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Abstract  

The increasing development of storage systems connected to electrical networks is stimulated by network management issues related to 
recent energetic landscape evolutions such as the increasing integration of renewable production sources. Hydro-pneumatic systems seem 
to offer a clean and cheap energy storage solution among the set of existing storage techniques. The present study analyses an air-water 
direct contact accumulation system, in closed cycle, using a rotodynamic reversible pump/turbine. The use of a unique energy conversion 
machine and easy-to-recycle materials could lead to cost-effective, environmentally friendly storage technique with long service life. The 
paper is focused on the experimental implementation and analysis of the system in a Lab environment, and the modeling of its multi-physic 
dynamic behavior. To deal with the variable operating conditions of the system, two different real time control strategies of the hydraulic 
machine were successfully tested. Finally, the global system efficiency is discussed. The efficiency control strategy was achieved with a 31% 
round trip efficiency and the power control strategy lead to 5% and 23% precision on exchanged power in charge and discharge modes 
respectively. The multi-physic dynamic model led to a 4% error of turbine mode acceleration prediction showing the interest of such a 
modeling method for such transient systems. 
 

Nomenclature  
Symbols Greek symbols and operators �� Constant volume specific heat (J/(kg.K)) Δ Difference 

� Diameter (m) � 
Angle between relative flow velocity and 
tangential direction (rad) � Friction factor (kg.m2/s) �′ Coefficient  of thermal expansion  � Shape factor 	 Flow coefficient 
 Gravitational acceleration (m2/s) � Efficiency � Heat transfer coefficient (W/(m2/K)))  Thermal conductivity (W/(m.K)) � Height (m) � Dynamic viscosity (Pa.s) � Rotational inertia (kg.m²) � Density (kg/m3) � Torsional stiffness (N.m/rad) � Power coefficient � Gain �′ Thermal time constant (s) � Length (m) � Pressure coefficient � Mass (kg) � Angular speed (rad/s) � Torque (N.m)   �� Nusselt number Subscripts  � Pressure (Pa) ��
� algorithm �� Power (W) ��  ambient !"  Heat transfer rate (W) � Final #$ Volume flow rate (m3/s) � High % Impeller radius (m) & Initial '2 Maximum impeller radius (m) � Liquid ')∗ Modified Rayleigh number � Low '+ Specific gas constant (J/(kg.K))) �/- Pump/turbine . Laplace operator %/� reference 0 Area (m2) .1 storage - Temperature (K) .1	3456 Start turbine -7 Integrator gain  .�8 supervision 1 Time (s) 9 water : Volume (m3)   

    

 

1. Introduction & positioning 

Energy storage is one of the most promising solutions considered 
by power system operators to smooth the effects of current and 
future increasing stresses on electrical grids [1]. Although energy 
storage has various applications, it is especially impacting the on-

going penetration of renewable energy sources in the existing 
electrical networks. 

Several types of energy storage techniques are currently 
available. It includes Pumped Hydroelectric Storage (PHS), 
Compressed Air Energy Storage (CAES), electrochemical batteries, 
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and flywheels [2]. Nowadays, the most widely developed 
technique is PHS. This technique is extremely mature in terms of 
life time and cost management and represents 98% of the grid 
connected storage systems installed power [1] [3]. However, its 
development is limited in Europe by the lack of new sites, 
because of the needed water level difference and volume. The 
large-scale CAES represents a serious alternative to PHS [1] [4], 
however the currently installed CAES stations present the 
disadvantage of gas burning requirement during the expansion 
period [5]; besides the existing CAES stations use gas 
compressors and turbines with a limited number of stages and 
intercoolers avoiding any possibility of isothermal 
compression/expansion that lead to severe losses if the storage is 
not adiabatic. It is possible to recover a part of the compression 
generated heat to store it and use it for expansion; but it is quite 
challenging to extract and conserve the heat at high 
temperatures [6]. Adiabatic-CAES could be a solution to the heat 
management problem. Such a system was studied by RWE in 
Germany with the so called ADELE project [7]. The main 
difficulties for such adiabatic systems come from the high 
operation temperatures and pressures leading to challenging 
designs for the rotating parts and the heat storage systems 
operated at high pressure. The technology readiness level and 
affordability of the very specific components required needs still 
to be proven. 

Hydro-pneumatic energy storage (HYPES) is a type of volumetric 
compressed air storage technique [8]. It intends to combine the 
good efficiency and technological maturity of hydraulic energy 
conversion with the spatial flexibility and large energy densities 
of compressed air energy storage in vessels. The HYPES basic idea 
is to compress air in a closed volume by means of a liquid piston 
during storage phase thanks to a pump and use this potential 
energy when needed to drive a turbine. Furthermore, the liquid 
piston concept presents a strong potential for the heat 
management all along compression or expansion making possible 
isothermal cycles. Such cycles don’t need any heat storage and 
present higher energy densities than adiabatic cycles [8]. 

The idea of using liquids to compress air is quite old, as it has 
been firstly described by Mékarski at the end of 19th century [9]. 
It is also interesting reading the humid compressor patent of 
Dubois-François, in the same period, where the use of liquid 
water is proposed to improve the compression efficiency [10]. 
The concepts of liquid piston and spray cooling were new at that 
time. This air compression technique enables to perform a quasi-
isothermal storage cycle, which has various advantages such as 
avoiding high temperature thermal storage, or energy sources 
(gas burning) and also higher energy densities [8]. 

For these reasons, closed or open volume hydro-pneumatic 
compression/expansion systems have been more recently 
studied by different teams. A team of the EPFL worked on a 
hybrid system based on oil hydraulic machines at pressures up to 
200bar in a closed cycle [8]. The use of oil in such systems 
requires a separation membrane. The achievement of isothermal 
cycles using heat exchanger would be expensive at such 
pressures and prays injecting in a membrane are not technically 
obvious regarding cooling stream circulation. Achievement of 
such oil based liquid piston systems without membrane would 
require compatibility studies between oil and air at high 
pressures and temperatures for safety reasons. In general, water 
based systems are preferred by most teams working on 
isothermal compressed air storage systems This is the case of 

Sustain-X start up which developed water foam cooling based 
compressed air systems [11] and also the case of LightSail Energy 
start up which developed water spray assisted storage system 
[12]. These two companies objective was to attain isothermal 
cycles with large mechanical compression reciprocating devices.  
Unfortunately they both stopped their activity probably because 
of the excessive cost associated with the complex compression 
devices. Regarding water based hydro-pneumatic systems; a nice 
example is the case of the GLIDES project team in which a Pelton 
turbine was used for energy release and a centrifugal pump for 
storage [13]. This system was operating between 70bar and 
100bar and needed a separated motor and generator. 

