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Abstract: As intermittent renewable energy is receiving increasing attention, the combination
of intermittent renewable energy with large-scale energy storage technology is considered
as an important technological approach for the wider application of wind power and
solar energy. Pumped hydro combined with compressed air energy storage system (PHCA)
is one of the energy storage systems that not only integrates the advantages but also
overcomes the disadvantages of compressed air energy storage (CAES) systems and
pumped hydro energy storage systems to solve the problem of energy storage in China’s
arid regions. Aiming at the variable working conditions of PHCA system technology,
this study proposes a new constant-pressure PHCA. The most significant characteristics of
this system were that the water pump and hydroturbine work under stable conditions and
this improves the working efficiency of the equipment without incurring an energy loss.
In addition, the constant-pressure PHCA system was subjected to energy and exergy analysis,
in expectation of exploring an attractive solution for the large-scale storage of existing
intermittent renewable energy.

Keywords: compressed air; constant-pressure pumped hydro energy storage; energy storage;
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1. Introduction

With the increasing depletion of traditional fossil energy sources, the use of renewable energy has
been attracted more and more attention. The development of renewable energy has become a primary
task in many countries [1]. However, due to the inherent randomness and volatility of wind energy,
solar energy, bio-energy, efc., the development of new energy sources is a huge challenge confronted
by countries all over the world. How to solve the volatility of renewable energy sources is the key
issue of the development and utilization of renewable energy in the future [2,3]. In recent years,
China’s wind and solar power generation capacity has developed rapidly. Since 2010, the installed capacity
of wind power in China has been ranked first in the world, and as of the end of 2013, the cumulative
installed capacity of China’s wind turbines exceeded 90 GW. Unfortunately, due to the randomness
and intermittence of wind energy, as well as the poor peak shaving ability of the existing power grid,
a considerable proportion of the wind power generated failed to reach the power grid. In 2013 alone,
China’s wasted wind power exceeded 15 TW-h. It can be expected that this loss will increase with the
further expansion of the installed wind power capacity. Energy storage technology can improve the
supply capacity of power system, its energy utilization efficiency, and the security and reliability [4],
and improve the utilization of new energy by storing excess power in power utilization troughs and
releasing it during power utilization peaks. At present, there are two technologies suitable for energy
storage in large-scale power systems, namely, pumped hydro energy storage technology and compressed
air energy storage (CAES) technology [5,6].

Pumped hydro energy storage is currently the most practical and mature energy storage technology
available for electricity [7-9]; according to the data from the Electric Power Research Institute (EPRI),
pumped hydro energy storage ranks first in the global energy storage market and accounts for more
than 99% of the total installed capacity. However, owing to the shortcomings of this technology,
including large investment requirement, long construction period, being affected by topography and its
influence on regional ecology and geology, the promotion of pumped hydro energy storage technology
is limited in China [10—12].

Germany established a demonstration project for a CAES station in the 1970s to 1980s, which is
still in operation today. At present, operating power stations include America’s Alabama project and
Germany’s Huntorf project [13]. In the 21st century, CAES systems, and especially the issues related
to the feasibility thereof have been investigated [14—19]. Grazzini et al. [19] proposed an advanced
adiabatic CAES system, which dispensed with the combustion chamber of traditional CAES systems
and improved the heat utilization ratio. Kim et al. [20] developed an energy storage system by
maintaining a constant voltage using a fixed head of water. This system improved the efficiency of
CAES and solved the problem of variable working conditions. However, the biggest problems facing
CAES systems remain the large intermediate cooling circulating water flow in the multistage compression
storage process, the stability and sealing problem of the underground air storage cavern, as well as the
auxiliary heating problem of air in the power generation process by compressed air expansion.
Therefore, CAES power stations require specific geological conditions, favorable water resources,
and an abundant natural gas supply.

Assuming that a pressure vessel bearing the compressed air at certain internal pressure was
connected to a pump by a pipeline and valve (Figure 1), when the pump delivers water to the vessel,
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a virtual dam is built between the lower tank of the pump and the interior of the pressure vessel.
For example, when the internal pressure in the pressure vessel P is 5 MPa, the bottom height of the
virtual dam /4 is 500 m.

high pressure
vessel

water tank

Figure 1. The physical model of pumped hydro combined with compressed air energy
storage system (PHCA).

