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ABSTRACT

840 million people living in rural areas across the world lack access to
electricity, creating a large imbalance in the development potential
between urban and rural areas. Pico-hydropower offers a cost-effective
way of accessing electricity, where the resource exists. This paper
discusses and critically examines several challenges that remain in
implementing pico-hydropower systems, such as local manufacturing,
maintenance and repair of turbines, low-head solutions, dealing with
variation in the water flow between seasons, the ability to deal with
income generating loads and low system power and capacity factor. The
solutions to many of these problems exist; several low head turbine
systems are appearing on the market, and new power electronic
packages are able to improve the system capacity factor. Some turbines
are now being designed for local construction using design for
manufacturing rules, so only basic workshop tools and process are
required to build turbine systems and components, and enabling
turbines to be locally repaired. Through the commercialisation and
implementation of these solutions, the proliferation of pico-hydropower
systems can take place providing low cost sustainable electricity for
remote communities, but this requires a stronger emphasis in social
awareness and policy. Three critical enabling factors for the success of
pico-hydropower projects are identified through this analysis:
understanding the local context, financial sustainability and stakeholder
awareness.
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INTRODUCTION

Energy access is crucial to development and raising people out of
poverty, and plays such a critical part that it has been recognised by the
UN in their Sustainable Development Goals (SDG), with Goal 7 stating
“Ensure access to affordable, reliable, sustainable and modern energy for
all” [1]. Along with this specific goal, energy has positive, enabling
relationships with nearly all of the other SDGs [2,3], supporting the
achievement of these goals. For example, cleaner and more efficient
cooking fuels are able to reduce the time that women and children spend
in dangerous areas carrying out drudgery tasks, reducing the potential
for gender-based violence. Similarly, educational potential increases with
electricity access, with students able to study in well light, thermally
comfortable classrooms, with access to modern information and
communication. The UN has seen energy access as such a priority that it
declared 2014-2024 as the Decade of Sustainable Energy for All [4]. The
aims of the program are by 2030 to provide universal energy access,
double the improvement in energy efficiency and double the global share
of renewable energy, which align with the targets of SDG 7.

As of 2019, 840 million people living in rural areas have no access to
electricity [5]. Of these, half are in Sub-Saharan Africa, as shown in
Figure 1 [6], where many countries have rural electrification rates of 10%
or less.
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Figure 1. Urban and rural populations without electricity [6].

There are three main types of barrier to electricity access: economic,
geographic and political [7]. Extending a national grid within an
urbanised environment is a relatively low cost proposition, and
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geographic barriers are irrelevant as houses are located close to one
another, but there must be a political consensus to expand the grid.
However, all three of these barrier types are often present in the case of
rural electrification, with low population density leading to an increased
cost per connection, natural geographical barriers such as mountains,
valleys and rivers, and a lack of political will to supply electricity or
political interference with electrification programmes [8]. Therefore,
remote and rural communities become reliant on local, off-grid
generation for their electricity supply.

Diesel generators are a standard choice for off-grid communities,
utilising well-known technology with a low capital cost. However,
without regular servicing and maintenance, diesel generators are prone
to failure in rural environments [9]. They depend on good fuel supply
infrastructure, are at the mercy of large fluctuations in oil price, and
produce greenhouse gas and carbon dioxide emissions during operation.
Therefore, renewable technologies—solar photovoltaics, wind,
hydropower and biomass—are attractive for off-grid communities,
providing locally generated electricity from local resources. More
recently, locally produced oils have also been tested to use in converted
diesel generator sets [10], which remove the dependency on fuel supply
and price volatility.

The selection of the appropriate renewable energy generator for a
community is dependent on the resources available at the site. An
important early step in the design of a community power supply is to
assess all local resources. The resource selection also places requirements
on the design of the system, with solar and wind generators requiring
electrical storage to manage inherent short-term resource variability.
Biomass and hydropower resource can be considered to be more
constant, with variations only occurring in the longer term with changing
seasons.

Hydropower is a well-known and extensively used renewable energy
source. It has many positive attributes, such as providing a generally
reliable and consistent supply, but also challenges associated with its
implementation, such as the environmental impact of large-scale systems.
At a community scale, small “pico” versions of the turbines systems can
be used to provide power. However, there are many technical, social,
economic and policy challenges facing the implementation of
pico-hydropower systems, especially when they are competing with
technologies such as solar photovoltaic systems. In this paper, four
interdisciplinary challenges are highlighted and discussed in depth: the
adoption of low head turbine solutions, variable water flow rate, low
power generation and capacity factor, and local manufacturing of
turbine systems. Research has demonstrated new and current solutions
are available to overcome these issues. These ideas and concepts are
presented and reviewed in this paper along with the potential
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opportunities generated arising from the challenges, and non-technical
enablers required to support future success in this field.

BACKGROUND

Pico-hydropower is generally defined as an electrical generation
system with a capacity to provide up to 5 kW of electricity from a water
flow [11]. There are many different turbines that can be used in a
number of different environmental conditions, as shown in Table 1, with
the most common solutions highlighted. For this work, we have not
included hydrokinetic (zero-head) systems as they use a different method
in generating mechanical power from the kinetic energy in the stream
flow rather than pressure head from gravitational potential, and require
significantly different civil structures to implement the solutions. These
application ranges are not fixed, and most turbines are able to be used
across all the head ranges, although physical limitations may apply, such
as cavitation, which occurs when operating a reaction turbine at high
heads, or turbine size, when using impulse turbines at low heads, the
physical size becomes extremely large do to the volume of water
consumed [12]. Pico-hydro systems are normally stand-alone, with no
other power source on the network, and are installed as run-of-river
systems, so do not have a large amount of water storage, which
minimises the environmental impact.

Table 1. Hydropower turbines and their operating heads (developed from [13]), with common
pico-hydropower solutions highlighted in bold italic text.

