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ABSTRACT: A thermodynamic model of a novel energy storage device is described and simulated in the 
context of a central Mediterranean climate. The device uses a hydro-pneumatic concept to store energy as 
compressed air. It is designed to be integrated into an offshore floating platform. The thermodynamic model 
illustrates the behaviour of the compression process and the heat exchange with the surrounding 
environment. Different rates of compression are simulated, and it can be observed that faster compression 
rates lead to higher gas temperatures and pressures. The sensitivity to climatic conditions is also investigated, 
however this effect was seen to be minimal. A simplified Black-Box Model is also developed, with its 
parameters obtained through a curve-fitting process. Finally, a stochastic input is fed to both models and a 
comparison is made. The simplified model results in a minor over-prediction of the efficiency.  
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1 INTRODUCTION 
 
 The widespread integration of renewable energy 
systems will rely on technologies that can 
continuously meet varying demands using an 
intermittent supply. Studies indicate that significant 
back up will be required even if renewables can 
cover 100% of the demand [1].  
 Energy storage comprises promising 
technologies that can mitigate the mismatch 
between supply and demand [2]. Some of the 
specific applications include frequency control, 
load balancing and peak shaving. The 
decarbonisation of energy production will result in 
increased deployment of energy storage [3].  
 Generation Integrated Energy Storage (GIES) 
[4] is a relatively new approach to energy storage 
and renewables. The aim is to store energy in its 
primary form and thus reduce inefficiencies. 
Research at the University of Malta has focussed on 
wind energy generation, specifically on offshore 
wind energy. The advantages of the offshore 
environment in this context are extensively 
documented [4]. Moreover, co-locating an energy 
storage device in the offshore environment can also 
be highly beneficial [5].  
 On-going work has shown the advantages of 
using hydraulic power transmission instead of 
electrical transmission in large-scale offshore wind 
farms [6] [7]. This would result in replacing the  
 
 

 
gearbox and generator inside the nacelle with a 
positive displacement pump. The pump is directly 
connected to the rotor and transmits pressurised 
fluid across the network. The combined farm output 
can be converted into electricity at a centralised, 
possibly onshore, hydroelectric station.  
 The integration of a hydraulic energy storage 
device would provide a suitable form of GIES. 
However, conventional hydraulic accumulators are 
not suitable for storing large quantities of energy. 
They are typically suited to mitigating very short 
fluctuations in relatively smaller circuits. The main 
challenge is that conventional designs would 
experience very significant pressure fluctuations as 
they charge and discharge. This hinders their 
integration into hydraulic power transmission 
circuits that would require a fixed, stable pressure.  
 A device currently under development at the 
University of Malta is attempting to address this 
issue by using a liquid-piston [8] and an additional 
compressed air chamber. This compressed air 
chamber is integrated into a floating platform to 
provide stabilising upthrust and a means of 
mitigating pressure fluctuations. This symbiotic 
design combines the power density of hydraulics 
and the energy density of pneumatics.  
 This paper pertains to an analytical model of the 
device, with a focus on the gas thermodynamics. 
The model is fed with an intermittent energy input 
and its performance under different conditions in a 
central Mediterranean climate is monitored.  
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2 ANALYTICAL MODEL 
 
2.1 Design Principles 
 The storage system is designed to mitigate 
pressure fluctuations using an external compressed 
air chamber. This principle is best described using a 
pressure-volume diagram as shown in Figure 1. The 
operational volume is retained in the liquid-piston 
portion, with the rest of the volume only serving to 
mitigate the pressure fluctuations. The two 
chambers are connected by an umbilical pipeline. 
 

 
Figure 1: p-V diagram showing the physical 

behaviour of the gas in such a device 
 
 The external portion does not only serve to 
mitigate pressure changes, but also provides 
stabilising upthrust to the platform. This makes it 
more feasible from a technical perspective and the 
hollow floating portion could potentially assist in 
the installation of the system. The integration of 
this design into a floating Tension Leg Platform 
(TLP) is shown in Figure 2. Key design attributes 
were maintained; these include the gross 
displacement, overall mass and centre of gravity 
position relative to the centre of buoyancy.  
 

 
Figure 2: NREL/MIT-TLP [10] to scale at 200 m 
depth with the proposed liquid piston accumulator 
(also to scale) on the seabed and a cross-section of 

the floating platform (not to scale). 
 
 

 The baseline design under investigation is based 
on a well-understood TLP designed for offshore 
wind turbines. Referred to as the NREL/MIT-TLP 
[10], it was planned for a 5MW turbine. When 
integrated into such a platform, the FLASC concept 
would result in around 5.2MWhr of integrated 
energy storage capacity.  
 
2.2 Thermodynamic Model  
 The model is described in detail in existing 
work [11]. In the present context, an overview of 
the fundamental equations is presented.  
 

 
Figure 3: Simplified Schematic of the Device 

(reproduced from [11]). 
 

