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A B S T R A C T   

Increasing the penetration of Variable Renewable Energy (VRE) in electric generation systems is a fundamental 
goal in reducing greenhouse gases emission. To reduce power fluctuations in electricity networks and avoid 
curtailment, large-scale energy storages represent one of the most promising solutions. Thermally-Integrated 
Pumped Thermal Energy Storage (TI-PTES) systems are an interesting technology that can be used for this 
scope if the heat source adopted for thermal integration can provide significant thermal power. The ocean 
temperature gradient in tropical areas is an attractive heat source to be coupled with the PTES system to realise 
efficient electric storage when integrated with an Ocean Thermal Energy Conversion (OTEC) system. In this 
study, a heat pump refrigerated by the warm tropical surface water uses electricity surplus from VRE to heat an 
amount of water contained in an end-life cargo ship used as water storage. The system discharges the stored 
energy through an ORC cycle refrigerated by the cold deep seawater when VRE production is low. A preliminary 
sensitivity analysis of the storage size and temperature is proposed through detailed system modelling to define 
the optimal design and layout. Therefore, the part-load analysis of the system is assessed to characterise the off- 
design performances and evaluate the potentialities of this system when applied to a plausible case study that 
includes VRE generation and an electric demand profile. Finally, the Levelised Cost Of Storage (LCOS) is eval
uated and compared to other storage technologies. Results show that the round-trip efficiency may achieve 
values higher than 60 %, and an equivalent electric battery capacity of 20 MWh is feasible using end-life ships 
acting as energy storage. In contrast, the obtained LCOS of 388 €/MWh is still not competitive in the energy 
market. However, since tropical areas have high energy prices, considering this application for remote island 
electrification could be an interesting solution.   

1. Introduction 

Moving towards a more sustainable future is nowadays a global 
priority, and the energy industry is expected to play a primary role in 
researching new emission-free systems to replace the highly polluting 
fossil fuel productions. The massive exploitation of Renewable Energy 
Sources (RES) during the last two decades brought significant savings in 
pollutant emissions. Consequently, due to the highly variable generation 
profiles of RES, the electricity networks are facing some operational 
issues caused by power fluctuations and a non-proper generation/de
mand matching. 

Grid-scale Energy Storage Systems (ESS) are gaining interest as a 
suitable solution for RES integration, thanks to their capability on load 
shifting [1]. Among this category, Pumped Hydro Energy Storage 

(PHES) has traditionally been the most used technology thanks to its 
high round-trip efficiency (65–85%), long operative life of up to 40 
years, and affordability [2]. However, the strong dependence on the 
geographical site makes PHES less attractive because of its low flexi
bility. To overcome this issue, grid-scale electro-chemical storage, such 
as Lithium-ion (Li-ion), Sodium sulphur (NaS) and Redox Flow Batteries 
(RFB), are suitable alternatives to PHES [3]. Li-ion batteries are one of 
the most mature ESS because of their high energy efficiency (up to 
90–97%) and low maintenance needs. NaS batteries have a high round 
trip efficiency of around 85% and high energy density as well. They also 
have lower costs than Li-ion because of their cheaper materials, which 
can also be recycled (differently from Lithium ions). However, opera
tional costs [1]. RFB, instead, work at ambient temperature maintaining 
a high round trip efficiency of up to 85%, but their competitiveness is 
limited due to high operating costs and low energy density [4]. To 
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overcome these limitations, Carnot Batteries (CB), which include 
Liquified Air Energy Storage (LAES) and Pumped Thermal Energy 
Storage (PTES), are suitable alternatives [5]. CBs can store electric en
ergy as thermal energy and convert it back to electricity using 
commercially available components, such as compressors, pumps, tur
bines, and heat exchangers, making them easily scalable, manageable 
and site independent. LAES systems overcome geographical limitations 
because the liquid air is stored at atmospheric pressure in liquid form 
(with reduced storage volumes) and have a long operational life (30–40 
years) as well, but round-trip efficiency does not exceed 50–60% due to 
the complexity of the liquefaction system [6]. PTES systems are similar 
to LAES because of their high energy density, site independence, and 
lifetime (25–30 years). In addition, PTES have a lower plant complexity 
which brings to higher round-trip efficiencies (70–80%) and lower 
maintenance costs. For these reasons, PTES is considered one of the most 
promising grid-scale ESS to support VRE integration. 

PTES systems store electric energy as thermal exergy in artificially 
built tanks through different charging technologies, such as Heat Pumps 
(HP) or electric resistors, able to transfer heat from a Low Temperature 
(LT) reservoir to a High Temperature (HT) reservoir [7]. The discharg
ing phase converts the stored thermal energy into electric energy 
through a Heat Engine (HE), typically a Brayton or an Organic Rankine 
Cycle (ORC). Starting from the standard layout that includes an HP, two 
thermal reservoirs and a HE, PTES can assume different configurations, 
depending on the discharging cycle. Brayton-based PTES uses an HE for 
the discharging phase, with argon, helium or air as working fluid, with 
round-trip efficiency ranging from 50 to 75% [8]. Concerning the 

storage medium, packed beds with rocks are proposed in [9] for working 
temperatures up to 1000 ◦C, while liquid tanks are used in [10] for 
temperatures up to 500 ◦C. The alternative configuration, the Rankine 
PTES, uses a Rankine cycle for the discharge. They usually operate at 
lower temperatures, in the range of 100 ◦C and 250 ◦C, using sensible 
storage media, which is usually pressurised water, latent, or both [11]. 
Since operating temperatures are low, organic refrigerants, ammonia, or 
water are the most common working fluids for subcritical applications. 
Round-trip efficiencies are in the range of 50–60%, which is lower 
compared to the Brayton layout. However, working with lower tem
peratures brings easier management, and the number of heat exchangers 
can be reduced using reversible configuration, thus lowering the capital 
costs compared to the Brayton configuration [12]. 

The poor performance of a Rankine PTES can improve by providing 
some thermal integration [131415]. Thermal integrated PTES (TI-PTES) 
exploit an external heat source to enhance the round-trip efficiency by 
delivering heat at a temperature higher than the ambient, returning a 
round-trip efficiency higher than 100% [16]. The benefit of thermal 
integration is significantly high when the temperature level of the 
additional heat source is close to the storage temperature. For this 
reason, it is not worth using heat provided by fossil fuel combustion, 
while low grade heat exploitation is interesting. In literature, different 
thermal sources are proposed as a thermal integration, including district 
heating network, solar radiation (through solar collectors) [17], 
geothermal reinjected brine and waste heat sources [18]. 