Head Range
Turbine Type Low Head Medium Head High Head
(<10 m) (10-50 m) (>50 m)
Multi-jet Pelton/Turgo, Single-jet Pelton/Turgo
Impulse Crossflow Crossflow Multi-jet Pelton

Reaction

Radial flow (Francis)
Axial flow (Kaplan)

Radial flow (Francis)

Overshot

Waterwheel Breastshot
Undershot

Archimedes screw

Pump-as-Turbine
Other Hydrostatic pressure machine !
Split-pipe 2

Pump-as-Turbine

Cross-pipe 2 Cross-pipe *

Gravitational vortex turbine

1 The Stem pressure machine is analysed in [14].

2 The split-pipe and cross-pipe turbines are described in detail in [15].

A typical layout of a pico-hydropower system is shown in Figure 2. The
water from the river is diverted into an intake canal through a dam or
weir (1), which keeps the flow to the turbine constant during high and
low flow periods. The water passes through an intake canal (2), leading to
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the forebay tank (3), which provides some water storage and has the inlet
to the penstock built into it. The penstock is the pipe leading from the
tank to the turbine (4). A trash rack is used to remove any larger pieces of
debris from the water before it enters the penstock. A forebay tank is not
always required, if the penstock can be located in a natural pool in the
feeding river or stream. A penstock may not be required for some low
head sites, as the turbine design may not require it. The water reaches
the powerhouse (5), where the turbine, generator and electrical
equipment are located, then exits the powerhouse through the tailrace
and is returned to the river. The turbine is often connected to the
generator by a belt drive system, to match the rotational speed of the
turbine and generator. The power from the generator is then dispatched
through power lines to the transmission area (6), where it is connected to
the consumers.

Figure 2. Typical pico-hydropower installation layout: (1). Dam/weir site, (2). Intake canal, (3). Forebay
tank, (4). Penstock, (5). Powerhouse, (6). Distribution area [16].

Many rural communities have perennial flowing water sources
nearby that are utilised for drinking water and crop irrigation.
Pico-hydropower is a realistic option to provide electrical power to these
communities without access to electricity. However, there are several
challenges facing the proliferation of pico-hydropower in the Global
South, as discussed below.

e Adoption of low head pico-hydropower turbine solutions: At
medium to high head, above 25 m, there are a number of easily
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accessible turbine system options to install making it readily available
for small-scale developers. The most popular is the Pelton turbine,
which has proved to be reliable, with off-the-shelf turbines available
as well as locally built designs such as the Pico Power Pack [17]. These
designs can be easily modified and tuned for varying environmental
conditions and seasonal flows. Medium head Crossflow turbines have
also been extensively used and the design can be easily modified to
allow for different environmental conditions. However, for low-head
situations, there is no standard simple scheme, as reaction turbines
are complex to design and manufacture, and require a regular,
constant flow and head all year around to operate. Therefore, the
adoption of low-head technologies is much less than that of its higher
head counterparts.

Variable flow/head solutions for pico-hydropower systems: In the
design of pico-hydropower systems, it is assumed that the water flow
rate remains constant during the year, but there are often seasonal
changes. For example, the South Asian monsoon provides a large
influx of water from June to September, but from December to March
many rivers in the region flow with 10% of the peak flow rate [18]. A
turbine is ideally designed for the minimum flow, but during large
portions of the year in many locations, this would be only a small
fraction of available energy, with a large amount of the potential
energy going to waste.

Low power and capacity factor: The electrical generation by
pico-hydropower is by its nature small. The power available is often
less than 1 kW, and so unable to supply motor loads. Therefore, most
of the loads supplied by pico-hydropower schemes are domestic,
consisting of lighting, powering radios, and charging mobile phones,
tablets and laptop computers. Without the use of income generation
loads, the full benefit of the electrical supply is not realised and many
schemes are not economically viable. Also, domestic loads are
normally only used during two peaks in the day; in the morning as the
community wakes up, and in the evening as they prepare for the
evening meal and go to bed. At these times, there is excess demand on
the system, causing voltage sag or often causing the circuit breaker to
trip. Outside these peak times, excess electrical power generated is
dumped into air heaters, and the useful capacity factor of the plant is
reduced.

Local manufacturing of pico-hydropower systems in developing
countries: There are two options for manufacturing pico-hydropower
systems, either they are available as an off-the-shelf unit or they are
manufactured locally. Off-the-shelf units allow for cost savings due to
economies of scale in the manufacturing process, but do not provide
opportunities for local businesses to develop technical skills to
construct, maintain and develop the turbines outside their stated
operating ranges. Locally built turbine systems allow local workshops
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to make customised turbine designs for unique environmental
conditions, provide local skilled jobs for the community, and enable
local repair at low cost. However, a quality control guarantee for these
turbine solutions can be difficult to implement leading to either poor
performance or premature failure, and the techniques for
manufacturing the more complex components in the system may not
be available in local workshops.

These challenges and potential solutions to these challenges are
discussed individually in the following sections.

LOW-HEAD PICO-HYDROPOWER TURBINE SOLUTIONS

Only a few metres of head is required to operate some turbine designs,
and low-head turbine sites are prevalent all over the world [19]. Many
installations of locally built mills already exist. For example, locally built
mills in South Asia, known as Ghatta or Gharat, have operated with low
head for many years. There are several off-the-shelf solutions for
low-head turbines. These are typically open flume axial flow turbines,
with examples including the PowerPal LH series [20], the PowerSpout
LH [21], and the Energy Systems and Design LH1000 [22]. These units are
all of similar design, manufactured to a good quality and available
worldwide. There are also poorly manufactured versions of these
turbines, which are sold for a very low cost in China, Vietham and
Laos [23]. These systems are often called “family hydro” [24], due to their
use by a single family, and can be locally modified to adapt to the river
conditions [25], as shown in Figure 3.

Figure 3. “Family hydro” adaptations for (A) standing, (B) angled and (C) lying situations. Reproduced with
permission from [25], @ 2012 Elsevier Ltd.).

