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COMPRESSED AIR ENERGY STORAGE

Energy Conversion and Storage Systems

Energy conversion paths are either direct or indirect (Fig. 1). With indirect technologies the line of energy
conversion is the following: the primary source is exothermally oxidized (burnt), the chemical energy being
converted into thermal energy. By a thermal agent (motor fluid), the thermal energy is used as such, or by using
a thermal machine (turbine, engine) it is converted into mechanical energy actuating an energy-generating
working engine or generator. With direct technologies thermal intermediation is eliminated along with its
thermodynamic imperfections, and electrical energy is directly gained, for instance, from the chemical energy
of fuel. Wind energy falls into this category.

There are several competitive possibilities for converting primary energy into electrical energy: hydraulic,
wind-driven, electrochemical, and nuclear (including fusion); solar energy may be directly utilized on a photo-
voltaic line.

Of all primary energy forms suitable for sustainable development, wind energy is the most advantageous:
it is practically inexhaustible, nonpolluting, available everywhere, and free of charge, since no primary extrac-
tion is required. In converting the wind energy to other forms, the following stages are to be noted: extraction,
conversion, storage, and consumption. For wind, energy storage is necessary both because of the limitations
of wind (it is irregularly distributed in time and space, and it is dilute, that is, it has low concentration per
unit area), and because of the variety of its consumers. Figure 2 presents a general diagram of extraction,
conversion, storage, and utilization of wind energy.

In the first stage (extracting energy from wind), mechanical energy is gained as rotation, translation, or
oscillation, depending on the type of the extraction installation. This motion may be used in the second stage
for conversion into another form of energy by liquid pumping, gas compression, or electrical or heat generation.
The energy gained may be stored by using pneumatic or hydraulic systems, electric batteries, heat, hydrogen,
flywheels, etc. This is the third stage. The fourth stage, that of consumption, consists in supplying energy to
consumers in the form of heat, electricity, water, etc.

A comparison between different energy storage systems is presented in Fig. 3. For compressed air, starting
with the data from the literature, which takes into consideration only the mechanical component of the energy,
we have also taken into consideration the possibilities of utilizing the thermal component.

Means of Energy Storage by Compressed Air

Energy storage by compressed air can be accomplished using storage tanks, hydropneumatic accumulators,
and pneumatic network elements.

Compressed Air Storage Using Storage Tanks. Figure 4 shows the diagram of compressed air
storage. The installation is made up of the following elements: wind turbine 1, hydrostatic transmission 2,
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Fig. 1. Energy conversion paths.

compressor 3, storage tank 4, safety valves 5, manometers 6, purging valves 7, pressure line 8, valve 9, supply
duct 10, safety valve 11, contact manometer 12, solenoid valve 13, pressure regulator 14, pneumatic valve 15,
and cutoff valve 16.

Compressed air delivered by the compressor is stored in tanks. The diagram provides for successive
supply of the two tanks. An automatic filling scheme for the two tanks is shown, made up of a manometer with
contacts, giving the signal for solenoid valve to be opened, actuating in its turn a normally closed pneumatic
valve through a pressure regulator. When a certain pressure is reached in the first tank, the contact manometer
commands the opening of the supply to the second tank, which fills up from the first. When the pressure falls
below a certain limit, the contact manometer will close off the supply, the pressure in the first tank will rise
again, and the cycle will be repeated.

Figure 5 gives a diagram of the storage of compressed air generated by a wind compressor, where the
compressed air is used to drive a gas turbine to produce electricity during maximum-load periods of a power
system. For this purpose the traditional gas turbine type may be modified by kinematic separation of the
compressor and turbine stages using gears (couplings), as shown in Fig. 6. In one of the separation stages the
wind turbine actuates the compressor. The compressed air generated is stored in an accumulator, which may
be a cavity or an exhausted natural-gas seam. In another stage, when electricity demands exceed the system
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Fig. 2. Diagram of wind energy extraction, conversion, storage, and utilization.

capacity on basic load, the compressor is switched off and the generator is switched to the wind turbine. The
burner is supplied with gas fuel and compressed air from the storage system.

On compression without heat loss (adiabatic compression), the air temperature increases. If compressed
air is stored in a thermally well-insulated accumulator, we speak of adiabatic storage. When compressed air
at this temperature is taken out and used to actuate a turbine, as in the previously mentioned case, less heat
is required than if the storage were at ambient temperature. Therefore, adiabatic storage is more economical
than isothermal.

Compressed Air Storage with Hydropneumatic Accumulators.

Description of the Accumulator. The hydropneumatic accumulator (Fig. 7) is made up of a pneumocham-
ber (1) and a hydrochamber (2). Between the two chambers there is a 65 m to 70 m vertical level difference,
corresponding to a 6.5 bar to 7.0 bar pressure, joined by a connecting incline (4). Both chambers are equipped
with closing dams (5). At higher storage pressures, the level difference increases. The pneumochamber is
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connected to the compressor station (6) by a compressed air supply duct (7), and to the main network by a
distribution line (8). Both ducts are dimensioned to suit the average consumption. Water is supplied to the
hydrochamber by a supply duct (9).

A hydraulic connection (11) exists between the pneumochamber and the hydrochamber, made up of metal
ducts, with mining workings forming a hydraulic arrester in the lower part (12).

All ducts are fitted with shutoff valves (14), permitting the hydropneumatic accumulator to be isolated for
inspection and maintenance as necessary. Between the compressed air supply duct and the distribution line
there is a bypass (15), which may be used to short-circuit the hydropneumatic accumulator.

