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Abstract: Despite renewable energy source integration being a well-established requirement in
international policies, energy systems still face some unresolved issues, including the intermittence
of production. To tackle this problem, a viable solution could comprise the off-peak storage of
electricity production excess, to be consumed later during peak-load hours. The transition from the
diffuse pattern of centralized generation to the distributed model, involving energy communities,
suggests an additional aspect to manage: the spatial constraints of systems for domestic applications.
Compressed-air energy storage represents a promising Power-to-Power technology for small-scale
energy integration. This study proposes the application of a gas-liquid energy storage system
(GLES) in a residential building, using renewable energy excess from a photovoltaic (PV) array. The
performance of the proposed system, whose operation involves the compression of the gaseous
mass through a piston operated by mineral oil, was evaluated through energy analysis performed
simulating the devices and their coupling with the load profiles of the building. The thermodynamic
model of storage was validated using data from an experimental campaign on a prototype. A
sensitivity study, acting on the features of the system, such as the compression rate and vessel size,
allowed us to compare the absorbed PV energy excess, the coverage of the building energy demand
during the expansion phase, and the electrical efficiency of a daily cycle. The results obtained,
together with the related economic analysis, were used to quantify the market potential of the
proposed solution, to be exploited as a mechanical alternative to conventional electric batteries
in dwellings.

Keywords: renewable energy; energy storage; CAES; Power-to-Power; prototype; experimental
campaign; building energy; energy efficiency; thermodynamic model; self-consumption

1. Introduction

A rise in global energy consumption is making the transition to sustainable energy
sources more urgent than ever. This urgency is also due to the progressive deterioration
in environmental conditions [1]. International energy forecasts estimate that the building
sector will consume 40% of global energy by 2050 [2,3]. Buildings use electricity to light,
heat, cool, operate equipment, and operate appliances; these uses represent half of the
total electricity consumed and some 42% of global CO, emissions. By pursuing clean
energy alternatives, national and local energy policies will move toward intelligent grids
and zero-carbon cities [4,5]. As stated in the literature [6-8], there are some critical chal-
lenges associated with renewable energy because of fluctuating power production and
the mismatched supply/demand for electricity. Based on these tasks, the key role of an
energy storage system is essentially to meet the energy demand of the building and make
the building more energy-independent [9-12]. Renewable energy can be stored in several
ways, including internally, mechanically, or via potential energy [13]. When the demand
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for electrical power is high, stored energy is converted into electricity and delivered to the
network [14].

Among the energy storage systems, compressed-air energy storage (CAES) is be-
coming more competitive at different project scales due to its sufficient energy capacity,
high cycle life, and fast response time [15]. Furthermore, the long lifespan, the reliable
performance, and the economic affordability of CAES are the main advantages compared
to other methods [16], as well as offering novel ways of addressing the heat management
challenge [17,18]. There are four main components of CAES systems: a compressor, turbine,
storage (heat and air), and generator motor. CAES systems are classified according to the
type of heat utilization and compressed air storage: diabatic CAES, adiabatic CAES, and
isothermal CAES [19,20], of which A-CAES is a zero-emission system [21-23]. Recently,
the combination of the CAES system with a liquid substance (e.g., water, oil, and so on)
introduced the gas-liquid energy storage technology. Storing energy via the compression
and expansion of air using water as a liquid was developed by Oak Ridge National Labora-
tory (ORNL) [24]. Unlike other gas compression-based energy storage technologies, the
combination of gas and water achieves a higher roundtrip efficiency by replacing inefficient
gas compressors and turbines with liquid turbomachines for liquid piston compression and
expansion. In other words, the Ground-Level Integrated Diverse Energy Storage (GLIDES)
system typically consists of a liquid storage reservoir under atmospheric pressure, a pres-
sure vessel containing a gas (i.e., air, nitrogen, carbon dioxide), a pump/motor, and a
hydraulic turbine/generator [25].

Moving to the technical and economic aspects of the GLIDES system, various pressure
reservoirs, including steel vessels, carbon fiber vessels, pipe segments, and underground
pressure reservoirs, were analyzed [26]. The authors stated that in the grid-scale appli-
cation of gas-liquid energy storage systems using depleted oil and gas reservoirs and
high-pressure pipe segments, the energy storage costs can be as low as USD 35/kWh (a
roundtrip efficiency of 80%). However, the disadvantages of underground reservoirs have
to be mentioned, such as scalability and limited access to water reservoirs or renewable
energy sources (e.g., if wind energy is used for charging) [26]. Another interesting work [27]
conducted an experimental evaluation of the performance of the first hybrid compressed
gas—hydro energy storage proof-of-concept prototype. Like pumped-storage hydroelec-
tricity, hydraulic turbomachines (pump/turbine) are used to store and recover energy, but
pressure vessels are used to create artificial elevations, allowing pressure heads to reach
several thousand feet. Based on the validation results, the cycle thermodynamic efficiency
is very high, but the system roundtrip efficiency is very dependent on utilizing auxiliary
components with high individual efficiencies. The proper sizing of auxiliary components is
crucial to avoiding consistent energy losses.