Family hydro systems are normally expected to last between 12 and 36
months before failing [23-25], requiring a change of bearings, generator
or a new turbine to be purchased. One major design issue with the open
flume turbine is that the bearing under the turbine must be constantly
submerged. Therefore, unless the seal between the shaft and bearing
housing is very good quality, the bearing is likely to fail prematurely due
to the ingress of water and silt, contaminating the lubricant.
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Crossflow turbines have been used extensively at medium to low
heads. Once the head falls below five metres, many companies will not
install a Crossflow turbine. However, the Ossberger version of the
Crossflow turbine [26], shown in Figure 4, can operate down to heads of
2.5 metres, using a draft tube to raise the turbine above the flood level,
and allowing the turbine to use the full amount of head available to it.
The Crossflow turbine has been shown to be extremely robust, an
insensitivity to variations in operating circumstances, environmental
effects and service conditions, due to the simplicity of design and
operational modes [27].

Figure 4. Ossberger Crossflow turbine with draft tube installation in UK (Photo credit: Sam Williamson).

The concept of the Archimedes screw as a turbine has been developed
in the last 25 years [28-30], although historically these screws have been
used for thousands of years to lift water [31]. Hundreds of these turbines
have been installed across Europe, primarily at existing dams, weirs and
small falls [32]. They are popular with river authorities due to their
perceived “fish friendliness” [33] and are also extremely robust due to its
simple design and operating principles [28]. (Note: in other turbines, a
well-designed intake and fish bypass or ladder will ensure fish do not
pass through the turbine, so the advantage here is due to the removal of
head reduction by a fine intake and cost-reducing system simplicity.)

Archimedes screws are best suited to very low heads of less than
about 5 meters. The standard inclination angle for a screw is 20° to 30°,
meaning that the length of the screw is approximately double the head
used. This can mean that the Archimedes screw is often physically large
relative to its power output, and so this puts an upper limit on the
feasible size. For these reasons it is often not an ideal pico-hydropower
turbine choice for rural, remote communities, except in very low head
locations. However, since Archimedes screws can be operated efficiently
even at near zero heads [34], pico-scale Archimedes screws can be
feasibly deployed at locations with head in the range of 0.5 m to 1.5 m,
and it is at these extremely low heads where they are advantageous.

Rohmer et al [35] tested a prototype pico-scale Archimedes screw
generator that produced up to 1.6 kW shaft power with a flow of 170 L/s.
They observed mechanical efficiencies as high as 82%, with major losses
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due to leakage flow and fluid friction within the screw. A 400 W
prototype tested in Canada [36], shown in Figure 5, had a water-to-wire
efficiency of about 65%, which is comparable to an average 69%
water-to-wire efficiency for larger-grid-connected Archimedes screw
plants.

Figure 5. A 400 W pico-hydropower scale Archimedes screw prototype (0.9 m head, 70 L/s design flow) in
Canada (Photo credit: Greenbug Energy Inc.).

In Nepal, a locally designed and developed low-head pico-hydro
propeller (axial) turbine has been undergoing research lab tests, whilst a
number of examples have been installed at sites across the country [37].
The PT series turbine, originally developed by Nepal Hydro and Electric
and the United Mission to Nepal, has gone through two iterations.
Initially an open flume design was used, similar to those in Figure 3.
Later installations used a closed flume design with a volute casing, as
shown in Figure 6A. This second design removed the need for a
submerged bearing, increasing the reliability of the system. The complete
system water-to-wire efficiency, using an induction machine as a
generator, was measured to be 54%, with the turbine efficiency estimated
to be around 77%, the other losses coming from the control system and
generator. The results from the turbine testing at Kathmandu University
are shown in Figure 6B. A family of the PT turbines has been developed,
ranging from 0.3 kW to 3 kW, using non-dimensional scaling, and able to
be matched with standard induction generators, which reduces the cost
of implementation.
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Figure 6. (A) Photo of PT03 turbine implemented in Nepal (Photo credit: Sam Williamson). (B) Power curve
for PT1 turbine measured at Kathmandu University’s Turbine Testing Laboratory [38].

Research from the University of Bristol [12,39] has proposed using a
Turgo turbine at low head, as shown in Figure 7A. The same unit can be
applied at a variety of sites with different head and flow regimes without
having to change the design of the system. The turbine also has the
potential for very high efficiencies, scale laboratory tests showed
measured jet-to-mechanical efficiency of the turbine to be 90% at 3.5 m
head, as shown in Figure 7B. Assuming a generator efficiency of 90% for
a permanent magnet generator, then the water-to-wire efficiency would
be 81%. The design is able to be easily integrated into existing water
infrastructure [40], reducing cost at installation and minimising
environmental impact. This turbine has yet to be tested in the field,
however.

(B)
100%
95%
90%
85%
S 80%
75%
70%
65%

60%
200 300 400 500 600 700
Rotational Speed (RPM)

ciency

E

Figure 7. (A) Low-head Turgo turbine, proposed by [12,39] (Photo credit: Sam Williamson).
(B) Jet-to-mechanical efficiency curve for low-head Turgo turbine, measured in scale laboratory
testing [39].
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Water inflow

The Gravitational Water Vortex Power Plant [41] has been proposed as
an efficient, multi-use turbine system, with the ability to generate power,
aerate the water and allow fish migration paths without the need for fish
ladders. The turbine basin generates a vortex, exiting at the base of the
basin, as shown in Figure 8. A turbine is placed in the centre of the vortex,
using the rotational water field to generate torque on the runner. It has
been implemented in sites in Austria [40], Indonesia, Nepal [42,43] and
Peru [44], as well as being studied for its application in waste water
plants in Ireland [45]. This turbine does not require any complicated
manufacturing processes, with only metal rolling and welding required.
However, there is some scepticism in its use [46], with low efficiencies
found in some laboratory experiments [42,44,45], whilst some authors
claim higher efficiencies, close to 75%, at 1.5 m head and water flow rate
of 0.2 m3/s [43].

Vortex generated with
runner located at

centre of vortex

Water outflow

Figure 8. Gravitational Vortex Water Power Plant basin, generating a vortex from water inflow.