Based on this principle, Wang et al. [21] proposed a model for a pumped hydro energy storage
system to fundamentally solve the aforementioned problems by using compressed air that was used to
seal the pressure vessel to artificially build that virtual dam. By controlling the air pressure in the vessel,
the fall, upstream and downstream of the virtual dam, was changed. The energy storage system
consisted of: a storage vessel, a water tank connected to atmosphere, a water pump, and a
hydroturbine-driven electrical generating set. However, since the pressure in the pressure vessel
fluctuates with changing water level, the power generation process and energy storage process are
all variable. Considering the design condition deviations from the hydroturbine and water pump,
its energy storage efficiency and power generation quality are likely to be decreased. To ensure
stable operation, a novel constant-pressure pumped hydro combined with compressed air energy
storage system (PHCA) was proposed. Moreover, the thermodynamic performance of the system and
factors influencing the system performance from a theoretical standpoint was discussed. The results
provided theoretical support for the application of the system.

2. Physical Model and Working Principles

Figure 2 shows the constant-pressure PHCA:

(1) Initial compression process: by opening the valves 1 and 2, the storage vessel and high
pressure vessel were firstly pressurised to the preset pressure Pl through compressor 1.
Closing valves 1 and 2, stops compressor C1.

(2) Water injection process for energy storage: when needing energy storage, valves 3 and 4 were
opened to transfer the water in the water tank to the storage vessel through the high-pressure
water pump. Meanwhile, valve 5 and compressor C2 were started to pump the air in the storage
vessel into the high pressure vessel. In this way, the pressure P1 in the storage vessel was kept
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constant regardless of the rising water level. As the air in high pressure vessel was compressed
to target pressure P2, valves were closed and energy storage ended.

(3) Power generation process: valve 6, valve 7, and throttle valve 8 were opened and then the
hydroturbine generated power under the high pressure. Since P2 > P1, the air at P2 in the high
pressure vessel flowed spontaneously after being throttled to P1 by throttle valve 8. The pressure
P1 in the storage vessel was thereby kept constant as the water level decreased.
Subsequently, the water flowing through the hydroturbine returned to the water storage tank to
allow it to be recycled. The water pump and hydroturbine in the system worked at a constant
pressure throughout the process.

g

L~

water tank

N 9. moisture separator
10,11. flow controller

high pressure
storage vessel vessel

Figure 2. Schematic of the constant-pressure PHCA.

3. Thermodynamic Analysis

To analyze the new constant-pressure PHCA, the following assumptions were made:

(1) The gas only consists of nitrogen which is scarcely soluble in water and acts as an ideal gas.

(2) The hydraulic water is incompressible in the thermodynamic calculations.

(3) The high pressure vessel is an adiabatic container.

(4) Inthe gas and liquid flows, negligible potential and kinetic energy effects, absence of phase change,
and no chemical reaction were assumed.

(5) There is no pressure loss in the pipeline of gas and liquid flows.

3.1. Initial Compression Process

To improve the working capacity per unit working medium, the water should be pumped to a higher
level in a traditional pumped hydro energy storage station to increase the gravitational potential of any
upstream water. However, in the new constant-pressure PHCA, the storage vessel should be injected
with air at certain pressure in advance. Since this process happens once in the whole system and was
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deemed preparatory, a compressor with a low flow rate was used for cost-effectiveness. Moreover, due to
the large volume of the storage vessel, the air input process was slow. It was assumed that the storage
vessel was endowed with sufficient heat exchange capacity to its exterior to ensure a constant temperature
of the air in the storage vessel. Therefore, the initial compression process was treated as approximately
isothermal process. When the storage vessel was inflated, the work consumption per unit mass is:

w=R, T, In(£L) (1)
Do

where po is the initial pressure of storage vessel; and pi is the terminal pressure. If the storage vessel
has a volume V1, according to the state equation of an ideal gas:

148 Vi
dm, =d(—)=—"dp o)
RT,  R,T, @
The mass of the inflated air is:
P Py V V
m =| dm= L_dp =—1 -
S .[po R, T, P R, T, (P =P0) 3)
The work consumption of the inflating process is:
2 12
W= [ wam, =["V, in(Edp = ot (Pein 2Py )
Po Py Po Po Do

