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Abstract: This work aims to develop the automation system for the motor-
compressor and expander-generator systems of a compressed air energy
installation, henceforth referred to as ROCAES. Considering that the expander
and compressor operate independently according to the scope of work, a
solution comprising two separate automation systems that work together was
chosen. The software programming was performed relying on the established
parameter lists and in accordance with the project’s piping and
instrumentation diagram, as well as the equipment mounted on the skid and in
the automation cabinets. Guidelines are provided for future development,
emphasizing the strengths and weaknesses of the solution.
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Rezumat: Aceasta lucrare isi propune sa dezvolte sistemul de automatizare
pentru sistemele motor-compresor si expander-generator ale unei instalatii de aer
comprimat, cu acronimul ROCAES. Dat fiind faptul ca expanderul si compresorul
functioneaza independent conform caietului de sarcini al proiectului, a fost aleasa
o solutie constdnd in doua sisteme de automatizare Separate, care pot opera atdt
impreund, cat si independent. Programarea sofiware a fost realizatd pe baza
listei de parametri si in conformitate cu diagrama de instrumentare a sistemului,
tindnd cont de echipamentele montate pe skid si in dulapurile de automatizare.
Lucrarea furnizeaza o serie de linii directoare pentru dezvoltari ulterioare,
pundnd accent pe punctele forte si pe slabiciunile acestei solutii.

Cuvinte cheie: Stocare energie in aer comprimat; Compresor si expander
cu surub; Masina electricd asincrond; Automatica industriald; Sistem de
control.

1. Introduction

Electrical energy storage refers to a process of converting electrical
energy from the grid into another form that can be stored and subsequently
reconverted when needed [1, 2]. CAES (Compressed Air Energy Storage)
installations, which store energy in the form of compressed air, represent a
technique for conserving the electrical energy to meet consumption demands
during peak periods. These installations are conceived as a backup solution for
renewable energy sources, such as wind turbines and photovoltaic parks [3, 4].
Their major limitations are the low power density and intermittency, largely
depending on the local site and unpredictable weather conditions [5].

High-capacity installations employing underground storage (Figure 1)
can use salt caverns, depleted oil or natural gas reservoirs, aquifers, hard rock
mines, etc. CAES equipment uses compressors to store pressurized air into a
reservoir, and the compressed air is subsequently released into an expander that
drives an electric generator supplying into electric grid.

In a CAES power plant [7, 8], compression usually occurs during
periods of low electricity demand and hence with lower prices per kWh.
Large-scale installations have very low efficiency, being commercially viable
only in regions where electricity prices fluctuate dramatically. The air
compression and expansion cycles introduce losses through thermal effects,
which limit the efficiency [5]. The feasibility of these installations is also
limited by terrain topography, requiring specific geological structures [6, 9].

This paper presents a relatively small CAES station developed
within a pilot project, with storage in an air reservoir.
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Figure 1. Schematic representation of a CAES installation [6]
2. Constructive solution

The ROCAES installation, whose block diagram is presented in
Figure 2, uses a 100 kW screw compressor driven by a 110 kW three-phase
asynchronous motor and a 132 kW screw expander that drives a 132 kW three-
phase asynchronous generator [10-13].
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Both the motor and the electric generator are connected to the 50 Hz
electrical grid, with the motor absorbing energy and the generator supplying
electrical power into the grid. A 50 m? pressurized air reservoir and a 5 m®
water storage tank for thermal energy storage (TES) complete the
implemented solution installed in-situ.

The ROCAES energy storage installation makes use of a twin-screw
compressor and a screw expander, both with oil injection. Due to their simple
construction, reliability and decent efficiency (~74% in our case here), the
equipment provides quite a viable solution for the considered application.

The compressor (Figure 3) and the expander (Figure 4) do not operate
simultaneously.