Some of these turbine designs and innovations have been
commercially realised, whilst others are still in the research and
development stage. All designs provide the opportunity to develop useful
amounts of power at low heads. To support the proliferation of these
turbines, alongside further technological development where required,
programmes to promote and raise awareness amongst potential
suppliers, installers and customers must take place. Policy must be
established to enable and encourage new and emerging technological
solutions, with access to subsidies and required approvals. These
mechanisms will enable a wider low head pico-hydropower market to
develop with appropriate technologies.

VARIABLE FLOW/HEAD SOLUTIONS FOR PICO-HYDROPOWER
SYSTEMS

The civil works for hydropower schemes are used to maintain as
constant as possible environmental conditions at the turbine intakes. The
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turbine design point is often for minimum flow and head conditions.
However, the flow rate varies across the seasons, and often is much
larger than the minimum conditions, as shown by the example flow
duration curves in Figure 9 from the UK and Nepal. This degree of
seasonal variation in flow is common in the smaller, unregulated
watercourses typically used for pico-hydropower systems, across a wide
range of climates and landscapes. This means that if a fixed capacity
system is sized for the minimum flow in order to provide reliable all
year-round power, as shown in Figure 9, a large amount of the available
power in the watercourse could not be utilised for much of the year.

(A) (B)
80 2500
70
—_ ~2000
260 2
< 30 5 1500
= 40 =
-] =
= 30 5 1000
a5 a
20 500
10
0 0
0 25 50 75 100 0 25 50 75 100
% Time Flow Exceeded % Time Flow Exceeded

Figure 9. Flow duration curves for (A) rainfall- and groundwater-fed river in the UK and (B) a glacier-fed
river in Nepal. (Data taken from [47] and [18]).

Some turbine designs can be modified to allow a variable flow rate
into the turbine. Pelton and Turgo turbines normally use a spear valve to
dynamically control the flow to the turbine and allow the turbine to
operate efficiently across a wide range of flow rates, Figure 10. However,
for pico-hydropower scale turbines, variable geometry nozzles can be
expensive, and when used they are often manually actuated. In this case,
a reduced inflow rate with a fixed nozzle size causes the penstock to run
part full. This decreases the effective head to the turbine, reducing the
speed of the jet. To maintain the efficiency of the fluid power torque
generating mechanism the rotational speed must reduce with the flow.
When using multiple nozzles, individual nozzles can be closed as the flow
rate reduces, maintaining the head at the turbine and therefore the
runner speed. As with Pelton and Turgo turbines, the inlet nozzle area of
a Crossflow turbine can be varied using a deflection plate or nozzle, or
through a distributor vane creating a variable opening at the wheel
entrance. They also have the possibility of separating the turbine into
segments, and only running the flow through part of the turbine [26],
therefore reducing the required flow rate and increasing the operating
envelope.
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Figure 11 shows experimental tests that took place on a small Pelton
turbine with different fixed nozzle sizes demonstrating that it is possible
to achieve reasonable efficiency over a wide range of fixed flow rates.
This analysis takes into account the change in head loss for different flow
rates, and is based on a gross head of 25 m. As flow rate increases, there
is a marginal increase in optimum speed, which would fit well with
increasing slip of an induction generator [52]. In Table 2, the
performance for different nozzle diameters is shown. However, two
details should be noted. Firstly, in order to maintain a good efficiency, it
is necessary to move the nozzle to impact at a smaller radius on the
Pelton runner. Secondly, with the largest nozzle, which is much greater
than usually recommended, there is a rapid drop in output if the speed is
allowed to increase. This is due to the large amount of water which
rebounds and interferes with the rotation of the runner. Similar
problems can occur if multiple jets are used with a small diameter Pelton.

.,H‘.‘M

1000

1500 2000 2500

Rotational Speed (RPM)

Figure 11. Experimental Tests on a nominal 120 mm pitch circle diameter Pelton turbine with different

nozzle diameters [52].
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Table 2. Performance of small Pelton turbine with different fixed nozzles [52].

Nozzle dia. Flow Rate Net Head  Operating Speed Nozzle position Efficiency

(mm) (L/s) (m) (rev/min) (radius in mm) (%)

12 2.13 24.7 1530 62 74

15 3.41 24.3 1545 60 72

18 4.68 23.6 1560 60 72

21 6.28 22.5 1575 57 69
The low-head Turgo turbine proposed in [39] has been shown to
operate efficiently over a variable flow rate, Figure 12. As the flow rate
reduces, the head at the turbine reduces for a constant nozzle diameter,
therefore a change in head represents a change in flow rate. This novel
design for low heads offers the opportunity for a single turbine design to
be used over multiple sites with different environmental conditions,
which could operate efficiently during low- and high-flow periods and

increase overall energy generation.
A) (B)
. . 100%
Incoming jet
09
80% o -

N\

Turgo Cups

Exiting water —>

Jet inclination
angle

Efficiencty
®

Direction of
wheel rotation
20% |
® 1.0 m Head 3.5 m Head
0%

0 100 200 300 400 500 600 700 @800 900
Rotational Speed (RPM)

Figure 12. (A) Torque generation mechanism for Turgo turbine. (B) Low-head Turgo turbine tested at
variable heads and flow rates [31].

The variable flow operation of waterwheels has shown them to be
efficient over a wide range of flow rates [48,49,53-55]. Archimedes screw
generators are capable of operating efficiently at very low flows [56],
particularly if configured for variable speed control [57]. Low flow
operation of Archimedes screws is generally limited by minimum
generator torque requirements, rather than by the dynamics of the screw
itself [58] and variable speed generators are increasingly common in
grid-connected Archimedes screw to allow efficient operation at sites
with large seasonal flow variation [32]. Figure 13 shows the measured
electrical power output and water-to-wire efficiency of the pico-scale
Archimedes screw shown in Figure 5, as flow through the screw was
varied [36]. The efficiency of the screw was approximately constant until
flow was reduced to half of the design flow. A minimum flow of 0.02 m3/s
was needed to provide sufficient torque to operate the generator, which
was the limiting factor in low flow operation. A variable speed generator
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Figure 13. Power and efficiency (electrical output power/hydraulic power available) of a small Archimedes

screw [36].