 The system can be described as two 
interconnected air chambers having a variable (𝑉𝑉𝐴𝐴) 
and fixed (𝑉𝑉𝐵𝐵) volume (Figure 3); the former being 
the chamber comprising the liquid piston. The 
continuity equation for this component is as 
follows: 
 
�̇�𝑚𝐴𝐴 =

𝐴𝐴𝐴𝐴
𝑅𝑅𝑇𝑇𝐴𝐴

𝑝𝑝𝐴𝐴
𝑑𝑑𝑥𝑥𝑖𝑖
𝑑𝑑𝑑𝑑 −

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑥𝑥𝑖𝑖𝐴𝐴𝐴𝐴
𝑅𝑅𝑇𝑇𝐴𝐴
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𝑑𝑑𝑝𝑝𝐴𝐴
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𝑝𝑝𝐴𝐴
𝑇𝑇𝐴𝐴
𝑑𝑑𝑇𝑇𝐴𝐴
𝑑𝑑𝑑𝑑 � (1) 

 
𝑉𝑉𝐴𝐴 = 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑥𝑥𝑖𝑖𝐴𝐴𝐴𝐴 (2) 

 
 In the above equations 𝑥𝑥𝑖𝑖 and 𝐴𝐴𝐴𝐴 are the 
position and area of the liquid-piston interface 
respectively. 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is the initial air volume and �̇�𝑚𝐴𝐴 is 
the mass flow rate out of the chamber.  
 Applying the energy equation gives the rate of 
change in internal energy:  
 
𝑞𝑞𝐴𝐴 =

𝑝𝑝𝐴𝐴𝑐𝑐𝑝𝑝𝐴𝐴𝐴𝐴
𝑅𝑅

�
𝑑𝑑𝑥𝑥𝑖𝑖
𝑑𝑑𝑑𝑑
� −

𝑐𝑐𝑣𝑣
𝑅𝑅

(𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑥𝑥𝑖𝑖𝐴𝐴𝐴𝐴)
𝑑𝑑𝑝𝑝𝐴𝐴
𝑑𝑑𝑑𝑑 − 𝑞𝑞𝑤𝑤,𝐴𝐴 (3) 

 
where 𝑐𝑐𝑝𝑝, 𝑐𝑐𝑣𝑣 are the specific heat capacities of the air 
and 𝑞𝑞𝑤𝑤,𝐴𝐴 is the heat lost through the walls.  
 A similar set of equations can also be obtained 
for the fixed volume chamber:  
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𝑑𝑑𝑑𝑑

+ 𝑞𝑞𝑤𝑤,𝐵𝐵  (5) 

 
 An additional equation relates the pressures in 
the two portions (𝑝𝑝𝐴𝐴, 𝑝𝑝𝐵𝐵) by quantifying the drop 
across the umbilical conduit [11]. Turbulent 
frictional losses are calculated using a friction 
factor. It must be noted that frictional heating and 
the compressibility of the air in the umbilical 
connector are neglected. Both of these phenomena 
tend to be negligible in this context. Finally, the 
heat flux through the umbilical connection can be 
quantified as follows: 
 

𝑞𝑞𝐴𝐴 = 𝑐𝑐𝑝𝑝𝑇𝑇𝐴𝐴�̇�𝑚𝑢𝑢𝑢𝑢𝑢𝑢 (4) 
 
The above equation set is solved using a first-order 
Euler method programmed in MATLAB™.  
 
2.3 Boundary Conditions 
 The above equation set allows simulation of the 
response for known boundary conditions. Such 
conditions are required to quantify the heat 
exchanged with the surroundings during the 
charging or discharging process.  
 Heat exchange processes occur primarily across 
the solid cross-section of the structure and also 
across the liquid-gas interface of the liquid piston. 
For the cases of conduction across a solid interface, 
a lumped model is adopted to account for the 
thermal inertia of the cross-section. It treats each 
element of the cross-section as a thermal mass, with 
a resistive term on each side. The resistive term 
represents the resistance to heat transfer of half the 
cross-sectional thickness. A thermal network 
representation (Figure 4) is then undertaken to 
combine the various elements.  
 

 
Figure 4: Thermal Network: Bottom Chamber 

 
 The network elements 𝑅𝑅1𝐴𝐴(𝑖𝑖,𝑗𝑗) represent the 
resistance to heat transfer between the fluid and 

solid surfaces. Elements 𝑅𝑅2(𝑖𝑖,𝑗𝑗) represent 
conduction resistance through the solid wall, where 
𝑇𝑇𝑇𝑇𝐴𝐴(𝑖𝑖) and 𝐶𝐶𝑇𝑇𝐴𝐴(𝑖𝑖) represent the temperature and 
heat capacity of that wall. Finally, the term 𝑅𝑅3𝐴𝐴 
represents the resistance to heat transfer across the 
liquid-gas interface and 𝐶𝐶𝑇𝑇𝐴𝐴(3) is the heat capacity 
of the mass of stored seawater, which changes 
throughout the simulation. Terms 𝑞𝑞𝐴𝐴(𝑖𝑖,𝑗𝑗) represent 
the heat fluxes. Heat transfer coefficients are 
quantified using the relevant empirical correlations 
based on the Rayleigh and Nusselt numbers.  
 Resistance to heat transfer across the liquid-gas 
interface is computed using the equation of 
Kermani and Rokni [12]: 
 