In this context, a new concept for HYPES systems is presented in 
this paper. It is deliberately based on simple components like a 
centrifugal pump used as a turbine and water as fluid 
compression system. Both motor and generator functions are 
performed by a single asynchronous machine. At the best 
knowledge of the authors this is the first time this kind of 
hydraulic machine is used for HYPES. An illustration of the 
proposed system is presented in Figure 1. 

 

Figure 1: HYPES system using a reversible pump-turbine 

This approach is a promising cost-effective solution, compared to 
other systems, as the initial investment is limited while it may 
enable an efficient management of the energy storage and 
recovery steps. 

Indeed, the use of a centrifugal pump enables to minimize the 
development costs, since pumps are very usual components and 
a single electric machine is needed. Moreover, the use of water 
instead of oil lowers the environmental impact, and the materials 
are also easier to recycle. Working at lower pressure (maximum 
of 40bar in the present case) could also decrease the design cost 
of the system, since a large variety of components can be found 
for operation with water up to 63bar. 

Nevertheless, using a radial flow open machine in conditions of 
variable pressure is a major challenge. Besides, the pneumatics, 
hydraulics and mechanics of the system are strongly coupled, 
which makes the estimation process of the characteristic times 
very challenging. However, this information is crucial for the 
assessment of the system performance and the comparison of 
various storage devices. Furthermore the strong coupling 
between the components make the control of the system quit 
challenging when trying to maintain a given power demand for 
example; this is related to the pressure dependent non-linear 
relation between machine’s flow rate and angular velocity. 
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In order to handle these challenges, the performance of the new 
system is investigated in this study by a combination of original 
simulations and validations on a test rig. The simulations are 
based on a dynamic multi-physics model that simulates the 
transient behavior of a lab scale proof of concept prototype, and 
eventually provides a fine prediction of the response time of the 
system. It has to be pointed out that to the authors’ knowledge, 
whereas such systems always operate in transient conditions all 
the existing models are based on a quasi-steady assumption. The 
development of a dynamic model is thus necessary to predict 
accurately the behavior of the system. 

The lab-scale prototype was specifically developed to provide the 
appropriate data for the validation of the model. Besides, a novel 
real time supervision algorithm was developed for the storage-
recovery cycles using the multi-physic dynamic model in order to 
numerically test different control strategies. The algorithm was 
then implemented in real time operating conditions on the test 
bench. It was developed to control the HYPES device either in 
best operating point mode or in a power request mode with 
variable pressure operation. This framework paves the way to 
design future systems based on the proposed principles in this 
paper. 

Besides, even if a lot of air based energy storage systems have 
been studied in literature, very few experimental research papers 
deal with compressed air energy storage. For example in a very 
recent research review [14] only 2 referred papers deal with CAES 
end-to-end (i.e. round trip cycle) experimental results; one of 
them refers to Huntorf plant and the other is the heat storage 
assisted CEAS cited above in the introduction [6]. So the present 
paper aims to contribute in HYPES systems knowledge by the 
technical feasibility demonstration of a novel HYPES system, by a 
novel real time control technique and by a multi-physics dynamic 
model. 
The paper is organized as follows: the modeling of the system, 
based on dynamic mass, momentum and energy balances, is first 
detailed, then the test rig is presented, including the 
experimental calibration of the accumulation vessel heat transfer 
coefficient. Finally, the experimental and simulated data of two 
storage-recovery cycles with different control strategies are 
presented and discussed. 

2. HYPES modeling 

The proposed model aims to predict the dynamic behavior of the 
storage device. The components of the HYPES system studied 
here are presented in Figure 1: an accumulator, a pump-turbine, 
an electric motor/generator controlled by a frequency inverter, a 
valve and a feeding vessel. 

The model is composed of sub-models for each component and a 
supervision algorithm. Three main physical domains are modeled: 
mechanical, hydraulic and thermodynamic domains. The coupling 
between these domains makes the model multi-physic. 

The system modeling is performed with Matlab/Simulink that 
accepts only a low number of algebraic loops. That’s why the 
equations are written in order to avoid them by using a causal 
modeling approach. This allows a fast and simple time integration 
to solve the system. Each sub-model describes the behavior of 
the considered part as an assembly of basic inertial, capacitive or 
resistive elements. 

Figure 2 displays the structure of the global model. The 
input/output variables of each sub-model are represented by the 

solid arrows. The dashed blue arrows represent input variables 
for the control; the red dashed arrows represent controlled 
variables. The supervision program has been developed with 
Sateflow in Matlab/Simulink and is detailed in section 2.5. 

The central sub-model is the hydraulic sub-model; many of others 
interact through this one. Pressures are applied on it and it 
computes the flow rate which is an input for other sub-models. 
The status of the valve is ordered by the supervision program 
based on the storage cycle requirements and is depending on the 
actual flow rate value (this aspect is discussed in section 2.5). 

The rotating bodies sub-model was designed in order to model 
the dynamics of the shaft in conjunction of the frequency inverter 
controller dynamics. One of the design criteria was to allow the 
‘’freewheel’’ mode operation in which the supervision program 
reference velocity (�5;<) is omitted and the shaft velocity 

depends only on hydro-mechanic dynamics allowing to estimate 
the natural response time of the turbine mode. The mechanical 
sub-model interacts with the hydraulic sub-model through the 
pump-turbine model as show in Figure 2. 