However, an alternative thermal source for integration can be the 
ocean thermal gradient naturally provided by solar radiation in tropical 

Nomenclature 

Acronyms 
CAES Compressed Air Energy Storage 
CAPEX Capital Expenditure 
CB Carnot Battery 
CEPCI Chemical Engineering Plant Cost Index 
COP Coefficient Of Performance (-) 
CRF Capital Recovery Factor 
ESS Energy Storage System 
RFB Redox Flow Battery 
HE Heat Engine 
HP Heat Pump 
Li-ion Lithium-ion 
LAES Liquid Air Energy Storage 
LCOS Levelised Cost of Storage 
LT Low Temperature 
HT High Temperature 
NaS Sodium Sulphur 
ORC Organic Rankine Cycle 
OPEX Operational Expenditure 
OTEC Ocean Thermal Energy Conversion 
PHES Pumped Hydro Energy Storage 
PTES Pumped Thermal Energy Storage 
PV Photo Voltaic 
RES Renewable Energy Sources 
ST Storage Tank 
TI-PTES Thermally Integrated Pumped Thermal Energy Storage 
VRE Variable Renewables Energy 

Subscripts 
c Cold 
ch Charge 
d design 
dis Discharge 

D Darcy 
e External 
i Internal 
N Operating life in years 
off Off-design 
r Re-injection 
rt Round-trip 
s Storage 
surf Surface 
w Water 

Symbols 
A Area (m2) 
cP Specific heat (J/kgK) 
D Diameter (m) 
E Energy (Wh) 
f Darcy’s friction factor (-) 
h Heat transfer coefficient (W/m2K) 
Nu Nusselt number (-) 
η Efficiency (-) 
ρ Density (kg/m3) 
L Length (m) 
k Thermal conductivity (W/mK) 
v Velocity (m/s) 
ṁ Mass flow rate (kg/s) 
Ẇ Mechanical power (W) 
P Pressure (Pa) 
Pr Pradtl number (-) 
R Discount rate (-) 
Re Reynolds number (-) 
T Temperature (◦C) 
U Global heat transfer coefficient (W/m2K) 
Δ Difference 
τ Constant time (h)  
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regions. To the authors knowledge, this thermal integration was never 
investigated in the literature. The ocean temperature gradient, indeed, 
translates into an exploitable ΔT to be coupled into a TI-PTES. Despite 
this thermal integration is exploitable only in suitable regions (i.e., 
remote islands in tropical zone), it could be beneficial to decarbonise 
those regions by integrating VRE coupled to a storage capacity (the TI- 
PTES). In these areas, a nearly constant temperature difference ΔT of 
around 20 – 25 ◦C exists between the warm surface seawater and the 
depth cold seawater. Traditionally, ocean thermal potential exploitation 
for energy purposes has already been proposed since the early 1900 s 
thanks to Ocean Thermal Energy Conversion (OTEC) systems [19]. 
OTEC systems can produce electric energy by taking advantage of the 
temperature difference Δ T between warm surface seawater (26–28 ◦C) 
used for the working fluid evaporation and deep cold seawater used for 
the condensation phase through a direct Heat Engine (HE). Geograph
ical regions characterised by a suitable and exploitable Δ T are usually 
located near tropical latitudes. The surface water temperature is nearly 
constant over the year, and the bathymetry is adequate [2021]. Several 
OTEC configurations have been proposed in the literature, including 
mainly open-cycle plants and closed-cycle plants. Open loop configu
ration uses seawater directly as the working fluid [22]. Despite the fact 
that they have a lower capital cost compared to the closed loop 
configuration, larger turbines are necessary due to the larger specific 
volume of the seawater. For these reasons, the most recent OTEC con
figurations proposed in the literature are based on the closed-loop cycle 
[23]. Closed-loop cycles have the advantage of choosing the desired 
working fluid, thus limiting the dimension of the components. However, 
large exchanging areas are required, determining the heat exchangers to 
be constructed with materials resistant to the highly corrosive envi
ronment (the seawater), which determines a higher investment cost 
[24]. OTEC plants have been proposed both in the on-shore configura
tion and on the off-shore one, which includes the necessity of having a 
floating platform as a side infrastructure. Furthermore, OTEC systems 
require some additional facilities, mainly represented by the pipeline, to 
pump up the cold water from the seabed at 800 – 1000 m depth, which 
means a significant pumping duty. Additional issues related to bio- 
fouling can then show up, thus requiring other maintenance [25]. Due 
to the limited temperature level of the HT reservoir, OTEC plants use an 
Organic Rankine Cycle (ORC) to produce electricity from low-enthalpy 
hot sources [26]. Although a low efficiency of around 3% character
ises OTEC plants due to the limited available Δ T, they represent a 
promising technology for decarbonisation purposes. Even though they 
are constrained to the geographical location, then, decarbonisation can 
be particularly impacting if applied to tropical regions, in which fossil 
fuel-based generation systems are still massively used. As a conclusive 
remark of this section, it is worth noting that OTEC plants have been 
investigated as a stand-alone technology to provide electricity to remote 
islands and thus avoid using fossil fuels. Despite that, their low effi
ciency and the operational challenges still pose some limitations on 
OTEC applicability to integrated systems. 

However, the OTEC operational flexibility in grid-scale contexts that 
include VRE generation, could be enhanced by integrating it with a 
storage capacity. Literature provides a few study about OTEC integra
tion with VRE, such as wind turbines [27] and PhotoVoltaic modules 
[28]. In the latter reference, an hydrogen storage capacity is also inte
grated into the system, showing that it brings benefits to the overall 
energy efficiency. However, integrating OTEC with a storage capacity 
remains still barely investigated. The coupling of PTES with OTEC sys
tems, then, could be an interesting solution both aiming to increase the 
efficiency of a PTES system with ocean thermal integration and to 
enhance the flexibility of systems that require to manage variable gen
eration from RES and variable electric demand. Nowadays, both the 
OTEC and the PTES systems are known as stand-alone technologies, 
thanks to the scientific papers cited in the literature review and a few 
pilot plants. However, systems that include the two of them never be 
investigated. 

In this paper, the authors propose then the integration of an OTEC 
plant acting as the discharge phase of a TI-PTES storage capacity. In this 
framework, the OTEC can act as “renewable integration” to the PTES 
system and as a stand-alone generation unit when the storage charge/ 
discharge is not required. By doing so, the integration of VRE is then 
supported by the PTES storage capacity, which provides additional 
flexibility and load-shifting capabilities. Therefore, this paper proposes 
the analysis of the performance of a thermo-electric storage PTES ther
mally integrated by an OTEC system to examine its benefits in terms of 
operational flexibility. Different plant layouts will be studied, optimis
ing the round trip efficiency of the storage system as the storage tem
perature varies using Aspen Hysys software for numerical simulations. 
In addition, the massive amount of thermal energy contained in the 
oceans and the possibility of using end-life cargo ships as thermal stor
age would allow the construction of high-power Carnot batteries 
directly operating on national grid storage to reduce fluctuations caused 
by VRE and confer the system flexibility. 

1.1. Objectives and contribution 

The study aims to investigate a Rankine TI-PTES system using the 
thermal ocean temperature gradient as thermal integration, considering 
the discharging phase is realised by an OTEC system. The analysis of the 
system is carried out through three main objectives, structured as 
follows:  

• Optimal design through round-trip efficiency optimisation. This first 
part of the analysis aims to identify the most performing plant 
configuration via maximising the round-trip efficiency. By doing so, 
the optimal storage temperature is found, so the size of the compo
nents, especially the storage volume;  

• Once the optimal plant layout and size of the components are found, 
a part-load analysis is carried out to characterise the off-design 
performances when the plant works in non-nominal conditions  

• Finally, the proposed TI-PTES system is applied to a realistic case 
study that includes variable ERS generation and electric demand 
profiles. This section brings to the technology LCOS evaluation and a 
comparison with other common ESS in terms of LCOS and round-trip 
efficiency. 

2. Case study 

2.1. Case study location and data 

The proposed system, as already mentioned, is suitable for tropical 
regions thanks to their geographical morphology. The San Blas archi
pelago in Panama (9◦34′N, 78◦49′O) was selected as a suitable location 
[29] since it has proper bathymetry and surface seawater temperature 
profile, as shown in Fig. 1. Data surface water temperature profile and 
bathymetry are based on [30]. The plant location is supposed to be off- 
shore due to the large storage tank size. 

