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FOREWORD

The book Guidelines for design of SMALL HYDROPOWER PLANTS
comprises the following ten chapters covering the main subjects connected with
the design of such plants:

1 — Hydroenergy.

2 — General types of small hydropower plants.
3 — Hydropower and water uses.

4 — Hydrology.

5 — Hydraulic design of small power plants.

6 — Small hydraulic turbines.

7 — Hydraulic transients and dynamic effects.
8 — Electrical equipment.

9 — Environment.

10 — Economic analysis.

The first three chapters contain an introduction to the problems involved in the
subject under consideration.

Chapter 4 deals with hydrologic studies for small hydroelectric schemes with a
run-of-the-river exploitation in order to define the design discharges of water
conveyance systems and of hydraulic turbines, and power productions. The
proposed methodologies may overcome the non-existence of basic flow
information at the river section of the scheme intakes.



Chapter 5 contains relevant information about the hydraulic design of intakes,
bottom outlets, hydraulic conveyance systems (including canals and penstocks)
and powerhouses.

The object of Chapter 6 is to characterise the differences among the types of
small turbines and their behaviour, as well as turbines application ranges and to
estimate main dimensions of the turbines.

Chapter 7 is the longest one (it fulfils with chapters 5 and 6 half of the book) and
presents the main problems concerning hydraulic transients and dynamic effects.

Chapter 8 deals with synchronous and asynchronous generators, electrical
facilities and control systems.

Environment impact assessment is the object of chapter 9.

Chapter 10, after considering capital costs, annual operations costs and benefits,
presents an economic analysis according to two different concepts and defines
economic indexes. It includes an application example of economic analysis.

The chapters authors are as following:

* Helena Ramos
- author of chapters 1, 2, 3, 5, 9 (being second author A. Betdmio de
Almeida), and 6, and second author of chapter 7 (being first author A.
Betamio de Almeida).
* A. Betdmio de Almeida
- author of chapter 7 (being second co-author Helena Ramos) and second
author of chapters 1, 2, 3, 5 and 9 (being Helena Ramos the first author).
* M. Manuela Portela
- author of chapters 4 and 10.
¢ Pires de Almeida.
- author of chapter 8.

Each author has a good professional experience as consulting engineer in the
field of his participation in this book. The first three mentioned authors also have
a significant teaching and research experience in such field. The very special
background of Prof. A. Betdmio de Almeida must be emphasised.



The book identifies the more important subjects of interest for the design of
small hydropower plants, which are treated under a rigorous, synthetic and
understandable way.

The text is completed by appropriated illustrations.
Thus, I think that the book will be a very useful tool for those who have a

participation in one or more of the multi-disciplinary aspects involved in the
design of small power plants and a favourable acceptance will be expected.

Anténio de Carvalho Quintela
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SYMBOLOGY

AGS

flow cross section (m?).

net interval between two bars of a rack of a rack (m).
actualisation factor (-).

horizontal area of the forebay (m?).

area of the watershed of the stream-gauging station (km?).
area of the watershed of the hydropower scheme (km?).
average price of the kWh (cost unit).

cross-section of the air vessel (m2).
superficial area (m2).

benefit/cost ratio (-).

forebay width (m).

hydraulic torque (N.m).

resistant or electrical torque (N.m).
superficial width (m).

length bar of a rack in the flow direction (m).
inlet runner height (m).

discharge coefficient (-); runner speed (m/s); parameter of flow
approximation (-); Hazen-Williams coefficient (m™*/s); present value
of the capital costs (cost unit).



Cq

CEC
Ci
CMP
Cp
Cr
Cu

Cvalv

thickness or diameter of a rack bar (m); wave celerity in open channel
or in a pressure pipe (m/s); specific runner speed (-).

discharge coefficient of a rack (-).

equivalent tariff of energy (cost unit).

coefficient of energy cost (-).

capital costs in year i (cost unit).

pipe material coefficient (-).

pipe material cost per unit weight (cost unit).

ratio area between free and total or gross rack area (-).

weir discharge coefficient (-).

valve discharge coefficient (-).

pipe diameter (m); average number of days per year during which
mean daily flows are equal or greater than a given flow (days/year).
solid particle density (ratio between specific weight of a particle v, and

of the watery, d = ﬁ (-); opening of the intake (m).
4

inlet and outlet diameter of a turbine runner (m).

reference dimension of a settling solid particle (m).

nozzle diameter (m).

optimum diameter or economic diameter (m).

Young's modulus of elasticity of the conduit walls (N/m”); Euler
number (-).

modulus of elasticity of rack bars (N/m?).

mean annual energy production (GWh).

Darcy-Weisbach friction factor (-); frequency of the electric grid (Hz).
rack bar oscillation frequency (Hz).

Froude number of the flow (-).

Froude number related to the wave propagation of a bore (-).

swirl frequency (Hz).

gravitational acceleration (m/s?).

annual flow depth (mm); specific energy flow (m); head (m); head over
the rack (m); piezometric head (m).

water depth (canal) (m).

atmospheric piezometric head (m).

downstream water level or outlet level added by kinetic head (m).
final head (energy) (m).

depth of the gravity centre (m).



IRR

desc

e

available gravity potential head or gross head (m).

annual flow depth over the watershed of the stream-gauging station in
year i (mm).

piezometric head in the junction section of the surge tank (m).

annual flow depth over the watershed of the hydropower scheme in
year i (mm).

neat head (m); head over the spillway (m).

piezometric head in the junction section of the air vessel (m).

piezometric head at any conveyance system section (m).

upstream level variation (m).

freeboard between the N, and the nozzle axe for turbine with vertical
shaft, and between water level of the river or rejection canal and the
lowest runner point for turbines with horizontal shaft (m).

rotating mass inertia (kg m?).

time step index (-).

inflow to the scheme water intake during time step i (m” /s).

internal rate of return (%).

angle between runner blades and rotational speed C direction (degree).
angle between the velocity vector (V) and the rotational speed (C)
(degree).

hydraulic headloss gradient (-).

hydraulic grade line of the interior pipe of the differential surge tank (-).

fluid bulk modulus of elasticity (N/m?); pipe Gauckler-Manning-
Strickler coefficient (m"?/s).

absolute pipe roughness (m); trash cleaning coefficient (-); index day
(-); overspeed coefficient (-).

singular head loss coefficient in junction section of the surge tank (-).
singular orifice’ head loss coefficient (-).

inlet or outlet singular head loss coefficient of the air vessel (-).

peripheral speed coefficient (-).

numeric factors to unit conversion (-).

coefficient that depends upon the angle o of the conical needle end (-).
distance between rack bar supports (m); pipe length (m); length of the
hydraulic circuit (m); weir length (m); length of the sedimentation
basin (m); field inductance (-).

perimeter of the internal weir in a differential surge tank (m).

forebay length (m).



