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ARTICLE INFO ABSTRACT

Keywords: Ocean Thermal Energy Conversion (OTEC) systems are categorized as Renewable Energy Systems
Ocean thermal energy conversion (RES), as the natural sea temperature difference (AT), between the surface water and the deep
OTEC

seawater, can be exploited either to produce electricity or to deliver a by-product. The sea water
temperature varies according to location/country, also depending on sea depth and distance from
shore. Therefore, the minimum distance from shore can vary in order to meet the required AT for
the system to perform in a beneficial manner. The present study investigates the effect of such
cases, by examining the magnitude of the heat transfer loss of the cold-water pipes (CWPs), in
terms of the outcome in the theoretical efficiency of the system. CWPs are computationally
investigated using the COMSOL Multiphysics software, to assess a more accurate AT. Contrary to
this study, in most literature cases the AT used in the performance estimations, is the one found
on location and without any computational process. The CWP pump was also assessed in terms of
required power and case. A parametric analysis of the size of the CWP, mass flowrate, pumping
power, pipe material, distance from shore, and a comparison between onshore and offshore
positioning of the OTEC systems is presented. Offshore systems seem to exhibit a desired lower
temperature difference by up to 86 % from that of long-CWP onshore systems. Overall results
indicate, even considering the non-ideal case of heat loss, OTEC systems - onshore or offshore -
may become viable, but site specific AT estimations are required per case.

Heat transfer
OTEC cold water pipe

1. Introduction

The energy acquired (or transformed) from natural sources that can be revived on a rate higher than can be exploded, finds ap-
plications through Renewable Energy Systems (RES). In the case of oceans/seas and possible marine applications, one may refer to
solar energy absorbed by the oceans/seas in the form of heat energy. Thereby, the natural sea temperature difference (AT), between
the surface water and the deep seawater, can be exploited either to produce electricity or to deliver a by-product through the RES called
Ocean Thermal Energy Conversion (OTEC) systems. The OTEC concept is not recent and was conceptualized by Jacques-Arsene
D’Arsonval in 1881, while later — in the 1920s — Georges Claude constructed the first experiment in Cuba [1,2].

Given the temperature difference between the deep seawater and surface seawater, thermodynamic cycles, such as Rankine cycle,
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can be used to generate electricity with the use of a turbine [3-8]. There are different cycles and configurations that could be used,
different working fluids [9], as well as more novel approaches like the temperature lift cycle [10]. The seawater temperature however
varies with location (for instance, depending on the distance from the equator) and therefore, one of the major disadvantages of the
OTEC technology, is the lack of high-enough AT availability values in every geographic location/country. It should be mentioned here
that the net power output of an OTEC system could decrease by up to 10 % with every temperature difference drop of 1 °C [11]. The
tropic regions and the equatorial region in general have an advantage over other locations, with high surface seawater temperatures
and less variations throughout the year. OTEC systems are not only highly dependent on high-enough AT, but also on the location on
where this difference can be found. For example, when the required AT is satisfied at a 1 km depth and a short distance from the shore,
an onshore system could be more realistic; otherwise an offshore system should be adopted. The distance from shore in this case
describes the length of a straight line between the location of the deep cold seawater and the potential onshore location of the system,
where the pipe will have to transfer the cold water. The OTEC system therefore requires two intake pipes, one that draws the deep cold
seawater and is placed at the seabed, and another one that draws the surface warm seawater.

As is the case with geothermal energy and hydroelectric energy, OTEC can have the advantage of continuous operation [12]. In
addition to electricity production, OTEC systems (depending on the cycle) can provide water desalination, hydrogen production,
aquaculture and air-conditioning [13]. OTEC systems have seen considerable attention at the end of the twentieth century [14-18], but
have not seen a major advancement since, due to the availability of more easily applicable RES (such as solar). Recently however, the
interest in OTEC systems has been revived due to the energy crisis and the race for green energy production and CO2 emissions
reduction [19,20].

Several OTEC case studies, onshore or offshore (real, pilot or theoretical), exist in the literature [21-30]. Several indicative ex-
amples are presented here. For example, a proposed theoretical designed OTEC plant of 5 MW net power using an offshore structure
was studied on the assumption of a steady 4.5 °C cold seawater temperature with a constant flow at 13.9 m®s~! and a pump efficiency
of 72 % [31]. Due to the choice of a large inner diameter (2.72m), the cold-water pipe (CWP) material was chosen to be glass fibre
reinforced plastic (FRP). Being an offshore system the CWP was 1 km long. In another study, the potential of an OTEC plant, of higher
power, 100 MW gross/100 MW net power, was examined for a relatively high mass flowrate of 366000 kg s~* (366 m> s 1) in the state
of Florida, USA [32]. For this particular case, the ideal depth of 1 km, and the estimated highest temperature difference, is located far
from the Florida shore (at approximately 98 km). A lower temperature difference of approximately 18 °C is possible at a significantly
shorter distance from shore, at 12 km. Based on the above, an offshore structure with 1 km CWP length, a pipe diameter of 10m and
with CWP pump efficiency assumed at 80 %, was proposed in order for maximum power output. In a more recent study a 10 MW OTEC
system in Morotai Island, North Maluku, Indonesia was proposed for a mass flowrate of 29000 kg s~ (29 m® s™1) [33]. Following the
assumptions in Refs. [34,35], the same temperature for the CWP at the inlet of the pipe and at the inlet of the condenser was assumed.
Regarding the determination of potential locations of high thermal gradient (i.e., high enough AT) for OTEC application can be found
in Ref. [36], where for AT > 20 °C and a distance from shore <10 km, a list of locations was presented. The average distance from shore
was at 7.7 km, with the minimum length at 2.3 km and the maximum at 10.9 km. It must be emphasized here, that for the sake of
simplicity, in OTEC modelling studies, no heat losses between the CWP inlet and the condenser inlet are considered, with the tem-
peratures assumed to be equal [37-39]. Numerical modelling of OTEC plants has also progressed from simple cycle calculations to
high-fidelity CFD platforms that optimise flow fields and component geometry in tandem. Liu et al. outline this evolution and highlight
how integrated optimization is displacing earlier lumped-parameter approaches [40]. Wang and co-workers, for example, linked
zeotropic-mixture selection with turbine sizing and reported several-point gains in first-law efficiency [41].