Medium-scale applications of CAES and similar systems are currently under investiga-
tion to overcome large vessel volumes [28,29]. An innovative study evaluates the possibility
of placing CAES under the condition of a building. The results show that the stresses in the
CAES pile wall do not exceed the yield strength of the high-grade steels during pressuriza-
tion, demonstrating its feasibility. Based on the literature review, the use of a combination
of gas and liquid to store energy is rising to face the intermittent availability of renewable
energy. The application on a small scale, such as for buildings, is not so common but can
represent an attractive path. A possible advantage is the replacement of electrical batteries
with gas-liquid energy storage systems. Much effort has been dedicated to reducing the
cost of batteries to succeed in the market [9,30,31], but their lifetime and safety are still
issues, particularly for lithium-ion batteries [32].

In this framework, the presented work proposes an experimental analysis of a gas—
liquid energy storage (GLES) prototype, based on air-compressed and mineral oil. The
implemented prototype is an evolution of a study [33] already carried out at the laboratories
of the DIAEE Department of the University of Rome of Sapienza. In the previous system,
there was a bag of nitrile containing nitrogen, which was likewise compressed through the
introduction of mineral oil by a pump-motor system. The main improvement in our study
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is represented by the presence of the aluminum piston: the separation between oil and gas
is achieved by the piston and no longer by the nitrile bag.

Compared to the use of the bag, this new configuration presents the advantage of
showing the exchange volume between all the parts (gas, oil, the external environment, and
the portion of wall concerned), making it easily predictable and calculable; furthermore,
having a separation with a higher compression limit makes it possible to carry out tests
with greater final pressures. The validation of the experimental results is also presented. At
the end of the study, the energy and environmental analysis of the PV-GLES system and
PV-electrochemical batteries is described to underline the potential of GLES, as well as the
further implementation required.

The rest of the paper is organized as follows. Section 2 describes in detail the gas-liquid
energy storage prototype and measurement setup, including both the thermodynamic
model/physics-based simulation model and the application of PV-GLES coupling to a case
study (social housing). In Section 3, the results are discussed. Finally, in Sections 4 and 5,
we conclude the paper and present our suggestions.

2. Materials and Methods

To evaluate its employment as an alternative to electrochemical storage, a small-scale
prototype of compressed air energy storage based on gas-liquid piston technology was
designed, manufactured, and subjected to measurements and tests. The experimental
results were used for the validation of a numerical model. The performance of GLES was
then evaluated on a daily basis by applying it to a case study building equipped with PV to
store the RES excess.

2.1. Gas-Liquid Energy Storage Prototype and Measurement Setup

The prototype, developed at the laboratories of the DIAEE Department of the Univer-
sity of Rome Sapienza (Figure 1), is based on GLES technology (gas-liquid energy storage),
and the operation principle is in line with that of other systems that store energy using
compressed air.

B G
M G
(a) (b)

Figure 1. GLES prototype layout: (a) charge phase; (b) discharge phase. P = Pump, M = Motor,
T = Turbine, G = Generator.

The vessel is a steel cylinder containing nitrogen, which, at the initial stage, covers
the full volume at its disposal. The gas is compressed by an aluminum piston pushed
by mineral oil from a reservoir and is made to flow inside the lower part of the cylinder
through a pump-motor system. The charging phase continues until the final pressure value
is reached, fixed within the limits supported by the cylinder. After a certain time interval,
corresponding to the time discrepancy between the availability of the energy source and
the demand for energy from the user, the discharge phase begins. The mineral oil flows due
to the thrust of the piston, driven by the expansion of the nitrogen previously compressed.
In the operating reality, the oil should flow inside a turbine that, in turn, drives an electric
generator to produce energy again. The discharge is followed by a second pause phase.
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In more detail, the storage method in question is a steel cylinder with a height of
1.067 m and internal diameter of 0.18 m. The aluminum piston inside has a height of
0.134 m and a useful stroke of 0.799 m. On the lower side of the cylinder, there is an
opening for the entry and exit of oil, while, at the top, there is another for the nitrogen
charge. In the prototype, the oil flow is controlled by the oleo-dynamic circuit shown
in the diagram in Figure 2a. A Marzocchi ALP 1D-5 gear pump (Bologna, Italy), with a
displacement of 3.5 cm?/revolution and delivering a flow of 5 L/min at a rotation speed
of 1500 rev/min, is inserted inside the tank, from which it draws the oil (Eni OSO VG46
hydraulic oil, Rome, Italy), driven by a 0.37 kW SMEM electric motor (Monza, Italy). The
selected flow rate is set and kept constant, regardless of load changes, by means of a
compensated flow regulator. The inlet and outlet flow of the tank, as well as the post-charge
pause phase, are managed by an automatic two-way shut-off valve near the lower part
of the cylinder. To release the oil inside the reservoir at the time of discharge, a return
regulating valve opens. Turbine and generator elements are not currently present in the
prototype. In the discharge phase of the experiments, the pump was moved in the opposite
rotation direction, thus producing new electricity.

