Renewable Energy Online
Axel Brehm, Chayun Budiono

Selected Technologies of
Renewable Energy
Lehrbrief

P U B L I K AT I O N D E R B I L D UN G S AL L I AN Z M I N T . O N L I NE :
U N I V E R S I T ÄT O L D E N B U R G , U NI V E RS I T ÄT K AS S E L , U N I V E RS I T ÄT S T U T T G AR T , F E R N U NI V E RS I T Ä T I N
H AG E N , F R AU N H O F E R - G E S E L L S C H AF T , D L R - I N S T I TU T F Ü R V E R N E T Z T E E NE R G I E S Y S T E M E ( E HE M AL S
NEXT ENERGY)

Das diesem Bericht zugrundeliegende Vorhaben wurde mit Mitteln des Bundesministeriums für Bildung,
und Forschung unter dem Förderkennzeichen 16OH12044 gefördert. Die Verantwortung für den Inhalt
dieser Veröffentlichung liegt beim Autor/bei der Autorin.

Renewable Energy Online

Selected Technologies of Renewable
Energy

edited by
Andreas Günther

( C ) CARL

VON

O SSIETZKY U NIVERSITY

OF

O LDENBURG (2017)

This document has been typeset using the LATEX2e bundle on TEX.
compilation date: September 18, 2017

Imprint:

Authors:
Publisher:
Edition:
Editors:
Layout:
Copyright:

Axel Brehm, Chayun Budiono
Carl von Ossietzky University of Oldenburg
First edition (2017)
Andreas Günther, Adnan Shihab
Robin Knecht
c 2017 Carl von Ossietzky University of Oldenburg. Any unauthorized
reprint or use of this material is prohibited. No part of this book may be reproduced or transmitted in any form or by any means, electronic or mechanical,
including photocopying, recording, or by any information storage and retrieval
system without express written permission from the author/publisher.

Oldenburg, September 2017

Contents
I

Biomass Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1

Biomass as feedstock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1

Biomass and Bioenergy

2

1.2

Terrestrial and aquatic biomass

5

1.3

Comparison between gaseous, liquid and solid fuels

7

1.4

From natural vegetation to agricultural areas

8

1.5

Competition between food, feed and fuel

10

1.6

Literature

12

2

Chemistry of biomass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2.1

Introduction to the chemistry of biomass

2

2.2

Equilibrium and kinetics in reversible reactions

7

2.3

Literature

15

3

Feedstock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

3.1

Formation of biomass

2

3.2

Lignocellulosic crops

2

3.3

Oil crops

8

3.4

Aquatic Biomass

11

3.5

Urban waste

13

3.6

Literature

18

4

Energetic uses - Bioenergy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

4.1

Bioenergy

2

4.2

Woody biomass - combustion of Fuelwood and Charcoal

4

4.3

Pyrolysis

6

4.4

Gasification

11

4.5

Direct Liquefaction

14

4.6

Hydrothermal Carbonization

15

4.7

Literature

19

5

Via fermentation to bioenergy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

5.1

Biomethane

2

5.2

Bioethanol

7

5.3

Literature

9

6

Biofuels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

6.1

Biofuels

2

6.2

Biodiesel (FAME)

2

6.3

Literature

7

II

Hydro Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

7

Theoretical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

7.1

Introduction

2

7.2

General Hydraulic Terms

2

7.3

Bernoulli’s Equation

3

7.4

Laminar and Turbulent Flow

3

7.5

Energy Losses

5

7.6

Major Empirical Formulae

6

7.7

Literature

8

Water Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

8.1

Dam and Run-off River

2

8.2

Flow Prediction

3

8.3

Flow Duration Curve

10

8.4

Literature

13

9

Penstock and Powerhouse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

9.1

Penstock Pipes

2

9.2

Water Flow in Pipe

2

9.3

Cavitation and Water Hammer

11

9.4

Powerhouse and Tailrace

12

9.5

Literature

14

13

10 Turbines

........................................................... 1

10.1

Types of Turbines

2

10.2

Main Components of Turbine

4

10.3

Selection of Turbines

11

10.4

Coupling and Transmission

15

10.5

Literature

22

11 Generators

....................................................... 1

11.1

Types of Generators

2

11.2

Current and Voltage Regulation

5

11.3

Frequency

6

11.4

Literature

7

12 Control System

................................................... 1

12.1

Variation of Input and Load

2

12.2

Basic Control Mechanism

2

12.3

Voltage and Frequency Stability

10

1 — Biomass as feedstock

Biomass Energy

1-1

Biomass as feedstock

1.1

Biomass and Bioenergy
Biomass is a collective name for organic material produced by nature (the mass of all living
creatures, the dead organisms, and the products of metabolism). The use of biomass for energy
generation offers many advantages:
• It saves fossil fuels.
• No more carbon dioxide is released than previously absorbed by the plants Biomass contributes to climate protection.
• It is versatile and can be available as a solid, liquid or gaseous energy.
The term "bioenergy" encompasses a wide variety of raw materials, technology paths and fields
of application. For example, bioenergy can be obtained from specially cultivated plants (for example maize, wheat, sugar beet, rape, sunflower, oil palm), from wood from forestry or from
biogenic waste and residues from agriculture and forestry, households, industry. The raw materials can be of regional origin or reach us via global trade flows.
Bioenergy can be made available as biogas or biomethane. However, it can also be used in
liquid form, for example, as pure vegetable oil for heating plants or as biofuel. Or it is in solid
form. These include e.g. forest and used wood, straw, liquid and solid manure and so on. The
diversity of raw materials and conversion techniques allows the use of bioenergy in all energyrelevant sectors. Bioenergy can be used as a fuel (ethanol, diesel and gas) and / or to generate
heat for heating, cooking and electricity generation. The environmental friendliness of bioenergy
is much differentiated in view of the respective framework conditions. This makes it the most
versatile of all alternative energy forms - and its energy supply is not dependent on fluctuating
winds and solar radiation. In addition, the use of biomass can promote the development of rural
areas. The environmental friendliness of bioenergy is to be evaluated as a whole, in view of
the respective framework conditions. Bioenergy be recovered from the biomass raw material
(figure 1.1). Biomass is stored solar energy in the form of energy plants, wood or residues,
e.g. Straw, bio waste or liquid manure. Biomasses are used for Heat, Electricity and Biofuels
generation.

Figure 1.1: Global agri biomass demand in 2011 - Total 12.1 billion tonnes dry matter
(Source: [1])

The term "bioenergy" encompasses not only a wide range of different raw materials, but also
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differentiated technical paths and fields of application. For example, bioenergy can be produced
from specially cultivated plants (e.g. maize, wheat, sugar beet, rape, sunflower, oil palm, fast
growing woody plant), wood from forestry or biogenic (animal or vegetable) waste and residues
from agriculture and forestry, the food industry, households and the wood-processing industry.
Preference should be given to raw materials of regional origin.
Bioenergy can be provided gaseous as biogas as well as liquid as biofuel (bioethanol or biodiesel).
Or it is present in solid form, for example, as billets of wood, woodchips (figure 1.2) and -pellets
or straw pellets, and is used to generate heating and/or electricity (coupling of electricity and
heat production) and biofuels.
Often, especially in the area of the sahel zone, the traditional (mainly inefficient) use in the only
access of energy, especially for cooking. You can find an overview on the current state of bioenergy use in the article "Renewable Energies in Figures" by the German "Umweltbundesamt"[2].
In summary:
• While wind power, solar energy and hydroelectric power dominate the total amount of renewable energy generated by wind energy, solar energy and hydroelectric power, the share
of biomass is about 58% of the total renewable energy. In the heat and transport sector in
particular, the biomass is responsible for 88% and 89% of the final energy consumption
from renewable energies.
• The transport sector is the area with the lowest share of renewable energy sources. In
2015, the consumption of biofuels fell compared to the previous year to 29.9 TWh (7.5%). 20.9 TWh of biodiesel, followed by bioethanol with 8.6 TWh and biomethane with
0.4 TWh. The most important sources for generating electricity from biomass are biogas,
solid biomass and the biogenic share of the waste. From biomass, about 50.3 TWh of
electricity was supplied in 2015. In the heat sector through renewable energies, the solid
biomass in 2015 contributed the largest portion, followed by biogas and biogenic waste.
Emission balance of renewable energy sources:
To assess the environmental friendliness of bioenergy as a whole is extraordinarily complex in
view of its diversity. It is only possible to look at them carefully, taking into account specific criteria. The increasing use of renewable energy sources leads to the suppression of fossil fuels and
to savings in heating oil, diesel fuel and petroleum fuels. Based on the data on the development of
renewable energies, a greenhouse gas reduction of around 156 million tonnes of CO2 equivalents
can be calculated for the year 2015. By using renewable energies as biofuels, the anthropogenic
exhaust air pollution was reduced by approximated 4 million tonnes of CO2 equivalents.