When the high pressure vessel is inflated, the work consumption per unit mass is Equation (1):
high pressure vessel was mainly used to maintain a constant pressure in the whole pumping and
gas-compression process. Being similar to that of the storage vessel, the inflation process was also
isothermal. If the volume of the high pressure vessel is Vs, according to the state equation of an

ideal air:
pV. V.
dm, =d(——)=—=dp 5
R T, R, ©
The mass of pressurized air is:
P P V; I/s
m, = [ dm=[ 2=rdp = (pi—p) ©

o RgnYZ) RgnZ)
The total work in the inflating process is:

, 2 P
W, = [ wdm, =", 1n<pﬁ>dp =pon(§1n§—§+l> ™
0 0 0 0

3.2. Water Injection Process

The vessel was filled with water by the high pressure water pump. As the water level increased, the
pressure of air in the storage vessel increased. Using compressor C2, the air was compressed in the
high pressure vessel to maintain a constant pressure in the storage vessel during the water-filling process.
After filling, the mass of water used was:
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m, =p.V, (8)

where pw is the density of water; and Vw is the volume of water in the storage vessel. When neglecting
the height difference between the water tank and the storage vessel, the water pump work per unit

mass is:
no 1 P =D
(" gyt
Rl . e ©)
The total pump work is as follows:
W, =wm,/n, =(p —p)V,/M, (10)

Substituting the hydrosphere ratio € = 7 VWV into Equation (10) gives:

h W

&
W, =(p —p)V, E/np (11)

3.3. Constant Pressure Process

In the inflation process for the high pressure vessel, the mass of air in the vessel increased as
compressor C2 continuously stored the compressed air for delivery to the high pressure vessel,
thus following the variations of pressure and temperature. Taking the high pressure vessel space as
the control volume, the following equation applies to the inflation and energy storage processes
according to the first law of thermodynamics:

2 2

30 =dE_ +(h, + VT +gz. )om, —(h + Vz

+gz;,)0m,, +0W, (12)

out

During inflation, while ignoring the kinetic energy and potential energy of the gas, the thermodynamic
energy (stored energy) controlled the volume so that:

30 =dE,, +h

out

6Wlout _hinsmin + SVVt (13)
Because the high pressure vessel is adiabatic, 6Q = 0; there is no external work 6W; = 0 and no
gas flow, thus 6mout = 0; Therefore:
dU—hinSmin =0 (14)
In an infinitesimal process, the gas inflow is equal to the increased amount of gas within the control
volume, the mass balance equation is:

om, =dm (15)

m

The specific enthalpy of the gas inflow in the process 4in = cpT2, therefore:

¢, T,dm = d(mu) = mdu +udm = c,mdT +c,Tdm (16)

By iteration:
mc,dT = (cpT2 — cVT) dm (17)
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dm __dT
m kT,-T (18)
Since £ +—V _dm _dT =0 and dV'=0, it is given that:
p m
p (KL,-T)T
By integrating:
I, = Hy
TS‘+psl(k—Tslj (20)
7—'2 psZ ];

where psi1 is the initial pressure in the high pressure vessel; ps2 is the pressure in the high pressure
vessel after expansion; 72 is the air inflow temperature; 7s1 is the initial temperature of the high
pressure vessel; and T2 is the temperature of high pressure vessel after inflation.

When high pressure vessel was used to deflate to the storage vessel, the space in the high pressure
vessel was treated as the control volume. Since there was no gas inflow, 6min = 0. According to the
first law of thermodynamics and the assumptions above, the following equation was available
(after some simplification):

dU+hout8mout = 0 (21)
In the infinitesimal process, since the gas deflation volume equaled the decreased volume of the gas
in the control volume, the mass equation is:

om  =—dm (22)

out

While deflating, the specific enthalpy of the deflating gas was equal to the specific enthalpy of the
gas in the vessel at that time, namely, /Aout = 4. Therefore:

dU = hdm (23)

Namely mdu + udm = hdm.
As for an ideal gas, the formula can be rewritten as:

c,Tdm=c,mdT +c,Tdm (24)

By sorting:

dm 1 dT

m k=1T 25)
Since p+d_V_d_m_d_T=0 and dV'=0:

p Vo m
dI’" k-1dp
T (26)
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Integration yielded:
kT, pszy o

= (=)
T, , [k_Tslj Py @7)

T(') psZ TE]

T

s3

where ps1 is the initial pressure of high pressure vessel; ps2 is the pressure of the high pressure vessel
after deflation; and 73 is the temperature of the high pressure vessel after deflation.