TANK
Return regulating valve

Electric motor

\
Grid
Oil tank L
and gear pump [
Automatic two-way shut-off valve
I

Compensated flow regulator

(a)

& Microcontroller
pressure sensor temperature sensor

| —————
CYLINDER
m
—
—J
length Innsdunu

Power
supply

(b)

Figure 2. GLES system schemes: (a) hydraulic circuit; (b) sensors and electric circuit of the cylinder.
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The cylinder was equipped with temperature probe (K), pressure transducer, and
pressure gauge (bar) for gas monitoring, positioned at the top, while, at the bottom, the
connection to the length transducer linked to the piston was made, to deduce the volume
occupied by the oil (m?®) (Figure 2b). A second temperature probe (K) dedicated to oil was
inserted at the bottom of the oil reservoir. Each of the sensors was connected to a Pixsys
Electronics microcontroller model ATR144 ABC-T (Venice, Italy) equipped with a display
for the visualization of the detected data; all four microcontrollers were enclosed in a single
case and powered by a Mean Well LRS-100-24 power supply (Breda, The Netherlands)
of 100 W-24 V. Measurements were recorded by a computer using a Matlab v. R2021b
(https:/ /it mathworks.com /products/matlab.html, accessed on 12 February 2024) code
that uses the Modbus protocol. Details of the sensors are given in Table 1.

Table 1. Summary of instrumentation and controls for data acquisition.

Measurement

Gas temperature
Gas temperature
Gas pressure
Gas pressure
Gas volume (through length)

Oil temperature

Probe Measuring Range Accuracy

IFM TT1250 Pt1000 class A RTD o o

Thermometer (Monza, Italy) —40 °C—>150 °C +(0.15K +0.0021T1)

IFM TP9237 amplifier o o o
for temperature probes (Monza, Italy) —507C=>3007C +04%
Fox TR41/ MB{ Pressure transducer 0-10 bar 1% of full scale
(Milan, Italy)

AFRISO RI.?63.G lyD701 Pressure 0—>16 bar Accuracy class 1.6

gauge (Gliglingen, Germany)

Siko SGH10 length transducer

(Buchenbach, Germany) 420 mA

IFM TT1250 Pt1000 class A RTD 40 °C_>150 °C (015K +00021T1)

Thermometer (Monza, Italy)

During analysis, data on the arrangement behavior, gas temperature, gas pressure,
occupied volume of mineral oil and, therefore, the volume available to the gas were
monitored. This allowed us to evaluate the efficiency and performance of the system; in
detail, at the end of each test, we calculated:

Indicated efficiency: yind = Lexpan/Lcompr;

Total electrical work required: Lelect,in = Lcompr/yM — P;

Total electrical work provided: Lelect,out = Lexpan x §T — G;

Energy density: ED = Lelect,out/ Vinitial;

Round trip efficiency: RTE = Lelect,out /Lelect,in.

For both the motor-pump and turbine—generator (hypothetical) groups, efficiency
of 85% was assumed. As regards the first group, the efficiency could be increased by up
to 90% considering the performance of the hydraulic machines currently suitable for this
field. It was chosen to keep to lower values to manage the cost of the device. For the
turbine—generator group, the assumed value was in line with commercial products and
appropriate for the size of cylinder used.

The procedure we followed to conduct the tests is divided into four phases:

1.  Pre-charging phase: the nitrogen pressure is brought to an initial pre-pressurization
value of 2.65 bar, acting on the inlet placed on the device head, then the oil is made to
flow inside the cylinder until it reaches the desired final pressure value, determined via
reference to three pressure ratio (CR) values: 1.5, 2, and 2.5. Each of them is obtained
by varying the flow of the inlet oil through a knob present in the compensated flow
regulator placed in cascade to the pump.

2. Stabilization pause: after reaching the final pressure, a five-minute break is taken. This
time is used to allow the values of the various measured quantities (such as pressure
and temperature) to stabilize.


https://it.mathworks.com/products/matlab.html

Processes 2024, 12, 655

6 of 18

AT gus

3.  Discharge phase: the discharge phase is started by opening the outflow valve. This
phase is maintained until the initial value of oil contained inside the cylinder is
reached, which is the same as before the charging phase (equal to 0.2 liters).

4.  Final Pause: after the discharging phase, a further pause of five minutes is taken to
return all the values to the initial levels.

The experimental tests were carried out assuming three values of final storage pressure
(4 bar, 5.3 bar, and 6.6 bar) and, for each of them, three different values for the volumet-
ric flow rate of the inlet oil: minimum (1 L/min), medium (1.8 L/min), and maximum
(2.6 L/min). The recording of the quantities of interest took place with a sampling interval
of 10 s. Two acquisition campaigns were carried out; the system described concerns the
configuration used for the second.

2.2. Thermodynamic Model

The main purpose of the numerical model was to be able to carry out parametric
analyses of the behavior of the cylinder under examination without having to change the
prototype. In this case, the storage model was used to investigate the overall electrical
efficiency and the energy produced by the expansion section, considering different nitrogen
pressure ranges (/considering the energy absorbed by the compression section).

The model was based on the following preliminary assumptions:

Gas behaves like a perfect gas;

The temperature of the external environment is constant;

The thermophysical properties of the cylinder material are constant over time;
The temperature gradient is zero for each element in each direction;

Processes occur at a near-steady state.

The thermal exchanges that occur during the operation of the storage system imply
that the gas present in the upper part of the cylinder (above the piston) exchanges heat
with the outside, above and laterally, through the cylinder walls, and with the cylinder,
below; similarly, the oil contained below the piston exchanges heat with the outside, below
and laterally, through the walls of the cylinder. Gas and oil interact thermally through the
piston. The energy balance reports involving the above heat exchanges are set out below.

