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MODELING OF HYDRO-PNEUMATIC ENERGY STORAGE
USING PUMP TURBINES

E. Ortego, A. Dazin, G. Caignaert, F. Colas, O. Coutier-Delgosha

Abstract: Modelling of a hydro-pneumatic energy storage
system is the main aim of this paper. The project aims to model
a prototype that uses a rotodynamic multi-stage pump-turbine to
displace a virtual liquid piston for air compression (Figure 1). A
dynamic model of the storage system is developed using the
block diagram methodology. Two driving strategies are also
developed in order to manage the constant variation of
operating point due to pressure variation: maximum efficiency
strategy and power demand response strategy.

1 Introduction

Energy storage is one of the most exciting solutions considered by electrical network
managers for the current and future increasing stresses on these networks. This is
the subject of many R&D projects. Actually, energy storage has different applications
such as daily power picks shaving (i.e. equilibrium between day and night
consumption) and can really help renewable sources integration in current electrical
networks [1].

Currently, large hydraulic pumped storage is a widely used solution, but many other
chemical, mechanical, thermal, pneumatic or electrical technologies are in
development or in use. Different purposes call for different technologies, which can
be classified in terms of delivered power and energy capacities. Hydraulic storage or
compressed air energy storage (CAES) can be used in energy applications like pick
shaving. Flywheels or super capacitors are more often used for power application
(flicker compensation for example) [1].

Large storage capacities and high power rates are the main assets of pumped
hydraulic storage that has to face its dependence on natural sites for accumulation
and resulting drawbacks (environmental impact or lack of new sites in Europe).
CAES can be spatially flexible but has relatively low conversion efficiency. Hydro-
pneumatic energy storage (HYPES) can combine the both. It is based upon air
compression storage using a hydraulic drive, which allows relatively high conversion
efficiencies and power densities. The basic idea is to compress air in a closed vessel
by means of a liquid piston during storage phase and use this potential energy when
needed to drive a turbine (fig. 1).

Thus, HYPES was developed by different teams in Switzerland [2] and the USA [3],
[4]. Structures proposed by these teams use closed or open gas cycles, i.e. single
compression and storage volume (fig. 1) or separated compression and storage
volumes implying compressed air displacement into separated storage vessels.
Another aspect in these works is the use of a physical separation between air and
the compressing liquid piston. One of the objectives for these works is to be close to
an isothermal cycle in order to obtain relatively high storage efficiencies.
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Figure 1: schematic description of the system & some details on the test rig

Our project aims to analyse the possibility of using a rotodynamic pump turbine to
drive the liquid and estimate the advantages of a closed cycle using no separation
between air and water. The test rig (fig.1) is composed by a high pressure steel
vessel (40 bar), a low pressure vessel, a multistage rotodynamic reversible pump-
turbine and an electric motor/generator. This project is carried out thanks to the
financial support of the French agency for environment and energy management
(ADEME), which actively induces research on smart grids and storage solutions.

The present paper proposes models for simulation of HYPES test rig dynamic
behaviour, definition of driving strategies of the system and some simulation results.

2 Modelling

The current model, used to simulate the behaviour of the actual test rig configuration,
is the first step of a smart grid configuration analysis.

The model can be divided into the different physical domains involved in the process.
Analysed domains are: mechanical, hydraulic and thermal. In addition to the last one,
a mass diffusion sub-model can be added. Figure 2 presents an electrical analogy for
these sub-models.

The left hand side torque source (Figure 2,Fy) is the motor. Inductive elements (I, ;)
represent the mechanical and hydraulic inertias. Capacitances in the thermal sub-
model represent internal energy accumulation in internal air (C;), vessel wall (C,,) and
external air (C.,). Resistive elements (R, Ry,..) correspond to various energy
losses.
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Figure 2: sub-models of the physical sub-domains



The transformers are used to illustrate the relationship between the sub-models
associated to the pump/turbine’s characteristics (left) and the vessel behaviour. The
following sub-sections present some details for these elements

2.1 Vessel modelling

The model of the storage vessel takes into account the elements located at the right
of the hydraulic inertial element: internal energy accumulation of the moist air,
internal convective thermal resistance, vessel wall, external convective resistance
and external air modelled as very high capacitance accumulator; this last element
can also simply be modelled as a perfect temperature source.

