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Maximising Power Generation in a Small
Hydropower System using Pumped Storage
Technology
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Abstract - Small hydropower potentials spread across a wide
range of communities in sub-Sahara Africa. Most of these
potentials are untapped leaving dwellers in complete darkness,
a situation which paralyses economic and social activities.
Some of the reasons for this are lack of fund to carry out the
power projects, high cost of transmission and distribution of
power from generation location to consumers far away from
the main grid. This work proposes a hybrid of both
conventional and pumped storage systems small hydropower
schemes to generate electricity, especially with the aim of
feeding the dwellers within plant location with adequate
electricity and also feed the rest into the main grid.
Mathematical equations were developed for the proposed
system. Model design and automation results were presented in
the paper.

Index Terms - Renewable energy, conventional-hydropower,
pumped-storage  hydropower, small-hydropower, power
generation.

I. INTRODUCTION

Electricity is a scarce resource and its generation is a
product of various scientific knowledge, engineering
processes, and management proficiency. A good sum of
monetary investment and know-how is usually involved,
which is a good reason consumers should be aware of the
significances of proper and efficient use of it. The first step
in controlling the effects of its inadequate generation on the
society is prudent utilisation. Electricity consumption should
be based on need and not of social status as many do
believe. The element of social or financial status cannot be
ruled out anyway, but the fact still remains that adequate
generation of power is every government concern, which
none has taken for granted. The truth is that almost all
significant economic activities depend on timely and
adequate supply of power.

Mathematically power is energy available per time, which
makes the time of power availability to carry out specific
activity very important.
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Power requirement and demand are different per operation,
device, and time [1], [2]. This is a good reason for putting
proper planning in place to ensure smooth running of every
activity based on the demand per time, the supply, and also
the prediction of demand growth options.

2012 Key World Energy Statistics still reveals that major
energy sources playing giant roles in global power
generation are oil, coal, and natural gas [3]. These three
sources occupy a huge proportion of about 81.7% of the
total world energy generation. These sources also contribute
significantly to environmental pollution. Generation of
power in South Africa is handled by ESKOM [4]; a state
owned utility company which generates about three-quarters
of Africa’s electricity and is said to supply about 95% of
electricity in South Africa. Recent power generation
capacity is approximately 40000 MW, of which over 80% is
achieved using coal, the remaining percentage is through
nuclear and hydro-pumped storage [5]. The issue of
environmental degradation and climate change is a serious
concern and efforts are in place to ensure the whole world is
kept green and thereby more habitable for every life [6]. To
achieve this, our sources of energy generation must be
seriously reviewed in a way to accommodate available
renewable energy sources through strategic electricity
planning and implementation [7]. This action will minimise
pollution and environmental degradation attached to
conventional generation of power.

Il. RENEWABLE ENERGY SOURCES DEVELOPMENT
According to [5] the abundance of coal resources in South
Africa has been the main justification for engaging in coal
fired power generation. Climate change, decline in coal
quantity and the high cost of developing new coal mines are
threats to the future availability of this resource. There have
been several efforts to reduce the country’s carbon emission
[8]. During the Copenhagen climate change talks in
December 2009 South Africa announced that they would
aim to reduce the country’s carbon emission by at least 34%
by 2020. Apart from carbon emission, another
environmental hazard is increase in acid mine drainage
cause by coal mining activities [9].

Due to the fact that large quantity energy storage is almost
impossible, the electrical system needs to constantly balance
production and consumption [10], [11]. As consumption
varies constantly everyday as a result of different energy use
like air conditioning in heat period and heating in cold
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season over the year, therefore renewable energy is climate
controlled generation and consumption is climate controlled
[12]. In urban centres where energy consumption is on the
high side, base load is provided by more efficient power
plants. In rural settings, with small overall consumption and
few cottage industries, base load can be met with electricity
supply from renewable sources [13].

Hydro-power has come to stay in electrical power
generation in the world as a renewable energy source.
According to [14], in 2002 hydro-power both large and
small contributed up to 19% of world electrical power. [15]
predicts that the global demand for electrical energy will
gradually rise and the growth for HP production is projected
at 2.4% - 3.6% from 1990 to 2020. Small scale hydro-power
(SHP) is considered to be one of the most cost effective and
environmental friendly energy generation technologies
available [14], in most cases just water running through a
river without storage, or surface dam or at a given head. It is
the most ideal small scale energy technology for isolated
and/or rural community electrification in developing
countries. SHP “run of river” schemes have minimal
environmental impacts.