Despite these advances, almost all of the cited studies impose fixed warm- and cold-seawater boundary temperatures, even though
Rajagopalan & Nihous [42] and Giostri et al. [43] separately estimate that a 1 °C shift at either intake can alter net power output by
roughly 15 %. Closing this gap requires careful analysis of the CWP, which frequently has a large length and might gain several degrees
°C during ascent. Petroleum and geothermal research offer immediately applicable tools with capturing the convection—conduction
effects that remain relevant. For example, Zhou et al. [44] compared analytical solutions with a numerical solution (using COMSOL
Multiphysics) for ground heat exchangers in the presence of groundwater flow under convective boundary conditions. The authors
have noted that at low seepage velocities, additional vertical flow cools the pipe wall noticeably, however once the horizontal seepage
velocities is high, any extra vertical circulation makes a negligible difference to temperature. At the component scale, Saeidi et al. [45]
numerically investigated a shallow spiral ground heat exchanger, with fitted fins, with the 1D-3D approach applied in COMSOL. The
specific approach was also verified and validated. A ground heat-exchanger shell was modelled by Meikandan et al. [46], where the
model was verified and validated using a 3D approach and experimental data.

In most cases for OTEC performance estimation found in the literature and commented in this study, the condenser and evaporator
inlet temperatures are respectively the temperatures of the deep seawater and the surface seawater on location, not considering any
losses between the pipes and the surrounding environment. Any potential temperature losses/gains to the environments are directly
connected to the performance of the system, as the OTEC systems are heavily reliant on a very small temperature difference to run a
heat engine.

The actual goal intended here is to computationally investigate the effect of the CWP size (diameter and length) on heat losses and
their magnitude, and consequently on temperature difference, pumping power and efficiency of OTEC systems. Doing this, can answer
the feasibility question of applying/using OTEC systems at all (constituting a novelty as — to our knowledge — no other such study exists
for OTECs). The methodology is described in Section 2, with a parametric analysis of the size of the CWP, mass flowrate, pumping
power, pipe material, distance from shore, and a comparison between onshore and offshore positioning of the OTEC systems performed
in Section 3. The study is concluded in Section 4.
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2. Materials and methods

For the estimation of the performance of the OTEC systems, seawater temperature difference, from the seabed (of approximately 1
km) to the sea surface, is assumed by most researchers to be approximately 20-24 °C based on the available location data [47-50].
With such temperature difference (AT = 20 °C) the OTEC system Carnot efficiency is estimated at 6.7 % (see also Fig. 3). There are
though cases of hybrid cycles yielding higher system performance [51]. In regions than can maintain a AT of 17-18 °C or higher, the
OTEC systems can maintain a yearly maximum efficiency [52]. However, with the heat losses that occurs at the CWP, the actual AT
that applies for the thermodynamic cycle’s estimations might differ from the assumed AT. The study performed here is generic for any
OTEC system, focusing on the effect of CWP on heat losses. However, data related to the location of an existing OTEC system installed
in Hawaii (at the Natural Energy Laboratory, Kailua-Kona, HI, USA) is considered here, as presented in Table 1 and Fig. 1. Note that the
selected location (presented in Table 1 and Fig. 1) is at an approximately 10 km distance from shore.

The CWP is placed in deep seawater and it is essential to be located at the lowest possible water temperature. The available size of
the CWP, namely the diameter and the length of the pipe, has a direct effect on the pumping power and the pressure losses (see
equations described below). Clearly, the length of the pipe has a major impact in terms of investment and capital cost of the system, due
to the added cost for the material and the labour. The CWP has to not only pump the required seawater but also to withstand high
mechanical loads. It has been described in the literature [53,54] that the mechanical loads can be due to the suction stress, waves and
currents’ loads, and pipe weight stress. The materials that are used for such piping systems are high density polyethylene (HDPE) or
fibre reinforced plastic (FRP). Large diameter HDPE pipes placed in the sea (offshore) find applications for intake cooling seawater in
large scale power plants [55]. HDPE high resistance to corrosion could make it also a favourable solution for the sea environment.
Previous projects [56,57], such as the OTEC project by Lockhead Martin at Kumejima Island, used HDPE pipes reinforced with steel; it
was noted that due to the diameter limitation of the HDPE pipes (maximum 2.5m), this solution is mostly suitable for plants with a
capacity of 2.5 MW or lower. FRP is recommended for larger diameter pipes and larger capacity plants [58]. In the present study, HDPE
pipes are selected as CWP for the lower capacity systems, while FRP material is selected for the higher capacity system; their speci-
fication can be seen in Table 2.