Figure 1.2: Wood chips consist of 100% wood and have a calorific value of about 4 kWh
per kg, depending on the type of wood and the water content (Source: Fotolia /
Gerhard Seybert).
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Ron Kirchner (environmental engineer, journalist and web designer) summarized the advantages
of the production and use of bioenergy in five points (BiomassMuse, November 7th, 2009).
1. Storable and weather independent: In contrast to wind and solar energy, bioenergy is
present in material form and can be stored and transported in the form of corn silage or
already refined biogas. It is thus suitable in an energy industry for covering the basic and
peak load. Plants store the energy collected over the year in the form of oils, sugars or
cellulose. These substances can be disintegrated by bioengineering.
2. Creates regional jobs: A large part of the bioenergy value chain can and must be within
regional boundaries. The members of the bioenergy chain are listed below,
• cultivation and harvesting of renewable resources (agriculture)
• processing, trading and transport of feedstocks
• planning, production and installation of agricultural and process facilities
• production of bioenergy (for example biogas plants)
• maintenance service via process engineering
• use of bioenergy
Bioenergy is thus also integrated into a society in a sustainable way, also from a social
point of view.
3. Independence from oil: Regardless of how much exploration fields are still being developed for oil and natural gas, demand and price will rise as exploration becomes more
and more expensive and the reserves are finite. Alternatives are needed both for electricity
and heat, but also for fuels for mobility. Bioenergy can be obtained not only from renewable resources, but also from food residues, waste and wastewater. These are all material
streams that are available in large quantities all over the world and whose conversion and
use as bioenergy is a significant gain for a society and the environment. In Germany every
car already utilizes bio-fuel. For example, diesel contains up to seven percent bioethanol
and petrol up to ten percent bioethanol.
4. Climate protection and decentralized energy management: Due to the short-term closed
CO2 circuits within a plant life, the CO2 content in the atmosphere does not increase, remains constant or can even decrease in the medium term by a more effective energy supply.
By extracting energy from renewable raw materials, the relative reduction of greenhouse
gases can be accelerated and global warming can be mitigated. Biomass grows almost
everywhere and can be converted directly into bioenergy. A decentralized energy economy means that the energy is consumed at the location where it was also won and no
energy-intensive (partial global) transports are necessary.
5. Technologically sophisticated: Markets and technologies also influence bioenergy and
represent unpredictable future events that can secure further economic growth. Despite
this points and the continuous development of bioenergy with regard to its production
technologies, infrastructure and life cycle assessment, there are still criticisms of some
of the bioenergy systems. Critics focus on certain biofuels of the 1st generation. The
term "biofuels of the second generation" appears more and more often in the media and
is mainly based on the following improvements on the biomass-based fuels of the first
generation. These are:
• concentration on the use of biomass, which is not used as a food for humans
• use of other feedstocks and plant ingredients
• improvement of climatic stability
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Terrestrial and aquatic biomass
During the evaluation of terrestrial biomass plants as renewable raw materials, the biomass itself
must be considered in terms of its structural and chemical composition, annual or perennial
growth as well as the specifications concerning the ecosystem. This aimed to capture geographic
specific factors like climate variation (temperatures, rainfall, soil quality and other), land-use
patters as well as resource types, crop management, feedstock handling and associated logistics.
Landscapes with monocultures must be avoided (Source: [3]).
A wide range of plants is available for energy, biofuels and other bio-based products. The
plant database on the IENICA (Interactive European Network for Industrial Crops and their
Applications) lists over 100 plant species with known or potential industrial (non-food, nopharmaceutical and non-floristic) applications. With regard to bioenergy, both oil-containing
and lignocellulose cultures are of particular interest.
Classification of terrestrial biomass plants:
• Woody plants
– Long term growth (15 - 50 years),
– Short term single stem forestry (6 - 15 years), and
– multiple stem plants (3 - 5 years)
• Grasses and herbs, i.e. rushes
• High sugar-/starch-producing crops
• Oil-producing plants, i.e. rapeseed, sunflowers
• Trees and shrubs with oily fruits, palm trees

Figure 1.3: (a-d) Examples for terrestrial biomass feedstocks.

There is a wide range of biomass feedstocks and these can be split into whether they are rural or
urban (table 1.1).
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Table 1.1: Rural and urban biomass feedstock. (Source: [4])
Rural

Urban
Urban wood waste
(packing crates, pallets, etc.).

Forest residues and wood waste
Agricultural residues
(spelled corn cob, wheat stalks, etc.)
Energy crops
Biogas from livestock effluent

Wastewater and sewage biogas
Landfill gas
Municipal solid waste
Food processing residues

Terrestrial biomass plants need a cultivation area (two-dimensional) for growth. Water plants
such as algae can grow in the aquatic volume and achieve a higher growth. This is one of the reasons for the growing interest in validating the potential for the production of aquatic biomasses.
Aquaculture (aquatic biomass) is divided into macro-, microalgae and sea-grasses. The group
of macroalgae is further divided into green algae (chlorophyta), brown algae (Phaeophyta) and
red algae (Rhodophyta). They grow in the euphotic zone (fluoroscopic layer of water) of rocky
areas, as they require both attachment substrate and light for their growth. The calorific value of
different macroalgae can be similar to that of terrestrial biomass.
Table 1.2: Difference between macroalgae and terrestrial biomass (Source: [5]).
Aquatic
macroalgae
Gracilaria
Laminaria
Macrocystis
Sargassum
Ulva

Caloric value
(MJ/kg)
of dry matter, ashless
9.0 - 11.1
8.3 - 10.8
5.0 - 14.4
2.2 - 6.8
11.1

Terrestrial
biomass plants
Firewood
Straw (Cereal)
Cereals (whole plant)
China grass
Poplar, Willow

Caloric value
(MJ/kg)
of dry matter, ashless
15.6
14.3
14.1
14.6
15.4

In contrast to macroalgae, microalgae have a lower organizational structure (single cells up to
cell aggregates) and occur as phytoplankton both in floating and fixed form. They are therefore
able to colonize both coastal waters and open seas.
Sea grasses need growth attachment substrate and light. They occur in the shallow water areas
of the oceans (usually in coastal areas). Only in regions with high surfacing and strong sediment
admixture or with low salinity seagrasses are not present.
Oceans are a complex living and economic area that can be categorized as a sensitive ecosystem
and are already "under pressure" due to the increasing global stress. Seagrass meadows, as well
as macroalgae stands, have an important function in the ecosystem of the sea. They serve as
"biological filters" and as a nursery for many species of fish and other organisms. Sea grasses
also contribute to the stability of sand or sediment banks. Any use of aquatic biomass intervenes
in natural food chains and affects the marine habitats depending on the way they are managed.
Similar to terrestrial biomass, questions of exploitation and synergies are also relevant here. In
this context, it is also useful to consider the links to aquaculture and fisheries.
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The oils and carbohydrates from micro-algae cultivation can be continuously harvested periods.
The energetic use of microalgae in photoreactors or basins has been intensively researched for a
long time and has meanwhile passed the phase of basic research and pilot projects.