 

Figure 2: global bloc diagram; sub-models input/output variables 
and control/controlled variables 

Each sub-model is described in more in detail in the following 
paragraphs. The equations for each component dynamic behavior 
are provided and the relations between the components are 
presented in the form of transfer functions to lighten the way of 
presenting the global mathematical formulation of each sub-
domain. 

2.1. Mechanical sub-domain 

The aim of this sub-model is to predict the angular speed of the 
rotating solids i.e. the pump/turbine and the motor. The model 
for the mechanical system is based on two inertial elements (the 
motor and the pump/turbine) and a capacitive element 
representing the torque sensor, considered as an elastic 
component connecting the two rigid elements (see Figure 3). 
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Figure 3: model of the mechanical system 

The time derivative of the angular speed (�) of rotating masses is 
related to the torques applied on them, as expressed by equation 
(1). 

 =�=1 > Σ��@A  (1) 

Where 	�@A	is the angular inertia of the considered element and Σ� the sum of the torques applied on it: 

• The electromagnetic torque (�BC3C5) and the elastic torque 
(�;D)+) for the motor shaft 

• The hydraulic torque received or applied by the 
pump/turbine (�E/F) and the elastic one (�;D)+) on the 

pump shaft. 

The behavior of the elastic element used to estimate the elastic 
torque is described by equation (2). 

 =�=1 > �BC3C5 G �H4BH�  (2) 

Where � is the torsional stiffness of the parts between the motor 
and the pump. 

The overall transfer function of the mechanical sub-model is 
shown in Figure 4. 

 

Figure 4: transfer function of the mechanical sub-model 

The two ''input'' torques (thicker lines boxes in Figure 4) are 
deduced from: 

• The pump/turbine model discussed hereafter 

• A PI (proportional integral) controller (see appendix 7.1) that 
compute a driving electromagnetic torque value as a function 
of a reference speed (�5;<  in Figure 2) and the configured 

dynamic response parameters. 

The time integration of equations (1) and (2) from their initial 
states provides the values of the angular speed and the elastic 
torque. 

2.2. Hydraulic sub-domain 

The hydraulic sub model describes the dynamics of the fluid 
(water) contained in the pipes and the hydraulic machine. A 
simplified form of the momentum equation is used to predict the 
flow rate (equation (3)) as a function of the pressures applied on 
the equivalent water column. The initial derivation of the 
equation can be found in the work of Nicolet [15] on the 
unsteady behavior of hydroelectric systems. 

The hydraulic inertia of this water column is named	IJ. We 
consider here water as incompressible and the pipes are assumed 
to be rigid. 

 
=#$=1 > 1LM . ∆�6)D)PQ; (3) 

The balance of the pressures applied to the water column 
(∆�6)D)PQ;) is detailed by equation (4). 

 ∆�6)D)PQ; > �7P R ∆�E/F G �)QQ4 G ∆��)D G ∆�<57Q (4) 

The accumulator pressure (�)QQ4) is an input variable computed 
in the reservoir model. The pump/turbine pressure difference 
(∆�E/F) is computed by its corresponding sub-model (see section 

2.3). Frictional pressure losses (∆�<57Q), on pipes, junctions and 

filter, depend on the flow rate, and they are derived from 
literature [16] and experimental observations performed by the 
authors [17]. In the later reference, detailed information on the 
sub model used to compute the pressure at the suction pipe inlet 
(�7P) can also be found. 

The isolation valve is modeled as a pressure source (∆��)D) 
responsible for the flow rate stopping when needed. The value of 
the pressure applied by the valve is computed by a PI controller 
based on the dynamics of the hydraulic circuit. The main asset of 
this method is to avoid residual flow rate involved in classic valve 
models, for all stand-by and operating pressure conditions. See 
appendix 7.2. 

The overall fluid inertia (�S) is the sum of various elementary 
inertias. The pipes are modeled as cylinders of cross section area 
S and length L; their hydraulic inertia is equal to �T . �/0. 
It can be noticed that the hydraulic inertia related to the flow 
rate is inversely proportional to the cross section area. That is 
why the inertia of the water contained in both vessels is very 
small. 

For the pump/turbine, the inertia for a wheel is evaluated with 
equation (5) [18]. 

 �TU;;D > �T4WX 1%	 Y%Z	.&[\�Y%Z =%]\
]^  (5) 

12 wheels are accounted for the overall inertia. The impeller 
internal and external radii are denoted R1 and R2. The function  Y%Z represents the blade width evolution; it was considered 
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constant here. The blade angle �Y%Z was supposed to be a linear 
function between the impeller inlet and outlet angles. 

The global transfer function of the hydraulic model is described in 
Figure 5. 

 

Figure 5: hydraulic model transfer function 

2.3. Pump/turbine model 

The pump/turbine behavior is modeled by its steady operating 
charts shown in Figure 6 and Figure 7. The dimensionless 
pressure (�), power (�) and efficiency are drawn as functions of 
the dimensionless flow rate (	) computed with the system of 
equations (6). Efficiency was plotted with dotted lines and values 
are in the right axis. 

 

_̀
a
b̀ 	 > #$'2c. ω� > ∆�H/3�T . '2\. ω\
� > ��BeQU)�T . '2f. ωc

 (6) 

 

Figure 6: pump characteristics 

 

Figure 7: turbine characteristics 

The relations between the dimensionless parameters values are 
modeled using the two polynomial expressions (7) and (8). 

 � > g1 R g2		 R g3		\ (7) 

 � > i1 R i2	 R i3	\ (8) 

For low rotation speed operating conditions viscous nonlinear 
effects become relatively more important and a deviation from 
the presented curves is observed due to Reynolds effects. For 
these conditions, the pressure and the torque coefficients could 
be better modeled by a series of curves (one per angular velocity 
sector) or by 2D tables of the form	� > �Y	, �Z. Deviations could 
also be observed at higher pressure levels, because of lower 
volumetric efficiencies. 

2.4. Accumulator model 

The objective of this sub model is to predict the global 
thermodynamic behavior of the accumulator; the main 
parameters responsible for the energetic state of charge are the 
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mean temperature and the pressure of the compressed air. The 
direct air-water contact leads to mass transfer phenomena. 
Interface transfer mechanisms were treated by local models 
detailed in [17]; the main conclusion is that the air mass 
variation, for a 20 bar initial pressure, is less than 4% after 80 
days of standby with stagnant water in contact with air; the air 
mass was thus considered constant. At the same time, the 
distance between the interface and the reservoir connection pipe 
was found sufficient to avoid any turbine performance 
degradation by air intrusion. 

