehe left
and with a pure fluid on the right in TS diagram.

Neverthelesdpwer temperature differences in heat exchangers meansYéweand
for the same heat transfer coefficient and thermal power exchanged, area required by
heat exchanger is highaccording to the following equation:

~

0 Y'Y (2.1)

2.2 Optimization purpose

As underlined by the literature revieay) important percentage of thiantinvestment
cost about 2550%, is determined by heat exchangeosts[2].

A parameter is defined to take into account the weight dfi¢la¢ exchangsmarea to
the electric power output. This parametenaximised by theptimizationof the cycle
for all the plant configurations considered in this wand it is defined as folloj2,
27]:

W p (2.2
"Y€ 0600 0@ XTI (D ¥ £ "QQ1

This parameteis thevariable choseto compareycles workingwith different fluids.

Since OTEC is characterised bBgw temperature difference andsinceheat transfer
coefficient of a mixture is expected to be lower than pure fluids which compasssit,

of the heat exchangers is expected to be higher with respect pure fluid case for the
same thermal poweexchanged. Therefer cycle configurations working with
zeotropic mixtures are worth only if net power produced is conveniently highosuch
parameters higher or comparable with the one of pure ammewen if higher area

of heat exchangers is required

221 Eval uat i on ofdr anddegh ayaeavitheglide r
For sake of demonstration, Carnot cycle, which represents the ideal thermadynami

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¥fy ,¥Y and¥Y such that o par ame
with glide is higher than the case with pure fluitherefore, a cycle with the shape of

a parallelogram is considered to represent ideal cycle with glide as shotugdna

2.2.

| W B wWarm s¢2% atet
. in D
Qin Q AT, I
Alppw \ Pel Alppw ghdes,
v

CARNOT ) IDEALGLIDE [y

A
AT AT, (/,;{// AT
pp.c ghde.q pp.c
y ”””””” Q out
4 seawatet Cold seaw ater

Col
S S

Figure2.2i Reference ideal cycles considered in this analysis.

Carnot cycleefficiency is computed using constant evaporation and condensation
temperature, while efficiency forehideal glide cycle is evaluated through logarithmic
mean temperatuseduring evaporation and condensation

Y Yo rn YYr YYi
- P o P (2.3)
Y Yo rn YY YY i
v
_ P (2.4)
h

Some assumptions that are discussed in ch@dpter have been wused t
parameter. Firstlyhe same amount &f , isconsidered for each case and #ierg
for a givenY'Y j, it is possible to evaluate the electric power produced by the cycle
through the efficiency in the following way:

. 0 a4 oYY

W P — P — (2.5)

Moreover, according to sectiod.1.4 seawater pumps consumption has been
evaluated considering friction losses inside seawdpesmand pressure losses in heat
exchanger by means afproportionality 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 consumptioens;t

Then, assuming constant overall heat transfer coefficient as explained in 4ection

total area of the heat exchangers has been calculated with eq@atjoknowing
thermalpower and all th&/"Yof heat exchangers. Finally, par amet er can
with equation(2.2).

To simplify this analysis, glides are considered parallel. Then, for a fixed vafii¥ of
considered equal for evaporator ammhdenser, for differedt’Y  between 0°C and

YY v , maps of o parameter arMY beweestr uct
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0°C and the maximum possitf8Y ; . These two maximum values are function of
Y'Y andY’Y as represented by the following equation:

AR YY Yo rn Yar YYi Y'Y (2.6)

Notice that forY'Y 7 andY'Y | , 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
sincefor Y'Y =0°C seawater flow rates of the pumps tend to infinite and therefore the
consumptions as well, corresponding 2
this range of values, cycle changes configuration accordingly.

Three different case corresponding to three different values YfY will be
considered. Maps 0b p ar aanhthe Eealsparallelogram cycle are initially
computedfor every Y'Y . For sake of demonstration, Figure 2.3 the mapat
constanty’Y  =5°C relative taY"Y =1°C is represented to show common features
of o paramet¥Y.variation with

10.18

0.2 -
10.14

Max 3
0.15 | ax 1012

0.1 101

y [kW/m2]

0.05

AT ¢ sw [°C] o5 0 5 AT w sw [°C]
Figure2.31 Maps ofo parameters for all possibl8Y aty'Y =1°C andy'Y =5°C.

par ame

Referring toFigure 2.3, notice that the map presents a |

parameter in correspondence of the point whéd ; =YY = Y'Y =5°C, so

when he 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 considatedecaus®”yY of

both the heat exchangers tend¥t¥ which is the minimum temperature difference

by definition, and therefore, from equati(l), the area is the maximum one. On the

other hand, the abdoloutparmaneitrewividaiMd o ulnadd d or

ot hers | ocal maxi ma ar e p Y'¥ sbatrigher thdrMa x
YY , while fAiMax 30 and fAMax 40 are in
differentY’Y ; andY'Y ; symmetrical with respect the diagonal of the plane with
seawater temperature differenc@nce this kind of surfaces are obtained for each
YY ,maxi mum o parameter corresffondsi ng
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evaluatedor each couple of'Y as showed iffigure2.4 for two couples o¥’Y at
Y'Y =3°C.

0.2 T

T T
— AT wsw=1.5°C ; AT c sw=0.5°C
— AT wsw=3.5°C ; AT c sw=6.5°C
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€ —————————— ==
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0 2 4 6 8 10 12 14 16 18
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Figure2.41 Method of selection of maximumparameters for each coupleXy varying¥"yY . In this

exampleY"Y =3°C

Finally, the map of all the maxXiYmsm 9 p
obtained solving the ideal cycles for each combinatidfi 6f and its relative optimal
Y'Y  found before.

In Figure2.5, Figure2.6 andFigure2.7 this kind of map is reported f&f Y equal to
2°C, 3°C, 4°C respectivelfhese results show that for optin¥dly  at givenY"Y ,

2 par a medyckewithglide isallvays higher than the one of the Carnot cycle
for everyY'Y apart from a narrow region faases withy"Y < 4°C, where the two
cycles have the ltngfloraYy pes clesen@ eqeal to zems u
This case is represented by the blue linEigure24wh er e maxi mum 2
the Carnot one.

In each figure thealues of optimal"Y

are showedin Table2.1,r esul t s
the figures)are reported for each case.

par

for
for

w h i cters are the anaxanome
t he abs @gddudtsen ma x i n

Table2.17 Optimal variables offasolute maximun» par amet er s.

YV Y'Y Yy max 4
optimal[°C] optimal[°C] optimal[°C] [KW/m?]
Y'Y =2°C 1,5 2 6 0,2167
Y'Y =3°C 1,5 2 4.4 0,2342
Y'Y =4°C 1,5 2 2,3 0,2423

Relatively to absolute maximum par a hgaé)dastasoltgions dre always for cycle
higher tharbothY"Y  andY'Y | and therefore with
pinch points located at the end of the heat exchangers. Then, the ogtimal
increases wheW'Y decreasedn this waythe temperature differences inside the heat

exchangers are high enoughatmidthe case omaximum area of heat exchangeys
when glide is parallelo seawatetemperaturerofiles On the other hand, aptal

with glideswith

Y'Y

optimalY"Y

decreasewhenY'Y increase in order to maintain the best tratfdoetween

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

differences.
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Thenr el ati vely to al/l t h ethebighbreheY'Ymaand mum o par
Y'Y , the higherthe optimal YY because the possible config
parameters higher than zero are the ones with the glide that tend to be paya¥ie) to

until power produced is zerd\otice that the highe¥"Y , the lowerY'Y j

according to equatiof2.6).
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Therefore, based on o0 parameter evaluati on,
parallel linear glile 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 Rankiyde 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 MATLABd aeach code has an
embedded optimization tool used to find
optimizing different design variables. The optimizer has been tested with two functions

of MATLAB which are fmincon and patternsearch but the latter showed bette
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 RRPP and TEOSO [5]. Both the

programs are recalled in MATLAB by means of specific functions.

In chapted, results of the reference case and the assumptions on which it is based are
reported. Opmization of conventional Rankine cycle working with pure ammonia has
been conducted optimiziny”Y , Y'Y i, Y'Y ; and Y'Y  , respectively
temperature difference 0bld and warm seawatand condenser and evaptar pinch

point.

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

In chaptel5, Rankine cycle working with refrigerant mixtures is analysed. The model
implemented for this comurationis an expansion oRankineworking with pure

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

with temperature glide. Moreover, same results of the reference case are obtained also
with this generalised adel to prove its validity.

A code that analyses the glide of the mixture in the range of all possible operating
conditions as explained in sectidriis developed before implementing the model and

the optimizer for the Rankancycle.

The model has been developed to maintain the same configuration of the one
developed by Bernardo8], in order to compare the results obtained with same
similar solution methods. Moreover, the main difference inwtigk depends on the

fact that evaporating and condensing pressures are calculated iteratively because
mixture present nchinear glide pinch pointscould bethuslocatedin any section of

the heat exchangersience, pressures are calculated throughtiters in order to

satisfy pinch point conditions and therefore the model has been conceived to solve the
cycle depending on the four“Variables After the cycle is solved, these variables are
varied in an optimization tool with the ;

In chaptei6, Kalina cycle for OTEC is investigated. This thermodynamic cycle works
with ammoniawater 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 differalties. In fact, evaporation in
Kalina cycle isnot complete but it is stopped at a certain vapor quality depending on
mixture composition entering the heat exchangenddweer, the plant includes also a
regenerator to improve efficiency of the cycle. Therefore, the higher complexity
requires more desgigvariables 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 fouiiglus composition of the mixtue g

and vapor quality] at the exit of the evaporator. Notice thatVariables are the same

of Rankine cycle except frod’Y , which become¥"Y 8

In chapterl, Uehara cycle is studied @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. Thusyen complexity of the plant has increased and design
variables to be optimized to maximize p a r aremmsame of Kalina cycle plus
temperature difference at the inlet of regener3taf . In fact, from a sensitivity
analysis made in chaptérresults thaty’Y  and the extraction rate ofahvapor
bleeding are correlated.

22



3. Wor ki ng flui d mi

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 chaptd, in general suitable working fluids for OTEC have to be
characterised byery low boiling temperature of about -28°C and in case of
zeotropic mixtures, such fluids have to be characterised by a glide suitaltie for
limited maximum exploitable temperature difference in OTEC applicatfaabout
20°C.Moreover mixtures of components witemperaturelifferences in evapotian

or condensationnder 20 °C but with steep glidee not appropriate for tteeawater
heat sources, that acharacterisedn general bytemperaturedifference of a few
degrees

Thereforesuitable working fluig for this kind of OTEC cycle are purefrigerant like
ammonia, refrigerant zeotropic mixtures other mixtures like ammoniaater
because thegatisfythese requirements

3.1 History of refrigerants

At the beginning of 19 century, the first refrigants conceived for mechanical
refrigeraton 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 20 century, all of these natal 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 anenfihle, 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 stableflaosmmable, 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
(Chlorofluorocarbonsand HCFCsHKlydrochlorofluorocarbures)

The second half of 20century was dominated by these refrigerants and also by
mixtures, while ammonia was the only one natural refrigerant that survived in
industrial applicationgspecially for food and beverage processing and stdzg]je.
Subsequently, the problems of ozone depletion and global warming became of great
importance and these kisaf refrigerants contributed negatively due to the high
stability of CFCs molecules which remain in the atmosphererevtiee 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 develped countries required phaseout 2R 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 refrigerans, the HFCs Klydrofluorocarbos), 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 lhe 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 mzond 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 ea®ypredict 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 criteriafor refrigerant mixtures:

In general, refrigerant fluids are classified according to several factors, from
environmental to safety ones.

Two parameter are considered to take into account the environmental isee:

global warming potentigiIGWP) and the ozone depletion potential (ODP).

Gl obal War mi ng [Péo]Jt emnt iianddgxGWPHhaged on radiat
greenhouse gases, measuring the radiative forcing following a pulse emission of a unit

mass of a given grebouse gas in the preseday 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 caungi radiative forcing. The Kyoto Protocol is based on

GWPs from pulse emissionsovera-{0@ ar t i me [30l.r ame [ é] 0O
Ozone Depl et i on[.]JAaumber that efers t¢ tBeDamyunt ofiozone
depletion caused by a subsce. The ODP is the ratio of the impact of a similar mass

of CFG11, 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 chle f or més ODP i s 0, 11. HFCs h
because they do no3ll.contain chlorine [é]EOo
As mentioned above, Kyoto Protocol had scheduled regulations onqiaseHFCs

which have zero ODP but relatively high GWP.

According b EU Regulation No 517/2014, some prohibitions were placed on the

market of refrigerants for systems whose functioning relies on HFCs with GWP > 2500
(phaseout date 2020) and GWP>150 (phase date 2022)32]

According to Atirae Standard, toxicity and flammability classification is represented

in this matrix diagram of safety group classification syskegure3.1 [33]:
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Flammability
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Flammability

No flame
Propagation

Lower Toxicity Higher Toxicity

Figure3.1 - Matrix diagram of safety group classification syst@&3j

For these reasons it is clear that the ideal refrigerant has different characteristics which
have to be considered from the environmental, safeness andthy@amic 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 woul@henot
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 difféheids with different degrees,

the best refrigerant is chosen after a traffeamong all the fluids, depending on the
application and operating conditions.

3.2.1 Choice of refrigerant mixture used in this work

Severalrefrigerantmixtures are considered andmong a list of about fortfluids
considered from REFPROP predefined mixture dataplséess thartwenty have
been selected bause they satisfy the followinggiteria:

1 DT glide at a pressure for which mixture is saturated liquid at 25 °C has to be
between 0,1 and 10 °S§uch that it is applicable for OTEC applications with
limited heat source temperature difference

1 Absence of R22 refrigerant because it is forbidden froomtk&al Protocol as

stated insection3.1

Ozone Depletin Potential ODP = 0, or almost zero

Global Warming Potential GWP < 2500 as a first guessrring to EU

Regulation No 517/201fB2], but thelower the better due to the very strict

regulation for the near future.

= =4

In Figure3.2 GWP andDT 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. dteover, R454A is theefrigerant with the lowest GWP,
while the others present gaihigh values.

Despite all these fluids are beldlwe GWP limitconsidered in the criteria listed above

the majority of thenhavehigh GWP and their usage should be avoided because they
will likely be dismissed in the near future.

