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ANALYSISOF PUMPED HYDROELECTRIC STORAGE FOR A
WIND/PV SYSTEM FOR GRID INTEGRATION

G. Notton, V. Lazarov, L. Stoyanov

Abstract: This paper deals with the pumping storage system analysis. The water reservoir serves for daily and seasonal
energy storage, thus basically solving the problem of energy storage, which is the biggest problem of wider use of
renewable energy sources. The electrical energy produced in excess by the renewable energy system is converted in
potential energy by pumping water to a higher elevation where it can be stored indefinitely and then released to pass
through hydraulic turbines and generate electricity. The estimation of the stored energy, the nominal electrical power of
the hydroelectric plant and the evaporation rate of the water reservoir is presented.
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1. INTRODUCTION

In smal dectrica gridswith limited or no connecti-
vity to a large scale power system some difficulties
appear asto keep control of voltage and frequency. In
such an isolated system, we note numerous network
failures and a limitation of the renewable energy part
due to the random nature of the solar and/or wind
source. Thus the initiative to diversify the energy
sources is hindered. This is the case with the Corsica
Idand in the Mediterranean Sea, which is not
connected to the French mainland electrical grid (and
only asmall connection with Sardinia).

The combination of renewable resources with
energy storage can be a solution because it can
increase the value of photovoltaic (PV) and wind-
generated electricity, making supply coincident with
periods of peak consumer demand. Energy storage
systems have different application as to follow load,
stahilize voltage & frequency, manage peak loads,
improve power quality, defer upgrade investments,
and support renewables. Fig. 1. shows the power and
discharge time requirements for a variety of storage
applicationsin the utility industry.
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Fig. 1. Power and discharge time requirements for a variety of storage applications

2. OVERVIEW

The pumped storage is a system of generating
electricity, aso known as hydroelectric storage,
which uses water that has been pumped into an
elevated reservoir during the hours of low
consumption to generate electricity during hours of

peak demand. This type of hydroelectric system is
used by some power plants for load balancing.

The method stores energy in the form of water
(potential mechanical energy) from a lower elevation
reservoir to a higher eevation. In a conventional
electrical system, the low-cost off-peak electrica
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power is used to run the pumps and the stored water
is released during periods of high electrica demand,
generally with a cost benefit. In a “Renewable
energy system”, at time of low electrical demand,
excess generation power produced by the renewable
energy system (wind turbine and/or photovoltaic
system) is used to pump water into a higher reservoir
and then, when there is a higher demand, the water
is released back in the lower reservoir through a
turbine, generating e ectricity.

There are two possibilities:

- two water ways. one for the pumping, the
other for the turbine;

- Ohe unique water way : a reversible machinery
(usually a Francis Turbine design) (Fig. 2) is used for
both pumping and generating; it is designed as a
motor and pump in one direction and as a turbine and
generator in opposite rotation (Fig. 3)

turbi

Fig. 3. Schematic of aconventional pumped-storage development
with one reversible pump.

The doation is located underground if the
geologica conditions are favourable, otherwise it is
Stuated on the lower reservoir. Various pumped
storage plants exist worldwide with power from about
1 MW (RHE Lepenica, 1985, Croatia) to 2700 MW
(Kannagawa, 2005, Japan) [1]. Pumped hydro is
available a almost any scale with discharge times
ranging from severa hoursto afew days.

The advantages of such systemsare[2]:

- Morethan 100 years of experience;

High efficiency: in the 70% to 85% range.
Multipurpose facilities;

Environmental friendly;

CO,- avaiding;
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- Highest availability compared to other
technologies;

- Quick response to load variation (some seconds)
and reserve capacity.

Taking into account evaporation losses from the
exposed water surface and conversion losses,
approximately 70% to 85% of the dectrica energy
used to pump the water into the elevated reservoir can
be regained.

