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Abstract

The present study illustrates the development of a detailed model to estimate the part-load performance of an ammonia closed OTEC
system for on-shore installations. A previously published Matlab® suite is extended by accounting for off-design conditions in terms
of variable seawater temperature and mass flow on the cycle performance. The off-design behavior of each component is thoroughly
discussed, with particular attention devoted to the single-stage axial-flow turbine, whose performance maps are obtained by means of
three-dimensional CFD simulations. Assuming a representative plant sized for warm seawater temperature of 28°C and cold seawater
temperature of 4°C (8500 kg/s taken from 1000 m depth), the model predicts an annual electricity yield of 15.963 GWhe and LCOE of
316 €/ MWhe when including seawater measured data of a simile-Hawaiian site. Moreover, a sensitivity analysis is assessed in order to
identify the best design parameters (i.e. warm seawater temperature and cold seawater mass flow rate) that minimize the LCOE for the
given location. The new design guarantees a reduction of approximately 11% of the LCOE (284 €/ MWhe). The simulation capabilities
of the developed model prove it as valuable tool to estimate the OTEC competitiveness in different scenarios.
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Acronyms
cC Closed Cycle
CFD Computational Fluid Dynamic
CWP Cold Water Pipe
HDPE High density polyethylene
HX Heat exchanger
FCR Fixed Charge Rate
LCOE Levelized cost of electricity
OTEC Ocean Thermal Energy Conversion
PHES Pumped Heat Electrical Storage
PV Photovoltaic
RANS Reynolds-averaged Navier Stokes
WWP Warm Water Pipe

Nomenclature

A Area m?

D Inner diameter m

H Head m

K Thermal Conductivity W mtK1
L Length m

P Pressure Pa

Pr Prandtl number -

0 Thermal power kw

R Thermal resistance m? K W-t
Re Reynolds number -

T Temperature K

u Global heat transfer coefficient W m2K?
14 Power kw

d Depth m

h enthalpy Jkg'

htc Heat transfer coefficient W m2K?
I Specific work Jkg?

m Mass flow rate kg s
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\% Velocity ms!

Greek letters

A Difference -

B Expansion ratio -

Y Gamma parameter kKW m2

n Efficiency -

n Viscosity Pas

p Density kg m3

c Salinity glt

® Rotational speed rpm
Subscripts

cond Condenser

cr Critical

cwW Cold water

eul Eulerian

eva Evaporator

in Inlet

is Isentropic

nom Nominal conditions

on On-design conditions

out Outlet

pp Pinch-point

r Reduced quantity

SwW Seawater

T Turbine

wf Working fluid

ww Warm water

1 Introduction

The great consensus among scientific community [1] that identifies global warming to be most likely caused by green-
house gases emitted by anthropic activities is pushing political actions [2,3] and research in the power generation sector
towards carbon-free technologies.

Ocean thermal energy conversion (OTEC), which exploits the thermal gradient between warm surface seawater and cold
deep seawater in tropical oceans to generate electricity, is a promising power generation technology that positively re-
sponds to the request of increasing the share of renewable energy sources in the electricity generation sector. Although
the worldwide OTEC theoretical potential is undoubtedly huge (10 TW without affecting ocean thermal structure [4], its
limited development involves higher electricity generation cost than other renewable technologies (i.e. wind, PV) [5];
hence, a complete development of this technology has a vital need to be subsidized. Although the high cost of electricity,
which is roughly in the range 0.07 — 0.5 €/kWh [6]?, seems to be an unsurmountable hurdle to the affirmation of OTEC
technology, remote islands and archipelagos characterized by a significant thermal gradient (i.e. 20°C - 25°C) can be
suitable scenarios for OTEC installations, replacing the conventional source of electricity given by Diesel gensets that
use high fuel costs (because of high transportation distance)®. In addition, as stated in [6,7], the competitiveness of OTEC
can be further enhanced by the potential revenue (i.e. carbon tax) derived from the reduction of emitted CO, compared to
conventional fossil fueled Diesel genset [7]. Additionally, an important peculiarity of OTEC technology is represented
by its inherent capability to be adapted to different load sizes, ranging from MW to hundreds MWs, thus widening the
number of people that can access to renewable energy.

Following the previous study published by the authors [8], this paper focuses on the performance prediction of an ammo-
nia saturated CC-OTEC (Closed cycle OTEC) in a scenario characterized by variable seawater conditions. The choice of
saturated Rankine cycle is recognized as a good compromise between plant simplicity (investment cost) and conversion
efficiency. Many CC-OTEC variants have been proposed (i.e. Kalina cycle, Uehara cycle, multi-stage configuration etc.)
[9-12] but, although attaining higher conversion efficiency, their superiority, in terms of cost of electricity, has not been

2 The wide cost range of electricity is caused by different economic assumptions and plant size investigated in literature.
b Gensets operating in remote islands are dated or have exceeded the manufacturers recommended lifespan [7].
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plainly proved. The working fluid selection is driven by the research findings reported in Open Literature [13] that clearly
identify ammonia as the best working fluid for a plants size of the order of MWs.

An in-house code was developed to study the part-load behavior of CC-OTEC system. Moreover, the modeling tool in
conjunction of a procedure to size the overall plant can be effectively used to predict the OTEC economic competitiveness
through Levelized Cost of Electricity (LCOE) estimate. It is worth to underline that, in most of the studies present in
literature, the off-design behavior of CC-OTEC is marginally treated or even neglected, hence reducing the reliability of
the computed annual electricity yield. Although for specific sites that feature small seawater temperature variabilities a
simple optimization at nominal conditions can be justified, in most of the cases it may potentially fail to predict the best
techno-economic solution. In this paper, we provide some numerical evidences by re-assessing the design parameters in
light of its off-design behavior, showing that they can be properly selected to achieve the minimum LCOE.