N

Ngs

Nys

Nnoz

N,
NPV
Nres
Nriver

Pm
Po
Pt
PV

rotational speed (r.p.m.); period with simultaneous annual records of
precipitation depths and of flows depths over the watershed of the
stream-gauging station (-); time step index (-); polytropic coefficient
for the air behaviour inside a vessel (-); number of the project lifetime
periods (generally measured in years).

number of nozzles of a Pelton turbine(-).

free surface level in a forebay (m).

period with records either of mean daily flows at the stream-gauging
station or of annual precipitation depths in rain gauges located inside
or near the station watershed (years).

period with records of annual precipitation depths in rain gauges
located inside or near the hydropower scheme watershed (years).
nozzle level (m).

nominal rotational speed (r.p.m.).

net present value (cost unit).

reservoir water level (m).

water level at downstream powerhouse (m).

specific speed (r.p.m.).

present value of the annual operation costs (cost unit).

discharge over the spillway during time step i (m3/s).

annual operation cost for year j (cost unit).

annual precipitation depth (mm); installed power (kW); present value
of the reposition costs (cost unit).

number of alternator pairs of polos (-).

atmospheric local head (m).

precipitation depth over the watershed of the stream-gauging station in
year i (mm).

mean annual precipitation depth in the watershed of the
stream-gauging station (mm).

precipitation depth over the watershed of the hydropower scheme in
year i (mm).

mean annual precipitation depth in the watershed of the hydropower

scheme (mm).

reposition cost in year m (cost unit).
hydraulic linear growing power (kW).
installed turbine power (kW).

present value (cost unit).



Q

q
Qq
qa

i

daGsk
i

AHpPk

Qin
Qinlet
Qmax
Qmin
Qmod
Qmodyp
QHOZ
Qout
Qoutlet
Qr

Q RAC
Qres
Qres;
Qrw

QT+V
R

R
r

R.

Ry
R;j

St

turbine discharge (m?/s); mean daily flow (m’/s); spillway discharge
(m’/s).

unit discharge over an inlet bottom rack (m%/s).

design discharge (m’/s).

unit discharge trough the rack (m?s).

mean daily flow measured in the stream-gauging station during day k
of the year i (m3/s).

estimate, for the water intake of the hydropower scheme, of the mean
daily flow during day k of year i (m’/s).

forebay inflow (m’/s).

inlet discharge (m’/s).

design discharge of the hydropower scheme (m?/s).

minimum discharge compatible with turbine operation (m’/s).
modulus discharge or average of the mean daily flows (m’/s).
modulus discharge at the intake of the hydropower scheme (m’/s).
maximum discharge of each nozzle (m’/s).

forebay outflow, over the weir and for penstock (m’/s).

outlet discharge from the reservoir (m’/s).

discharge at any conveyance system section (m’/s);

discharge into or out of the air vessel (m3/s).

reserved discharge (m’/s).

reserved discharge during time step i (m?/s).

discharge at runaway conditions (m’/s).

turbine discharge and the valve discharge (m?/s).

present value of the revenues (cost unit).

mean annual benefit (cost unit).

radial distance (m); discount rate (%).

VSDSO .

Reynolds number (for sedimentation:R, = ; for pressurised

flow R, _UDy.
V

hydraulic radius (m).

revenues in year j (cost unit).

flow cross section of the nozzle (m?); cross-section of the rack (m?);
submergence (m); elastic wave transmission (%).

bottom slope (-).

Strouhal number (-).



Zy

Zey

Zrac

=

payback period (years).

time (s); pipe wall thickness (m).

guide vane closing discharge time (s).
elastic time constant (s).

instant i At after instant t; (s).

machine starting time (s).

average annual time operation (h).

initial instant of numerical simulation (s).
sedimentation time (s).

scour time of a particle (s).

vapour head (m).

hydraulic inertia time constant (s).

mean velocity of the flow (m/s).
V  absolute flow velocity in the turbine runner (m/s); flow velocity (m/s).

unit absolute flow velocity (-).
flow velocity (m/s).
sedimentation velocity (m/s).
kinetic energy head (m).

reservoir volume (m?).

maximum mean annual volume utilised in the energy production
(hm’).

mean annual flow volume at the stream-gauging station (hm?).

mean annual flow volumes at the water intake of the hydropower

scheme (hm3).
air volume inside the air vessel (m?).

relative flow (or meridian) velocity in the turbine runner (m/s).

unit relative velocity (-).

distance along the canal bottom or the pipe axis (m); flow and rack
direction (-).

water level at the tailrace (m).

water level at the intake (m).

water level in the surge tank (m).

water level in the air vessel (m).

angle with horizontal (degree); Coriolis coefficient (-).
coefficient of the rack bar (-).



€ relative roughness (-).

(0] angular rotating speed (rad/s).

v kinematic viscosity of the water (m/s?) (V=10 m/s?).

p specific mass of the fluid (kg/m’).

Y specific weight of fluid (N/m®) (e.g. for water = 9800 N/m®).

Y% specific weight (N/m’) of the bar material (e.g for steel 1,=78000
N/m’).

Yp specific weight of the pipe material (N/m’).

Vo specific weight of the water (N/m’).

n turbine-generator efficiency (-).

i efficiency of the powerhouse during time step i (-).

AE; energy production during time step i (GWh).

AH head loss (m).

Ah constant net head (m).

AH; pipe or canal friction loss (m).

Abh; constant net head during time step i (m).

AHy maximum transient overpressure (m).

AHr total head losses in the hydraulic circuit (m).

Ap pressure difference between two sections (N/m?).

AS variation of the volume of water stored in the reservoir during a time
step of the simulation program (hm?).

At time step of the simulation program (s).

AV turbined volume during time step i (hm®).

) output power angular non-phase (degree).

0 open degree of the nozzle (degree); angle of the canal with horizontal
(degree).

174 non-dimensional parameter that depends upon the elastic properties of
the conduit (-).

S singular loss coefficient that depends on the geometry of the singularity
).

o dynamic depression coefficient or Thoma coefficient (-); allowable
stress of pipe wall material (N/cm®).

Subscripts

1 and 2 upstream and downstream of wave front in a canal; inlet and outlet of a

m; p

runner.
model and prototype.
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HYDROENERGY Helena Ramos

A. Betamio de Almeida

1.1- Renewable energy concept

The renewable energy concept is basically associated to the following remarks:

¢ Inexhaustible energetic sources, in spite of being limited or
conditioned;

e Low polluted energy with small environmental impacts;

e Relevant component of a sustainable development.

Nowadays, the policy in most of the countries is devoted to assure additional
generating energy from renewable, in particular with small hydropower
schemes, which can contribute with a cheap source, as well as to encourage
internationally competitive small industries across a wide range of new energy
sources options and technologies.

