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ORIGINAL RESEARCH

Abstract- Energy reach in the rural areas is still of major concern today especially in developing nations. Small-scale energy generation with
stored compressed air is the focus of this work towards solving the energy deficit in remote rural environments through renewable sources.
The method involves an experimental setup that harnessed energy from the sun through solar PV for isothermal compression and expansion
of an air storage system to gain the advantages of low cost, longevity, and environmental friendliness of air storage in small scale electrical
power generators. Results from a small, scalable, artificial air storage system of 360m3 show that one charge results in approximate
temperature loss of 29°C for compression and 10°C for expansion (in a single cycle). A pressure charge of about 6bars from a compressor
speed of 300rpm was also obtained and was able to maintain a constant alternator speed of 2500rpm on no load to produce electricity at
230Vac during expansion. When advanced and standardized, the air storage could provide a medium for cheap electrical energy storage for

small scale renewable sources and a means for electrical energy availability in remote rural environments.
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1 INTRODUCTION

hallenges of Electrical Energy (EE) transmission to

most remote rural areas in developing countries are

enormous (Daniel, 2017; Michael and Uko, 2012;
Xueli et al, 2013), leading to over dependence on fossil fuel
electric generators in such areas. The operation of these
generators poses number of challenges such as fuel
supplies and maintenance delays (Elusakin et al, 2014).
Recently, several nations and organizations are
employing the use of Renewable Energy (RE) sources,
solar and wind especially, in meeting the need of these
rural areas (Samuel and Getachew, 2019) and in supply of
remote equipment that are out of reach to main electrical
power supply sources.

RE sources are attracting enormous attention though
intermittent and unstable in nature and require the use of
Electrical Energy Storage (EES) systems to help stabilize
and maintain constant supply (Evelina and Malin, 2018;
Altin, 2016; Salisu et al, 2020). Application of medium to
large scale EES is financially demanding, putting more
strain to the deployment of RE systems in remote areas.
EESs are of different technologies and can be weighed for
application in certain characteristics such as operational
duration and cost (Martin et al, 2011; Henok et al, 2020).
These storage technologies in the form of Pumped Hydro
Energy Storage (PHES), Flywheel, Fuel-cell, Compressed
Air Energy Storage (CAES), Supper Capacitors,
superconducting magnetic energy storage (SMES) and
Chemical Batteries are suited for specific demands.
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Since 1800 AD when the first voltaic pile was discovered
(Chukwuka and Folly, 2012), the chemical battery has
been the most applied and available storage system for
micro-scale EE generation. These chemical devices are
quite bulky, expensive and have short operational
lifetime. These limit their use and discourage intending
applicants from deploying micro-scale RE systems even
in private homes. Among storage technologies, PHES has
attained the highest international penetration for large-
scale applications due to good efficiency and high storage
capacity (Huanran ef al, 2013; Yang et al, 2013; Kendall et
al, 2020). However, the CAES is a developed technology
and can be argued to have attained a maturity level being
utilized in large-scale systems over 50years (Chen et al,
2021). At the moment, due to technology advancement, it
has attained efficiency and capital cost close to that of
PHES (Wang et al, 2017; Hossein et al, 2013). This research
in solar application centred on CAES systems since they
are more scalable than PHES.

2 ELECTRICAL ENERGY STORAGE METHODS

EES systems have a range of applications, including
providing power to autos, portable devices, and
stationary energy resources, such as in off-grid supply
systems. They are currently emerging as a crucial
component of the answer to enhance access to electricity
(IRENA, 2017). There are several of these EES systems in
use at present and more are being developed and
advanced with emerging technologies. EES systems can
be conveniently grouped into three categories as
matured, developed, and developing technologies.