The energy variation for the gas over time, in terms of heat, is as follows:

dVngS

Mgas Co,gas 7 = 7hgas,oilAbase,avg,pist(Tgas - Toil) - uT,gus (Zﬂravg,THgas + Abase,avg,T)(Tgas - Tout) - PgasT

AT,
Moil Co0il —gf =

dTT,gas -

The last term for the second member represents the compression work for a closed system;

this term belongs only to the compression phase because, in the pauses, work is not carried

out on the gas, and this does not concern the oil, as it is considered incompressible.
Energy variation for the oil over time, in terms of heat, is as follows:

hgus,oilAhase,avg,pist(Tglls - Toil) _ UT,oz'l [anavg,T(Htot - Hpist - ngs)+
Abase,avg,T] (Toil - Tout) + Myil Co il (Tout - Toil)

The third term for the second member represents the energy share transferred to the control
volume containing the oil, depending on the mass flow of inlet oil; therefore, it is not
present in the pause phases.

Energy variation over time, in terms of heat, for the tank part in contact with the gas is
as follows:

MT,gas Co,T,gas T int,gus(znrint,Tngs + Abase,int,T)(Tgus - TT,gus) - hout(zm’ext,THgas + Abase,ext,T)(TT,gus - Tout)

In the second member, the first term represents the thermal exchange between gas and
internal wall of the tank and the second term represents the thermal exchange between the
external wall of the tank and the external environment.
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Energy variation over time, in terms of heat, for the tank part in contact with the oil is
as follows:
AT i
MT0il CoToil —gi— = Nintoit 27 int, T (Hyop — Hpist — Hgas) + Apase,int, ) (Toit — Tr,0i1)
- hOHf[znrext,T(Htgt - Hpist - ngs) =+ Ahase,ext,T] (TT,oil - Tout)

In the second member, the first term represents the thermal exchange between oil and
internal wall of the tank and the second term represents the thermal exchange between the
external wall of the tank and the external environment.

Continuity equation for the gas:

dm il .
d;l = mDil
Continuity equation for the oil:
AVgas _ il
dt Poil

Different heat transfer coefficients appear in the equations. hint, gas, hiint, oil, refer,
respectively, to the heat transfer coefficient for adduction between the gas and the inside of
the tank and between the oil and the inside of the tank; for their calculation, the Lefevre
relationships for a vertical cylinder were used. The hgas, 0il coefficient is a transmittance
due to natural convection on a vertical plane and the heat exchange between oil and
nitrogen through the piston. hout, on the other hand, considers the heat exchange between
the external wall of the tank and the external environment; to evaluate it, it was considered
that the system under study placed in a closed environment, where 10 W/m?K represented
a realistic value.

The observation of the variables” evolution was performed by discretizing the balance
equations with a time interval of 10 s.

The code calculates compression work (Leompr) and expansion work (Lexpan), the
total electrical work required for the compression phase (Leject in), the total electrical work
provided by the hypothetical generator, driven by the hypothetical turbine (Leject out),
energy density (ED) and roundtrip efficiency (RTE).

In addition to the geometry and physical characteristics of the fluids and materials
involved that remain constant in the simulations, the variable input quantities are as follows.
Their values are obtained from the experimental data from the initial tests (Table 2).

Table 2. Input for the numerical model based on experimental tests.

Parameter
Oil mass. moil
Gas mass mgas
Inlet flow oil min, oil
Discharge oil flow rate mout, oil
Pressure Pgas
Outdoor temperature Tout
Gas temperature Tgas
Oil temperature Toil
Tank temperature in contact with gas Tgas, tank
Tank temperature in contact with oil Toil, tank

2.3. PV-GLES Coupling for Building Application/Application of PV-GLES Coupling in a Case
Study Building

The application of the storage system was planned for a social housing building in
Palombara Sabina (Rome, Italy), Central Italy. There are 13 apartments that constitute the
building, with areas from 40 to 80 m?. The load profiles of the housing units during a
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typical weekday of the winter period [34] are those shown in Figure 3. The power class per
unit is 3—4.5 kW. The two considered trends relate to two utilization typologies, evaluated
in relation to the population actually dwelling in the building: one representative of a
family with members who go out to school or work in the morning and come back in the
evening (7 apartments), the other tailored to older users who spend much of the day in
the house (6 apartments). Type 1 has a total daily requirement of 9.92 kWh, whilst type 2
has a daily requirement of 10.62 kWh. In winter, therefore, the total electrical requirement
amounts to 133.19 kWh, of which 85.21 is relative to the 15 h without sun, from 00:00 to
08:00 and from 17:00 to 00:00.

14

1.2

0.8

0.6

Electricity [kWh]

0.4

0.2

123 456 7 8 9101112131415161718192021222324
Time [h]
3<kW<4.5-Typel  ems=3<kW<4.5-Type2

Figure 3. Daily electricity profiles of the two types of apartment present in the case study building.

The dimensioning of the photovoltaic system was carried out using the starting point
of the needs of the user during the daytime period on a typical winter day (Figure 4),
considering, in addition, the energy needed to be stored, for a total of 107.63 kWh.