The hydraulic power is one of the oldest energy sources of the mankind, namely
for irrigation and industry. Nowadays, small hydro is one of the most valuable
answers to the question of how to offer to isolated rural communities the benefits
of electrification and the progress associated with it, as well as to improve the
quality of life. The hydroelectric power plant utilises a natural or artificial fall of
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a river. The water flow energy is used to turn the wheel of a turbine and returns
again to the river. This type of electricity production does not consume water,
thus it is usually considered a renewable energy source. The flow will continue
to fall downhill and the water will continue to be available as a resource for men
and environment needs, thanks to the natural hydrologic cycle.

The economic utilisation of renewable energies is now based on new
technologies and on environmental protection techniques. Small hydropower,
with its multiple advantages, as a decentralised, low-cost and reliable form of
energy, is in the forefront of many developing countries to achieve energy self-
sufficiency.

Fig. 1.1 - Typical scheme of a renewable energy source based on the waterpower.

For environmental protection it must be considered, in each small hydro project,
the ecological or reserved flow in order to protect downstream the wildlife
habitats and to encourage or maintain the migration through fish-passages.

It will be enhanced the main advantages to develop small hydro comparing with
other electricity sources:

e [t saves consumption of fossil, fuel, and firewood.

e [t is self-sufficient without the need of fuel importation.

e It does not contribute for environment damages by resettlement, as it
occurs with large dams and reservoirs.

e [t can be a good private capital investment in developing or developed
countries.
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e [t offers a decentralised electrification at a low running cost and with
long life.

A small-scale project can also induce tourist activities and can benefit both rural
and small urban areas with a friendly water scenario.

1.2- Hydroelectricity:
energy conversion and hydropower principles

The theory of hydropower generation is based on the conversion of the hydraulic
potential energy of a flow into electric energy, which corresponds to a
differential net head. The energy of the flow is associated to the gravity energy
through natural or artificially created topographic water falls in rivers or through
hydraulic conveyance systems, composed by pressurised pipes or penstocks or
by mixed hydraulic conveyance system composed by canal and penstocks.

According to the principle of conservation of energy, the energy balance of a
steady flow from A to B will obey to the following relationship:

2 2

ZA+p—A+M=ZB+p—B+aB—UB+AHAB (1.1
pg 2 pg 22

-\ R

HA HB

where Z, and Zg (m) are the elevations above a datum plane, p, and pg (Pa) are
the pressures at the centres of gravity of the flow cross sections at A and B, Uy
and Uy (m/s) are the average flow velocities respectively at A and B, p (kg/m’)
is the water density, g (m/s”) is the gravity acceleration and o, and o are
numerical coefficients accounting for the non-uniform velocity distribution.
Equation (1.1) express that the difference between total heads at A (H,) and B
(Hp) equals the headloss AHsg between the two flow cross sections, where the
head is the total flow energy by the weight of the flowing water.

For free surface flow, equation (1.1) simplifies to the following form:

AH g :NA_NB+(O(‘AU3§_O(‘BU]23)/2g (1.2)



Guidelines for design of SMALL HYDROPOWER PLANTS

where N and Np (m) are respectively the elevations of the free surface of cross
sections at A and B. Equation (1.2) express that the dissipated head equals the
head difference between A and B. Should the difference o, U3 — o, U be very
small or equal and the dissipated head equals the difference between elevations
Ny and Np.

Dam

Headwater

_________ - AHcg Head loss

Net head to
be converted

H,

B Tailwater
or
Powerplant

i H Total head
__________________________ - upstream the
powerplant

Diversion works

Fig. 1.2 — Different types of hydropower schemes.

The basic hydropower principle is based on the conversion of H, or net head, the
large part of the naturally dissipated head along a watercourse into mechanical
and electrical energy (Figure 1.2):

H,=H, -AHg, (1.3)
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implying that the headloss AHcp along the hydraulic conveyance circuit of the
scheme will be much less than H,. The headloss between A and C are artificially
reduced in order to convert H, into electricity.
The net head of a small hydropower plant built at section B can be created in
quite a number of ways. Two fundamental ways are the following ones:
o to built a dam across a stream to increase the water level just above the
powerplant;
« to divert part of the stream, with a minimum of headloss, to just above
the powerplant built far away the dam.

The net flow power P, and the corresponding energy E, over an interval time At
(s) of the hydropower plant will be respectively:

P,=pgQH, (1.4)
E, =pg QH, At '

where Q (m’/s) is the constant discharge diverted to the powerplant.

The final useful head delivered to the electrical network is smaller than the
available gross head:

H, =1nH, (1.5)

where 77 is the global efficiency, resulting of the multiplication of partial
efficiencies from the successive transport and conversion phases (77 < 1).

Along the same watercourse the total gross head can be profited by a multistage
scheme with several powerplants (i.e. cascade system).

The hydroelectricity production is an energy conversion process, in which the
water is the vehicle of transmission and transformation of the gravity potential
energy into mechanical and electric energy by the turbine-generator set installed
in the powerhouse. The water is led through pipes and/or canals to the turbine,
which turn the shaft of the generator to produce electric energy. From the
powerhouse, after a convenient voltage transformation, transmission lines carry
electricity out to communities or to the national grid.
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In ariver, the available potential energy or gross head (H,) will be converted in a
system through the following components:

e Reservoir: constitute a storage form of the available potential energy and
creates the conditions for water diversion through the intake.

¢ (Conveyance system, including the intake, conveyance canal, penstock,
galleries and tailrace or outlet where part of the available energy is
converted into kinetic energy; another part is transformed into reversible
flow work capacity (pressure head) and another part is dissipated in heat
(by fluid viscosity) resulting in the net or useful head.

e Hydraulic turbine: where the net head is converted into rotor speed of the
turbomachine.

® Generator rotor: the mechanical energy on the shaft maintain the speed of
the rotor and it is transformed in electric energy according to
electromagnetic laws.

e Line to link to the grid: the electric energy is driven and transformed in
order to connect to the grid for transportation to long distances and
distribution.

Powerplant

Tailwater

Diversion canal
om the river

i5]
Generator

T

Fig.1.3 — Small old hydroelectric scheme
(adapted from MACINTYRE, 1983).

The hydraulic engineering intervention has a major contribution in these types of
projects, namely in the planning, conception, study, design, building and
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exploitation phases of a project that involves multidisciplinary teams, with
technicians and experts in several domains: civil, mechanical, electric
engineering and specialists in geologic and environmental sciences, among
others.

Adequate head and flow are necessary requirements for hydro generation. For
the head characterisation is necessary to consult available maps and confirm “in
situ” trough field visits and surveys about the potential sites. Typically, maps
information need to be complemented by field surveying along the hydraulic
circuit. Such maps are particular important for positioning the structural
components of the system. In what concerns the flow, a hydrologic study must
be carried out. After a first approach to power potential calculation, estimation
of energy output, identification of civil works and other critical issues (e.g.
environmental and social constraints), a technical-economic feasibility study
must be performed.