𝑅𝑅𝑙𝑙/𝑔𝑔 =
1
𝐴𝐴𝐴𝐴

�
𝐿𝐿𝑔𝑔𝑔𝑔𝑔𝑔
𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔

+
𝐿𝐿𝑙𝑙𝑖𝑖𝑙𝑙
𝑘𝑘𝑙𝑙𝑖𝑖𝑙𝑙

� 

 
(5) 

where 𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔 and 𝑘𝑘𝑙𝑙𝑖𝑖𝑙𝑙  are the thermal conductivities 
of the gas and liquid portions and 𝐿𝐿𝑔𝑔𝑔𝑔𝑔𝑔 and 𝐿𝐿𝑙𝑙𝑖𝑖𝑙𝑙  are 
their axial thicknesses.  
 During storage, cold liquid is pumped into the 
chamber and this affects the internal energy within 
the system. A simple isobaric mixing process 
between the fluid being pumped in and the fluid 
already within the chamber is therefore considered 
to account for this effect. 
 The system is intended for deployment in the 
offshore environment at depths of around 200 m. 
The temperatures of the surrounding water are 
obtained from monthly data of the US National 
Oceanic and Atmospheric Administration [13].  
 Data for the central Mediterranean island of 
Malta is shown in Figure 5. Here the formation of a 
thermocline layer can be observed for the warmer 
months. This implies that the air in the floating 
chamber (𝑉𝑉𝐵𝐵) is surrounded by much warmer 
temperatures when compared to the air in the 
chamber on the seabed (𝑉𝑉𝐴𝐴). The analytical model 
will allow observation of any differences in the way 
the two chambers behave. 
 

 
Figure 5: Temperature-Depth profiles for Maltese 

coastal waters [13] 
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3 SIMPLIFIED BLACK-BOX MODEL 
 
 The model developed in [11] and briefly 
described above is highly accurate when it comes to 
resolving the thermodynamic processes involved. 
However, this comes with significant 
computational demands. A Black-Box Model was 
also developed in order to allow simulation of the 
storage device operating in the context of a larger 
system, or when being fed with long stochastic data 
sets. It uses a simple polytropic compression law 
for an ideal gas. The ideal gas assumption is also 
applied to the analytical model, justified by 
compressibility factors that are close to unity for all 
relevant conditions [11]. The simplified model can 
be expressed as follows: 
 

𝑝𝑝𝑔𝑔𝑎𝑎𝑎𝑎(𝑑𝑑) = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 �
𝑉𝑉𝑖𝑖𝑡𝑡𝑖𝑖

𝑉𝑉𝐴𝐴(𝑑𝑑) + 𝑉𝑉𝐵𝐵
�
𝑖𝑖

 (6) 

 
The instantaneous accumulator pressure (𝑝𝑝𝑔𝑔𝑎𝑎𝑎𝑎) can 
therefore be obtained as a function of the 
instantaneous volume of air in the lower chamber 
(𝑉𝑉𝐴𝐴), obtained from equation (2). Terms 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 
𝑉𝑉𝑖𝑖𝑡𝑡𝑖𝑖 are the pre-charge pressure and total air 
volume respectively, while 𝑛𝑛 is the polytropic 
index.  
 Obtaining a suitable polytropic index is the 
scope of the present work. This is calculated by 
using a curve-fitting algorithm on data obtained 
from the detailed analytical model. The sensitivity 
of this fixed polytropic index to different 
compression rates is also analysed.  
 For the system operating with an intermittent 
flow input and fixed output flow requirement, the 
instantaneous volume of air in the lower chamber 
(𝑉𝑉𝐴𝐴) can be obtained as follows: 
 

𝑉𝑉𝐴𝐴
(𝑖𝑖) = 𝑉𝑉𝐴𝐴

(𝑖𝑖−1) + 𝑄𝑄𝑔𝑔𝑎𝑎𝑎𝑎∆𝑑𝑑 (7) 
 
where 𝑉𝑉𝐴𝐴

(𝑖𝑖−1) is the volume at the previous time step 
and ∆𝑑𝑑 is the length of that time-step. The flow into 
the accumulator is given by the difference between 
the input (available) flow (𝑄𝑄𝑖𝑖𝑖𝑖) and the fixed flow 
demand (𝑄𝑄𝑑𝑑𝑝𝑝𝑢𝑢): 
 

𝑄𝑄𝑔𝑔𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑑𝑑𝑝𝑝𝑢𝑢 (8) 
 
 As the accumulator charges and discharges, its 
pressure will also change. In practice a nozzle 
controller will be in place to ensure that the flow 
demand is being delivered, despite minor changes 
in pressure. Given the advantageous design of the 
accumulator, this can be easily achieved using a 
variable area orifice. The flow demand is based on 
the mean energetic content of the 24 hour wind 
data. The input flow is obtained from artificial wind 
data and a transient model of a hydraulic wind 
turbine developed in previous work [14].  

 One major drawback of this simplified approach 
is its inability to account for heat exchange when 
the system is not being charged or discharged. 
However, the implication of this shortcoming is 
quantified in cases when the system is fed 
stochastic flow data and must provide a fixed, 
steady output. Once again, a comparison to the 
detailed model is made in order to observe any 
deficiencies in the Black-Box Model.  
 
 
4 SIMULATION RESULTS 
 
 Simulations are carried out for the baseline 
system having the default parameters shown in 
Table 1. In all cases, the internal air temperature 
starts in equilibrium with the surroundings. 
 The first set of results focuses on the use of the 
analytical model. A number of charging cycles are 
simulated with the scope of obtaining a mean 
polytropic index for the system. This is followed by 
a comparison between the computational cost of 
this detailed model and the simplified Black-Box 
Model. The criteria are the discrepancy in the 
predicted pressure response and overall efficiency 
in a simulation using stochastic wind data. 
 