A comparison of various storage means is shown
in Fig. 4 [3, 4] in term of ratings. We note that hydro-
pumped system (PSH) is adapted for high rated power
(400 to 4000 MW) with high discharge time between
10 and 100 hours.
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The capital cost is an important economic
parameter, so the total ownership cost (including the
impact of equipment life and O&M (Operation &
Maintenance) costs) is an interesting index for a

VR Vanadium redox

] Li-lon Lithium lon
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complete economic analysis. A comparison from an
economic point of view of the energy storages is
shown in Fig. 5 [3]. The cost of a PSH system is
between 1000 and 2000 $/kW.
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Fig. 4. Storage systemsratings [3]
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Fig. 5. Storage systems costs [3].

Efficiency and cycle life are two important
parameters to consider along with other parameters.
Both of these parameters affect the overall storage
cost. Low efficiency increases the effective energy
cost as only afraction of the stored energy could be
utilized. Low cycle life also increases the total cost
as the storage device needs to be replaced more
often. The present values of these expenses need to
be consdered aong with the capital cost and
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operating expenses to obtain a better picture of the
total ownership cost for a storage technology. Fig. 6.
illustrates this influence for various storage
technologies. The lifetime (for depth of discharge
(DOD) 80%) for such a pumped hydro system is one
of the highest available with storage means.
Per-cycle cost can be the best way to evaluate
the cost of dooring energy in a frequent
charge/discharge application, such as load levelling.
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Fig. 7 shows the capital component of this cost,
taking into account the impact of cycle life and
efficiency. For a more complete per-cycle cost, one
needs to also consider O& M, disposal, replacement
and other ownership expenses, which may not be
known for the emerging technologies. We note that
the capital cost per cycle is largely lower than for
other existing storage systems.

100%

There is over 100 GW of pumped storage in
operation world wide, which is about 3 % of global
generation capacity (32 GW in Europe, 21 GW in
Japan, 19.5 GW in USA, and others in Asia and
Latin America) [5-7]. Pumped storage plants are
characterized by long construction times and high
capital expenditure.
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Fig. 7. Per-cycle cost for various storage systems[3].

Pumped storage is the most widespread energy  application is for energy management, fregquency

storage system in use on power networks. Its main

control and provision of reserve.

67



ExonornyHo HH)XEHEPCTBO M OMa3BaHe Ha okojHarta cpeaa, No 1, 2011, c. 64-74

3.APPLICATION WITH RENEWABLE
ENERGY SYSTEM

Using a hydro-pumped storage allows to
improve the quality of the provided electricity and to
reduce the peak power of the other energy
generating systems. This system flattens out the load
variation on the power grid, and permits thermal
power stations that provide base-load electricity to
continue operating at peak efficiency while reducing
the need for peaking power plants that use costly and
polluting fuels. Moreover, a pumped storage system
helps control electrical network frequency and
provides reserve generation. Therma plants are
much less able to respond to sudden changes in
electrical demand, potentially causing frequency and
voltage instability. The hydro-pumped system can
respond to load changes within seconds. These
machines generate in synchronization with the

network frequency, but operate asynchronously
(independent of the network frequency) as motor-
pumps.

A new use for pumped storage is to level the
fluctuating output of intermittent power sources. The
pumped storage absorbs load at times of high output
and low demand, while providing additional peak
capacity. In certain jurisdictions, electricity prices
may be close to zero or occasionally negative
(Ontario in early September, 2006), indicating there
is more generation than load available to absorb it;
although at present this is rarely due to wind aone,
increased wind generation may increase the

likelihood of such occurrences. It is particularly
likely that pumped storage will become especially
important as a balance for very large scae
photovoltaic generation. The principle is illustrated
inFig. 8.

Fig. 8. Principle of coupling between renewable energy sources and hydro-pumped system.

The typical overal efficiency of hydro-storage
systems is between 65% and 77% [4, 8] with a
maximum depth of discharge up to 95%. Kaldellis et
al [4] showed that this type of system for idand
autonomous electrical networks is the optimal
solution for big size isands and for small and
medium sized islands; it appears to be the best
solution for autonomy of 24 hours.