25



R454A
R449A
R438A
R437A
R427A
R425A
R417A
RA16A
RA13A
R410B
R410A
R407F
R407E
R407D
R407C
R407A

Mixture

239
1397
2265
1805
2138
960
2346
1084
2053
2229
2088
1825
1552
1627
1774
2107

500 1000 1500 2000

GWP 100 years

Mixture

R454A
R449A
R438A
R437A
R427A
R425A
RA17A
R416A
R413A
R410B
R410A
R407F
R407E
R407D
R407C
R407A

3,113

3,265
1,811
2,808
0,163
0,118

5,172
5,261
4,632

5,020
5,529

4,865
5,650
5,240
5,437
4,841

1 2 3

4 5 6
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25°C

Figure3.2 - GWP andyl 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 standari34].

However, as first analysis all the sattrefrigerants 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 R416Arefrigerant 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

Ammoniawater mixture has been used in different apphcetas 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, ammoniavater 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), ammonigater vapour phase behavsimilarly to steam,
enabling to use standard and well known components of stelustrial sectar
Furthermore, the design of power plant working with ammarager is practically
based on to the experience from ammonia production for dgrauand idustrial
purpose$35, 36]

However, the use of ammonigater mixture requires some safety precautions since
ammonia is classified as B2 (higher toxicity and lower flammability) frdeHRAE
standard34]. 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
ammoniawater working plants have to bafe, with adequate ventilation system in
case of leakage.

However, ammonia is seflarming due to its properties and it is part of nature since

is produced decomposing Ipyoduct of nature, which means that ammonia does not
constitute global pdution orglobal 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[GB)]

In literature, tests on power plant working with ammen&tea 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 winmehania becomes unstable

and, thereforgavoid 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 becauspotential corosion problems anthe

high value of pH for ammoniaith the low presence of oxygen in the mixture should
limit the risk of general corrosidB87].

3.4 Thermodynamic properties calculation and heat transfer
correlations

Besides ball 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
characterisedery low temperature differences with respect conventional power cycle.
However,as explained in next secti@m.2 mixtures are characterised by heat transfer
coefficient lower than the respective pure fluids which compasenikture

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 softwar&REFPROP[4], developed by thélational Institute of
Standards and Technology (NISThas been used to calculatieermodynamic
properties of industrially important fluids and their mixture, which are used as working
fluids in OTEC appliation that have been studied.

This programmplements three models fevaluation othermodynamic properties of
pure fluidsdepending on the availability of data. The first is basedHelmholtz
energyexplicit equations of statend this formulation isised for all the high accuracy
equations of state provided in literature. The second is basetbdified Benedict
WebbRubin equation of stat@he thirdis an extended corresponding states (ECS)
mode| which is used for fluids with limited experimentadhtd [4]. Viscosity and
thermal conductivity are moted with either fluidspecific correlations, an ECS
method, or in some cases the friction theory method.

The thermodynamic properties of mixtures are calculatatirsy frompure fluids ly
applying mixing rules to the Helmholtnergy of the mixture components, taking into
account a departure function from the ideal solution. BH@wvs the use of high
accuracy equations of state for the components, and the propertiesrktilme will
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reduce exactly to the pure components as the composition approaches a mole fraction
of 1[38]. Moreover, dfferent components in a mixture may be maéelehith different

forms; for example, a MBWR equation may tinéxed 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 experimensahat
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 dbeients 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 caeshave been individuatedeven 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 reted. 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 nuehtion 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 conditiohike 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 phenomkedrée 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 vdpmid interface lowers
temperature at the interface reducing condensation rate and this reduction increase for
components with less similar boiling point and propeft&s.

According to the work of Shin et g40] on correlation of evaporative heat transfer
coefficients, worst performances are due to-hosar behaviour of thermodynamic
properties and also due to mass transfer effects caused by composition change of
zeotropic mixtures during phase traims. Moreover, always regarding research in
boiling heat transfer performance, according to Monde @ H|. lower heat transfer
coefficients can be related to temperature differences between boiling and dew points
and alsdo 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 trarsperformance, making them suitable in applications
where evaporation and condensation of refrigerants ¢42r

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 ammoniavater mixture has been studied in plate heat exchanger by
Taboas et a[43, 44] In their works a correlation which calculate boiling heat transfer
coefficient of ammoniavater mixture in plate heat exchanger is presem&skd on a
separate modethich uses a transition criterion. In fabgat 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 betweerbtiliing phenomena, the
range of experimental data considered to develop the correlation is very different from
theoperating conditions of OTEC. In fact, these correlations are valid for vapor quality
of the mixture from 0 to 0.2Q43, 44]and ammonia mass fraction of 43%a] and

also between 0.35 and 0.B&].

Another work more suitable for OTEC is proposed in literature for evaporation heat
transfer coeffi@nt of ammoniavater mixture in plate heat exchanger, considering
ammonia concentration from 0.93 to 0.p%]. In this study, since there are no
proposed correlations or data in literature about heat transfer coefficienigfor h
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
accoun 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 witHieimpli

assumptions explained in the next sectldh3 since development of correlation for
each analysed working fluid goes beyond the purpose of this work.
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4. Ref erence case a

assumptions of t

The purpose of this works to compare different OTEC configurations with
conventional Rankine cycle working with ammonia as explained in chiapter

In this chapter, everal assumptionsf this reference case are explained and #rey
maintained in tts work in order to compare the differ€dTEC systems the most
similar operating conditions.

4.1 The assumptions of the models

Even if differenttypes of planfor OTEC are investigated, the developed maded

each system have in common same turbomaghared same external components to

the thermodynamic cycle as piping to supply warm and cold seawater and seawater
conditions

4.1.1 Cold and warm seawatermipes

From literatureemerges that cold water pipe constitutes a significant technical
limitation for thedesign 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 avad 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 beause 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 alutthed cases since it is

the limit for this kind of pipe that are commercially availgi@]. Furthermore, HDPE

has been chosen pipe because it has been successfully adopted in the Miri OTEC
and Nauru plants, accordingliterature[1].

Then, velocities in the pipe are limited to-@ ™/s to avoid high pressure drii&}.

For the warm water pipe, design parameters are less critical.

Summarizing the characteristiokseawater pipes:

1 Cold water pipe length equal to 100010]

1 Warm water pipe length equal to 2008h

1 Limit diameter is fixed to 2.5m as explained and it is applied to both seawater
pipes
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4.1.2 Seawate and working fluid properties

The assumptions used for working fluids and seawater are the following for each case
studied:

1 Warm seawater inlet temperaturéYs;  =28°C for all the analysis
1 Cold seawater inlet temperatureYsy,  4°C for all the analysis

1 Cold seawater flow rate is assumed to be constant at a vadue pf 8500
kg/s

1 Salinity of seawater is considered constant at a value of 35 g/kg

1 Pressure of seawater is considered equal to the atmospheric one

1 Warmand cold specific heat capacity are evaluated by means of -IB@S
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 tempature differences that occur in OTEC
application.

1 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 diffialt 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
section3.4.2

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 wBgrofdoni[3].

This procedure is reasonable considering that mixture heat transfer coefficients are
expected to be lower than pure fluids and that the teehaao n o mi ¢ par amet er
is maximised with an optimization process,reases when total heat exchanger area
decreases or whenet power produced increasés. fact, if global heat transfer
coefficient of the mixture is equal to the
is still lower than pure fluid case, it meanstthdopting zeotropic mixtures for OTEC
application in the studied operating conditions is not a better solution than using pure
fluids. This because in terms of teche@onomic optimization, the net power output

is not sufficiently high to balance the wobnseat 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 ragstu

global heat transfer coefficients are considered equal to ones calculated by Bernardoni
who referred to Averyl] and the procedure is briefly reported.

Global heat transfer coefficient for a heat exchanger in general is:

. P o p (4.1)
Yoo Y v o
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Where’Q andQ are convective heat transfer coefficients of seawater and working
fluid respectively,’Y , Y andY 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 hat transfer coefficients found in literatyfg, Bernardoni has calculated

an overall heat transfer coefficient in the evaporator of 3198°wW[B]. This value is

kept constant through the optimia 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 influendgraficantly the extension of total heat transfer
area.

Moreover, from a conceptual design present in literdtlirethe overall heat transfer
coefficient of the condenser is about-@®%6 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 VWK(93% of the evaporator onfg)].

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 300FKV/Tis assumption will beerified

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 providedthe systems in the same way and at the same conditions.
Avery [1] assessed that seawater pumping power is abeB@Z0of the gross power
produced by OTEC cycle and Veffi8] had estimated thab tkeep water pumping
power consumption at 280% of the gross power, an average speed less than 2 m/s is
suggested for seawater in pipes.
It is clear that semater pressure dropvaluationis important and significanto
determine net powgroduced by thelant. Totalpressure dropan be divided itwo
contributions:

1 Pressure drop in seawater pipes;

1 Pressure drop in the heat exchangers.
In this work, bcalized pressure drops contributions, such as pressure drop due to
valves heat exchanger manifolas pipe bendingvere neglecte@nd the following
assessment procedure is maintained according to BerndBJoRiressure drop for
cold seawater pipe is the sum of pressure dr@pto frictionand pressure loss caused
by the dfference in density between the water in the CWP and the surrounding warm
seawatef2, 1]. The frictional pressure drop is compubederms of pressure headd
is function of pipe length, diameter and velocéy,dscribed byan empirical formula
proposed by Uehara et &2]:

o 0 0 8 4.2
Y0 " (4.2)

pPTT

Since CWP geometry and cold seawater flowaagdixed by technical limitations as
reported in previous sectiprvelocity remains anstant in the optimizatiorand
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consequently alstrictional pressure heaals shown irequation(4.2). Also pressure
drop due to density difference isonsidered in terms of pressuneadand it is
determined according to the folling equatiorj2]:
yop O 2B
R G

The cold water pipe length is assumed equal to the depth at which cold seawater is
drawn.

For warm seawater sidéhet oy pressure drop considered for warm water pge
frictional pressure drop, with the analogue equation used for the cold water side

o 0 0 8
YO (pa‘q,lgos

pTT

50 (4.3

4.4

The difference is thavarm seawater flowrate is not imposzslit was done for cold
water due to technical constraints, and it is computed by meanseiehgy balance
at the evaporator. Thereforggawater velocity in warm pipe wiagtially assumeend
the ppe diameter results from the following equation:

o T4 (4.5)

If diameter of warm water pipeorresponding to the guessed velocity is higher than
maximumobtainablediameterdefined insectiord.1.], the diameter is imposed to this
limit and velocity was calculatefdr the warm seawater flowrate resulting from the
energy balance

0 (4.6)
T

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:

0 & oYy (4.7)

The ideal pumping power requiresicalculated as a function of pressure drop, density
of seawater and its flowrate
a o
Wi M (4.8)
The ideal pumping power required for heat exchangers is assumed to be proportional
to thermal powej3]:

i QO (4.9

Where the proportionality constar@r)derives from a reference heat exchanger
performance:
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0 a wi'Y W'Y (4.10)

By substituting equatio4.10) in equation(4.9), if seawater density and seawater
specific heat are maintained constant:

n n
N . - - S : i I o \"'Y
©h Ty Y gy ¢ of (4.11)

By rearranging the terms of the latter:
R I
Wi Sy (4.12

By comparing equatio(®.8) with equation(4.12) it is found that:
o N o
> LI Y (4.13
yn Sy Yy
Notice that from equatiort4.12), the pumping power varies proportionaliyith
seawater mass flowrate with Y'Y in the same way and geawatetemperature
differenceincreasesthe pressure dromcreasesand the final ideal pumping power
required by each heat excigger is obtained with equati@a.9).
Finally, ideal cold and warmseawater pumping power requirade calculated as
follow:
W iR & Op QYO YOn ® §n (4.14)

®fFRr o m G F YO ® f R (4.15)

Then, with the assumed value of hydraulic, mechanical and electric efficiencies, the
net dectric power consumed bgeawater pumpis calculated as:

(4
¢
¢
=xj

e
5¢
5¢
=

W F R (4.16)

4.1.5 Working fluid turbomachines and seawatepumps

In this work efficiencies of the turbine and of the pumps are considerstant[46].

For the case of Rairle cycle OTEC working with zeotropic mixtures, it is considered
also Astolfi correlation9] that take into account turbine efficiency variation as a
function of volume ratio and size parameter and the results will be compiinetie
constant efficiency case.

The assumed values of the efficiency for working fluid turbomachines used in the
plants are the following:
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Table4.11 Table of efficiencyof turbomachinery and seawatemmesused n this work

Cycle turbomachinery

Isoentropic turbine efficiency -5 89 %
Mechanical turbine efficiency -k 97 %
Electric turbine efficiency -k 99.5 %
Isoentropic pump efficiary - § 80 %
Mechanical pump efficiency - R 96 %
Electric pump efficiency -5 98 %
Seawater pumps
Hydraulicseawater pumgfficiency - i 85 %
Mechanical seawater pump efficiency - B 97 %
Electric seawater pump efficiency -k 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 Raekcycle for OTEC working with mixture and of
Kalina and Uehara cycles working with ammemniater mixture.
These models will be described in the following chapters and the results will be

compared with the case studied by Bernar@@®hiwhich 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 optimizeds u |l t s

by equation(2.2) at the introduction of this chapter. Optimal design parameters and

based

on

0]

par amet

results of the optimization made on Rankine cycle working with pure ammonia are

reportel in Table4.2. 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 consideteen Kalina and

Uehara cycles workg with ammoniavater mixture.

Table4.21 Results of the Rankine cyaleorking with pure ammoniaptimizedbased oro parameter.

T w sw 1,64 | °C | Condensation pressure 6,12 bar
T c sw 2,20 | °C | Turbine electric power 2,911 | MW
T pp eva 3,89 | °C | Working fluid pump consumption| 0,042 MW
T pp cond 3,67 | °C | Gross power produced by the cy( 2,767 | MW
Inlet thermal power 77283 MW | Warm seawater pump consumpti 0,226 MW
Outlet thermal power 74,412| MW | Cold seawater pump consumptiol 0,550 | MW
Warm seawater mass flow rg 11773| kg/s | Net electric power produced 1,991| MW
Cold seawater mass fow ratg 8500 | kg/s|d| 2,58 %
Working fluid mass flowrate | 62,6 | kg/s | Total heat exchangers area 10433| n?
Evaporation pressure 9,30 | bar |92 0,1908| kW/m?
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5. Ranki newiQyhc lree f r |
mi Xt ures

In this chapter, performance of a closed Rankine dgcl®TEC applicatiorworking

with refrigerant zeotropic mixtures is analysed based on the optimization of
parameter.

Before implementing the model of the Rankine cycle working with mixtures, a brief
analysis of the properties of the selected working fluids (see s&#8dihis 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 itsreature 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 transiéisfiunctioof 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,tdmaperatures are
the inlet warm seawater and the inlet coldnssar temperature respectively.