After describing the methodology adopted (section 2), in terms of developed tools and performed analyses, the design
parameters of a representative OTEC design, which is used to verify the capabilities of the part-load model, are resumed
(section 3). Then, the off-design model is detailly described (section 4) with particular attention posed on both the de-
scription of the equations that model the components behavior and the discussion of off-design system performance.
Considering the time series of seawater data, both the annual energetic and economic figure of the OTEC plant is assessed
(section 5). Furthermore, different OTEC system designs are investigated. Finally, the conclusions and a list of future
developments are drawn (section 6).

2  Methodology

In case of significant variations of the seawater temperature (mainly the superficial temperature) during the year, OTEC
plant optimization considering design conditions only can be not sufficient. As a matter of fact, the evaluation of the
technology attractiveness can be biased by an additional uncertainty related to the net electricity output estimate. For this
reason, a dedicated model able to simulate part-load conditions can play an important role in offering a more complete
plant assessment.

In order to positively response to this need, a CC-OTEC off-design model is coded in Matlab® [14], extending the design
code previously developed by the authors [8] that did not consider any seawater temperature variation during time.

In the first part of the proposed study, the off-design model is described and discussed with particular attention posed on
the discussion of the governing equations that describe each component behavior. Within these circumstances, there are
no previous works in Open Literature that provide detailed information on the part-load behavior of an ammonia turbine
tailored for CC-OTEC power systems. To this end, first a preliminary 3D design of the turbine is carried out based on a
mean-line representation, then it is analyzed via three-dimensional CFD simulations to derive complete performance maps
that are crucial to obtain a reliable cycle part-load assessment.

Once the modelling approaches of each component are discussed, the developed tool is used to study the response of a
given OTEC plant [8] to variable operating conditions. Subsequently, the annual electricity yield for a selected plant
location, which is characterized by time series of both warm and cold seawater temperature, is estimated. Once the yearly
electricity output is known, the LCOE is computed considering the components’ investment and O&M costs.

The second part of the study aims at extending the CC-OTEC analysis presented in the previous work [8], which involves
a CC-OTEC design optimization based on a single value of cold seawater mass flow rates (i.e. 8500 kg/s) and warm
seawater temperature (i.e. 28°C). In particular, several designs that differ in both cold seawater mass flow rates and warm
seawater temperature are defined and the LCOE is estimated. Through this sensitivity analysis, the best OTEC design
characterized by the lowest LCOE is identified.

Figure 1(a) shows the CC-OTEC plant layout based on an ammonia saturated Rankine cycle where warm and cold sea-
water are pumped and sent to the power block via dedicated pipes, namely cold seawater pipe (CWP) and warm seawater
pipe (WWP). In addition, the components and streams number, used in the following sections, are reported. Figure 1(b)
graphically explains the proposed methodology for the investigation of the OTEC performance (both from an energetic
and economic point of view), explicitly listing the model inputs required to accurately model the system; moreover, the
interactions among sub-models are reported as well. Focusing on the red square, which represents the off-design model,
design characteristics of each component are required as input. In particular, components size (i.e. heat exchanges area,
seawater pipes sizes) and nominal operating parameters (i.e. heat transfer coefficients, pressure drops, efficiencies, ex-
pander performance map) are retrieved from the design model, while components equations (i.e. energy balance, turbine
performance map, heat transfer correlations etc.), which model off-design behavior, are added. The system performance
map, expressed as function of seawater mass flows and temperatures, obtained from the off-design model, is then used
for the annual simulation to obtain the annual electricity yield and LCOE after having prescribed the seawater tempera-
tures evolution in time, the economic assumptions (i.e. components specific cost, discount rate etc.) and component sizes.
As regards the design tool [8], given the cold mass flow (mcw) and the seawater temperatures (Tcw, Tww) along with the
components main assumptions, it is able to find the minimum temperature difference of both condenser (ATppww) and
evaporator (ATpp.cw) along with the temperature difference of both seawater streams (ATcw, ATww) that guarantee the max-
imum ratio between net power output and total heat exchangers area, defined as y parameter, widely adopted in OTEC
research [15,16]. The sizing of plate heat exchangers (PHX) is performed through the choice of seawater the velocity in
the channels (Vhx).
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Figure 1 Layout of the CC-OTEC system (a). Scheme of the methodology adopted in the development of the OTEC
model (b).

The external NIST-REFPROP routines [17] are used to compute the thermodynamic properties of ammonia; for this
working fluid, the NIST-REFPROP implements a multi-parameter equation of state expressed in terms of Helmholtz
fundamental relation [18]. Seawater properties are computed by TEOS-10 equations of state [19].

In the next section, alongside the modelling approach, the governing equations are reported, highlighting the main as-
sumptions.

The proposed methodology has a greater impact in sites characterized by a significant time-varying superficial seawater
temperature such as the hypothetical Hawaiian site chosen for this study. This peculiarity is neither unique nor rare but
can be easily found in many other sites.

For example, Kumejima Island (Japan) [20], where a 100 kW, plant has been operating since 2013, is characterized by
approximately 10°C span in warm seawater temperature during year. On the contrary, a fair study cannot avoid reporting
that other promising sites have seawater temperature nearly constant during time (maximum oscillation smaller than 2°C)
like, for example Guam island [21].

3 Design condition

The first step necessary to analyze the OTEC system performance is represented by the identification of the system design.
With the purpose of explaining the implemented model, OTEC plant characteristics are derived from [8], to which the
reader is indexed to have a more detailed discussion. The considered OTEC system is sized assuming cold and warm
seawater temperature equal to 4°C and 28°C, respectively, and considering seawater pipes diameter equal to 2.5 m, a
value that can be considered as the current technological limit of HDPE (High density polyethylene) pipes [22]. The cold
mass flow rate is set to 8500 kg/s.

All the assumptions related to the system design along with the main design parameters are reported in Table 1.

Table 1 Resume of on-design characteristics of the OTEC plant [8].