2.1 MATURED EES TECHNOLOGIES

Since they have been in use for so long and commercially
successful, these EES technologies, which include PHES
and Lead-Acid Battery Storage (LABS) (ThuTrang et al,
2017). They are adjudged as technologies with
appreciable capacity and cost (Ziegler et al, 2019) for
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electrical power systems applications. PHES, for instance,
has over 200units and ~160GW installed capacity globally
(IRENA, 2020). The major limitation of PHES is problem
of appropriate site and high cost of construction.
Contrarily, LABS have been widely used in grid power
networks and are very scalable to fit a variety of power
platforms in off-grid and behind-the-meter applications.
More recently, LABS have been created with high charge
performance suitable for automotive applications.
However, the energy capacity cost of storage for LABS is
high compared to PHES, which is occasioned by
degradation over time and their subsequent replacement
(Micah et al, 2019).

2.2 DEVELOPED EES TECHNOLOGIES

Developed EES are storage technologies like CAES,
Flywheel, Li-ion battery that have been practically proven
but are still being investigated for reliability in certain
applications. With some technologies nearing maturity,
their application window is wide and will provide a
robust storage system. With its first large scale use in
Huntorf, Germany in 1978 (Boicea, 2014, Eugene,2016),
CAES is second most available storage technology
commercially installed aside PHES (Hussien et al, 2015).
Because CAES is scalable, they are attracting attention
towards the development of Small-scale CAES (SCAES)
for power applications (Xing et al, 2014). Deployment of
SCAES system is thought to provide long storage life-
span, low supply cost compared to batteries, and no site
restrictions (Hussien et al, 2015, Castellani et at, 2018).
Also, flywheel systems advantages include high power,
long cycle life, high efficiency of about 90%—95%
(Mustafa and Keith, 2017), high durability, and its
environmental friendliness. It however has serious
limitation in its high self-discharge rate of about 5% —20%
per hour (Altin, 2016). Li-ion batteries have long life cycle,
energy density of ~ (150 to 250) Wh/kg about more than 5
times that of LABS, efficiency of ~ (95 to 99%) (Juan et al,
2017) does not have memory effect and lower degradation
at partial charge. At the present, the cost of Li-ion batteries
is still considered high, which is the major cause of its
limited usage in behind-the-meter stationary application.
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2.3 DEVELOPING TECHNOLOGIES

Storage technologies that are technically feasible but not
yet economically available include solar fuel, fuel cells,
cryogenic energy storage, metal air batteries.

3 SOLAR CHARGED CAES SYSTEM DESCRIPTION
AND METHOD

SCAES systems are modelled in replication of their large
CAES counterparts but with some simplicity that reflect
their fitness into their operational environment and
method of activation. In this approach, the modelled
system can be used near the living environment and self-
activated. As expected, the system comprises primarily of
an air compressor, an air storage unit, and an air turbine.
A DC motor that turns dc voltage from a solar PV array
into mechanical rotation powers the compressor. The
storage, connected to compressor's output, is pressured
with air at room temperature. Following expansion
through the turbine and exhaust back into the
atmosphere, the pressurized air is released. However, as
shown in Figure 1, the turbine that transforms air
pressure into mechanical rotation is connected to an
electric generator to generate electricity.

To understand the system’s operation, a power flow
model from the solar PV input to the generator output
was considered as shown in Figure 2. According to ideal
representation, the total energy used in pumping air
pressure into the storage tank should equal the generated
energy by the output air pressure. However, there are
points of energy loss within the system that make it
difficult to realize this balance and must be well managed
to get close to such ideal situation. With an assumed
complete daily cycle of compression and expansion
phases, the system is expected to produce a steady
electrical energy output at certain efficiency when fully
charged. This efficiency specifies how well the system
uses its energy supply for output production. Equations
(1) and (2), give the energy absorbed by the compressor
and that produced by the turbine (Castellani et al, 2018).

I/l/comp = Mgjr X Ahcomp (1)
M/exp = Mgir X Ahexp )
Electrical Load

Air Outlet

'S

1 c Turbine Electric
ompressor
v p Generator
<+ -
|— Storage
Tank
Activation battery
Fig. 1: Small-scale solar-air electric power generation model
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Fig. 2: The micro-scale Solar-Air generator power model

The compression to expansion electrical efficiency of the
storage system can therefore be found by equation (3) as:

_ Wexp

Lk — (©)]
To power the electrical load, however, the turbine output
is applied to a synchronous generator while the
compressor is driven by a dc motor. These devices are
sources of energy loss due mainly to heating as shown in
Figure 2 and indicated in equations (4) and (5), and used

in determination of system’s final efficiency.

