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ABSTRACT

This paper presents the operation of centrifugal pumps as
turbines for micro hydropower application. Block diagrams
are used to present components required from intake
chamber to hydropower plant and their electrical energy
mechanism for micro hydropower system. A comparison of
operational parameters of pump as turbine and conventional
turbines is discussed. Also, the paper discusses three types
of methods for selecting the centrifugal pump as turbine
based on the head, flow rate, rotational speed and specific
speed. Furthermore, the technique used to determine the
flow rate characteristics are discussed as well as the
technical guideline is tabulated to assist the application of
centrifugal pump as turbine for micro hydropower scheme
development.

KEY WORDS: block diagrams, centrifugal pump as
turbine, micro hydropower

1. Introduction

Hydropower has been used as the affordable means of
generating electricity in most of the potential off-grid areas
[1,2]. Electricity is a powerful resource that has the potential
to catalyse communities by changing lifestyle and provide
opportunities for new range of economical activities and
services [3,4]. Despite the fact that the renewable energy
sources characterised as inexhaustible [5] and hydropower is
the reliable source type of energy, but it needs skills and
knowledge to harness the electrical energy. It required to
understand the concept from the point where water from the
river/stream is diverted through the penstock to a plant.
Reversing centrifugal pump as an alternative to
conventional turbine has more advantages for stand-alone
micro hydropower compared with conventional water
turbines that include availability in large numbers with a
wide range of capacity and head, low cost and easy
availability of spare parts such as bearings and seals [6-11].
The means of reversing centrifugal pump to take water at
the discharge part and cause to rotate in reverse direction
can operate as water turbine and normally such a pump is
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named a Pump as Turbine (PAT). In fact, one type of
conventional turbine operates at the specific hydropower
site parameters [12] and are not available to the local
market, i.e only available by making order to the
manufacturer that increase the cost of design the turbine
based on the site characteristics and delay the scheme
development [13]. Different methods developed to convert
the centrifugal pump parameters to operate as turbine [14-
26] and are presented in this study.

The possibility of wusing PAT deserves
consideration for very low power plants of less than 100
kW, but there are significant reductions in the capital cost
and efficiency of the plant [9]. It is often stated that capital
payback period of PATs in the range of 5-500 kW is two
years or less which is considerably less than that of a
conventional turbine [17,27]. Furthermore, PATs can be
designed at minimal annual available water to have a
constant flow rate within the life of the scheme [28] and
installation of more than one PAT can be possible in parallel
to control demand fluctuation by switching on and off [13].

Therefore, this study increases the awareness of
harness the potential micro hydropower with available
resources include standard centrifugal pump available in the
local market can be used as turbine, pipe and wvalves,
manpower, skills and knowledge to improve rural
electrification. Also, the study reviewed different methods
used to estimate flow rate in the potential stream/river for
hydropower schemes. Furthermore, the study examined the
technical method of determining the low flow rate as well as
the power demand forecast.

2. Energy Conversion in Micro
Hydropower

The means of converting water energy to rotational energy
involve the diversion point from the stream, conveying
water through the penstock to hydropower plant as
presented in block diagram in Figure 1. The diversion of
water from the stream/river was conducted by using borders
and maize sacks filled with clay soil to re-enforce the
channel leading to the intake chamber to form a basin with
sufficient depth [30].



Valves and

Bypass
Intake Chamber Penstock
Diversion point e Canal I;urr:)p as
Wire mesk ®) e Pressurized ur' e
Wen s flume device pipe
Draft tube
and Tailrace

Figure 1. Block diagram of the component from intake chamber to hydropower plant

Rectangular canal and intake chamber are built with
masonry techniques by using bricks, cement and sand [31].
Debris was prevented to enter at the penstock inlet by using
galvanized wire mesh [30]. The penstock can be a canal or
pipe with high pressurized water to convey water from the
intake chamber to the hydropower plant. The use of canal
followed with Polyethylene or PVC pipe covered with soil
bags are easily available and light to transport to the site
and suitable for micro hydropower [32,33]. The percentage
of net head loss in the penstock varies from one site to
another with 12.2 % [34] and 13.2 % [31]. The head loss is
calculated by using Equation in [35,36].