2.2. System architecture and size 

Following the Rankine TI-PTES configuration, the system works 
between three thermal reservoirs, i.e. the Storage Tank (TS) at the 
temperature Ts, the surface seawater at the ambient temperature Tamb 
and the deep cold seawater at the temperature Tc, as shown in Fig. 2. The 
system architecture is composed of three main sub-systems, summarised 
as follows:  

• A charging cycle operated by a vapour compression HP using surface 
water at temperature Tsurf as the cold source and the storage tank at 
the temperature Ts as the hot source. During the charging phase, 
thermal energy is stored in the TS at the temperature Ts, which is 
higher than Tsurf thanks to the vapour compression HP that uses the 
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surface water as the cold source and surplus electric energy from the 
grid.  

• A storage tank (ST) where a fluid is stored at Ts > Tsurf. The HP 
working fluid releases a heat flow rate during the condensation phase 
warming up the storage fluid. Once the storage is charged, it is ready 
for the discharging phase operated by the OTEC system when it is 
required according to the electricity demand.  

• A discharging cycle made of an ORC, using the TS at the temperature 
Ts as the hot source for evaporation and the deep seawater at the 
temperature Tc as the cold source for condensation. The free 
contribution to the ORC condensation phase is given by sun radia
tion. The warm fluid inside the storage tank is used to vaporise the 
ORC working fluid, which drives an expander and is later condensed 
using the cold deep seawater at the temperature of Tc. A schematic 
representation of the process is shown in Fig. 2. 

A 10 MW nominal power OTEC cycle is selected as the discharge 
cycle. The nominal discharging duration is set to 2 h for every investi
gated configuration, while the nominal charging duration is 8 h. The 
operational parameters for the charging and the discharging phases are 

summarised in Table 1. 

2.3. Working fluid selection 

OTEC plants working with the closed loop configuration are usually 
based on a ORC. The fluid selection broadly influences several system 
aspects, such as the thermodynamic cycle, the first law efficiency, the 
components cost (especially the turbine and heat exchangers), the heat 
transfer process, the plant configuration, safety issues, and environ
mental restrictions. The authors identified in [29] a shortlist of suitable 
working fluids for ORCs that satisfy the cited requirements. Despite that, 
commercial availability, moderate price, non-flammability, and non- 
toxicity are additional parameters required for this application. In 
addition, the selected fluid must have a suitable critical temperature 
value, acceptable condensation temperature [31], and high latent heat 
to restrict mass flow rates since the cycle works with slight temperature 
differences during heat exchange processes. Furthermore, the OTEC 
fluid selection is also based on achieving high thermodynamic and 
electric efficiency [30]. Considering these restrictions, ammonia is one 
of the most suitable working fluids considering its appropriate latent 
heat, heat transfer coefficient, and optimum behaviour in maximising 
the first law efficiency. Considering the same thermodynamic and 
environmental performances, ammonia is also selected for the HP 
charging cycle. 

2.4. Storage system 

Storages connected to PTES systems dispose of conveniently 
designed tanks for their application. Phase Changing Materials (PCM) 
have been commonly hypothesised for Rankine PTES for their 
compactness (for further details, see [16]). However, PCM-based stor
ages present significative heat transfer issues that force the design of 

Fig. 1. OTEC selected site bathymetry and.  

Fig. 2. Conceptual integration of OTEC as the discharging system for the PTES.  

Table 1 
OTEC nominal operating conditions.   

Power (MW) Duration (h) 

Charging phase Variable with Ts 8 
Discharging phase 10 2  
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heat exchangers to be non-conventional and thus more expansive. This 
phenomenon is more evident the higher is the system size. In this case, 
indeed, a grid-scale size is selected for its suitability on the application 
scenario and also because small-scale OTEC systems are uneconomic due 
to low efficiency and high components cost. Sensible storage is then 
examined for this application. In this framework, a sensible water 
storage is a suitable alternative, given its cheapness and high density as 
well. Seawater is then used as the storage material because of its 
availability and accessibility by considering the hypothetic OTEC loca
tion. Due to the selected scale size of the plant, the storage tank is 
supposed to be large. Hypothesising, then, an off-shore application, the 
plant already needs a floating platform to host the components. For this 
case study, then, the storage capacity is supposed to be ensured by using 
a commercial bulk carrier or tanker ship as an end-life ship acting as 
energy storage. This solution can be interesting to give a second life to 
cargo ships that otherwise would be scrapped and, at the same time, to 
provide an already set up infrastructure for the entire plant. The storage 
volume is supposed to be held in the cargo hold, while the HP and the 
OTEC are on the top. 

2.5. Plant layouts 

Different system layouts are proposed and analysed for a broad 
exploration of coupling OTEC and PTES systems, according to the 
following terminology:  

• ORC with ocean re-injection  
• ORC without ocean re-injection  
• Recuperated ORC without ocean re-injection 

2.5.1. ORC with ocean re-injection 
In this configuration, the HP warms up the surface seawater from 

Tamb up to Ts thanks to the electric energy supplied to the compressor. 
The discharging phase is realised by a Rankine cycle. Ammonia is 

evaporated by the warm water stored in the tank. The water after the 
evaporator is directly re-injected into the ocean. In this configuration, 
the HP realises the entire ΔT from Tamb to Ts in the following charging 
phase. The reference scheme is shown in Fig. 3. 

2.5.2. ORC without ocean re-injection 
The reduction of the HP compressor power is useful for increasing 

the COP, consequently, the whole system performance. For this reason, 
an alternative configuration is proposed. The discharging phase is still 
realised by a Rankine cycle with ammonia. After the ammonia vapor
isation, the cooled hot water coming from the tank is re-circulated and 
re-injected into the storage tank at a temperature Tr < Tamb and not into 
the ocean. In this way, the HP compression power is reduced for the 
following charging phase. A reference scheme is shown in Fig. 4. 

2.5.3. Recuperated ORC without ocean re-injection 
An increase in the discharging cycle efficiency also enhances the 

whole system performance [13] and decreases the storage size. There
fore, a recuperated ORC is investigated as an alternative configuration to 
the previous ones to exploit the system potentialities better. A recu
perated ORC with ammonia cannot have an internal heat exchanger as 
traditional ORC systems operate with dry fluids since ammonia is a wet 
fluid. For this reason, an ammonia spill from the turbine is required, as 
done in traditional steam cycles. After the ammonia is vaporised, a first 
expansion is realised in the high-pressure turbine stage, where a certain 
amount of steam is spilled to recover the liquid ammonia after the cir
culation pump. The remaining expansion enthalpy gap is realised in the 
low-pressure turbine stage by the remaining ammonia mass flow rate. 
The cooled hot water coming from the tank is re-injected into the stor
age, like in the previously described configuration. A reference scheme 
is provided in Fig. 5. 

2.6. Simulation in a realistic scenario 

The preliminary thermodynamics analysis aims to assess the optimal 

Fig. 3. Simple ORC with ocean re-injection.  