In small hydroelectricity, the hydraulic structures will be much less complex
than in large hydroelectricity. The hydraulic conveyance circuit can be
integrated in other components for multiple purposes (e.g. irrigation or water
supply schemes). Sometimes, small hydropower plants can be very
unconventional both in design concept and in components (e.g. the turbines can
replace pressure reducing valves or other types of localised dissipation of excess
head). The small hydroelectricity depends mainly upon the local and regional
characteristics. It has low environmental impacts but also a relatively less
guaranteed energy production due to the very small storage volume in the
upstream reservoir.

1.3- Environmental considerations

Hydropower plants produce no carbon dioxide, sulphur oxides or nitrous oxides,
no air emissions and no solid or liquid wastes. Nevertheless there are impacts by
retaining water and inducing sediment to settle down, as well as by obstructing
the fish passage and upsetting the wildlife habitats.

The world concern about global planet warming phenomenon essentially due to
CO;,, SO,, NOy emissions in energy generating process with fossil fuels and the
problem for the future of nuclear wastes, more and more will be emphasised the
advantages of energy production trough renewable sources. Hydropower
represents an important environmental benefit to aid sustainable development
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because there is no release of carbon dioxide that contributes to ozone depletion
and global warming. In the future a penalty cost by combustion of fossil sources
should be applied. Being hydroelectric energy 11.7% from total generated
energy in European Union, the small hydropower plants can still occupy a
relevant contribution around the world, being estimated that the energy
production through renewable sources can increase three more times than the
values obtained in ninety decade.

However the abstraction of water from a watercourse must be controlled in order
to avoid serious damages to aquatic biota between the intake and the tailrace. In
fact, a variable residual flow should remain along the year between the diversion
dam and the powerplant. This residual flow, also known by reserved flow,
compensation or ecological flow, must be environmentally acceptable. In
particular, in seasons of low flow the residual flow is very important in order to
keep a steady regime to warrant the aquatic natural development and the water
quality. In this way, a compromise has therefore to be sought to ensure the
maximum energy production with maintenance of the equilibrium of the aquatic
system.

The small hydropower does not require high dams because the majority of them
are run-of-river schemes, meaning simply that the turbine only generates when
there is available water. A minimum daily storage and flow regulation is
typically guaranteed. When the river dries up the generation ceases.
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GENERAL TYPES g
OF SMALL '
HYDROPOWER PLANTS

2.1- Classification of hydropower plants

The classification of hydropower plants can be based on different factors:

e head: low (less than 50 m); medium (between 50 and 250 m); high
(greater than 250 m);

e exploitation and storage: with daily (or seasonal) flow regulation
(reservoir type); without flow regulation (run-of-the-river type);

e conveyance system: pressurised (penstock); mixed circuit (canal and
penstock);

e powerhouse site: dam or diversion scheme;

e energy conversion mode: turbining or reversible pumping-turbining;

e type of turbines: impulse, reaction and reversible;

¢ installed power: micro (Pt < 100 kW); mini (100 kW < Pt < 500 kW);
small (500 kW < Pt < 10 MW).

The classification based on the power is very important because is an
institutional and legislate reference (ESHA, 1994).

9.
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The present concept of small-scale hydropower is neither a miniature of large
hydro nor a simple repetition of old techniques, but it requires advanced and
modern studies and properly adaptations for different solutions.

2.2- Hydropower schemes

In Europe, the development of small hydroelectricity has known a new growing
since the seventies, due to the world energy crisis and concerns of negative
environmental impacts, as well as due to the development of automation and
remote control (i.e. abandoned exploitation) and the standardisation of the
equipment (e.g. for turbines and generators). The small hydropower can fill the
gap of the decentralised production, for instance for private or municipal activity
production for sale to national electric grid or for supply industries, rural or
isolated zones, improving their development.

Small hydropower is typically associated with rivers with catchement areas of
less than 200 km®. The net head and the plant discharge are two important
parameters to be considered in the small hydropower design. The reservoir for
discharge regulation allows, under certain limits, to make independent the
energy production from river flow variations. With an adequate reservoir volume
it is possible to program the power generation in order to be able to satisfy the
demand or to sale energy in rush hours, when its price is valorised. Nevertheless,
a small hydropower plant is rarely compatible with a large reservoir due to
economic constrains. However, it can be shared with other types of water uses
(e.g. irrigation systems, water supply systems, flood protection structures or
discharge regulation structures), and can generate energy whenever excess
discharge exists.

According to the mode of net head characterisation, the following main

hydropower schemes can be identified:

Dam scheme - The dam is used to concentrate the head, which raises the
upstream water level. In this way, the powerhouse can be placed
either at downstream incorporated inside the dam.

-10 -
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Fig. 2.1 — Typical scheme of dam used to raise head for intake
diversion and small water storage.

Diversion scheme — The utilisation of diversion structures, such as canals,
tunnels or galleries or low-pressure conduits allows the head gain.
A small dam can be used with long hydraulic circuit in order to
obtain the net head at downstream end.

Small dam

m

Canal

Penstock

N

Powerhouse
Fig. 2.2 — Typical scheme with a mixed hydraulic conveyance
circuit with a canal and a penstock.

Mixed scheme - A dam can partly raise the net head and a long hydraulic
conveyance circuit will raise the other part.

Small dam

Surge tank

Tunnel or
gallery

Powerhouse

Fig. 2.3 — Typical scheme of a low pressure tunnel
and a penstock as a diversion structure.

-11 -
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According to the mode of discharge exploitation, the following hydropower
scheme types can be identified:

Run-of-the-river scheme — Power is generated without inflow regulation.
It is a common scheme applied to mini or micro hydropower plants.

Daily regulation scheme — Power is generated according to the natural
fluctuation of the daily demand, the water being stored in a
regulating pond or small reservoir at off-peak times and discharging
it at peak hours, resulting a bigger energy output comparatively to
without regulation capability.

Seasonal regulation scheme — This scheme is commonly applied in larger
power plants, which needs a reservoir to store water in rainy season
and discharge it in the dry season, enhancing a constant energy all
year (normally it is not a common scheme in small power plants).

Cascade scheme — The cascade scheme is a typical exploitation of the
river, in order to make the best use of the river falls.

Fig. 2.4 — Example of a cascade scheme of large dams (courtesy of EDP).

In case of existing water intake in differential canal (e.g. irrigation system) it can
be used a siphon, which penstock pass over the dam without affecting it.
Nevertheless, for the turbine start-up it is necessary to use a vacuum pump and
for the stoppage, the system must have installed an air valve. The gross head is
equal to the difference between upstream and downstream water levels
(normally for schemes with heads smaller than 10 m and discharges between 1to
50 m’/s). These solutions can avoid onerous civil works.

-12 -
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2.3- Site location

A hydro generation site is mainly conditioned by head and flow requirements. In
a preliminary stage, the power potential and energy output, the estimation of the
need works, and the economic feasibility, must be studied.

Depending upon the geographical characteristics of the available site, the
hydropower scheme can have high or low head. High head schemes can be less
expensive because, the required hydraulic equipment (e.g. dam, turbines and
valves) will be smaller. Nevertheless, the topographical and geotechnical
characteristics could constrain the type and the alignment for the conveyance
system. The nature of the streambed, bends and the access, stability of the soil,
are important condition factors to take into account in the site choice.