For fixed geometry reaction turbines, typically used in low head
installations, the efficiency drops off dramatically when the turbine does
not operate at its design point, as shown in Figure 10. When the flow rate
changes from the design point, the flow field approaching the runner of a
reaction turbine is changed. Therefore, the blade angles are not matched
to the flow with a fixed geometry turbine runner, significantly reducing
the turbine operating efficiency [59]. One option to solve this would be to
use variable geometry inlets or runners, as in a full Kaplan or Francis
turbine. However, these are mechanically complex at pico-scale, and
would incur energy overheads which would render the system not
economically viable [59]. (These are possible with Crossflow turbines due
to the simplicity of the nozzle mechanism, requiring a single vane.) A
simpler option would be to change the runner, with one runner during
the low flow period and a second for the higher flow season. This would
allow the turbine to operate more efficiently throughout the year and
increase overall energy generation. For a site at Magdalena, Peru, a
propeller turbine was designed for a 4 m head with a scroll casing, but no
guide vanes. The original runner, Figure 14A, only worked well when
flows were above 290 L/s, giving a shaft power output of 6.1 kW. A second
runner, Figure 14B, was designed for lower flow rates giving 5.3 kW at
180 L/s. This demonstrates the potential for using different runners,
designed for different flow rates, within the same casing [60].
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A)

(B)

Figure 14. Runners for the same casing (A) original, high flow design and (B) redesigned for lower

flow [60].

As the flow rate changes, the rotational speed of the turbine at
maximum power will also change. Pico-hydropower schemes often
directly feed AC loads. This requires good generator control, maintaining
the rotational speed to obtain the appropriate grid frequency and voltage
at the output terminals. Mechanical governors were found to be often
unreliable and almost as expensive as the generator themselves [61]. A
common control solution in pico-hydro systems is to use an Electronic
Load Controller (ELC) to control the output voltage and frequency by
varying the load on the turbine [62]. Changes in speed will cause the
turbine to generate maximum power away from the rated output
frequency. Therefore, it may be necessary to decouple the turbine
rotational speed and the output frequency and voltage of the system. This
can be achieved by using a DC generator or rectifier and an inverter to
connect the turbine to the load. This has been suggested in a number of
papers, with simulations carried out [63], but there are very few
examples of implementations of this approach in literature [64]. There
are some products on the market, such as the PowerSpout turbine
family [21], that offer a grid connected model which has an inverter on
the output. It is also possible to operate variable speed turbines by
rectifying the generator output and connecting to a battery bank, either
feeding DC loads, or using a stand-alone inverter [65], which can utilise
maximum power point tracking algorithms to run the turbine at the peak
power condition.

There are several different technical solutions to adapt to flow
variability, from adapting the turbine to utilising power across a range of
rotational speeds using power electronics. Additional energy can be
extracted under variable environmental conditions at minimal additional
cost or system complexity, where previously a turbine would have either
been specified smaller or would not be able operate all year around.
These solutions allow the turbine systems to be used across a range of
conditions either through seasonal flow changes or different sites,
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enabling more power to be generated and therefore making the system
more financially viable. This is discussed more in the following section.

LOW POWER AND CAPACITY FACTOR

The key to achieving a sustainable energy system is to ensure that
there are not only domestic loads on the system, but also loads that
generate income [66]. In micro hydropower and other off-grid schemes
this may be accomplished by providing power to equipment that adds
value to locally produced raw materials, such as those shown in Figure 15.
This equipment can improve the efficiency of work practices and so
provides additional income or time for the community. The initial
investment for a pico-hydropower system can be made either directly by
the local community, such as Vietnam [23] or supported through grants
and subsidies from local authorities, such as the subsidy programme run
by the Government of Nepal [67]. A study of 24 micro-hydropower
systems in Nepal evaluated technical, social and economic success and
failure points within the systems [68,69]. It identified several key
parameters for success of a project, such as the number of industrial and
commercial loads fed by the system, maintenance quality and the use of
trained operators. One major success factor was the number of industrial
loads that were supported by the system, as this gave the management
committee additional income and was able to increase the capacity
factor.

(B) ©

Figure 15. Potential income generating loads: (A) agricultural product processing, (B) ice-maker for
fishermen, and (C) furniture workshop (Photo credit: (A) and (B) Sam Williamson, (C) Surendra Pandit,

PEEDA).

However, pico-hydropower systems are typically too small to support
many income generating loads. Machinery such as mills, rice polishers
and hand tools use induction machines to do the work, which have large
inrush currents on start-up, often up to 5 times that of their steady-state
running. As they are loaded, they draw increasing amounts of current.
Many pico-hydropower systems are less than 1 kW. Therefore, it is
normally only used for domestic loads. One option is to use a direct
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mechanical drive in the turbine house which, when operated in parallel
with a generator and load controller, allows the turbine speed to still be
controlled as long as it is not overloaded.

As rural domestic electricity consumers get used to using electrical
power, and any economic benefit that it may bring, the number of
electrical household items increases from lighting, to televisions, DVD
players and refrigerators. Although electric cooking equipment is
available, the power demand from this is incredibly high, and so often it
is not used especially in rural areas [70]. Therefore, at peak times of the
day, normally in the morning and evenings for domestic only loads
systems, the voltage in the system drops, known as sagging. This effect
can be seen in Figure 16. During the evening, the voltage sagged so much
that the monitoring equipment was unable to measure the load. The
sagging causes resistive loads to reduce their power consumption, so
incandescent bulbs dim, and the result is often referred to as a brown-out.
However, other types of loads behave differently. Modern equipment
interfaced with power electronics are often constant power loads, and so
as the voltage drops the current demand by the equipment increases,
causing the voltage to drop further. If the current draw from the
generator is too large, then the circuit protection trips, normally a circuit
breaker located in the turbine powerhouse, causing the system to shut
down. The reset of the circuit breaker then requires a visit to the
powerhouse, which often is downhill, across difficult terrain.