The pneumochamber must be carefully designed to avoid water or compressed air losses. Proper sealing
is decisive for good operation and for the economic efficiency of the accumulator. With fissured rocks or with
medium-hard and soft rocks, consolidation and sealing are effected by cement-milk or synthetic-resin injections.

The resistance dam closing the pneumochamber (1) must be specially constructed for durability and
sealing, as it is crossed by the compressed air supply and distribution ducts, transducers for working and
maximum levels, and an access opening where personnel can enter for control and maintenance. Optionally
the resistance dam may be fitted with a water-gauge glass, which, during test periods, may provide data
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Fig. 7. The hydropneumatic accumulator.

about the adjustment or functioning of the signaling and monitoring equipment. The latter is essential for
the protection of the accumulator, and its operation is programmed in synchrony with the compressor station
working periods.

According to the general features presented, several types of accumulators may be devised, adapted to the
local geological and mining conditions, to existing or planned mine workings, and to the compressor station’s
capacity.
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In order to cut down investment costs, in building a hydropneumatic accumulator it is recommended to
reuse decommissioned mining or geological research workings.

Operating Principle. A hydropneumatic accumulator is a complex of mining workings providing for the
storage of a large volume of compressed air (1500 m? to 8000 m?) at a constant pressure of 6.5 bar to 8.5
bar, which can be utilized by consumers in case the compressor station is out of service. Thus, idle running of
compressors in low-consumption periods is avoided, and optimum parameters of compressed air in peak periods
are ensured when the consumption required is higher than the capacity of the compressors in operation. Two
distinct stages occur in the operation of the hydropneumatic accumulator:

e Accumulation of compressed air in the pneumochamber, in periods when the flow of the compressor station
exceeds the flow absorbed by consumers, during which water is evacuated into the hydrochamber.

e Return of compressed air, while water from the hydrochamber flows into the pneumochamber and air
consumption continues. In this stage the compressor station may run at a reduced flow rate or may be
completely stopped.

To summarize, the hydropneumatic accumulator is a compressed air reservoir with variable volume and
constant pressure, ensured by the potential energy of the water column joining hydrochamber and pneu-
mochamber.

By the monitoring and signaling installation the current state of the pneumochamber is reported to the
compressor station so as to stop or start the compressors. The moments at which the compressors are started
and stopped being thus clearly determined, idling is completely eliminated, leading to a valuable reduction in
energy consumption.

At the end of the first stage in the operation of the hydropneumatic accumulator, if the compressors
are not stopped in time, there is a risk that the compressed air in the pneumochamber will pass into the
hydrochamber through the hydraulic connection, where it can spray or push water out of the hydrochamber,
causing unbalanced operation and possible severe damage to the surrounding mining workings. To prevent
such accidents the accumulator is fitted with a hydraulic arrester made up of an additional 10 m to 13 m water
column, for the evacuation of which the pressure in the accumulator is increased over the working pressure of
the compressors by 1 bar (10 m HyO).

Dimensioning Criteria for the Accumulator. The main operational parameters to be established for a
hydropneumatic accumulator are the pneumochamber volume, the hydrochamber volume, the pressure in the
pneumochamber, and the height between chambers.

The pneumochamber volume may be assessed according to several criteria:

e When the active capacity of the compressor station has been determined as a function of the maximum
consumption of the users, we have

V= [Qmm{ - QSL}T (1)

where
V = pneumochamber volume (m?)
Qmax = maximum compressed air consumption (m?/min)
Qs = actual flow of active compressors (m?/min)
7 = time of maximum-consumption requirement (min)

e One may use the following empirical function of the active power of the compressor station: for each
kilowatthour, 1.5 m? of accumulation buffer reservoir volume is needed at 7 bar pressure (1).
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e The volume may be chosen according to the minimum capacity of operation of the compressor station
determined by the minimum primary energy (wind) availability. In periods of minimum availability, only
a few of the compressors may be operated or the entire station may cease to function. If Cyr is the
minimum capacity for operation in minimum-availability hours, @, is the average consumption, 7 is the
longest duration of the primary energy deficit, and p is the working pressure of the accumulator, then the
pneumochamber volume in cubic meters will be

V= (Qm _pcmf}rm (2)

The hydrochamber volume is an established function of the pneumochamber volume, being approximately
10% larger to compensate possible water losses and to accommodate water infiltration.

The pneumochamber pressure is function of the rated pressure of the compressor station and is determined
with the relationship:

Pp = Ps — Apr — Ap; (3)

where
pp = pressure in pneumochamber (bar)
ps = pressure in compressor station (bar)
Ap; = sum of linear losses (bar)
Ap. = sum of local losses due to supports, bends, or cross-section alteration (bar).

The condition for the accumulator to be able to operate is that the compressed air pressure supplied by
the compressor station at the entrance to the pneumochamber should be higher (by 0.2 bar to 0.3 bar) than the
pressure within. If this condition is not met, hydraulic compensation is no longer possible and the accumulation
volume is thus reduced to zero due to the water flooding in.

The height between chambers is an established function of the pressure in the pneumochamber, according
to the relationship

H: pp_pﬂ
b

(4)

where
H = height between the pneumochamber and the hydrochamber (m)
pp = compressed air pressure in the pneumochamber (N/m?)
po = air pressure above water in the hydrochamber, (N/m?)
y = volumetric weight of water (N/m?).

The height determined as above is a maximum, and it refers to the working height of water; the geometrical
height is lower by the differences between minimum and maximum water levels in the chambers in the two
working stages.