25.0
,°s
20.0 ! N
= 1 \
= 1 \
= 15.0 P
= \
S ! \
S 10.0 1 X
3 ! \
w ] \
5.0 ) .
[} N
0.0 = AR
123 456 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24
Time [h]
SUM — = =Eel,PV

Figure 4. Daily electricity profiles: overall consumption and PV production.

The storage size is considered based on 70% of the need in hours of darkness, equal to
59.65 kWh.
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The characteristics of the selected photovoltaic modules, ZNSHINE SOLAR Bifacial
Double Glass ZXM6-LDD60-310 (Changzhou, China) [31] in monocrystalline silicon, are
310 Wp (NMOT = 229.7 Wp, STC = 310 W) for an area of 1.66 x 1.00 m?. Considering the
application on a duo-pitched roof with S-E and N-O orientation tilted at 25 °C, through
PV-GIS tool [9], an average daily producibility in winter of 0.42 kWh/day (0.61 kWh/day
S-E, 0.23 kWh/day N-O) was obtained, with a maximum global clear-sky irradiance in
Palombara Sabina of 953.11 W/m? at 11:00.

In Figure 4, the estimated daily production of photovoltaic energy is represented,
given by the sum of the photovoltaic systems orientated to the south-east and north-west
and the consumption derived from data measured in the years 2018-2022.

Yearly PV module energy production is 388.81 kWh/year if S-E orientated and
275.22 kWh/year if N-W oriented (Figure 5). Since the area available on each pitch is
of about 215 m?, arranging them in strings of 5 elements, 135 panels were placed on the S-E
pitch, and 120 panels were placed on the N-W pitch, for a total occupied area of 408 m?.
The installed power of the plant is equal to 79 kWp.

60
50

40

30

2

111 I

, M 1 I
Jan F Jul Aug Sep Oct Nov Dec

eb Mar Apr May Jun

o

PV Energy output [kWh]

o

Time [months]
PVS-E mPVN-O

Figure 5. PV-GIS results of average monthly electricity production for a single collector.

3. Results
3.1. Experimental Results and Model Validation

During analysis of the system behavior, several quantities were monitored and
recorded: gas and oil temperature, gas pressure, the volume occupied by mineral oil,
and, thus, the volume available for gas. The trends of the variables of interest were pre-
sented in comparison tables for each final pressure value and the minimum flow rates
(Table 3). The gas temperature follows the expected cycle: it increases during charging,
returns to the initial value during the post-charge phase, decreases during discharge, and
finally returns to the starting value during the second pause.

In the case of the set of tests with a final pressure of 4 bar, for all three mineral oil
flow rates, a temperature fluctuation of about 2 °C during charging can be observed, while,
during discharge, the temperature decrease grows with the increasing flow rate, moving
from a fluctuation of 1 °C at minimum flow to about 6 °C at maximum flow. The trend
at maximum flow is slightly “lower” compared to that at medium flow because the latter
was carried out later; hence, it had a higher oil temperature, which consequently implied
an increase in gas temperature, as well. Deepening the oil temperature, in all three cases,
there is an increase during the charging phase; the trend in the test at a higher flow, around
21 °C, remains lower than the other two (varying in the range 23.3-24.5 °C) because it was
conducted first. Also, the pressure trends throughout the entire operating cycle are in line
with the expectation. After charging, in the post-charge pause, we see a decrease in gas
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pressure inside the cylinder, due to the settling of motions once compression is finished; this
is about 2% in all three cases. The volume trends, both for gas and oil, turn up linear during
the charging and discharging phases and, at the same time, the slope of the charging line
increases as the oil inflow rate rise. The pressure-volume graphs for the gas, from which
we extract the data for expansion and compression, are almost perfectly superimposable
since the initial and final pressure and volume values are the same (Table 3), and the
pressure trends are also identical. Wanting to evaluate the differences in charging and
discharging times with the tests from the first experimental campaign, in which the cylinder
was positioned horizontally, in all three cases, the duration of the charges is slightly longer
compared to the first campaign (by 4.9%, 3.1%, and 7.8%, respectively), while the discharges
for 1 L/min and 1.8 L/min are noticeably longer and that for the maximum flow rate,
instead, is 6 s slower than the corresponding test of the first campaign. These results could
be due to the vertical positioning of the cylinder in the second data acquisition. Indeed,
this configuration might make charging slower and more difficult while, at the same time,
facilitating the discharge phase by also using gravitational pull. Almost identical RTE and
ED values were obtained for all three tests, corresponding to 79.38% and 0.019 kWh/m?
respectively (Table 3).

Table 3. Outline of the experimental campaigns for the flow rate of 1 L/min.

Final Pressure 4 Bar Final Pressure 5.3 Bar Final Pressure 6.6 Bar

Parameter Charge Discharge Charge Discharge Charge Discharge
Phase Phase Phase Phase Phase Phase
Time (s) 326.2 56 524.8 83.4 664 100.4
Initial pressure (bar) 2.70 3.92 2.69 5.17 2.7 6.43
Final pressure (bar) 4.00 2.61 5.31 2.61 6.62 2.61
Initial temperature (K) 293.35 293.65 293.25 293.65 292.95 293.55
Final temperature (K) 295.15 292.65 295.65 291.95 295.85 291.45
Initial volume (L) 0.1 5.4 0.1 8.6 0.1 10.7
Final volume (L) 5.4 0.1 8.6 0.1 10.7 0.1
Oil flow rate (L/min) 1 5.3 1 5.3 1 5.3
RTE 79.38% 68.71% 67.80%
ED 0.019 kWh/m? 0.035 kWh/m? 0.048 kWh/m?