Monitoring
>~ equipment
not operating

(_)k/Voltage sagging

RN‘IS)

v

Line Voltage

Active
Power (W)

p—— I_ w Y I
! o~ e f:
U o S ) . " [~ o

0:00 04:00 08:00 12:00 16:00 20:00 00:00
Time of Day (hour)
. Line Voltage ~ Active Power

Measurement Point Measurement Point

Figure 16. Line voltage and power demand on a pico-hydropower system in Nepal, measured over 5
days [71].
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The capacity factor of a system is defined by the following equation:
Capacity Factor = Useful Output Power/Total Output Power (@))]

is a key metric to understand a system’s viability. For small hydropower
systems, the capacity factor can be as little as 20% [72] and in the
example measured in Figure 16 it was calculated to be around 30%. This
increases the overall cost of energy produced by the system, making it
less financially viable. There is also a trade-off in designing a system. As
previously shown in Figure 10, the flow varies across the year, a system
can be designed to operate all year at maximum power, therefore the
potential capacity factor could be high, but the overall output energy
across the year is low. Alternatively, the system could be designed to be
able to make use of the larger flow periods and with the ability to
generate more power, but in the low flow season(s) the capacity factor
would be much lower.

It is important to assess the financial impact of the capacity factor,
flow variability and generator power limits at the design stage. If this is
not carried out, especially with systems only able to supply residential
loads, frequent demand overloads lead to power cuts and can cause a
community to revert back to its previous energy sources. The electrical
system then falls into disrepair and the initial investment in the system is
wasted. However, there are social and technical solutions to overcome
these issues.

Education and community cohesion are key components in ensuring
the continuing viability of pico-hydropower electrical systems. Often
when a pico-hydropower system is installed in a remote community, it is
their first experience of grid level electrical power. Therefore,
community members must be sensitised to the opportunities, constraints,
and maintenance and servicing needs of the new electricity system. As
can be seen in Figure 16, there are often two peaks in the demand in
isolated communities; in the morning at breakfast time, and in the
evening. Educating the community to only use necessary loads during
this period will ensure that the system has less stress put on it. Typically,
the longer a user has had access to electricity, the more consumption
devices they have, which leads to continuing demand growth on the
system [73]. Most pico-hydropower systems have a fixed capacity, and
increased demand without careful use will either cause more frequent
voltage dips or system overloads. Communities should therefore be
educated in how to manage their demand to ensure this does not happen.
For example, on the Isle of Eigg, Scotland, each household has a fixed
consumption limit which they are not allowed to exceed, and the
community electricity delivery company issues warnings when supply is
low [74]. In some schemes in Kenya, India and elsewhere, simple load
limiting devices have been implemented to restrict consumer
demand [75].
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(A)

Technical solutions are available to increase a system’s capacity factor.
When a pico-hydropower system is overloaded, the ELC cannot maintain
the voltage or frequency and the current exceeds the safe limit causing
the circuit protection to trip. As previously discussed, the inrush current
transient at start up for induction machines can cause the system to
overload and the circuit breaker to trip. A novel ELC has been developed
[37,76] that allows the turbine speed to droop as a highly inductive load is
attached, reducing the inrush current, and then slowly increases the
rotational speed back to its nominal value (Figure 17). This has been
shown to reduce the inrush current to 1.5 times its steady state value,
reducing the demand on the hydropower system. These ELCs are now
commercially available in Nepal [76].

(B)

Figure 17. Photo of the (A) drooping ELC and (B) the output running an angle grinder (Photo credit: Sam

Williamson).

An alternative approach to load control for use in cases where a
village is supplied by a single generator has been developed and is known
as a distributed electronic load controller (DELC) [77]; a schematic is
shown in Figure 18. An individual DELC is installed at each household,
and each household is assigned a power consumption. When the
household load is below the assigned threshold, the DELC diverts the
extra available current to a useful sink for the excess power, typically a
load such as a water heater or rice cooker. A smaller ELC is still installed
at the generator to accurately regulate the output voltage, but it does not
have to take the full generator rating as the household DELCs absorb
most of the excess load. One drawback to this system is that it still does
not regulate household consumption, and so system overloads are still
possible. However, it does provide some redundancy as there are several
ELCs able to regulate the output if there is a failure in one of the switches.
A further practical need is minimising the cost of producing individual
DELCs for each household for the system to be economically viable in low
income villages.
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Figure 18. Schematic of distributed electronic load controller (redrawn from [77]).

Using the power from multiple interconnected pico-hydropower
systems can enable income generating loads [78]. For the interconnected
pico-hydropower network, the units are connected together using
inverters to form a grid, Figure 19. The individual inverters use locally
measured values to regulate the grid, and require no external control
inputs to power flows between units and the loads. This provides a more
reliable, redundant system, with the opportunity to feed larger loads and
expand the system as capital allows. The inverter controller has been
simulated and validated experimentally [63] but it has not yet been
validated in full-scale hardware tests.

= — Power Lines
5@ RET sites
m  House/Business

Figure 19. Interconnected pico-hydropower off-grid network concept, linking multiple pico-hydropower
turbines together for a larger grid output power [78].

The capacity factor of a pico-hydropower system can be increased by
usefully using the dumped load from the ELC. This energy could be used
to heat water for a communal source, power an ice-maker to preserve
produce or pump water at times of low demand for drinking or irrigation
purposes. The energy could also be stored in batteries [79] or other
storage technology such as a fuel cells [80] (although it should be noted
this is currently not appropriate for rural integration), to be fed back into
the system during times of high demand. This technique would allow
loads larger than the turbine capacity to be connected onto the grid for
short periods or time, and reduce the number of overloading incidents. It
has been proposed that an Internet-of-Things-based system [81] could be
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used to manage loads on the ELC, providing useful community-based
loads such as heating or light for greenhouses.