According to the Equation (27), the initial temperature of the high pressure vessel was 298 K.
Since the air entering the high pressure vessel from the compressor outlet was 72, it can be inferred
that the temperature variation in the high pressure vessel was related to the pressure variation range of
the high pressure vessel. Therefore, according to different pressure ratios, the temperature of the high
pressure vessel after deflation can be found, as shown in Figure 3.

302

301.51
301}
300.5 1

3001

T2/(K)

299.5+

299

T0s L1 LIS 12 125 13 135 14 145 15
pressure ratio

Figure 3. The variations in high pressure vessel temperature with pressure ratio.

As shown in Figure 3, in a certain pressure ratio range, the temperature difference between the
high pressure vessel after deflation and the initial temperature (298 K) was not more than 5 K.
Therefore, the air in the high pressure vessel was deemed to have retained its initial state after a series
of inflation/deflation processes. The unit work consumption of adiabatic compressed inflation is:

k
W= —
k-1

k-1
R, TI(E) « ~1)] (28)
D
where £ is the adiabatic index; p1 is the constant pressure in the storage vessel; and p2 is the terminal
pressure in the high pressure vessel. If the volume of the compressed air is Vw, the mass of the

compressed air used to maintain a constant pressure in the storage vessel is:
14

W

dm, =
kT(‘) Rgn

dp (29)

To maintain constant pressure the total power consumption is:

1-k 2k-1 2k-1

2 V. k Tk Tk Tk
W = [, == o, )= p (30)
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3.4. Power Generation Process

When generating power, the high-pressure air in the high pressure vessel was spontaneously discharged
and delivered to the storage vessel to maintain the constant pressure therein. Therefore, the work done

by the water per unit mass in the hydroturbine is:

b1~ Dy
W= 31
T €1y
The total work output of the hydroturbine is:
W =wmmn, =(p, — PV M, (32)

o . V. . . .
Substituting the hydrosphere ratio € = 7 WV into Equation (32) gives:
h w

€
W, =(p,— p)V, ! (33)

3.5. The Influences of Work Density

In constant-pressure PHCA system, the storage vessel is one of the key components: it ensures the
normal operation of the whole system and its cost is related to the overall cost of the whole system.
Therefore, the input and output capacities of the pressure vessel per unit volume acts forms an
important basis for the optimization of the system. Table 1 shows the values of main parameters

used in the model.

Table 1. Main parameters and their values of constant-pressure PHCA system.

Parameter Unit Value
Ambient temperature K 298
Ambient pressure Pa 100,000
Volume of storage vessel m’ 40
Volume of high pressure vessel m’ 5
Adiabatic index - 1.4
Gas constant Jkg K 296
Constant pressure specific heat Jkg K™ 1,042
Density of water kg'm™ 1,000
Efficiency of water pump % 88
Efficiency of hydroturbine % 90

The work density is defined by:

E ——Wf’—( —p)——/

p I/h p] p() 1—|—8 np (34)
o €

Et——Vh =(p=p) oM (35)
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According to the two equations above, the relationship between work density, pre-set pressure,
and hydrosphere ratio can be obtained. As shown in Figures 4 and 5, with increased pre-set pressure
and water-air volume ratio, the work density of the storage system increased.
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Figure 4. The variation of work density with pre-set pressure.
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Figure 5. The variation of work density with water-air volume ratio.

4. Energy and Exergy Analysis

The first law of thermodynamics states that energy is conserved in a fundamental aspect of the
energy concept that has been widely used for analysis of energy utilization. The second law of
thermodynamics establishes the difference in the quality of different forms of energy and explains why
some processes can spontaneously occur while others cannot. It is essential to perform a thorough
analysis of both quantity and quality of the energy in the constant-pressure PHCA system [22-24].

4.1. Energy Analysis

Energy analysis is based on the first law of thermodynamics, which is based on the conservation
principle of energy in quantity. As suggested by the working process of the constant-pressure PHCA,
when the air in the storage vessel was compressed to the pre-set pressure, compressor 1 stopped
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working in subsequent energy storage and power generation processes provided that the high pressure
vessel was sealed. Therefore, the system efficiency was expressed as:

W,

t

”:ﬁﬁa (36)

4.2. Exergy Analysis

Exergy is the maximum theoretical work obtainable from an overall system consisting a system and
the environment as the system comes into equilibrium with the environment [24]. Exergy analysis is
a method that uses the conservation of mass and conservation of energy principles together with
the second law of thermodynamics for the analysis while exergy destruction is the measure of
irreversibility which is the source of performance loss [25]. The exergy analysis assessing the
magnitude of exergy destruction identifies the equipment, the magnitude and the source of
thermodynamic inefficiencies in an energy storage system. Therefore, the exergy analysis would help
to provide an efficient system with minimizing the exergy destruction in the system [26].