Air was considered as an ideal gas because of the relatively low 
operating air densities (pressures are below 20bar and 
temperature between -20°C and 70 °C). 

Energy conservation is applied to the air mass contained in the 
accumulation volume as expressed in equation (9).  

 �. �$ . =-=1 > !" G �. =:=1  (9) 

Where	� is the air average pressure. The pressure �)QQ is equal to � plus the water column height. The air volume is denoted V. The 
work introduced in equation 9, last right-hand term, is a function 
of the air mean pressure and the volume variation rate of the air; 
this last term is equal to the water volume flow rate (with an 
opposite sign), since water is considered as incompressible. The 

heat transfer rate (!" ) is related to the thermal transfer between 
the air and its surrounding. 

Equation 9 will be used to predict the air mean temperature (-). 
The relation between the pressure, the volume and the 
temperature is obtained by the perfect gas equation (10). 

 �. : > �. 'k. - (10) 

Where � is the mass of air and	'+ the air specific gas constant. 

Since the components in contact with air (the metallic walls of 
the reservoir and the water) are characterized by large heat 
capacities, the temperature of the interface between air and its 
surrounding is considered as constant and homogeneous. This 
assumption was compared to a situation where all the heat 
generated by the compression would contribute to the 
temperature increase of the metallic wall. The two situations 
gave the same heat transfer rate within a few percents. On top of 
that, the maximum measured variation of the wall external 
temperature was about 1.5K, i.e. less than 2% of the maximum 
air temperature. 

The heat flow is thus calculated by equation (11).  

 !" > �. 0. Y-7 G -Z (11) 

The internal convective heat transfer coefficient (�) takes into 
account the flow through the water such as the one through the 
metallic wall; it was experimentally determined by a thermal time 
constant measurement method [19]. The detail of this method 
and the results for our specific vessel are presented in section 
3.3. 

2.5. Supervision algorithm 

A storage cycle is composed of three periods: accumulation, 
standby and delivery. 

The two active periods are characterized by variable operating 
conditions in the present configuration. It requires the control of 
the angular velocity of the pump/turbine in order to maintain the 
required flow rate and/or efficiency conditions. Two main 
configurations were tested for the angular speed control: best 
efficiency point (BEP) and power control (PCT) configuration. The 
first computes a BEP angular speed by using the instantaneous 
value of the pressure difference at the pump/turbine inlet and 
outlet and the BEP point dimensionless pressure value (�lmE) 
(see BEP in Table 1). The �lmEvalue is obtained from the pump 
and turbine performance tests. 

Table 1: angular speed reference configurations for the 
supervision program 

BEP �)DnC > o p�E/F�lmE. '2\. �T  (12) 

PCT �)DnC > �Y��5;< , p�E/FZ (13) 

The second reference speed is based on a lookup table in which 
the inputs are the value of the required mechanical power and 
the pump/turbine pressure difference value (see PCT in Table 1). 
The look-up tables are presented in appendix 7.3. 

The supervision program state machine is presented in Figure 8. 

 

Figure 8: supervision state diagram / observed and controlled 
variables 

The observed variables were the actual motor angular speed, the 
storage vessel pressure and the mass flow rate. The controlled 
variables were the reference angular speed and the valve state. 

The main particularity of the presented supervision program is 
related to the velocity management during start-up periods. 
Before the main ‘’Pump operating’’ step, the standby pressure in 
the accumulator can be superior to the one of the pump inlet. 
Therefore, to avoid a rapid discharge, the pump was activated 
before opening the valve in order to reach a sufficient pressure; 
this is the role of the ‘’Pump starting’’ step. For that situation, the 
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reference speed is named	�qr~t ; its value is based on the 

dimensionless pressure observed in zero flow condition (�u~t). 

�qr~t > o Y�+3 G �)3BZ�u~t. R2\. �T  

The increase of the angular speed of rotation is limited to 
270tr/min per second. 

The ‘’Stopping’’ step activates when the maximal pressure is 
reached in the storage vessel. This step triggers a decrease of the 
pump velocity to set the flow rate to values close to 0 and when 
the flow rate reaches its minimum threshold value (0,1m3/h), the 
valve is closed. 

In the case of the turbine mode start-up, in order to avoid energy 
consumption during discharging, an auto-start-up situation was 
favored: first, the turbine is only driven by the torque produced 
by the water flow subsequent to the valve opening. The electric 
generator torque is zero: freewheel is active. When the angular 
speed is sufficient (close to the one of the maximum efficiency 
point), the ‘’freewheel’’ mode is turned to inactive; then the 
power supply begins. The turbine is stopped when the air volume 
gets back to its initial value. 

3. Equipments and methods 

In this section are presented the components of the test rig, the 
physical parameters used for the modeling of each component 

and an example of a component characterization: the 
identification of the storage vessel thermal behavior. 

3.1. Equipments 

A schematic view of the developed prototype is shown in Figure 
9. A picture of the test rig during the assembly phase is shown in 
Figure 10. 

The test rig is composed of a Siemens bipolar 70kW squirrel cage 
asynchronous machine and an inverter including an Active Front 
End module (AFE), a KSB Multitec A50/12A reversible 12 stages 
pump, a storage steel vessel (40bar i.e. 280Wh/m3 max capacity), 
a feeding vessel and a pneumatic control ball valve. The inverter 
freewheel mode is controlled by a digital input and the reference 
velocity by an analog input. 

The piping includes a DN100 pipe connecting the feeding vessel 
to the pump suction side, a DN40 pipe which connects the pump 
outlet to the storage vessel and an auxiliary return pipe. This last 
pipe is used only for steady pump performance characterization; 
the vane on this pipe is a variable section valve that allowed 
setting several steady operating conditions. The storage vessel 
can be fed with compressed air up to 8bar in order to achieve 
pre-charged compression/expansion cycles. The storage vessel 
had a 1m3 volume leading to maximum design storage energy of 
280Wh. 