Table 1: Storage System Parameters 

Umbilical Diameter / Length 0.2 m / 146.2 m 
Chamber A Volume 1,300 m3 

Chamber B Volume 12,200 m3 

Chamber A Material Concrete, Dense 
Chamber B Material Steel, Carbon 1% 
Umbilical Conduit Material GRE/GRP 
Pre-Charge Pressure 150 bar 
Seawater Initial Temperature 14.7˚C 
System Operating Depth 200 m 

 
4.1 Effect of Compression Rate 
 The parameter under investigation is the 
charging rate. This primarily affects the time 
available for the internal gas to dissipate heat as it 
is being compressed. It also affects the ability of the 
umbilical connector to transfer air from the bottom 
to the upper chamber, and hence the pressure 
distribution in the system. A range of charging rates 
is simulated based on the typical output from a 
5MW hydraulic turbine [7] as shown in Table 2.  
 
Table 2: Simulated Charging Rates 

Turbine 
Condition 

Wind 
Speed 
[ms-1] 

Charging 
Rate 

[m3s-1] 
Intermediate 1 5 0.024 
Intermediate 2 7 0.073 
Intermediate 3 9 0.158 

Rated 11.4 0.310 
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Table 3: Max. Values at Different Charging Rates 
Charging Rate 

[m3s-1] 
𝒑𝒑𝑨𝑨 

[bar] 
𝒑𝒑𝑩𝑩 

[bar] 
𝑻𝑻𝑨𝑨 
[˚C] 

𝑻𝑻𝑩𝑩 
[˚C] 

0.024 169.6 169.4 28.5 29.0 
0.073 172.1 172.3 33.5 34.3 
0.158 174.3 174.0 36.6 37.3 
0.310 175.8 175.0 38.4 39.0 

  
The resulting maximum pressures and temperatures 
are shown in Table 3. It can be observed that the 
faster the charging rate, the higher the temperature 
(and pressure). This is because during a fast 
compression process the air does not have time to 
dissipate heat. In all cases the pressure is well 
distributed between the two chambers. 
 A pressure-cycle was simulated for the two 
months experiencing the extreme temperatures: i.e. 
February and September. The energy is held for a 
period of 24 hours and then discharged. The system 
is then allowed to stabilise for a further 24 hours. 
An intermediate charging/discharging rate of 0.158 
m3s-1 was used in both cases. The pressure and 
temperature responses of the system are shown in 
Figure 6 and Figure 7 respectively. 

Here one can observe a sharp increase in 
pressure as the system charges. This is primarily 
due to the compression stroke itself, but there is 
also some compression heating. In fact, as the 
charging stops at the 2-hour mark, the gas begins to 
cool down and an associated drop is observed. This 
temperature change can also be observed in Figure 
7. Conversely, during the discharging process the 
gas cools down and re-absorbs some heat from the 
surroundings as the system stabilises. 
 

 
Figure 6: Charge/discharge cycles for February 

and September: Pressure Response. 
 

The p-V diagram in Figure 8 confirms that the 
response and efficiencies are practically identical 
for the two extreme months of February (95.18%) 

and September (95.22%). This implies that 
consistent performance across different climatic 
conditions can be achieved.  

 

 
Figure 7: Charge/discharge cycles for February 

and September: Temperature Response. 
 

 
Figure 8: Pressure-volume diagrams for February 

and September. 
 
4.2 Establishing a Mean Polytropic Index 
 The principal objective of this work is to obtain 
a fixed polytropic index that describes the 
thermodynamic process. In order to obtain this 
value a curve-fitting procedure was used on the 
pressure response for different compression rates. 
Based on well-established physical principles, a 
pre-defined form was used, leaving only a single 
unknown variable. From equation (6): 
 

𝑝𝑝(𝑉𝑉) = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 �
𝑉𝑉𝑖𝑖𝑡𝑡𝑖𝑖
𝑉𝑉
�
𝑖𝑖

 (9) 

 
 Data for (𝑝𝑝,𝑉𝑉) resulting from the analytical 
model was fitted to the above form and the values 
obtained for the polytropic index are tabulated 
below. The term (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) describes the error, relative 
to the pre-charge pressure, between the final 
pressure predicted by the analytical model and the 
fixed polytropic index. 
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Table 4: Polytropic Index Regression Analysis 
Charging Rate 

[m3s-1] 
𝒏𝒏 
[-] 

𝑹𝑹𝟐𝟐 
[-] 

𝒑𝒑𝒆𝒆𝒆𝒆𝒆𝒆 
[-] 

0.024 1.304 0.9892 -0.65% 
0.073 1.467 0.9957 -0.68% 
0.158 1.546 0.9987 -0.31% 
0.310 1.587 0.9997 +0.15% 

 
 It can be observed that there is a very strong 
correlation throughout. The best fit is for the 
highest compression rate, shown in Figure 9. Also 
shown is the lowest compression rate, which had 
the poorest fit. The higher rate corresponds to an 
almost adiabatic scenario where the air has very 
limited time to dissipate heat as it is being 
compressed. It can also be noted that the polytropic 
index is above 1.4. At higher pressures, the specific 
heat at constant pressure increases more drastically 
than the specific heat at constant volume, resulting 
in an increase in their ratio (𝛾𝛾). The analytical 
model accounts for this, and rightfully yields such 
higher values. Interpolating from thermodynamic 
properties of air [15] results in a value: 𝛾𝛾 = 1.63 at 
the prescribed conditions.  
 