A. Ghilardi et al.                                                                                                                                                                                                                                



Applied Thermal Engineering 236 (2024) 121551

6

design and size of the charging and discharging cycles. After that, the 
best configuration regarding round trip efficiency and TS volume 
feasibility is selected to evaluate the Levelised Cost of Storage (LCOS) 
when the system is used to match the generation and demand profiles of 
a realistic scenario. Since the integrated PTES-OTEC system proposed in 
this paper is attractive for decarbonising areas (like the tropical ones), 
the proposed case study is applied in a context with a high penetration of 
renewables. The PTES-OTEC system is then able to supply the demand 
side necessities mainly via three operative modalities represented in 
Fig. 6:  

• Directly through RES production;  
• Discharging the TES previously charged by RES surplus;  
• Using the traditional OTEC configuration (without using the HP) 

when the TES is not charged enough; 

As a case study, the generation and demand profiles of a plausible 
scenario are from [32] and scaled on the plant size. Fig. 7 represents the 
demand and generation profiles for the selected case study, which in
cludes a wind farm of 44 MW and a Photo Voltaic (PV) plant of 7,3 MW. 

3. Methodology 

3.1. Performance indicators 

The key performance indicators for a storage system are round-trip 
efficiency, which defines its capability to convert back the stored en
ergy, and storage volume, indicating the storage system size and the 

consequent feasibility [13]. More specifically, the round-trip efficiency 
represents the ratio between the output electric energy from the dis
charging phase and the input electric energy given to the charging cycle. 
In this case study, the round-trip efficiency ηrt is the ratio between the 
net electric output from the OTEC cycle Edis and the electric power of the 
HP cycle Ech, as shown in Equation (1). 

ηrt =
Edis

Ech
(1) 

The energy from the discharging phase is calculated as shown in 
Equation (2), as the integral of the net electric output Ẇdis over the 
discharging time τdis. The charging electric energy follows the same 
structure and is given by integrating the compressor electric power 
needed for the charging phase Ẇch over the time τch (Equation (3). 

Edis =

∫ τdis

0
Ẇdis(t) • dt(Wh) (2)  

Ech =

∫ τch

0
Ẇch(t) • dt(Wh) (3) 

The net electric power coming from the OTEC discharging cycle in
cludes the electric power generated by the expander as a positive 
contribution and the circulating pump duty Ẇp and the deep seawater 
pump duty Ẇd as negative contributions. A significative deep seawater 
pump consumption usually characterises OTEC plants because the cold 
water is drawn out at depths of 800–1000 m, so pumping loss is 
significantly high. According to the OTEC modelling proposed in [30], 
the deep seawater pump power can be expressed as the power necessary 

Fig. 4. Simple ORC without ocean re-injection.  
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to provide the head caused by the pressure drop Δp, calculated as shown 
in Equation (4): 

Δp = fDρL
v2

2D
(Pa); Ẇd =

V̇d

ηP
Δp (W) (4) 

where L is the extraction duct length, ρ is the seawater density, v the 
velocity inside the duct, D is hydraulic diameter, fD is the Darcy’s friction 
factor evaluated with the Colebrook equation solved by the Moody 
approximation considering a fully developed and turbulent flow regime 
(assumption valid also for off-design conditions), V̇d the pumped volu
metric mass flow rate and ηP the pump efficiency. The calculation of the 
pumping losses do not consider bending losses. As for the discharging 
phase, the charging electric power Ẇch is given by the sum of the 
negative contributions of the compressor power and the surface water 
re-injection pump power. 

It should be noted that for standard PTES configurations in which the 
charging cycle, the TS and the discharging cycle are arranged in series, 
the round trip efficiency is given by the product between the single 
cycles performance indicators, i.e. the first law efficiency ηOTEC for 
discharging phase, and the performance coefficient COP for the charging 
phase realised by the HP (Equation (5). This equation is effective if we 
consider the sources iso-thermal during the charging and discharging 
processes [13], so it will not be effective for the ORC with ocean re- 
injection configuration, as discussed in the results section. 

ηrt = ηOTECCOP (5) 

The storage volume Vs is evaluated by applying the mass conserva
tion law to the tank. Starting from the ORC nominal evaporation duty, 

Q̇evap and its ΔTevap, the nominal mass flow rate in the storage system ṁst 

is defined (Equation (6). Vs is then calculated (Equation (7) by including 
the charging time τch and the water density ρw and the mass flow rate ṁs. 
Finally, the storage model does not consider thermal losses because they 

are negligible due to the high volume-over-area ratio of the tank. 

ṁst =
Q̇evap

cPΔTevap
(kg/s) (6)  

Vs =
ṁsτch

ρw
(m3) (7)  

3.2. Numerical optimisation 

3.2.1. Fluid packages 
Numerical simulations are realised through the software Aspen 

Hysys V10. The system is modelled using the equation of states imple
mented in the software fluid packages. Seawater is considered as a 
mixture with H2O and NaCl with a molar fraction of 0.004, and the fluid 
package used is Electrolyte NRTL [33]. RefProp was instead used for 
ammonia [34]. An overall optimisation is realised with the BOX algo
rithm, already implemented in Aspen. This is a sequential search algo
rithm suitable for highly non-linear problems [35]. 

3.2.2. Objective function 
The objective function fobj is the round trip efficiency ηrt max

imisation (Equation (8): 

fobj = max(ηrt) (8) 

The optimisation variables are OTEC evaporation pressure, OTEC 
condensation outlet temperature, OTEC condensation pressure, OTEC 
turbine inlet temperature, OTEC turbine output power, HP evaporation 
temperature, HP ΔT lift, and HP condensation outlet temperature. The 
main constraints are summarised in the following list:  

• OTEC heat exchangers ΔT ≥ 2 K 

Fig. 5. Recuperated ORC without ocean re-injection.  
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• HP heat exchangers ΔT ≥ 3 K  
• OTEC super-heating ≥ 2 K  
• OTEC net output power = 10 MW ± 50 kW 

3.2.3. Simulated cases 
Numerical simulations allow the mapping of the ηrt in a defined 

storage temperature Ts range. Twelve simulations are realised for each 
plant configuration. In the first configuration (simple ORC with ocean 
re-injection) Ts varies from 40 ◦C to 60 ◦C. For every Ts different dis
charging ΔT on the OTEC evaporator, ΔTevap, are considered. Regarding 
the other configurations (ORC and recuperated ORC without ocean re- 
injection), different HP temperatures at the condenser inlet, Tin,cond, 
are considered, ranging from 40 to 60 ◦C. For each of these, four 
different charging ΔT on the HP condenser ΔTcond (equal to the OTEC 
discharging ΔTevap) are investigated so that the considered Ts range 
varies from 45 ◦C to 80 ◦C. Table 2 summarises the simulated cases. By 
considering these temperature combinations, it is essential to keep in 
mind that for the ORC with ocean re-injection configuration, the 
charging and discharging ΔT realised across the HP condenser and the 
OTEC evaporator, respectively, are not equal, so Equation (5) cannot be 
considered for ηrt evaluation. 

The results of this preliminary analysis aimed to define the optimal 
design (details in Section 4.1) highlight that the system layout with the 
simple ORC (without regeneration) and without ocean re-injection is the 
most performing in terms of ηrt and TS volume. The following part-load 
analysis and economic analysis (Section 4.1.4 and Section 4.1.5) are 
then performed only for the cited layout, considering the TS outlet 
temperature Ts equal to 50 ◦C with a corresponding TES volume of 
100000 m3 (values corresponding to the maximum achieved ηrt). 

3.3. Part-load modelling 

The thermodynamic analysis helps define the optimal design of the 
charging and discharging cycles. Nevertheless, the system will hardly 
work at design conditions during its operational life. When the system is 
integrated into a possible context that includes energy production from 
renewables and variable demand, the components will often face off- 
design conditions. A part-load analysis is then performed to evaluate 
these effects, mapping the performances of the components when the 
mass flow rate coming from the TES is reduced up to 20 % of its nominal 
value. The following sections provide the modelling equations of the 
part-load of components involved in the charging and discharging 
cycles. 