 

 

Figure 9: test rig main components and instrumentations; 1-
electric motor/generator, 2-reversible pump turbine, 3-storage 

vessel, 4- feeding vessel, 5-control vane 

 

 
Figure 10: view of the test rig 

Table 2: list of measuring instruments 

Variable Type of sensor/transducer Conditioning Uncertainty 

Flow rate Bidirectional electromagnetic: Proline Promag 50W. Hendress & Hausser. 4-20mA 0.2% 

Absolute static pressure Piezoresistive : PAA 33X. Keller. RS-485 0.025%FS 

Torque  Torque transducer : T30FN/500 N.m + MD18N amplifier. HBM. ±10V Error band <0.08%  

Angular speed  Motor integrated encoder:  1024 pulses per rotation. ±10V  

Internal temperature PT100 sensor: HC2-IE102 + HF532 transducer. Rotronic. 4-20mA ±0.1K at 23°C 

Water level Guided radar level meter: Optiflex1300. Krohne. 4-20mA ±3mm 
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Surface temperature Type K Thermocouple. 0-10V ±2K (due to EMI noise) 

 

The sensors used on the test rig are presented in Table 2. Their 
positions and associated variables are presented in Figure 9: the 
pressure transducers (�D and	�U), the flow meter (#�), the 
torque transducer (-), the water level transducer (�T) and the 
encoder on the motor shaft (�). Data acquisition and generation 
of the control signals was performed with a National 
Instruments PXIe system with various PXI slots. The inverter was 
configured on vector control mode including real angular 
velocity signal. The supervision program was implemented in 
Labview. The control algorithm was executed at a frequency of 
60Hz and a complete cycle duration was of the order of 90s. 

3.2. Components’ physical parameters 

The test rig was used for the empirical tuning of the simulation 
model parameters; the main experimental studies were focused 
on: 

• The steady state performance in the pumping mode 

• The quasi steady performance in the turbine mode 

• Internal natural heat convection coefficient of the storage 
vessel 

• Motor/generator friction factor 

• Pump/turbine mechanical inertia 

• Low pressure vessel dynamic behavior 

The tuning procedures for these parameters are detailed in [17]. 
The resulting characteristics of the different components are 
presented hereafter. 

Regarding the mechanical components, the empirical relation 
obtained for the motor natural friction factor has this form: 

 � > 0,336.�yt,z{ (14) 

The values obtained for the inertias and the torsional stiffness 
are the following: 

�BC3	 �H4BH	 �	
0.717 kg.m² 0.15 kg.m² 95 kN.m/rad  

The values �BC3 and � were provided by the manufacturers. The 
constants of equation (14) and the value of �H4BH were obtained 

by free deceleration tests. 

Regarding the hydraulic components, the retained hydraulic 
inertias are given in Table 3: 
 
Table 3: hydraulic inertias in kg/m4 

Low 
pressure 

pipe 

High 
pressure 

pipe 

Pump 
wheels 

Pump 
diffusers 

Storage 
vessel 

�S(total) 

1.81.105 7.36.105 8.33.105 2.02.105 5.62.103 1.96.106 
9% 38% 43% 10% 0.3%  

The pump was characterized for different fixed angular speeds 
at different pressure levels in purely steady situation in a closed 
loop test configuration as mentioned before. 

The turbine mode was characterized during quasi-steady 
operating conditions driven by the slow expansion of pre-

compressed air flowing water out of the high-pressure vessel. 
Quasi-steady condition means that the effects of the hydraulic 
and mechanical accelerations are small. These effects can 
increase during fast start-ups of pumps for example and may 
affect noticeably the performance curves [18]. In the present 
case, according to the observed flow rate and angular velocity 
accelerations, these transient effects result in less than 3% of 
variation of the steady torque and pressure difference. 

The values obtained experimentally for the constants in 
equations (7) and (8) are given in Table 4. These values are valid 
within a range of 5% for rotational speeds higher than 750rpm 
for the pump and the turbine. 

Table 4: pump and turbine constants 

 Pump Turbine 
 1 2 3 1 2 3 

A 6.89 25.4 -810 4.94 -46.29 1196 
B 0.21 6.6 -23.1 -0.188 -0.226 99.16 

The presented dimensionless curves (§2.3) and associated 
constants are valid for pressure differences ranging from 5 to 
25bar. 

The presented numerical values are specific for the specific test 
bench used in the present study. Nevertheless, the majority of 
inertial terms are scalable and the main frictional parameters 
are easy to estimate. A change in power rate would need to 
introduce the constants of the new hydraulic machine and it is 
generally feasible with the manufacturer data. Regarding the 
storage vessel, the change in energy capacity would need to 
adapt the volume and heat transfer area. Regarding the heat 
transfer coefficient, a method to measure it and an example is 
presented below.  

3.3. Accumulator heat transfer coefficient 

Hereafter is presented an example of physical characterization 
of a component. 

The accumulator is one of the key components of the HYPES 
system. In a closed system, the dynamics of compression, 
expansion and stand by periods depend on the state of the air in 
the accumulator. 

After a compression period, if the air temperature is different 
from the one of its surroundings, during a workless period (dV >0), the thermal equilibrium is reached at a rate depending on 
the thermal capacitance of the air mass (�)75 . ��), assuming 
that the temperature variation of the metal and water is 
negligible, and on the global heat transfer capability (�.S), 
analogue to the inverse of the resistive element in a RC electric 
circuit. 
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Figure 11: a-storage vessel; b-pressure change during a 
compression - cool down period 

Assuming a perfect gas behavior, a constant exchange surface 
mean temperature (-k) the relaxation rate of the mean air 
pressure can be expressed with a decreasing exponential 
function given in equation (15). 