In the three tests with the intermediate final pressure (5.3 bar), the temperature trends
are the same as in the 4-bar tests, but with clearly longer times for both the charging and
discharging phases. The thermal fluctuation during the charging phase is slightly greater
than in the 4-bar cases (between 2.5 and 3 °C), while those during the discharging phase
are more contained compared to the previous three for all flow rates. These fluctuations
were more pronounced in the three corresponding tests in the acquisition campaign with
the horizontal piston configuration. In this case, too, we see an increase in oil temperature
in all tests. The pressure also follows the same trend as the previous cases in all four phases
of the cycle. The pressure losses during the pause after charging, with the increasing flow
rate, are 2.63%, 2.6%, and 2.8%, respectively; these values are slightly higher than the three
cases seen previously. Here too, the volume trends are linear, and the pressure—volume
diagrams are superimposable onto each other. Also in this care there is a longer duration of
the charging phases compared to the corresponding tests of the first acquisition campaign.
In percentage terms, the three charges are higher by 8.6%, 8.7%, and 17%, respectively;
the discharging phases, however, are only a few seconds faster. Compared to the 4-bar
final pressure cases, the RTE values are only one percentage point lower, while the energy
density values are higher, around 0.035 kWh/ m3 (Table 3).
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In the last series of tests, with the higher compression ratio (6.6 bar), the same trends
as in the previous tests were obtained, but clearly with longer charging and discharging
times. The thermal fluctuation of the gas during the charging phases for the first two flow
rates turns out to be different compared to other tests with a lower compression ratio, while
it aligns for the third test, at a higher flow rate. This is because the third test was conducted
first, and thus had a lower oil temperature compared to the others. The same applies to
the thermal fluctuation during the discharging phase. Pressure’s decreases during the
discharging phase are in line with those at a compression ratio of 2: 2.87%, 2.26%, and
2.71%. The volumes maintain their linear trends, both in charging and discharging, and the
oil volume at the end of charging remains essentially the same, of 10.7 1, for all three flow
rates. Here too, the gas pressure-volume diagrams overlaps. Also in this case, the charging
times are longer compared to the corresponding tests for the horizontal storage, increasing
by 11.1%, 13.7%, and 36.7%; the discharging phases are the same or, at most, differ by a
couple of seconds. The RTE values are one percentage point lower than the tests at a lower
compression ratio, but still very similar for all three flow rates and consistent with the three
tests in the first series. The same applies to the energy density, which now has a value of
around 0.048 kWh/m? for all three flow rates (Table 3).

In addition the table points out that the oil volume increases as the compression ratio
increases, and it is greater for smaller flows.

The optimal results (ED = 0.048 kWh/ m?), obtained for the minimum mass flow rate,
1 L/min, and maximum outlet pressure of 6.6 bar, corresponding to a compression ratio of
2.5, were used for validation (Figure 6).

Observing the comparison charts, it is noticeable how the simulated temperature trend
(Figure 6a) differs from the experimental results, especially during the discharge phase.
During charging, the simulated temperature rises faster but settles at values not too far from
the real ones, diverging at the end of compression by about 4 °C, which, in Celsius terms,
leads to an error of 13%. In both the measurement campaign and the numerical model,
within five minutes of post-charge pause, the gas returns to the initial temperature. In the
discharge phase, the simulations show a negative difference of about 4.5 °C compared to
the experiments.

As for the pressure, however (Figure 6b), we see that the simulated trend through
the code is very similar to the experimental one but always shows slightly more con-
tained variations both at the end of charging and at the end of discharging. There is
a delay in reaching the peak pressure during charging and in returning to the initial
pressure during discharging by the numerical model of about 10 s, related to the chosen
temporal discretization step. From Table 4, it is possible to see that there is an under-
estimation of both the electrical work input and output, with an error of 10% and 13%,
respectively. Despite this, the works remain proportional to each other, and this is also
confirmed by the results obtained regarding the RTE: in fact, the error between the real
trend and the simulated one remains below 2%. Having used the same efficiencies for
the pump-motor unit and for the turbine-generator unit, the errors for the hydraulic
works of compression Lcompr,real = 4.47 x 10%; Lcompr, simul = 4.94 x 10%) and expan-
sion (Lexpan,real = 4.19 X 103; Lexpan,simul = 4.77 X 103) are the same as those for the
electrical work input and output, respectively, and the error of the indicated efficiencies is
in line with that of the RTE.

Table 4. Measured and simulated results comparison.

Pmin Pmax L elect,in L elect,out RTE ED
[bar] [bar] [J1 [J1 [KkWh/m?3] [kWh/m?3]
3 3
Measured 70 130 5.81 x 10 4.05 x 10 0.6974 0.0547

Simulated 5263.84 3569.36 0.6780 0.0480
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Figure 6. Gas profiles during GLES simulations for comparison with experimental results:
Prin = 2.6 bar, Pmax = 6.6 bar. (a) Temperature; (b) pressure.