To meet the aim of the current study as described in the Introduction, data from previous case studies are used for the compu-
tational investigation of how the CWP size (diameter and length) affects the pumping power and the efficiency of OTEC systems, also
suggesting the most advantageous position (onshore versus offshore). Depending on the capacity of the OTEC system, the CWP size and
the flowrate vary to satisfy the required load. In Refs. [59,60] the CWP was assumed to have a flowrate of 2-4 m® s~ corresponding to
every net MW of electricity required. With this assumption, and with the density of the seawater estimated at 1023.6 kg m° (at a
temperature of 25 °C and salinity of 35 g kg~!), the mass flowrate will be approximately 2047-4094 kg s~* (~2-4 ms™) for every MW
electricity required. These values are in line with the estimated flowrates in more recent studies, where similar flowrates are observed
[54,61], including demonstration plants (such as the demonstration plant in Kiribati, Pacific Islands Region) [62]. Table 2 shows the
required data used for the computational investigation for different capacities, namely 10 MW, 2.3 MW, 1 MW and 20 kW, based on
case studies gathered from the literature.

The required pipe length (horizontal distance) also depends on the morphology of the seabed and the distance (from shore) to reach
the desirable 1 km sea depth or the suitable sea temperature (lowest possible ~ 4-6 °C). Such example is the KRISO project where the
required depth of 3.5-4 km for the specific project is within a 5 km horizontal distance from shore [62,65]. The geometry of the CWP is
taken in a realistic scenario approach and a simplistic approach where the pipe is being placed linearly towards the seabed (seen in
Fig. 2). The pipe characteristics selected for the computational investigation in this research are presented in Table 2.

The simulations can follow a similar methodology to that applied in geothermal energy, where the heat transfer influence in
shallow geothermal energy systems is between the ground heat exchangers and the ground [66-68]. Similarly, the surrounding
environment for the CWP in OTEC systems is the seawater and the seabed. The basic equation governing the convective and conductive
heat transfer in the system under investigation is:

oT
pcpE+pcpu~VT+ Vg=Q 1)
where t denotes time [s], p denotes the density [kg m™°], u the velocity [m s 1], T the temperature [K], ¢, the specific heat capacity [J

kg’1 K’l], Q the power density of the heat source [W m’3], and heat flux g [W m~2] deriving from the Fourier’s law of heat
conduction.

Table 1

Seawater Temperature data with coordinates referring to the islands of Hawaii.
Title Seawater Temperature Data
Description Sea water temperature potential at different depths
Credits EU Copernicus Marine Service information
Publisher https://marine.copernicus.eu
Dataset global-analysis-forecast-phy-001-024-monthly
Variable sea water potential temperature [°C]
Geometry POINT(-156.1589169303501 19.72676261793143)
Depth Levels from sea surface to 1000 m
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Fig. 1. Temperature values based on data from Table 1 with (a) Average sea temperature with yearly maximum and minimum values for the sea
surface (20m) and sea bed (1000m), and (b) sea temperature depth profile.

Table 2

Parameters used in the current study simulations.
Capacity 20 kw 1 MW [62] 2.3 MW [63] 10 MW [58]
Material HDPE FRP
CWP inner diameter [m] 0.7608 1.9022 2.3776 4.000
CWP outer diameter [m] 0.800 2.000 2.500 4.210
Thickness [m] 0.0392 0.0978 0.1224 0.21
CWP mass flowrate [kg s~ ] 0.045 1.805 8.500 20.400
Thermal conductivity [W m K] 0.51 0.58 [64]
CWP distance from shore [m] (1)1000 (for vertical distance, e.g., floating structure),

(2)3000, (3) 5000, (4) 7000, (5) 10000

/////// -200
-400
-600

/ -800

Depth [m]
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3000 2000 1000 0

Distance from shore [m]

Fig. 2. Left: CWP realistic geometry (black) and simplified geometry (orange), and right: location taken from Google Earth Inc.

Temperature difference, AT [K or °C]

Carnot = - = = Curzon-Ahlborn

Fig. 3. Carnot efficiency and Curzon-Ahlborn with respect to temperature difference, for a steady surface seawater temperature of 26 °C (299.15K).

The COMSOL Multiphysics v6.1 software, with educational license, was selected to solve the convection-diffusion equation using a
transient time-dependent analysis. This choice was primarily driven by the accessibility and availability of the software. Additionally,
COMSOL offers a user-friendly interface and robust capabilities for solving both ordinary and partial differential equations (ODEs and
PDEs) using the Finite Element Method (FEM), making it particularly well-suited for this type of numerical analysis. Another approach
would be to solve the governing equations on a programming language such as MATLAB, however compared to MATLAB, which also
offers PDE-solving capabilities, COMSOL provides a more intuitive graphical interface and built-in tools specifically optimized for
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FEM-based Multiphysics simulations. The model was implemented using the ‘Heat Transfer in Pipes’ interface with the “novel” 1D
approach. The elements count was changed for each case study as to satisfy a maximum element size of 30m, and a growth rate of 1.1.