3.3.1. Heat exchangers 
The part-load modelling of the heat exchangers (i.e. condenser and 

evaporator) implies the evaluation of the exchanged heat flow rate Q̇ in 
off-design conditions, as shown in Equation (9), where the overall heat 
transfer coefficient is given as in Equation (10), considering a flat surface 
for the heat exchange with negligible conductivity. 

Q̇ = Uoff AΔTML(W) (9)  

Uoff =
1

1
hi,off

+ 1
he,off

(
W

m2K
) (10)  

where hi,off and he,off indicate the heat exchanger coefficient for seawater 
flowing into the shell and ammonia flowing into tubes, respectively. A 
set of empirical correlations is used to estimate the heat transfer co
efficients. The off-design coefficients, hoff , is evaluated basing on [36] 

Fig. 6. Application to a realistic scenario.  
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(Equation (11), where the design coefficient for H2O, hd,H2O, is given by 
the Dittus-Boelter correlation in Equation (12), considering Re as the 
Reynolds number and Pr as the Prandtl number. Since ammonia is 
involved in two-phase phenomena due to condensation and evaporation 
phases, hd,NH3 cannot be evaluated with Dittus-Boelter. Instead of it, the 
experimental curve shown in [37] is used to calculate the value. Once 
the convective coefficients are calculated with the described method
ology, the global heat exchanger coefficient (UA)off is known calculated 
from, considering the area A obtained by the preliminary thermody
namic analysis. 

hoff ,H2O = hd,H2O

⎛

⎝
ṁoff

ṁd

⎞

⎠

0.8

(
W

m2K
) (11)  

Nu =
hD
k

= 0, 0023Re0,8Pr0,4 (12) 

Besides the heat transfer coefficients, pressure drops are an impact
ing parameter on the part-load performances of the heat exchangers. 
The off-design pressure drop Δpoff is calculated through the Dar
cy–Weisbach equation under the assumption of fully developed turbu
lent transient regime as in Equation (13), where ρoff and ρd represents 
the density in off-design and design conditions, respectively. 

Δpoff = Δpd

⎛

⎝
ṁoff

ṁd

⎞

⎠

2
ρd

ρoff
(Pa) (13)  

3.3.2. Turbine 
The turbine off-design analysis aims to determine the influence of the 

part load on the iso-entropic efficiency. The experimental correlation 

given in [38] is suitable for ORC axial turbines working in part-load, so it 
is used in this case study as follows: 

η
ηD

= a+ b
(

Δh
ΔhD

)

+ c
(

Δh
ΔhD

)2

+ d

⎛

⎜
⎝

V̇out

V̇out, D

⎞

⎟
⎠+ e

⎛

⎜
⎝

V̇out

V̇out, D

⎞

⎟
⎠

2

+ f
(

Δh
ΔhD

)
⎛

⎜
⎝

V̇out

V̇out, D

⎞

⎟
⎠

(14)  

where a, b, c, d, e and f are coefficients depending on the number of 
stages, Δh is the enthalpy difference between inlet and outlet, V̇out is the 
volume flow rate, which is known from the part-load condition, and the 
subscript D refers to the design conditions. The determination of the Δh 
in off-design conditions implies assessing the expansion ratio β. β is 
calculated through Equation (15) based on [39], which reports the 
relationship β-ṁc of a real-world turbine working with similar condi
tions. The correct mass flow rate ṁc, which is known starting from the 
actual mass flow rate ṁ and to the inlet conditions pressure and tem
perature, pin and Tin, respectively, as expressed in Equation (16). 

ṁc =
ṁ

̅̅̅̅̅̅
Tin

√

pin
(m • s

̅̅̅̅
K

√
) (15)  

ṁc = a0 + a1e[a2na3
t (β− 1)] (16)  

where a0, a1, a2, a3 are experimental coefficients and nt is the rotational 
speed, equal to 3000 rpm for this calculation. Given then the calculated 
β and the inlet conditions (pin and Tin) is possible to calculate the Δh in 
off-design conditions. 

Table 2 
Simulated cases for a) Simple ORC with ocean re-injection. Non-bold values represent the re-injection temperature of the seawater; b) Simple or recuperated ORC 
without ocean re-injection. Non-bold values represent the storage temperature Ts.  

Simple ORC with ocean re-injection (a) Simple or recuperated ORC without ocean re-injection (b)  

ΔTevap ΔTcond 

Ts  5 10 15 20 Tin,cond  5 10 15 20 
40 35 30 25 20 40 45 50 55 60 
50 45 40 35 30 50 55 60 65 70 
60 55 50 45 40 60 65 70 75 80  

Fig. 7. RES production and load profile for the reference case study.  
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3.3.3. Pumps 
The pumps involved in the process are the OTEC circulation pump 

and the cold seawater pump. The off-design conditions are modelled 
using the mass flow rate-hydraulic head correlation curve and the mass 
flow rate-efficiency curve provided by Aspen Hysys (see [40] for further 
details). Both pumps are over-sized (15 % and 20 % respectively) as a 
precautionary approach. Pressure drops are not included in the model of 
the circulating pump since they are not impacting. Huge pressure drops 
characterise the deep seawater pump due to the extraction depth, which 
is not negligible, while localised pressure drops are neglected. The 
Darcy–Weisbach equation (Equation (13) provides the additional pump 
duty in off-design conditions. 

3.3.4. Heat pump 
Since the HP size required by design is not commercially available, 

the HP is modelled considering smaller modules working in parallel and 
turning on gradually as the load increases so that the TS outlet tem
perature is always 50 ◦C. The part load is then not meaningful in this 
case. Nevertheless, varying the load implies a changing water inlet 
temperature at the HP condenser with ΔT up to 15 ◦C so that the COP is 
influenced. To consider the effects of the changing temperatures of the 
sources on the COP, the Lorentz Coefficient Of Performance, COPLorentz 
is introduced as suggested in [41]. 

COPLorenz =

tsink, out − tsink, in

ln

(
tsink, out+273,15 ◦ C

tsink, in+273,15 ◦ C

)

tsink, out − tsink, in

ln

(
tsink, out+273,15 ◦ C

tsink, in+273,15 ◦ C

) −
tsource, in − tsource, out

ln

(
tsource, in+273,15 ◦ C

tsource, out+273,15 ◦ C

)
(17)  

where tsink,in and tsink,out are the hot source (the TS water) inlet and outlet 
temperatures, respectively, while tsource,in and tsource,out the cold source 
(the surface seawater at the HP evaporator) inlet and outlet tempera
tures. Considering the variations in the temperatures of the cold source 
and that tsink,out the TS temperature fixed to 50 ◦C, the only varying 
quantity is tsink,in. Starting from the hot and cold source temperatures, 
the real COP, COPr, is given by the Equation (18), where ηII is the HP 
second law efficiency calculated at the design conditions and equal to 
0.46. 

COPr = ηIICOPLorentz (18)  

3.4. Application in a realistic scenario 

Once the system performances are assessed for every working con
dition, the plant potentialities are evaluated by simulating a weekly 
scenario, including the electric grid and generation from renewables 
(photovoltaic modules and wind turbines as described in Section 2.6). 