Figure 4. Expander skid
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Therefore, the control is realised using two Programmable Logic
Controllers (PLCs), one for expander, and one for compressor and other
station elements including the compressed air reservoir and the water storage
tank for oil’s thermal conditioning (cooling for the compressor and heating
for the expander). When the compressor pumps, hot air accumulates in the
compressed air storage reservoir. The lubricating and cooling oil exiting the
compressor’s separator vessel passes through a thermal storage system,
heating the thermal agent that transfers heat to the expander’s oil circuit.

Figure 5 shows the automation control cabinets designed and
commissioned for compressor and expander skids, each of them comprising
equipment split into two sections, namely the drives section — left, and the
monitoring section — right. A modular solution was chosen for the cabinets,
without separating walls between the drives and monitoring sections, for a
better ventilation and cooling of the electrical equipment installed.

Figure 5. Control cabinets for: a) compressor and b) expander

For extended periods of time, neither the compressor nor the expander
operates. The operation of the installation is related to certain optimal
functioning periods: the compressor operates when there is a surplus of
electrical energy, and the expander operates when there is shortage of energy.
During standby periods, it would be ideal that the compressed air reservoirs
to be full, ready to release the air into the expander-generator system. After
opening the motor-operated valve before the intake, it takes maximum 20
seconds to start generating electrical energy.

Entering the generation mode is achieved by gradually opening the
control valve, considering the instantaneous storage pressure. Fine-tuning of
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the injected power can be achieved, however limited by certain parameters
such as the suction pressure, the discharge pressure, the air temperature, the
oil temperature towards expander discharge, etc.

3. Automation System and Electric Drives

For the electric drive of the expander, a three-phase asynchronous
machine with a rated power of 132 kW was chosen, ASU 315M-4
manufactured by UMEB. The compressor is driven by a 110 kW
asynchronous motor type ASU 315S-4. In our application, the expander’s
electric machine is started up as motor and is accelerated to its synchronous
speed (1500 rpm), moment when the valves open automatically and the
compressed air from the reservoir is released into the expander, which spins
the electric machine above its synchronous speed, in electric generator mode.
The generated power is henceforth supplied into the electrical grid.

The software programming [14] was carried out relying on the
established parameter lists and the designed electric diagrams, in accordance
with the project’s piping and instrumentation diagram, as well as considering
the equipment mounted on the skid and in the automation and power cabinets.

Initially, the electric machine of the expander operates in
asynchronous motor mode (started via softstarter) until it reaches the idle
speed. It then automatically enters in generator mode, driven by the released
compressed air, controlled by the implemented PLC software, and being able
to generate electrical power up to approximately 138 kWe. The choice of
asynchronous machines significantly simplifies grid connection, as they do
not require additional synchronization manoeuvres with the grid’s frequency.

The active electrical power output by the generator increases with the
increase in power from the primary machine. The advantages of asynchronous
machines are as follows:

% Simple construction and high safety in exploitation;

s Well-suited for a fully automated operation: start-up — loading —
network operation, without human intervention.

¢ It has a high dynamic loading capacity, able to achieve a torque
up to three times its rated torque and a high starting capacity, with torque up
to two times the rated torque.

% Stability in operation, exploitation, manoeuvring, simple
maintenance;

¢+ Electrical supply directly from the three-phase alternating current
grid,;
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% High technical performances — the asynchronous machines used
herein, ASU 315S-4 and ASU 315M-4 have an efficiency n = 94,5%;

However, there are also several disadvantages, such as:

% High start-up shocks;

% In the current configuration, it can only operate on a network
connected to the national system, unable to operate on an isolated network;

% For generator operation, reactive power is required, which is
drawn from the grid or from a reactive power source. During operation, there
is a continuous, oscillating exchange of reactive power between machine and
grid, which can overload the grid with reactive component.

Reactive power can, however, be compensated using capacitive
reactance. The reactive power issue was managed herein by providing a
capacitors battery in the expander’s drives cabinet. This prevents overloading
the grid and consequently eliminates the need to increase the size of the
connecting conductors, allowing them to be sized based on the active current
output of the generator. For the analysis of energy parameters within the grid,
a network analyser with a digital display is provided [15].