Figure 1.4: Macroalgae (Source: [6]).

Figure 1.5: Duckweed Basin (Source: [7]).

1.3

Comparison between gaseous, liquid and solid fuels
In process engineering as also in bioengineering, questions of mass- or substance transport play
an important role. Fluids (liquids, gases, vapors, suspensions, solutions and melts) as well as
solids are handled. On one hand, it is often advantageous to work with solids. As a rule, handling,
marketing and storage on a small scale is more flexible. On the other hand, during the production
process, the use of fluids is preferred. The advantages are:
• Continuous process management is facilitated,
• Valves and flow meters can be used for dosing and measuring the mass flows or the flow
streams,
• The risk of clogging is reduced.
Gaseous fuels are the most convenient requiring the least amount of handling and simplest and
most maintenance free burner systems. Gas is delivered "on tap" via a distribution network and
so is suited to a high population or industrial density (Source: [8]). The following is a list of the
types of gaseous fuel:
• Fuels naturally found in nature: Natural gas (Methane and higher hydro-carbons (up to
C5), Sulphur contents especially as H2 S,

Biomass Energy
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• Fuel gases made from solid fuel: gases derived from coal, gases derived from waste and
biomass, gases from other industrial processes (e.g. Hydrogen, Methane),
• Gases made from petroleum: Liquefied Petroleum Gas (LPG), Refinery gases, gases from
oil gasification,
• Gases from some fermentation processes (Methane, Carbon dioxide).
The main advantage of liquid fuels over their gaseous alternatives is the extremely high thermal
energy / volume ratio. Typically they would have a heating value of 40MJ/kg which in volumetric
terms is equivalent to 33000M J/m3 compared with natural gas at about 34MJ/kg. Apart from
the caloric and fluidic properties, such as heat capacity, viscosity and density, further parameters
determine the specification properties for application of the liquids:
• Cloud point - The temperature at which a sample has visible cloudiness.
• Pour Point - The temperature at which the flow characteristics of the fuel are restricted.
• Ignition behavior - There are two varieties of reciprocating engines: Spark plug ignition
(gasoline) - the fuel does not auto-ignite before the flame front reaches it. Parameter is the
octane-number (octane: here 3-methylpentane =
ˆ iso-C8-alkane). Bioethanol is prescribed
as a gasoline additive or is used as a gasoline substitute (in Brazil).
Compression ignition (Diesel) - auto-ignites =
ˆ spontaneous ignition temperature. The
spontaneous ignition temperature (SIT) is influenced by the chain length of the alkanes
or alkyl esters and the degree of branching. Parameter is the cetane-number (cetane =
ˆ
n-C16-alkane). Bio diesel fuels derived from vegetable oils have a similar chain structure.
• Compatibility with construction materials and Fuel Oils - in particular against gaskets,
hoses, membranes of nitrile (NBR), fluoroelastomer, PTFE, vinyl ester resins or epoxy
resins.
Thus, changes in the fuel-aggressiveness, particularly in the case of very old seals, can
alter the volume of the elastomer, that is, swell or shrink. A leak is most likely to occur in
gaskets of NBR-rubber which have come into contact with a high-dosed FAME-mixture
and have not subsequently been in contact with FAME diesel.
• Emission and environmental behavior - Exposure to fine particulate soot, NOx, aromatic
hydrocarbons and sulfur-containing compounds.

1.4

From natural vegetation to agricultural areas
Natural vegetation is defined as the totality of plant communities, which are balanced with the
conditions of a growing area, the supply of nutrients and water without human intervention.
In Central Europe, the natural vegetation would consist almost entirely of forest. In fact, man
has displaced this natural vegetation through agriculture and forestry, settlement, transport and
industry and replaced it with anthropogenic vegetation (in an extreme case by monocultures).
The anthropogenic changes include,
• the extent to which human beings influence life-sharing communities,
• the kind which is promoted by the influence of man.
The current example is the deforestation of the tropical rainforest. For example, the cutting
down of rainforests for the cultivation of rice and rubber plantations in the Indo-Asian region,
sugar cane plantations in Cuba or coffee and soybean plants in South America led to a decline
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in biodiversity, an extreme case to monocultures and large brownfields, and on the other hand
a serious impact to the world climate. As illustrated in figure 1.7, the ratio of absorption to the
reflection of the solar energy on the earth’s surface is influenced by the vegetation (in particular
the adsorption capacity of the leaves) and thus contributes to the extent of global warming. Thus,
green plants absorb strongly in the red and blue areas of the light, but rather small in the green
area. This is due to the effect of chloropyll, which uses red and blue radiation but not green light
for photosynthesis. In the near infrared, the reflection curve increases extremely steeply.

Figure 1.6: A leaf preferably absorbs red and blue light and reflects green and infrared light.
(Source: [9])

Figure 1.7: Typical anthropogenic vegetation in central Europe (Rheinhessen) (Source: Author).

Biomass Energy

1-9

Biomass as feedstock

1.5

Competition between food, feed and fuel
The idea to obtain fuel from arable crops is not new. As early as in the 19th century, Rudolf
Diesel’s engines were powered by vegetable oils. And the Brazilians have been adding ethanol
derived from sugar cane to their gasoline since 1929. According to the EU directive "Renewable
Energies" 10% of all fuels consumed for transport duties are to come from renewable sources by
2020. It is forecasted that 24.3 million t of oil equivalents have to be produced (72% for biodiesel
and 28% for bioethanol). The land required for this will especially to the detriment of farmland
from food and/or feed. The "food or fuel question" ("food, feed or fuel") is therefore a significant
aspect of the biofuel discussion. Critics attribute this to the increasing use of biofuels of the "first
generation". These are made from food crops - such as sugar cane or maize. It is clear that the
production of biofuels must not be responsible for an intensification of the greenhouse effect or
the high food prices and hunger catastrophes in the world. Nevertheless, more and more farmers
cultivate bioenergy crops on their farmland.
Through the use of new energy crops and the use of areas that have not yet been suitable for
the cultivation of high-quality foodstuffs, direct competition from foodstuffs to energy crops
can be greatly reduced. The reason for this development will be the greater flexibility in the
input materials used (e.g., wood, grasses, waste, etc.). "Cellulose-ethanol" from fast-growing
grasses or wood instead of "grain-ethanol" should be mentioned here as example of biofuels of
the "second generation". Through innovative enzyme technology and manufacturing processes,
not only the grain, but also the residual components and thus the whole plants can be used for
biofuel production. This requires less area to produce the same amount of fuel. In combination
with improved logistics, both environmental impacts and total production costs are reduced.
Example China: China consumes almost a quarter of global energy in 2015 and produced about a
quarter of all polymers. Not least because of the high environmental impact, the share of renewable raw materials required for this is being increased by pressure from the Chinese government.
2.3 million t of bioethanol are now being produced in seven large plants. Cornmeal and 14%
wheat flour are used as biomass for about 75%. Because of the declining supply of food, the
Chinese government has been subsidizing the production of bioethanol since 2015 only when
the biomass used for the diet is less used such as sorghum or cassava (it is also called manioc or
yucca). The use of straw and woody residues is considerably more subsidized (Source: [10]).
Biogas, biodiesel and biokerosine also benefit from state subsidies. At present (2015) 20 billion
cubic meters of biogas are produced and are the most important source of energy in 50 million
rural households.
Of the approx. 15 million tons of diesel produced annually in China, 1 million tons stem from
renewable raw materials. The typical raw materials are cottonseed- and jatropha oils, both of
which are not suitable as foodstuff. In addition, waste oils and fats are used as the most sustainable source; half of which come from used cooking oils and one third are from the processing of
carcasses. The Shanghai public transport company operates 15,000 biodiesel buses.
In 2014, China needed 25 million tons of kerosene. This demand is growing by 20% annually.
Therefore, a process for the production of biokerosin has been developed. 2013 one Airbus 320
of the China Eastern Airline, which flew with diesel from old cooking oil, lifted in Shanghai.
Despite all these administrative efforts, it remains to be noted that Chinese environmental prob-
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lems are among the most serious in the world.
Because of the high productivity of algae per cultivation area, algae fuels are referred to as the
"third generation" of biofuels. However, there is currently no commercial production and is not
expected by experts due to high operating and investment costs in the next future. However,
there are plans to use algae from the sea energetically. A pilot project started in 2013 in the Fiji
Islands, whose coasts are often affected by algae blooms. In the long term, algal plantations in
the sea could cover the entire fossil energy supply of mankind.
However, it is doubtful that the use of bioethanol and biodiesel is less climatic than the use of
petrol and diesel from petroleum. Certainly fossil-bound carbon dioxide is not released in the
case of renewable energies, but since large quantities of water are required to grow sufficient plant
mass, this also has a negative impact on their climatic stability. Kenneth Stone, an agronomic
engineer at the Agricultural Research Service research facility in Florence, USA, concludes that
water consumption in agriculture would be six fold if future bioethanol were to be produced
from maize. Independent of the ecological balance of the use of bioenergy, the amount that we
currently consume of fossil fuels will never be covered by biofuels.
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2.1