 
Figure 9: Polytropic Index Regression Analysis 

 
4.3 Comparison of the Two Models 
 There is quite a range of polytropic indices, as 
shown in Table 4. In order to best select a value 
suitable for real-time stochastic simulations, a full 
24-hour run was carried out using wind data. A 
comparison is then drawn between the resulting 
pressure response from the analytical model and the 
response predicted by the Black-Box Model using 
fixed polytropic indices. This comparison is 
quantified using an Accumulated Error (AE) 
function: 
 

AE =  
1
𝑛𝑛𝑔𝑔
��(𝑝𝑝𝑔𝑔𝑖𝑖[𝑑𝑑𝑔𝑔] − 𝑝𝑝𝑢𝑢𝑢𝑢[𝑑𝑑𝑔𝑔])2
𝑖𝑖𝑠𝑠

𝑖𝑖=1

�

1
2

 (10) 

 
where 𝑛𝑛𝑔𝑔 is the number of samples, 𝑝𝑝𝑔𝑔𝑖𝑖 and 𝑝𝑝𝑢𝑢𝑢𝑢  

represent the pressures predicted by the analytical 
and Black Box Models at a sample time 𝑑𝑑𝑔𝑔.  
 The analytical model was run using 24 hours of 
wind data having a mean wind speed of 7.0 ms-1 

and a turbulence intensity of 10% with the storage 
device initially half full. The model was 
programmed to store and dissipate energy in order 
to provide a fixed power output corresponding to 
the mean energetic content of the 24 hour time-
series. The conversion of free stream kinetic energy 
into hydraulic power is outside the scope of this 
work but is documented in [14].  
 The Black-Box Model was programmed in a 
similar manner. In this case, a number of runs were 
carried out using a variety of polytropic indices. 
The AE was calculated for each value.  
 

 
Figure 10: Accumulated Error against  

Black-Box Model polytropic index 
 
 This parameter was plotted for different values 
of the polytropic index as shown in Figure 10. An 
optimum value is established at 𝑛𝑛 = 1.51. This 
gives the closest agreement between the analytical 
and Black-Box Model. 
 

 
Figure 11: Wind Data and Pressure Response 

 
 The wind data and corresponding accumulator 
pressure response for both models are shown in 
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Figure 11. One can observe a very good agreement 
between the two. The motivation behind developing 
such a Black-Box Model for stochastic simulations 
is justified by computational demands. The 
computational time for the analytical model can be 
extremely long due to the very small time-steps 
required to adequately resolve the detailed 
thermodynamic response when using a realistic 
stochastic input. The computational times 
corresponding to the results shown in Figure 11 are 
shown in Table 5. Clearly there is a significant 
difference when using the Black-Box Model.  
 
Table 5: Comparison of Computational Cost 

Time-series 
Length 

Analytical 
Model 

Black-Box 
Model  

24 hours 42.6 hours 4.7 seconds 
  
Despite its much faster execution time, the Black-
Box Model has a significant drawback. It is unable 
to account for heat transfer when the accumulator is 
at rest, that is, when it is not charging or 
discharging. This can lead to it over-estimating the 
operating efficiency of the system. In order to 
verify the extent of this drawback in the context of 
a stochastic simulation, the efficiencies were 
calculated for the simulation run in Figure 11. The 
energy efficiency for such a device can be defined 
as follows: 
 

𝜂𝜂 =
𝐸𝐸𝑔𝑔𝑑𝑑𝑖𝑖

(𝑖𝑖𝑠𝑠) − 𝐸𝐸𝑔𝑔𝑑𝑑𝑖𝑖
(1)

𝑊𝑊
 (11) 

 
where 𝑊𝑊 is the net work-done on the gas and 𝐸𝐸𝑔𝑔𝑑𝑑𝑖𝑖

(1) , 
𝐸𝐸𝑔𝑔𝑑𝑑𝑖𝑖

(𝑖𝑖𝑠𝑠) represent the adiabatically-stored energy at 
the initial and final time steps respectively. The 
term adiabatically-stored energy refers to the work 
that would be done by that volume of gas if it were 
to be expanded adiabatically to atmospheric 
pressure [17], that is: 
 

𝐸𝐸𝑔𝑔𝑑𝑑𝑖𝑖 = 𝑉𝑉𝑔𝑔𝑖𝑖𝑝𝑝 �𝑝𝑝𝑔𝑔𝑎𝑎𝑎𝑎
(1 − 𝑣𝑣𝑝𝑝𝛾𝛾−1)

𝛾𝛾 − 1 − 𝑝𝑝𝑔𝑔𝑖𝑖𝑢𝑢(𝑣𝑣𝑝𝑝 − 1)� (12) 

 
The term 𝑣𝑣𝑝𝑝  represents a compression ratio: it is the 
ratio of the final expanded air volume (𝑉𝑉𝑖𝑖𝑡𝑡𝑖𝑖) to the 
current compressed volume (𝑉𝑉𝑔𝑔𝑖𝑖𝑝𝑝). The work input 
can be computed using numerical integration: 
 

𝑊𝑊 = ��𝑝𝑝𝑔𝑔𝑎𝑎𝑎𝑎
(𝑖𝑖) �𝑉𝑉𝑔𝑔𝑖𝑖𝑝𝑝

(𝑖𝑖+1) − 𝑉𝑉𝑔𝑔𝑖𝑖𝑝𝑝
(𝑖𝑖)��

𝑖𝑖𝑠𝑠−1

𝑖𝑖=1

 (13) 

 
Based on the above definition it can be noted that 
work done on the gas is positive whereas work 
done by the gas is negative.  
 The principle behind the definition of efficiency 
in equation (11) is that over a period of operation, 
work is being done on the gas and by the gas. The 

net work done should correspond to a resulting 
change in the adiabatically-stored energy of the 
system. For perfect adiabatic operation the two 
terms would be equal, but due to thermal losses, the 
adiabatically-stored energy is lower.  
 