13-
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HYDROPOWER \
AND WATER USES '

3.1- Power generation and different sector-users

Water resources can be used in different ways to serve the society, taking into
consideration all demands arising from different social and economic sector-
users. Meanwhile, the exploitation and the utilisation of water resources aim to
obtain the maximum benefit that should be controlled in order to reduce natural
hazards and environmental impacts. Small hydropower can be associated with
different water uses:

Power generation and water supply - Water conveyance systems to feed
a water supply of a town through a pressure pipe, from a reservoir
to a treatment plant are, e.g., equipped by a valve system to
dissipate the excess energy. In that case, a turbine can substitute this
dissipation system. However, this solution demands the installation
of a by-pass in order to guarantee the flow continuity in case of
turbine stoppage. The turbo-generator units will work according to
special regulation and control systems under the command of a
water treatment plant. They can be built in canals or on water
supply high pressure pipes (e.g. micro turbines replacing pressure-
reducing valves to take the advantages of excess head — Figure 3.1).

-15 -
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Water supply system
Reservoir

Pressure
reducing valve Housings
Water distribution

@7 system -
e
L

N

| Generator
Inlet

control ~ [
Daily demand valve

IASRNNS NN N -

. Turbine

Outlet

Inlet —*[Iﬂk:l/ l

Fig. 3.1 — Example of application a micro-turbine as a pressure reducing
valve in a water supply system to yield power.

Power generation and irrigation — It is possible to install a powerplant in
irrigation canal or in a lateral by-pass canal, with a small penstock,
in order to take the advantage of the head created by an upstream
dam. In several irrigation schemes there is the opportunity to insert
a small powerplant and to convert, permanently or seasonally, the
excess head into electric energy:

o should an upstream dam imposes an excess head relatively to
the downstream delivery canal, a turbine scheme can be
envisaged in order to replace, totally or partially, the dissipation
structure;

« along an irrigation canal, significant topographic uneven can
be used by a diversion scheme out of irrigation period (e.g.
whenever exists uneven between canal branches, with different
water levels).
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Outlet works

Fig. 3.3 — Scheme of a power generation in an irrigation system.
Diversion works for the powerhouse.

-17 -
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Power generation and flood prevention - Dams can be used to prevent
floods through the creation of reservoirs that should be emptied
ahead of a rainy season, although allocating a certain volume in the
reservoir for power generation. An integrated management of
reservoirs operation tends, nowadays, to reduce the energy loss to a
minimum and to benefit water users. Nevertheless in small
hydropower plants this is not enough significant.

Fig. 3.4 — Visualisation of the dry zone to absorb floods.

Power generation and fish protection - Damming a river impedes fish
migration and the passage between downstream to upstream sides
and vice-versa, when it is applied, being necessary to built fish-
passes and to assure the navigation, in case of it is applied.
However, the reservoir would create a special spot for recreation
and breeding conditions for aqua-culture.

Fig. 3.5 — Fish-ladders of pool-type with bottom orifice and top weir.
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3.2- The benefit of small hydropower plant

Automatic isolated or autonomous small hydro plants provide an alternative
solution to electric grid extension that serves widely scattered communities, as a
high efficiency power supplement in urban areas, small industries and for
domestic purposes. Namely, there is a great disparity between urban and isolated
rural zones, with a consequent imbalance in the accessibility of energy.

Local conditions limit the adequate alternatives where is feasible to invest. The
global profit of watercourse management based on integrated programs related
to the water uses can indicate the best sites to install these types of plants. It is
convenient to know about the existing or future water uses and the needs
whether for water supply, either irrigation, or energy and for tourist purposes in
order to avoid incompatibilities between different needs.

Fig. 3.6 — The effect on the landscape of low dams.
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HYDROLOGY M. Manuela Portela

4.1- Introduction. Scope of the studies

The main objectives of the hydrologic study of a small hydropower scheme are
the characterisation of:

e the runoff at the water intake of the scheme in order to allow the
determination of the design discharge, and, thus, the design of the water
intake, of the diversion circuit and of the powerhouse, as well as the
evaluation of the energy production;

« the floods or, more precisely, the peak flows, to consider in the design of the
weir, of some of the diversion works and of the powerhouse (for instance, if
the turbines are of the Pelton type they should be located above the water
surface elevation in flood conditions, at the powerhouse outlet.

The flood characterisation involves a domain, which is not specific of small
hydropower schemes. For this reason, this subject will not be treated herein.
However the dam works built along the river need to be prepared for typical
floods according to an accepted risk or design flood criteria based on a return
period.

-21-
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Most of the time it is not easy to carry out the fulfilment of the previous
objectives, as there is not the required basic hydrologic data in the watershed of
the hydropower scheme.

In this chapter some simple methodologies that can be applied to the hydrologic
studies of small hydropower schemes when the available hydrologic data is
scarce are briefly and systematically presented. The proposed methodologies
partially overcome the non-existence of basic hydrologic information and with
some minor approximations allow the hydrologic and energetic characterisation
of the schemes under consideration.

More detailed analysis in the field either of the hydrologic studies or of theirs
application to small hydropower schemes can be found in books of hydrology
(LINSLEY and al., 1985, CHOW and al., 1988, MAIDMENT, 1992) and in
books specially dealing with the design of small hydropower schemes (ESHA,
1994, and JIANDONG and al., 1997)

4.2- Basic data required for the hydrologic study

The basic hydrologic data required for the evaluation of the energy production in
a small hydropower scheme is the mean daily flow series at the scheme water
intake in a period that has to be long enough in order to represent, in average, the
natural flow regime. By this way, it is reasonable to assume that the errors of the
estimates that result from the variability of the natural flows are minimised.

However, the small hydropower schemes, being frequently located in the upper
zones of the streams, have small drainage areas for which recorded stream flow
series are seldom available. For this reason, the inflows at the hydropower
scheme are usually evaluated by indirect procedures. Some of these procedures
utilise the transposition to the scheme water intake of the flow records in other
watershed, namely in the watershed of a stream-gauging station'.

For this last scenario, the required basic hydrologic data is next systematised. In
the next items, the methodology that allows the evaluation of the energy
production based on the previous data is presented. If the natural stream-flow

! A gauging station where records of the discharges of a stream are obtained, LANGBEIN and ISERI,
1960, p. 19.
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series at the section of scheme water intake is known, some of the procedures
presented in the next items become less important or, even, not applicable.

It should be pointed out that the decision of installing a stream-gauging station in
an ungauged watershed is mainly a long term decision that will only produce
usable results after several years of measures and, thereby, it is not a suitable
decision for design of any small hydropower scheme. In fact, only after a long
period of measurements it will be possible to achieve a series of flow records
having statistics characteristics that can be considered to represent the variability
of the natural flow regime. Once the small hydropower scheme is built and
started to operate it is advisable to measure the stream-flows in order to confirm
the design assumptions.