The simulation has been realised considering a timestep t of 30 min, 
in which the interactions between the plant and grid, generation and 
users are constant over that period. The TS behaviour is then modelled 
analytically, solving its dynamic equations, as described in the following 
section. 

3.4.1. TES energy and mass balances 
Including energy and mass balances on the TES is helpful to evaluate 

the water volume charged or discharged in the two tanks (hot and cold) 
at every timestep. It is assumed that charging and discharging phases 
never co-occur, so the mass balance is defined in Equation (19), where V 
and ρ are the volume and mass density (assumed constant), respectively 
and ṁin the mass flow rate entering the TS. 

d(Vρ)
dt

= ṁin(kg/s) (19) 

Integrating Equation (19) with the finite differences method between 
the timestep n and n + 1 the water volume stored is given by the 
Equation (20), where Δt is the timestep of 30 min and V(tn+1) and V(tn) 

the volume computed at timestep n + 1 and n, respectively. 

V(tn+1) = V(tn)+
ṁin

ρ Δt
(
m3) (20) 

Combining the energy balance shown in Equation (21) and the mass 
balance of Equation (20) is then possible to calculate the TS temperature 
at every timestep, as shown in Equation (22). 

ρcV(t)
dT
dt

+ ρcT(t)
dV
dt

= ṁinhin(W/K) (21)  

ρcVn
Tn − Tn− 1

Δt
+ cTnṁin = ṁinhin(W/K) (22)  

where c is the specific heat, T is the temperature and hin the inlet 
enthalpy. 

3.4.2. Decision paradigm 
Charging and discharging phases are regulated by specifically 

imposed decision paradigms summarised as follows: 

• The charging phase occurs if Renewable Energy Sources (RES) pro
duction is higher than the demand and:  
o The hot TS tank is not completely charged;  
o The charging power rate is higher than 500 kW, equal to the size of 

a single module of the HP. This assumption is reasonable, 
assuming the HP is working only if at least one module is working 
at the design power rate; if the charging rate is higher than the HP 
maximum nominal power (4,7 MW), the TS is charged at the 
nominal power.  

• The discharging phase occurs when RES production is lower than the 
electric demand and:  
o The hot TS is not out of charge;  
o The required heat flow rate can let the OTEC work with a part load 

in the 20% − 100% of the nominal mass flow rate flowing into the 
OTEC evaporator. If the required discharging power rate is higher 
than the OTEC nominal size (10 MW), the discharge occurs at 10 
MW; on the contrary, if it is lower than the 20 % part load, the 
discharge occurs at that value. 

In addition, when the demand is higher than the RES production, but 
the TS is not able to discharge because of one of the situations described 
above, it is possible to let the OTEC work in its traditional configuration, 
bypassing the HP and TS. In this case, the electric production is obtained 
from the natural ΔT between the surface and deep water. This particular 
discharge configuration, then, occurs if these conditions occur 
simultaneously:  

• The electric demand is higher than 0;  
• The TES discharging is not available;  
• The required discharging rate is in the range of 50–100 % of the 

OTEC nominal power (2,67 MW). 

3.5. Economic analysis 

3.5.1. Levelised cost of storage 
The economic performance indicators are assessed by calculating the 

LCOS, the typical parameter used to compare the competitiveness of 
different storage technologies. Its definition, shown in Equation (23), 
takes into account the investment costs (CAPEX), the operational costs 
(OPEX), and the charging cost, including a discount rate r and consid
ering an operating life of N years. 

LCOS =
Investement cost +

∑N
n

O&M
(1+r)n +

∑N
n

Charging cost
(1+r)n + End of life cost

(1+r)N+1

∑N
n

Edis
(1+r)n

(€/Wh)

(23) 
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where:  

• The investment cost is calculated as the ratio between the CAPEX 
(the sum of the investment cost of the components) and the Capital 
Recovery Factor (CRF), defined in Equation (24) as a function of n 
and interest rate i (7 %) 

CRF =
i(1 + i)n

(1 + i)n
− 1

(24)    

• O&M includes operational costs and maintenance, calculated as 2,5 
% of the CAPEX and the annual cost for the chlorine injection to 

prevent bio-fouling in the heat exchangers. The latter is evaluated 
based on typical yearly maintenance values for boi-fouling preven
tion for heat exchangers (2€/(m3/h)) provided by [42]; 

• End of life costs is not considered since this study evaluate a pre
liminary economic analysis and not a life cycle assessment;  

• Edis is the discharged energy. This term includes the TS discharging 
phases and the OTEC discharging phases working bypassing the HP 
and the TS;  

• The discount rate r, equal to 7%;  
• The plant operational life N is assumed to be equal to 20 years, based 

on typical values for ORC plants; 
• Charging costs are equal to 0 because the charging phases are real

ised only with the RES surplus. 

Fig. 8. ORC with ocean re-injection configuration. Round-trip efficiency varying the storage temperature Ts and the discharging temperature difference ΔTevap (left). 
Storage volume varying Ts and ΔTevap (right). 

Fig. 9. ORC without ocean re-injection. Round-trip efficiency varying the storage temperature Ts and the OTEC discharging ΔTevap (left). Storage volume varying Tin, 

cond and the OTEC discharging temperature difference ΔTevap (right). 

Fig. 10. Round-trip efficiency for the recuperated ORC without ocean re-injection.  
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3.5.2. CAPEX 
The Capital Expenditures (CAPEX) calculation for the HP evaporator, 

pumps (OTEC pump and cold seawater pump), compressor and turbine 
is based on the methodology described in [43]. The referring costs are 
updated to 2018 through the Chemical Plant Index CEPCI2018 and the 
medium €/$ change factor f2018. The total CAPEX is given by the sum of 
the investment cost of the single components CAPEXi, as expressed in 
Equation (25). 

CAPEXi =
1.18
f2018

CEPCI2018

CEPCI1995
C0

p,iFBM,i(€) (25)  

where C0
p,i is the i-th component cost and FBM is the bare module factor, 

which considers the component material an operation pressure, Fp,i and 
FM,i respectively. C0

p,i is calculated using the component size parameter 
Ai (i.e. the area for heat exchangers and the nominal power for turbines 
and compressors), and the factors K1,i, K2,i and K3,i depending on the 
component. 

log10C0
p,i = K1,i +K2,ilog10Ai +K3,i(log10Ai)

2 (26) 

C0
p,i is then corrected with two correction parameters that contribute 

to the final cost: Fp,i to consider the operating pressure, and FM,i to 
consider the material. The overall factor FBM takes into account both Fp,i 

and FM,I and is given in Equation (27), using B1 and B2 as specific co
efficients depending on the component. While FM,i only depends on the 
material, Fp,i also depends on the operational pressure pg,i and some 
specific coefficients C1, C2 and C3, as shown in Equation (28). 

FBM,i = B1 +B2Fp,iFM,i (27)  

log10Fp,i = C1,i +C2,ilog10pg,i +C3,i(log10pg,i)
2 (28) 

Equations (26), (27) and (28) are also used for the cost estimation of 
shell and tube heat exchangers, which are among the most used heat 
exchangers for OTEC applications [30]. Even if the size exceeds the 
recommended operational range, the cost has been linearly extrapo
lated. An increase of 50 % has been applied to consider extra costs like 
transportation and placement. 

Since a dismissed oil tanker is used as the TS, the CAPEX is estimated 
using reference costs reported on [44]. The price of the reference has 
been increased by 50 % to consider the refitting of the oil tanker and the 

installation of the off-shore platform and the pipes. 