Introduction to the chemistry of biomass
Biomass is formed by organic molecules. Organic chemistry is predominantly the chemistry
of hydrocarbons, that is, chemistry with carbon molecules connected mostly with hydrogen
molecules.
Four electrons of the carbon molecule can, according to its position in the periodic system, are
available to form bonds with other atoms. Thus, you will always see four lines connecting a
carbon atom to other atoms, each line representing a pair of shared electrons (one electron from
carbon and one from another atom). For example, four C-H bonds can be formed. The simplest
organic compound is Methane CH4 . Out of energetic reasons, the Methane molecule sterically
takes the form of a tetrahedron. The H-C-H bond angle is thus 109.5◦ .

A methyl group is a derived from methane, containing one carbon atom bonded to three hydrogen
atoms - CH3 with a free valence. In formulas, the group is often abbreviated as Me. Such
hydrocarbon groups occur in many organic compounds. If two methyl groups with a C-C bond
are bonded together, the ethane molecule C2 H6 is created. Ethane can be viewed as two methyl
groups joined, that is, a dimer of methyl groups.
Complex molecules can be formed by stringing carbon atoms together in a straight line (n alkanes) or branched molecules (iso - alkanes). Alkanes have the formula (Cn H(2n+2) ). The
simplest iso - alkane is isobutane with n = 4.

Moreover, the carbon molecules can form cyclic structures. Examples are cyclopentane (C5 H10 )
and cyclohexane (C6 H12 ).
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Two carbon molecules can be connected to one another via two valences in case of a double
bond.

These molecules are called alkenes. The simplest example is Ethene (C2 H4 ). The homologous
series has the formula Cn H2n . Organic compounds in which single and double bonds alternate
in chain- or in ring-structure are stabilized due to resonance phenomena (the second electron pair
is freely mobile along the carbon chain). Known examples are butadiene (C4 H8 ) and benzene
(C6 H6 ) 1 .

Organic molecules often contain not only carbon and hydrogen atoms, but also other types of
atoms (called heteroatoms). The presence of nitrogen, oxygen, and other elements adds variety
to these hydrocarbon molecules. In this lecture only oxygen and nitrogen are discussed. Oxygen
has two valences, nitrogen has three.
As organic compounds containing oxygen, which may be mentioned here, the alcohols, aldehydes, ketones, ethers, esters and organic acids.
If one valence of the carbon molecule is connected with an oxygen molecule, the remaining three
valences with carbon atoms and/or hydrogen atoms, and the second valence of the oxygen atom
with a hydrogen atom, this structure is called "alcohol". Examples which may be mentioned are
methanol and ethanol.

1

Aromatics (aromatic hydrocarbons) are mono or polycyclic hydrocarbons with the described combination of
single and double bonds.
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In phenols, the OH group is bonded to an aromatic structure.

Phenol C6 H5 OH

The bonding of two OH groups to one carbon atom is unstable. Stabile dialcohols - dihydric
alcohols can only form if the hydrocarbon molecule contains at least two carbon atoms. The
simplest example is Ethylene glycol. The simplest trivalent alcohol is Glycerol (also called
Glycerine or Glycerin):

Aldehydes are compounds in which a terminal carbon atom forms a double bond with the oxygen
atom. There is a hydrogen atom on the fourth carbon atom bond. Examples are Formaldehyde
and Acetaldehyde.

If the carbon atom having the double bond with the oxygen atom is located within the chain,
and if the two remaining bonding arms on carbon are bonded to two other carbon atoms, these
compounds are referred to as ketones. The most well-known example is Acetone (Dimethyl
ketone).

Acetone
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In ethers, the two valences of the oxygen atom are each connected to a carbon atom. The simplest
example is the dimethyl ether:

Dimethylether

In case of an organic acid, two valances of one carbon atom are linked to one oxygen atom via
a double bond, one is connected to a second oxygen atom via a single bond, and the fourth is
linked to a hydrogen or carbon atom. The remaining valence of the second oxygen atom binds a
hydrogen molecule. Examples are Formic acid and Acetic acid.

Esters are similar in structure. Here the second valence of the second oxygen atom is connected
to a carbon atom or to a substituent (for example a Methyl group).

Methyl acetate

If at least one aldehyde group or one keto group and at least two hydroxy groups are present in a
substance, these compounds are referred to as saccharides (often also as carbohydrates). A subgroup of carbohydrates is sugar. There are simple sugars, so-called monosaccharides, which are
also the basic building blocks for more complex structures. Two monosaccharide molecules may,
for example, combine to form a disaccharide, a double sugar. Sugars made of 3-16 monosaccharides, which are then referred to as oligosaccharides. Some carbohydrates, such as starch or
cellulose, are composed of 1000 or more monosaccharides and are called polysaccharides. In the
case of sugars, the carbon atoms are always arranged in a chain. They may take an open shape or
a ring shape. Depending on the number of C atoms in the molecular chain, trioses (3C), tetroses
(4C), pentoses (5C) or hexoses (6C) are involved. In nature, however, only sugars with at least 5
carbon atoms are present, the major part being hexoses. Sugars differ from each other by having
either an aldehyde group (C-OH) or a keto group (CO group). In contrast to glucose, fructose
has no aldehyde but a keto group. Furthermore, the position of the groups in the molecule must
be distinguished. Since the sugar molecules are chiral 2 , a distinction is made between D- and
L-sugars.
2

Chirality is a term from stereochemistry. An object that can not be matched with its mirror image is called
chiral.
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Carbohydrates or saccharides form the large natural product class of hydroxyaldehydes or hydroxyketones as well as compounds derived therefrom and their oligo and polycondensates. In
general, carbohydrates are sugars. Amines are organic compounds containing one or more nitrogen atoms. The structural formula of the amines is derived from that of the ammonia.

In the amines, at least one of the hydrogen atoms is replaced by an organic substituent. A distinction is made between mono-, di- and trialkylamines (primary, secondary and ternary amines).
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An example of hydrocarbon molecules containing both oxygen and nitrogen atoms are the amino
acids. On account of the electron distribution, the hydrogen atom of the acid group can migrates
as an internal hydrogen ion (H+) inside the molecule. Molecules are formed that carry both
a positive and a negative charge and added to a double molecule (called peptides). By further
attachments, proteins (amino acid chains) are formed.