Table 1. Calculation formula used by the network analyser [15]
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This device can provide the following information, as listed
hereinafter. Among these parameters, those of interest, retrieved as 4-20 mA
current signals by the PLC’s analogue inputs include the three-phase apparent
power and instantaneous effective current (generator’s analyser), and the
instantaneous active power and reactive power (network analyser).

4. Commissioning tests and experimental results

The operation of the expander-generator system was tested in-house
by connecting the expander intake to a Compressor of High-Pressure (CHP)
of rated power 250 kW. The CHP provided and maintained a discharge
pressure of 12-14 bar, supplying air into the expander intake at a pressure of
~4 bar. The electric machine of the expander was started as motor by means
of a softstarter, with the expander intake valve open.

It is crucial to start up the expander-generator system with the intake
valve open towards the compressed air source. Insufficient air pressure on the
intake may create vacuum during expansion, causing dangerous vibrations
(shocks) in the equipment when the vacuum encounters higher atmospheric
pressure outside at the outlet. A preliminary set of operational tests were
conducted independently with the two sub-systems, namely the motor-
compressor skid and the expander-generator skid. The power delivered to the
grid (Wr) is lower than the generated power (Wg) because the generated
power also has to supply the power needed for the 4 kW maotor of the oil pump,
as well as to power the electrical consumers in the control cabinets.

The recorded data from the expander-generator system was
represented graphically in Figure 6, showing a maximum generated power of
66.1 kW, out of which 64.6 kW were supplied into the grid. An instantaneous
power peak of 31.8 kW, absorbed from the grid, was recorded when the motor
was reaching synchronous speed.

The temperatures recorded during this set of tests are plotted in Figure
7. Under normal operating conditions, it is crucial to ensure the heating of the
air and oil entering the expander. The maximum achievable power output is
limited by the air temperature inside the expander, which drops dramatically
below -15 °C or lower after only 20 minutes of operation if the lube oil is not
heated, according to the experiments in [13].

Since the maximum power which can be generated is limited by the
temperatures of the expansion equipment, prolonged exposure to low
temperatures is highly uncommendable, as it would degrade the lube oil
quality and potentially damage the two screw rotors of the expander.
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Additionally, ice needles may form due to the relative humidity of the air,
which presents a very high risk of expander gripping.

Expander-generator power graphs
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Figure 6. Power recorded during operation with continuous oil heating
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Figure 7. Temperatures recorded during operation with oil heating
5. Discussion and further considerations

It is important to consider that even though the two sub-systems
work very well, the solution with twin-screw compressors and expanders
is not the best for CAES. The commissioning with the whole installation
(Figure 8), carried out in-situ at Popeci Utilaj Greu, Craiova, proved a
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reliable operation of the installation, but revealed significant losses and the
expander being functional for a maximum of 10 minutes, as sustained by
the pressure in the reservoir [13]. The small 50 m® pressurized air storage
vessel showed thermal losses, the air temperature dropping with 1 °C per
hour. This affected the air pressure in the storage reservoir, causing
significant pressure drops.

Figure 8. ROCAES plant and air reservoir installed at Popeci, Craiova

The power graphs, which are correlated with the pressure trends, were
plotted relying on the acquired data during the commissioning tests at Popeci,
Craiova. Figure 9 shows the power consumed by the compressor and Figure
10 shows its discharge pressure, over a period of about 20 minutes.