1 1 =Pressure at ideal max saturated vapour temperatyre;

T N  =Pressure atideal min saturated liquid temperdWige y
Since the pressure is considered constant during the hasiion the valueof the
glide temperature difference in evaporation and condensation at that pressure, is
function of the mixturebs components and
This analysis is performed for several values of pressure between the maximum and
the minimum one, dividingvaporation and condensation iriftervalssuch that each
of them represents the increasing value of the vapour quality (from O to 1). The real
glide curves are evaluated in each of these points between the liquid and vapour
saturated states of the curverresponding to phase transition for each pressure
considered betwean  andn
All these real states are calculated through the software REFRPR@Rich is called
with appropriate functions in MATLAB, whal 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 condensatbreach point of # 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, tshape of the curve is convex because the real glide is
always above the linear omapreoverjn 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 temperaterdifferences 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 casepoire fluids

In fact, due to this limited range of "Yvalues, in general glides are not expected to
have high degree of curvature such that the concavitpnvexitycharges along the
phase transition.

All the concepts considered in the glide analysis are showed for a generic mixture in
Figure5.1 for better comprehension.

20 R416A.mix
............................................................. Tlri$uw=230c
Pmn.‘:.iﬂ‘ 1
25t —
dTgizde.el!a.maa‘
— 20] -
a Tmaansw=16°C v
':-E i
"Jg_ 10} N — ] ATylide cond max
E ' -
B e ————— S e— —_—
Eﬂ.!\l'.c=4oc
U A i i
1 1.2 1.4 1.6 1.8

Entropy [kl/kgK]

Figureb5.1 - Glide analysi<riteria andseparation between evaponat and codensing pressurg working fluid
can assume

Another criterionshowed inFigure5.1 is thatthe highest value the glide can assume
in evaporatioror condensation is roughly limited to the half of the maximum seawater
temperature difference

WY Yin Yer QT (5.1)

w Y
WY § R WY §F R — ch p ¢oJ (2)
Yo r Yer @Y R P @J (5.3)

Therefore, since glide temperature difference is considered starting from saturated
liquid temperature and since in this work OTEC aation is studied between

“Yi n=28°CandY =4°C as mentioned in sectidril.2 evaporation pressures

are considered from the one corresponding to saturated ligiid ag;, andn

while condensation pressures from  and the one relative to saturated vapor at
VA
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Once the possible operating pressures of the cycle are divided in a representative way
between condensing and evaporating onesassdsabove, this code, which analyses

the fluids in a temperatw@ntropy 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 fall 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 glidetie 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, theiarthige 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 tlyestaat 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 glaled 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, considey the case of counteurrent 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 Wik located at the entrance of both the evaporator
and the condenser (working fluid side).
For real mixtures, glide nelmearity make the evaluation of the pinch point value and
position more difficult, since the concavity or convexity of the glide camgé with
the operating conditions such as evaporating or condensing pressure and composition
in case of on-predefined mixtureAs a result pinch point could be located everywhere
and iterative procedures are required to set pinch point in correspomdemoemum
temperature difference.
Considering working fluid sidedifferent positions where minimum temperature
difference occurs are the following:

1 atthe inlet of evaporator if glide is concave and Y}, w’Y  ,Figure

5.2 on the left

1 at the outlet of evaporator if glide is concave andifYj WY § o,
Figure5.3 on the left
somewhere in the ioidle of evaporator if glide is conveikigure5.4 on the left
at the inlet of condenser if glide is convex an@ ifY, ®w”Y  ,Figure
5.2 on the right
1 at the outlet of codenser if glide is convex and a Y, Y {

Figure5.3 on the left
1 somewhere in the middle of condenser if glide is condamgire5.4 on the

right

= =4
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In the following figures, these concepts are represented in a schematic view of a
temperatureentropy diagram where pinch point position can be identified, depending
on the magnitude ab “Y andw Y and also on the curvature of the glide in each

heat echanger. For all these figures, evapo
right; in evaporator warm seawater is repr
while in condenser is the other way around.

AT

glide,eva

rator is on the left and condenser in on the
esented in red and working fluid in blue

Tg\ide,cond

S

Figure5.27 This is the case vém 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.

glide,eva

ATglide,cond

Figure5.37 This is the casehen 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.

glide,eva

Tglide,cond

Figure5.471 This is the case vem pinch point is located at th@ddle 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 okachthermodynamic cycle which has been analysdsb for the

speed of the code as mentioned in chahter
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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 ldmy of REFPROR4] and they satisfy the selection criteria
imposed in sectioB.2 For all of them, the degree of curvature of the glides are not
very high as expectations even if some mixturesgmtesiore accentuated curves in
the temperaturentropy diagramin Table5.1 the output of this analysis is reported.

Table5.11 Glide curvature of thanalysedefrigerants mixtureat 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 thatthe concavity or the convexity of the glide does not change foe than
half of the analysed mixtures for all the evaporating/condensing pressure considered
in the possible range between the heat source and the dald sin
Glide curvature possibilities are represented for three of these mixturegine5.5
in a temperaturentropy diagram to appreciate trend of the glide for diverse pressures

considered between the minimum and the maximundefiaed in sectio®.1
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Figure5.57 Example of glide curvature for three mixtures between minimum and maximim ideal pressure of the
cycle. R416A on the left presents concavdeglR425A in the middle presents convex glide; R437A presents
inflection point along phase transition.

41



5.2 Rankine cycle model

Once the glide of the mixture is analysed in the range of all possible operating
conditions as explained in sectibrl, a model for the resolution of saturated Rankine
closed cycle is implemented.

5.2.1 Solution strategy

out,w_sw

- ' @
1N W SW
Warm seawater

pump

)

2 Preheating Evaporator

@ Working Turbine
fluid pump Condenser
{| 2 % Ti.n C5W I — Tour,c,sw

Cold seawater

pump

Figure5.6 - Plant scheme of closed Rankine cycle for OTBEL

The model implemented to solve Rankine cycle for OTEC refdfgjtoe5.6.

Five different strategies are considered based on the output of the glide analysis
together with consideration made on pinch points location as mentioresgttion

51.1

For the most general case for which position of pinch points is not known before
solving the cyclegondensing and evaporating pressures of the cycle are unkamolwn
thereforethey are initially set to a guewvalue; then for giverp Tof cold and warm
seawater and for givesp Tof 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 condition®therwse, 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 thermodystatecof

each point ofFigure 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 repordedhfe most general case in the

following scheme irFFigure5.7. 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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Figureb5.7 - Flow chart of the model implemented to solve Rankine cycle working with mixtures

If the evaporator glide is concavéngh point is initially located at the end of the heat
exchanger (working fluid side); now is possibleto determine the temperature of
saturated vapour from which the relative evapoggpressure for saturated vastate
(vapour qualityg = 1) is evaluated:

Y h YO YhR R @Y (5.4)

n nym p (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 assuntadtcons
turbine isoentropic efficiency and, considering the guess value of the condensing
pressure, all the other thermodynamic quantities are calculated as function of pressure
n and enthalpy.

N Q M Q - (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 geélity
Moreover, mass flow rate of worlg fluid is calculated.

0 O FON R Y (5.7)
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& 0 TQ 0 (5.8

In order to satisfy the pinch point condititmevaluge the real condensing pressure
the hat exchanger is discretizedNhhcontrol volume and for each of them the model
solve an energy balander the enthalpies starting from the inlet of the condenser
With the assumption of constant specific heat capaufi seawater id.1.2 cold
seawater temperature for each step is calculated as follow:

YO p & YQ WY . (5.9

Then, for each point, temperature is calculated as function of pressure and enthalpy
and the difference between working fluid and seawater temperat@valuated for
each step. N

QQ QQp a j@NRYQpPp R YQ (5.10)

W YQ YQ YQ (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

W "V WY § (5.12)

From the exit of the condess the working fluid is pumpetlecomes subcooled liquid

at a certain pressure that is the evaporating pressure the pressure drop the
economizerare not considered)( =n ). With the isoentropic efficiency of the
pump, the enthalpy in this state is calculated starting from the one of saturated liquid
at point 1land knowing the pressure the other thermadyics quantitieare evaluated.

o % _ o (5.13)

AN N (5.14)
At this point the inlet thermal power is calculatestvieen inlet of economizer and

outlet of evaporator, and the warm seawater flow rate are determined knoWRg
0 a Q 1 (5.15)

o ) (5.16)

W W Y
At the inlet of evaporatopoint 3 the enthalpy of the working fluid is determined as
function of the evaporating pressure and the vapour quality because it is saturated
liquid (g=0) andheatexchanged in the economizer is:

0 a Q 10 (5.17)

a ;

At this point, it is necessary to calculateawater temperatui® at the exit of the
economizer and its difference witthet inlet of the evapotar working fluid
temperature:

Y & @'Y 0 . (5.18)
In the same way of the condenser, the evaporator is discretised in N voiiroe
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 differercbetween seawater and working flaideach stepre
evaluatedand in particular at the inlet:
w "YQ YQ f YQ (5.19

WY @ YOy (5.20)

Now if w"Y; is lower than the pinch pdimt the evaporator, it means that for this
mixture the pinch point has to be at the inlet of the evaporataalbtigd step®f this
procedureare iterated through another objective function, which finds the real
evaporating pressure starting from a guase. In this case the iterations are necessary
because the temperature of the seawater at the exit of econOvrizenknown since

it is function of pressures.

If the condenser glide is convastead, lhe pinch point is located initially at the outlet
of the condenser, where the thermodynamic state, that is saturated liquidpneésl defi
knowing the vapour quigy g=0 and the condensing pressure as a functic@pdur
quality and temperature:

Y O Yar W Yj (5.22

f novm (5.22)

Then, the procedure is very similar to the previous cAssuming initially the
evaporating pressure equal to a guess value, the subcooled liquid state at the inlet of
economizer is calculated as the previous gageequation5.14).

At the inlet and at theutlet of the evaporator, vapquality 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, ahénthe seawater temperature at the
inlet of economizefY and the wem seawater flow rate.

Once the evaporator is distised, temperature differencégtweenseawater and
working fluid are calculated for each step and the minimum of tisemposedo be

equal to theevaporatopinch point.

Then an iterative procedure egisall thesesteps varying the evaporating pressure, in
order to find that pressure which satisfithe pinch point condition

Once the thermodynamic cycle is solved, if the temperature difference between
working fluid and seawater at the inlet of thedensetw “Y;,  is lower tharthe one

at the outletpinch point at the condenser is at the outletatieprocedure is iterated
through a new objective function which finds the condensing temperature for which
the aforementioned temperegudifference 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 parfluids 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 condensédfor 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 temperatifds calculated as
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function ofw “Yp,  andw "Y} and it is equal t6Y because of the flat glide of pure
fluid.

YO YRR @Y @'Y (5.23
YUY (5.24)
f nUYhoom (5.29)

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 presquegand
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 evaporatingepisessur
calculated with n iterative method since pinch point temperature difference at the inlet
of the evaporator is equal @Y}

In the most general case, the model describes the thermodynamic cycle even if the
glide at the evaporat@nd at the condenser are not concaveoowexrespectively,
neither if they are not flat. Therefotbe model computgsressuresand all the other
thermodynamic quantitieby meansof iterations ofthe two objective functions
described in the previous casés,order to satisfy at the same time pinch point
conditions However, this is the case with the lowest speed of code exesinice the
objective function and REFPROP calls in MATLAB increase a lot with respect the
other solutions.

5.2.2 Power output, heat transfer area antb p a r aohtleetplant

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 theetumioiis the
fraction that is used to drive working fluid pump and especially seawater pumps as
explained in sectiod.1.4

W W § W iR W i oh# W § hh (5.26)

Furthermore evaporator, condenser and preheatingomizer areas are computed

with the assumption of constant heat transfer coefficient reported in sécti@n

In this work, since heat exchangers have been discretizétl 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 senanéa of

all the elements which compose the heat exchanger:

~

. o e _ G 52
0 01 Q&Q Y oV 0 (5.27)
e Q WYQp wwVYQ
W Vi — VO (5.29)
W'Y Q
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Hence, total area of the heat exchangers is computed as the sum of the areas computed
with equation:
0 j 0 0 0 (5.29

Moreover, wih the information of the discretized heat exchangers form the solved

cycle, the code is able to create temperatiueemal power transferred diagrams (TQ).
Temperatureentropy diagram (Ts) is also created by the code in order to represent all

the thermodgamic states of the cycle.

Finally, with net electric power and tot .
be computed.

5.2.3 First and second law efficiency

Besides techneconomic assessment, performances of the cycle are evaluated also
from the point of view of thermal effiarey 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:

W (5.30

0
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 represehigareb.8:

/v Exgost E:xdesr/'

Exout.warm

Exin.warm

Exi” pump : Wi, Exout S Heat
I - 44*
turbine : Wy, ) exchanger Ex
Exour,com in,cold

v
out

Figureb5.8 - Exergy flows diagram: on tHeft the concept for turbines, pumps and valaesthe right the
concept for heat exchangers

Exergy of each stream is defined in thddwaing way:
Ow a Q Vi (5.31

Where™Y is equal to'Y  which is considered the same ‘of; ;; according to
Bernardoni3].
Exergy balances are performed for every component of the plant in the following
manner:

Ow Ow w j Ow (5.32

Wherew j is the net power produced@O w 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:

N : (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
fminconor patternsearchThe aim of the optimization is to found the maximum value
of o parameter whi ch wdYeapdoi¥df evaporatocanl d and wa
condenser. Therefordesign variables are the following

T w"Yrp andw "Y}; : warm and cal seawater temperature differences

T w”Yy; andw”Yy :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 paraanets explained in sectié2.1
In this work optimizations with both the functions have been performed and it was
found that for this applicatiopatternsearchs betterthanfminconbecause it depends
lesssignificantly an the initial values and shows better accuracy in evaluating global
minimum instead of ending tleptimization at the local ones.

5.3 Results and working fluid selection

The thermodynamic cycle has been solved for all the zeotropic refrigerant mixtures

selectedn section3.2.1and two fluids have been chosen as best solutions based on

two different criteri a: the first i's the p
parameter, while the second is the environment issue represer@tiiPyalue.

Besides pure ammonia, refrigerant R4116AA s t he hi ghest0o0l1pa&adamet el
it is characterised also by a quite high GWP value (GWP = 1084, s&cfidi)
Refrigerant R454A has a&utitie maeaenvronmpeatala met er ,
friendly with a GWP = 239.

Results of the optimization for all the investigated fluids are reportédhie5.2.

Moreover, inFigure 5.9 a comparison between first and secdad efficiency is

reported at the top, whil e at the bottom i s
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 tahe o parameter one.