The input and output pressure end efficiencies are
estimated separately using the storage as the isolation
point, and they are then combined at the compression to
expansion efficiency point to determine the overall
efficiency as in equations (6) to (8).

Qm = MypcAT,, 4)
Qg = mgcATg (5)
VVcomp =N X Wp (6)

exp — .:_: (7)
Substituting (6) and (7) into equation (3) therefore, give

the entire system’s efficiency as:

Po

n= NecNeWp (8)
Nomenclature
Symbol Description Unit
w Energy kJ
Q Heat energy kJ
m Mass kg
AT Change in temperature K
Po Output Power W
T Torque Nm
% Speed rpm
c Specific heat capacity k] kg1 K1
Wp PV power W
R Specific gas constant Constant
T Temperature K
|4 Volume m3

© 2022 The Author(s). Published by Faculty of Engineering, Federal University Oye-Ekiti.

3.1 METHOD

Using the air storage model described in (Uzedhe and
Akinloye, 2020), an experimental SCAES was setup to
examine the process. The setup is in three sections: solar
energy conversion, air storage, and air pressure converted
to electricity. As shown in Figure 3, energy from the solar
PV system drives a DC motor. The dc motor is coupled
with belt to a compressor to pump air into three storage
cylinders connected in parallel through some control
valves and tubing. The pressurized air is then expanded
through a rotary vane air motor which serves as turbine
to drive an alternator. The compression and expansion
heat losses are free to the surrounding environment and
are not controlled or recovered back. These isothermal
heat losses are however measured in temperature
variations within the operational period. To apply
operational measures of data collection from the setup,
the system was allowed to compress air in a short period
of time and the compressor short down. The air pressure
in the storage was then measured and monitored for some
minutes and then expanded. The compressor and
expander temperatures, compressor speed, alternator
speed, and alternator output voltage were recorded.

3.2 COMPONENTS AND SYSTEM SETUP

The set-up is as shown in Figure 3 consisting of
components such as solar PV array, DC motor,
compressor, storage tank, air motor as turbine and electric
generator.

a. Solar PV unit: this unit is an array of six number of 250W
each amorphous PV panels, a PWM charge controller and
a 24V/100Ah activation battery. While the PV array
generates the required electrical power to continuously
run the system, charge controller help regulates the panel
PV output to the motor. The battery is used to activate the
DC motor by ensuring adequate activation current is
available to drive the motor at start up.

b. DC Motor: the dc motor serves as the prime mover for
the compression stage. It helps to convert the DC
electrical energy from the PV array to a mechanical power
for driving the compressor. The motor used is a 24V/30Ah
system, capable of delivering a torque of 60Nm at a speed
of 2500rpm.

c. Compressor: the compressor used is an 8bar, 1000rpm
compression with a compression ratio of 5:1.

359

This is an open access article under the CC BY NC license. (https://creativecommons.org/licenses/by-nc/4.0/)

http://doi.org/10.46792/fuoyejet.v7i3.863

http://journal.engineering.fuoye.edu.ng/



https://creativecommons.org/licenses/by-nc/4.0/
http://doi.org/10.46792/fuoyejet.v7i3.863
http://journal.engineering.fuoye.edu.ng/

FUOYE Journal of Engineering and Technology, Volume 7, Issue 3, September 2022

ISSN: 2579-0617 (Paper), 2579-0625 (Online)

Fid. 3: Experimental SCAES setup
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Fig. 4: (a) Average daily generated panel voltage (b) Average daily panel current (c) Average daily generated electrical power

d. Storage tank: the storage tank consists of three cylinders
of 50kg each providing a total air volume of
approximately 120m?3.These cylinders are connected in
parallel between the inlet and outlet air piping. The
cylinders are not however lagged but are shaded and
used in ambient temperature.

e. Air turbine: the air turbine is a rotary vane air motor
from Hongxin with operational speed of 3000rpm, output
torque of 4.1Nm and input air consumption of 78CFM.

f. Electric generator: the generator used is a single-phase
2kVA, two (2) pole synchronous generator.