2.1.1 General equations

Energy accumulation is done by the increase of the air pressure produced as the
liquid piston moves. There are potentially strong interactions between air and water
and compressed volume cannot be considered as dry air. This wet air is considered
as a closed volume and the energy equation during an infinitesimal volume variation
is written as follows:

dU = 8Q — PstocrdV (2.1)

This equation shows the variation of internal energy caused by the heat flux (6Q) and
the mechanical work (—Pg,.dV) obtained from the pressure and the volume
variation of the compression space. Here " — dV" is computed being equal to water
flow volume arriving to the vessel.

The internal energy variation is written for both the dry air and vapour masses inside
the vessel:

AU = mgjr. Cy gir- AT + Mygp. Cy pap- dT (2.2)

The energy equation is integrated in time to obtain the temperature variation
produced by the volume variation. The partial pressures of dry air and vapour are
deduced from ideal gas law.

Pi.V = mi.RSi.T (23)

Heat flux,8Q, can be modelled as a global exchange coefficient multiplying a
temperature difference (K {W /K}.AT{K} = K. (Tgmp — Tint)) SO that we can write:

K.AT + Pgocr-qy = Cte.dT 2.4)

Then equation 2.4 shows that for a natural polytropic transformation (air compression
or expansion) where the unknown is temperature, balancing of the two first terms, i.e.
heat flow and work, avoids a temperature variation. Temperature changes if one of
these is higher than the other. A storage-recovery cycle example is shown in Figure
3.

This cycle is composed of a compression (Figure 3, 1->2’), a time delay (2°>3), an
expansion (3->4) and another time delay (4->1). Compression and expansion are
more or less close to adiabatic or isothermal evolutions depending on the importance
of K with regard to the mechanical work. During time delays, heat exchanges affect
the pressure towards the isothermal pressure; the importance of the pressure
variation depends directly upon the time delay duration.
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Figure 3: a cycle example Figure 4: efficiency of a cycle

Efficiency of such a storage cycle can be estimated as follows:
[ P.av
[ P.dv

Then it is possible to make modifications of the time delay and observe the behaviour
of n (see Figure 4). In figures 3 & 4, D is defined as the ratio between waiting time
and the compression time. In this example, the initial pressure is 5 bar, the initial
volume is 1m® and the final volume is 0.1 m® Continous 20 m3/h flow rate is
configured alternavly positif and negatif. Therefore four situations appear in Figure 4:

e K close to 0: the high efficiency zone corresponds to a purely adiabatic cycle;
whatever is the time delay, if heat can be stored, the efficiency will be 1.

e D close to 0O: efficiency remains high because instead of taking the path 1-2’-3-4
(Figure 3), the path is 1-2’-1 (should be 1’ bellow 1); in this case losses during time
delay are avoided.

e At increasing values of D and for “low” K values efficiency decreases. This is a
classical Polytropic cycle with long time delay; this could be the more realistic since
time delay is not a controlled parameter.

e For higher values of K, efficiency increases because even if heat is “given” to the
ambient (or another heat storage device) during compression, heat will be
recovered during expansion, and thus a relatively high pressure is maintained
(isothermal path).

n (2.5)

Consequently, two possibilities appear: try to minimize K or to maximize it. The first
one implies large heat storage systems and extremely effective heat insulation
capacities that call for potentially expensive technology. The second solution needs
great heat exchange capacities that increase with the power rate of the storage
device.

Estimations done on the magniude of heat fluxes show relatibly low values for our
particular case of storage vessel configuration. Increasing this fluxes needs thinking
on new vessel geometries or using a heat exchangers.