The hydropower plant comprises of turbine and
generator with the control system. In this study only
standard centrifugal pump was selected to be used as the
turbine for micro hydropower turbine. Standard centrifugal
pumps with pressure rated of 10 bar are manufactured in a
large number of sizes to cover a wide range of flow rates
and heads [16]. At the same time, the conventional turbines
are manufactured based on the site specifications [12].
Therefore, pumps with parts are available in the market at
comparatively lower cost and shorter delivery periods when
orderly from manufacturers. The selection of PAT for micro
hydropower is discussed in the section 4.0.

The conversion of rotational energy to electrical
energy invloves the connection of generator with shaft. The
application of induction generator indicated to be more
suitable when connected to PAT [11]. It characterized with
less expensive, simple construction with no windings,

diodes or slip rings on their rotor as well as more widely
available than the synchronous generators for micro
hydropower schemes [29]. Furthermore, the Residual
Current Device (RCD) is connected between the consumer
and Induction Generator Controller (IGC) to protect the
generator windings from overheating due to excessively
high currents or limit the amount of current that the
consumer can draw [37]. The excess current can be directed
to ballast load for instance, two 1.8 kW cooking rings have
been used as a ballast load to a 2.2 kW power plant [30].
Also, IGC can be manufactured locally for Pico
hydropower plant [37]. Different types of induction
generators and capacitors for excitation is explained more
detailed in [29] and the summary of block diagram is
presented in Figure 2 to clear visualize the layout of the
components. But, the induction motor/generator runs
slightly above the synchronous speed when converted for
use as a generator [11]. Generally, the conversion of water
energy to electrical energy is presented in Figure 3 [38].

3. Comparison of the Operation
Parameters

The common basic operational parameters of measuring the
centrifugal pump performance parameters include head,
flow rate, power and efficiency. The operational parameters
of PAT and conventional turbines are discussed and
tabulated in Table 1 to define the economical advantage.
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Figure 2. Block diagram for electrical energy control system
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Figure 3. Micro hydropower energy conversion [38]

Table 1. Comparison of the PAT and convectional turbines

S/N Parameters Pump as Turbine (PAT) Conventional Turbine

1 Costs More advantages for < 50 % and <50 kW [17] High in all ranges [40]

2 Construction Simple and sturdy [17] Complex and suitable for specific site

3 Availability Widespread due to application in water supply Ordered directly from the manufacturer
for households and irrigation, industry and based on the particular location and
sewage systems [11,39,41] application [12]

4 Flow rate Very minimal range of 80 % to 100 % [28,29] Wide range from 20 % to 90 % [28,39]

variation

5  Control device  Not specified, but hydraulic valves and Specified and readily available with
Electronic Load Controller devices can be used adjustable guide vanes, nozzles or runner
[42-48] blades with governor

6  Efficiency Low with steep efficiency characteristics High
[40,49]

7 Maintenance No special equipment and skills required [17] Special equipment and skills required [41,

50,51]
8 Spare parts Readily available [11,17] Ordered directly from the manufacturer

The efficiency curves of Pelton, Cross Flow, Francis and
Kaplan abruptly increased to the maximum and retain their
high efficiency to the highest percentage of flow rate
variation from 20 % to 90 %, but the efficiency curves of
the propeller turbine and PAT slightly increased to the
maximum with flow rate variation only around 80 % to 100
% at the high efficiency [39]. This observation indicated
PATSs can be designed at minimal annual available water to
have a constant flow rate within the life of the scheme [28]
and installed more than one PAT in parallel during demand
fluctuation by switching on and off [13].