Having a very large domain and a small pipe diameter (high scale difference), and using a 1:1 scale in a 2D or 3D environment,
there is a need of high computational time and memory for generating the mesh (with equilateral cells) and providing a converged
solution. This weakness could be overcome either by applying a scale to one of the directions [68], or with the use of 1D simplified
version equation [69] on the pipes as shown below:

T 1, pA
pAGS+ pACyle - VT =V, (AIVT) 45 D% Ut + Quar o)
1

where A is the area of the pipe [m?], ue, is the tangential velocity [m s '], A the thermal conductivity [W m~* K™'], f, the Darcy’s
friction factor based on Colebrook friction model, and d; is the inner diameter of the pipe [m]. Qg is the heat conduction given by

Qwall = (hpZ) eff(Text - Tseawater) (3)

where T,y is the external temperature at the pipe wall [K], Tseqwarer the seawater temperature [K], (hpZ) o the effective value of the heat

transfer coefficient of the pipe for a circular cross section (hp) [Wm™2 K’l], and Z the wall perimeter of the pipe [m]. Note that the
boundary between the fluid and the tubes has an internal convective heat flux, with the convective heat transfer coefficient hj,
depending on the Nusselt number Nu, which can be estimated with the internal film heat transfer model as

B =Nu k ,Nu = 3.66 )

CWPi

where k is the heat transfer rate, and Dcyp; the inner diameter of the CWP. For further simplification, the model consists of only one
domain, the CWP in a 2D environment. The material used for the fluid in the CWP is seawater with its properties changing according to
the temperature and pressure. Of note is that the thermal conductivity can be affected by the salinity of the water, with a higher content
of salinity having a lower thermal conductivity [70], compared to pure water.

Seawater density in terms of salinity and pressure can be estimated using the Thermodynamic Equation of Seawater 2010 (TEOS-
10) formula [71-74]. The density, pressure and temperature at the seabed and the surface of the sea are considered constant and are
based on the Marine Copernicus data (see Table 1). TEOS-10 was used to pre-estimate the density p as a function of Absolute Salinity s,
(obtained from Practical Salinity, s,, via s, =~ 1.004715 s,), temperature, and pressure P [dbar]. For all calculations the gibbs-seawater
(gsw) toolbox [75] was used, which reproduces the Gibbs free-energy formulation of TEOS-10, gsw, (s, T,P), subsequently employed as
an interpolation function in the COMSOL model so that it will be thermodynamically consistent with modern oceanographic data sets
and climate-model outputs. Another approach (not applied here) would be to first estimate the bulk modulus at atmospheric pressure
(P=0),K(s,T), followed by the Pressure corrections, K(s,T,P), and to finally obtain the in-situ density at the desired pressure, p(s,T,P).

Transient runs used the backward-differentiation (BDF) time-stepping scheme (order 1-5), with an adaptive time step starting at
60 s; relative solver tolerance was 10>, For each case the solution time was < 1min with an 8-core Intel Xeon CPU and 16 GB RAM
desktop PC.

It must be emphasized here that validation of the presented model is beyond the scope of the current research. This is due to the
nature and the low maturity of the research done (especially academic) on OTEC systems, resulting in a lack of experimental data in the
literature; the latter are actually confidential as the experiments and case studies performed involve enterprises. Hence, validation is
left for a future research once real experimental data become available.

Instead, a verification of the computational model can be made through cases in the literature related to OTEC and equivalent
geothermal energy systems [66,68,76,77]. The ground heat exchangers are essentially pipes exchanging heat with the ground by
circulating water or an anti-freeze mixture solution fluid. This principle is therefore the equivalent as the OTEC pipes, with the dif-
ference that the OTEC pipes are submerged into the sea. In this case the exchange medium is considered to be the seawater, and the
external temperature T, is considered to be constant. The sea temperature change with respect to the depth (y-axis), used as the
external temperature of the pipe, is reported in the literature. The pipe external temperature T, is assumed to be constant since there
is a constant movement (sea currents) of the sea. Although an OTEC CWP rises through seawater and a geothermal borehole circulates
through soil and/or rock, the governing heat-transfer problem is mathematically identical once lateral seawater advection is neglected:
(i) with an internal, forced-convection water stream with mass flow rate m and specific heat c,; (ii) a cylindrical wall with thermal
conductivity k,, that provides a purely radial conduction path, and (iii) an external medium, either seawater or saturated ground, at
temperature T, (z) that changes slowly with depth. Because Equations (1)-(4) and the Darcy—Weisbach friction factor equation
(discussed later) are the same in both applications, with only the parameters being different (such as radius, etc.), matching measured
outlet temperatures in geothermal pipes validates the internal-convection, wall-conduction, and solver settings that are also present in
the OTEC calculations. Toward this verification process for the CWP, the studies considered were; (i) an OTEC model [78], for
verification of the pumping power equations; and (ii) vertical ground heat exchangers [79-82].

Carnot efficiency, which is essentially a theoretical maximum value, can be estimated using only the temperatures of the deep
seawater and the surface seawater, using the following equation:

_ Tdeep seawater ( 5)

Ncarnot = 1 T
surface seawater
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Another well-known efficiency approximation, using only the temperatures of the heat source and sink, is the Chambadal-Novikov
[83] (also referred to as Curzon-Ahlborn [84]) efficiency 7.y or 1c,, which can be described as

Nen OF Nga = 1— TTdeep seawater ( 6)
surface seawater

For both efficiencies, the Carnot and the Chambadal-Novikov efficiency, temperature units are in the Kelvin scale [K]. Choosing a
steady temperature of 26 °C (301.15K) for the surface seawater and varying the deep seawater temperature, one can estimate the
above-mentioned efficiencies, as shown in Fig. 3.