4 RESULTS AND DiscussIoN
The results are presented in sections accordingly.

4.1 PV ENERGY

The kind of PV output current and voltage generated
significantly impact solar subsystem's daily continuous
energy production. This is highly reliant on the daily and
seasonal sun radiation in the application region. The PV
output characteristics of the system configuration used at
Effurun, a city in Nigeria's Niger Delta, are shown in

© 2022 The Author(s). Published by Faculty of Engineering, Federal University Oye-Ekiti.

Figures 4a, 4b, and 4c. The prototype setup's PV daily
average voltage and current are shown in Figures 4a and
4b, respectively. The PV daily average power output is
shown in Figure 4c as a representation of the PV current
and voltage.

4.2 ENERGY Loss

To identify potential points of energy loss through the
system, thermal behaviour at various stages was
considered. Energy loss reduces system efficiency as
output power tends to be less relative to design effort.
These losses may occur in different forms more notably in
heat and mechanical frictional forces. Frictional losses can
be reduced by design and are usually more minimal
compared to heat energy losses. However, both heat and
frictional losses can lead to each other in rotational parts
creating a resultant combination with grave losses and
subsequent damage. Figures 5a and 5b indicate the
energy losses in expansion and compression respectively.
These losses where however obtained as a measure of
change in temperature in the component parts. Figure 6
compare compression and expansion loses and clearly
shows that more energy loses takes place at compression.
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4.3 POWER CAPABILITY

The system pressure build-up in the cylinder, as shown in
Figure 7, clearly sustains its operation especially during
charging. A faster charge provides enough pressure for
motor propulsion at the shortest time and still maintains
pressure growth in storage. The charging rate also has a
direct relation to drive components power. To provide
and stabilize the output voltage, the various drive
components must be kept at certain rotating speed. A
comparative speed of the drive components used is
indicated in Figure 8 and shows how low compression
speed maintain constant high alternator speed.

N 8

o

£ 6 —

3 /

£ 4

v ®

e,/

<

Qo

g 0 T T T T T T T T T T T T T T T T T T T 1

(-3

£ 0 6 11 18 25 31 38 44 50 56
Time (Mins)

Fig. 7: Pressure in cylinder during charging

© 2022 The Author(s). Published by Faculty of Engineering, Federal University Oye-Ekiti.

3000
§2500 :-................. ve e Alternator
<2000 Speed
1] o e= « o Motor
;’.)- 1500 __:'_—_l_-_l_-_l_l. Speed
1000 ; Compresso
500 2 r Speed
O .yll rrrrrrrrrrrrrr1i
0 3 7111519232730
Time (Mins)

Fig. 8: Comparative operating speed of system drivers

250

v

= -

>°200

3 150

5

9100

o

& 50

|

ﬁ 0 T rr 1 1 111 1© 11 17 117 17 17717711
O VW O 0 O VW N N o o
N QO N & & 0 N~ NS
© © n n o < < <

Drop in Cylinder Pressure (bars)

Fig. 9: System output voltage with pressure drop

The system output voltage is plotted in Figure 9 against
the decrease in cylinder pressure during discharge.
Within the period of measurement, it was discovered that
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the system’s output voltage was maintained at around
230V when fully charged to when cylinder pressure drops
1.5bars. This indicates that building up higher in storage
will result to a more sustainable system with higher
autonomy.

5 CONCLUSION

The use of air storage systems in small-scale compressed
air energy generation in renewable energy solutions can
address the major difficulty of energy delivery in remote
rural locations, particularly in developing nations.
Though there are potential areas of energy loss due to
heat that may result to low efficiency as observed, this
work showed that electrical energy can be generated from
pressurized air in man-made storages. With some
advancement of the technique applied through energy
recovery such as in adiabatic processes, air storage can be
made readily available for low-cost remote applications.
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