Besides the previously presented storage systems, two other systems applied in the case of natural gases
are considered by us as particularly efficient. These are:

e Storing compressed air in the main network
e Storing compressed air in a high-pressure annular collector—distributor

Storing Energy by Compressed Air for Thermal Power Stations. To produce low-cost electric
energy, thermal power stations must be operated continuously and, as far as possible, at optimum load with
respect to energy (maximum efficiency, minimum specific consumption, and low pollution). The performance
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of distribution networks is also favored by these conditions. Unfortunately, however, they are rarely met in
practice. In many cases, most of the time, the electricity consumption in an area is almost twice as high in the
daytime as at night. The diagrams presented in Figs. 8 and 9 show that there is an unbalance both in daily
and in weekly loads.

In most cases, peak loads are covered by the use of gas turbines. Gas-turbine installation costs are low,
but the fuels used in them (natural gas or petroleum) are expensive and liable to be depleted, with the further
disadvantage of not being able to use the basic stations’ nighttime power reserves.

For large storage capacities (= 1500 MWh) and economical operation, hydraulic and pneumatic storage
have proved to be the most advantageous. Hydraulic storage is recommended for areas with uneven topography.
In flat regions pneumatic storage is better.

Thermoelectric power stations with air reservoirs have the following advantages:

Improvement of daily and weekly load balance and a more rational use of existing stations

The possibility of using secondary energy resources at the stations

Fuel savings compared to other peak stations

The possibility of coupling systems for the use of renewable energy resources to thermoelectric stations.

The most advantageous economic and functional conditions for compressed air storage reservoir arrange-
ments are offered by underground saline rock formations. Air storage containers can also be excavated in hard
rocks such as granite, gneiss, sandstone, or limestone. Since these are expensive operations, air reservoirs
should be hydraulically compensated (water column) to minimize the volume necessary for the reservoir. In
some cases, natural or existing artificial cavities (abandoned mine workings, emptied petroleum or natural-gas
reservoirs) can be used as air reservoirs.

Various schemes for pneumatic energy storage at thermoelectric stations are now compared with respect
to the storage cycle and choice of reservoir.
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Adiabatic Storage Installations. An adiabatic installation (Fig. 10) is the pneumatic equivalent of a
hydraulic pumping and turbocompressing station, representing the ideal case. No heat exchange with the
exterior takes place (except in the cooler F, intended to removing humidity from the compressed air).

During the loading stage, compressed air without intermediary cooling yields heat to a heat accumulator
before passing to the reservoir. At discharge and commissioning of the turbine, the accumulator warms up
the air coming from the reservoir before its detention in the turbine. The input temperature in the turbine is
determined by the final compressor temperature, which is lower (¢11 <t4, Fig. 10). The turbine input temperature
is therefore a function of the reservoir pressure.

Nonadiabatic Storage Installation Fitted with a Combustion Chamber. In practical cases, pneumatic-
storage stations use nonadiabatic storage installations (Fig. 11) with low-pressure and high-pressure com-
bustion chambers. In the case of nonadiabatic installations, turbine input temperatures are independent of
reservoir pressure, being determined by the fuel injected upstream of the turbine.

Compatrison Criteria for Different Storage Cycles. Four characteristic values for comparing various
thermodynamic cycles of air-resevoir stations are suggested in the literature (2):

oy — Ecen __ alternat;or:supplied Energ}r. (kJ /kg)
My air mass passing through turbine

EGen  alternator-supplied energy

— _ 3
F= V. reservoir volume (o] /o)
) = Er _ _ energy of the f.uel used (k)

Egen,  alternator-supplied energy
E -
5 — Bwor _ motor-absorbed energy (e k)

Egcen  alternator-supplied energy
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(a) (b)

Fig. 10. Adiabatic storage installation. (a) Schematic diagram: A, alternator-motor; B, coupling; C, low-pressure com-
pressor; D, high-pressure compressor; E, heat accumulator; F, cooler; G, air reservoir; H, turbine. (b) Entropy diagram:
T=temperature; s=specific entropy.

The first two characteristic ratios (¢ and B) are related to construction expenses, and the last two (y
and &) to operation expenses, of an air-reservoir station. The ratio o determines the turbine and compressor
dimensions, and B the size of the air reservoir. The ratio y determines the amount of fuel needed in the
combustion chamber, and § the necessary pumping energy.

To appreciate the cooperation between the air-reservoir station and the electric network or basic station,
which supplies the energy necessary for the compressor drive, the total efficiency nRT is relevant. It equals
the total fuel energy (kdJ) required in the basic station and in the air-reservoir station to obtaining 1 kJ at
the alternator terminals. From #RT the loss coefficient ¢ can be derived, expressing the total energy lost to the
surroundings as heat. The expressions for the two indicators are

NRT = Eﬂcn — 1
En+Ep  Ewma 1 | Ep
Eﬁen ne EGt.-n

E, 1
— Amb:__l

EGun HRT

Egen = energy delivered at alternator terminals at the air-reservoir station
Eyoy = energy supplied to compressor motor at the air-reservoir station by the basic station
ms=Ewm./Er, = basic station efficiency versus motor terminals.
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Nonadiabatic storage installation fitted with low-pressure and high-pressure combustion chambers. (a) Schematic
diagram (see also Fig. 10): J, recuperator; K, high-pressure combustion chamber; L, high-pressure turbine; M, low-pressure
combustion chamber; N, low-pressure turbine; O, intermediary cooler. (b) Entropy diagram.