On-design parameters

Symbol Value
Seawater flows
Warm/Cold seawater temperature, °C Tww, Tew 28,4
Warm/Cold seawater mass flow rate, kg/s Myw, Mew 8798, 8500
Seawater salinity, g/l c 35
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Seawater pipes

Diameter of cold/warm water pipe, m Dcwe, Dwwe 2.5
Length of cold/warm water pipe, m Lcwe, Lwwe 3000, 200
Depth of cold water, m dewe 1000
Turbomachinery efficiency
Ammonia turbine isentropic efficiency, Nis,T 0.890
Ammonia pump isentropic efficiency, Nis,pump 0.850
Ammonia turbine mechanical efficiency, Nmech,T 0.985
Ammonia pump mechanical efficiency, Nmech,T 0.970
Ammonia pump electric efficiency, Nel,pump 0.970
Generator electric efficiency, Nel T 0.980
Hydraulic efficiency of seawater pumps, Nhyd,sw,pump 0.850
Seawater pumps mechanical efficiency, Tmech,sw,pump 0.970
Seawater pumps electric efficiency, Mel,sw,pump 0.970
Ammonia turbine

Mass flow, kg/s mg 92.8
Inlet pressure, bar P3 9.15
Inlet temperature, °C T3 22.1
Expansion ratio, B 1.42
Outlet temperature, °C T4 11.3
Rotational speed, rpm ®rpm 3000

Heat exchangers
Overall heat transfer coeff. of evaporator/condenser, W/m?/K Ueva, Ucond 4019.4, 3464.7

Heat exchange area of evaporator/condenser, m? Acva, Acond 6646.9, 7478.6

Seawater pressure drop of evaporator/condenser, bar APsyeva, APsweons 0.4221, 0.3704
System performance

Net power output, KW, Whet 2356.2

Power consumption warm/cold seawater pump, kW, W, Wew 481.7,1038.8

Net efficiency, MNnet 0.0206

4  Off-design modelling

As regards the parameters that influence the OTEC system behavior, the exogenous parameters are the cold and warm
seawater temperature (Tww and Tcw). These temperatures show variations during time that strongly depend on the plant
location. Warm seawater is undoubtedly characterized by more sensible oscillations than cold (deep) seawater. The effect
of seawater salinity change is neglected.

The OTEC plant has to face change of seawater temperatures, dealing with off-design operation that has to be properly
considered to get a reliable estimate of the plant profitability.

The modelled OTEC system can vary the seawater pumps rotational speed thanks to their variable speed drive, in order
to guarantee the maximum net power output for any given seawater temperatures. This degree of freedom could also be
exploited to follow the electricity load requested. Anyhow, it is important to stress that OTEC plants offer a slow response
to load change because of their significant heat exchangers’ thermal inertia.

As regards the net power output constraints, maximum and minimum net power output are limited to 1.15 and 0.15 of the
design values respectively.

The developed algorithm computes off-design performance taking into account the characteristic equations of each com-
ponents coupled with the operational constraints. The resulting set of non-linear equations is solved with KINSOL [23,24].
In the following, the characteristic equations of the system components are reported and discussed. It is worth to underline
that particular attention is devoted to the ammonia turbine whose main characteristics (i.e. isentropic efficiency and op-
eration map) are detailly investigated.

41 Turbine

A preliminary turbine sizing was carried out with an in-house mean-line code [25,26]. The mean-line flow representation
assumes unidirectional and uniform flow along the midspan direction, relying on semi-empirical correlations for loss

5
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estimates and angle deviations. The turbine boundary conditions, mass flow rate and rotational speed were assigned to
comply with the design requirements of the ammonia power cycle, detailed in section 3. The limited pressure ratio im-
posed by the power cycle can be effectively realized in a single-stage turbine, thus guaranteeing a relevant technical
simplification. The number of blades was estimated with a well-established loading criterion [27], yielding 67 and 71
blades for the stator and rotor, respectively. The turbine efficiency, expressed hereinafter as:

leul (1)
hpg = hys — 0.5 v2,, /2’

Nr =

where half of the outlet kinetic energy was assumed to be recovered with a diffuser [28], was the objective function of a
dedicated optimization task based on differential evolution algorithm [29]. As a result of the optimization procedure, a
first estimate of main geometrical parameters was obtained. An additional refinement of the geometry was carried out in
light of the preliminary CFD results, ultimately yielding to the final turbine sizing sketched in Figure 2. To ease the blade
manufacturability, dihedral blades were used for both the stator and rotor, extruding the midspan blade profiles along the
whole span. The resulting reaction degree of the machine was approximately 0.5, in agreement with standard design
practices for maximum efficiency operation. In the following, CFD simulations of such turbine design are performed to
generate comprehensive off-design performance maps, which will be embedded in the cycle off-design routine.

(a) 0,=0.5mm (b) ;
Caxs = 0.047 m X i as= 72°

£ u
©
A £ 3
S © =}
8 8 I
Q o @
‘i 1
1S < - N
Yy [~
© P : : c'E)
Al \ i H 0
© : 3 : )
o - A
| o
Il Caxr=0.051Tm Il
Tl &
£ o=04mm < N\

e e O | g

w = 3000 rpm
Figure 2 Main geometrical parameters of the axial-flow single-stage ammonia turbine reported in the (a) me-
ridional plane and (b) blade-to-blade plane at midspan.

411  Computational flow solver

Steady Reynolds-averaged Navier Stokes (RANS) equations were solved with the commercial software ANSYS-CFX
18.1® [30]. The total pressure and total temperature, along with an axial flow direction, were assigned as boundary con-
ditions at the stator inlet, while the static pressure was imposed at the rotor outlet. A mixing-plane interface that circum-
ferentially averages velocity components was placed between the stationary and the rotating domain, thus permitting the
simulation of a single blade passage for both the stator and rotor by imposing periodic boundary conditions. To avoid
spurious pressure oscillation at the stator-rotor interface in off-design conditions, the stator-rotor axial gap was increased
to one stator axial chord. Besides improving the convergence, the increased stator-rotor gap is not supposed to affect the
performance estimates as steady simulations are inherently unable to predict the unsteady stator-rotor interaction. This
latter contribution is however expected to be small owing to the low-loaded stage. Finally, no-slip and adiabatic boundary
conditions were supplied to the blade walls and endwalls (hub and shroud).