2.2 Mechanics &Pump/turbine
2.2.1 Mechanic shaft

Pump is driven by a squirrel cage electrical motor. The shaft between the motor and
the hydraulic machine is modelled as association of mechanical inertias and an
angular spring.

2.2.2 Pump steady behaviour

The main originality of this project lies in the use of a rotodynamic pump-turbine. This
is a commercial one, whose characteristics are given by the manufacturer.
Characteristics for the whole operating range are obtained with the use of
dimensionless parameters, assuming negligible Reynolds effects:
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Figures 8 & 9 present the dependence of operating point on conversion efficiency i.e.
pressure, water flow rate and angular speed. Since the pump/turbine is a multistage
radial flow one, the pressure coefficient is quite high whereas the flow coefficient is
relatively low. These are the steady operating characteristics, and one of the
objectives of experimental phase is the validation of these curves for dynamic
operating conditions and the necessity or not of a full dynamic model of the device
[10].

2.2.3 Angular velocity command of the pump-turbine

Energy accumulation by air compression is not a natural application for rotodynamic
pumps. The main difference with its usual applications is the constant and potentially
rapid variation of the operating conditions. The natural answer to this point lies in the
use of a pressure dependent angular speed in order to maintain its best efficiency
point (BEP). This becomes a problem when trying to store or recover a given power
rate function of the network manager requirements (see Figure 7&Figure 8).

Figure 7 and Figure 8 illustrate how, in the best efficiency operating conditions, the
power of the machine is related to the pressure (dotted line in Figure 7 & Figure 8);
variation of it avoids maintaining the efficiency at the same power rate. Some details
on efficiency or power maintaining are given in the following sub-sections.
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2.2.3.1 Maintaining efficiency

The efficiency of the pump-turbine depends on the angular speed for a given
pressure. The characteristic curves are used to drive the pump-turbine’s angular
speed as a function of pressure in order to keep the BEP(2.6).

0.5
Onmax = ( = ) (2.6)

2
Pwater- R*. Lpnmax

This method requires a good knowledge of the machine and is based upon the
hypothesis that, during transient operating conditions, pump’s behaviour is identical
to the steady one and, this, for the whole pressure range.

Another possibility relies on the use of an algorithm that “checks” the efficiency at a
given frequency. This algorithm can use the “perturb-observe” principle well known
for example in photovoltaic domain. The basic idea is to measure the efficiency
variation produced by a speed perturbation applied to the machine. This is illustrated
by Figure 9:
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Figure 9: perturb-observe principle applied to BEP maintaining

Using this method, efficiency depends upon the frequency of this operation and on
uncertainties and dynamic response of the sensors necessary to estimate efficiency.

2.2.3.2 Power requirement constraint

In most energy storage applications, power is the main parameter to be controlled. In
order to produce the required power for a given pressure the machine’s
characteristics are used in the form of “look-up” table that give angular speed
information for a couple of power/pressure entries.

A “perturb-observe” algorithm can also drive angular speed. In this case, the gap
between a reference and an effective power has to be minimized instead of
maximizing the efficiency.
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As already noticed efficiency and power can’t be simultaneously maintained. A
solution can be the use of several vessels in parallel, pre-charged at different
pressures in order to choose the better-adapted vessel for the required power.
Simulations done with such a configuration are presented in § 3.2.

3 Simulation results

Simulations have been done using functional modelling in Matlab/Simulink
environment. Two simulation results are presented here: First a single vessel
storage/recovery cycle and then a multi-vessel configuration.

3.1 Storage cycle simulation

A first example of what a storage cycle looks like is presented. Operating conditions
of the compression-expansion cycle are a 5 bar initial pressure, 40 bar final pressure,
a BEP driving strategy, expansion starts as soon as air reaches ambient temperature
and stops when initial air volume is reached.