Table 1. Use Potential of Different Energy Forms

Energy Form Exergy/Energy (%)
Potential energy 100
Kinetic energy 100
Electrical energy 100
Chemical energy =100
Nuclear energy =85
Sunlight (direct, diffuse) 73 to 92
Hot steam (200°C) =40
Space-heating water (90°C) ~=20
Residual warm water (20°C) =3

E¢, = fuel energy for basic station
E¢, = fuel energy for air-reservoir station
Eanp = heat lost to the surroundings

The efficiencies of the adiabatic and nonadiabatic schemes are shown in Table 2.
A few remarks should be added on the financial aspects of these comparative values. The total costs
associated with an air-reservoir station can be analyzed as follows (for ten years of turbine operation with

reservoir load):
Machines. 40% to 50%
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Table 2. Comparison of the Characteristic Ratios (air storage
reservoir at constant pressure)

Valve
Quantity Unit Adiabatic Nonadiabatic
Reservoir pressure MPA 2tob b
& = Egen /My kd/kg 370 to 630 700 to 830
B = Egen/ Vi MJ/m? 7.81t033 37 to 43,5
v = Ei/Egen ke /kJ 0 1.19to 1.15
§ = Eyior/ Ecen ket k] 1.35 to 1.30 0.75 to 0.65
NRT % 22 to 30 30 to 36
£ = Epub/ Egen kel /] 24to3.5 1.7to 2.3

53 Ha Fq o
Fig. 12. Representation of compressed air expansion in a T—s diagram.
Air reservoir. 30% to 15%
Annexes. 30% to 35%

The low values for the reservoir refer to reservoirs in saline rocks. If several groups of machines were
connected to the same reservoir, its share in the overall cost would be even smaller.
In conclusion one may say that the energy storage installations described in this section are economic.
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Compressed Air—Energy Storage Medium and Energy Transfer Medium

Advantages and Disadvantages of Compressed Air for Use in Energy Transfer and Storage.

Compared to other energy storage systems, compressed air shows the following advantages:

It is an elastic, flexible, and comparatively safe medium.

It has a reasonable capacity for energy per unit volume or weight, and it becomes competitive at high
pressure when mechanical storage and thermal storage are combined.

It uses part of the energy lost to irreversibility (x/ in Fig. 12) as kinetic energy during its flow.

By a comprehensive assessment it is less polluting than other energy storage systems.

It is safe in explosive atmospheres.

In underground mine workings, when exhausted from pneumatic equipment, it cleans the atmosphere, and
in an emergency (collapses, people trapped underground) the pneumatic network allows trapped staff to
be supplied with air, water, and food.

It allows a large number of accumulation—discharge cycles without diminishing rated capacity.

It offers simple construction and high operating reliability.

It allows multiple use of pneumatic energy.

Low energy efficiency is its main disadvantage, both in industrial uses and in traditional storage systems.

The losses within the process of compressed air generation, transport, storage, and use are as follows: 18% loss
by friction in the compressor, 10% air losses due to compressor leakage, 18% internal energy losses by cooling
in storage, and 34% losses in adiabatic expansion. These losses sum to 80%, so that 20% remains available.

Ignoring constructive improvements of the compressor (losses due to friction and leakage diminished) and

focusing on recovering the thermal component in compressed air generation and on as complete as possible
utilization of the adiabatic expansion (pneumatic expansion engines, refrigeration plants with air), we can
state that the available energy may be increased by about 40%, so that the utilization coefficient for pneumatic
energy should be competitive with that for electricity.
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centrifugal compressors the exhaust flow depends on the compression.

General Scheme for Compressed Air Energy Storage. The diagram in Fig. 13 represents a sum-
mary of the possible developments by which energy storage with compressed air could become economically
attractive.

Types of Compressors and Fields of Use. The various types of compressors used to generate
compressed air are presented in Fig. 14. In the selection of the compressor type, the conditions required by the
primary energy source, the consumer, and the economic circumstances must be allowed for.

The limits of use for various types of compressors in terms of pressure and flow are presented in
Fig. 15.

Exergetic Analysis of Processes from the Component Elements of Energy Storage.

General View. The notions of heat exergy and thermal agent exergy in continuous and stationary flow
are natural consequences of the Gouy—Stodola law and are, as will be seen, useful in determining the losses
caused by external irreversibility of thermal processes (3,4).

In a series of cases found in engineering (e.g., compressors and detentors with pistons), separate iden-
tification of the influence exerted by various physical state values on the exergy of a thermal agent is
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necessary. To develop this idea, the case of the exergy e of a perfect gas, characterized by the parameters
p>po and T'>Ty, is considered. Denoting the isobaric specific heat of the gas by ¢, and the gas constant by R,
we have

. T p
e=1i —EQ—R*{S—SO):CPfT—TE]]—T;j((.‘pln ?0 —Rln E)
(5)
= (cprf— Ty) — e, ToIn 5) +Rhhn 2
Ty Po

where
i = specific enthalpy
s = specific entropy and subscript 0 refers to the surroundings.

The exergy e is seen to consist of two components: (a) one that depends only on the temperature of the
fluid, called the thermal component ey, and (b) one that depends only on its pressure, called the mechanical



COMPRESSED AIR ENERGY STORAGE 17

P=ip

(a) (b)

Fig. 16. Representation in p—v and T—s diagrams of the two exergy components.

component e, (4). Consequently,

T T
ep = cp’ﬂg(ﬁ —1—=In f})

e, = RTyIn %

(6)

and thus

e =er—+ep (7)

A thorough analysis of the structure of the two components leads to the following interpretations:

e The thermal component represents the absolute value of heat exergy exchanged by the gas with the exterior
in an isobaric temperature change from T to T'y.

e The mechanical component represents the isothermal work exchanged by the gas with the exterior at
temperature Ty during a pressure change from p to py.