RANS equations were complemented with the two-equation turbulence model k — w SST [31], which was implemented
in the flow solver so that it automatically switches from solving the turbulence equations near the wall to introducing
wall-functions in the solution depending on the local y* value. The Reynolds number of the cascade was high enough
Re > 10° to justify fully turbulent flows. A turbulence intensity equal to 5% and an eddy-to-molecular viscosity ratio
equal to 5 were assigned as inlet boundary conditions in all simulations. For both flow and turbulence equations, advective
terms were solved with a high-resolution numerical scheme, while a central-difference scheme was employed for viscous
terms.

Although the expansion process falls within the saturation dome, single-phase simulations were carried out by extrapo-
lating single-phase properties till the spinodal limit [32]. From a physical perspective, the underlying assumption is that
non-equilibrium effects dominate, thus permitting the penetration of the single-phase vapor into the meta-stable region
without undergoing to a phase change. Within this framework, potential additional losses related to phase change phe-
nomena were neglected when determining the machine efficiency [33]. Thermodynamic properties were incorporated
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into a look-up table approach by using pressure and temperature as primitive variables. The table ranges were taken large
enough to avoid any clips or extrapolations which may make critical the convergence process, with an accuracy of ap-
proximately 0.1 K and 0.1 bar for temperature and pressure, respectively. A finer thermodynamic discretization did not
lead any substantial variation in solution.
Meshes were composed by structured hexahedral elements, realized with ANSYS-TURBOGRID®. A local cell clustering
was imposed near blade walls to obtain y* = 1, thus properly solving the boundary layer on the blades. A coarser cell
refinement was applied at the endwalls to alleviate the computational burden, resulting in y* = 30 therein. Although the
introduction of wall functions at the endwalls might potentially cause an underestimation of secondary losses, this latter
contribution was expected to be limited because of the comparatively low stage loading.
A dedicated grid-convergence study is reported in Figure 3 (a) with five grid refinements. Specifically, stator and rotor
meshes were obtained by doubling the overall cell number each time, both starting from approximately 4.3 x 105 cells
with around 9.2 x 10* elements in the blade-to-blade plane. Regardless of the level of refinement, each mesh retained
the cell distribution at the walls that was previously discussed. A grid-independent turbine efficiency, following the def-
inition in Equation (1), is obtained after four refinement, yielding similar meshes for the stator and rotor, which are
roughly composed by 3.5 x 10° elements with 4.0 x 10* elements in the blade-to-blade plane, respectively. The grid-
independent mesh is reported in Figure 3(b) for both the stator and rotor passages.

@) (b)

89.4

1y [%]

88.4

12 4 8 12

Grid elements x 108
Figure 3 Grid-convergence assessment in terms of turbine efficiency (a) and grid-independent mesh selected for
the generation of off-design performance maps (b).

4.1.2  Turbine aerodynamics and off-design performance maps

The flow field of the single-stage ammonia turbine at design conditions, setting P, = 9.15 bar and T, = 22.1 °C at the
inlet (corresponding to saturated vapor at that temperature) and P = 6.17 bar at the outlet, is reported in Figure 4. The
resulting design pressure ratio is § = 1.5. The flow regime is subsonic everywhere, with a Mach number at the throat
approximately M = 0.5, which raises up to M = 0.7 on the rear suction side. The rotor incidence is almost null at the
midspan, confirming the quality of the preliminary design based on mean-line considerations. As a consequence of the
two-dimensional rotor evolution along the span, slightly positive and negative incidence angles up to +5° are found at
the rotor hub and shroud, respectively, with a limited impact on the overall efficiency, which is n; = 89.2%.

(a) (b)
P [bar] M
9.15 0.8
8.00 0.6
6.83 0.4
5.66 0.2
4.50 0.0

Figure 4 Flow field expressed in terms of (a) pressure and (b) absolute and relative Mach number for stator and
rotor, respectively, at cycle nominal conditions.
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Off-design performance maps, reported in Figure 5 both in dimensional and dimensionless form, are generated by varying
the outlet pressure while freezing the upstream total state that corresponds to a specific saturated vapor condition. The
rotational speed is kept constant at w = 3000 rpm. The procedure is repeated for different saturated temperature levels
at the turbine inlet. Each curve is built on the basis of five separate CFD runs. An additional CFD simulation is performed
for the intermediate temperature level to have a more realistic interpolation of the dimensionless efficiency curve close
to the peak value. As previously noted, both the stator and rotor operate in a subsonic regime with a Mach number below
unity at the throat, thus far from choked conditions, which are instead reached simultaneously in both cascades (as the
overall expansion ratio is almost equally split between the stator and rotor) when the overall turbine pressure ratio exceeds
. = 2.0. Notice that the critical expansion ratio is lower than its counterpart for steam and gas turbines because the
operating temperature is significantly reduced, hence exhibiting a lower speed of sound in such thermodynamic condi-
tions. In the range of interest circumscribed by the seasonal variability of the seawater temperature, the turbine never
operates in choked conditions because the associated pressure ratio is always lower than the critical one. The efficiency
trend is almost constant in the neighborhood of the design point (0.85 < 1m/1,,,, < 1.00), then suddenly dropping at
lower and higher flow rate mainly due to a variation of the flow angle at the rotor leading edge, provoking a flow separa-
tion on the pressure and suction side, respectively. Following the efficiency definition provided in Eq. (1), it is not sur-
prising that the turbine efficiency can slightly increase (An; = +0.35%) at flow rates lower than the design one
(m/m,,m ~ 0.95) because the associated reduction in the outlet kinetic energy overcomes the increase in fluid-dynamic
losses.
The performance maps are generalized by recalling the standard definition of reduced mass flow rate:

Tin )
P’