Peptide bond

2.2

Equilibrium and kinetics in reversible reactions
In chemical reactor design there are two questions which must be answered:
1. What chemical transformation (reactions) can be expert to occur?
2. How fast will they take place?
The first question concerns thermodynamics, the second - chemical kinetics, mass- and heat
transfer. In reversible reactions the forward and backward reactions can take place simultaneously, the equilibrium will be established according to the respective reaction rates. Examples
are esterification reactions:
Esterification: Aceticacid + ethanol  ethylacetate + water

(2.1)

In the equilibrium state

Biomass Energy

2-7

Chemistry of biomass
• forward reaction and backward reaction run simultaneously and
• speed of the forward reaction = speed of the backward reaction
The reaction rates can be expressed by formulas. In general, the rate of reaction with time is
change in the amount of substance (expressed in the SI unit mol) relative to a parameter which
characterizes the "size of the reaction space" (ξ). If component A is a starting material, the
change over time is negative and the reaction rate is positive. This must be taken into account by
introducing a minus sign:

1 dnA
rA = − .
ξ dt

(2.2)

In homogeneous (single-phase) systems ξ is the phase volume (V). For volumetric constant reactions:

rA =

dcA
1 dnA
.
=−
V dt
dt

(2.3)

In heterogeneous (multi-phase) systems ξ is often the phase boundary surface or the catalyst
mass.
Often, the concentration CA or the partial pressure PA is used instead of the nA . Moreover,
the dependence of the reaction rate on temperature is described by introducing the reaction rate
constants kr = k(T ).
Considering a fictitious chemical reaction in which the reactants (starting materials) 3 A2 and B2
react in an equilibrium reaction to the product AB 3 , 4 :

3A2 + B2  2AB

(2.4)

rHin = kf orward CA23 CB2

(2.5)

rRück = kbackward CAB 2

(2.6)

The reaction rates can be written as:

3

It could be the reaction of a hydrogen molecule H2 with a nitrogen molecule N2 to ammonia (N H3 ) : 3H2 +
N2  2N H3
4
Stoichiometric factors are considered in the reaction rate equation by introducing appropriate exponents!
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Figure 2.1: Concentration versus time plot for a reversible reaction

Speed of the forward reaction = speed of the backward reaction
kf orward CA23 CB2 = kbackward CAB 2

(2.7)

2
CAB
3
CA2
.CB2

(2.8)

Respectively:

The ratio of the rate constants from forward to backward reaction is called equilibrium constant. This rate constant can be calculated if the equilibrium concentrations of all components
are known. It is more interesting to determine the position of the reaction equilibrium without
previous concentration measurements. That is, the equilibrium constant K is calculated using
thermodynamic variables. This can be achieved with the help of the molar Gibbs energy of
reaction 5 at equilibrium (∆r G◦ ) and standard conditions:
−RT ln K = ∆r G◦

(2.9)

In reaction equilibrium applies, (∆r G◦ ) = 0. (∆r G◦ ) can be calculated from the molar Gibbs
energy of formation (∆f G◦ ) for the reacting components (tabulated quantities). The temperature dependence of the equilibrium is calculated via the van’t Hoff-equation.
5

also known as molar free enthalpy
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Additional information derived from thermodynamics provides answers to the question whether
heat is released (exothermic reaction) or consumed (endothermic reaction) by the reaction. If
the reaction enthalpy ∆r H < 0, heat is released, ∆r H > 0 heat is consumed. The temperature
dependence of the reaction enthalpie can also be determined using Kirchhoff’s law if the heat
capacities (Cp ) of the reacting components are known.
Theory of the activated complex
Basic idea: The reaction proceeds through a state that is extremely unstable and extremely shortlived and is termed an activated complex (or a transition state). When this state is reached, the
reactive species decomposes rapidly either into the starting materials or reacts to the products. As
the figure 2.2 shows, the formation of the activated complex is always endothermic. So energy
must be spent.

Figure 2.2: The distribution of energies in a collection of reacting molecules

The Arrhenius equation determines the temperature dependence of the reaction rate constants
kr .
EA

kr = k0 e− RT , respectively ln kr = ln kr = ln k0 −

EA
RT

(2.10)

k0 is a preexpotential factor, EA is the activation energy, R is the molar gas constant, and T is
the Kelvin-temperature.
Catalysis
Many exergonic reactions (∆r G < 0) do not occur voluntarily. These reactions are thermodynamically possible but kinetically inhibited. The reason for the inhibition is that the activation energy is too high. Examples are the cleavage of the peptide bond (peptide + H2 O ⇒
two amino acid molecules) and the disproportionation of Hydrogen peroxide creates Water and
Oxygen (2H2 O2 ⇒ 2H2 O + O2 ). Catalysis is the increase in the rate of a chemical reaction due
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to the participation of an additional substance called a catalyst. In most cases, reactions occur
faster with a catalyst because they require less activation energy (figure 2.3). Furthermore, since
they are not consumed in the catalyzed reaction, catalysts can continue to act repeatedly.
Catalysts are highly specific compounds. They have an ability to direct the reaction to yield a
particular product. The reaction with same reactants but different catalyst may yield different
products. This is termed as the selectivity of a catalyst. They can accelerate a particular reaction
while inhibit another reactions.

Figure 2.3: The effect of a catalyst on activation energy.

Further terms used in the catalysis are:
• The specificity: the catalyst only affects certain substrates (starting materials) and / or
certain groups (functional groups) of a molecule.
• Promotors, activators, cocatalysts: extraneous additives, the effectiveness of the catalyst is
increased (synergy effect, reciprocal gain).
• Catalyst poisons, poisoning of catalysts: Substances which deactivate or block the catalytically active center. The catalyst becomes ineffective.
Enzyme catalysis (biocatalysis)

Biocatalysis refers to the acceleration and / or regulation of chemical reactions in which enzymes
act as biological catalysts (biocatalysts). Enzymes consist predominantly of one or more proteins
(proteins). Proteins are involved in almost all metabolic processes in nature. Enzymes work
under mild conditions in aqueous media. They are very specific with regard to the substrate
which they react, as well as the reaction path which they catalyze (figure 2.4). The structure
of enzymes is essential for their effectiveness and can be regulated in a variety of ways. Their
catalytic effect is not linked to the presence of living cells.
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Figure 2.4: Schematic description of an enzyme-catalyzed reaction (Source: [1]).

An example is the Hydrogen synthesis using genetically modified microalgae. This process proceeds as anoxygenic photosynthesis under anaerobic (oxygen-free) conditions. In contrast to
the use of phototropic bacteria, no molecular oxygen can be produced. Rather, some green algae produce hydrogen with the help of the hydrogenase enzyme. The practical applicability is
promising and therefore is examined and advanced worldwide. Hydrogen is particularly interesting in context of the production of regenerative energies. Hydrogen can be used as a fuel for
generating electricity in fuel cells (figure 2.5).

Figure 2.5: Combination of enzymatic Hydrogen synthesis and fuel cell (Source: [2]).

The catalytic activity of enzymes is also dependent on the reaction conditions within the reaction
medium. Enzymes develop their full effectiveness only when pressure, temperature, pH and other
process variables are optimized. The reaction vessels are referred to as fermenters (figure 2.6).
Fermenters are generally three-phase reactors with solid, liquid and gaseous components. As
a rule, the liquid phase is the continuous phase. This must be intensively mixed in order to
ensure, firstly, a uniform distribution of the dispersed phases, and second, to ensure optimum
mass transfer between the three phases.
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.
Figure 2.6: Diagram of a typical fermenter (Source: – )

Kinetics of enzyme catalysis

Enzymes often act autocatalytically. In autocatalytic processes, the catalyst is one of the products of the self-catalyzed reaction. Thus, peptides are formed during the fermentation process,
which are ultimately effective as enzymes in the fermentation as biocatalysts. In the course of the
reaction, the enzymes accumulate, which accelerates the reaction. The reaction rate of enzymecatalyzed reactions does not increase linearly with the enzyme concentration but reaches a maximum reaction rate according to a hyperbolic curve (figure 2.7). The course of enzyme reactions
is usually described using the Michaelis-Menten-kinetics:
Michaelis-Menten-kinetics
Beginning with a bimolecular reaction between the substrate S (starting material) and the
enzyme E (with the concentration E0 ) and the reaction rate constant k1 , a complex ES is
formed as an intermediate. This complex can react either to E + S (with the rate constant k−1 )
or to the desired product (with the reaction rate constant k2 ).
Definition 2.1