Table 6: Operating Efficiencies for Stochastic Case 

Analytical 
Model 

Black-Box 
Model 

96.88% 98.67% 
 
 The efficiencies computed from each model are 
shown in Table 6. As expected, the Black-Box 
Model over-predicts efficiency since it cannot 
account for thermal losses when no 
charging/discharging is taking place. However, the 
difference between the two is minimal. This 
indicates that during the 24 hour time-series there 
were very few cases in which the storage device 
was not being charged or discharged. It can 
therefore be verified that the Black-Box Model with 
a polytropic index of 𝑛𝑛 = 1.51 is adequate for such 
stochastic simulation runs. 
 Although the efficiency seems very high, it 
must be noted that the value only represents the 
efficiency of the compression/expansion process, as 
hydraulic losses are not accounted for. Nonetheless, 
it is still relatively high and this results from the 
design of the system where the floating chamber 
dissipates the pressure fluctuations. Minimal 
pressure changes imply minimal temperature 
changes, and therefore the internal air condition 
does not deviate significantly from its initial steady-
state temperature. This implies that there is limited 
heat-exchange with the surroundings. Loss of 
thermal energy to the surroundings is a key form of 
energy loss during a compression process, so 
mitigating this effect increases the efficiency. 
 
 
5 CONCLUDING REMARKS 
 
 This work has modelled the performance of a 
hydro-pneumatic energy storage device operating in 
a central Mediterranean climate. It was shown that 
the pressure response of the device is dependent on 
the compression rate, as this affects the extent of 
the heat exchange with the surroundings. On the 
other hand, seasonality did not play a significant 
role. In fact, both the response and the efficiency 
were practically identical for the two extreme 
months. This is due to the thermal equilibrium that 
is established with the surroundings, and any 
fluctuations are relative to this condition. Such 
performance bodes well in terms of consistency.  
 A computationally efficient Black-Box Model 
was successfully correlated using a curve fitting 
process. The ideal value was established by 
considering the error between the response to a 
stochastic input using the analytical and simplified 
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model. A value of 𝑛𝑛 = 1.51 yielded the lowest 
accumulated error. Finally, it can be observed that 
although the Black-Box Model cannot account for 
thermal losses when the system is not charging or 
discharging, the associated over-prediction is 
minimal. This implies that simulations with realistic 
stochastic inputs where the system operates 
continuously could make use of the more 
computationally efficient model.  
 Future work will continue to improve the 
understanding of the thermodynamic processes in 
such a device. A 1:10 prototype is presently being 
designed and will be deployed in Maltese waters in 
the near future. The aim is to measure its 
performance under real-time operational conditions 
and to identify practical and logistical challenges. 
The hydrodynamic characteristics are also within 
the scope of future work, particularly in open sea 
conditions. Finally, there is also interest to study 
the implications of a hollow floating platform on 
the deployment of TLPs, which presently offers a 
significant logistical hurdle.  
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	1 INTRODUCTION
	The widespread integration of renewable energy systems will rely on technologies that can continuously meet varying demands using an intermittent supply. Studies indicate that significant back up will be required even if renewables can cover 100% of ...
	Energy storage comprises promising technologies that can mitigate the mismatch between supply and demand [2]. Some of the specific applications include frequency control, load balancing and peak shaving. The decarbonisation of energy production will ...
	Generation Integrated Energy Storage (GIES) [4] is a relatively new approach to energy storage and renewables. The aim is to store energy in its primary form and thus reduce inefficiencies. Research at the University of Malta has focussed on wind ene...
	On-going work has shown the advantages of using hydraulic power transmission instead of electrical transmission in large-scale offshore wind farms [6] [7]. This would result in replacing the     gearbox and generator inside the nacelle with a positiv...
	The integration of a hydraulic energy storage device would provide a suitable form of GIES. However, conventional hydraulic accumulators are not suitable for storing large quantities of energy. They are typically suited to mitigating very short fluct...
	A device currently under development at the University of Malta is attempting to address this issue by using a liquid-piston [8] and an additional compressed air chamber. This compressed air chamber is integrated into a floating platform to provide s...
	This paper pertains to an analytical model of the device, with a focus on the gas thermodynamics. The model is fed with an intermittent energy input and its performance under different conditions in a central Mediterranean climate is monitored.
	2 ANALYTICAL MODEL
	2.1 Design Principles
	The storage system is designed to mitigate pressure fluctuations using an external compressed air chamber. This principle is best described using a pressure-volume diagram as shown in Figure 1. The operational volume is retained in the liquid-piston ...
	Figure 1: p-V diagram showing the physical behaviour of the gas in such a device
	The external portion does not only serve to mitigate pressure changes, but also provides stabilising upthrust to the platform. This makes it more feasible from a technical perspective and the hollow floating portion could potentially assist in the in...