As mentioned, when the inflows to the hydropower scheme are not known, the
evaluation of the energy production can be based on the transposition to the
scheme water intake section of a mean daily flows series measured in another
site, namely in a stream-gauging station having a natural flow regime similar to
the one expected in the hydropower scheme.

When selecting the previous station one should guarantee that the corresponding
watershed and the one of the hydropower scheme have similar areas and are
close enough or both located in regions with similar hydrological behaviour, in
terms of similar mean annual values of precipitation and of runoff. The
hydrological comparison between the drainage areas of the stream-gauging
station and of the hydropower scheme can be based on maps of annual average
values of precipitation and runoff, which are published in most countries by the
appropriate water authorities.

The climate and the geological constitution, as well as the vegetal cover and the
human occupation and activity in the watersheds of the hydropower scheme and
of the steam-gauging station should also be similar. The period with stream-flow
records at the station has to be long enough, for saying, at least, twenty years.

In this conditions, it is necessary the collect the following data:
= For the stream-gauging station:

~  series of mean daily flows (in m’/s) in a period that will be denoted by
ngs years;
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- in each year with known mean daily flows, the annual precipitation in
rain gauges located inside and near the watershed of the station.

=  For the hydropower scheme:

- series of annual precipitation in rain gauges located inside or near the
watershed of the hydropower scheme. These records have to be
collected for a period as long as possible and during which all the rain
gauges have simultaneous data. This period will be denoted by nys.

The available precipitation data usually allows a detailed description of the
spatial variability of the precipitation as the number of sample points of the
corresponding gauging network is non-comparatively higher than the number of
stream-flow sample points. The annual values of precipitation are generally
related to hydrological years or water years® and are expressed as the uniform
vertical depths of water that would accumulate on the level surface of the
corresponding watershed if the precipitation remained where it fell (LINSLEY
and al., 1985, p. 55) — annual precipitation depths (in mm).

The quality of the collected data should be tested, at least in terms of the general
consistency of the records. The most common test to evaluate the consistency of
the annual precipitation data at each rain gauge is the double-mass analysis
which compares the accumulated annual precipitation in a station with the
concurrent accumulated values of mean precipitation for a group of surroundings
stations (LINSLEY and al., 1985, p. 70). If the records are consistent, the points
thus achieved are displayed along a straight line (Figure 4.1).

Mean of the accumulated annual
precipitations (10 3 mm)
40

,./"".’.r
30 -

20 ]

o
0 el

0 10 20 30 40 50 60 70
Accumulated annual precipitation (10 3 mm)

Fig. 4.1 — Double-mass test.

2 Generally from October 1 to September 30 (LANGBEIN and ISERI, 1960, p. 21 and LINSLEY and
al., 1985, p. 116)
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The application of the double-mass test to stream-flow records is, most of the
time, impossible, as there are not stream-gauging stations close enough in order
to allow the comparison of their records. So, the analysis of the consistency of
the annual flow records is usually based on a simple-mass curve analysis: graph
of the cumulative annual flows, generally as ordinates, plotted against time
(namely years), as abscissa. Once more, if the representation thus achieved
follows a straight line, the records are considered to be consistent (Figure 4.2).

Accumulated annual flow (10° m®%)

150 r""‘,.ﬁ"
100 4"'.#

50 "',,.f""'
o

0 10 20 30

40 50
Hydrologic year

Fig. 4.2 — Simple-mass test.

There are several other procedures, most of them of statistical nature, to
evaluate, in terms apart from the general consistency, the quality of the recorded
series. These procedures are, however, far beyond the scope of this book.

4.3- Mean annual and mean daily flow series
4.3.1 Introduction

Based on the hydrological basic data systematised in item 4.2, either for the
stream-gauging station or for the hydropower scheme, the mean daily flows
series at the scheme water intake can be performed according to the following
main steps:

o Evaluation of the mean annual flow depth in the watershed of the

hydropower scheme, based on the mean annual precipitation depth over the
same watershed and in a correlation between annual flow and annual
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precipitation. This correlation has to be previously established for the
watershed of the selected stream-gauging station.

« By using the previous estimate of the mean annual flow depth, transposition
of the mean daily flow series measured in the stream-gauging station to the
water intake of the hydropower scheme.

4.3.2 Annual precipitation and annual flow. Mean
daily flow series

Once the annual records of the rain gauges located inside or near the watersheds
of the stream-gauging station and of the small hydropower scheme are collected,
the annual areal average depths of precipitation over the corresponding areas can
be evaluated. For this purpose the Thiessen method can be applied (LINSLEY
and al., 1985, p. 71, SMITH, 1992, p. 3.20).

In this method the stations are plotted on a map, and connecting lines are drawn.
Perpendicular bisectors of these connecting lines form polygons around each
station. The sides of each polygon are the boundaries of the effective area
assumed for the station. Over this area the precipitation is considered to be
constant and equal to the one measured in the station. The area of each polygon
within the basin boundary is determined by planimetry and is expressed as a
percentage of the total area — Figure 4.3.

Observed Weighted
Station rainfall Area rainfall

(mm or in) (kmlor mil) (mm or in}
Py 10.0 022 22
P, 20.0 4.02 804
P3 30.0 1.35 40.5
Py 40.0 1.60 64.0
Ps 50.0 1.95 975

9.14 284.6

Average rainfall = 284.6/9.14 = 31.1 mm or in

Fig. 4.3 — Areal averaging of precipitation by the Thiessen method
(from CHOW et al., 1988, p. 79).
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Weighted average rainfall for the total area is computed by multiplying the
precipitation at each station by its assigned percentage of area and totalling.
Besides the Thiessen method, other methods, as the ishoyetal one, can be applied
to evaluated the precipitation over each watershed. The presentation of these
methods and the discussion of their comparative advantages can be found in
SHAW, 1984, 209-216, LINSLEY and al., 1985, p. 71, and CHOW et al., 1988,
p. 78-80.

If the digital elevation models of the watersheds are available, the previous work
can be significantly simplified taking advantages of a GIS capabilities, where
others area averaging methods, besides the Thiessen method, are implemented
and easily manipulated.

Once the series of annual precipitation depth over each watershed is known, the
corresponding mean annual value is obtained: Pgg(mm), for the stream-gauging

station, and Byp (mm), for the hydropower scheme
Pog =—2— and Pp=—— 4.1)

where P' (mm) denotes the precipitation depth in year i over the watershed
identified by the sub index.

According to the methodology presented herein, the evaluation of the mean
annual flow depth in the watershed of the hydropower scheme requires the
establishment of a relation between annual precipitation and annual flow for the
watershed of the stream-gauging station.

Let Pgs (mm) denote the precipitation depth over the watershed of the
stream-gauging station in year i (i=1, ..., n) and Hgs' (mm) the corresponding
annual flow depth obtained from the records of mean daily flows according to

365

) ZQGSk

H, =*——x86,4 4.2)
GS
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where Ags (km?) is the watershed area and qGSL (m%/s), the mean daily flow that

was measured during day k of the year i.