Notice thatpure ammonia is still better than| | of these refrigerant
parameter optimization si ncepafimweterimnoimoni a 2 =0
the same of the electric power produced which is higher for alridise aefrigerants

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 metemperature 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 R41&fawever, higher total heat exchanger area is

acceptable as long as net produced power is high enough suchpduameter is

greater or equal to the pure ammonia one. Nevertheless, this does not occur for any of

the selected mixtures even if plant workingh most of them generates more power

than pure ammonia case.
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Table5.21 Results of cycle optimizatiofor every mixture

fluid d I %W d | I |[reaa®W [Att[m? [0 [ kW
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
RAOTF 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
RA16A 2,5227 36,8080 | 2,1058 11174,61 | 0,1884
RA17A 2,4390 35,7653 |  2,1910 1202946 | 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 35,1801 |  2,2530 12698,92 | 0,1774
R449A 2,3652 34,7834| 2,2701 1292333 | 0,1757
RA54A 2,3914 35,1511| 2,2678 12769,91 | 0,1776
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Figure5.917 Comparison of thegrformance 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
Table5.3.

Table5.31 Optimal gerative conditions ahecycle working with each mixture

Pressure [bar] 3. [°C] s 9_[°C] > 4. ¥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 eabt fluid, temperaturéghemal power (TQ) and temperaturentropy (Ts)
diagram are represent@uFigure5.10, Figure5.11 andFigure5.12. Notice that the
positions of pinch pointblack 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. Moreoyvdor R416A the expansion is dry but since
superheating section would be very short, it is considered in condenser.
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Figure5.10- Ammonia TS and TQ diagrams
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Figure5.12 - R454A TS and TQ diagrams

Refrigerant R416A and R454A have been studied also for different values of the
design parameters 'Y and Y in order to assess if the optimal parameters found
with the previous optimization are the ones which give the absolute maximum
parameter. Therefore, Figure5.13, a map of all the possible combinaisoof warm

and cold seawater temperature differences is obtained through solution of the cycle
with optimizedw “Y such thab parameter is the maximum that can be computed for
each couple ab Y.
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Figure5.137 Refrigerant R416AMap of all maximizecd parametefor eachcombination oty “Y,couple

From this analysisy = 0 . 1 8 828r oktiviial warm and cold "Y are 1.75°C and
2.25°C respectively, whichre in good agreement tithe optimized cycle obtained

with the global optimization as reported Table 5.3 where w “Y =1.788°C and

w "Yi=2.373°C. There is a little difference among these numbers because the values
of w "Y 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
W Yy =4.423°Candp’Yj =4.501°C, maximum =0. 1884 k W/ m

In fact, higher pinch point values involve lowetal heat exchanger area becaws®
increase withy Y, and so even parameter increases.

For certain pinch point teperature differences, configurations with lowgtY would

require higher amount of sweater to be pumped, resulting in higher seawater pumps
consumption, less net power produced and consequently topagameter. Instead,
solutions with higherw’Y would result in lower pressure difference between
evaporation and condensation, resulting in lower expansion ratio across the turbine,
therefore lower power produced and lowgrarameter.

In the map, zones where electric power produced by thiméuidonot sufficiently high

to withstand all the consumptions of the cycle are representeddrnameter equal to

zero. These regions are not represented in the map since they are not interesting, but
notice that these are the configurations with nudllorost nullpy Y p°C, for which

2 drops approaching to zero

A map of maximized parameter for optimab “Y correspondent to several couples

of w "Y is calculatedlso for the refrigerant R454A and it is showedFigure5.14.

All the considerations explained for R416A can be done also for R454A. Maximum
2=0.1776 kW/n is found for the couple of optimab "Y; =2°C andw "Yj =2.75°C,

for which optimal pinch point are Yy, =3.17°C ad @0 Y, =3.42°C, in good
agreement with the global optimization previously developed.
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5.3.1 Thermal and exergy efficiency comparison

Thermal efficiency is defined in equati®30) as the ratio between net electric power
produced and total thermal power entering the plant and exergy efficiency is defined
according ¢ (5.33). Referring to results dfable5.2, 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 techyemonomic 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 efficiefibgrefore, R416A is
compared to ammonia in the following efficienapalysis,since it is the mixture
which presents higherparameter with resect R454A which was considered only for
its lowest GWP value.

If the cycle were optimized for the efficiency, maximumand— would be in
correspondence of nulkp Y which is physically unfeasible. Therefore, an
optimization of this type is not useful to assess the performance of the cycle, but
limiting @ “Y at a minimum threshold of 0.5°C and evaluatingand— for each
couple ofw "Y with fixed w "Y, maps of all these solutionsutd be computed and a
similar trend is obtained.

In Figureb5.15it 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 rage 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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refrigerant R416A mixturey "Y=0.5°C

More in particular, the solution of cycles corresponding to maximum thermal
efficiency for ammonia and R416A are considered for a cosmanvith the ones
obtained with maximurmm parameter.

Table5.41 Resultof techneeconomic and thermal efficiency optimizations for ammonia and R416A

max 9 ma xn d
Working fluid ammonia| R416A ammonia R416A

® Y 1,64 1,79 1,4 2 °C
Y 2,20 2,37 1,8 2,2 °C
W "Yi 3,89 4,42 0,5 0,5 °C
Y 3,67 4,50 0,5 0,5 °C
n 9,30 5,42 10,41 6,09 bar
n 6,12 3,61 5,40 3,13 bar
working fluid flow rate 62,6 451,9 51,6 411,8 ka/s
warm seawater flow rat¢ 11773 | 11669 11551 9884 kg/s
cold seawater flow rate| 8500 8500 8500 8500 kg/s
dl % 2,58 2,52 4,36 4,53 %
dll 37,61 | 36,90 65,02 67,92 %
O par amet er| 0,1908 |0,1884 0,0783 0,0463 | kW/n?
W 1,991 | 2,106 2,824 3,579 MW
0 10433 | 11175 36079 77262 m?

In Table 5.4 are represented the results of these different solutions in terms of
parameter, net electric power produced, total area of theekeladnger, efficiencies
and operational conditions like Y, w Y, 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 producedaamekt 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 buparameter 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.

Table5.51 Exergy balancéor both theresultsof optimizations

MAX 2 MA X | q
Fluid ammonia | R416A | ammonia | R416A
Ow 33632 33613 33676 33648 | kW
Ow 28338 27906 29333 28378 | kw
w =0w-Ow 5293 5707 4343 5270 | kW
W p 1991 2106 2824 3579 | kW
Ow § 3302 3601 1519 1691 | kw
dll 37,61 36,90 65,02 67,92 %

In Figure5.16andFigure5.17 exergy analysis is represented with comparison between

optimal Rankine cycle from maximumm parameter and efficiencgoint of view
respectively, for each working fluid.

Ammonia
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Figure5.161 Exergy analysigor Rankine cycle from parameter optimization point of vieWure ammonia is
on the left and R416A is on the right.
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Figure5.1771 Exergy analysigor Rankine cycle frormaximum thermal efficiencgoint of view.Pure ammonia
is on the left and R416A is on the right.

From this exergy analysis, the components with the highesggxlestruction based

on o parameter optimization are heat exchangers as expected, followed by the turbine.
In case of thermal efficiency maximizatidhe components that dissipate more exergy
are always heat exchangers and turbine, but with a different share. In fact, exergy
degructed in condenser and evaporator are much lower because of vesy Mw

while in preheating sectiomxergy destructiom economizetincreass because the
higher difference between evaporating and condensing pressure which makes more
inlet themal 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 higheand therefore more exergy is dissipated with respect the other case.
On the other hand, in the case mparametermaximizationthe main difference
between pure ammonia and R416A configuration is a littthstgbution of the
available errgy destructed in the heat exchangers; in particular, the mixture
configuration shows fewer percentage points of exdegyructed in the condenser and
evaporator but it dissipates more exergy in preheaagon

5.3.2 Results wth variable efficiency of the turbine

The analysis developed so far has been conducted under the assumption of constant
turbineisoentropic efficieng as reported in sectighl.5

In this work, also the case with variable turbine efficiency has been sindiedkr to
compare the performances with variable efficiemying optimizationand the
correlation of Astolfi[9] for ORC is used. fis correlation considers the efficiency as

a function of size paramet&yUand volume ratia calculated on the entire turbine,
knowing the thermodynamic states at the i(etint 4)and at the outtg(point 5) of

the component
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In this correlation, volume ratio and size parameter are defined as follow:

w 5 (5.34)

Wh

G 4 g °
Y0 VQQ — " (5.35)
Q Qj

Then the efficiency of the turbine is computed with the following equation, where the
subscripts indicates the number of stagses)ected for the machine:

_ 50 (5.36)

Moreover,06 and"Ocoefficiens are used depending on number of stages considered
for the machingaccording tarable5.6.

Table5.6 - Correlation used for axial turbirj@]

Stages number 1 2 3

n F; A;

0 1 0.90831500 0.923406 0932274
1 In(SP) -0.05248690 -0.0221021 -0.01243
2 In(SP)? -0.04799080 -0.0233814  -0.018
3 In(spP)? -0.01710380 -0.00844961 -0.00716
4 In(SP)* -0.00244002 -0.0012978 -0.00118
5 Vr - -0.00069293 -0.00044
6 In(Vr) 0.04961780 0.0146911 -

7 In(Vr)? -0.04894860 -0.0102795 -

8 In(Vr)? 0.01171650 - -0.0016
9 In(Vr)* -0.00100473 0.000317241 0.000298

10 In(Vr) In(SP) 0.05645970 0.0163959 0.005959
12 In(Vr)®In(SP) -0.01859440 -0.00515265 -0.00163
12 In(vr) In(SP)® 0.01288860 0.00358361 0.001946
13 In(Vr)®In(SP) 0.00178187 0.000554726 0.000163
14 In(vr)3In(SP)? -0.00021196 - -
15 In(Vr)?In(SP)® 0.00078667 0.000293607 0.000211
Adjusted R? 0.99790 0.99935  0.99954

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 reporieabia5.7

while results of the parameters introduced with the correlation are shdwablegb.8.

Each working fluid presents isoentropic efficiency higher than the conetat
assumed to the value of 89%, and for all the analysed cases the expansion is wet with

vapor quality close to the unit.
Table5.71 Optimization results for the selected mixtures

Stages number  mixture d I d Il g5 & J¥W] Atot[m2] o [ kW/
AMMONIA 2,6705 39,0430 2,0996 10489,5446  0,2002
1 R416A 2,6521 38,8327 2,1912 10949,9381  0,2001

R454A 2,5117 369621 2,3847 12653,0308 0,185

AMMONIA  2,6935 39,3793 2,0908 10380,483 0,2014

2 R416A 2,6607 38,9578 2,1891 10913,7088  0,2006
R454A 2,5209 37,0858 2,3742 125645517 0,18D

AMMONIA  2,7039 39,5330 2,0916 10341,4428  0,2023

3 R416A 2,6684 39,0750 2,1998 10922,7315  0,2014
R454A 2,5285 37,2013 2,3821 12557,2149 0,187
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Table5.87 Correlation results for each mixture

Stages number mixture SP Vr d t ur b vaporquality at point 5

AMMONIA  0,2359 11,4392 0,9203 0,9691

1 R416A 0,5168 11,4810 0,9285 0,9997
R454A 0,4115 11,4073 0,9274 0,9847

AMMONIA  0,2343 11,4412 0,9242 0,9689

2 R416A 0,5155 11,4818 0,9300 0,9997
R454A 0,4097 1,403 0,9290 0,984

AMMONIA  0,2339 1,4415 0,9269 0,9687

3 R416A 0,5162 11,4812 0,9327 0,9996
R454A 0,4098 11,4079 0,9316 0,9845

RefrigeranR416Apresent® parametefor each configuratioalmost equal to the one

of the pure ammonjavhile R454A is still worse.

The size parameter of R41&hd R454Amixtures arealmost double the one of pure
ammonia while the volume ratio is slightly higheerd lower respectivejyooking at

the equatiorfs.36), higherSPdetermines a major increaselietisoentropic efficiency

for the mixture 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 ina more complicated and expensive design which is not worth
compared with the small improvement in efficientherefore if a turbine with one
stage is adopted and it is designed with the efficiency according to the used correlation,
the plant presents theame 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 rat@higher than in OTEC application and
depending on its madfude, the number of stage could be higher.

For this reasons, ihcorrelation may overestimattee efficiency and consequently the
gamma paramete

From this analysis on saturated Rankine cymlee ammonia is the working fluiglith
hi gher owith r@spectioeréfrigerant mixtures
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6. Kal icryac | e

Besides conventional Rankine cycle working with refrigerant fluids, also Kalina cycle,
working with ammoniavater mixture, has been investigajgd

Kalina cyclewas developed by Alexander Kalimeearly1980536]. It was conceived
asnew 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 differet configurations from bottoming cycles for gas turbines to
geothermal applications and OTEC systems.

This concept was quite different from the exigiconventional thermodynamic cycles
because it was conceiveduseammoniawater mixture as working fldi This fluid

is a zeotropic mixture which evaporatend condensageat variable temperature,
reducingheat transfer lossetue to irreversibilitieghroughout heat exchangers and
increasing thermal efficiendy7].

6.1 Ammonia-water glide analysis

In OTEC applications working with ammonweater 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 Figure6.1, temperatur&omposition diagrams are represented for several values of
pressure.
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Figure6.17 On the left: dewad bubble line for ammoniaater 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 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:

) ) 0 (6.1)

In Figure 6.1, considering a certain value of pressure (@g7 baj, the two
represented lines divide the diagram in three different regionsing§tdrom 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 liquidritiee @ther

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 satlwvaf®r line; the region

in between the bubble and the dew line is the vapor liquid equilibrium (VLE) region
where the phase of the mixture coexists possible to know the composition of the
mixture in liquid and vapor phase, projecting at constanpézature 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:

a [ @ j a [ @ F a (6.2)

a [ 0 a [ O f a  ; (6.3)

a ; a a a a (6.9)

a W f W a W § W § a (6.5)

FromFigure6.1, it is clear that temperature glide in phase transition is calculated as
the difference between dew and bubble temperature abthesspondent composition

for each pressure. This value is larger than temperature difference bé¥vegn
and“Y , i.e. the ideal maximum temperature difference exploitable by OTEC
application, in the most cases for every pressund composition. The only cases for
which entire phase transition temperature glide is compatible with OTEC applications
are for almost pure ammonia mixtures ( 1@ w uwhere the mixture glide is
comparable with the maximum allowalié .