The required pumping power for the CWP is also of crucial importance as, for the usual lengths of the pipe, it could be in the range
of 20-30 % of the generated OTEC system power [85]. The required pumping power can be estimated using the following equation
[86,87]:

. AH,
Wy cwp = McwpAHcwp, 18 %)

My cwp
where meyp is the mass flowrate [kg s™1], g = 9.81 m s~2 the gravitational acceleration, 1. cwp 1S the pump efficiency assumed at 85 %
(or 0.85), and AHcwp 1 the total dynamic head difference of the CWP [m] as defined in Refs. [88,89] (see Equation (8)), and Mp.cwp 18 the

pump hydraulic efficiency. Multiplying mewp and AHcwp 1 converts the required head into mechanical power, which is then divided by
1. cwp t0 account for pump losses.

AHcwpr = AHewppr + AHewp g + AHc g (€))

The total head comprises (i) the pipe-related head AHcwppy (Equation (9)) caused by friction and fittings, (ii) the hydrostatic or
buoyancy head AH¢wp 4 arising from the density difference between cold and warm seawater columns, and (iii) the additional head
AHc¢ g required on the condenser side when applicable.

AHcwppy = AHcewps + AHcwpyp ()]

AHcwpy is the head loss due to friction, described by the Darcy-Weisbach, as

AHypy — fo o Uewn (10)
’ Dewpi 28

where Lcwp is the CWP length [m], Dewp; the inner diameter of the CWP [m], fp the Darcy-Weisbach dimensionless friction factor,
which captures wall roughness and flow regime. The head loss scales linearly with pipe length Lcyp, inversely with diameter Deyp;,
and quadratically with the mean velocity ucwp, reflecting the kinetic-energy dissipation of the developing turbulent boundary layer.
The Colebrook explicit approximation [90] was used for the estimation of fp, based on the Reynolds number (Re) [91]. On laminar

64
— 1
Re’Re < 1000

flows with low Re, the Stokes approximation is used and the condition in this case is fp = , where frp, =

64
max (fTurb7 E) ) Re > 1000

2
{1 .8log (%)} . In most scenarios estimated, Re is over 1000, and therefore the fr,,; is mostly used. Also, ucyp is the fluid velocity in
the CWP [m s_l] expressed as:

Mcwp Mewp X 4

= an
AcwePewe  Powp X T X Qgyp

Ucwp =

where, Acwp is the cross-sectional area of the CWP, and py, is the cold seawater density. The term AHcwp), (in equation (9)), defined
below, describes the minor losses of the CWP (due to fittings/bends, valves, etc.), which are equivalent to added length to the straight
pipe friction losses.

u2
AHewry =52 D fn 12)

Here > fn is the sum of minor-loss coefficients for bends, valves and inlets; where each coefficient translates the local disturbance into

an ‘equivalent length’ of straight pipe, which is why the term is of the familiar "23% form. The value of 60 for the sum, as found in the
literature [63,92], is applied here. The head difference in regards to the change in density (in equation (8)) is defined as [89].

1 /L

AHcwpa=Lewp — — < CZWP) (Pus + Pes) 13)

cs
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AHcyp 4 represents the hydrostatic head generated by the average density difference between the cold seawater (p,,,, [kg m~%]) and the
warmer seawater (p,,, [kg m~3]); hence it grows linearly with pipe length Leyp. The head difference due to the condenser is depended
on the sizing (capacity of the system) and has an important role on the required power from the pump. However, since in any case of

the CWP the condenser will remain the same, it can be neglected in the calculations here. For future reference however, the head
difference for the condenser can be defined as

AH, = —2 < (14)
C.HE 102 D
& ( eq) c

where L¢ is the length for the condenser [m], uc the seawater velocity in the condenser [m s’l], and fc the friction factor of the
condenser, Plate Heat Exchanger (PHE) or Shell and tube, although other choices could be selected, with no real effect on the result
despite any possible clogging due to salinity [93,94]), and can be obtained with the Taborek estimation [95]. (Deg) ¢ is the equivalent
(hydraulic) diameter (in this case for a noncircular cross section), which can be defined for a PHE as [96]

4A
Deq = ;HE (15)

where Apyg is the area of the PHE flow [mz], and P the wetted perimeter [m] (i.e., the short and long sides of the PHE). Other studies
[97-100] estimate the (Deq) ¢ s two times the clearance between the plates; this is the case for circular pipes.

Following the methodology and the verification of the model set-up, the results were obtained by the COMSOL Multiphysics 6.1
software. OTEC systems have conventionally a continuous operation and therefore do not require a specific start-up time, or set-up
time; however, for the estimation of this model, the initial temperatures were set for non-working conditions, and the model was
initially fixed for a time step with one month ending. The time stepping was estimated based on the Backward Differentiation Formula
(BDF) with 5 and 1 maximum and minimum BDF order respectively, with the steps taken by the solver set for intermediate stepping;
BDF takes at least one step in each subinterval of the times specified.