If the plotting of the annual precipitation, PGsi, versus annual runoff, HGSi, for a
common period of n years (i = 1, ..., n, n being as great as possible) displays a
good correlation between those two variables it will be acceptable to establish a
relation expressing, by means of statistics, the observed dependency (Figure
4.4).
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Fig. 4.4 — Relation between annual precipitation and runoff
(from LINSLEY et al., 1985, p. 255).

If a linear relation is assumed (which provides the simplest relation between
annual precipitation and annual runoff) the following expression can be obtained
by means of a regression analysis:

H=oP-B (4.3)

where o and [ are positive parameters that can be estimated from the sample of
annual values of precipitation and flow by the least square method (DRAPPER
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and SMITH, 1981). The parameter o should be less than one. The sub indexes of
H (annual flow depth) and P (annual precipitation depth) have been omitted as
(4.3) can be applied to a watershed different from the one to which the relation
was established (although both watersheds should have the similarities previous
pointed out).

Other types of relation between P and H can be assumed, for instances a
parabolic relation

H=oP-p (4.4)

where o and 3 should also be positive.

The choice of the most suitable relation between annual values of precipitation
and flow should result from the graphical analysis of the behaviour of those two
variables (Figure 4.4) and from the hydrologic specific knowledge of the region
where the small hydropower scheme is going to be built.

Applying (4.3) or (4.4), or an equivalent expression, to the mean annual
precipitation depth over the watershed of the hydropower scheme, E{P (mm), the

corresponding mean annual flow depth, ﬁHP (mm), is obtained.

The mean annual flow depth over the watershed of the stream-gauging station,
Hgs (mm), can be evaluated from the series either of the mean daily flows, qGSik

(m’/s), or of the values of HGSi (mm) given by (4.2)

ngs/ 365 i NG i
o sexY[ Yag | T
Hgs = — =—= 4.5)
AgsXngg Ngg

Let Vgg(hm’) and Vp (hm’) denote the mean annual flow volumes at the

stream-gauging station and at the water intake of the hydropower scheme,
respectively

g — HsXAgs

4.6
as 1000 (4.6)
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The transposition to the water intake of the hydropower scheme of the mean
daily flow series measured at the stream-gauging station can be finally
accomplished by applying the following relation:

I|.<tl

e 4.8)

GS

i i
durk = Yosk

<

where qHPL (m/s) is the estimate, for the water intake of the hydropower

scheme, of the mean daily flow during day k of year i.

Stream-gauging station

Mean daily flow (m® s)

60

20 Hydropower scheme water intake

2 ]l

Mean daily flow (m®s™)
. J. l llLl 60 ean dally low (m~ s

0 2000 4000
Time (day) 40

[— 20l ] | ‘

X VHP/VGS) “LL~ | ul I il‘ !I u\

0 2000 4000 Time (day)

Fig. 4.5 — Obtainment of the chronological diagram of the mean daily flows at the
hydropower scheme water intake.

Applying (4.8) to the flow series measured at the stream-gauging station the
mean daily flow series for the water intake of the small hydropower scheme is
obtained. Once this series is known the correspondent chronological diagram can
be established — Figure 4.5.

The application of relation (4.8) leads to an approximated idea of the mean daily
flow series at the water intake of the scheme. However, this idea is frequently
the best one, as alternative daily models require much more data and are often
highly complex, as the deterministic models that perform the transformation of
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precipitation into runoff (rainfall-runoff process models). It should be noticed
that assuming relation (4.8) is equivalent to consider that the shapes of the
non-dimension chronological diagrams of the mean daily flow series’ at the
stream-gauging station and at the scheme water intake are equal.

4.3.3- Mean annual flow duration curve

Two techniques are available to determine the energy potential of a hydropower
site, namely, the flow duration curve method and the sequential stream-flow
routing.

The evaluation of the mean annual energy production in a small hydropower
scheme with a run-of-river exploitation was traditionally based on a mean annual
daily flow duration curve. This curve gives for each value of the mean daily
flow, Q, the average number of days per year, D, during which occurred mean
daily flows equal or greater than Q (MOSLEY and McKERCHAR, 1992, p.
8.27) — Figure 4.6.

Mean daily flow (m®s)
25

20

15

12\
SN—

0 100 200 300
Time equalled or excedeed (day)

0

Fig.4.6- Mean annual daily flow duration curve.

Once the mean daily flows at the hydropower scheme are evaluated, the
corresponding mean annual daily flow duration curve can be obtained by
organising those flows by magnitude instead of chronological.

The flow duration curve can also be represented in a dimensionless form in what
concerns the mean daily flow series or both these flows and the time —
Figure 4.7.

3 Chronological diagram of the mean daily flows divided by the corresponding average.
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In the Figure 4.6, Qmod represents the modulus or the average mean daily flow
derived from the known mean daily flows by summation and averaging. For the
hydropower scheme Qmodyp (m® s™) can be obtained by one of the following
expressions:

n (365 .
_ E(glqu) _ ﬁHP XA _ vHP
Qmod,, = - - (4.9)
365%n 0.365%x24x3.6 0.365x24x%x3.6

where ﬁHP (mm) is evaluated by applying (4.3) or (44) or an equivalent
relation, VHP (hm?) is given by (4.7) and the meaning and units of the other

variables have already been presented.
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Figure 4.7 — Dimensionless forms of the mean annual flow duration curve.

Taking into account the procedures that led to the mean daily flow series at the
hydropower scheme water intake, q,;p, (m’/s), it is easy to conclude that the
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dimensionless forms of the mean annual daily flow duration curves thus reached
for the scheme and the one relative to the stream-gauging are equal.

Once a dimensionless mean annual daily flow duration curve is put in a
dimension form by multiplying its ordinates by a modulus, Qmod, the curve thus
obtained will become exclusively representative of the watershed to which that
modulus is referred.

The mean annual daily flow duration curve at an ungauged site was traditionally
based on the adoption of a standardised regional non-dimensional duration
curve. The curve selected was next synthesised by multiplying its ordinates by
the hydropower scheme modulus, Qmod, in order to provide its particular flow
duration curve with numerical discharges.

However, the previous traditional methodology only leads to reasonable results
with respect to the energy evaluation when no storage capacity is available in the
hydropower scheme, that is to say, when the scheme has a pure run-of-river
exploitation. At the same time and even for a run-of-river scheme, this
methodology only gives the estimate of the mean annual energy production and
it does not allow any simulation study in order to analyse the variability of the
energy production due to the natural variability of the flows.

Regional standardised flow duration curves are generally available in all
European countries. The criteria that lead to the establishment of those curves
depend, however, on each specific country. When selecting a standardised curve
care should be taken in order to ensure that the watershed of the hydropower
scheme and the one inherent to the regional curve are similar (in terms of
hydrological behaviour, climate, area, occupation and geological constitution).