Although Equation (2) is strictly valid only for ideal-gas flow [34], real-gas effects can be practically neglected since the
compressibility factor approaches unity (Z = 0.9 in all expansion processes under examination). Moreover, from Figure
5 it can be clearly noticed that all dimensional curves, parametrized in terms of saturated temperature at the turbine inlet,
collapse in a single dimensionless curve for both the pressure ratio and efficiency against the reduced mass flow rate. This
evidence can be explained by referring to the similitude theory: given the same pressure ratio, the considered temperature
variations do not entail appreciable differences in the fluid thermophysical properties (the ratio among specific heats is
nearly constant), hence the machine loading is in practice constant. Moreover, the Reynolds number is sufficiently high
(Re >10°) in all expansion processes to ensure self-similarity in Reynolds effects. Finally, the evolution of the speed of
sound, hence the Mach number at a given stage loading, is the same regardless of the inlet temperature level. In this
context, the similitude theory holds, as further confirmed by the flow simulations that were carried out in this work
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Figure 5 Performance maps of the single-stage axial-flow ammonia turbine.

The expansion ratio and the isentropic efficiency, expressed in dimensionless from, are approximated by two analytical
functions, thus simplifying their usage in future studies:
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The numerical coefficients (A, B, C, D and E) are determined via a least-square regression and they are explicitly re-
ported in Table 2.

Table 2 Coefficients used in the functions for the calculation of the off-design expansion ratio and efficiency.

Coefficients
A B C D E
p 0494 06259 5.403E-8 14.16 -
-27.45  103.52 -147.96 94.89 -22.00

Since the ammonia expander does not have a partial-admission stage, the sliding pressure mode, which allows the turbine
inlet pressure to freely change with load, is considered.

4.2  Heat exchanger

In off-design conditions, the change of ammonia and seawater mass flows together with the change of fluids
thermophysical properties directly impact on the convective heat transfer coefficient. The nominal overall heat transfer
coefficient (Unom) of the Plate Heat Exchangers (PHX) is estimated with the Aspen® EDR [35]. Taking into account the
PHX structure, the overall heat transfer coefficient is made of three contributions, namely, the convective heat transfer
coefficient of both the working fluid (htcws) and the seawater side (htcs), and the wall conductive resistance (R wan) as
reported in the following relation:

-1
1 1
v = B )
<htcwf * htcg, + Wa”)

Table 3 reports the nominal overall heat transfer coefficients for both evaporator and condenser [8] and the ratios between
Unom and the three considered thermal resistances contributions reported above, namely, osw, ows, and cwail.

Table 3 Sizing performance of HX.

Sizing performance of HX

Symbol EVA COND

Overall heat transfer coefficient, W/(m?K) Unom 40194 3464.7
Seawater convective resistance/total resistance, Olsw 0.4517 0.4355
Ammonia convective resistance/total resistance, Olwf 0.1263 0.1089
Wall resistance/total resistance, Olwall 0.4220 0.4556

The main parameters that influence the overall heat transfer coefficient are taken into account to estimate the PHX per-
formance in off-design conditions. In particular, Cooper’s correlation [36,37] is implemented to model the ammonia
evaporation in part-load operation, resulting in the following expression for the overall heat transfer coefficient (Ugya):

1

Ugva =

’

Asw " awf
+R", +
. 0.6 w _ 3.03
Unom( msw ) Unom [( Pred )0.12 ( _Lng Pred ) 0.55] (6)

m —
sw,on Pred,on Log1o Pred,on

where pred is the ratio between the operating pressure and the ammonia critical pressure (113.0 bar) [17].
The condenser overall heat transfer coefficient (Uconp) in off-design conditions can be evaluated with the correlation
proposed by Kakag et al. [38]:
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where Prws, Kws and pws are the Prandtl number, the thermal conductivity and the dynamic viscosity of the ammonia
(saturated liquid).
As far as the seawater pressure drop is concerned, assuming a negligible variation of the friction factor, the off-design
pressure drop, for both warm (evaporator) and cold seawater side (condenser), is:

(mSWz/pSW)off (8)
Al:’HX,sw,off = Al:’HX,sw,on . 2, N\
(msw /pSW)on

where psw is the seawater density.

4.3  Seawater pipe

The head losses of seawater pipes strongly affect the seawater pumps consumption. In particular, the change of both
seawater mass flow rates and density, which is induced by a temperature change, needs to be taken into account with the
relations reported in [15,39,40].As regards the contribute of friction head losses (AH,, pipe), it is assumed to be dependent
on seawater velocity solely (for both cold and warm seawater):

Lo /U, 185
AH.. . = 6.82_Ppe (pive 9)
swptpe DL ( 100 )
Both cold and warm seawater pipe diameters are set to 2.5 m in order to not overcome the limitations imposed by me-
chanical stresses. [39]. The effect of localized pressure drops (i.e. valves, bends, section changes etc.) is neglected.
As regards the cold seawater pipe, the contribution to head losses of density difference (AH, ), which can vary during

time, is expressed as follows:

1 /1
AHP.C =dcwp — ,D_ (E (Pew + wa)dcwp> (10)

cw

4.4  Pumps

As underlined in section 3, seawater pumping power represents about 64% of the system net power output. The pumps
consumption mainly depends on the processed mass flow rate, which influences the pressure drop in both heat exchangers
and pipes, and, secondarily, on the seawater temperatures (see. 4.3). The electric motor efficiency (ne) and mechanical
efficiency (nmech) as function of the load are taken from Thermoflex® [41] and reported in Figure 6. The pumps hydraulic
efficiency (nnya) is assumed constant thanks to the use of a variable speed drive, commonly adopted in axial (or mixed-
flow) pumps.
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Figure 6 Hydraulic, mechanical and electric efficiency variation as function of load ratio [41].

As regards the ammonia pump, a variable speed drive is assumed as well, thus the same efficiency variations described
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above are adopted.