3. Results and discussion

Firstly, an investigation was conducted on the different approach of between using a realistic geometry of the CWP, and by using a
simplified approach. The computation results have indicated that during high flow rates, of 500 kg s~* (or velocities of 1 m s™!) or

2.5
2
15
ERRTE S
0.5
1] 0+ =t
0 0.5 1 1.5 0 0.5 1 1.5 2
u [ms'] CWPi [m]
AHf  -eeeeee AH,b AHf  -meeeee AH,b
(a) (b)
30
25
EZO
o 15
T
< 10
5
0
0 2 4 6 8 10 12
Lewp [km]

(©

Fig. 4. CWP Head difference: (a) due to friction (AH,f) and due to minor/bending losses (AH,b), at different fluid velocities, for Dcywp; = 1.9022m;
(b) at different CWP inner pipe diameters; and (c) due to density difference between the cold deep seawater and the warmer seawater at condenser,
at different CWP lengths, for constant mass flowrate of 45 kg s .
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higher, minimum to no difference (2.1 % or lower) in the output CWP temperature is observed. This can be justified due to the only
20m difference (or less than 1 % difference) in the CWP length. For the smaller flow rates, of 45 kg s7! (or ~0.05 m® s™!) or smaller,
there is a percentage difference observed at 16.8 % or higher in terms of AT between the initial temperature.

Before analyzing the effect of CWP size on AT, the head difference through the heat losses along the CWP are investigated. For a
fixed mass flowrate of 45 kg s’l, Fig. 4(a) shows the fluid velocity in the CWP (for fixed CWP inner diameter of 1.9022m), Fig. 4(b) the
CWP inner diameter with respect to head difference (AH), while Fig. 4(c) shows the effect of CWP length with respect to head dif-
ference. The total head difference, as explained in Section 2, accounts for the friction losses (equation (10)), minor/bending losses
(equation (12)), losses due to the density difference (equation (13)). It must be noted that the greater difference is due to the density
difference, which is proportional to the CWP length. The head losses due to friction and minor/bending losses account only for a small
percent, <5 % each or <10 % combined, of the total head loss for the CWP, which are also proportional to the velocity and the CWP
inner diameter.

For initial results the model set-up was initiated with the temperature at the condenser for one month of continuous operation, for a
CWP length of 10 km, as shown in Fig. 5(a) (initial temperature equal to the constant sea surface temperature of the evaporator at
27.3 °C). It can be observed that after one week of operation the temperature reaches a steady state, thus providing the condenser a
steady temperature input of 8.7 °C. Note that as the temperature of the deep seawater is at 4.5 °C (marked as a dotted line), yielding an
initial AT of 22.8 °C, there is a noticeable reduction of 22.7 % in AT (between the condenser and the evaporator). A further exami-
nation of the temperature along the CWP is presented in Fig. 5(b), where a rapid increase in temperature can be observed for distances
of <4 km lengths; this consequently can have a negative effect on the efficiency of the system.

The effect of the mass flowrate and the CWP inner diameter were considered in the study, to determine how these parameters affect
the AT and consequently the efficiency of the OTEC system. As observed in Fig. 6, using equation (2) for cold seawater density of 1028
kg m3, sizing down (i.e., reducing the diameter Dcyp;) the CWP inner diameter (for fixed mass flowrate of 100 kg s D has an
insignificant effect (of 3-4 %) on the condenser inlet temperature; however, reducing Dcwp; the pump does require higher pressure and
higher pumping power (as seen in Fig. 7, using equation (7)). Based on the requirements of the heat exchanger (sizing depends on the
exchange rate required), the cold-water pump is sized accordingly, and since the reduction of Dcwp; does not have a significant effect
on AT, and consequently nor on the efficiency of the system, D¢yp; should be scaled up in order to reduce the required pumping power.
It should also be noted that higher-diameter pipes come at a higher cost, with additional labour installation costs.

On the other hand, as expected, with the reduction of the mass flowrate at the CWP, the temperature difference increases in the
range of 96 % (Fig. 6), consequently reducing the OTEC performance by 29 % and 10 % (see equations (5) and (6)) for the 10 km and 5
km respectively. Another major effect observed is the distance from shore/length of CWP to the required deep-sea temperature. It is
also clear that temperature difference increases with CWP length, as demonstrated by the two curves of Fig. 6, where an up to 39 %
reduction is observed between a 10 km and a 5 km long CWP. However, this variable is mainly controlled by the chosen location, and
therefore cannot usually be adjusted at any given location.

The distance from shore (horizontal distance) and hence the length of CWP, required to achieve the desired AT, has an effect on the
net efficiency of the system, as there is a need for a higher pumping power (see 7(b), using equation (7)), as opposed to the essentially
no effect of the diameter of the CWP (see the curves in Fig. 7(a) for five different mass flowrates, where the effect is non-significant
above a certain CWP diameter depending on the case). It can be observed that, for fixed inner diameter Dcyp; = 0.7608 (from Table 2),
the pumping power increases with length by up to 88 %, regardless of mass flowrate. To satisfy the system requirements and to achieve
a lower temperature difference between the CWP inlet and the condenser inlet, the mass flowrate is increased (see the curves in Fig. 7
(b) for four different mass flowrates). However, increasing the flowrate increases the required pumping power in a linear manner. For
example, increasing the mass flowrate from 45 to 300 kg s~ (~0.045-0.3 m® s~!) makes the power to increase by nearly 7 times.
Consequently, the effect of increasing the mass flowrate on longer CWPs is a lot stronger than on shorter CWPs in absolute numbers
(see curves for powers at 1 km and 10 km). Hence, one can realize the advantage of a floating structure (of CWP length of 1 km) over
onshore structures (with CWP lengths of > 2 km) in this respect. This can also be supported in the literature, where case evidence
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Fig. 5. (a) CWP Temperature versus time at the input of the condenser, with a length of CWP at 10 km and with initial conditions specified in Fig. 1;
(b) Temperature variation across along the CWP, with length at points 0 and 10 showing the condenser inlet temperature and seabed temperature at
1 km depth respectively.
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Fig. 7. Cold deep seawater pumping power versus (left-axis) CWP inner diameters for a 10 km-long CWP and (b) CWP pumping power, versus CWP
length, for different mass flowrates (mcwp), both with an assumed 85 % pump efficiency.