Regarding energy density, in this case, an underestimation also occurs. In conclusion,
having obtained a maximum deviation around 10% for all the parameters examined, the
numerical model can be considered validated.

3.2. Thermodynamic Performance

Four operating scenarios were simulated, modifying the pressure ramps within the
steel cylinder and the compression ratios. In this case, the storage was hypothesized to
have a radius of 0.18 m and a height of 2.5 m.

In the first two cases, the starting point was 70 bar, and a compression ratio of 1.9 (70 bar
to 130 bar) was first applied, and then 1.4 (70 bar to 100 bar); an analogous compression ratio
to the second test, 1.3, was then applied, but acting in the upper part of the range identified
in the first test, setting the max pressure outlet to 130 bar (100 bar to 130 bar). Finally, the
compression ratio was maximized to 4, extending the entire range of working pressures,
acting both on the minimum pressure inlet and maximum pressure outlet (50 bar to 200 bar).
Figure 7 shows the transient gas temperature through the simulations. Regarding the input
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data, some clarifications are necessary. First, to have comparable tests, all temperatures
were set to 28 °C: thus, at the initial instant, the gas, the tank, the oil, and the external
environment are all in thermal equilibrium at the same temperature.

90
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Figure 7. Gas temperature profiles during GLES simulations: (Case 1) Pin = 70, Pmax = 130; (Case 2)
Pmin = 100, Pmax = 130; (Case 3) Ppyin = 70, Pmax = 100; (Case 4) Ppyin = 50, Pmax = 200.

As evident from comparing B and C that, for the same pressure increase, the Tmax
reached is greater as the compression ratio (p*) increases: from p* 1.3 to 4, the temperature
increase rises from 5% to 19%. The concavity assumed by the curves as they approach the
Tmax is related to the heat exchange with the external environment. Having attributed a
duration (5 min) in all simulations, the post-charge pause occupies the same time range.

As the maximum temperature reached in the charging phase increases, so do the
heat losses to the external environment, as evidenced by the temperature decreases in the
pause phase, set at 5 min. The simulations starting from the same pressure value (Figure 8)
have overlapping curves; starting from a higher pressure (curve B, 100 bar), the simulation
reaches maximum temperature faster (20 s) and, conversely, takes 38 s to return to the
initial volume.

Table 5 summarizes the energy results for the four GLES simulations. As expected, the
greater ED is achieved in the case where the pressure range is wider (Case 4), immediately
followed by Case 1: the greater difference between maximum and minimum pressure
causes Lexpan and Lcompr to be higher than those obtained in other cases. Looking at
Case 2 and Case 3 it is possible to see that for similar compression ratios, ED is higher
when higher end pressures are reached. The highest RTE is for the lower compression ratio
(Case 3, followed by Case 2).

Comparing the results obtained in terms of ED with those of [22] for the same pressure
ranges, for Case 1, 2, and 3, A1 = 0.5, A2 = 0.3, and Al = 0.3 are obtained, respectively,
where the highest values belong to the GLES designed in this study. The discrepancies,
attributable to the different dimensional ratios of the pressurized vessels (0.25 m? for the
one analyzed here, three elements of 0.5 m? in [28]) become smaller as the difference
between the initial pressure and final pressure decreases.
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Figure 8. Gas pressure profiles during GLES simulations: (Case 1) Pp,in, = 70 bar, Pmax = 130 bar;
(Case 2) Pppin = 100 bar, Pryax = 130 bar; (Case 3) Pyin = 70 bar, Pmax = 100 bar; (Case 4) P, = 50 bar,
Pmax =200 bar.

Table 5. Summary of the tests carried out.

ID Pmin Pmax Lelect,in Lelect,in_kWh Lelect,out Lelect,out_kWh RTE ED
[Bar] [Bar] 1 [KWh] [J1 [kWh] [kWh/m?] [KkWh/m?3]
Case 1 70 130 1.11 x 106 0.3088 7.56 x 10° 0.2103 0.6808 0.8712
Case 2 70 100 6.16 x 10° 0.1713 430 x 10° 0.1195 0.6972 0.495
Case 3 100 130 6.18 x 10° 0.1718 440 x 10° 0.1224 0.712 0.507
Case 4 50 200 1.88 x 106 0.5237 1.22 x 106 0.3405 0.6501 1.4107

4. Discussion

The GLES performance was evaluated on a daily basis, considering a typical winter
day: peak electrical demand, minimum PV production (350 Wh/m? day). For the sake of a
basic comparison, a storage system sized based on the performance of the best alternative
among the four simulated, with an ED of 1.4107 kWh/m?3 (see Section 3.2), was compared
to a commercial lead-acid battery storage system.

The required storage capacity is met by 50 lead-acid batteries, each with a voltage
of 12 V and a capacity of 200 Ah, considering a DOD (depth of discharge) of 50% to
ensure a longer lifespan, at the expense of a greater number of units. For these batteries, a
system efficiency of 88% was assumed, given by an inverter efficiency of 92%, and battery
efficiency of 96%. Considering units of dimensions 0.52 m x 0.24 m x 0.24 m, the total
volume reserved for battery storage is 1.49 m3. Given the configuration that ensures the
highest work of expansion, equal to 340.5 Wh for compression from 50 to 200 bar, it is
possible to estimate a number of gas-liquid storages to meet the domestic need of the case
study equal to 175 units. Having sized the devices with a radius of 0.18 m and a height of
2.5 m, the surface area required for their installation is equivalent to 22.70 m?2.