4. Results and discussion 

4.1. Preliminary thermodynamic analysis 

4.1.1. ORC with ocean re-injection 
Fig. 8 shows the round-trip efficiency varying with the storage 

temperature Ts. The effects of the thermal integration given by the ocean 
gradient are visible, since the round-trip efficiency ηrt increases with 
ΔTevap, i.e., as the temperature of the re-injected water decreases. As 
previously discussed, the cold source (cold seawater) is at a temperature 
Tc < Tsurf, so that it can be considered a thermal integration. During the 
discharging phase, the system takes advantage of both the ΔT realised by 
the HP from Tsurf to Ts, and the ΔT between the ocean re-injection 
temperature, Ts-ΔTevap. When ΔTevap is high, then, the water is re- 
injected at a lower temperature, and the thermal losses are reduced, 
increasing the overall efficiency. Basing on this result discussion, the 
highest ηrt is then reached with the maximum ΔTevap (20 ◦C). Despite the 
benefits of the thermal integration, the efficiency achieved with this 
layout (45%) is in the lower bound of the typical ηrt efficiencies of TI- 
PTES [45]. The low performance is due to the high ΔT covered (thus 
the high compressor duty) by the HP the move the heat from Tsurf to Ts. 
For each considered ΔTevap, then, the higher is the Ts, the lower is the 
efficiency. On the other hand, higher storage temperatures significantly 
reduce tank volume since the storage energy density is enhanced. In 
addition, Ts, Vs decreases as ΔTevap increases, due to the pinch point 
constraint and the consequent increase in the temperature at which 
water is discharged after the evaporator. 

At the end of this analysis, it is clear that the two considered KPIs 
have an opposite behaviour, so the choice of the storage temperature 
level is a trade-off between the efficiency and the storge bulk. Given the 
peculiarities of the analysed case study, storage capacities up to 150000 
m3 can be hosted in the cargo ship capacity, so efficiency can be 
prioritised. 

4.1.2. ORC without ocean re-injection 
The limitations of the previous architecture can be overcome by non 

re-injecting the water into the ocean. The configuration without ocean 
re-injection can exploit the thermal integration better, since the tem

Fig. 11. System layout with two turbines. On the right side the configuration as simple OTEC, while on the left side the discharging cycle of the integrated 
PTES-OTEC. 
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perature difference from Tsurf to Ts is partially used for the evaporation 
phase of the ORC, and the remaining part is not wasted but stored in the 
additional tank. The contribution of the ocean gradient from Tsurf to Tc is 
also still used for the condensation phase of the ORC. By doing so, the HP 
works with smaller ΔT (compared to the previous case) to move heat 
from one tank to another, so the COP increases. Since this layout is ar
ranged in series as proposed in [13], the ηrt increases as well (Equation 
(5). As results show in Fig. 9, the round-trip efficiency decreases then 
when Ts increases for a given Tin,cond since the HP performance worsens 
because of the higher compression duty. It should be noted that by 
comparing this configuration to the previous one, ηrt decreases as ΔTevap 

enlarges. In conclusion, the lower ΔTevap is, the higher is the initial 
storage tank temperature, and the higher is ηrt because of the COP 
reduction [16,18]. The benefits of the better exploitation of thermal 
integration finally reflect in the ηrt, which goes up to 64%, which is in 

agreement with the cited literature results. 
Despite the benefits of round-trip efficiency, water reintegration in 

the TS from the OTEC evaporator implies the necessity to oversize the 
storage tank. In this configuration, the volume size is doubled compared 
to the previous case, so the two sections (hot and cold) are used alter
natively for the charging and discharging phases. As shown in Fig. 9 
(right), the storage volume decreases as Ts gets higher because the HP 
lift is enhanced; for equal Ts values, the volume is also reduced when 
ΔTevap increases because of the inverse proportionality between the 
OTEC evaporator duty and ΔT. 

As in the previous configuration, the storage volume is highly 
influenced by the selected storage temperature Ts, and the smallest value 
is achieved nearby the lowest efficiency. Still, the highest required tank 
volume can be hosted in a cargo ship. According to that, different bulk 
carrier sizes can be used as storage, from handymax up to Aframax, 
characterised by a capacity (deadweight) up to 120000 t. Eventually, the 
selection of the final storage size must take into account also some 
economic evaluations. 

4.1.3. Recuperated ORC without ocean re-injection 
Since the previous plant layout showed promising performances, it 

was worth investigation of some potential improvements of the effi
ciency of introducing regeneration in the ORC cycle. The vapour spill 
and recovery improves the OTEC cycle first law efficiency because the 
evaporation duty is reduced. This improvement determines the whole 
round-trip efficiency of the system increase, as described in Section 
2.5.3. Nevertheless, ηOTEC growth is limited to 0.5 % in most cases due to 
the small available temperature difference between the evaporator and 
condenser. ηrt increase is limited to 1–2 % also because the HP perfor
mance is unchanged (Fig. 10). The round-trip efficiency varies with Ts 
and ΔTevap as in the previous configurations. By increasing the storage 
temperature Ts the recuperated cycle benefit is more evident. The 
consequent higher efficiency of this solution reduces the condenser duty, 
thus allowing the condensation at a lower temperature with a reduced 

Fig. 12. Round trip efficiency (left) and OTEC first law efficiency (right) varying the part-load conditions. Part load conditions on the x-axis refer to the mass flow 
rate flowing through the OTEC evaporator. 

Fig. 13. Turbine iso-entropic efficiency (left side) and OTEC output power with 
part-load conditions. Part load conditions on the x-axis refer to the mass flow 
rate flowing through the OTEC evaporator. 

Fig. 14. Turbine inlet conditions varying the part-load. Turbine inlet pressure (left) and turbine inlet temperature (right). Part load conditions on the x-axis refer to 
the mass flow rate flowing through the OTEC evaporator. 
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mass flow rate. The reduced mass flow rate limits the pressure drop and 
the pump loss of deep seawater. Ammonia spill and recovery cycle can 
also reduce the storage volume due to the higher efficiency and minor 
heat requested at the evaporator for the same discharged electric power. 
However, the recuperation contribution is insignificant, so volume 
reduction is limited to 500–1500 m3 for each configuration. Because of 
the ηrt limited improvements, this configuration does not represent an 
interesting alternative, considering the additional cycle complication. 

4.1.4. Part-load characterisation 
Starting from the analysis discussed in the previous sections, only 

one configuration has been selected for the further off-design and eco
nomic analysis. Since the layout without ocean re-injection showed to be 
the most performing in terms of ηrt, the system architecture with two 
tanks (Fig. 4) is the one selected, not considering the ammonia spill 
recuperation which bring to a limited ηrt increase. The simple ORC 
without ocean re-injection is then consider from now one. Particularly, 
the selected Ts is of 50 ◦C, which is a configuration with a quite per
forming ηrt, equal to 50%, and a storage volume of around 100000 m3, 
which is feasible using a cargo ship. Since for this application the system 

can work as an integrated PTES-OTEC or as a simple OTEC according to 
the requirements (Section 3.4.2 for details), an additional ORC turbine is 
necessary. Working as a simple OTEC, indeed, would determine signif
icantly different mass flow rate of the working fluid too different from 
the working conditions designed for the turbine of the PTES-OTEC 
configuration. A reference scheme is showed in Fig. 11. 