This concept iglisplayed inFigure 6.2, where it is possible to notice how steep dew
line is in this region for ammomaater mixture.
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Figure6.2i Particular of dew and bubblenés for ammonia mass fraction close to 1

Therefore, separator allows to use ammavader in less critical region, since it
separates gas phasefunctiorof vapor quality of the mixture at the evaporator outlet
to avoid using working mixture with anonia fraction close to 1 because. In féot
such high ammonia mass fractioriswould be difficult b gurantee theseperative
conditions in case of leakages.
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Furthermore, for a certain pressure, the increase of ammonia fraction results in higher
vapa quality obtainable as displayed kgure 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 fracbO¥, is limited to

12°C as in sectioB.1, equation(5.3), in order to not exceed the maximum exploitable
temperature difference in heat exchangers for OTEC application. Notice thattor eac
line of the diagram, the entire glide (vapor quality from O 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 @b Y that can be reached.

Studyingammoniawater mixture in a similar way reported in sectof at different
composition in the range of possible operative temperatures and pressures, glide
curvature in phase transition betwé#r,  and’Y ; j is always concave as shown

in Figure6.3.
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Figure6.37 pT g | i d e -water mixtumeavithicanstant composition, as function of vapor quality for a
fixed pressure;n 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, tbomachines and heat transfer coefficients reported in sektion
The main feature which characterises and distinguishes Kalina cycle from the Rankine
one is the evaporation occurring in two steps: firstly, phase transtamts in
evaporator heat exchanger, then wet vapor with a certain quality, depending on
operative conditions, enters a flash chamber where amsichiavapor phase is
separated from the ammodean liquid phase.
Hence, Kalina is characterised by thredfedent compositions in the same
thermodynamic cycle, in order to reach the best operational configurations by
regulating the fraction of ammoniatime different plant sections.
The model has been developed referring to the plant scheme repdtigdrat.4.
In the systenrepresented ifrigure 6.4, three different working fluid compositions
resulting from the separator can be individuated:

1 Main composition of the mixture in bright blue

1 Rich compositiorof ammoniarich stream richer in green

1 Lean composition of ammonlaan stream leaner in orange
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Figure6.47 Reference scheme of Kalingate for the developed model

In the separatoivapor phase anliquid phase are separated. Vapor phase which is
richer in ammonia, because ammonia is more volatile than water, is expanded in the
turbine to produce powgrhile liquid phase, whose ammonia fraction is lower, passes
through a throttling valvafter it ha cooled down in the regeneratbr the absorber

these two streams are mixed and successively the mixture is condensed by cold
seawater. Working fluid circulation pumpownstream the condensgumps the
mixture toward the regenerator where the fluidrisheated by liquid phasgitingthe
separator, and then returns in the evaporator where the cycle is closed. In their study,
H. Asou et al[48] showed how the presence afregeneraton the Kalina cycle
increases the themh efficiency with respecto the case ofain equivalent system
without this componentn which liquid coming from separator is mixed directly with

the main stream

From another study9] on the design i 150W OTEC prototypbased 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 likeZRR 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 basegdasameter.
Hence, besides of the "Y andw "Y design variables to be optimized @nsidered
for Rankine case, the other considered parameters to optimize are:

1 @ i dmmonia fraction of thenixture

1 n dapor quality at the exit of thevaporator.
Since working fluid changes composition within the cycle, threpabies 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 relativéhermodynamic variables among temperature, pressapsy v
guality, enthalpy and entropy
The proposed strategy implemented to solve Kalina cycle is represented by the flow
chart of the model ifigure6.5.
In the following sections, the solution strategy is explained in detail.
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Figure6.57 Flow chart of the modeimplemented 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,”Yr 5 andw “Yj
Considering the evaporator inlet temperature of seawatéf jat; =28°C as in the
previous case, the outlet warm seawater temperature calculated as follow:

Y R hh Yi R @ YRk (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 secidnand theredre 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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YO YRR @Y (6.7)

Then, pressure of trevaporator is calculated with REFPROP as functiotY @ind of
the given vapor qualityy for the considered mixture composition C defined with mass
fraction:
0 w i No ;i w g P o § (6.8)
NG (69

Composition dependence on ammonia mass fraction is shown in eqéa)cend 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 mixtine saturated liquid state, and
composition, equal to the one calculated at point 6. Also temperature glide at the
evaporator is calculated.

6 6 (6.10)
"YO'YR ol o (6.11)
W'Y | YUY (6.12)

The pind point position initially assumed at the outlet of the evaporator is verified if
wY i >w’Yypi ,otherwise pinch pointis located at the inlet of the evaporator;
if this happens, pressure and temperatures have to b&atadcagain in the following
way:

YO RRR @Y (6.13)
n N°yYm 1o (6.14)
YooY o nmm (6.15)

Once"Y and0 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 an@mperature of the inlet, i.e. point 6.

Through REFPRORP 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 arenddfaccordingly:

6 ® pM 5 ® 5 gMP ® [ & (6.16)
6 ® pM 5 ® FrlP ® /& (6.17)
Then, knowing compositioand vapor quality of these streams aondstderingthe

separator working in isobaric and isothermal conditions, enthalpy and entropy of states
7 and 8 are calculated as function of composition and dther inputs among

Y N or 1. One of these combinations is shown in the following
equations:
n n n N n (6.18)
Y 'Y YO Y (6.19
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Q oonm el o inm e (6.20)
Q e m® o oinm T (6.21)

6.2.2 Implemented method to solve cycle

After the solution of the evaporator and separator depending on vapor quality,
wYsr andw”Yyp , the cycle can be solved. Nevertheless, stcmadensing
pressure is unknown and condenser pinch point is given, an iterative procedure is
required to solve the cycle similarly to the one appliedankine cycle model.

Working fluid flow rates in the plant are unknown and since in the cycle there ar
different components for which mass and energy balance have to performed, the
method adopted is to evaluate mass flow ratio relative to the primary amwateia
mixture flow rate, i.e. the one entering in the separator. For a generic point of the cycle:

& i 9_ (6.22)
a

This strategy is used since vapor qualitys one of the input variable to be optimized

that is assumed to be known to solve the cycle; notice that, since yuagdity 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 considere#igure 6.4 can be

calculated as follow:

a 5 G 5 a 5 a 5 & 5 a 5 op (6.23)
a 5 a i n (6.24)
a n & F G 5 PN (6.25)

For each point of the cycle, the three different compositions present in the cycle are
related by these equations:

5 # # # # 6 (6.26)
# 6 (6.27)
#  # 6 (6.29)

After the separator, vapor phase stream is expanded in the turbine to reach
condensation pressure, while liquid phaseash 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 befotergry the condenser. Hence, in a similar
way explained for Rankine cycle working with refrigerant mixtures in sech@nl,
condensing pressure  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 sect®@.l

Q an  f H i (6.29)

N N Q Q- (6.30)

Looking at the liquid stream, point 10 is assumed to batatated liquid sta{é] 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 aconstant enthalp§6] to reach condensing pressure. Moreover,
knowing that composition of points 8,9,10 are eqtialandQ are defined as follow:

(O T o7, TR W o W 1 (6.31)
0 (6.32)

For these statesyen temperature and entropy @alculated as function of pressure
and enthalpy.
In the absorber mixing process occurg§at and composition of mixture returns to
be the one of the main stream entering in the separator as showed in e@.26)on
and through enthalpy balance across this component, state 1 is completely defined
considering thafj 1)
a 'Q a ;Q (6.33)
a i
Then, at the exitof the condenser saturated liquid state is assumed and the
corresponding enthalpy is:
Q o 0 M o (6.34)

0

At this point, working fluid flow rate could be calculated through aergy 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 sectidghl.2 and intial assumption to be optimized
respectively.

0 O FOR FW YR (6.35)
. 0 (6.36)
@ % o
Now it is possible to find iteratively with the same procedure explained in

section5.2.1in order to satisfy pinch point condition discretizing the heat exchanger
and computing temperature difference between cold seawater and working fluid.
Moreover, all tle mass flow rates of the cycle are determined with equétif)
beinga a .
Point 3 is defined completely calculating enthdlpywith the same equatigp.13) of
the model of Rankine cycle, with the same isoentropic efficiency of the pump equal to
80% and considering the pressgre 1 since pressure drop in the heat exchanger
working fluid side are neglected according to sectidn2
In the regenerator, infleand outlet conditions of thevarm stream and the inlet
condition of the cold streamre defined, so with an energy balance across the heat
exchanger, enthalpy of the cold stream exiting the regenétat@ calculated as
follow:

q q 9 22 Q (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 cyck and warm seawater flowrate are calculated with the following equations:
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0 a Q Q (6.39)

0 a Q 1 (6.39)

0 0 0 (6.40)

s . 0 (6.41)
Wi Yq§

Warm seawater temperature at the outlet of heat exchanger can be finally calculated
as:

~
v

v (6.42
AT
However, it is possible that evaporation starts in the regenerator depending on mass
flow rates and thermodynamic conditions of the working fluid atitiet of the
regenerator and of the liquid mixture at the exit of the separator. Therefore, this control
is introduced in the model antdevaporation began in the regeneragmgnomizer is
not necessary, so state 4 is coincident with state 5¥angl ; results to be equal to
Y R AR
Regenerator, evaporator and condenser in order to calculate their total area i with
equationg5.27) and(5.28).

Y r e YR oRF

The remaining part of thenodelis equal to the one developed for the Rankine cycle
described in previous sectidn2.2 where seawater pump consumptions, net power
output, total heat exchanger area, thermal and exergy efficienciessndalculate.
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.

0 p 0 0 0 0 (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 HKalicycle
characterised by three different compositions of ammaaier mixture, , relative Ts
diagram is a thredimensional graph. T

Moreover, Kalina thermodynamic cycle is represented also on tempepatssaire
composition diagram for a better compeakion 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 tod

An optimization tool has been embedded in the model for the Kalina cycle in order to
maximise gamma.
The optimizd variables are the following:

1 w’Yy andw Y} : warm and cold seawater temperature differences

1T w”Yy; andw”Yy :pinch point at evaporator and condenser

f @ [ :ammonia mass fraction of the mixture at separator inlet

1 n :vapor quality of the mixture at separator inlet
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Vapor quality has been chosen among these variables betaalkevs to solve
evaporator and define entirely separator itdgether with “Y;  andw Y}, , which

are maintained coherenths 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 definesw 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, saaied liquid and saturated vapor one respectively, are defined
starting fromw |  through mass balances.

Since two extra variables are required with respect to the Rankine cycle case,
complexity and time required to perform optimizatioargases significantly.

6.3 Analysis and results of Kalina cycle

Kalina cycle Performance of have been studied always from the point of view of
techneeconomic optimization and the results are compared with the reference case,
I.e. Rankine cycle working with pe 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 compositiawbtking

fluid. In Table6.1 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

Table6.11 Optimization results for each value of ammonia mass fradtiory,

W § 0,95 0,96 0,97 0,98 0,99 1(pure ammonia

W "Yi [°C] 1,84 1,82 1,80 1,77 1,73 1,64
WwYqr [°C]l|1,76 1,74 1,72 1,69 1,65 1,56

WY f[°C] 2,43 2,40 2,38 2,34 2,30 2,20
wYp [°C] |3,26 3,32 3,35 3,43 3,43 3,89

WYy [°C] |4,42 4,42 4,40 4,36 4,27 3,67

n 0,629 0,670 0,723 0,784 0,865 1

d % 2,53 2,54 2,55 2,56 2,57 2,58

di % 36,98 37,16 37,32 3751 37,60 37,61

o [ kW/ 10,1834 0,1849 0,1865 0,1882 0,183 0,1908

optimuma increases with ammonia mass fraction in the mixture and it is always lower
thano for pure ammonia case. Notice that if only ammonia were present in Kalina
cycle, the evaporation would be complete and separator would be uselessosince
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 coltable6fl.

In Figure6.6 it is shown the trend af parameter with ammonia mass fraction
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0,1910

0,93 0,96 0,97 0,98 0,99 1
ammonia mass fraction
Gamma linear

Figure6.61 Variation ofo parameter with ammonia mass fraction in the mixture and comparison between ideal
linear trend and the trend resulting from Kalina mogeimization

Therefore, based om parameter optimization, Kalina cycle is worse than Rankine
cycle configuration working with pure ammonia and notice that these values of
maximumo parameter tend to the value of the reference 0ae1908 kW/n in
correpondence of ammonia mass fraction equal to 100%. Moreover, the hypothetical
linear trend betweets  =0.95andov =1 is represented by thiotted line.

The results of the model developed for the Kalina cycle working with@mawater
mixture in case of a mixture with ammonia mass fraction of 100% coincides with
reference case, even if solution method is different from theimpkmented for
Rankine cycle.Since optimization tool works with more variables than the one
devebped for the reference case and since the models and equation of state
implemented by REFPROP to compute thermodynamic properties of ammateia
mixture may not be sufficiently accurate in case of such high concentration of
ammonia, for the cases withghiesto parameter, other analysis have been conducted
to verify the results obtained with the optimization. Firstly, a sensitivity analysis is
performed on maximum value oparameter varying vapor qualify and optimizing

the other variablesTherebre, 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 repoifet|b.2.

Each point represents an optimized Kalina cycle with maxirnparameter relative

to vapor quality considered. The maximwnvalues of this curve are in good
agreement with the values evaluated with the former optimization.

Table6.21 Sensitivity analysis for differ@rvalues of vapor quality .

n 084 085 086 087 088 0,89 0,90
W Y, [°C] 1,72 1,72 1,73 1,73 1,74 176 1,77
WwYri [°C] | 164 164 1,65 165 1,66 1,67 1,69
WY [°C] 229 229 230 230 231 232 233
©"Yq [°C] 388 372 352 329 303 268 231
0y [°C] 426 426 426 427 427 426 425
dl % 258 258 258 258 257 257 256
d I'l % | 3769 3769 37,68 37,65 37,62 37,55 37,43
o [ k3W/ m]0,1896 0,1897 0,1898 0,1898 0,1897 0,1895 0,1891

69



Moreover, inFigure6.7 this result is verified also with two mapsagfarameter values

for each couple of seawater and pinch point temperature differences, keeping constant
optimal values of the couple @ab"Yy,  and w’Yp, | and the couple of

wYr p andw Ypp respectively. The range of variation®fY andw “Y are

chosen wide enough to verify that the maximum found by optimizat®lasolute

and not local ones. Ammonia mass fraction is 99% and vapor quality is equal to the
optimal one found in the optimization,= 0,865.

s
s S P S
IIMIW%:::::‘“ Y

gamma [kW/m2]
=
gamma [kW/m2]

4 .
AT pp eva [°C] %8 55 AT pp cond [*C] AT awoewa [ ] t AT csw [°C]

Figure6.77 Maps ofa parameter around the maximum daand by optimization, for all possible couples of
WY andw Y

In both cases, maximumparameter values are in good agreement with the result of
the global optimization, and ifiable6.3 results of this compariscare reported.