shows that simply downsizing the pipe to maintain high velocities is rarely economical due to higher pressure drop, offsetting the
savings in material and installation [101].
Pumping power requirements are directly affected by the head differences previously reported. The relevant estimated slopes are

Table 3
Projected slope for the Head difference due to friction with different varying paraments.
Head difference Affected parameter Slope
AH Lp 20.553
Ucwp 14.698
Dp; 6.854
fo 5.394
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presented in Table 3. Linear relations for each parameter may be obtained by altering the friction factor, the pipe’s length, the fluid’s
velocity, and the inner diameter of the pipe. Table 3 shows that the greatest slope, and thus the greatest variation in pumping power, is
due to the length of the CWP. It is important to remember that the sum is used for the overall pumping power rather than the specific
numbers shown in Fig. 3. Lower values of slopes show less of an influence from changes in pumping power caused by the friction factor
and inner CWP pipe diameter. Increasing the CWP flow rate, minimizes the time available for heat exchange inside the pipe, resulting
in the cold deep seawater “arriving” at the condenser closer to its deep-sea temperature. This cooling benefit dominates even though
higher velocities also raise the convective heat-transfer coefficient, which on its own would favor a slightly warmer outlet. Therefore, a
larger flow rate accelerates thermal stabilization of the pipe and enhances the thermodynamic efficiency of the OTEC cycle. From a
techno-economic perspective, however, the gain is strengthened by the steep rise in hydraulic head and pumping power that ac-
companies both greater velocity and smaller pipe diameters. This very result was also reported in a cost-optimization study [102].
Consequently, flow-rate decisions should be made within an integrated framework that balances pipe heat-transfer performance,
structural constraints and life-cycle economics, as supported in recent multi-objective optimizations [103].

It should also be noted that the presence of biofouling is not expected to cause high changes in pumping power, even if it will
influence the friction factor and pipe diameter. In theory, this will overestimate the heat exchanger’s performance; nevertheless, when
fouling accumulates over time, it will be reduced until the cleaning threshold is reached. The fouling factor can be represented as an
additional pipe wall resistance (thermal).

The mass flowrate (left y-axis) as well as the length of the CWP (right y-axis) against the temperature difference between the
condenser inlet and the CWP deep seawater inlet, for a fixed Dewp; = 0.7608m (from Table 2) and cold seawater density at 1028 kg
m 3, are presented in Fig. 8 (upon using equation (2)). The pumping power, as also reported in Fig. 6, increases with the flowrate, and
one would suggest that lower flowrates would be more beneficial. However, the flowrate is a value that depends on the heat exchange
rate required and is predefined by the system designer. It can be observed that for all four different CWP lengths considered, namely 10
km, 7 km, 5 km and 3 km, the temperature difference decreases with flowrate. In particular, low temperature differences of <1 °C
(which account for low heat losses along the CWP), desired for high efficiency, are observed for high-enough flowrates, which might be
hard to achieve for the diameter size chosen. The right y-axis of Fig. 8 presents the case with a mass flowrate of 45 kg s}, where it can
be observed that very high temperature differences (>10 °C) (which account for high heat losses along the CWP) can be obtained. This
is a drawback for the selection of an onshore construction of an OTEC system for power production, as the desired AT of ~20 °C cannot
be attained. Hence, in such cases an offshore floating structure is recommended. Also, for the mass flowrate of 45 kg s7! the tem-
perature differences between a 10 km and a 7 km, a 5 km, and a 3 km CWP, for an onshore OTEC system, are reduced by 22 %, 39 % and
59 % respectively. Note that (not shown here), for a mass flowrate values of 1050 kg s~! the aforementioned values are 29 %, 48 % and
68 % respectively. Finally, comparing the 10 km with the 1 km CWP length case, which may correspond to an offshore system, the
temperature difference reduction is at 86 %. This once more points to a great advantage for the offshore systems providing a higher
performance when low flowrates and a long distance from shore is required. Further inspection of Figs. 7(b) and 8, reveals that moving
from the floating baseline (1 km vertical riser) to a 10 km shore-tethered pipe reduces the AT by ~8.7 °C, while at the same time
increasing the required power by a factor of 10. Due to the hydraulic head loss’s high dependence on overall length (seen also in Fig. 4),
and the heat dissipation’s primary dependence on the in-water segment, the distance from shore becomes a dominant factor when flow
rates are low or when the total pipe length is closer to the distance from shore (low slopes). Where permitting or environmental
constraints could prohibit piling, a moored barge placed offshore could give a comparable thermodynamic benefit.