[14] stated that exploited HP potential was 2650 TW/yr.
Other renewable combined generated less than 2% of global
power need. North America and Europe are leading in terms
of exploited hydro-potentials compared to other continents.
About 40 GW of global consumption is generated by small
hydro with China contributing 15 GW which is believed to
reach 100GW if fully exploited. About 18 GW is estimated
to be generated from SHP. In Europe, HP provides 17% of
electricity [14], [16] with a target of 4.2 GW increase by
2010, being generated from over 120 HP sites and able to
provide 100 MW capacity, spread over the continent. Due to
the huge initial financial and technical investment involved
in large hydropower plants installation, coupled with highly
qualified and trained personnel needed in design,
installation and maintenance, small HP can come in to
salvage the situation [17], [18], [19].

In areas where availability of water is a challenge, pumped
storage hydropower schemes integration will offer one of
the best alternatives [20] to enhance generation from
conventional hydroelectric power stations and to provide the
power needed during peak periods through allowing water
retention and reuse instead discharge [21], [22].
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Figure 1: Electricity consumption sketch in South Africa.
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A pumped storage hydropower system consists of two
reservoirs at different elevations with the turbine house and
pumping plant between the two reservoirs [23], [24]. During
off-peak periods, water is lifted from the lower reservoir to
the upper reservoir while power demand is low, but the
same is released at peak demand time to run the turbines and
convert hydraulic energy into mechanical energy and then
into electricity by means of a generator attached to the
turbines shafts [25]. Though it is more expensive to operate
when compared to conventional hydropower plants as result
of the cost of pumping, but the benefit is significant because
the response is quick during demand and brings about main
grid stability [26].

I1l. THE PROPOSED HYBRID MODEL DESIGN
Need is on the increase in the aspect of improving the
efficiency of hydropower generation plant designs beyond
turbine and generator efficiency [27], [28]. The proposed
hybrid power plant is designed to generate 300 kW from the
running river ‘River I’ as revealed in Figure 2.

RIVER UPPER RESERVOIR M
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Figure 2. A sketch of the proposed PSH and hydropower
hybrid power plant.

At off peak hours from Figure 1, pump lifts water from the
lower reservoir as shown in Figure 2 to the upper reservoir
at a calculated suitable height. This is stored until the next
peak hour when it is released to augment the conventional
hydropower plant. MATLAB Simulink is used in the
modelling of the design and for ease of simulations. All
required parameters were mathematically modelled. A
control mechanism is installed to manage generation at the
PSH and pumping mode. Flowcode V5 AVR and Proteus
ISIS were the two modelling tools used. Flowcode,a
graphical programming tool which designed complex
electronic systems and Proteus, a programming software
that integrated perfectly microprocessor models and
animated components  which helped combine
microcontroller related designs’ simulations were used to
develop control of the proposed plant.

Mathematical Representation of the Design:

Fy = py.9.Qg-Hy. 1, €Y)
.9.-Q,.H
P _Pw9-Qp-Hy @
My
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From equation 2,
Qp =Pp-r’p/pw-g-Hp 3

P, = rated generating power at PSH,

ny = turbine efficiency,

pw = density of water in kg/m?

g= gravitational constant in m/s?

Q, = rated generating flow in m%s at the PSH

H, = rated generating head in m at the PSH =5m

Py = pumping power,

Q, = pumping flow in m*/s

np = pump efficiency,

H, = rated pumping head inmto 11l =5 m

H_ = losses in the line pumping line to 111 in m.

Firstly, one needed to design parameters | such as diameter
of the suction and delivery pipes. Calculating the flow was
the first approach. From Figure.1, the first peak is about
one-third of the primary generation,

Using test plant data in Equation 3,

_ 1308:075 _
% = Toooxogx5 _ 0016 m/s

second peak is about two-third of the primary generation,

Q, = 0.016 m*/s while at 2.616 kW, Q, = 0.04 m*/s.
Considering losses in the pipe, an average flow of 0.03 m3/s
was achieved for the lifting of water from the lower to the
upper reservoir.

In 8hr pumping operation,

Volume to be lifted = 0.03*3600*8 = 864 m°

A pipe diameter to account for losses, not more that 10%
hydraulic, was selected; 0.2 m for suction line and 0.15 m
for delivery line.

Surface area of suction pipe
_(02%) 2
As=——=10.03142m

Surface area of delivery pipe

2 *
Ay= W = 0.0177 m?