 �)75 G �< > ~�7 G �<�. /y 3�� (15) 

The final thermodynamic equilibrium state is defined by the final 
pressure (�< related to the final temperature supposed equal 

to	-k and supposed here equal to the initial air temperature). 
The time constant (�) is expressed as follows: 

 �′ > �)75 	���n	0  (16) 

The time constant can easily be measured by analyzing the 
mean pressure, or temperature, history after a compression or 
expansion period (Figure 11 b). This thermal time constant 
method to compute global heat transfer coefficients on 
pneumatic accumulators, used in hydraulic circuits, was 
developed by Purmovahed & al. [19]. 

The mean air pressure is calculated by measuring the 
accumulator pressure at its bottom part (see 	�+3 Figure 11 a), 
from which a water column pressure is subtracted (�T
�T). 

The air mass is supposed to be constant, and it is calculated 
before the heating/cooling periods, in a thermal equilibrium 
situation, assuming a perfect gas behavior and using the 
measurement of the initial volume, pressure and temperature. 
The initial temperature is measured by a sensor located at the 
top of the accumulator (see	-)75_�  Figure 11 a). The water vapor 
mass is neglected. 

 �)75 > �7:7'k-7 (17) 

The expression of the global internal natural convective heat 
transfer coefficient is given by equation (18) as a function of the 
thermal time constant computed from the time history of the 
pressure (Figure 1-b). 

 � > �)75 . ��Y-Z�′. 0  (18) 

The global heat transfer coefficient is then computed in its 
dimensionless form, the Nusselt number (Nu, see eq. (19)), in 
order to obtain a general empirical expression related to the 
parameters representative of the system state: a modified 
Rayleigh number (Ra* see eq. (20)) [19], ratio between 
buoyancy and viscous forces acting on air, and a geometric form 
factor (F see eq. (21)), useful to describe the possible end effects 
on the thermal transfer pattern. 

 �� > �. �Y-Z (19) 

 '�∗ > �)73\. 
. �′. Y-)75 G -kZ. �c. ��Y-Z�Y-Z. Y-Z  (20) 

 � ≡ :0. � (21) 

The air average transport properties are computed at the mean 
air temperature calculated from the mass, volume and pressure 
information at time	1 > �. The relations used to estimate these 
properties were those used at atmospheric pressure and only 
dependent on temperature since pressure variations remained 
relatively modest in the configured tests. Details of the pressure 
effects on the air properties can be found in the literature (see 
for example: [20], [21], [22]). 

The empirical relation between Nu and the other parameters is 
obtained by a linear regression done on the logarithms of the 
variables using R programming language [23]. The subsequent 
expression for the Nusselt number is given by equation (22). 

 �� > 3,25. '�∗t,\�\. �t,�zf (22) 

 

Figure 12: measured Nu compared to the regression line 

Figure 12 shows the measured Nusselt number as a function of 
the Nusselt number computed by the expression (22) using 
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experimental Ra* and F values. It shows that the obtained 
empirical expression is consistent with the measured values 
within a maximum 10% discrepancy. The incertitude bars 
represent the result of an uncertainty propagation study made 
for the three parameters used in the expression and based on 
the measurement and data processing method; details of this 
analysis are given in [17]. 

It can be noticed that the cooling and heating Nusselt number 
values are very similar. This agrees with natural convection 
behavior on vertical surface as presented in [24] (section 9.4). 

In the next section the experimental procedure and results are 
presented. 

4. Storage performance tests 

Various storage cycles were conducted in order to test different 
control strategies. 

4.1.1. Analysis of BEP cycle 

An example of results obtained in the case of a BEP cycle is first 
presented. The experiment was performed with the initial 
conditions and parameters indicated in Table 5. Note that the 
turbine start up is activated manually in the test bench, so the 
starting time is included as a parameter for the simulations. 

Table 5: initial conditions for the BEP cycle 

:)75		�		Y�cZ �)75		� 	Y��Z -)75		�		Y°�Z ��)�Y��Z 1+3	����Y.Z 
0.51 9.105 18 12.5.105 64.5 

These initial conditions were used to run the model presented in 
section 2. 

The evolutions of the key parameters during a cycle are analyzed 
hereafter. 

The angular speed of the pump/turbine is an essential 
parameter of the system, since this is the only controlled 
continuous variable responsible for the operating conditions. It 
is also the parameter that defines the time response of the 
storage system in case of a sudden energy request. 

Figure 13 displays the angular velocity observed and calculated 
by the model. The reference velocities of the Simulink model 
supervision program and the one of the experimental 
supervision system are also provided. 

 

Figure 13: angular velocity 

During open valve active periods, the difference between the 
observed and modeled reference velocity is lower than 3rpm 
(Figure 13). It implies a very good prediction of the pressure 
difference used as reference for efficiency control (eq. (12)) and 
thus a good hydraulic model quality. This can also be observed 
on Figure 14 where the measured and predicted flow rates are 
shown. 

 

Figure 14: water flow rate 

Figure 14 shows a predicted flow rate higher than the measured 
one; the data analysis showed that it was produced by an 
erroneous gain on the velocity reference sent to the inverter 
(see the difference between the reference speed of Labview and 
the real velocity in Figure 13 a.). Since the effective angular 
speed is lower than it should, the resulting pump pressure is 
lower, so it induces a lower flow rate. As a consequence, the 
maximal pressure is prematurely attained in the simulation 
(second 25 in Figure 14). At the end of the pumping period and 
at the beginning of the turbining period, the flow rates variation 
rates are very similar to the observed ones; this was made 
possible by the elaborated valve model. Besides the valve 
closing in conjunction to pump velocity reduction during the 
‘’Stopping step’’ (see Figure 8) worked well since flow 
annulations was achieved at very low torque and with very small 
back flow inducing no visible pressure drop in the vessel and 
thus very small energy losses.  

During freewheel turbine start period, the acceleration was 
correctly predicted. This is a result of a good hydraulic turbine 
torque prediction; certainly due to a relatively good prediction 
of the flow rate in terms of order of magnitude and acceleration. 

For this particular system, it seems that the hydraulic 
acceleration is largely higher than the mechanical one; thus the 
main parameter responsible of the time response of the device 
are the mechanical inertia and the torques applied on it. This 
shows the interest of multi-physic dynamic model since in such a 
coupled transient system this kind of information would be 
completely missing in a basic model. 
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Figure 15: various torques 

The measured torque is compared to the modeled pump torque 
and to the elastic torque (see Figure 15). 