4. Methods for Selecting a PAT

The task of choosing the optimal turbine type,
runner/impeller diameter, rotational speed, runner axis,
elevation and number of machine units can be decided
depends on the load requirement of the particular area and
stream flow analysis. The load requirement of the plant can
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be fixed as high as possible to reach maximum efficiency
and low initial costs [12]. Both flow rate and head at the
given specific site has been evaluated by stream flow
analysis to determine the amount of power generated in a
specific hydropower plant to reach the load requirement.
The flow analysis and load requirement discussed in section
5 and only three methods which help in selection of pumps
to operate as turbines were discussed such as rule of thumb,
curve fitting and empirical methods. Existing of selection
methods serves during the starting point of the scheme to
predict performance characteristics of operating PATs [16,
52,53].

4.1 Rule of the Thumb

There are possibility of pump manufacturers to produce the
PAT based on the specific hydropower site parameters. The
rule of thumb chart of the centrifugal pump as water turbine
is presented in [17]. Furthermore, it is possible to choose a



pump with BEP of head and flow rate about 25 % lower
than the required values of the turbine as presented in [15].
Generally, it is seen the most available centrifugal pump in
the market can operate as water turbine in the head range 10
to 150 m and flow rate up to 0.5 m’/s.

4.2  Curve Fitting

According to Chapallaz et al. [17], five steps to follow
based on the fitting curves for converting pumps to turbines
mode based on curve fitting include; (i) To identify the
potential head and flow rate of the hydropower site, (ii) To
calculate the turbine specific speed (Ny), (iii) To calculate
pump specific speed (N,); N, = N/0.89 (iv) To use N, to
determine the flow rate ratio, head ratio and pump
efficiency, (v) To convert pump head and flow rate to
design pump rotational speed. The method applied in Brazil
[54] to select a suitable pump of 15 m head and flow rate of
0.21 m’/s to be used as turbine for potential site of 21.8 m
head and 0.27 m’/s.

4.3 Empirical Methods

The empirical methods grouped into four categories include
the method either based on the specific speed, efficiency,
constant or both parameters. Complex empirical methods
indicate to predict more accurately with more economical
advantages than constant methods [13]. The empirical
methods were used to estimate the head and flow rate in
turbine mode based on the performance characteristics from
pump manufacturers. Table 2 presents the empirical
methods that are mostly used to estimate PAT in the specific
site designed in [30,53,55,56] and presented frequently in
the reports of [8,13,16,52,53,57,58]. Other methods include
the relationship of hydraulic efficiency in pump and turbine
mode.

5. Analysis of Stream/River Flow

Characteristics

The head and flow rate parameters are the main parameters
in the river/stream flow characteristics to govern the
hydropower plant capacity. The head is the height interval
between the upper and lower part of the specific site. It is
calculated by using either survey instrument, topographical
map or DEM map under ArcGIS software. The flow rate
can be estimated regarding to the flow characteristics
include turbulent and steady state, regular and irregular
channel, low flow channel dilution and high flow in [59].
The low flow rate can be measured by using a bucket and
float methods [6]; 0.6 water depth [59]; Dilution method
[62, 63] and a weir method [64]. Low to average flow rate
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can be measured by using a Price AA and Pygmy current
meters [65]; and slope-area manning equation [66].
Furthermore, the average to high flow rate can be measured
continuously by using electromagnetic method [67, 68] and
acoustic doppler current profiler method with the moving
boat [69,70]. The classification of flow rate and drainage
area is described in [71].

However, a Flow Duration Curve (FDC)
characterizes the ability of the stream/river to provide flows
of various magnitudes from the low to flood events [72-74].
The FDC is a cumulative frequency curve that indicates the
percent of time of the specified flow rate was equaled or
exceeded during a given period [75,76]. The FDC provides
a convenient means for studying the flow characteristics of
streams and compared with another of the ungauged site
[77,78].