The p—v [Fig. 16(a)] and T-s [Fig. 16(b)] graphs clarify the significance of the two exergy components.
Examining the expressions for the components er and e, of exergy, we see that the thermal fluid can be
brought from state 1 to equilibrium with the environment in the following stages:

e Isobaric cooling 1-y at pressure p; from temperature 7' to T
e Isothermal expansion y—0 at temperature Ty from pressure p; to po.
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Noting that [Fig. 16(a)]
e, =l = RTyIn L area(1'y00")
Po

and taking into consideration the graphical significance of the exergy e;, we have

T

T

er = |egp| = cp(Th — Ty) —cpTHln = area(lycel)

In the T-s graph [Fig. 16(b)] one may notice that

e, = area(cy00’)

er = area(lyael)

Considering that
{-‘JIJ _— R

where £ is the adiabatic exponent of the gas, and representing graphically the dimensionless values

p er ke T T
Er _ 1 _fr (L
RG ™ o RT; ff—l( n ) ®

L]
=
Il
I
-
=]
L]
e

the curves shown in Fig. 17 are obtained. It is to be noticed that unlike the component ey, which is always
positive [Fig. 17(a)] irrespective of the temperature range (T'>T( or T<T)), the component e, is positive in the
range of pressures p>po and negative in the range p<p, [Fig. 17(b)].

Exergetic Method of Analysis of Processes within Pneumatic Networks. Exergetic analysis that in-
cludes the first and second laws of thermodynamics allows quantitative definition of the qualitative term energy
degradation. Consequences of various thermodynamically irreversible phenomena can thus be calculated, lead-
ing to correct understanding of thermodynamic losses within a system. Exergetic analysis contributes to the
definition of a thermodynamic efficiency, expressing the degree of perfection or thermodynamic quality of a
system. The concept of exergy stands at the basis of this type of analysis: a nonconserved quantity with the
dimensions of energy but with unlimited transformation capacity. In the case where the system is made up of a
flowing fluid, the exergy of the system is equal to the difference between the initial value of the Gibbs function
(free enthalpy) of the system and the value of the Gibbs function of the system when it cannot generate useful
work by interaction with thermal reservoir, that is, when the system is in thermal and mechanical equilibrium
with the reservoir (3).

In the particular case of compressed air flow through the sections of a pneumatic network, the main
causes of internal and external irreversibility are:

(1) For internal irreversibility:

¢ Nonstatic character of expansions

e Internal friction between various parts of the fluid and between fluid and duct walls; friction and shocks
due to eddies;
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Fig. 17. Graphical representation of the dimensionless quantities er and _e,.

e Moisture condensing and partially obstructing the duct
e Mixing and homogenization of humid air, water, oil, dust, and rust
e Finite pressure and temperature differences generated between various parts of the fluid

(2) For external irreversibility:

e Heat exchange at finite temperature differences between fluid and environment

19

e Material transfer at finite pressure differences from fluid to environment due to flow losses caused by

leakage.

Let M;; be the compressed air mass flow into a section; M; the mass flow out of the section; M,,; the average
mass flow through the section; AM=Mq—M;; the leakage; T',. the average compressed air temperature; p,,
the average compressed air pressure; iy and s the specific enthalpy and specific entropy of the environment,
respectively; i, and s, the average specific enthalpy and specific entropy of compressed air; /5 the specific
frictional work; and qg.x; the heat transfer to the environment. Then we have for the equation of exergy balance

of a duct section

T T
Mieiy = Myeq — AMey, — Mmt@ext(l - T_U) + f"’fmtfﬂ'T_U (9)
ac ac



20 COMPRESSED AIR ENERGY STORAGE
Inserting the exergy expression Eq. (5) for a flowing fluid in Eq. (9), we have

M [(i1 — Tos1) — (i — Toso)] = Meil(iz — Tosz) — (io — Thso)l
; ; T: T
- ﬁi"ﬁ{hn - Tb-?m:' — (1o — Tll"_isl.']}] — :111.(]9::1.(1 - _D) + Mnc*l!fr_ﬁ
Tic Tie

(10)

Let us move the term representing the exergy of the fluid coming out of the section to the left side of Eq.
(10) and suppose that losses due to leakage take place through adiabatic laminar flow, kinetic energy variations
being negligible, so that i,=iy. Then the exergy losses for compressed air flow through the considered duct
section will be given by the equation

T T
Mieir — Moeer = AMTy(swm — so) + Mntqrext(T_U - 1) + Mntft'r,].v_a (11)
ae ac

From Eq. (11), substituting s, —so=c, In(Ta./To)—R In(pm/po), replacing g with (1—x)ls from Fig. 8, noting
that 7",.=(T's+71"2)/2, and recognizing the mechanical component of exergy dissipation by friction, we obtain
the following relationship for the exergy losses along the analyzed section:

T =11k T
AE = Ey — Eo = AMepTy In [i(&) ] + MlntQDxt(_o — 1)
Ty Pm Tae

T A
+ Mo Tocy In 75 + Mmtmp—*" + M ToR
1 1

ﬂlPtml:;t
Ful

(12)

From the terms giving the exergy loss due to irreversible transfer thermal between the system and the
thermal source,

T
AE, = M, —
q mtGext ( T

ac

- 1) — 0 K(Ty — T}(% - 1)

ac

one may notice that if all values entering the expression are assumed constant, then the exergy loss AEj is
the same irrespective of the evolution of the system to T,.>T or T, <To—an explicable fact, since the return
of the system to thermal equilibrium with the thermal source, from temperatures equally spaced above and
below the temperature of the source, implies the same loss of exergy. The terms on the right side of Eq. (12)
represent exergy losses due to irreversible phenomena accompanying compressed air flow along the sections
of the pneumatic mining network. The analysis of Eq. (12) may lead to a series of technical and organizational
measures to reduce exergy losses to a technical and economic minimum.
The exergy losses due to leakage in pneumatic networks,

T o (k—1)/k
AEy = AMe, T, In = (—) J
. o [i’h Pm

represent the largest share (65% to 75%) of the total losses. To reduce them, the following measures are
advisable:
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Continual monitoring and elimination of leaks
Providing a compressed air temperature (7',.) along the section as close as possible to the ambient temper-
ature (Ty), on condition that T,.>T

e Providing a compressed air pressure along the section as close as possible to the ambient pressure, consis-
tent with the pressures required by the consumers, as well as with the upper limit on AE,.