4. STORED ENERGY AND MACHINES
POWER ESTIMATION

The relative low energy density of pumped
storage system requires either a large body of water
or alarge variation in height. For example, 1000 kg
of water (1 m® at the top of 100 m tower has a
potential energy of about 0.272 kWh. The only way
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to store a significant amount of energy is by having
alarge body of water.

We consider the system presented in Fig. 9. The
developed excel software estimates the stored
energy and the turbine and pump peak powers for a
given case study. The input data are:

- upper tank altitude: hypper

- lower tank altitude: higwer;

- pump or turbine altitude hpump OF Nirine;

- the water tanks volume V;

- the length and diameter of upstream and
downstream tubes: L4, Ly, Dy, D3;

- the maximum water flow rate into the turbine
and the pump (or the reversible pump) Quump, Qturbines

- the roughness height of the tube ¢ (equal to
0.1 mm)
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Fig. 9. Schematic presentation of the studied system.

We calculate:
- the maximum water speed in each tube:
Vpump,lv Vturbine,l:

Vouma :4qump/ (pr)and
Vturbine,l = 4QturbinJ(pD12) (1)

- the Reynold number and the flow regime with
v isthe kinematic viscosity taken equal to 1.10° m/s*:

Aep = D/n and

A eturbine D/n (2)

- the Darcy friction factor 4 calculated using the
Swamee-Jain  equation [9] which estimates
Colebrook’ equation with 2-5% error and given by :

Voump -

- Vturblne

e 5748
+
£37° D Ae” H

- the Darcy-Weishach coefficients J; and J, (m)
given by :

| =0.25 eLoglog ®3)

L1 Vl iﬁ 4
1 Dz 29
- the manometric height at each tank Hppe and

Hlorwer:

H upper

J, =1, and J, =1

+ Pam
rg

+ patm (5)
rg

where pam is the atmospheric pressure (1.013.10° Pa)
and p the water density (1000 kg.m™)

=h

L ipper and

H

lower — hIower

- the manometric heights upstreem and
downstream of the pump and the turbine are given by :

Hdown turbine = Hupper - ‘]turbine,l (6)

Hup,turbine = Hlower + Jturbine,z (7)
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-J
+J

)
9

- the hydraulic power of the pump and the
turbine are given by :

Rurbinetyarautic = rg(H down{urbine ~ Hup,turbine)Qturbine (10)

Pourmp rydrauiic = rg(H up.pump = H down, pump )qump (11)
- theelectrical powers are given by :

= Rurbine hydraulic ’ hturbine “h

=P h “h

pump hydraulic / ( pump

H down, pump =H lower

H =H

up, pump upper

pump 2

pump 1

P

turbine,elec

I:)purm €elec

(12)
(13)

alternator

motor )

- the gross stored energy, generated by the
reservoir, is[10]:

Egross =r g(H upper Hlower)

- the total daily hydraulic energy (kwWh) which
the renewable system can produce at the outlet of the
pumping systemis obtained by [10]:

H !
Qe (M? / day) o )/1 00
turbine

5. WATER TANK EVAPORATION RATE
ESTIMATION

Fig. 10 shows the principle diagram of the
renewabl e plant with characteristic elements.

For cdculating the hydraulic balance of the
pump/turbine system, several physical data are
needed or must be calculated as:
evaporation rate
watershed flow rate
infiltration

To determine the evaporation rate, which can be
important particularly in arid or sunny areas, the
main parameters to calculate are;

(14)

_ r g(H down turbine ~
EH,dain -,
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the convective heat transfer coefficient h;
the mass transfer coefficient Kg
the water surface temperature T
and finally the evaporated water rate E.