Table6.317 Comparison between results bétmap and of the optimization for mixture with 99% of ammonia
mass fraction ang = 0,865.

Design optimal variables |9 qby fjgo: @ Jrdt * Jmigo:? ko - 0 [ kI
From mapso "Y (left) 1,65 2,30 3,40 4,30 0,18981
From mapsyp Y (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 tha case with higher ammonia mass fraction is the best
solution from techne@conomic perspective, the thermodynamic cycle oicése with

the highesto parameter is represented also in a temperature entropy diagram, as
showed irFigure6.8. Each dark green dotted lingpresents 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
Figure6.9 where all thermodynamic states of the cycle are showed in a temperature
pressurecomposition diagram where bubble and dew lines are represented for the
evaporation and condensation pressure respectively.
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Figure6.8 - Temperaturesntropy diagram of the cycle. All the processes are represerttegedimensional
diagram according to the different composition levels of the working fluid in the cycle once it is divided in

separator.
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Figure6.917 Temperaturgressurecomposition diagram of Kalina cycle for ammomiater mixture with
ammonia mass fraction of 99%

TQ Diagrams of evaporatarpndenser and regenerator are representeigume6.10,
Figure6.11 andFigure6.12 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 092.23% is the leamene of saturated liquid.

In the regenerator, pinch point results to be located always at the inlet and in particular
its value is2.116C for the case with ammonia mass fraction of the mixture of 99%.
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Pinch pointattheregenerator is lower than the onegw@porator and the condenser

as showed inTable 6.4. However, even if lower pinch point means higher heat
exchanger surface area, thermal power duty in the regeneratbroize order of
magnitude less than heat exchanged in condenser and evaporator and therefore the area
of this heat exchanger does not affect significamfparameter.
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Table6.4 - Pinch point, area and thermal power exchanged in the heat exchangers

Heat exchanger| o3[ __I°C] Area[m? |k[kw] %of b =k u. [ o4
Condenser 4,27 5605 78057 96,32
Evaporator 3,43 5201 77255 95,33
Economizer 4.32 139 3787 4,67
Regenerator 212 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 temperatiifereihce is higher than zero.
Notice that the assumption on regenerator heat transfer coefficient made in section
4.1.3is reasonable since the thermal power exchanged is one order of magnitude less
than evaporator or condemsmsesThe condenser is the component wiik 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 assumpiptha the

liquid ammonialean 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 thig pbthe cycle
ranging from O (saturated liquid) to 0.5 and optimization has been performed in order
to evaluate the maximumparameter for each of these valuesFigure6.13 results

of this analysis are reported ampgaramegr decreases when vapor quality at the outlet

of the throttling valve increases.

0,191

0,189

0 0,1 0,2 0,3 0,4 0,5
Vapor quality at point 10

Figure6.13 - Sensitivity analysis of parameter for each value of vapoulify at point 10, thexit of the
throttling valve.

Moreover, inFigure6.13 variation of the optimized variables that yield maximoam
parameter for each vapor quality is reported and botly and Y increase,
determining efficiency reduction of the cyclace 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“Y=0.5°C for both evaporator and
condensem a similar way of sectioB.3.1and maps of thermal and exergy efficiency

are constructed for each couple of warm and cold seawater temperature difference.
Even in this case is showed that even &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 ammoniavater mixture with glide. Ifrigure6.14 it can be seen

how efficiency is higher for every point considered.

lleta1 NH3 Elleto ex NH3
{Ietat NH3-H20 Il ta ox NH3-H20

nl[%]

[N =} - N w B 5
n I [%]

o s
2 T~ _— 2 AT ¢ sw [°C]
0 0

AT w sw [°C] 2 \0“0 2 AT ¢ sw [°C] AT w sw [°C]

Figure6.147 First and second law efficiency comisan 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.

Table6.5 - Resultof 9 parameteand thermal efficiency optimizations for ammomiaRankine cycleand
ammoniawater mixturein Kalina cycle.

Optimization objective maxo max dq |
Working fluid ammonia| NH3-H20 |ammonia| NH3-H20
WY 1,64 1,73 1,40 1,30 °C
W Yi i 1,56 1,65 1,30 1,20 °C
Y 2,20 2,30 1,8 1,80 °C
WY 3,89 343 0,5 0,5 °C
@ Y5 3,67 4,27 0,5 0,5 °C
n 9,30 9,04 10,41 10,32 bar
n 6,12 5,97 5,40 5,23 bar
working fluid flow rate 62,6 75,2 51,6 73,4 ka/s

warm seawater flow ratq 11773 11676 11551 12476 kg/s
cold seawater flow rate | 8500 8500 8500 8500 kg/s

d % 2,58 2,57 4,36 4,49 %
dll % 37,61 37,60 65,02 66,96 %
O par amet er| 01908 0,1898 0,0783 0,0608 | kW/nm?
W ;i 1,9911 2,081 2,8238 2,9074 | MW
b 10433 10980 36079 47798 m?
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In Table 6.6 exergy balances of the optimization results for maximum gamma and

maximum efficiency case are reporfed each fluid.

Table6.6 1 Exergy balancéor both theresultsof optimizations

MAX 2 MAX d |
Fluid ammonia |NH3-H20| ammonia | NH3-H20
Ow 33632 33621 33676 33664 | kW
Ow 28338 28078 29333 29322 | kw
®w =0w-Ow 5293 5543 4343 4342 kw
W p 1991 2084 2824 2907 kwW
Ow § 3302 3459 1519 1434 kw
d 11 37,61 37,60 65,02 66,96 %

In Figure 6.15 and Figure 6.16 comparison between exergy analysis in case of
maximumo parameter and maximum thermal efficiency respectively is showed for

pure ammonia on the left and ammonia water mixture on the right.
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EX dest eva
B EX dest RG

B EX dest eco
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Figure6.157 Exergy analysisor Kalina cycle fromma x i mu m o paraof \dem.€dreeammonia is on the
left and ammoniavater mixture with 99% of ammonia is on the right.
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Figure6.16 - Exergy analysi$or Kalina cycle fronmaximum thermal efficiencgoint of view.Pure ammonia is
on the left and ammoniaater mixture with 99% of ammonia is on the right.

Notice thateven ifthere aremore components responsitite exergy destruan in

Kalina cycle with respedb Rankineconfiguration, power loss due to them is very
limited, often lower or about 1%hus the major responsible of exergy destruction are
always heat exchangers and turbine. However, comparing the two flukigure

6.15, maximumo 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 handigure 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 prativeg 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 pomyeroduced 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 efficiencldowever, these two configurations are almost
coincident since ammonia fraction in Kalina kgyds 0.99, so very close to pure
ammonia as in the Rankine cycle.

76



/.Uehara cycl e

Uehara cycle is the last configuration of plants for OTEC that has been investigated in
this work. It works with ammonisvater mixture like Kalina cycle and it is more
compkx. 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
especiallydue to heat transfareversibilities by means of regenerative vapor bleeding
from the turbineMoreover, 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 sectiorb.3.1and 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 coeffici@ri§ possible to have less extended surface of
the heat exchangesince 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 compaosition in the cycle
as wdl and this, from optimization point of view, adds one more variable that influence
the performance of the plant that have to be considBespite the major complexity

of the plant, the theoretical thermal efficiency should be higher than Kalina[¢}.cle
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 modeldescription

The plant scheme of Uehara cycle used in this work is represeriggiie 7.1 and it
presents the same configuration of Kalina cycle, apart from a few components.

SEPARATOR

Main mixture stream

Stream exiting

absorber
MIXER
— Stream ammonia-rich

VALVE ABSORBER

N » Stream ammaonia-lean

REGENERATOR
Warm seawater

Figure7.17 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 48], as showed in the following equation.

A d d (7.1)

C

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 mié®s rate entering the separator.

Referring to the scheme bBfgure7.1, extraction rate is defined as follow:
a
1 : (7.2
a

Vapor extraction introducesore leves of mass flow rate and composition with
respect the ones present in the Kalipele as explained in secti@?2.2
In the systenrepresented ifrigure7.1, four different compositions of working fluid
can be individuated:

1 Main composition of the mixture in bright blue

1 Rich compaition of ammoniaich stream richer in green

1 Lean composition of ammonlaanstream leaner in orange

1 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 tle separator and they can be expressed in the following way, referring
to the method used for Kalina cycle:

a n G 5 G 5 & f5 @G 5 P (7.3)
a 5 o 5 N (7.4)

a n (7.5)

a 5 o« 5 N (7.6)

O F a 75 a 5 P (7.7)
a f G 5 G fr p N (7.8)

Apart from this differencestarting 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 showedFigure 7.2, where the procedure

for the solution is represented and also detailed explanation of the strategy is provided.
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|HD

Once evaporator and separator are soleedstently Kalina configuration as
explained in sectiof.2.], and therefore depending an'Y; ; ,w Y and vapor
quality 1 thermodynamic states at inlet and outlet of the evaporator andeof th
separator ardefined, compositions of the cycle are considered as follow

#  # # # 6 (7.9)
#  # # # 6 (7.10)
#  # 6 (7.11)
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a R # a  #8 (7.12)

# # 6 (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) 1t which is the solution which gives the highest

paameter as showed in sectiérB.1 Vapor stream is expanded fran to
0 in the turbine which has the same isoentropic efficiency of 89% and the
difference is that ab , deined in equatior(7.1), a faction of vapor equal to
1 , Is extracted. Therefore, the enthalpies of states 12,13,14 and 11 are defined
as follow:
Q QN N o i 1 (7.14)
LT O B o T o I (7.15)
M Q Q (7.16)
Q Qn n Hh i o (7.17)
N 0 Q- (7.18)

Notice that even if in the plant scheme the espanis 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 Kalinaec

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 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 respects .

0 4 FONFWYE, a@ 0 Q (7.19)
, 0 (7.20)
“ T
a 2 (7.22)
a

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 ab

Q a 5 Q a 5Q (7.22)

Then, the mixture is pumped to state 3 and enters in the regenerator which is solved in
the same wat of the Kabncycle, 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

80



than pinch points in odr heat exchangers since heat duty and consequently heat
transfer surface are of one order of magnitude lower of condenser and evaporator.
Notice that sinc& is function ofa ] andQ which is much higher
thanQ , the more the extraction rate increase, the more enthalpy after the mixing is
higher and therefore even the temperature relative to this point of tlee cycl
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.

WYy YUY (7.23)

State 9 does not depend on extraction rate but onfy on and composition which
is the same of saturated liquid coming frgm separator.
Q Qn n m ™o (7.24)

Q Q (7.25

Therefore, for the same design variallesy, ; ,w"Yy and vapor quality) ,”Y

does not depend on eattion rate while the higher , the higher’Y which

could be higher thafy for sufficiently high value of vapor bleeding fraction leading

to negative pinch point value in the regenerator. Hence, Uehara model has been
implemenéd such that for givew “Y |, , extraction ratg , 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 iteratpmrformed 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 exchangetained by an enthalpy balance.

Once all the thermodynamic states of Uehara cycle are completely defined, net electric
power, total heat exchanger aregarameter and first and second law efficiency of
the plant are evaluated as explained in se&i@r2and5.2.3respectively

7.1.1 Uehara cycle optimization

The design variables for Uehara cycle tire same of Kalina plug“Y . Thus, input
parameters of the optimation tool are the following:

T w"Y; andw "Y} : warm and cold seawater temperature differences

T w’Yy; andw”Yy :pinch point &aevaporator and condenser

f @ [ :ammonia mass fraction of the mixture at separator inlet

1 n :vapor quality of the mixture at separator inlet

1T w"Y j :temperature difference at regenerator inlet
However, the optimization haseén conducted for all these variables except from
w Y p whose influence onparameter and extraction rate is first analysed to identify

the best range of values far"Y ;; and therefore reduce the computational effort
required byiterative procedures during optimization.
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7.2 Sensitivity analysis one 3| _g .and mixture composition

Sensitivity analysis om “Y j has been conducted starting from the optimal solutions
found for Kalina case working with ammonaater 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 maximand so the optimal value of design
variables such as "Y, w "Y andrfy are not expected to change significantly form their
optimal value of Kalina configuratiofor the same ammonia mass fractidren,

before performing an optimizatipnhe objectivethis analysis is to understand the
trendsthe new variables) Y  and] and how they affect the parameter

of Uehara cycle.

Fromliterature range of typical values of extraction rate andy ;; in Uehara cycle

result from astudy conducted on the effect of ammonia mass fraction variaitithe

inlet of separatqrfor seawater temperature differeacg@milar to the operative
conditions of this workThus, thesame range of values of extractiaterandy Y

are used in thé&llowing analysis andthe performance of the cycle in this work is
assessed fap "Y ; lower than 0.5 °C which gives extraction rate between 0 and 1%
with respect the mass flow rate entering the sepaaatording to Nishida et a[8].

The low value ofp “Y ; has been justified knowing that regenerator area is still two
orders of magnitude lower than condenser and evaporator.

As explained in the previous sectiérn,] is expected to decreasew@sY ;
increases for a certain composition and therefore ammonia mass fraction of the mixture
at separator inlet. Furthermore, parameter is expected to increasewa’y
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 producedanicing significantly

2 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 inTable 7.1.

Table7.17 Optimal design variables for @aammonia mass fraction from Kalina optimization

® 0,95 0,96 0,97 0,98 0,99
®"Yq [°C] 1,338 1,817 1,797 1,768 1,735
W Yrr [°C 1,756 1,735 1,715 1,687 1,654
WY [°C] 2,429 2,403 2,378 2,345 2,303
©"Y; [°C] 3,260 3,321 3,354 3426 3,428
wYs [°C] 4,424 4,417 4,396 4,357 4,267
n 0,629 0670 0,723 0,784 0,865

Then, extraction ratand parameter are investigated for each ammonia mass fraction
for values ofp Y ; ranging from 0.1 to 0.5 °C.

Notice that the higher the ammonia mass fraction, the better gaeameter which
increases also witt “Y . Moreower, extraction rate decreases almost linearly with
w Y j and it decreases with ammonia mass fraction.
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Figure7.3 7 Extraction rate and parameter for each value of ammonia mass fractioyingw “Y 5 .

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 increaseThetefore, the
enthalpic content of the vapor extracted)at 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 regaioerinlet.