4.2.1. The Exergy Balancing Relationship in a Stable Flowing System

The exergy balancing relationship for a stable flowing system is expressed as:
B =E, —E,, (37)

where Ein is the exergy inflow to the sytem; Eout is the exergy outflow from the sytem; and EL is the
exergy loss in the system. The exergy inflow or outflow of the system can be inferred by the mass flow
or work and heat transmission:

Ein = Em,in + Eq,in (3 8)
Eout = Em,out + Eq,out (39)

where Em,in 1s the exergy transmitted by the mass inflow system; Emout is the exergy transmitted by the
mass outflow system; Eq,in is the exergy transmitted by the work and heat inflow system; and Eqout is
the exergy transmitted by the work and heat outflow system.

According to the exergy transmitted by the mass flow:

Em,in - Em,out = Gm [(h’m - hout) - T(') (Sin - Sout )] (40)

As for ideal gas with constant specific heat:

hin - hout = cp (T in _T:)ut ) (4 1 )

T »
Sy = Sou =C, IN—-—R_In—" 42
t ’ T(’)ut ¢ pout ( )

where ¢p is the specific heat at constant pressure; and R is the ideal gas constant.
In the liquid medium, the volume variations in the assumed incompressible liquid were ignored,
namely dV' = 0, and thus:
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where c is the specific heat capacity of the liquid.
According to the exergy transmitted by the inflow system induced by heat:

T,
Eyn=[(1-22%0,

According to the exergy transmitted by the outflow system induced by heat:

By = [(1-22%0,,
where 7o is the ambient temperature.
4.2.2. Exergy Analysis of Each Component of the System
4.2.2.1. Exergy Analysis of the Compressor

The exergy loss was:

EC,L = Ec,in - Ec,out = I/VC + Ec,m,in _Ec,m,out
Therefore, the exergy efficiency was:
E c,m,out - c,m,in
Nec = W,
4.2.2.2. Exergy Analysis of the Water Pump
The exergy loss was:
Ep,L = Ep,out - Ep,in = Ep,m,out - Ep,m,in - Ep,W,in
Therefore the exergy efficiency was:
T] — Ep,m,out - p.m,in
E,
b E p,W,in

4.2.2.3. Exergy Analysis of the Hydroturbine

The exergy loss was:
E

tL

=FE

t,in

-E .=FE_ . —FE E win

t,out t,m,in t,m,out -

Therefore, the exergy efficiency was:

165

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

C2))
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Mee == o (52)

4.2.3. The Influencing Factors of the Exergy Efficiency

The exergy loss of the system was:
EX,L = Ex,pay - Ex,gain (53)
Therefore, the exergy efficiency of the system was:

X,gain

e = (54)

X,pay

5. Results and Discussion

Energy and exergy analysis were performed for the constant-pressure PHCA system. When changing
the pre-set pressure in the storage vessel and maintaining pressure Ph to a level below pressure Ps in
the high pressure vessel, the variations of the system efficiency and exergy efficiency with a pre-set
pressure were then obtained. Figure 6 shows that both the system efficiency and the exergy efficiency
of the system increased with increased pre-set pressure. While both the system efficiency and the
exergy efficiency were not sensitive to the water-air volume ratio, the energy intensity of the system
could be improved by increasing the water-air volume without influencing the system efficiency and
exergy efficiency that within the allowable volume range for the storage vessel.

90

—e— system efficiency

—e— exergy efficiency

efficiency/%

T25 2.7 2.9 3.1 3.3 3.5
p]/Pa X 105

Figure 6. The variations of system efficiency and exergy efficiency with pre-set pressure.