For the financial viability of pico-hydropower systems, the capacity
factor has to be as high as possible, so all generated power is being
usefully consumed. This can be technologically enabled by using
intelligent or distributed loads, storage elements within the control
system or interconnected pico-hydropower units. Alongside this, raising
awareness of times of high demand and low demand within communities
can support consumers to choose when to use power, reducing voltage
sagging events.

LOCAL MANUFACTURE IN DEVELOPING COUNTRIES

Pico-hydropower turbines can either be built locally, mass
manufactured and imported, or a mixture of the two with some
components locally sourced and others imported. This choice is also
available with small wind turbines, although often locally made wind
turbines are able to be built in even more basic workshops using
reclaimed materials and require less accuracy in manufacture [82]. Mass
manufactured pico-hydropower turbines are generally perceived to have
an optimised and efficient design and good build quality. Economies of
scale provide the potential to reduce the cost per unit. However, mass
manufactured units require specific environmental conditions for
efficient operation, so the site must be modified for the turbine. Some
turbine designs are able to be manufactured in country. There are
several advantages to this, boosting the local economy and capacity
building [82], knowledge of how to maintain and service the system
locally, and it has been identified as an essential aspect for successful
pico-hydropower projects in several central African countries [83]. The
Hydro Empowerment Network (HPNET) have supported this approach,
providing a forum to share good practice and to transfer successful
technology between countries with similar rural energy needs in South
and South-East Asia [84].

Basic local workshops that are able to manufacture and repair
pico-hydropower turbines need facilities to cut, form and weld steel, a
lathe to turn parts, and a pillar drill. The designs of turbines need to
recognise the limitations of the workshops, and not require complex
machining or large component/assembly machining. Often, tolerances
are closer for hydropower turbine machinery than wind turbines, so the
technicians are required to be reasonably skilled to produce good local
hydro systems. Short case studies of designs that are made for local
manufacture in simplified workshops are discussed below. These
examples provide a basis to develop rules for redesigning
pico-hydropower turbines so they can be manufactured in local
workshops with local labour.
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Pico Power Pack

The Pico Power Pack [17] is a design of Pelton Turbine with a
directly-driven induction generator, Figure 20. The development of the
design is described in detail in [50]. The objective of the design was to
enable ease of manufacture while maintaining good performance. The
main features that distinguish the design are: horizontal shaft, with the
runner attached to a shaft extension from the generator; fixed nozzle;
removable casing; buckets suitable for relatively high flow rates which
are cast individually and bolted to the runner. The chosen runner
geometry was designed for high performance, but without compromising
strength or reliability.

Figure 20. Pico Power Pack with casing removed (Photo credit: Phil Maher, Hydromatch Ltd.).

Detailed guidelines for manufacturing the Pico Power Pack are
available freely on the web [85] and were disseminated through training
courses run in Asia, Africa and Latin America. Variations of the design
are now being produced by a number of manufacturers in different
countries, including Nepal (Power Tech), Peru (Tepersac), Indonesia (PT
Heksa and Protel Multi Energy). Turbines of this design have been
imported from Peru to the UK for use on small (<5 kW) grid-connected
schemes, or replicated on a Do-it-yourself basis [86].

Locally Manufactured Crossflow Turbines

The Crossflow turbine developed by Banki and Michell [87]
independently at the beginning of the 20th century has many qualities
that make it suitable for manufacture in basic workshops. The runner
and casing can be made from sheet metal, with the runner blades either
formed or made from pipe, and the components welded and bolted
together. Since the mid-1970s, simplified versions of Crossflow turbines
have been wused across the developing world to provide rural
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electrification [13], becoming ubiquitous at low to medium heads due to
their simple manufacturing and ability to manage a range of heads and
flows. The Crossflow turbine can also be adapted for a wide variety of
heads and flows, leading to variation in turbine aspect ratios. The
base-level design for these turbines was developed by the Swiss Centre
for Appropriate Technology (SKAT) and other international development
agencies, which has passed through more than 15 iterations over the past
40 years [27,88]. Although often used at the micro-hydropower scale,
these Crossflow turbines can still be used at the pico scale, such as the
example from Nepal shown in Figure 21, the Indonesian Entec
TP100 [89,90], or the Remote Hydrolight Traditional Mill and Hindu Kush
Turbines [91].

Figure 21. 5 kW Nepali-made Crossflow turbine (Photo credit: Sam Williamson).

Alongside the SKAT crossflow turbines, other designs have been used
at small scale. The “Firefly” turbine was developed for use in the
Philippines to charge batteries at 12 V [92]. It was designed to be made in
simple workshops, using a car alternator to generate the power. There
are no complex machining processes required in manufacturing the
turbine, and the runner blades can either be made from bent sheet or cut
sections of tube. The matching between the turbine and the alternator is
critical and was found to reduce the system efficiency greatly [93].
Modifying the turbine design to run at a higher speed or changing the
alternator to a low speed version can improve the overall system
efficiency.

Giddens/PT Series Turbine

The turbines proposed by Alexander and Giddens [94] and the PT
series turbines [36] are low head propeller turbines that have been
designed to be manufactured in basic workshop environments. The
turbine runners, casings and supports can all be made from cold rolled
sheet and rod stock material. A method of manufacturing the complex
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runners was developed by [94] where a fixed flat guide is placed next to
the runner hub, and the blade cut out of sheet metal is then welded onto
the hub, as shown in Figure 22A, with the final finished runner shown in
Figure 22B. These simplified methods of manufacture can reduce the
efficiency of operation but allow the turbines to be manufactured and
repaired in a much larger number of workshops, and reducing the cost of
manufacture.

Figure 22. (A) Method of manufacturing the runner using a flat guide. (B) The final runner for a propeller
turbine made in a local basic workshop (Photo credit: Joe Butchers).

The PT series turbine was initially designed to be manufactured using
a lathe with a large centre height to produce the volute casing and runner
housing, which can normally only be done in very large machine shops.
However, design and assembly changes were implemented to allow the
runner housing to be machined prior to insertion into the volute casing,
saving time and money in manufacture, with only a small reduction in
efficiency [95]. This design change enabled the turbine to be
manufactured in a much larger number of workshops.