For the case with ammonia mass fraction of 99%able 7.2 it is showed how the
variation ofw "Y ; affect mostly the area of regenerator with respect to the other heat
exchangers and net electric power fact, regenerator area decrease of about 33.4%
with respect to the area resulting fram'Y ; =0.1°C determining an increase of
parameter of 0.228%.

Table7.21 Heat exchangeraa and net ettric power for eachy “Y  for case with ammonia mass fraction of
99%. The last column indicates difference of area and power between configuration with 0.5¢aid g.1

WY j 0,1 0,2 0,3 0,4 0,5 | variation% Jo

1 %| 0,814 0,776 0,738 0,700 0,661 -18,767

dq | % | 2,60 2,60 2,60 2,60 2,60 -0,102

qa I ¢ 38,01 38,00 37,99 37,98 37,97 -0,103

0 5623 5623 5623 5623 5623 -0,006 m?

0 +0 5372 5370 5369 5367 5366 -0,115 m?

0 91 77 70 64 60 -33,410 m?

0 11085 11071 11061 11054 11049 -0,332 ny
W 2107 2107 2106 2106 2105 -0,105 kw
) 0,1901 0,1903 0,1904 0,1905 0,1905 0,228 [KW/m?]

83



In fact, moving toward highew "Y ; , ara decrease more than electric power,
particularly total area reduction is mostly due to regenerator while net electric power
remains almost constant. Therefoogparameter increase as showed-igure 7.3.
Moreover, the highethe ammonia mass fraction, the lower the increasing rate of
parameter and in order to appreciate the effect of the bleeding of vapor, the analysis is
stopped to the value of Y  =0.5°C for which is already lower than 1%

In fact,] decreases with increasing”Y ; and it tends theoretically to O for

the value oty "Y  =2.12°Cof Kalina casefor whichthere is no vapor bleeding

7.3 Uehara optimization results

As showed in sensitity analysis orw “Y ; in the previous sectioi.2, based o
parameter optimization, best Uehara cycle configuration results from ammonia mass
fraction which tend tdl in accordance with the results obtained vhlina case.
Therefore, optimization for Uehara cycle is performed for thesdi, the twow Y

and forr} at fixed ammonia mass fraction equaldt®9andw "Y j =0.5°C due to
considerations that have been done sdriarable7.3, results of this optimization are
reported and compared to the reference aadeKalina cycle

Table7.3 - Comparison between optimization results between Ueharking with ammoniawater mixture with
ammonia mass fraction of 99%eference Rankine cychnd Kalina cycle.

cycle Rankine Kalina Uehara

W 1 0,99 0,99

w Yy (optimized) 1,64 1,73 1,75 °C
®W Yq  (optimized) 1,56 1,65 1,69 °C
w "Yp (optimized) 2,20 2,30 2,32 °C
w Yy (optimized) 3,89 3,43 2,70 °C
WYy  (optimized) 3,67 4,27 4,29 °C
WY R - 2.12 0.5 °C
1 - - 0.989 %
N (optimized) 1 0,865 0,891

n 9,30 9,00 bar
n - - 7,48 bar
n 6,12 5,95 bar
working fluid flow rate 62,6 74,3 kals
warm seawater flow rate| 11773 11668 kg/s
cold seawater flow rate 8500 8500 8500 kg/s
d | 2,58 2,572 2,59 %
d || 37,61 37,60 37,85 %
W 1,9911 2,0841 2,1173 MW
0 10433 10980 11082 m?
2 paramet er| 0,19085 0,18981 0,19106 kW/m?
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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
maximumo par ameter is better than reference
For Uehara cyle the analysis on first and second law efficiency has been performed
only for maximumo parametecase

Uehara <cycl e paranetermahdsalsdhigben érst and second law
efficiency. This improvement with respect Kalina case is due to theegatraf 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 alsp f¥r; but in this work,

it has beenfosen this value equal to 0.5°C in order to have vapor fraction extracted
near 1% since for highew "Y  the extraction rate is very low. Moreover,
optimization process takes very long time to be performed by the optimization tool
since for sgh high concentration of ammonia mass fraction, the software that
calculats the thermophysical properties of the mpgus not accurate as for less
extremecomposition Therefore, to verify that the maximumparameter found with

the optimization is nad local maximum, raps ofo parameter calculated for different
combinations oty Y andw “Y for fixed optimalw “Y; andw Y respectively,

with ammonia mass fraction of 99% and vapor qudjity0.891 are showed Figure

7.4.
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Figure7.4 - Maps ofa parameter around the maximum one found by optimization for Uehara cycle, for all
possible couples @ “Y andw "Y. Ammonia mas§raction is 99%.

Maximum 2 parameter for each map is coincident with the one found with the
optimization. Particularly, results are representetiable7.4.

Table7.4 - Comparisorbetween results ohe maps and of the optimization for mixture with 99% of ammonia
mass fraction ang = 0,891.

Design optimal variables | & fyiigot @ ot * Jigod ® Tmitc = Ofn gm™:- [kW:/)mz]

From mapsyp Y (left) 1,69 2,32 2,70 4,25 0,9883 0,19105
From mapsp "Y (right) 1,7 2% 270 4,29 0,9893  0,19105
1,69 2,2 270 4,29 0,989  0,19106

From optimization

Uehara cycle is more complex than Kalina cycle and the optimized logsldeen
represented also in temperatypressurecomposition diagram. IRigure?.5, for each

85



pressure level of the cycle, the relative bubble and dew temperature lines are
represented and each state of the cycle is obtaineduredion 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.
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Figure7.57 Temperaturgoressurecomposition diagram of optimized Uehara cyidease of 99% ammonia

mass fraction.

In Figure 7.6, another representation of the cycle complexity is provided in a

temperatureentropy diagram.
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Figure7.6 7 Temperatureentropy diagram of Uehara cycle. Mixture entering inpewvator 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 differéavel of composition of the

mixture.
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In Table7.5is represented a comparison of the exergy balance between reference case
and Uehara cyel with the optimization results. Notice that Uehara cycle has higher
second law efficiencyn 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.
Table7.51 Exergy balance comparison between IRia@ cycle vith pure ammonia and Uehara cycle with
ammoniawater mixture, ammonia mass fraction 0.99

MAX 9
Fluid ammonia | NH3-H20
Ow 33632 33618 kw
Ow 28338 28024 kW
w =0w-O0w 5293 5595 kw
0 1991 2117 KW
Ow § 3302 3477 kw
d || 37,61 37,85 %

7.4 Uehara waking 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 equallgtherefore with pure ammonia. Therefore, providing
such a mixture wikh 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 workng with pure ammonia as stated in sect@®A8if 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 istexge 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 peodu
electric power and therefore, the scope of this analysis is to assess if it is worth to have
extraction of vapor fron» parameter point of view. IRigure 7.7, the variation ob
parameter is represented for extraction rate ranging from 0 to 5% with
respect the mixture mass flow rate entering the evaporator.

0,1922
0,152

0,1918
E 01916
=

Z 01914

>

0,1912
0,151
0,1908
0 1 2 3 4 3
w bleeding %

Figure7.7 - o parameter variation for each extraction rate value in the case of Uehara cydtegwatk pure
ammonia.
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For this analysis, eachparameter is the maximum one relative to the optonal
and 'Y obtained implementing with the optimization tool for each value of

] .
Notice that the case for whith is 0%,0 parameter is equal to 0.1908 kW/m

in agreement with the result of saturated Rankine cycle working with pure ammonia.
Then, for extraction rate higher than 08farameter is higher than the reference case
and thus vapor bleedinin the magnitude of -3% is convenient based on this
optimization criteria.

In Table7.6 the results of this optimization are reported. Moreover, once the trend has
been individuated, also an optimization for extraction ratebe@n done; optimal

1 is equal to 3.39% which gives maximarparametep =0 . 1 9 222 k W/ m
Table7.61 Optimal result of sensitivity angdis on for Uehara cycle working with pure ammonia.
i % 0,00 1,00 2,00 3,00 3,39 4,00 5,00
w Yy [°C] 1,64 1,63 1,63 1,62 1,61 1,61 1,60
0w Yre [°C] 1,56 1,57 1,58 1,59 1,59 1,59 1,60
WY [°C] 2,19 2,19 2,18 2,18 2,17 2,16 2,16
wYy [°C] 3,89 3,90 3,92 3,92 3,92 3,91 3,89
wYp [°C] 3,67 3,67 3,67 3,66 3,66 3,65 3,63
dq | % 2,58 2,59 2,59 2,61 2,61 2,62 2,62
d I % 37,62 37,76 | 37,89 | 38,06 | 38,15 | 38,25 | 38,25
o [ kw/ m| 0,19085| 0,19122| 0,19166| 0,19213| 0,19218| 0,19206| 0,191%6

Notice tha the first column of the table shows the sarasults of the reference case,
when there is no extraction of vapdhen, he higher the extraction rate, the higher

the enthalpy content resulting for the state 18 after vapor bleeding mitteshei
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 oo parameter optimization.
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8. Economic anal ysi

In this chapter,a preliminaryeconomic analysis has been conducted for all the
investigatedDTEC plantconfigurationsandthe Levelized Cost of Electricity (LCOE)

has been estimated.

In the previous thesisvork on the reference Rankine cycle working with pure
ammonia, optimization obd 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 ofdlgeometry of the heat exchangemsoving the
assumption of constant overall heat transfer coefficigntmeans of correlations
obtained withAspen EDR.Then, Bernordoni has developed the economic analysis
based on the results of this optimization.

In this work,the economic analysis based oithe same assumptioasd results of

the new reference optimal Rankine cydtmally, 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 cabled bests.
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

= =4 =4 -8 -8 -9

According to Vegd413], total componentgoss, includingworking 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 ab&mgineering and project management costs
are maintained constant for all the confagions and equal to 10.6Maccording to
estimation provided by Lockheed Mar{ib0]. Cost of CWP is considered equal to
4.89M0  a c c o r d iSpagplant propbkechiiyockheed Martir{10].

Turbine cost is evaluated for da@lant configuration with the sixth tenth rule

according td50, 11}
. 8
W

0 0 00 R @ 8.1
T (8.1)
Thereference cost of turbogeneratoio i isequalto 1.8M0 a nisdhei t
one of the 2.5MWe Minspar plant for which @ r Is equal to 4.4MWe,

turbine electric powerSeawater pmps specific cost is maintained the same of
Bernardoni, and it is equal to 890 k \8leln Table8.1, cossk of turbomachinery and
seawater pumps for every plant are reported
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Table8.11 Cost of turbogenerator andavater pumps for each cgcl

Rankin_e Rankine Kalina | Uehara Regengrative

ammonia | R416A Rankine
® [ R 550 562 557 559 548 kW
® oA 226 238 233 234 226 kw
® 2809 2990 2922 2958 2817 kW
Warm Seawater pump co§ 0,201 0,211 0,207 0,208 0,201 MU
Cold Seawater pump cost 0,489 0,500 0,496 0,497 0,488 M
Turbogenerator cost 1,429 1,483 1,463 1,473 1,431 MU

Theheat exchangerstis calculated assuming for all the cycle configurations a cost
specific to their ared he specific cost of theptimizedheat exchangeesvaluated by
Bernardonis equal to 868 / ?f{8] and it has been chosen and maintainedfiothe
cases studied in this work. Trable8.2, total costs of heat exchangers are reported for
every cycle and also fdrRankine cycle with optimized heat exchangdRar(kine

optimHX).

Table8.21 Cost of heat exchangers for the diffint configurationsThe first line represents the Raknie cycle
with heat exchanger optimiz¢8].

Condenser Eva + Eco Regererator

Cycle Fluid |A[m? CC[MU]|A[m? CC[MU]|A[m? CC[MI]
RankineoptimHX 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- 5605 4,640 | 5201 4,871 35 0,030
Uehara H20 | 5649 4,680 | 5267 4,909 | 47 0,041
Regenera've Rankine NH3 5287 4,438 5043 4,594 O O

For Kalina and Uehara cyclepst of separator has to be calculated and the method

proposed in this work to evaluate has been derived from Turton et al. eqiatipns
applied to ageneric component:

66 0

aé e
Where0

0 6 '00

0 VA& W

L &€& "W

therefore the author has applied a conversian tot o
other variables arthe size variablé) specific to a component and for separatdhés

volume,"O and"O are material and pressure correction factors and the others are

coefficients depending on the component.

These equations depd on several
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

coefficients

a

reported for several

(8.2)
(8.3)

is the purchasd equipment cost arid is the capital cost of the considered
componentAll the cost correlations proposed in the analysis are evaluated in $ and

c o ef {5l]cThee nt

plant

equipment manufacturers during eriod MaySeptember 200fL1].
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Theseparator imssumedas a vertical vessahd the chosen material is stainless steel
since this component experiences limited temperature within the cycle, thus it is not
subject tarisk of corrosion caused by ammongb].

All the coefficients required for the cost evaluation are obtained for the spasfiel
equipment made in stainless steel and they are reporfedia8.3.

Table 8.3 7 Coefficients for cost evaluatiorf vessel made in stainless steel.

Separator = L L L
Kalina Volume[n¥] | 3 4974 0.4485 0,1074

LI 130 3=
225 182|3,.2]>77

o | ogn

I:
0
0

o | o

Uehara | Volume[nf] | 3,4974 0,4485 0,1074 2,25 1,82|3,2|°:80

The "O coefficient is obtained fronthe following equation that it is used only for

vessels according to Turtgfl], and in particular for vessels with thickness higher
than 0.0063m:

no
o CUv Ty ™TOPY (8.4)
T8I O

In this equation is the pressure of the vess8lis the diameter of the vessel which is
calculatedassumingheresidence tim@® in the separator equal fominute and a

ratio between the height and the diameter of the bsas(ge o equal to 3 a

common values for commercial vesgas].

’ a \
() —0 (8.5

TW®
0.“
Results fofO are reported in the followingable8.4.

(0] (8.6)

Table8.4 - "O coefficient calculations for a vertical vessel

Separator | 2. gKO/MY | 1o p v ddl | M) | 9 cu vl | =far] | 5.
Kalina 8,02 563 6,2 18,6 904 |577

Uehara 7,69 580 6,3 18,8 9 5,80

Cost of separator for Uehara and Kalina cycles are obtained from eg{&2pand

(8.3) and they areequal to11MU and 11.41Mi r e s p eHgh unceddinties
characterise this evaluation of separator cost because its calculation relies on the
assumption of the residence time. The higher the residiemegthe higher the volume

of the vessel and therefore the cdst.this case, for 1 minute of residence time
separator component adds a significant cost to the overall investment cost of Kalina
and UeharaHowever, total cost of these plants are alwaghdr than conventional
Rankine since one more component is present.