The exergy losses induced by the irreversibility of thermal transfer between compressed air and environ-
ment are given by

Ik T;
AEq = -Mr:ntffo:-ct(_n — 1) = 1 K(Ty — T,lt.)(T_n - 1)

T:"lC ac

They may be reduced by the following measures:

e Reducing the lateral area of the section (2)) (also useful in lowering investment costs and reducing AEy;,
but leading to an the increase in AE,, so that a compromise is needed regarding the optimum diameter)
Reducing the global thermal transfer coefficient K
Providing a compressed air temperature along the section as close as possible to ambient temperature.

The energy losses due to flows with friction,

T
AE, = My, E'E](c,, In=2 — Rln E)
n Fa|

may be reduced by:

Providing an as high as possible pressure for the compressed air along the section
Reducing pressure losses due to friction (Ap) by increasing the duct diameter
Reducing pressure losses resulting from partial obstruction of the duct (Apopt) by removing humidity from
the compressed air and cleaning the insides of the ducts when they are mounted

e Conveying compressed air along the section at the highest possible temperature, thus cutting down exergy
losses corresponding to work done against friction. (not advisable for pneumatic mining networks, as it
leads to considerable increase of other loss categories)

The exergetic analysis is completed with a synthetic indicator suitable for characterizing the quality of
a thermal installation in the sense of thermodynamic energetics—exergetic efficiency. Exergetic efficiency is
a measure of the degree of irreversibility of the transformations taking place in a thermal installation, being
quantitatively expressed as the ratio of useful work (useful exergetic effect) to the exergy difference between
entrance and exit of the installation (available exergy):

Nex = ll!111.||. (13)
€] —Eg
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In the particular case of pneumatic mining network sections, since compressed air does not generate
useful work while in them, exergetic efficiency is expressed by the relationship

eﬁrzl_.r_‘t.e

€it, Eit

(14)

Hex =

Taking into account the relationship in Eq. (12), the expression for the exergetic efficiency for a pneumatic

network section becomes
T] o (h=1)/k TE}
AMe, Ty In i( ) 4+ M, x(——1)
P |:TF} Pm et T:m

T & & X
+iwmtﬂ}cp In ?2 + Mt RRM

o =1— i L. b1 15
Hes M [(iy — io) — To(s — so)l (15)

Exergetic efficiency represents the effectiveness of a thermal process. As it refers to the thermodynamic
potential corresponding to the state of the environment, it constitutes measure of actual process imperfections.

Study of Storage-Tank Filling Process. For an exergetic approach to the filling and emptying of storage
tanks we use a method perfected by Bejan (5) and Radcenko (4). We model the storage tank as a cylinder with
a piston and a valve. The diagram in Figure 18 shows the complex process of filling the cylinder. When the
intake valve opens, a residual air quantity m. is in the cylinder, taking up a dead volume V. at parameters p.
and T'. [Fig. 18(a)l. The mass of air entering the cylinder during admission, m,q=m,—m., occupies the volume
V1 in the intake duct at parameters p; and T';; it is separated from the rest of the air by an imaginary piston
under pressure p;. At the end of the filling stage at V=const, the cylinder contains the mass of air m,>m, at
parameters p,=p1—Ap, and T,>T [Fig. 18(b)]. When the intake valve is closed, the mass of air in the cylinder
becomes m,, occupying volume V, at parameters p, and T, [Fig. 18(c)].

Let eqa be the exergy exchanged by the air in the filling process, e, the exergy when filling is over, e; the
exergy when admission starts, /;; the mechanical work of the isochoric filling stage, and 7;., the exergy loss
due to the internal irreversibility of the filling process. Then the following exergetic balance equation of the
filling process is obtained:

€qa =— €3 — €] +fm + Mira (16)
where
T
ey —ey =1y — i1 — Th(sy —81) = |:5;J(Tf's - Ny - Cpﬂ) In _u] — RTy In i (17)
T Pa
Denoting
T

T
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Fig. 18. Description of the tank filling process.

it is seen that

1
ma=RhIn=2"=RhIn —° RNy In

(19)
Pa F B ﬂpa 1-— W,

is the exergy loss due to laminar air flow in the cross section of the intake valve. Therefore
Mira — €ga = M1a T+ |£ta| — €qla (20)
Denoting by

Ty = |lta] — €q1a (21)

23
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Fig.19. Description of the tank evacuation process.

the exergy losses induced only by finite pressure and temperature differences during the filling process, we
conclude that

Mira — €qa = Ma + M1a (22)

Study of Storage-Tank Evacuation Process. Figure 19 shows a diagram of the evacuation process.
When the release valve opens, the mass of gas mgy in the cylinder occupies the total volume V4 at parameters
pq and Tg4 [Fig. 19(a)]. When evacuation is over, V=const, and the air mass mq—m/'q leaving the cylinder
occupies a volume V' at parameters pg, T's in the exhaust duct, being separated from the rest of the exhausted
air by an imaginary piston under a counterpressure ps [Fig. 19(b)]. When the exhaust valve is closed, the
residual air mass m, in the cylinder occupies the volume V, at parameters p, and T',. The evacuated air mass
Mey=Mmgq—m,, equal to the admitted mass m,q, occupies a volume V5 in the exhaust duct at parameters ps and T'e
[Fig. 19(c)].