The GLES is quite far from parity compared to electrochemical energy storage in terms
of energy efficiency, mainly due to the pressure ramps within which it can operate. On the
other hand, its operability is not comparable to that of batteries: its lifetime exceeds 20 years,
whereas batteries under the previously considered conditions guarantee 4000 charge-
discharge cycles, equivalent to a lifespan of 22 years, for a storage system operating on
a daily basis, and anyway, for conventional operation with an 80% DOD, the number of
charge/discharge cycles would be 2000, corresponding to 7 years of use [32].
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5. Conclusions

The study analyzes the behavior of gas within a steel cylinder during the compression
and expansion cycles to which it is subjected, to understand the potential of this new
storage technology. A crucial aspect is the experimental analysis of a small-scale GLES.

Simulation data are applied to a case study building, which is a social housing building
in Palombara Sabina, a town located in Central Italy (42.067” N, 12.766"" E). Fundamentally,
the suggested technology proves superior to a conventional battery in terms of lifespan,
although with a lower energy density for an equal amount of satisfied demand.

In detail, the major findings can be summarized as follows.

As regards the numerical model:

e  The simulated temperature trend differences from experimental results should be
reduced, particularly during the discharge phase. The charging phase shows a faster
temperature rise, settling relatively close to real values but diverging by 13% at the
compression end.

e  Smaller variations occur in simulations, with a delay of about 10 s in reaching peak
pressure during charging and returning to initial pressure during discharging due to
the chosen temporal discretization step.

As regards parametric analysis on pressure ramps and compression ratios, assuming
a storage radius of 0.18 m and height of 2.5 m:

e  Higher compression ratios (p*) led to a greater maximum temperature (Tmax) reached
by the gas during pressure increase: the Tmax increased by 19% as p* triplicated.

e  Simulations starting from the same pressure exhibited overlapping curves; however,
starting from a higher pressure (curve B, 100 bar) meant that the maximum temperature
was reached faster (20 s) and it took longer (38 s) to return to the initial volume.

Concerning the GLES building application, considering a typical winter day:

e  The gas-liquid storage units required to meet domestic needs were 175 (energy density
(ED) of 1.4107 kWh/m3, volume 0.25 m?), requiring a surface area of 22.70 m? for
installation; the same storage capacity can be met by 50 lead—acid batteries (12 V,
200 Ah, commercial dimensions), for which must be reserved a total volume of 1.49 mS.

o  The lower energy efficiency of the GLES system in comparison to electrochemical
energy storage can be attributed to the pressure ramps that it operates within.

The experimental setup can be further implemented by inserting a turbine-generator
system to evaluate the real efficiency of the entire system in the field. The technology
can be improved starting from simple interventions on auxiliary components. From the
experimental results, we observed how the use of low flow rates allowed us to limit
the electrical compression work required and avoid the unnecessary overheating of the
mineral oil.

An alternative involves the use of another gas instead of nitrogen: for example, carbon
dioxide in its saturation conditions (57 bar at 20 °C). During compression in a saturated
condition, CO; tends to transition from gas to liquid phase, thus reducing its volume in the
storage tank, allowing for a greater amount of incoming oil, which will then be available
during expansion, ensuring greater electrical work. However, this would require operating
in gas saturation conditions, and, thus, trying to maintain conditions that are as isothermal
as possible.

Finally, the implementation of a thermal recovery system can be considered: for
instance, the use of a coil system that wraps around the cylinder in such a way as to exploit
the warm and cold thermal flows that occur during the charging and discharging phases.
In this way, we introduce our system into a poly-generation discussion, thus combining
electrical production with thermal production. Further developments also include the
deeper exploration of the economic aspects related to the system and its sustainability.
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Nomenclature

Abbreviations

GLES Gas-liquid energy storage

RES Renewable energy source

CAES Compressed-air energy storage

GLIDES  Ground-Level Integrated Diverse Energy Storage
ORNL Oak Ridge National Laboratory

1Y% Photovoltaic array

PV-GIS Photovoltaic array —geographical information system

Symbols

m Mass flow rate [kg/s]

ED Energy density [kWh/ m?]

h Heat transfer coefficient [W/m2 K]
RTE Roundtrip efficiency [-]

H Height [m]

Lcompr Compression work [J]

Lelect,in Total electrical work required [J]
Lelect,out  Total electrical work provided [J]

Lexpan Expansion work [J]

T Temperature [K]

Tmax Maximum temperature [K]
v Volume [m°?]

Vinitial ~ Empty storage volume [m?]

c Specific heat capacity [J/kg K]
m Mass [kg]

p Pressure [Pa]

I Compression ratio [-]

t Time [s]

u Thermal transmittance [W/m?2 K]
nM—P Motor—pump efficiency [-]
nT—-G Turbine-generator efficiency [-]
nind Indicated efficiency [-]
Subscripts

avg Average

base Base

ext External

gas Gas

int Internal

oil Oil
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out External environment
pist Piston

real Real

tot Total

simul Simulated

T Tank

v At constant volume
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