E+S

k1
k−1

k

2
ES −→E
+P

(2.11)

For the derivation of a kinetic equation, it is assumed that both the enzyme concentration [E0 ]
(free enzyme + complex-bound enzyme ([E] + [ES]) are constant and the formation of the com) is quasi-stationary
plex ( d[ES]
dt
d[ES]
= k1 [E][S] − (k−1 + k2 )[ES] = 0
dt

(2.12)

Based on these assumptions, the rate of the reaction of the substrate d[S]
and the formation of the
dt
d[P ]
desired product dt can be derived without knowledge of the concentration of the complex [ES]:
−d[S]
d[P ]
k2 [S]
=+
=
E0
dt
dt
KM + [S]
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Where KM = Michaelis-constant
KM =

k2 + k−1
k1

(2.14)

The Michaelis-Menten-kinetic is determined by the following equation6 :
−

d[S]
d[S]
[S]
= (−
)max
dt
dt
[S] + KM

(2.15)

.
Figure 2.7: Hyperbolic curve of Michaelis-Menten- kinetics

6
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7.1

Introduction
Technically, development of Micro-hydro Power (MHP) is based on the principles of fluid mechanics, although many empirical relationships are applied to achieve practical engineering solutions. Based on the experience accumulated, over many years of study and practice, there are
particular solutions to specific problems. Experience that goes back 2500 years, when a massive
irrigation system, that is still operative, was built in Sichuan, China, and to the many aqueducts
built during the period of the Roman Empire. In MHP, hydraulic engineering is applied to:
•
•
•
•
•
•
•
•
•
•

Optimise the performance of waterways to reduce energy losses.
Design spillways and structure for floods prevention.
Design adequate energy dissipation works downstream of spillways.
Control erosion and manage silt transportation. Control phenomena such as:
Instability in waterways due to dynamic effects.
Air entrance into closed conduits.
urges in long waterways.
urge pressures in closed conduits.
Cavitations of structures and equipment.
Prevent reservoir sedimentation, intake obstruction and sediment related damage to the
hydraulic circuit and the equipment.

In order to successfully develop MHP a thorough understanding of the principles of hydraulics
is required.

7.2

General Hydraulic Terms
Water Flow-rate
Surface water flows by gravitation from the higher elevation to the lower elevation. Water
volume flow rate, also known as volumetric flow rate, is the volume of water (or generally
”fluid ”) which passes per unit time. The water flow rate in this document is represented by
the symbol Q. In SI unit it is expressed in m3/s (cubic meters per-second).
Definition 7.1

Darcy’s Law
Darcy’s law defines a volumetric flux which is the average volumetric flow rate per unit area. It
is represented by the symbol q, with SI units of m3/(m2 · s), that is, m · s −1. The integration
of a volumetric flux over an area gives the volumetric flow rate.
Definition 7.2

Head
Head or hydraulic head is a combined measure of the elevation and the water pressure at a
point in a water system which represents the total energy of the water. Surface water moves
in the direction of lower hydraulic head (i.e. toward lower energy), and hydraulic head is
a measure of water pressure between the water surface levels. Hydraulic-head is usually
measured as a liquid surface elevation, expressed in units of length. The water head is this
document represented by symbol ”h ” and expressed in ”meter ”.
Definition 7.3
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7.3 Bernoulli’s Equation
Head Losses
Head or pressure losses are comprised of losses caused by friction between the water and the
pipe and losses causes by turbulence created by changes in velocity or direction of flow which
occur at the inlet, bends, valves and enlargement or constrictions along pipe.
Definition 7.4

7.3

Bernoulli’s Equation
A body of water will have a potential energy by virtue of its velocity and the vertical height
through which it drops (as a difference in water levels is what drives the flow of water), which
is known as its "head". This energy is called a "Potential Energy" which is product of mass,
gravitational acceleration and head:
Epot = m · g · h

(7.1)

Where:
Ep ot: potential energy (generally expressed in Joules [J])
m: mass (kg)
g: acceleration of gravity (m/s2)
h: head (m)
The energy head in the water flowing in a closed conduit of circular cross section, under a certain
pressure, is given by Bernoulli’s equation:
H =h+

V2
P
+
ρ
2g

(7.2)

Where:
H: total energy head
h: elevation above some specified datum plane,
P : pressure
ρ: specific weight of water
V : velocity of the water, and
g: gravitational acceleration.
The total energy head at the given point is then the algebraic sum of the potential energy h, the
pressure energy P/ρ, and the kinetic energy V /2g, commonly known as the "Velocity head".
Bernoulli’s equation is applicable for both closed conduit (pipe) and open channel. For an open
channel, the term P/ρ is replaced by d, the water depth.

7.4

Laminar and Turbulent Flow
If water is allowed to flow very slowly in a long, straight, glass pipe of small bore into which a
fine stream of colored water is introduced at the entrance to the pipe, the colored water would
appear as a straight line all along the pipe. This effect is known as laminar flow. The water flows
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in lamina (layers), like a series of thin walled concentric pipes. The outer virtual pipe adheres
to the wall of the real pipe, while each of the inner ones moves at a slightly higher speed, which
reaches a maximum value near the center of the pipe. The velocity distribution has the form of a
parabola and the average velocity (figure 7.1) is 50 % of the maximum center line velocity.

Figure 7.1: Velocity distribution in a pipe. Source: [1]

If the flow rate is gradually increased, a point is reached when the lamina flow suddenly breaks
up and mixes with the surrounding water. The particles close to the wall mix up with the ones
in the midstream, moving at a higher speed, and slow them. At that moment the flow becomes
turbulent, and the velocity distribution curve is much flatter. Experiments carried out by Osborne
Reynolds, near the end of the 19th century, found that the transition from laminar flow to turbulent
flow depends, not only on the velocity, but also on the pipe diameter and on the viscosity of the
fluid, and is a ratio of the inertia force to the viscous force. This ratio is known the Reynolds
number and can be expressed, in the case of a circular pipe, by equation 7.3:
Re =

Dv
υ

(7.3)

Where:
D: pipe diameter [m]
v: average water velocity [m/s]
υ: kinematics viscosity of the fluid [m/s]
From experimentation it has been found that for flows in circular pipes the critical Reynolds
number is about 2000. In fact this transition does not always happen at exactly Re =2000 but
varies with the conditions. Therefore there is more than a transition point, what exists is a
transition range.
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Energy Losses
Energy loses as it flows through a pipe, fundamentally due to:
• friction against the pipe wall
• viscous dissipation as a consequence of the internal friction of flow
The friction against the pipe wall depends on the wall material roughness and the velocity gradient nearest to the wall. Velocity gradient, as can be seen in figure 7.1, is higher in turbulent flow
than in laminar flow. Therefore, as the Reynolds number increases, the friction loss will also
increase. At the same time, at higher turbulences there is more intensive mixing of particles, and
hence a higher viscous dissipation.
Consequently the energy losses in flow in the pipe increase with the Reynolds number and with
the wall pipe roughness. It can be verified that for water flowing between two sections, a certain
amount of the head of energy is lost:
v 2 p2
v12 p1
+
+ h1 = 2 +
+ h2 + hf
2g
ρ
2g
ρ

(7.4)

Where:
hf : friction loss occurred within the two sections

Figure 7.2: Energy losses in a pipe
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7.6

Major Empirical Formulae
Capacity of Plant
The capacity of a MHP plant is determined by the head and flow conditions of a site. The
relationship is as follows:
Pel = ρ · g · Q · Hn · η

(7.5)

Where:
Pel : electrical power output [kW]
ρ: density of water (1 kg/1/1000m3)
g: gravitational acceleration (9.81 m/s2)
Q: flow in [m3 /s]
Hn : net head in [m] (approx. 90 % of gross head)
η: overall efficiency (use 70 %)
Intake