The FDC can be presented in daily, weekly or
monthly during a given period arranged according to
magnitude to calculate the percentage of time during which
the flow rate is equaled or exceeded the specified values.
The maximum flow rate can be available only 10 % of
equaled or exceeded of the time per year. This can cause 90
% of the time in the year without running hydropower plant.
The flow within the range of 70-99 % of the time equaled
or exceeded is usually most widely used as design low flows
[79] and 50 % of the time can be for medium design flow.
The PAT requires the constant flow rate throughout the year
and slightly change can reduce the efficiency [28].

6. Micro Hydropower Installation

Guideline with PAT

There are two methods of estimating power demand, i.c.
empirical or survey methods. The methods have been used
to estimate the hydropower capacity [80]. The survey
method depends on the assessing inventory of the
appliances by surveying a specific area and asking users.
The empirical method uses the annual growth rate of
electricity for residential customers, business and light
commercial as presented in [81] and multiplied by a given
number of years and existing power capacity to predict the
plant capacity. Therefore, the guideline will assist to make
the proper capacity of the main equipments connected to the
PAT for micro hydropower scheme development as
presented in Table 3. However, the guideline is only serving
as the supplement technical material after identifying the
proper type of PAT and other specific formula for
estimating different associated components to reach the
power demand.
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Note. N = rotational speed, n, = specific speed, | = efficiency. Subscript T= turbine mode, p = pump mode.

Parameter
Turbine

Head

Flow rate

Penstock

Induction
Generator

Efficiency
Ballast load

Capacitors
Transmission lines
Overall comment

Table 3. Guideline to install micro hydropower with PAT

Technical Description
Standard centrifugal pumps are normally offered with the option of 2 or 4 poles.
It is important when using a standard centrifugal pump as turbine that the impeller is not less than 90
% of the nominal diameter [11, 13].
To use one empirical method to estimate the values of head and flow rate after having the turbine
head and flow rate [16] or to choose a pump with BEP of head and flow rate about 25 % lower than
the required values of turbine [15].
Head loss can be up to 15 % of the gross head. Standard centrifugal pump operates as the reaction
turbine head range.
Flow rate required can be relatively large and there may not be enough water to keep the generator
running during times of drought or needed to be replaced with small generator. It is advised to
develop a FDC and determine the above of the 70 % of the time for the low flow to be available
throughout the year.
Rectangular canal constructed with sand, cement and aggregate can be used to shorten the distance.
The distance remained to reach the plant can be connected with PVC or Polyethylene pipes to
increase pressure. The material and pipes are available in the market.
The electrical output of induction generator should normally be limited to 80 % of the rated power
output as a motor [29].
When motor is used as generator operated at the high rotational speed compared to asynchronous
generator.
The maximum value of efficiency varies only less than 20 % of the flow rate variation [39].
Total ballast load capacity should be in the range from 5 to 15 % above the design power output [82]
and coils from electrical stove can be used.
Capacitors connected to induction generator can be calculated as in [29].
Single phase transmission has the advantage up to 15 kW.
The type of equipment connected to micro hydropower is unlikely to be damaged when the voltage is
kept within the range -25 % to + 10 %, but the frequency only up to 5 % from rated value [11]
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Conclusions and Recommendations

The energy conversion system was presented in block
diagrams from the intake chamber at the upper part
connected through penstock that conveys water to
hydropower plant as well as the advantage of using
induction generator operation for micro hydropower
schemes. PAT indicated to operate with only 20 % of the
flow rate variation in higher efficiency compared to
conventional turbines. Furthermore, the PAT operational
parameters include construction costs, availability and spare
parts as well as the control devices were compared with
conventional turbine. The methods used to convert
centrifugal pump to operate as water turbine were presented
include rule of thumb, curve fitting and empirical methods
and indicated to be applied in the existing hydropower
schemes.

The FDC was discussed to determine the
percentage of flow rate that will be available at a given time
of equaled or exceeded as well as the general guideline was
tabulated to assist the selection of the main components
connected to the PAT. The study recommends to estimate
the flow rate that is available at the high percentage of the
time and proper designing of the main components
connected to the PAT for micro hydropower schemes.
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