The part-load conditions affect the performance of the system, 
deteriorating its efficiency. As shown in Fig. 12, the round-trip efficiency 
varies broadly from 0.55 in the design conditions to 0.35 in the mini
mum mass flow rate capacity. The performance deterioration follows a 
turbine’s classical iso-entropic efficiency tendency, in which there is a 
limited efficiency increment until the part load is 80–90 % of the 
nominal capacity and then permanently decreases (Fig. 13). In PTES 
systems, the turbine isentropic efficiency impacts the storage round trip 
efficiency significantly, which consequently deteriorates with the tur
bine efficiency tendency. Other parameters that significantly impact the 
ηrt are the OTEC are first law efficiency (Fig. 12 right), which constantly 
decreases with the part-load increase since this configuration refers to 
Equation (4), in which the round trip efficiency decreases proportionally 
to the OTEC efficiency. On the other hand, increasing the part load also 

Fig. 15. Weekly simulation.  

Fig. 16. Round-trip efficiency (left) and LCOS (right) for PTES-OTEC compared to other grid-scale storage technologies.  
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increases the HP COP because the compressor duty is reduced. Never
theless, since the HP is modular, it hardly works in significative part- 
load conditions, so the COP changes do not significantly affect the 
round trip performance. 

The part load behaviour considerably also affects the inlet conditions 
of the turbine and thus influences the overall operating conditions. 
Fig. 14 represents some representative turbine working parameters. 
When the mass flow rate drops until 20% of the nominal capacity, the 
turbine inlet pressure drops with it. Since the optimisation constraints 
impose a minimum superheating value, the turbine inlet temperature 
follows the pressure tendency in the same way. The turbine outlet 
pressure, instead, does not vary significantly during the off-design. All 
these contributions at the end decurtate the net power production, as 
shown on the right side of Fig. 13. 

4.1.5. Operational behaviour 
Because of the part-load characterisation, a simulation with a likely 

VRE production and user demand is possible. Results of the operative 
simulation are shown in Fig. 15, in which the interactions within the 
storage, production and load are visible during a week-time sample. The 
figures emphasise the light-coloured areas, representing the charging/ 
discharging potentialities (i.e. the charging/discharging requests ac
cording to the control strategy). These areas are broad compared to the 
dark-coloured areas, representing the actual time intervals in which the 
plant is working, charging, or discharging or as a simple OTEC plant. 
This behaviour indicates that the plant operates with a limited number 
of equivalent hours, mainly due to the limitations imposed by the 
charging/discharging size and storage capacity. Nevertheless, the 
following consideration can be stated:  

• When energy is required (discharging phases), the system intervenes 
to discharge the TS when possible. When it is impossible, the stan
dard OTEC configuration turns on, almost always covering part of 
the required load, unloading the electric grid and assuring an amount 
of the provided energy is fossil-free.  

• When energy needs to be stored (energy surplus phases, charging 
configuration), the TS limits the system’s stocking capacity. In this 
scenario, some particular situations in which there is a potential 

charge but the storage capacity is full can occur, so the surplus is 
curtailed, as happens during day 1 in Fig. 15). 

4.1.6. LCOS and comparison with other ESS 
Finally, the economic analysis places the proposed TI-PTES in the 

grid-scale storages overview to state its competitiveness with more 
mature technologies. Fig. 16 shows the LCOS obtained for the proposed 
OTEC-PTES system compared to the LCOS of other known storage 
technologies. The LCOS obtained is 388 €/MWh, similar to one of other 
batteries, such as RFB. It should be noted that the calculated LCOS refers 
to the sample week chosen for the simulation. The reported LCOS for 
other technologies are mean values [8], which include the uncertainty 
related to time sample simulation and load and generation curves, as 
well as the control strategies so that results can be affected by signifi
cative variation. Despite that, the PTES-OTEC application is kindly new, 
so this is the first value to be compared to known LCOS quantities to 
collocate this novel technology better. Furthermore, this LCOS considers 
the off-design conditions, which are often not considered during the 
LCOS calculations. 

The high obtained LCOS is due to the low operational time (limited 
by the storage size), but it could be improved by integrating an opti
mised control strategy. In addition, the high LCOS is due to the increased 
investment cost derived from the high price of the components. Fig. 17 
shows how the CAPEX is distributed over all the components. The most 
expansive contribution is given by the oil tanker, which is over 13 M€. 
Also, the OTEC heat exchangers (evaporator and condenser) have a 
significantly high cost because of the large exchanging area necessary to 
ensure the desired heat flow rate with limited minimum temperature 
differences (2–3 K as ΔTapproach). The cost of the other components is in 
agreement with [22,30,44]. 

To complete the overview of ESS comparison, Fig. 15 also shows how 
this technology is comparable to the others in terms of round-trip effi
ciency. The ηrt ranging values from 45% to 55% refer to a sensitivity 
analysis obtained varying the load of ± 20%. Despite these are values 
lower than the other reported technologies ηrt , it should be noted that 
the proposed storage system is not significantly sensitive to self- 
discharge phenomena, thank the high volume over area ratio. Degra
dation phenomena also do not affect this storage, except for reversible 

Fig. 17. CAPEX distributed over the components of the plant.  
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fouling issues in the heat exchangers. Finally, it should be considered 
that the reported values are strongly dependent on the simulation sce
nario and the consideration or not of the off-design conditions. 

5. Conclusions 

This paper investigates a novel Thermal Integrated-Pumped Thermal 
Energy Storage (TI-PTES) configuration which includes an Ocean 
Thermal Energy Conversion (OTEC) plant as the discharging phase. The 
proposed systems provides operational flexibility to the plant, which is 
able to exploit the natural contribution of solar radiation on the ocean in 
tropical regions, using an end-life cargo ship as a plant platform and 
storage. The resulting 20 MWh storage systems, categorisable as TI-PTES 
thanks to the free solar integration, have been preliminary analysed 
through a round trip optimisation to define the best plant layout and 
working conditions, particularly the storage temperature. Results 
highlight that the highest round trip efficiency of 64% is achieved by re- 
injecting the seawater into the storage tank, using it as two-sector 
storage, one for charge and of for discharge. The resulting storage vol
ume is around 100000 m3, which is significant to manage but is suitable 
for cargo ship available capacities. 

The analysis has been further deepened by characterising the part- 
load performances of the components and then providing a simulation 
in real working conditions. The weekly simulation highlights that the 
system always guarantees an amount of energy produced by the OTEC, 
which ensures a contribution by fossil-free production. The medium 
round trip efficiency of 49% calculated during a weekly operation and 
counting of the off-design condition is also comparable with the other 
cited Energy Storage Systems (ESS) when off-design performances are 
embedded. The obtained Levelised Cost of Energy (LCOS) is slightly 
higher than other grid-scale storage technologies (388 $/MWh), even 
though this comparison is qualitative because of a strong uncertainty 
depending on the selected load, generation profile, and control strate
gies. Nevertheless, the investment costs are high and significantly 
dependent on the cargo ship cost, which can vary broadly depending on 
the re-structuration work. This is the reason why further analysis should 
focus also on the detailed economic characterisation of the storage tank 
into the cargo ship to better estimate its cost-effectiveness. As a future 
step of the analysis, further investigations should address the specific 
design of the storage tank inside the cargo ship. The thermodynamic 
analysis, then, highlights that the system is feasible since the thermal 
integration helps the storage to work with round trip efficiencies similar 
to the other investigated PTES. However, the results are based on the 
assumption of constant surface temperature, which is reasonable for the 
selected location (Panama). Further analysis should also address the 
impact of different temperature profiles of the thermal source. 
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