Two main parameters act on the torque value: the angular 
speed variations and the power transfer. The effect of the first 
can be observed is the first seconds of each startup where the 
elastic torque model changes at rates similar to the ones 
observed by the torque meter. 

The accumulator pressure is shown in Figure 16. The difference 
between the modeled and observed values is about 8500Pa at 
the end of recovery period (t=83s) (less than 1 % of the 
measured value). That means that the computed air mean 
temperature is very close to the real one. Thus it can be 
concluded that the heat flows (dependent on the heat transfer 
empirical correlation) and the air volume variation rate are well 
predicted. The correct air pressure prediction contributes to the 
good prediction of the turbine stat up flow rate and the 
subsequent angular response time discussed before. 

 

Figure 16: storage pressure 

A slight pressure decrease is observed in simulation at the end 
of pumping period; that was related to the water backflow 
during the vane closing. This backflow was higher on simulation 
results than in the reality (see Figure 14, t≈25s) and produces an 
increase of the air volume. 

A good evaluation of the pump/turbine’s instantaneous 
efficiency can be obtained by expression 23. 

 �E/F � min	�|�	�|	; |Δ�	#|�max�	|�	�|	; |Δ�	#|� 23 

The torque M is the one of the pump/turbine in the simulation 
and the measured torque for the empirical efficiency. That 
means that instantaneous efficiency comparisons can only be 
done during quasi-steady operating periods. 

The time evolution of this efficiency is presented in Figure 17 
and compared to the computed values. The pump was better 
modeled than turbine for which an efficiency discrepancy of 5 
percent is observed; that seems to be related to a turbine 
torque over estimation. 

Furthermore, despite the continuous pressure variation, the 
efficiency is maintained close to its optimum by the 
management of the angular velocity. This optimization does not 
prevent the system from the main energetic loss produced by 
the hydro-mechanic conversion. 

 

Figure 17: pump/turbine efficiency: BEP mode 

Electrical power was given by the frequency inverter. Electrical 
conversion was not modeled here, thus it was roughly estimated 
by multiplying the speed control loop generated torque (that 
should be similar to the electromechanical one) and the angular 
velocity computed by the motor inertial model. The modeled 
and observed electrical powers are show in Figure 18; the ratio 
between both gives the efficiency of the asynchronous machine. 
That is why in pumping mode the measured values are higher 
than the modeled ones and in turbine mode the opposite is 
observed. Its value is around 87%. 

 

Figure 18: measured electrical power; modeled 
electromechanical power 

A summary of the cycle’s energy flows is presented in Figure 19. 
The fraction of the initial energy still available at different cycle 
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steps is in red. The efficiency of each step is in blue. Energy was 
obtained by time integration of power.  

The main energy losses occur during pumping and turbining. 
This could be improved choosing machines with better 
efficiencies than the ones used in the present studies. This could 
be certainly possible at higher design powers.  

 

Figure 19: energy flow over a cycle (electric conversion not 
included) 

The losses in the accumulator are small compared to the 
hydraulic conversion losses. However, these can be easily 
reduced by water injection in the vessel in order to get a process 
close to an isothermal cycle. 

Table 6 gives a comparison between measured and modeled 
values of some important parameters of the system. It confirms 
the reliability of the prediction of the model, already observed 
on the instantaneous evolution of the parameters. 

 

Table 6: a comparison between model and measurements 

 Measured Modeled Discrepancy 
Cycle shaft efficiency 31% 33% +6% 

Turbine unconstrained 
start up acceleration 

(rpm/s) 
581 559 -4% 

Turbine start pressure 
(bar) 

12,06 12 
-3% (referred 

to �)75����) 
For comparison purposes, some compressed air storage systems 
efficiency experimental values are reported here. The efficiency 
of the two well-known Huntorf and McIntosh CAES plants are 
respectively of 42% and 54% [4]. They were open systems 
operating around 50bar to 70bar and they presented the 
particularity of using gas combustion before expansion to reheat 
the air. . A Chinese team did a very interesting experimental 
work on this CAES with 108°C thermal storage; the observed 
round trip efficiency was 22.6% [6]. The main discrepancy to the 
expected value was due to the poor heat recovery during 
compression. For the GLIDES project the shaft efficiency was 
30% [13]; this was a closed HYPES system operating between 
70bar and 100bar. Lemofouet-Gatsi obtained an efficiency of 
about 43% [8] with a closed HYPES system operating between 
100bar and 200bar and oil hydraulic machines. The only system 
using a reversible machine was the last one. Another recent 
research paper presents a 15% efficiency (including thermal 
power) for an open compressed air storage system operating at 

300bar where a multistage compressor and an air motor were 
used [25]. 
The efficiency of 30% of the present system thus appears rather 
correct especially in regard to its simplicity. If it has a lower 
efficiency than the best systems in the literature, it presents also 
the advantage of using a unique water hydraulic machine which 
is appreciable if high power systems are imagined. First because 
the water is a natural and neutral fluid for environment; then 
the power capacity cost (or investment) is much lower using a 
single hydraulic machine, specially compared to gas compressors 
and turbines. For example, the cost of compressors and turbines 
for Huntorf station was around 450€/kW (without including 
inline heat exchangers cost) [26], in our case, for a small power 
machine the cost was around 195€/kW. Nevertheless the price 
of the storage volume needs to be evaluated and minimized; for 
the cited two high capacity CAES combustion assisted stations, 
underground caverns were used leading to a very low energy 
capacity cost. The use of vessels presents a challenge regarding 
the cost of all the small and medium power storage systems; but 
it is necessary when no natural cavities are available. 
The use of a higher efficiency pump/turbine and operating at 
higher design powers could fill the gap in efficiency to the best 
CAES systems with advantage of using no gas combustion or 
high temperature heat storage systems. The typical pump 
efficiencies are around 80% and could be even higher for 
turbines. A higher power system, for the same operating 
pressure, would lead to higher specific speed machines and thus 
better efficiencies [27]. Thus, a 55% round trip efficiency seems 
clearly achievable. 