A study made by Sartori [11] shows that various
methods are available to calculate the evaporation
flow rate. It has been shown that the relative

Power

humidity must be taken into account for a better
accuracy. A similar more recent work [12] confirms
the variability of the results obtained by the various
models. In this work, the evaporation rate estimation
must stay simple because its influence on the energy
system behaviour is not important enough to
necessitate a very thorough work.
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Fig. 10. Principle diagram of the renewabl e plant with characteristic elements

Watmuss et a [13] suggested to use as
convective heat transfer coefficient the following
expression:

h, = 2.8+3.0v (16)

with v the wind speed. The authors converted this
equation taking into account that the wind speed is
generally measured at 10 m height. Their fitted

equation became:
h, =3.1+2.1v a7

Eq. (17) is usad in this work. The mass transfer
coefficient, as expressed by the exact form of Chilton-
Colburn analogy may be written asfollows [14]'

QaEPro
GGDT:Q :

a

&h, 0

= bé <~ with b =
GC p

P, and P are respectively the partial pressure

of air and the total pressure. The simplified form of

Chilton-Colburn Analogy assumes the ratio of Pr to

Sc is equal to one and ignores the effect of water
vapour pressure on the partial pressure of air

(18)

(P=Py). Under such condition,  will be equal to 1
and equation (18) simplifies to:

Ke =hy/(rC,)

This simplification is caled the Lewis
hypothesis, only valid for the air and used by Belarbi
and Saighi [15] to estimate the evaporation rate of a
water surface.

The saturated and partial water vapour pressures
(in Pa) are given by [12]:

#A727 (T- 2731906
R,(T)=1000 06108 expg(T_ 2721 3+232%

P(T)=h"P,.(T)

The water density and its specific heat capacity
depend on the absol tzte) humidity X and are given by:
P(T

(19)

(20)

(21)

X =0.6221 (22)
I:)T - PV(T)
r = Pr - pv(T)+ pv(T) (23)
287.05T  461.495T
Cp = Cp,vw + XCp,dryair (24)
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The evaporation from a water body is estimated
as the difference between energy inputs and outputs
measured at a sSite. The energy loss through
evaporation represents a major component of the
energy balance in atypica water body.

The temperature of the water surface is calculated
from an energy balance [15-17]:

R, =L, E+H+G (25)

A part of the radiation R, is used to evaporate the
water available at the water surface and creates the

latent heat flux L, E where E is the evaporation

rate and L, the latent heat of water vaporization.
The rest is dissipated in heat into the ar by
convection (H sensible heat) or stored into water (G
conductive heat flux).

The water latent heat flux for vaporization is
expressed from Harrison formulation [18]:

L, =2.501- 2.361.10°°T (26)

The storage of the heat into the water during a
one hour period is generaly small compared with
the other heat fluxes [15-16] and G can be neglected.
Then Eqg. (20) becomes:

R, = LW'VE +H (27)
R, =(1-a)R, +es (T, - 6)°- (29)

with Ry, the global solar radiation, o the albedo of
the water surface (» 0.08)[19], ¢ the water surface
emissivity (» 0.98) [20] and o the Stefan-Boltzmann
constant, Ty, and T, are the water surface and air
temperatures.

H=h, (T, -T,) (29)

The latent heat flux is calculated by the Stefan
method (simplified expression of the Fick theory)
based on the mass transfer or bulk transfer theories.

LK eMup @) R ()] (B0)

RT
with M,,, the molecular mass, Py, Saturated water
vapour pressure and P, water vapour partial pressure.

Thus, in replacing egquations (28), (29) and (30)
into equation (27), the energy balance becomes:

esT,.