Figure 7.3: Design of submerged intake orrifice. (Source: [2])

Q = µ·a·b·

p
2gz

(7.6)

Where:
Q: inlet design flow [m3/s]
(Use 120 % of scheme design flow to add flexibility to scheme operation)
m: flow coefficient (use 0.8 for submerged conditions)
a: height of opening [m]
b: width of opening [m]
z: head loss over opening [m]
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Headrace

Figure 7.4: Design of headrace profile. (Source: [2])

Qd = v · A

(7.7)

V = Ks · R2/3 · I 1/2

(7.8)

Where:
v: mean velocity [m/s]
Ks : roughness coefficient according to Strickler [m1/3 s-1 ]
R: hydraulic radius = A/p [m]
A: the cross-sectional area [m2 ]
p: wetted perimeter [m]
I: slope of water surface = slope of canal or river bed for uniform flow = Is [m/m]
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Forebay
If penstock pipe axis is parallel to the entrance water flow:

Figure 7.5: Penstock pipe axis parallel to water flow. (Source: [3])

√
d = 0.54 · v D

(7.9)

If penstock pipe axis is perpendiculars to entrance water flow:

Figure 7.6: Penstock pipe axis align to water flow. (Source:[3])

√
d = 0.7 · v · D
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Formula for water velocity:
v=

Q
1/4 · π · D2

(7.11)

Where:
d: depth of water [m]
= minimum distance between water at forebay to penstock pipe [m]
v: flow velocity in the penstock pipe [m/s]
D: penstock pipe diameter[m]
Q: design flow [m3 /s]
Spillway

Figure 7.7: Design spillway (Source: [2])

L = 1.5 ·

Q
p
1.5
2/3 · µ0 · 2gHsp

(7.12)

Where:
L: length of spillway [m]
Q: flow [m3/s]
µ: flow coefficient
(Use 120 % of scheme design flow to add flexibility to scheme operation)
µ0 : 0.95 µ
g: gravitational acceleration [=9.81 m/s2]
Hsp : assumption of spillway height [m]
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Penstock

Figure 7.8: Long section penstock pipe. (Source: [3])

D = 0.5 · H

1/7


·

Phydr
H

3/7
(7.13)

Where:
D: penstock pipe diameter [m]
H: net head [m]
Phydr : hydraulic power [W]
g: gravitational acceleration [9.81 m/s2 ]
Qd : design flow [m3 /s]
ρ: specific weight of water [kg/m3 ]
Conditions:
• Flow velocity in the penstock pipe between 2.5 - 3.5 m/s.
• Total headloss (due to friction, bend, contraction and other local losses)
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Anchor Block and Sliding Block

Figure 7.9: Design of anchor and sliding block (Source: [2])

Conditions (only for penstock pipe above the ground):
• Anchor block is prepared on every bend (vertically and also horizontally).
• If the length of the penstock pipe is more than 30 m, then made an anchor block every 30
m distance.
• The area of the lower part of the anchor block should be larger than the upper area.
• The distance between sliding blocks should be maximum 6 m.
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Power House

Figure 7.10: Design of power house (Source: [3])

Conditions:
• A powerhouse shall protect the generating and control equipment from adverse weather
conditions and prevent access by unauthorised persons.
• The elevation of the powerhouse shall be well above any known flood water level of the
stream.
• The powerhouse shall be ventilated, have windows for adequate daylight and insect screens
at openings.
• The powerhouse door shall be large enough to allow safe passage of the equipment to be
installed in the powerhouse.
• There shall be provision of a flat and dry floor area inside or outside the powerhouse as a
working space for repair and maintenance of the generating equipment.
• A separate storeroom for spare parts is to be provided in the powerhouse or in a nearby
building.
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9.1

Penstock Pipes
Penstock is used to deliver potential energy of water from forebay to kinetic energy of water
entering water turbine. Penstock can be constructed above the ground surface or placed beneath
the ground surface.
The requirement of installation above the ground:
• The placement of penstock above the ground is required when the ground consists of solid
and hard rocks which the excavation of the ground would take high cost.
• Pipe made of steel is more suitable since it stronger, protects the pipe against corrosion
and easy maintenance.
The placement of the penstock below the ground has many benefits, such as: it does not require
expansion joint, anchor block and pipe supporting structure.
For underground penstock, PVC pipe may be used but it must fully be placed beneath the ground
surface to prevent from the sun (ultraviolet) exposure.

9.2

Water Flow in Pipe
Laminar and Turbulence Flow
For a laminar flow, the flow parameters such as velocity, pressure and viscosity for each point
inside the pipe are independent against time. On the turbulence flow, the flow parameters are
time dependent.
Example of laminar flow: flow of water through the constant pipe diameter or variable pipe
diameter at constant pressure (such as reservoir or water tank with constant height of water level
(i.e. the make-up water flows into the reservoir equal to the water flow out of the reservoir)
Example of turbulent flow: the flow runs through the pipe with variable pressure due to the
changing of water height connected to the upper tank.
Head Loss caused by Friction
In a real flow, the energy or head loos is created due to resistance of pipe wall and disturbance of
the flow which will result in irreversible transformation of energy within the flow into heat.
The loss of energy due to friction occurred between pipe wall and thin layer of water flow surface.
The thinnest water layer tightly clings to the pipe wall, not-moved, while the velocity of each
concentric layer is increasing reaching its maximum velocity in pipe diameter.
Laminar flow occurs when a fluid flows in parallel layers, with no disruption between the layers.
Laminar flow tends to occur at lower velocities. Technically, however, the flow inside the pipe is
usually turbulence, where particles move in any direction (lateral mixing) and change velocity.
In non-scientific terms laminar flow is "smooth", while turbulent flow is "rough".
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Figure 9.1: Velocity distribution inside the pipe flow a) laminar and b) turbulence

To characterize the type of flow inside certain pipe, Reynolds number (Re) is used (note that Re
is a ratio between inertia force and friction due to fluid velocity):
Re =

v·d
ν

(9.1)

Where:
v: average velocity [m/s])
d: pipe diameter [m]
ν: kinematic velocity [m2 /s]
For water at 10 ◦ C: ν=1.31 · 10-6 m2 /s
For water at 20 ◦ C: ν=1.00 · 10-6 m2 /s
When Re<2000, type of the flow is called laminar flow and for Re between 2500 and 4000, it is
called turbulence flow. Re numbers between them is called critical zone and undefined, where
both type of flow exist with the same Reynolds number.
Example of laminar flow is an underground flow through aquifer; in MHP technology the flow
which runs through the channel and pipe is almost always turbulence.
Friction loss of turbulent flow can be calculated using the following formula (Darcy-Weisbach):
Hf riction =

λ · L v2
d 2g

(9.2)

Where:
Hf riction : Head loss due to friction in meter fluid column
λ: friction factor based on Moody Diagram (see figure 9.2)
L: pipe’s cross-section length pipa in constant diameter [m]
v: average velocity [m/s])
d: pipe diameter [m]
Experiments had been made in determining λ (friction factors) for commercial pipe; this leads
to an empirical formula and it is quite complex which later called Colebrook and White.
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Moody (United State) became the first person to create a diagram for practical necessity where
λ (calculated by Colebrook formula) visualized as a function of Reynolds number (see relevant
reference).
Regardless of Reynolds number, friction factors also depend on absolute roughness of pipe; different roughness value of pipe material and condition are usually provided by the manufacturers
and can be found through relevant literature.
Note that when the commercial pipe manufacturer provides tables and diagrams to determine
head loss due to friction, such information is usually slightly deviate from the actual value. Pipe
manufacturer mostly provides the best value for roughness coefficient on their product. Also the
old pipes are not as smooth as new pipes in the operational. Metal pipe is prone to corrosion
while plastic made pipe (PE, PVC) will be covered by mud after few years of operational. In fact
all type of pipe will gain higher roughness value after few years of usage. Such damage should be
taken into account when choosing penstock and therefore it is advisable to use Darcy-Weisbach
formula combined with Moody Diagram instead of using the table and diagrams provided by
manufacturer.