Locally Manufactured Archimedes Screw Turbine

A Japanese team designed and built an Archimedes Screw type turbine
in Tanzania using locally available materials in a small workshop [96].
The turbine was constructed from a steel shaft with ribs welded onto it.
The blades were fabricated from a steel mesh formed around the ribs,
onto which a glass-fibre coating and resin was applied. This was placed in
a rolled sheet steel trough and supported in a frame. To increase the
rotational speed of the output, motorcycle sprockets and chains were
used to connect the output of the runner with a car alternator, which was
then used to charge lead acid batteries. Although the reported power
output from this turbine was low, at around 25 W, with a large amount of
labour required to build it and a cost of $460, this design would be able to
be manufactured in local workshops very readily. With analysis of the
design and set-up, matching the speed of the generator and turbine and
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better understanding of the electrical system, the power output of this
turbine could most likely be increased.

Low Head Turgo Turbine

The low head Turgo turbine runner developed in Bristol [38] has the
potential to be made in basic workshops. Turgo runners are normally
thought to require complex casting production, however using the simple
Turgo cup design, these can be redesigned to be cast, fabricated from
steel or carved from wood, as shown in Figure 23. The fabricated steel
cup used a concrete die to form the cup shape. The carved cup would be
able to be hand carved, utilising skills available in many developing
countries. In hydrodynamic tests it was found that all cups had similar
performance [97]. However during strength tests it was found that the
wooden cup failed much earlier than the fabricated steel, due to the
anisotropic grain structure and inferior mechanical properties they
exhibit. These mechanical properties would degrade further with water
absorption which could be mitigated through sealing or painting the
cups.

A) (B) ©

Figure 23. Low head Turgo cups scaled for a 1 kW runner at 3.5 m head made from (A) cast aluminium,
(B) fabricated steel, and (C) carved wood (Photo credit: Joe Butchers).

Generalised Design Rules for Local Manufacture

Using the examples above, eight design rules can be drawn out for
local manufacture of pico-hydropower turbines.

1. Turbines should be designed to use simple stock material: sheet, rod,
angle and tube sections made from cold rolled or drawn steel. This can
be formed through bending and shaped to obtain the required
profiles.

2. The manufactured shapes should be simple, with no re-entrant
features.

3. Manufacturing processes such as bending, turning, welding, drilling,
and casting where required, should only be used. Basic tools and
tooling must only be required.

4. The size of component that is required to be turned should be
minimised where possible to allow the manufacturing to take place on
smaller machines.
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5. Electrical equipment should be sourced from readily available
designs, such as induction machines or car alternators. However,
careful design is required to make sure the turbine and generator
match well to obtain the maximum possible efficiency.

6. Jigs should be used to improve accuracy, especially on critical
components such as reaction runners. Their design and
implementation should be part of the initial design procedure.

7. Designs can be scaled through non-dimensional analysis, allowing the
turbine design to be applied in several different environmental
conditions.

8. As with many design for manufacture rules, adjustment should be
able to be made to the system once built, no special tools should be
required to build the system, and standard components should be
used wherever possible [98].

These design rules can be used with wider design implementation
concepts such as the nine principles [99], which provide a strong
contextual overview into how to improve design for smaller workshops
and how to localise designs for the environment it operates within.
Through this, more appropriate designs for pico-hydropower systems can
be developed and manufactured in-country enabling a more resilient
supply chain, and better social acceptance from the local population.

DISCUSSION

There are technical solutions to address each of the main challenges
identified, with some requiring more development and research to
achieve commercialisation. However, each of the challenges require
social, economic and policy developments alongside the technical
progress to enable future success of pico-hydropower systems. There are
three key non-technical enablers identified in these challenges:

e Understanding of the local context and regional support groups: The
environments that pico-hydropower systems are installed in are
different from country to country. Therefore, understanding the local
context in terms of physical and social environment is imperative to
ensure success of a project. This can be translated into technical
design changes, enabling policy development, cultural appropriation
of solutions, and understanding social acceptance of technology. This
also extends to local manufacturing practices. Regional support
networks can also provide important knowledge sharing across
geographic regions, enabling new ideas, designs and solutions to be
exchanged across technical, social, economic, cultural and policy
domains.

e Supporting system industrial loads to ensure financial security: A high
capacity factor of a plant enables more of the power generated to be
charged for. This could either provide a strong maintenance and
operation fund for the operator or reduce cost for users. With this
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designed in from the beginning of the project, this allows a more
financially secure system to develop and gives consumer the
confidence to rely on the system.

e Raising awareness amongst the appropriate stakeholder groups:
Promotion of technology and ideas with the stakeholder groups is
critical for successful introduction of a technology. Vendors and
installers must be made of aware the technology and understand their
benefits and drawbacks, to be able to promote and sell them to
individuals and communities. Policy makers may need to alter policy
to allow new technology to receive incentives similar technology has
access to.

CONCLUSION

This paper has identified and discussed four main challenges with
pico-hydropower: lack of low head solutions, ability to deal with variable
water flow rates, use of income generating loads on pico-hydropower
systems and the ability to locally manufacture and maintain turbines. For
each of these challenges, there are solutions that are currently available
or under research that can overcome them. Low-head sources are
prevalent in many countries, with both locally manufactured and
mass-produced solutions available for these conditions. Three critical
components for success in a pico-hydropower implementation are:
understanding the local context; the ability to generate income from the
energy provided; awareness and knowledge of technology amongst
stakeholders. Firstly, local context in terms of environment, social and
cultural norms, and economic and policy background enables technology
to be most appropriately applied to the situation. Using locally
manufactured options provides a strong option for a more resilient
supply chain, keeping knowledge of the systems in the region, and
enables local adaptations of designs for the environment. Secondly, a
strong operational plan during the design phase is key to the success of
the system. Income generation and financial viability ensure that a
system can continue to operate successfully, increasing the amount of
useful energy consumed. Finally, all stakeholders also need to be aware
of new technology to understand how it fits and can be adapted to their
context.
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