E =

w,v
a

(1_ a)Rg +eS(Ta - 6)4 - eST\Allls - hc(Tws - Ta) =
L. KeM,, (31)
R—-I;[PSVW(TWS)- I?/(Ta)]

Thus, we can caculate, using a method of
dichotomy, the water surface temperature at each
hour, from the following measured data:
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wind speed v
ambient temperature T,
relative humidity h,
horizontal global irradiation Ry

The next step consists in estl mating the
evaporation rate and various methods are available
to reach this goal with more or less precision.
Several formulations have been compared [11-12].
We decided to use for our study the Penman method
which is based in physical principles and gives
values that should serve for most project studies [15-
16, 19]. The Penman formul ae can be expressed by:

D R+t (p,. () RT.) 32

D+g
where y is the psychometric constant given by [19]:

D+g)"
g=(16286" P,)/L,, (33)

S,WwW

(T,

a

LE=

D is the dope of vapour pressure versus
temperature curve given by [15-16]:
D= (Ps,vw (Tws) - I:)s,vw (Ta ))/(Tws - Ta) (34)

From hourly meteorological data of Ajaccio
(wind speed, solar irradiation, ambient temperature
and relative humidity), we caculated the
evaporation rate. The results for one year are
presented in Fig. 11. We note that sometimes during
the night the evaporation is negative i.e. the water
surface temperature is below the dew point
temperature and condensation occurs.

At last, we edtimated the monthly average values of
the daily evaporation rate with the meteorological data
for two dations — Ajaccio (France) and m. Botev
(Bulgaria) with a colder climate (Fig. 12). We note that
the evaporation phenomenon is not negligible and
influences the energy balance of the system.

6. CONCLUSION

The pumping storage is the most widely
implemented large-scale electrica energy storage.
PHS is a mature technology with large volume, long
storage period, high efficiency and relatively low
capital cost per unit of energy.

We estimated the stored energy and the pump
and turbine peak powers according to the
characterigtic of the water storage.

Then, the influence of the evaporation phenomenon
at the water surface has been estimated.

This work gives an idea for some procedures in the
pumping storage andysis before its integration in
eectrica power system with renewable energy sources.
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AHAJIM3 HA IOMIIEHO AKYMYJIMPAIIIA BOJHOEJIEKTPUYECKA
HEHTPAJIA KbM CUCTEMA C BETPOT'EHEPATOP U ®OTOBOJITAUK
3A BHEJIPABAHE B EJIEKTPUYECKATA MPEKA

JK. Hotom, B. Jlazapos, JI. CtosHOB

Pe3tome: Ta3m ctatusa MMa 3a LeJl aHAIW3 HA TIOMIICHO aKyMyJupalla BOJHOEJEKTpHYecKa IIeHTpaja 3a 3ala3BaHe Ha
eHeprus. BogHUST pe3epBoap MMa 3a IIe ChXPaHABaHETO HA CHEPTrHs 3a JTHU WM CE30HH KaTo MO TO3H HAYMH CE YJICCHH
Pa3MpPOCTPAaHCHUETO HA BH30OHOBACMH M3TOYHHIM Ha eHeprus. ENEKTpUYecTBOTO MPOM3BEACHO B IOBEYE OT XHOpHIHATA
cucTeMa ¢ Bh300HOBSIEMH M3TOYHHITN HA €HEPIHS CE MPEBPHIIa B TIOTCHIIMATHA CHEPrHs MOCPEICTBOM H3IIOMIIBaHE Ha BOJA
B TOPHUSI pe3epBoap, KbIETO TS MOXKeE JIa Ce ChXpaHsBa Oe3KpaifHO MHOTO U B MOCIICICTBUE J1a MPEMUHE TIPe3 XUIAPABINIHATA
TypOMHA TPOM3BEKIANKK enekTpoeHeprusa. OLCHKaTa Ha 3alaccHaTta CHeprus, Ha HOMHHAIHUTE MOIIMHOCTH Ha
XUAPOCHEPTUIHUA BB3eIl M HA 3aTyOHTe TIPH M3MApsBaHE OT BOJHUS Pe3epBOap ca MpeICTaBeH.

Ki11040BH 1yMH: CITBHUEBA €HEPTHs, BATbPHA CHEPTHs, XUOPHUIHN CUCTEMH, 3alla3BaHe HAa EHEPTUs Upe3 U3IOMIIBaHE
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