The procedures proposed in this chapter, namely those that result from relation
(4.8) are also regional transposition methodologies. The main advantages of
these procedures comparatively to the traditional ones based on the adoption of a
regional standardised mean annual flow duration curve can be systematised by:

o In what concerns the factors that determine the similarity of the flow
regime at the stream-gauging station and at hydropower scheme, the
methodologies presented herein allow a more rigorous selection of the
daily data to be transposed.
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o They provide not only a mean annual flow duration curve but also a
mean daily flow series allowing the evaluation of the energy
production either in a pure run-of-river scheme or in a scheme having
some storage capacity, in this last case, by means of simulations
algorithms.

o In a general sense, whenever mean daily flows exist it is possible to
perform any simulation study. By this way, either the design of the
small hydropower scheme, or the comparison of different solutions for
the same become much easier.

4.4- Energy Evaluation

The evaluation of the mean annual production in a small hydropower scheme
with a pure run-of-river exploitation can be accomplished only by using the
mean annual flow duration curve at the scheme water intake. The simple
procedures that can be adopted in this situation are next briefly described.

For this purpose, let Qmax denote the design discharge of the hydropower
scheme. In this situation, the maximum mean annual volume, V, that can be

utilised in the energy production is represented by the dashed area of in Figure
4.8 a).

If the efficiency of the powerhouse, 1, and the net head, Ah (m), are considered
constants, the mean annual energy production, E (GWh), in the scheme having
the flow duration curve of Figure 4.8 a) is given by

V x Ah
3600

gxm

E= (4.10)

where g is the gravity acceleration (m s™) and V is expressed in hm”.
Most of the time, the average turbined volume will be less than ¥V as no turbine
can operate from zero flow to its rated discharge and, so, a minimum discharge,

Qmin, compatible with the energy production has to be considered.

A reserved discharge (for ecological purpose but also for others purposes as
irrigation or water supply) has also to be taken into account. In this situation the
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mean annual turbined volume to be considered in the application of (4.10) will

be the one represented by the dashed area of Figure 4.8 b).

a)
Mean daily flow (m®s™)
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Mean daily flow (m?s)
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Fig. 4.8 — Maximum turbined volume in a pure run-of-river scheme: a) without

considering and b) considering a minimum turbined flow, Qmin, and

a reserved flow, Qres.

Usually neither m nor Ah will be constant but, instead, will exhibit a
non-negligible variation. In this situation, as well as when there is a storage
capacity, the mean annual flow duration curve does not provide a correct way of
estimate the energy production and other procedures have to be implemented.
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These procedures generally simulate the exploitation of the powerhouse by
means of a sequential stream-flow routing methodology. The simulation studies
can be developed according to different points of view, namely:

« by adopting the mean daily flow series previously established for the
scheme, that is to say, assuming that the future flows will be equal to the
flows that occurred in the pass;

» by adopting a synthetic mean daily flow series obtained from the series
previously establish for the scheme water intake by a model, generally a
stochastic model (for instances, a disagregation model).

As this last option involves models far beyond the scope of this work, only the
first option will be considered.

The simulation studies have to be performed by means of a computational
program. The main data generally required for this program is the following one:

« mean daily flow series at the water intake of the scheme;

o design discharge, Qmax (m*/s), and minimum discharge, Qmin (m’/s),
compatible with the operation of the powerhouse;

« ecological discharge and any other discharge required for the
consumption between the sections of the weir and the outlet of the
powerhouse (reserved flow, Qres, in m’/s).

¢ head losses in the diversion circuit as a function of the diverted flow;

« rating curve at outlet section of the powerhouse;

« efficiency curve of the equipment of the powerhouse.

If the weir of the scheme creates a lagoon providing a storage capacity and if the
operation of the schemes foresees the use of this capacity in order to improve the
conditions of the energy production, the following additional data is also
required:

+ the reservoir stage-capacity curve®;
« the exploitation rules, that is to say, the rules that translate the way the
stored volume of water is going to be exploited, for instances, in order

4 A graph showing the relation between the surface elevation of the water in the reservoir, usually
plotted as ordinates, against the volume of water stored below that elevation, plotted as abscissa.
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to concentrate the energy production during the periods where the sale
tariffs are higher (or when the energy demands are higher).

The simulation algorithm is almost exclusively based on the application of the
continuity equation.

Let t; (usually ty = O s) denote the initial instant and t; (s) the instant i At seconds
after t,, that is to say

ti=to+i At (4.11)
where At is the computational time step (s).

In these conditions the volume utilised in the energy production during the time
step i, AV, (hm?), will result from the “net” inflow also during the time step —

inflow to the water intake, I; (m3/s), minus the discharge over the spillway, O;
(m’/s), minus the reserved flow, Qres;, (m’/s) — and from the variation of the
volume of water stored in the reservoir, AS; (hm?)

A‘v’i = (Ii-Qi-QI'GSi) At + AS; (412)

The variation of volume AS; is a consequence of the exploitation rules which,
generally, results into the two following different actions:

 priority to the energy production;
o priority to the storage.

The former of the previous rules is generally applicable to the peak hour period
and the latter, to the low hour period.

When priority to the energy production prevails, the turbined flow should be as
great as possible. For this purpose, the inflow to the scheme water intake is
increased (if possible, until the limit of the design flow, Qmax), by emptying
totally or partially the reservoir.

If priority to the storage prevails, as much water as possible should be stored. In

this situation the powerhouse will work only if discharges over the spillway are
foreseen.
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The computation of the energy produced during the time step i, AE; (GWh), is
accomplished by an expression equivalent to (4.10) but where V is replaced by
the volume turbined during the time step, AV, (hm®) and the variables Ah and n

are replaced by Ah; and 1; in order to denote the specific conditions under which
the production occurred

— AV, XxAh,
AE =360
gXxm;

(4.13)

The estimate of the energy produced in the hydropower scheme, E (GWh),
during the interval between instants ty and t,, such as t, = t, + n At, is obtained by
totalling the production during the successive time steps

E =Y AE, (4.14)

By omitting the term AS; of equation (4.12), the previous methodology is also
applicable to the evaluation of the energy production in a hydropower scheme
with no storage capacity. In this situation, the values of the remaining variables
that appear in (4.12) will only reflect the particular conditions — in what
concerns the net inflow, the net head and the efficiency of the equipment — under
which the production occurred during each time step.
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HYDRAULIC DESIGN OF s tane
SMALL POWER PLANTS

5.1- Introduction

Civil works are quite significant in Small Hydropower Plants (SHP). The
investment is generally limited and there is not capability to spend so much on
geological or survey exploration, hydraulic and structural design. These
undertakings have the main advantage in the use of local materials and attracting
local people for the construction. They can not be scaled down from large
projects. A SHP design should be the result of the work of a multi-disciplinary
engineering or multi-specialist team including hydrologic, hydraulic, structures,
electric, mechanical, geologic and environmenta