45  Off-design results

Once the design characteristics are defined (see section 3), for each value of exogenous parameters (seawater tempera-
tures) and control variables (seawater mass flow rates) the off-design condition can be determined by the model discussed
in the sections before. It is important to notice that the two mass flow rates can be varied independently, but for a given
cold seawater mass flow rate exists a single value of hot seawater mass flow rate that maximizes the plant net power.
Table 4 reports the system parameters that characterize two representative off-design conditions with respect to the design
one (DESIGN). CASE A is characterized by the same seawater temperatures of design case (i.e. 28°C, 4°C) and by a 50%
reduction of both seawater mass flow rates. In particular, this condition simulates a wanted load reduction (approximately
84% of nominal load), e.g. to fulfill a hypothetical power change required by the electricity network (if OTEC plant is
not used as base-load plant). The decrease of the evaporation temperature and the increase of the condensation temperature
causes a drop in cycle efficiency along with a decrease of both turbine pressure ratio and ammonia mass flow rate. It is
worth to underline how the turbine isentropic efficiency shows a small increase.

CASE B shows a relevant reduction of the exploitable temperature difference that decreases from 24°C to 17°C. In order
to guarantee the maximum net power output, seawater mass flow rates are reduced by the system so that a trade-off
between cycle power output and seawater pumps consumption is achieved. Turbine isentropic efficiency shows a limited
reduction even for a strong load reduction (ca. 30% of design load), thus underlining how turbine maintains good perfor-
mance for a wide range of operating conditions.

Table 4 Cycle parameters change for two representative off-design cases (CASE A, CASE B) respect to the design
case (DESIGN).

Cycle Parameters
DESIGN CASEA CASE B

Inlet seawater temperature WW/CW, °C 28.00/4.00 28.00/4.00 24.00/7.00
Seawater mass flow rate WW/CW, kg/s 8798/8500 4399/4250 6920/6092
Net power output, MW, 2.35 1.95 0.71
System net efficiency, 0.0205 0.0200 0.0085
Outlet seawater temperature WW/CW,°C 24.89/7.26 22.66/9.57 21.04/10.39
Global heat transfer coeff. EVA/COND, kW/m?/K 4019/3465 3279/2672 3801/2803
Evaporation temperature, °C 22.05 20.37 19.00
Condensation temperature, °C 10.12 12.07 12.88
Pressure ratio, 1.483 1.314 1.224
Ammonia mass flow, kg/s 93.16 79.37 68.94
Turbine isentropic efficiency, 0.890 0.898 0.878

The off-design trends outlined in Table 4 are complemented by the representation of the thermodynamic cycles shown in
Figure 7 together with cold (blue lines) and warm (red lines) seawater stream while thermodynamic cycle is reported in
green. Gradient colors order follows the net power output trend.
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Figure 7 Ammonia cycles thermodynamic in Temperature-entropy space for the three cases reported in Table 4.
Warm and cold seawater temperature variations are reported as well (entropy is properly scaled in order to match
the corresponding ammonia entropy).

Taking into account Tww and Tew equal to 24°C and 7°C respectively (CASE B), Figure 8(a) highlights the importance of
choosing the seawater mass flowrates that maximize the net power output. In this specific case, the best performance is
obtained for a reduction of approximately 30% of both mass flow rates.

Figure 8(b) reports, for muw,raio €qual to 0.7, the trade-off described above highlighting the link between cold seawater
mass flow rate and seawater pumping power, net cycle power output and cycle efficiency. It is possible to notice how an
increase of cold seawater mass flow rate causes a decrease of cold seawater temperature difference (ATcw) While the
condenser minimum temperature difference (ATgp,cond) Shows a slight increase hence, a reduction of condensing pressure
can be appreciated and so higher cycle conversion efficiency is achieved. On the contrary, seawater pumping power is
monotonically increasing with seawater mass flow rates, hence, the net power output (graphically shown by the difference
of the two series) shows a maximum. The trends for a variation of warm seawater mass flow rates are analogous from a
qualitative point of view.
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Figure 8 Effect of mass flow rates control on net power output for CASE B (Tww=24°C, Tcw=7°C) (a). For CASE B
(mMwarm ratio equal to 0.7), seawater pumps consumption, net power output and efficiency of the cycle. Trend of cold
seawater temperature difference and ATpp of condenser (red series) is referred to secondary axis.
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In order to reduce the computational efforts requested by a yearly simulation and to give a single view the results described
above, an operational map that shows the maximum power output achievable by the OTEC plant as a function of the
exogenous parameters is computed and reported in Figure 9. Specifically, for each value of cold and warm seawater
temperature the maximum electric net power achievable (varying both the seawater mass flow rates) is reported hence,
each reported value represents the highest net power output as shown in Figure 8(b). The performance map contains
system efficiency too.

Interpolating (bi-linearly) the operational map with seawater temperatures data makes it possible to perform fast simula-
tion while keeping a satisfactory level of accuracy.
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Figure 9 Optimized OTEC system net power output and corresponding efficiency (dashed lines) as function of cold
and warm seawater temperatures.

5 Yearly electricity output

The part-load model described before is adopted to estimate the maximum annual electricity yield of the OTEC plant
once the time series of seawater temperatures are available.

The Hawaiian Islands are universally recognized as a favorable location for OTEC plant thanks the high available tem-
perature difference between surface and deep seawater coupled with the presence of a considerable electricity demand
(about 9.7 TWh [42] ) that currently is fulfilled for more than 70% by imported petroleum and coal thus causing the
highest electricity price among U.S states [42].

The Hawaiian Islands are thus selected as location for the yearly analysis.

Superficial seawater temperature data, sampled with 15 minutes timestep, are retrieved from the National Data Buoy
Center website [21], while a constant value of 4°C for the temperature of deep seawater is assumed as no information on
its temperature is available. Deep water temperature is naturally less variable but, in some locations, internal waves can
be responsible of short-term temperature variations that could impact on plant performance.

It is worth underlining that the seawater temperature data have to be considered as indicative and they do not replace a
dedicated measurement campaign that is of paramount importance to correctly evaluate the OTEC potential while avoid-
ing the presence of local seawater temperature anomalies.