An assessment of the effect of different pipe materials, namely the HDPE and the FRP, with very similar thermal conductivity values
at 0.51 and 0.58 W m ! K™ respectively, is performed. Despite having a slightly higher thermal conductivity (which is not desired in
the application under consideration), the FRP pipe requires a higher thickness (in order to effectively resist wave-induced bending),
thus providing higher R-values (thermal insulance) than HDPE, with respective values of 0.36 and 0.24 m? K W™ for the 4m and 2.4m
inner diameter pipes (see Table 2). Regarding the temperature difference between the condenser inlet and the CWP deep seawater
inlet, for fixed fluid velocity (ucwp = 0.1 m s™1), it turns out that the FRP pipe provides a lower value (0.7 °C) than the one yielding from
the HDPE pipe (1.7 °C); this is the case at the highest chosen distance from shore (10 km), using equation (2). At shorter distances,
lower differences are estimated. The FRP pipe although having a small advantage over the conventional HDPE pipe on the heat transfer
effect, it requires higher costs as it is not mass manufactured. It must be noted though that for higher than 2.4m pipe diameters, HDPE
pipes are not available and therefore the use of FRP pipes is essential. For vertical risers on a spar buoy, HDPE could be favored (due to
lower weight and lower price) and for diagonal on-shore systems exposed to bending, the use of FRP could be justified.

The investigated CWP in the present study exhibit an increase in the system intake (at the condenser) temperature (depending on
the case) of 1.4-8.7 °C. Mao et al. [104] employed a finite-volume model to show a comparable heat gain, but attributed most of the
loss to wall conductivity and insulation thickness rather than the distance from shore; they recommended thicker insulation or
alternative materials once the pipe exceeds several hundred meters. Another finite-volume analysis by Firmansyah et al. [105] ona 5
km onshore pipe found a more modest 1-3 °C rise and likewise stressed the need to account for in-pipe warming when sizing onshore
OTEC plants. These current findings therefore align well with the literature results where the results suggest that for long,
near-isothermal risers on floating platforms, material and insulation choices dominate, whereas for onshore configurations the hor-
izontal distance itself becomes the principal driver of thermal degradation. On the other hand, hydraulic parameters follow a similar
hierarchy. In the current study, pumping power grows by up to 88 % as the CWP lengthens from 1 km to 10 km (depending on the
flowrate case), while increasing the inner diameter beyond 0.8 m has minimum influence on AT, yet reduces head loss. Mao et al. [104]
likewise reported that larger diameters benefit the hydraulics, whereas outlet temperature is much more sensitive to insulation
thickness and flow rate.

Finally, with the potential climate changing, an increase of 1 °C in the seawater surface temperature, could decrease AT by <5 %
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due to the “warmer” layer pipe exposure. This surface temperature increase however will have a benefit on the thermodynamic cycle,
as it potentially provides a higher performance and output. Another comment, not examined in this study, is that the rejected heat is
essentially a high-quality low-grade heat (23-26 °C) that can be harvested for seawater air-conditioning, aquaculture, pre-heating of
desalination feed, or even as an input to a 5th generation district heating and cooling networks. Integrating such by-products can
recover power otherwise lost.

4. Conclusions

This study has presented a computational investigation of the heat transfer losses through the flow of cold seawater from the deep
sea to the sea surface along a cold-water pipe (CWP). The methodology has been described in detail in Section 2. COMSOL Multiphysics
software has been used as the main computational tool for the analysis, based on a series of relevant equations gathered from the
literature. Due to the lack of experimental data, a verification was performed based on cases in the literature for OTEC and equivalent
geothermal energy systems. The main results indicate the following.

The inner diameter of the pipe is not of significant importance in terms of the temperature difference between the cold seawater
intake of the CWP and the inlet to the condenser, with only a 3-4 % change for mass flowrate of 100 kg s}, regardless of CWP length.

The (horizontal) distance from shore is a factor, mostly not human-depended but location-depended, for onshore OTEC systems to
reach the required temperature and depths (approximately 1 km). This distance determines the length of the CWP and is of crucial
importance, as an extended length of 10 km provides values of AT that are not beneficial towards a viable OTEC system. Onshore
systems with different CWP lengths, namely 7 km, 5 km, and 3 km, exhibit a temperature difference reduction of 22 %, 39 % and 59 %,
compared to a 10 km long CWP, respectively. Offshore CWP and systems (with a CWP of 1 km) exhibit an even lower temperature
difference, estimated at up to 86 % from that of the 10 km long CWP. Regarding the mass flowrate effect on temperature difference, the
latter decreases with flowrate in the range of 96 % for a 10 km long CWP. The flowrates, however, assume values that the system
designer would have to consider in terms of the exchange rate in the condenser, and therefore cannot be varied dramatically.

The relation between the required pumping power and the size (diameter and length) of the CWP has also been investigated. First,
as expected, the pumping power increases with mass flowrate for fixed CWP size. Then, the diameter does not seem to significantly
affect the pumping power, while the length seems to play a significant role as the pumping power may increase with length by up to 88
%, regardless of mass flowrate.

Comparing HDPE and FRP pipes can show that FRP despite having slightly higher thermal conductivity, due to its larger wall
thickness offers higher R-values. FRP exhibits lower temperature differences over high CWP lengths, but comes with higher costs.
However, the use of FRP is necessary for large-diameter applications where HDPE pipes are unavailable.

Finally, the overall results indicate that, considering the non-ideal case of heat loss along the CWP, OTEC systems maintain their
potential for a viable installation. However, the depth of the sea and the horizontal distance from shore (i.e., the CWP length) remain
the most crucial factors. It can be particularly noted, that if the required distance from shore is in the range of 10 km or greater, the
possibility of the offshore floating structure should be considered. Floating structures, although at higher cost and risk, would provide a
higher efficiency in such cases. It is expected that the return of investment and the payback period could be potentially higher than
onshore systems, but this remains to examined and verified through a cost and probably an environmental assessment.
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