Let eqe be the exergy exchanged by the air in the evacuation process, ez the exergy when evacuation is
over, eq the exergy when evacuation starts, /;s the mechanical work of evacuation, I1,q the isothermal work
of expansion, and ;. the exergy loss due to internal irreversibility of evacuation. Then the exergetic balance
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equation for the evacuation process is

Cge = €2 — €4 + lia + Tire (23)
where
. . T
2 —ea=iz—ia — T — ) = (6%~ T) = Toe, In 72 ) ~ BBy ln 22 (29
Ty D2

We denote

T
€q0 :Cpl:II;J _Ej _CpTl‘] ln_d (25)
T
It, =RTyIn 2 = Ry In 24 = Ry In £* (26)
P2 P 22

In the last relationship, the second term gives the exergy loss due to laminar gas flow in the section of the
release valve:

me=RhIn 2 =R In —2 L R In (27)
P2 Pr— Ape 1— W
Consequently, observing that eq. <0 and denoting
d
Ing = RTy In % (28)
it results that
Tire — €ge = f{Tm —bg — |l'3q1]| + e (29)
Denoting by
e = Ipga — la) — qu;;l (30)

the exergy losses induced by finite pressure and temperature differences characterizing the evacuation process,
we have

Mire — €ge = Te + e (31)

Combining with the above balances the exergetic balances of other components in the energy conversion
and storage scheme, a thermal—economic calculation of the performance of the energy-conversion and -storage
installation may be made.
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Determination of the Accumulation Capacity of the Transport Section in Pneumatic Networks.
An efficient energy storage system using compressed air is the pneumatic network. Increasing the accumulation
capacities of its transport section provides temporary energy storage and availability to cover consumption
peaks. In order to calculate the accumulation capacity of a transport section, the pressure and mass-flow
variation laws for it have to be known. For this purpose the balance equation for nonstationary fluid flow
through long ducts will be applied, and will be solved with the help of an approximate method suggested by I.
A. Ciarnii (6).

The momentum conservation equation is written in the form

duw duw 1dp o w?
— tW— =8 — —7—— — 5+ (32)
at + dx & pix d 2
where
w = flow velocity
T = time

x = spatial coordinate
= gravitational acceleration
density
= pressure
= fluid-dynamic resistance ratio
D = duct internal diameter;
3 = boundary-layer thickness of flow section
d = D—-26. The fluid load loss was approximated with the loss corresponding to the steady flow
expressed by the Weissbach—Darcy relation.

>" v W
I

For the continuity equation we use

i i pw
O 4 Aew) (33)
ar dx
From Egs. (32) and (33) we have
d(pw) f){png ap J w2
= — — — p—= 34)
ar + dx o oax pd 2 (

On neglecting the terms due to kinetic energy variation [d(pw?)/dx] and gravitational forces (pg,) in
comparison with the term due to friction [p(y/d) w?/2], Eq. (34) becomes

_ % _rw (35)

Equation (35), together with the continuity equation in Eq. (33) and the state equation p=p (p), forms a
determinate system of equations.
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Considering the definition of the isothermal compressibility ratio and Newton’s relationship for the sound
propagation velocity in fluids, we obtain for barotropic fluids

dp _dpop 1 ap
at  dpat  a?drt

The equation of continuity will be written as

dpw) 1 dp (36)

i a? dr

We linearize the nonlinear equation in Eq. (35) by approximating the expression Aw/2d with its average
value 2c=(\w/2d)y, and we use the relationship suggested by I. A. Ciarnii (6), assuming a constant fluid-

dynamic resistance coefficient A in the expression for ¢, so that 2¢=(1/3d) (Winitia1+Wend). Then the equation
becomes

= —— — 2cpw (37)

For long ducts at times 7>L/a the term 3(pw)/dt may be neglected, and from Eqs. (36) and (37) the following
system is obtained:

d
—f—p = 2epw (38)
dx

dp _ Sd(pw)
3c =% oz (39)

Eliminating the product pw from the obtained equation, differentiating Eq. (38) with respect to x, substi-
tuting the result in Eq. (39), and introducing the notation b=a?/2c, we obtain

dap 62p
il S R 40)
aTt }i:’rx? (

The same technique is used to remove the pressure from Eqgs. (38) and (39). Differentiating Eq. (38) with
respect to time and Eq. (39) with respect to x, and equating them, we obtain

A pw) a2 (pw)
— = b—
it dx?

(41)

Solving Eqs. (40) and (41) allows the pressure and mass-flow variation in nonstationary fluid flow through
a long duct to be determined.
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The pressure variation law can be obtained by applying the Fourier transformation (7):

L Z bn*ay Lz”(ff(x 51n—dx hmTlej(T:'

n=1

— (—1}”F2(1’}Je"‘”'zjg-";‘z“ dr) sin % (42)

For the mass-flow variation law a relationship having the same form is found:

L

2 oo s 5, s 7
M= ﬁpw = E E_lbn-r"'L_”(fg(xJ sin ud + iﬂf [Gl{r
1

4 2L =
= 0
— (= 1)"Ga(1)Je b dr) sin (43)
with the conditions
T =0, pw = g(x) (44)
x =10, pw = G1(1) (45)
x =1L, pw = Ga(1) (46)

The functions f(x), g(x), F1(1), Fao(1), G1(1), and Go(1) are calculated using regressions based on sets of
experimental data.