Compressor power
140
13:20:09; 118,4 kW
120

[0
o

o

13:01:59; 28,7
kw

o

Power [kW]
N JS (o))

-60
12:59:02 13:01:55 13:04:48 13:07:41 13:10:34 13:13:26 13:16:19 13:19:12 13:22:05
Time [hh:mm:ss]

Figure 9. Compressor power consumed from the grid
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Compressor discharge pressure
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Figure 10. Air pressure at compressor discharge

In Figure 11 we plotted the power generated and power supplied to
the grid. The expander-generator automatic shutdown sequence is performed
when the pressure at its inlet, plotted in Figure 12, drops below a value capable
of spinning the asynchronous machine above synchronous speed.
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Figure 11. Generated power and power supplied into the grid
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Expander inlet air pressure
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Figure 12. Air pressure at expander inlet

We calculated in [12] the theoretical efficiency of the expander-
generator system, which was about 30%. Relying on the acquired data plotted
in Figure 9 and Figure 11, we derived an average consumed power of 107.7
kW over a period of 20 min and 10 sec, and an average power supplied to the
grid of 37 kW, for 7 min and 46 sec. commissioning tests revealed a real
overall efficiency of the entire ROCAES system calculated to 13.5% with (1):

_|Pyria tgen|  4.88kWh

Nsys=p ¢ 7~ 3617 kWh

=13.5%, 1)

where: nsys [%] — System efficiency; Pgria — Average power supplied to grid,;
tgen — POwer generation time; Pcons — Average consumed power; teons — Power
consumption time.

The work presented represents a significant evolution of the
compressed air energy storage technology initially developed within the
ROCAES project. The solution proposed by COMOTI demonstrates not only
the technological feasibility of using compressed air energy storage for
modern energy applications, but also the scalability potential of this
technology for higher power applications.

As for DOs and DON’Ts, we summarize our recommendations, that
we deem crucial to be considered within potential future research projects:

% The motor-compressor power should be higher than the
power of the expander-generator. Choosing a higher generator power does
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not mean that the rated power can be produced [16]. The generated power
solely depends on the air pressure and amount in the storage reservoir, and its
capacity to spin the expander. We recommend the compressor’s driving motor
power to be double than the generator’s.

% Asynchronous induction machines are a very reliable solution
that should be maintained. Synchronous machines necessitate additional
manoeuvres for synchronization with the grid frequency at every start-up, that
would require specialised personnel to be available for travelling to the
installation spot(s) every time.

% Oil heating is a must for avoiding discharge air cooling much
below freezing point, that could jeopardize the expander by forming ice chips
and therefore damaging the expander.

% A thermal energy storage is highly recommended to be
provided along with the CAES. The water tank did improve the efficiency,
but another storage media like salts would be more effective [17].

% A single electric machine connected to both compressor and
expander shafts could be a reliable and cost-effective solution, as the
compressor and the expander are not expected to operate at the same time.

% A better insulated and higher capacity air reservoir would be
beneficial, for sustaining the necessary pressure for a longer operation of the
expander [18].

6. Conclusions

The main objective of the ROCAES project was to demonstrate the
technological feasibility and economic efficiency of a low power energy
storage solution using compressed air. This approach allowed for a research
and development prototype, with the potential for a subsequent development
of the technology in larger scale projects.

During the testing phase, the two main parts of the ROCAES
installation, namely the screw compressor and expander driven by
asynchronous three-phase machines, operated effectively. This is largely
attributed to the electrical and automation components with the control,
regulation, and monitoring system, ensuring continuous monitoring of critical
parameters by means of PLCs. The installation was successfully
commissioned and was handed in to the beneficiary, currently being found at
Popeci Utilaj Greu hall in Craiova, Romania. Acoustic tests were carried out,
proving the rubber puffers between the skid and ground an effective solution
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for reducing the operation noise under 85 dB from typically over 100 dB for
our rotary screw compressors.

This research project regards a small-scale demonstrative prototype.
Future works aim to use the accumulated knowledge in developing a larger
scale CAES system. ROCAES project is a starting point for the integration of
energy storage with compressed air on a wider scale, contributing to the
stability and efficiency of electrical networks, in the context of increasing
demand for renewable energy sources and the need for reliable energy storage
solutions and efficient. However, we should first work on mitigating the risks
and avoid making the main mistakes that were done in this first project.
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