Figure 10 (a) shows the annual profile of warm seawater temperature considered in this study while Figure 10 (b) reports
the monthly average temperature of warm seawater along with the monthly maximum and minimum temperature. Figure
10 (c) shows a part of Hawaiian Islands chart together with the bathymetry.
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Figure 10 Annual surface seawater temperature (Station 51207) with a time stamp of 15 minutes (a) and monthly
average surface seawater temperature (b). Fraction of Hawaiian Islands cart with bathymetry highlighted (c).

Upon examination of Figure 10 (b), it is worth to notice how the selected location is characterized by a significant change
of surface seawater temperature, ranging from 29.1°C to 22.6°C (annual average temperature is equal to 25.9°C), thus
justifying the need for a dedicated off-design model in order to obtain a reliable estimate of the yearly electricity yield.

Once the exogenous parameters are defined, the yearly electricity yield is computed using the off-design map previously
computed (see Figure 9).

The obtained result for 8000 equivalent hours is of 15.963 GWhe, appreciably lower (18%) with respect to the result
previously published, in which a constant warm seawater temperature (equal to 28°C was assumed).

As widely reported in Open Literature, LCOE is a valuable parameter to compare power generation technologies. Tak-
ing into account the components investment costs along with the annual electricity yield, LCOE is estimated to be equal
to 316 €/MWh°©. Table 5 summarizes the cost main assumptions considered to estimate the plant investment cost.

Table 5 Component cost estimates for the optimized power plant [44-46].

Investment Cost

Component Costs
Evaporator 869 €/m?
Condenser 869 €/m?
CWP 590 k€/(m®/s)cold,sw

¢ FCR (Fixed Charge Rate) equal to 10.05%: FCR is the interest rate needed to cover the capital cost, a return on debt and equity, and
various other fixed charges [43].
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Turbogenerator 442 €/kWe turbine
Warm seawater pump 890 €/kWe,pump
Cold seawater pump 890 €/kWe,pump
Operation and maintenance [% Plant Cost] 3.3

Other costs 26% of components cost
Engineering and project management 4076 €/kWe net
Total Investment Cost 15518 €/ kWe net

5.1 System design optimization

Once the complete OTEC model is presented and discussed for a given plant design (see Paragraph 3), the question that
naturally arises is which is the optimum design that minimizes the LCOE.

In order to answer this point, a series of OTEC plants, which differ in both the design warm seawater temperature and
design cold seawater mass flow rates, are sized with the model described in [8]. It is worth to underline that all the
considered OTEC plants have the same CWP diameter, namely 2.5 m and, accordingly, its investment cost is maintained
equal to the reference case (8500 kg/s, 4°C) for each investigated design.

From a rigorous point of view, the ammonia expander should be re-designed for each studied design thus originating
different performance maps (see 4.1.2).

Nevertheless, the limited change of size parameter (0.2 m — 0.4 m) and expansion ratio (1.43 — 1.5) allow maintaining, as
a first approximation, the dimensionless expander performance map obtained in section 4.1.2. As regards the isentropic
efficiency, it can be assumed that 89.2% can be attained by varying the rotational speed with the addition of a gearbox or
an inverter. It is worth to underline that the addition of an inverter allows maximizing the turbine isentropic efficiency in
off-design condition at an additional investment cost.

Keeping the assumptions reported in Table 1, cold water mass flow and design warm water temperature are varied and,
among all possible sizing configuration represented by optimization variables (i.e. Tew, Tww, ATppww, ATpp.cw, Vix ), the
design tool identifies the set that guarantees the higher y (read the lowest specific investment cost). Conscious that this
sizing choice is not rigorous, because it does not exactly guarantee to attain the lowest LCOE, it is a design approach
useful to explain the main concept.

For each selected design, the procedure described in the previous sections is considered and the LCOE is computed.
Figure 11 shows the LCOE obtained for different plant designs in terms of warm seawater temperature and cold seawater
mass flow rate for the Hawaiian Islands case. The iso-specific investment cost lines are drawn (black dashed lines) and
both the minimum LCOE, specific to the best sizing (red pentagram) and the LCOE of the design reported in section 3
(grey circle) are highlighted as well.
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Figure 11 LCOE of different designs that differs in both design warm seawater temperature and design cold
seawater mass flow rate. Iso-specific investment cost lines are reported.

It is worth to notice how the LCOE trend is quite flat near the minimum of 284 €/MWHh, is obtained for a design warm
seawater temperature and cold seawater mass flow rates of 27°C and 12500 kg/s, respectively. The corresponding design
net power output is equal to 4066 kW, and the yearly electric energy yield is equal to 30.3 GWhe. The LCOE estimate is
strongly affected by uncertainty in components investment cost, but the best design parameters (i.e. warm seawater
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temperature, cold seawater mass flow) are nearly independent of it. Figure 12(a-b) shows the impact of the design cold
seawater mass flow rate on the main system parameters for a fixed design warm seawater temperature (i.e. 27°C). Spe-
cifically, Figure 12(a) confirms the presence of a minimum LCOE resulting from the different rate of increase of both
plant investment cost (dominated by heat exchangers and CWP) and the annual electricity yield that naturally follows the
increase of nominal net power. It is possible to notice that CWP investment cost is maintained equal for each design.
Figure 12 (b) shows the nominal net power, obtained as the difference between the cycle power output and the seawater
pumps consumption. The simile-parabolical pumping power increase (see sections 4.2-4.3) penalizes the net power output
that decreases after reaching a maximum at higher mass flow. The specific investment cost is characterized by a trend
similar to the LCOE while a completely different trend of y parameter can be appreciated. This discrepancy is produced
by investment size-independent costs, such as CWP and engineering costs which are not included in the calculation of y.
This fact suggests how this parameter is not a figure-of-merit that exhaustively help to identify the optimum plant con-
figuration when the study is focused on constant size CWP.
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Figure 12 (a) Trends of HX and CWP investment cost together with year electricity yield for different design cold
mass flow at same warm seawater temperature (27°C). LCOE is reported on secondary axis. (b) Nominal net
power, gross cycle power and seawater pumps power, y. Specific investment cost is reported on secondary axis.