The pressure and mass-flow values at different points of a pneumatic network are calculated with Egs. (42)
and (43) using numerical methods of integration. We use the following notation for experimentally determined
pressures: ps=adjusted pressure at buffer reservoir discharge valve p,=compressed air pressure behind buffer
reservoir in normal functioning regime (the flow supplied by the compressor meets the requirements of the con-
sumers) pg= compressed air pressure behind buffer reservoir when the flow supplied by the compressor is less
than the flow required by consumers at the downstream end of the transport sections p.s=compressed air pres-
sure corresponding to pressure ps p.n=compressed air pressure corresponding to pressure p, p.g=compressed
air pressure corresponding to pressure pq

When the conditions

ps 2 p0.1)>py and pe > p(L, 1) > pen
are met, the trunk line operates in accumulation regime. When

p0,7) = pyn and p(L,7) > pen
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the trunk line compensates for the extra flow rate required by the consumers. When
p0.7) < p, and p(L,.T) < pen

the flow required by the consumers exceeds the flow supplied by the compressor and a second compressor must
be coupled to the network to provide the required supplementary flow. The accumulated flow, compensated
flow, and additional flow required are determined by Eq. (43) from the differences AM=M(0, 7)—-M(L, 1)
corresponding to each operating regime of the trunk line.

Possibilities for Compressed Air Storage with the Help of a Collector-Distributor Section.
Pneumatic equipment is supplied with compressed air from a pneumatic distribution network at points rel-
atively close to one another. Nevertheless, the distribution network is connected to two trunk lines coming
from different compressor stations, to provide better service to pneumatic consumers. For large systems it is
advisable to transform the pneumatic network from a branched network into an annular one, by developing an
annular collector—distributor made up of one or several loops resulting from parallel connection of distribution
ducts.

The collector—distributor will be supplied at the two ends of the arragement. Flexible supply is thus
assured, leveling the load curve, consumption peaks being taken over by the collector—distributor using com-
pressed air accumulated during low consumption periods. Supplying consumers with required flows at neces-
sary pressures by this means involves certain restrictions on the pressure variations in the collector—distributor
due to uneven consumption.

At the branching points of the consumers’ supply ducts to the collector—distributor, the pressure must
be higher than a value pon;, determined by the pressure required for pneumatic equipment and the losses
accompanying compressed air flow along the distribution ducts. Collector—distributor supply points will be at
a lower pressure than the value pin.x set at the buffer reservoir discharge valve in the ecompressor station.

The compressed air required for pneumatic equipment loads must be supplied over a 24 h cycle by meeting
the following conditions:

m {L- T] < M max and PQfL T) = P2 min (47}

where
p1(L, ) = compressed air pressure variation at the branching points of the collector—distributor from
trunk lines
p2 = compressed air pressure variation at consumer—distributor consumption points

Two types of issues are raised in practice:

Calculation of the needed geometrical size of the collector—distributor to cover variations in consumption
Determination of time variations of flow and pressure at the supply points of the collector—distributor
as functions of their variations at the consumption points, for certain geometrical sizes of the collector—
distributor.

The required volume of the collector—distributor results from the condition of compensating momentary
flow deficiencies during a 24 h period:

V= 2 Quita (m®) (48)

T pTa/pnTe — pi T/ pxTh
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where

Qai=Qi+AQ;—Qs; = flow deficit during the time 74; (N-m?/min)

Q. = flow required by consumers during the time 7g; (N-m?/min)

Qs = flow conveyed to compressor station during the time 7g; (N-m?/min)

73 = life span of flow deficit @4 (min)

p1, P2, pN = absolute pressures of compressed air before and after filling up the collector—distributor,
and pressure corresponding to the normal physical state (bars)

T, Ty, Tx = absolute temperatures of compressed air before and after filling up the
collector—distributor, and absolute temperature corresponding to the normal physical state (K)

The time taken to fill up the collector—distributor is calculated with the formula:

— V (PAT\' Ty

. p—NTg - p—n'ﬂ) (min) (49)

where Q.=Qs.—(AQ+Q.) is the available flow for filling (N-m?3/min).

The flow and pressure variations in time in the collector—distributor supply are determined by Egs. (42)
and (43) when their variations at the consumption points are known.

Turning the collector—distributor into a pneumatic-energy “flywheel” provides the following benefits in
the operation of pneumatic installations:

It facilitates adjusting the pressure and flow of compressed air conveyed to consumers.

It allows pneumatic energy storage so that energy can be supplied at the right moment;

It levels the pneumatic installation load curve, providing for consumption peaks, so that no additional
compressor has to be coupled to the network.

Compressor stations may be sized to required average loads.

It provides a stationary working regime for compressor stations.

It increases the fluid stability of the pneumatic network.

It represents a pneumatic energy supply in case of emergency at the compressor stations.

It removes humidity from the compressed air.

Conclusion

The evolution of mankind is currently focused on harmonization with nature. Sustainable development will
thus be a goal, especially in the energy sector, and energy costs will include externalities as well. In view of
ecological restrictions and externality costs, some primary energy sources will become very expansive, and
wind and solar energy will gain ground. Except for local utilization of wind or solar energy, considering the
abundance, degree of dispersion, and intermittence of these sources, energy storage solutions must be found.

The favorable characteristics of storage systems based on compressed air and the necessity of providing
autonomy in time for wind and solar energy conversion justify efforts at development and proliferation of
energy storage by compressed air.

Because compressed air is an medium of energy transmission that is capable of simultaneously accumu-
lating thermal and mechanical energy, a possible combination of wind and solar systems might be developed,
using compressed air both as an energy transfer medium and as an energy storage medium.
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