Butv = ¢/, *
From Equation 4,

Therefore V, = Q/A = 03'30;2 =0.955m/s
s o
Q _ 003 _
And also, V; = /Ad = -=17m/s

Figure 3 is used to generate losses in the pumping mode,
there is need to find the friction factor f using the values of
Reynolds number Re and relative roughness 5/D. The value
of & for a steel pipe = 0.045*10°

£/p = S = 0.225¢ 7 )

Now calculating the Reynolds Re,

Re; = V; * Ds /9

9, kinematic viscosity of water at 20°C = 1.004e~°
Res = 0.955% 0.2/1.004e ¢ = 1.95¢°

Rey = 1.7+ 0.15/1.004e 6 = 2.54¢5

Using Moody’s diagram,

f;=0.015
fs=0.017

Losses were calculated at the entrance, elbows, valve,
pump, pipes (suction and delivery) and at the exit. Details of
this were not presented in this manuscript, but the values
will be used in relevant calculations [29].

Major head losses Nmgjor

1 v?
f * B * E(Ksuction + Kdelivery) (6)

Iy Vs? lg Vvd?
fs*_s*i"'fd*i*_
Ds 29 Dy

Isand Iy are suction and delivery lengths respectively

0.9552 5 172
+ 0.017 * — * —
29 0.15 2g

3
0.015% = *

0.006975 + 0.0833

Minor head losses, Nminor,
VZ
- Z >k(Kentranct-z"' Kvaivet 2Kpeng+ Kexit) (7)

Using Equation 7,
VZ

_ Wbey owr Lob
= 5= #[(0.5+ Pt 2%+ S04 1)]

For a gate valve, f*;ﬂ: 0.019* 8
For the two elbows, 2*F LD—: = 2*%0.019* 30

Total minor losses = 0.0232+0.0446+0.0838+0.0147
These values were entered into the MatLab Simulink model
(Figure 4) to achieve optimum results.
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Figure 3: A Simulink diagram to calculate total pumping
height losses
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Figure 4: Amalgamated Simulink for entire hybrid plant
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Three parameters were used for controls’ design; time,
volume of water available and power available to pump
water during pumping mode. Figure 5 is a flowchart
designed using Flowcode V5 to model time allocation in the
operation of the plant, equally generating codes based on
allocated time of plant operation.

Proteus ISIS was used to design controls, based on available
volume in both reservoir Il and I11. For example, it might be
the pumping time from reservoir Il to 111 based on the flow
code programme as seen in Figure 6, where power available
for pumping was low;

Proteus over-rode Flowcode. If reservoir Il was full, a
sensor attached to the top floater as seen in Figures 7 and 8
would also override the decision to avoid overflow in Ill.
The two floaters controlled water volume in reservoir Ill,
received from Il and also generated extra power at peak
time. If the volume in reservoir Il was low at PSH
generation, Proteus would also override the Flowcode
decision with the aid of a sensor attached to a bottom
floater. This software modelled the plant’s entire control
system.

1 BEGIN

Loop
R
|
Calculation
KF’ump =1 ﬂ
PSH =2

Cutput

Furmp
> PORTC

Call Campanent Macro

LD Displaii] ﬂ
Start(]

Call Component Macro
LCO Displapld] ﬂ

PrintString"Switched to purmp’]

Call Component b acro

LD Displav(O]
Cursar(0, 1]

Call Component Macio
LCD Display(0]
FrintString(''--S mall Hpdro-")

N N B

Figure 5. Flowcode V5 flow control chart.

IV. RESULTS

Results from MATLAB Simulink showed in Figure 4 that
the while 300 kW is obtainable from the runoff river plant,
150.668 kW is require to lift water to a height of 10 m. At
the same height of 10m, 139.457 kW is obtainable from the
pumped storage plant, see Figure 5. Figure 6 illustrates the
Proteus control diagram, showing the operations of the
pump, turbine and the two floater that control water level in
the upper reservoir during both pumping and generation
modes.
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Figure 6: Basic layout of the energy control system without load
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Figure 7: Display when the pump is on and the PSH off.

V. CONCLUSION

From the result and discussion above, the proposed model is
able to store energy at off peak hours which is released of
peak hours when the price and demand is on the high side.
The recovered stored energy is also worth the investment
and effort. The control system was able to prevent overflow
at pumping mode likewise prevent dirt from escaping into
the turbine as water level in the upper reservoir reduces.
This automation device also provides monitoring of the
system operation with the LED indicator as shown in Figure
7. This indicators will show the operator which activity is
taking place per time, either pump or generation from the
pumped storage plant. This project can be handled easily by
private investors with little and simple operational
supervision and maintenance.
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