	Figure 2: NREL/MIT-TLP [10] to scale at 200 m depth with the proposed liquid piston accumulator (also to scale) on the seabed and a cross-section of the floating platform (not to scale).
	The baseline design under investigation is based on a well-understood TLP designed for offshore wind turbines. Referred to as the NREL/MIT-TLP [10], it was planned for a 5MW turbine. When integrated into such a platform, the FLASC concept would resul...
	2.2 Thermodynamic Model
	The model is described in detail in existing work [11]. In the present context, an overview of the fundamental equations is presented.
	Figure 3: Simplified Schematic of the Device (reproduced from [11]).
	The system can be described as two interconnected air chambers having a variable (,𝑉-𝐴.) and fixed (,𝑉-𝐵.) volume (Figure 3); the former being the chamber comprising the liquid piston. The continuity equation for this component is as follows:
	In the above equations ,𝑥-𝑖. and ,𝐴-𝐴. are the position and area of the liquid-piston interface respectively. ,𝑉-𝑖𝑛𝑖𝑡. is the initial air volume and ,,𝑚.-𝐴. is the mass flow rate out of the chamber.
	Applying the energy equation gives the rate of change in internal energy:
	where ,𝑐-𝑝.,,𝑐-𝑣. are the specific heat capacities of the air and ,𝑞-𝑤,𝐴. is the heat lost through the walls.
	A similar set of equations can also be obtained for the fixed volume chamber:
	An additional equation relates the pressures in the two portions (,𝑝-𝐴., ,𝑝-𝐵.) by quantifying the drop across the umbilical conduit [11]. Turbulent frictional losses are calculated using a friction factor. It must be noted that frictional heatin...
	The above equation set is solved using a first-order Euler method programmed in MATLAB™.
	2.3 Boundary Conditions
	The above equation set allows simulation of the response for known boundary conditions. Such conditions are required to quantify the heat exchanged with the surroundings during the charging or discharging process.
	Heat exchange processes occur primarily across the solid cross-section of the structure and also across the liquid-gas interface of the liquid piston. For the cases of conduction across a solid interface, a lumped model is adopted to account for the ...
	Figure 4: Thermal Network: Bottom Chamber
	The network elements ,𝑅1-𝐴(𝑖,𝑗). represent the resistance to heat transfer between the fluid and solid surfaces. Elements ,𝑅2-(𝑖,𝑗). represent conduction resistance through the solid wall, where ,𝑇𝑤-𝐴(𝑖). and ,𝐶𝑤-𝐴(𝑖). represent the te...
	Resistance to heat transfer across the liquid-gas interface is computed using the equation of Kermani and Rokni [12]:
	where ,𝑘-𝑔𝑎𝑠. and ,𝑘-𝑙𝑖𝑞. are the thermal conductivities of the gas and liquid portions and ,𝐿-𝑔𝑎𝑠. and ,𝐿-𝑙𝑖𝑞. are their axial thicknesses.
	During storage, cold liquid is pumped into the chamber and this affects the internal energy within the system. A simple isobaric mixing process between the fluid being pumped in and the fluid already within the chamber is therefore considered to acco...
	The system is intended for deployment in the offshore environment at depths of around 200 m. The temperatures of the surrounding water are obtained from monthly data of the US National Oceanic and Atmospheric Administration [13].
	Data for the central Mediterranean island of Malta is shown in Figure 5. Here the formation of a thermocline layer can be observed for the warmer months. This implies that the air in the floating chamber (,𝑉-𝐵.) is surrounded by much warmer tempera...
	Figure 5: Temperature-Depth profiles for Maltese coastal waters [13]
	3 SIMPLIFIED BLACK-BOX MODEL
	The model developed in [11] and briefly described above is highly accurate when it comes to resolving the thermodynamic processes involved. However, this comes with significant computational demands. A Black-Box Model was also developed in order to a...
	The instantaneous accumulator pressure (,𝑝-𝑎𝑐𝑐.) can therefore be obtained as a function of the instantaneous volume of air in the lower chamber (,𝑉-𝐴.), obtained from equation (2). Terms ,𝑝-𝑝𝑟𝑒. and ,𝑉-𝑡𝑜𝑡. are the pre-charge pressure a...
	Obtaining a suitable polytropic index is the scope of the present work. This is calculated by using a curve-fitting algorithm on data obtained from the detailed analytical model. The sensitivity of this fixed polytropic index to different compression...
	For the system operating with an intermittent flow input and fixed output flow requirement, the instantaneous volume of air in the lower chamber (,𝑉-𝐴.) can be obtained as follows:
	where ,𝑉-𝐴-(𝑖−1). is the volume at the previous time step and ∆𝑡 is the length of that time-step. The flow into the accumulator is given by the difference between the input (available) flow (,𝑄-𝑖𝑛.) and the fixed flow demand (,𝑄-𝑑𝑒𝑚.):
	As the accumulator charges and discharges, its pressure will also change. In practice a nozzle controller will be in place to ensure that the flow demand is being delivered, despite minor changes in pressure. Given the advantageous design of the accu...
	One major drawback of this simplified approach is its inability to account for heat exchange when the system is not being charged or discharged. However, the implication of this shortcoming is quantified in cases when the system is fed stochastic flo...
	4 SIMULATION RESULTS
	Simulations are carried out for the baseline system having the default parameters shown in Table 1. In all cases, the internal air temperature starts in equilibrium with the surroundings.
	The first set of results focuses on the use of the analytical model. A number of charging cycles are simulated with the scope of obtaining a mean polytropic index for the system. This is followed by a comparison between the computational cost of this...
	Table 1: Storage System Parameters
	4.1 Effect of Compression Rate