4.1.2. Analysis of PCT cycle 

A precise power demand situation was simulated here. Instead 
of controlling the angular speed of the machine at its best 
efficiency point, it was controlled to deliver a given prescribed 
power during the charge and discharge period despite the 
working pressure variation. 

The charging mechanical power was set to 10kW and discharge 
power to 2.6kW. The initial settings were the same as the ones 
used for the BEP cycle. 

The response of the system in terms of power is shown in Figure 
20. 

 

Figure 20: powers during a PCT test 

The pump power was maintained almost constant with a 
maximum gap to the reference power of 5%. During the 
discharge, the maximum power difference was of 23%. The 
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turbine operation is much more sensitive to the operating 
conditions and thus angular velocity. For example in the case of 
the sensitivity of the torque related to the flow rate variation, 
for the turbine mode the sensitivity is twice as great as for the 
pump mode (see chapter 7.5 in [17]). The power control error 
could be corrected with a closed loop regulation system 
operating in real time. 

The efficiency of the machine is shown in Figure 21. The pump 
efficiency is maintained relatively high and is almost constant 
despite the PCT mode whereas the turbine observes a higher 
variation. The turbine behavior prediction was worse than was 
for the pump. 

 

Figure 21: pump/turbine efficiency; PCT mode 

The overall efficiency was 28% this case. It has to be underlined 
that this value is quite close to the one in the BEP case. 

5. Conclusion 

A prototype of a closed hydro-pneumatic energy storage device 
using a pump as a turbine has been presented. The pneumatic 
accumulation efficiency was 84% and the mechanical round-trip 
efficiency was 31%.. This is a relatively correct efficiency 
especially in regard to the simplicity of the system and 
compared to recent HYPES systems in literature. The use of a 
single reversible machine was demonstrated in a lab scale 
prototype. This shows the opportunity offered by such machines 
for ecological, long term and cheap storage solutions. 

Two control strategies of the hydraulic machine for a variable 
operating pressure situation were successfully implemented: 
best efficiency point and power control strategies. In the first 
case, the machine efficiency was effectively maintained close to 
its optimum; in the second case the power was maintained close 
to the power set-point within a 5% deviation for charging and 
23% for discharging. The power control appeared harder to 
achieve for turbine mode and would probably need to be 
improved using a closed loop control. Besides the pump mode 
end control and turbine mode start-up were successfully 
achieved thus minimizing the valve operation losses and proving 
the possibility of an off-grid rotodynamic turbine start-up.The 
dynamic behavior of the system was simulated. Specific 
parameters of the different modeling sub-domains were 
empirically calibrated thank to specific tests; the example of the 
global heat transfer coefficient of the storage vessel was 
presented. The transient behavior of the system was correctly 

simulated in various situations and the response time of the 
storage device was well computed thanks to the presented 
multi-physic dynamic model. This was made possible by the 
presented multiphysics dynamic model that considers the strong 
coupling between hydraulics and mechanics. 

The system can be improved in various ways. First, the 
pneumatic accumulation efficiency and energy density could be 
increased by achieving quasi-isothermal compression and 
expansion; that could be achieved by water injections inside the 
vessel. Then the turbine sensitivity and flexibility can be 
improved by variable angle external vanes. This could be done in 
higher power machines. Furthermore, at higher powers, 
maintaining the maximum pressure, the efficiencies of both 
modes would be improved; this is related to the increase of the 
specific speed of the machine. This last point is the main 
improvement path for such systems. 

Regarding the architecture of the system, in order to increase 
the power flexibility at high efficiency, the use of various staged 
vessels at various pressures would allow the hydraulic machine 
operating at the more adequate pressure in function of the 
appeal power. Also a modular series-parallel piping of various 
machines with a lower number of stages could help in this same 
purpose. 

At last, an economic analysis should be conducted in order to 
identify the storage services this kind of systems could answer 
to. Especially the minimization of the cost of the storage vessels 
needs to be explored by the right choice of storage pressure and 
materials. Also the possibility of an open cycle needs to be 
studied in order to attain competitive energy densities. 
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7. Appendices 

7.1. Motor PI controller  

The required torque of the electric motor was computed by a PI 
controller; see Figure 22. It takes the reference speed set by the 
user or the control algorithm. This controller was implemented 
in the code. In the case of the test bench, this part is integrated 
to the inverter; the reference speed in that case was given by 
the Labview program. 

 
Figure 22: PI controller used to compute the electromagnetic 

torque 
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The signal named ‘’FW’’ refers to freewheel mode (1: active, 0: 
inactive. The threshold of the switch was 0. When freewheel 
mode is active no torque is applied by the electric motor. The Ti 
constant was set to 0.2 and K to 40. 

7.2. Valve modeling 

The pressure applied to the liquid column is computed in a 
manner that it could achieve the flow rate stopping in almost 
any situation i.e. closed storage vessel start-up, standard flow 
closing and those for opening and closing situations. The Figure 
23 shows the Simulink program implemented to compute the 
pressure applied by the valve. 

 
Figure 23: the valve pressure management program 

The ‘’CO’’ variable is the closing order (1: close, 0: open). A reset 
of the integrator of the valve model is needed to enable free 
circulation after a closing period (grey line). The value of the 
characteristic time ‘’Ti’’ was 120 and the gain ‘’K’’ had a value of 
10.106. The value of #$5;<was always set to 0. The ‘’1+3�%=/%’’ 

block represents a first order filter; the integrator of the filter 
had as initial value the inverse value of its gain. The 
variable	Δ�C3 has the value of the Δ�6)D)PQ; before the 
subtraction of	Δ��)D�; in equation (4) of the transfer function of 
Figure 5. 

7.3. Power control tables 

The look up table values for the PCT mode are given here; pump 
mode in Figure 24 and turbine mode in Figure 25. For the 
turbine mode, for a given set of (��5;< , Δ�), two angular speed 

values exist; the one presenting the highest efficiency was used 
here. 

 
Figure 24: angular speed as function of required power and 

observed pressure; pump 

 
Figure 25: angular speed as function of required power and 

observed pressure; turbine 
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