Results of this eanomic analysisrereported inTable 8.5 where all the items are
considered iMU .
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Costs of heat exchangers constitutes a significant share of the total investment cost of
each plant as expectédm literaure, ranging from 20% to 40%

Table8.51 Cost of all the cosidered componenhd total cosfor each plant configuratiorll costs are
expressed iMU .

Rankine Rankine |Rankine Regenerative

component optl[r??]HX ammonia | RA16A Kalina | Uehara 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 4440 4,724 | 4,640 | 4,680 4438
Condenser 6,872 4,626 4987 | 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 pum 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 5,55 4,149 4,312 | 7572 | 7,692 4,157
Eng&project
management 10,600 10,600 | 10,600 | 10,600| 10,600 10,600
Totald 0 [Ma ] 37,503 30,855 | 31,762 | 45,769 | 46,425 30,813

45

40
35 Eng&project management
m Cther costs
30
W Cold seawater pump
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Figure8.17 Total plant cosaind share of the single componeimiseach cycle
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In Figure 8.1, the share of eachomponent 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 mximizedo par amet er , especially the diff
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 assiom${3]: each plant

Is assumed to work at constant power for 8000 h/ygeration and maimeance cost

are equal to 3.3% of the plant t@nd a fixed charge ratio (FCR) is assumed to be

equal to 10.05%. FCR derives assnga 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 plans therefore equal to:
066 {RO0YO g i

00 00
Whered 6  is the capital cost of the plai@,Ois theelectricenergy produced and
0 o i is the cost ofbperation and maintenanoéthe single plant

(8.7)

0600

Table8.6 17 LCOE for all thestudied plant in this work.

Rankine Rankine | Rankine Regenerative
Opt'[gin ammonia | R416A Kalina | Uehara Rankine
W ; 2600 1991 2106 2084 | 2117 1998 kw
00 20,800 15,928 16,847 |16,673| 16,938 15,981 GWhe
0 o 1,238 1,018 1,048 | 1510 | 1,532 1,017 MU
DO 241 259 252 366 366 257 U/MWhe

Even if uncertainty exists on the assumption made to edécséparator, the LCOE of

Kalina and Uehara without considering this component would bai21®/he and
276 W/MWhe for Kalina and Uehara respectively, thus these configurations are the
most expensive solutions.

Considering only the cases analysed in thierk 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 to26/MWhe, even if i
parameter is the lowest one. This could be explained considbaengethod used to
evaluate LCOE. In fact, the relevant differences among diverse plant configurations in
terms of cost are the heat exchangér©re | ower the O par amet ¢
exchangers area and their costs for the same power output. Taemghier 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 ctst®ach plant even i fforo par a
Rankine with R416A is lowerthe 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.dt@wvever this result is based

on the asumptions that overall heat transfer coefficients of the mixture are equal to

ts r
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the ammonia ondsut since they are expected to be lower than pure fluid dmes,
exchanger area for R416A would increase. Mored®ankine cycle wittR416A has

been studid from a techneeconomic point of view, but due to its high GWP it is
unlikely to be used cormgering the environmental issud-or these reasons,
regeneative and saturated Rankine cyclemrking with pure ammoniahave been
proposed as the best solusoim this work with an LCOE of 2570/ M
2590/ MWh e r &evertbatessithe ebesy LCOE obtained among the
investigated configurations is higher than the one relative to the Rankine cycle with
optimized heat exchangers, on which assumptions obeticranalysis are based on.
LCOE for OTEC resulting from this economic analyais higher than other power
production technologieseported inTable 8.7, but it can find an application for
communities living on small islands iropical regionsvhere for example the mean

price of electricity in Hawaii is about 6@23$%/kWhe[52]. In fact, cost of electricitin

these cases are high and comparable to the one found in this analysis for Rankine cycle
cases. However, LC found in this work are relative to small scale @aftabout

2MW and in literature the total capital cost for this technology is expected to decrease
significantlywith the size of the plafi3].

Table8.7 - Estimated LCOE (simple average of regional values) for new generation resources, for plants entering
service in 202253].

0 0 O[WMWhe]
Coal with carbon captut 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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O.Concl usi ons

In this thesiswork, diverse OTEC plants for power production have been modelled
and studied from a techrexonomic point of view and their performances have been
compared in order to evaluate the best solution.

The common feature of these cycle configuration is thptamtoof zeotropic mixtures

as working fluidand te aim of this work was to assess if it is worth to use this kind

of fluids in OTEC applicatios with regpect pure fluids. In factzeotropic mixtures

have the property to change phase at variable tempegatd constant pressubetter
following the seawater temperature prafilehe temperature difference between
saturated vapor and saturated liquid state in phase transition is called glide. Therefore,
since the glide reduces the temperature differentweclea working fluid and seawater
inside heat exchangdgst and second law efficiencies are expected to be higher than
cases withpure fluid with flat glide, thanks to the heat exchange irreversibilities
reduction.

However, even if the efficiency of tlagcle isexpected to baigher with respect the

one working with pure fluids, higher surface extension of the heat exchasgers
required for the exchange of the same thermal power with the same pinch point
temperature differences. This is duebtith thelower temperature differences inside
these cmponents antheheat transfer coefficient of the mixtunehich are expected

to be lower than the one of pure fluideherefore, since heat exchangers in OTEC
constitute a significant part of the investmenttaafsthe plant, from 25% to 50%,
convenience of using zeotropic mixtures in this application has to be assessed.
Thus,the o parameter defined as the ratio between net electric power output and the
total area of the heat exchangersised This parametehnas been evaluated for each
studiedplant configuratiorand it is compared with the one evaluated for a Rankine
cycle working with pure ammonia.

Optimizations of different cyclesorking with mixtureshave been performed with the
objective of calculatingoptimal plants design variables for which par amet er
maximized

Saturated Rankine cycle working with pure ammonia has been considered as the
reference case f o Aninportanhassumplian in 3 SvorkkisN/ m
that heat transfer coefficients of all the studied working fluids @nsidered 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 phenomteaee th#ficult to
understangand also operative conditions. Furtherme I f o parameter
solutions results lower than pure ammonia one even with thesasradlheat transfer
coefficient, adoption of different configurations is not convenient.

Each type of the analysed plants has its own configuration degerathe fluid used

in the thermodynamic cyclé&aturated Rankine cyclis considered forefrigerant
mixtures,while Kalina and Uehara cycfer ammoniawater mixtureDesign variables

to be opimized are defined accordingly to the cycle and thegrease with the
complexity of the plant. Starting from Rankine cycle configurataoigd and warm
seawatetemperature differences were chosagether with pinch points temperature
difference at evaporator and condenser, in daleraintain the method develed for

95



the reference case. For Kaliogcle 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 Uebgcde which adds vapor
bleedng to Kalina cycle same design variables of Kalina have been considered
together with thg@inch point at the regenerator.

Firstly, saturated Rankine cycle has been optimized for several refrigerant mixtures
that have been chosen with respect to envirommheniteria(GWP and ODP and
suitablethermophysical properties like the magnitude of glide temperature difference
during phase transition at operating conditidyysical of OTEC application. Two
mixtures have been selected and compared to pure amnageiarefrigerant mixture
R416A because it presents the higher value plarameter and refrigerant mixture
R454A, because it ismost environmental friendly considerdhliid among the
investigatedmixtures However, maximunmo parametes of R416A and R454A

0 =0. kv@/@24ando = 0 . kW/i?Bespectivelyyesulted to be lower &m0.1908
kW/m?for pure ammonia case

These configurations have been studied also based on first law efficiency analysis such
that for an arbitrarily low value opinch points equal to 0.5°C (null pinch points
conditionsareavoided since heat exchangeeawould 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 forraptimization, leading to value af
parameter still higher for pure fluid case.

Performanceof Rankine cyclavith refrigerant mixtures and pure ammonia have been
evaluated also with a correlation for variable turbine efficiency and only R416A fluid
showsa maximuno parameterp = 0 . RV@/r@?Isimilar to pure ammonia, which is
equaltoo = 0 . RV@/22in case of a single stage turbine.

Then, Kalina cycle is studied with the saopimizationpurpose and it was found that

the higher the ammonia mass frantiaf the fluid entering the separator, the higher is
the maximuno parameter. In fact, the higher the ammonia mass fradherigher
thevapor quality at the exit of evaporator leading to higher vapor phase flothaate

can beseparated and expanded the turbine producing more electric power.
Moreover, 9 parameter maximum values tend to maximonparameter 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 Rantine. Therefore, Kalina cycle has
been studied for optimal case with ammonia mass fraction of 0.99 since it would be
very difficult to handle antb guarantee a mixture with higher ammonia mass fraction
close to 1 in real thermodynamic cycle. Thus, fais tcomposition, maximuno
parameter is equal to 0.18R8//m?.

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
theworking fluid coming from the condeser in order to prehe#tie mixturebefore
entering the regenerator.Extraction rateof vapor results to be dependent on
temperature difference at the inlet of the regenerator and it decreases as th
temperature difference increases. Moreover, the hitigeammonia mass fraction of

the mixture entering the separator, the lower the extraction rate. Fmphyameter
increases with ammonia mass fractidinus, Uehara cyclbas beeroptimized for
ammonia mass fraction equal to 0.99 and regenerator inlet temperature diffegence
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arbitrarilyto 0.5°C, yieldextraction rate of about 1% anthximumo parameteequal

to 0.1911kW/m?,

Besides this configuration of Uehara cycle, another solution has been investigated with
the purposeof exploiing the advantages of pure fluid Rankine configuration together
with vapor bleeding of Uehara. Therefore, a regener&areine cycle working with

pure ammonia is studied and optimized. The optimal solution is found for extraction
rate of vapor of 3.39% which givesaximumo parameter equal to 0.19RBV/m?.

Hence, Uehara cycle and regenerative Rankine cycle are the configarakimh
present the highestparameter in this work.

Finally, simplified economic analysis has been performedevaluate LC@ of the
diverse confjurations maintaining the same assumpdiand specific costderived

from a study onRankine cyclewith optimized heat exchangerbhe lowest LCOE
equalto23230 / MWhe t hat drerg theiavestigattdoconfigdratioashe

one of the Rankine cyelworking with R416A. However, it has to be considered that
this value results frortheassumption obverall heat transfer coefficients equal to the
ammonia ones and since their value is expected to be lower, alsqegaimeter of
R416A is expected tbe lower determining an increase of the heat exchangers cost
and therefore of the LCOBnother 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 o$ thiork aresaturated and regenerative
Rankine cyclavorking with pure ammoniéor which LCOEis equal to 280 / MWh e
and2571 / MWh e r e.Kalieacahdi Uehara gyclere not convenient solutions
based on this techreconomic optimization, since their value of LCOEegpual to
3660/ MWhe due to t he addEveniwihou thiscompsrtent,of t h
their LCOE is 278u/ MWhe, higher than other

9.1 Future developments

This work can be expanded and deepemesidering thatatimization of the analysed
configuration should be integrated withore accurate calculatidior heat transfer
coefficiert of the mixturesn order to evaluate more preciselparameterMoreover,

the results of this work should be compared with other studies that have used different
softwares to evaluate thermophysical propertiesanimoniawater mixture In fact,

the softvare adoptedh this work(REFPROP)xhows instability for ammonievater
mixture with ammonia mass fractidngher than 0.9 and especially close to, 1
determining high time requiretb perform anoptimization with iterative loops.
Optimizationon heat excangers is required fane plants studied in this woik order

to take into account geometry and flow rate effects that have to be integrated with heat
transfer correlationglepending on the used working fluidhoreover, fom the
economic point of viewmore accurate evaluation of heat exchangers cost would
result. In factLCOE should be evaluated based on more reliable cdetsnationfor

every componergincehigh uncertaintiegare presenn literature

Off design analysis for OTEC should be perfednin 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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of symbol s

Ammonia mass fraction

Area of heat exchanger

Biofouling thermal resistance

Capital cost of a component or of the plant
Cold or warm water pipe length

Cold or warm water pipe diameter
Composition of generic point

Cold seawater mass flow rate

Cold seawater temperature difference
Corrosion film tlermal resistance

Cost of operation and maintenance

Diameter limit

Efficiency

Electric energy produced

Enthalpy of a generic point

Enthalpy difference

Entropy of generic point

Exergy of a generic point

Extraction rate

Glide temperature difference at evaporator or condens
Ideal pumping power for heat exchanger
Inlet cold seawater temperature

Inlet warm seawater temperature

Liquid or vapormassfraction

Levelized cost oélectricity

Mean logarithmic temperature difference
Mass of liquid or vapor phase

Net electric power

Overall Heat Transfer Coefficient

Pinch point temperature difference at evaporator
Pinch point temperature difference at condenser
Pressure

Pressure drop

Pressure head

Purchased equipmeabst

Relative mass flow rate for generic point
Seawater convective heat transfer coefficient
Seawater density cold or warm

Seawater pumps proportionality constant
Seawater pumping powe
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Size Parameter

Specific heat

Temperature of a generic point
Temperature at evaporator outlet of seawater
Temperature difference

Temperature difference at regenerator inlet
Temperature difference at condenser outlet
Temperature difference at evaporator outlet
Thermal Power

Vapor quality

Velocity in cold or water pipe

Volume ratio

Volume of separator

Wall conductive resistance

Warm seawater mass flow rate

Warm seawater temperature difference

Warm seawater temperature difference at evaporator

Working fluid heat transfer coefficient
Working fluid mass flow rate
Net power/total heat exchanger area
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Abbrevi

CC-OTEC
CFC
CwWP
DOE

ECS

EEZ
FRP

GOSEA

GWP
HCFC
HDPE
HFC
HX
MBWR

NELH
NEMO
NIOT
NIST
OC-OTEC
ODP
OPEC

ORC
OTEC

OTEGOSP
PON
SOTEC
VLE

a

Closed Cycle OTEC
Chlorofluorocarbons

Cold Water Pipe

Department of Energy
ExtendedCorresponding State
model

Exclusive Economic Zone
Fiberglass Reinforced Plastic

Global Ocean reSource and
Energy Association

Global Warming Potential
Hydrochlorofluorocarbures
High Density Polyethylene
Hydrofluorocarbons

Heat exchanger

Modified BenedictWebb
Rubin

National Energy Laboratory of
Hawaii

New Energy for Martinique
and Overseas

National Institute of Ocean
Technology

National Institute of Standards
and Techology

Open Cycle OTEC

Ozone Depletion Potential
Organization of the Petroleurnr
Exporting Countries

Organic Rankine Cycle
Ocean Thermal Energy
Conversion

Offshore Solar Pond OTEC
Program Opportunity Nate
Solar OTEC

Vapor Liquid Equilibrium

O

n

nde)
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