	The parameter under investigation is the charging rate. This primarily affects the time available for the internal gas to dissipate heat as it is being compressed. It also affects the ability of the umbilical connector to transfer air from the bottom...
	Table 2: Simulated Charging Rates
	Table 3: Max. Values at Different Charging Rates
	The resulting maximum pressures and temperatures are shown in Table 3. It can be observed that the faster the charging rate, the higher the temperature (and pressure). This is because during a fast compression process the air does not have time to dis...
	A pressure-cycle was simulated for the two months experiencing the extreme temperatures: i.e. February and September. The energy is held for a period of 24 hours and then discharged. The system is then allowed to stabilise for a further 24 hours. An ...
	Here one can observe a sharp increase in pressure as the system charges. This is primarily due to the compression stroke itself, but there is also some compression heating. In fact, as the charging stops at the 2-hour mark, the gas begins to cool down...
	Figure 6: Charge/discharge cycles for February and September: Pressure Response.
	The p-V diagram in Figure 8 confirms that the response and efficiencies are practically identical for the two extreme months of February (95.18%) and September (95.22%). This implies that consistent performance across different climatic conditions can...
	Figure 7: Charge/discharge cycles for February and September: Temperature Response.
	Figure 8: Pressure-volume diagrams for February and September.
	4.2 Establishing a Mean Polytropic Index
	The principal objective of this work is to obtain a fixed polytropic index that describes the thermodynamic process. In order to obtain this value a curve-fitting procedure was used on the pressure response for different compression rates. Based on w...
	Data for (𝑝,𝑉) resulting from the analytical model was fitted to the above form and the values obtained for the polytropic index are tabulated below. The term (,𝑝-𝑒𝑟𝑟.) describes the error, relative to the pre-charge pressure, between the final...
	Table 4: Polytropic Index Regression Analysis
	It can be observed that there is a very strong correlation throughout. The best fit is for the highest compression rate, shown in Figure 9. Also shown is the lowest compression rate, which had the poorest fit. The higher rate corresponds to an almost...
	Figure 9: Polytropic Index Regression Analysis
	4.3 Comparison of the Two Models
	There is quite a range of polytropic indices, as shown in Table 4. In order to best select a value suitable for real-time stochastic simulations, a full 24-hour run was carried out using wind data. A comparison is then drawn between the resulting pre...
	where ,𝑛-𝑠. is the number of samples, ,𝑝-𝑎𝑛. and ,𝑝-𝑏𝑏. represent the pressures predicted by the analytical and Black Box Models at a sample time ,𝑡-𝑠..
	The analytical model was run using 24 hours of wind data having a mean wind speed of 7.0 ms-1 and a turbulence intensity of 10% with the storage device initially half full. The model was programmed to store and dissipate energy in order to provide a ...
	The Black-Box Model was programmed in a similar manner. In this case, a number of runs were carried out using a variety of polytropic indices. The AE was calculated for each value.
	Figure 10: Accumulated Error against
	Black-Box Model polytropic index
	This parameter was plotted for different values of the polytropic index as shown in Figure 10. An optimum value is established at 𝑛=1.51. This gives the closest agreement between the analytical and Black-Box Model.
	Figure 11: Wind Data and Pressure Response
	The wind data and corresponding accumulator pressure response for both models are shown in Figure 11. One can observe a very good agreement between the two. The motivation behind developing such a Black-Box Model for stochastic simulations is justifi...
	Table 5: Comparison of Computational Cost
	Despite its much faster execution time, the Black-Box Model has a significant drawback. It is unable to account for heat transfer when the accumulator is at rest, that is, when it is not charging or discharging. This can lead to it over-estimating the...
	where 𝑊 is the net work-done on the gas and ,𝐸-𝑎𝑑𝑖-(1)., ,𝐸-𝑎𝑑𝑖-(,𝑛-𝑠.). represent the adiabatically-stored energy at the initial and final time steps respectively. The term adiabatically-stored energy refers to the work that would be done ...
	The term ,𝑣-𝑟. represents a compression ratio: it is the ratio of the final expanded air volume (,𝑉-𝑡𝑜𝑡.) to the current compressed volume (,𝑉-𝑎𝑖𝑟.). The work input can be computed using numerical integration:
	Based on the above definition it can be noted that work done on the gas is positive whereas work done by the gas is negative.
	The principle behind the definition of efficiency in equation (11) is that over a period of operation, work is being done on the gas and by the gas. The net work done should correspond to a resulting change in the adiabatically-stored energy of the s...
	Table 6: Operating Efficiencies for Stochastic Case
	The efficiencies computed from each model are shown in Table 6. As expected, the Black-Box Model over-predicts efficiency since it cannot account for thermal losses when no charging/discharging is taking place. However, the difference between the two...
	Although the efficiency seems very high, it must be noted that the value only represents the efficiency of the compression/expansion process, as hydraulic losses are not accounted for. Nonetheless, it is still relatively high and this results from th...
	5 CONCLUDING REMARKS
	This work has modelled the performance of a hydro-pneumatic energy storage device operating in a central Mediterranean climate. It was shown that the pressure response of the device is dependent on the compression rate, as this affects the extent of ...
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