The evolution of various parameters is shown in Figure 10 to 17. During compression
phase (0 to 150s), angular speed (Figure 10) increases in order to maintain pump-
turbine’s efficiency (Figure 14). Thus the flow rate (Figure 11) increases when
pressure grows (Figure 12). This produces an increase of air temperature in the
vessel (Figure 13). Then, during the wait period (150 to 300s) temperature, thus
pressure, decreases because of heat losses. Finally, during expansion, angular
speed decreases, as a consequence of pressure’s evolution.
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Figure 15: PV diagram

Figure 15 proposes a comparison between the calculated pressure and the
isothermal and isentropic ones in function of air volume; the pressure evolves inside
the space limited by the two others. Various efficiencies have been calculated:

- Storage efficiency (pneumatic energy input/output factor) is about 61%

- Pump-turbine global efficiency 53% (i.e. 68% during compression phase, 78% during expansion)
- Overall efficiency for that cycle is 33%.

ure 13: air mean temperature Figure 14:machine efficiency

This efficiency is obviously not very high. Ways to improve it could be:

- Using separated machines in order to increase individual operating efficiencies.
- Increasing heat transfer coefficient to increase storage efficiency.



3.2 Multi-vessel

A potential response in order to obtain an efficient adaptation to a variable power
demand is the use of several vessels with different initial pressures Figure 16. The
aim is to add a degree of freedom by making possible the choice of the operating
pressure range. A set of 7 vessels has been modelled. The vessel in operation is
chosen in function of the desired power trying to maintain the efficiency higher than a
given target (here 50%).

SO0

Figure 16: multi vessel configuration

In such a closed cycle configuration, the volume of each accumulator must be
chosen as a function of a “power histogram” proper to the considered application.
For this demonstration, a sinusoidal power demand is computed and the volumes are
oversized (nota: a positive power corresponds to pumping, i.e. storage phase). The
characteristics of the machine are used to deduce the angular speed to be applied.
Results are shown in following graphs (Figures 17 to 20).
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Figure 20: pressure difference between the outlet
and the inlet of the pump-turbine

As is shown on figure 20 & 17, the pressure applied to the machine changes with the
power range in which the reference power is situated. Resulting effective power is
close to the reference except during the transient periods at the closing and opening
phases during which efficiency falls (Figure 17&Figure 19). Otherwise, efficiency is
maintained at a relatively high level for the storage and recovery phases. Pressure, in
Figure 20, follows pseudo-plateaus after vessels switching because of the configured
relatively high storage volumes.
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Figure 19: resulting efficiency of the machine




4 Conclusion

Hydro-pneumatic storage systems solutions can be completed by the concept
proposed here using a rotodynamic pump turbine and a free surface configuration.
Since experimental results are not yet available, only simulation approach has been
developed in the present paper. The model introduces, as it is currently possible, the
dynamic modelling of this system.

The key issues of such a HyPES system have been illustrated: storage efficiency and
power control. The increase of the efficiency should certainly need the increase of
heat transfer coefficient. A power variable situation has been implemented and
simulated. Other power management solutions will be evaluated such as the use of a
secondary power flexible storage system [2] or pump and turbine simultaneous
operation for power compensation (hydraulic short circuit) [11].

The model must be completed/corrected in a very next future by experimental
observations that will help for the validation of more realistic values for the
considered physical parameters. After the validation, economic considerations will be
added in order to propose potential fields of application of such a storage method.

5 Nomenclature

Cy, = Specific heat at constant volume of gas Rs; = Specific gas constant
D = Wait/compression times ratio T, = Space averaged temperature
F; = Considered torque = Internal energy
= Considered convectif heat transfer coefficient = Gas volume
[; = Considered inertia 6Q = Global heat flow
K = Global heat transfer coefficient AP, = Pump/turbine’s pressure
m; = Mass of considered element pi = Mass density
Psiock = Total storage gas pressure 6 = Dimensionless flow
, = Partial pressure of considered element n = Considered efficiency
) = Considered heat flow T = Dimensionless power
gy = Flowrate 1 = Dimensionless pressure
r = Pump/turbine wheel radius ®w = Pump/turbine angular velocity
R; = Considered resistance
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