Figure 9.2: Moody Diagram
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Table 9.1: Absolute Roughness (k) for commercial pipes

Local Head Loss

Local Head loss occurs at the changing of valve cross-section and at the curve (bend). Such loss
is sometimes called minor loss since long headrace and penstock pipe may probably have low
impact compare to the friction losses. Local loss is stated by multiplication of kinetic head (such
as friction losses, see equation 9.2)

Hi = ζi

v2
2g

(9.3)

Where:
Hi : Local head losses is stated in meter water column (mWS) unit
ζ: loss coefficient
For some regular usages, ζ value is provided in figure 9.3. The given values for the valve are
only general indications; use values released by valve supplier if available.
Note that ζ value of the bend does not take friction losses into account which occur inside it;
when it comes to determine the length of piping system in order to calculate head loss due to
friction, the length of contraction (bend) should be included.
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Figure 9.3: Losses coefficient (ζ) for local losses
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Determination of Turbine’s Net Head

Figure 3 shows a micro hydro scheme with gross head 15 m and design discharge 100 l/s. To
calculate the output of the scheme, the net head of turbine should be determined.
Turbine net head = gross head reduced by friction loss of the penstock, draft tube, and local
losses of penstock and draft tube

Figure 9.4: Gross Head and net head showed by the figure for MHPP Schema using pump
as turbine (PAT). Source:[1]

Selection of Economic Penstock Diameter

By increasing the diameter, head losses and energy output loss produced by it can be minimized,
while on the other hand construction cost is increasing. If we minimize the head loss, this could
end up with the increasing of cost and bigger penstock diameter required. Therefore an optimum
penstock diameter becomes one of factor necessary to minimize total annual cost which consists
of investment capital for penstock construction and also maintenance and monetary value of
energy lost as well.
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Figure 9.5: Optimum penstock diameter determination

Optimum penstock diameter calculation usually becomes complicated (it can be seen for example
on SKAT: Hydraulics Engineering manual, p. 46ff). Moreover, many of technical and financial
parameters (such as: grid availability, monetary value of electricity energy, instalment cost of
penstock in location, etc.) necessary in calculating optimum diameter are not available during
pre-feasibility phase.
For a pre-feasibility study the graphical method shown in Figure 4, which correlates economic
pipe diameters and discharge function (Q), can be used. Since the scope of penstock diameter
which allows for given flow is broad, alternative approach is by using empiric formula comes
from existing water power. During the analyze of majority of Fahlbusch and Sarkaria water
power (in: Water Power and Dam Construction, June 1982) it was found that the optimum penstock diameter was basically a function of a head and output power from a power plant; its
formula was used for both small and big scale water power scheme in United State of America
(from 2 to 700 MW) and with some adjustment, it is believed that this also applicable for MHP
schemes in other countries. It is advisable for MHP scheme to use the following formula:

Dopt = 0.5 · H

−1/7



Phydr
H

3/7
(9.4)

Where:
Dopt : optimum pipe diameter [m]
H: net head (estimation value) [m]
Phydr : hydraulic power = ρgQH [kW]
This formula may probably need some adjustments in the future when the already applied penstock data in existing MHP is available.
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Figure 9.6: Economic pipe Diameter as one of flow function. Source: [1]

Flow in Open Channel

Flow
The flows in nature, such as river and artificial channel, are categorized as flow in open channel. The water flow movement in an open channel under atmosphere pressure is caused by the
gravity force. In other word, water is moved by the channel slope. Unlike in a close channel,
the water flow is generated by the head pressure difference between two sections.
Definition 9.1

Uniform flow and non-uniform flow

As it has been discussed previously, fluid can only flow laminar when the flow velocity remains
constant from time to time. Therefore the velocity and water depth in remain unchanged against
time in certain parts.
With respect to the difference in the part of flow, we probably will find that velocity and the
depth of water of the channel are constant against the distance; such flow is called uniform and
water level is parallel with the bottom channel (see Figure 6). This type of flow usually occurs
in headrace with constant cross-section and slope of the bottom channel.
In other event the flow may probably gradually change with respect to distance which means
becomes non-uniform flow, like bend of water flow which are smothered in upstream of weir
belongs to Mini hydro power plant or the water surface will rapidly change by the time channel’s
size or slope is changing.
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Figure 9.7: Rapid flow (Q = constant) which is uniform in some section and changing itself
in some other section. Source: [1]

This module mainly will be dealt with uniform flows in open channel. Water depth of the uniform
flow can be determined by simple formulas such as Manning-Strickler.

9-10

Hydro Power

9.3 Cavitation and Water Hammer

9.3

Cavitation and Water Hammer
Cavitation
In a piping system using a centrifugal pump, cavitation may possibly occur due to the crosssection differences which resulting in pressure declining to below saturated steam, producing
such phenomenon called cavitation. Cavitation is a formation of steam-bubbles inside the fluid
which is pumped as a result of declining of fluid pressure below the fluid’s saturated steam
pressure at operational temperature of the pump. The formation of steam-bubbles during this
process has a very short cycle. Knapp (Karassik and friends, 1976) found that it only took time
around 0.003 second from the moment steam-bubble started to form until they burst. These
bubbles then carried away by the fluid flow and ended up in a higher pressure area compare to
the pressure of fluid’s saturated steam. In such area the bubbles would burst and causing a shock
to the wall near them. The fluid would suddenly enter the room which was formed due to the
bursting of steam-bubbles and causing a collision.
Water Hammer
Water hammer is a pressure fluctuation phenomenon caused by the quick closing of valve or a
sudden shutdown of the pump. It will cause negative impact against the penstock installation,
especially towards pipe which used as a main route to transport the fluid. An extreme pressure
changing will harm piping system; this includes the damage or the shatter of penstock with the
consequence of total shutdown in a whole power plant.

Figure 9.8: The process of the occurrence of Water Hammer
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Powerhouse

Basically every micro hydro construction aims to reach maximum head. The consequence is
turbine house stationed in low area as possible. For security the construction of power house
must be positioned higher than water surface of river during flooding.
The functions of power house are to support hydraulic and electrical equipment and to provide
protections against negative impacts caused by weather. Power house also provides room for
switchboard, transformer (if needed) and area required for maintenance work including equipment cabinet and spare parts. This equipment layout will determine the overall size of the power
house.
In many cases, except for small units, chains of hoist/block that run on the track are installed on
the structure inside power house. Such structure and power house gate should be measured in
such way that the heaviest and biggest components (generator) can be moved in and out without
any difficulty.
The operating switchboard should be stationed as near as possible to generator but it should
also be placed upon the ground to avoid water puddle in case of water leakage from turbine or
penstock.
If transformer were required, it should be kept in different room inside the power house. Sufficient ventilation should be provided inside power house since the generator generally produces
heat. The good ventilation will also provide appropriate condition for electricity equipment optimally operating.
Enough space is required to enable generator turbine unit being opened inside power house. This
area required for such work should be at least 1.5 times from the width area which is occupied
by this unit during operation; the floor area of power plant in an MHP scheme is usually around
25 to 40 m2 depends on power head (the turbines with high head are smaller than the low head
turbines with same output).
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Figure 9.9: Typical layout Powerhouse. Source: [1]

Tailrace
Tailrace has a function to return water from the turbine back to river.
• Tailrace should be broad enough to return the water safely from turbine.
• Wall of tailrace must sufficiently strong and floor elevation always above maximum water
surface level of the river during flooding.
• Pay attention to erosion and sediment inside the tailrace, erosion will endanger building
stabilization.
General tailrace design is usually the same as headrace design.

Hydro Power

9-13

Penstock and Powerhouse

9.5

Literature
References

[1] GIZ. Hydraulic design and Analysis.

9-14

Hydro Power