When changing the pressure in the high pressure vessel while maintaining pressure Ps at a level
above pressure Ph in the storage vessel, the variations in system efficiency and exergy efficiency with
pressure in the high pressure vessel could be obtained. It can be seen from Figure 7 that both the
system efficiency and the exergy efficiency of the system decreased by the increased pressure in the
high pressure vessel. It meant that when Pn was constant, the smaller the pressure difference between

storage vessel and high pressure vessel, the higher the proportion of the energy utilization in the
constant-pressure PHCA.
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Figure 7. The variation of system efficiency with pressure in the high pressure vessel.

Figure 8 shows the system efficiency and the exergy efficiency versus its mechanical efficiency:
with increased machinery efficiency the system efficiency and the exergy efficiency increased
constantly, but the rate of increasing extent with different factors was different.
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Figure 8. The variation of system efficiency with mechanical efficiency: (a) the variation

of compressor efficiency; (b) the variation of water pump efficiency; and (¢) The variation
of hydroturbine efficiency.
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Both the system efficiency and exergy efficiency increased slowly with increasing compressor
efficiency, while the system efficiency and exergy efficiency showed an obvious upward trend as the
water pump and hydroturbine efficiency increased. In the aspect of the system efficiency, it was
mainly because that the compressor only increases the pressure of the air, the work done by water
pump and hydroturbine on the other hand, was much larger than that done by compressor. In the
aspect of the exergy efficiency, due to the fact the work done by compressor accounted for only a
small proportion of the total work, the irreversible destruction of the compressor efficiency showed
little influence on the exergy efficiency of the whole system. Moreover, compared with the
hydroturbine efficiency, the pump efficiency exerted a greater influence on the exergy efficiency of the
whole system. Making sure the low exergy destruction of hydroturbine and water pump was the
important issue to improve the quality of energy consumption which meant that the efficiency of water
pump and hydroturbine was the key issue to improve the system performance. The results from
Figures 68 confirm that the exergy efficiency of the proposed system was much higher than that of
the CAES systems [16]. This finding was mainly attributed to the following reasons: first, the efficiency
of the hydroturbine and water pump was both higher than that of the compressor and expander;
second, auxiliary heating systems were not required in the proposed system while the exergy
destruction of the intercooler and external combustion heater was high.

6. Economic Analysis

Modeling and simulation activities were being carried out to evaluate this novel system. Figure 9
summarizes the economic aspects of constant-pressure PHCA (CPPHCA), pumped hydro storage (PHS),
CAES and NaS battery [27,28]. Figure 9 presents the cost range instead of an accurate cost at each
power with considering the cost of equipment, construction materials, labor and many other aspects in
different places. The constant-pressure PHCA shows better economies than that of the other three
mainly due to its simple structure. Furthermore, with considering its site independent nature and
environmentally friendly, the proposed energy storage system offers the potential to be widely built.

2000
CPPHCA
PHS

~ 1600 . CAES
B NaS
=
A 1200 —
N
2 —
2 800
@)

400

O L L
0.1 1 5 10

Power(MW)

Figure 9. Economic comparison of energy storage system. CPPHCA: constant-pressure
PHCA; PHS: pumped hydro storage; and CAES: compressed air energy storage.
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7. Conclusions

In this paper, the analysis of the constant-pressure PHCA suggested that it was feasible with regard
to both its high efficiency and low exergy destruction at a low cost compared with other energy
storage systems. The work density of the storage system increased with increasing both pre-set
pressure and water-air volume ratio. With increased pre-set pressure, the system efficiency increased;
the system efficiency decreased with increasing pressure in the high pressure vessel. The system
efficiency was proportional to the efficiency of compressor, water pump and hydroturbine.

The exergy efficiency of the whole system was less influenced by the pressure in the high pressure
vessel and the efficiency of the compressor, while it could be improved by rising the pre-set pressure
in the storage vessel and enhancing the working efficiency of either or both of the hydroturbine and
water pump. Both the system efficiency and the exergy efficiency have nothing to do with water-air
volume ratio. The constant-pressure PHCA ensured that the hydroturbine and water pump can operate
at their rated working conditions with high efficiency which could improve the energy utilization level.
Therefore, the constant-pressure PHCA would have a broad application prospects in the future.
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p Pressure
T Temperature
V Volume
k Adiabatic index
p Density
Co Constant pressure specific heat
Rg Gas constant
Water-air volume ratio
n Efficiency
m Mass
Subscripts

w Water
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Air

Water pump
Hydroturbine
Compressor

Storage vessel

High pressure vessel
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