Table 6 shows the off-design behavior for a plant designed to have the lowest LCOE (BEST). CASE A* and CASE B*
are defined coherently with CASE A and CASE B in Table 1. It can be appreciated how the optimized design is
characterized by a higher ratio between warm and cold seawater mass flow rates, with a significant increase of the net
power output (+73%). This effect can be explained by the superior “energetic cost” associated to the exploitation of the
cold seawater with respect to the warm seawater. As regards the off-design behavior, the observed trends are consistent
with the ones reported in Table 1.

Table 6 Cycle parameters change for two representative off-design cases (CASE A*, CASE B*) with respect to the
best design (BEST) identified above.

Cycle Parameters
BEST CASE A* CASE B*

Inlet seawater temperature WW/CW, °C 27.00/4.00 28.00/4.00 24.00/7.00
Seawater mass flow rate WW/CW, kg/s 16767/12500 8384/6250 13972/8750
Net power output, MW, 4.06 3.46 1.45
System net efficiency, 0.0201 0.0196 0.0093
Outlet seawater temperature WW/CW,°C 24.11/7.92 22.90/12.75 21.28/11.37
Global heat transfer coeff. EVA/COND, kW/m?/K  3036/2935  2421/2227 2893/2393
Evaporation temperature, °C 21.61 20.76 19.37
Condensation temperature, °C 10.10 12.75 13.26
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Pressure ratio, 1.4621 1.30 1.222
Ammonia mass flow, kg/s 164.02 139.13 127.68
Turbine isentropic efficiency, 0.890 0.898 0.885

5.2 CWHP length optimization

As final analysis, an assessment of the influence of the CWP length on the LCOE is presented in the following. Taking
into account the dependence of the cold seawater temperature on depth, it is possible to predict the presence of an optimal
CWP length which represents the best trade-off between CWP investment cost, pumping power consumption and ther-
modynamic efficiency. It is important to underline that this kind of analysis is extremely influenced by both the shape of
seawater thermocline and the bathymetric profile of the chosen site. In this preliminary analysis, the CWP length is com-
puted by assuming a constant bathymetric slope (approximately 19°) and a CWP investment cost proportional to length.
Taking into account the temperature-depth profile reported in [47], which can be consider representative of the simile-
Hawaiian site, the LCOE for cold seawater depths between 600 and 1400 m is computed. The computed LCOEs are
obtained identifying for every depth a different design which minimizes the LCOE taking into account the variability of
the warm seawater temperature reported in Figure 10.

Figure 13 reports the resulting LCOE, showing how, with the given set of assumptions, the decrease of CWP investment
cost and seawater pumping consumption obtainable with shorter CWP does not counterbalance the reduction of cycle
efficiency induced by the increase of cold seawater temperature.
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Figure 13 LCOE for different cold seawater depth (Temperature-depth profile adapted from [47]).

Far from being a rigorous rule, the trend of LCOE is influenced by the temperature-depth profile that is strongly site-
dependent; in particular, it is possible to access to data obtained from floating buoys in the oceans that reports temperature-
depth profile (till 2000 m) that confirms the need to a careful estimate of the cold seawater availability [48].

6 Conclusions and future developments

This work discusses a techno-economic assessment of a CC-OTEC (based on ammonia saturated Rankine cycle) with a
particular attention posed on the description and analysis of a simulation tool able to predict the off-design behavior.
With the aim of filling a gap in OTEC system modelling, specific care is devoted to study the ammonia turbine. Turbine
sizing is accurately performed by a mean-line code while the operating performance maps are obtained by mean of CFD
simulations; in particular, specific analytical correlations, which explains the turbine off-design performance map, are
deducted and proposed.

As a first analysis, OTEC plant that implements CWP with diameter equal to 2.5 m (reasonably considered as the current
technological limit) is considered and the design characteristics are taken from a previously published work. For a specific
location (i.e. Hawaii) characterized by a variable warm seawater temperature, the off-design model allows estimating the
annual electricity yield and the corresponding LCOE, equal to 15.963 GWh, and 316 €/ MWhe respectively; this LCOE is
18% higher with respect to the value estimated assuming a constant warm seawater temperature. The obtained LCOE is
undoubtedly far from being competitive with conventional power generation technologies but, it results comparable (if
not lower) with electricity price in remote islands, where thus the OTEC technology can be potentially implemented and
further developed.
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Using the LCOE as objective function, the optimization of the design conditions is performed (i.e. cold mass flow rate
and warm seawater temperature) thus extending what reported by the authors in a previous work. For the selected site,
the best design is obtained for 12500 kg/s and 27°C, corresponding to LCOE reduction of 11% (284 €/MWhe).

Since the objective functions (LCOE), near the optimum, results quite flat, a certain safe margin is available for OTEC
plant design. It is worth to underline that the techno-economic assessment depends on site choice and it is affected by an
unavoidable uncertainty that is mainly concentrated in the economic estimate of components investment costs that can
affect the LCOE estimate. The significant cost uncertainty is unavoidably related to the lack of a significant OTEC market:
a reduction of this uncertainty is anyhow reasonably foreseen thanks to the growing interest in the OTEC technology and
thanks to the experience gained during real plants construction.

A sensitivity analysis on the CWP length for a given seawater temperature-depth profile has shown that the CWP cost
reduction and the pumping power reduction obtainable with shorter CWP does not counterbalance the decay in the ther-
modynamic cycle efficiency.

Thanks to the capability of the developed suite (i.e. sizing and off-design performance), an interesting future development
is represented by the study of the optimum OTEC plant in a scenario characterized by both variable electricity price and
load request by the users. Moreover, the integration of OTEC plant inside microgrid, where different renewables (i.e. PV,
wind etc.) can coexist together with storage systems (i.e. batteries, PHES etc.) [49,50], can enhance the opportunity for
OTEC technology to penetrate the market of power generation in remote islands archipelagos.
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