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Preface

The Norwegian Tunnelling Society (NFF) is open to individuals, companies, institutions, and government
services engaged in or associated with the construction industry where use of the underground and related
work tasks and disciplines are central.

NFF has the tradition to present an English publication every year. In these publications we focus on different
topics we think are relevant to share with our international friends and colleagues around the world. This
year’s publication is devoted to small sustainable hydropower plants.

The publication is targeted towards both an international and national audience, - both industry members,
politicians and the readers interested in sustainability and power plants in general. We hope the reader will
be inspired to engage in finding sustainable solutions to the energy challenges we face in the world today.

The publication is written as a joint effort among the scientists, clients, contractors, consultants, and suppliers
in the Norwegian tunnelling industry. It contains of a mix of general information and project specific details.
We appreciate the willingness to share experience and thoughts through this written material. The authors are
credited in front of each chapter. A special gratitude goes to the editorial committee:

Sindre Log, SINTEF

Werner Stefanussen, Stefanussen Consulting
Tone Nakstad, NFF

Oslo, September 2024

Norwegian Tunnelling Society (NFF)
The International Committee
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1 Introduction

11 Background

Norway’s history of hydropower is a long one. Most
power plants in Norway were built before 1990 and
more than 200 km of associated tunnels were exca-
vated by TBMs from the late 1960s to the early
1990s, in what was Norway’s biggest hydropower
era. With a yearly production of 135 terawatt hours
(TWh), distributed across more than 1,600 hydro-
electric power plants, the production capacity covers
more than 94% of the total electricity usage in the
country.

When many Norwegian rivers, streams and water-
falls were ‘tamed’ for hydropower, public resistance
grew against hydropower projects. In the mid-1990s,
then Norwegian Prime Minister Jens Stoltenberg
declared that the era of big hydropower construc-
tion was over.

Nevertheless, Norwegian topography and water
resources still gave major potential for hydropower,
especially if a solution with less impact on the envi-
ronment could be found. One of these solutions
included small hydropower projects.

The Norwegian Tunnelling Society (NFF) has shared
two publications about hydropower earlier:
Publication #03 Hydropower Tunnelling (1985) and
Publication #22 Norwegian Hydropower Tunnelling
[l (2013).

In this publication we will focus on small hydropower
projects, we will address why they are an effective
way of generating electrical energy. We will also

share tips and tricks we have found through several
decades with development of this concept.

1.2 Definitions

1.2.1 Small Hydropower Plants

In Norway the definition of small hydropower plants
is hydropower plants with an installed capacity of
less than 10 MW. We know that other countries have
other definitions.

In this publication, the Norwegian definition will be
used when referring to numbers and prevalence of
small hydropower plants. However, we have included
project examples with installed capacity up to 50
MW since we believe they give the reader a broader
range of experience to build their knowledge from.

1.3 Why Small Hydropower Plants

There are currently more than 1,300 small hydro-
power plants operating in Norway with an installed
yearly production of 11 TWh. The small hydro share
of the total power production is currently around
8 percent (see Figure 1.1.).

The local impact on the environment for these small
projects is generally lower than on larger hydro-
power projects: construction is cost-efficient and
faster, and the initial investment required is lower.
The widespread availability of locations where these
projects can be built also offers plenty of opportuni-
ties for value generation across all parts of the country
(Smakraftforeninga, 2016).

m Large hydro with
reservoirs

® Large hydro run-of-
river
® Small hydro

= Wind power

® Thermal

Figure 1.1. Power production by percentage in Norway (Normal year, OED, 2019).
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2 The Construction of Small Hydropower Plants

2.1 Introduction to Construction

A significant amount of the existing Small
Hydroelectric Power Projects (SHEPPs) has been
constructed either with pipes on the surface or by
trenching. In recent years, it has been a general
trend that larger parts of these SHEPPs are built in
tunnels, either due to the topography or in an effort
to reduce the environmental impact. Most of the
Norwegian SHPP’s are typically run-off the river pro-
jects with relatively high head (larger than 250
meters). The discharge is normally in the range of 1
to 10 m3/sec, which requires quite small diameters
for the tunnels, shafts and penstocks.

The traditional penstock above ground, or buried in
a ditch, will normally be the cheapest and the less
time-consuming solution. However, the governmen-
tal requirements and the topographical conditions
may require alternative solutions. In Norway the
governmental environmental requirements normally
do not allow for a penstock above ground. In some

06/17/2005.09:52

projects, the topographical conditions do not allow
construction of a buried penstock due to steeply
inclined slopes with exposed rock, or risk of land-
slides. Then, the alternative solution with tunnel and
shaft may be relevant. These governmental and
topographical conditions are also relevant in other
countries, and the “Norwegian solution” may be an
alternative. During the last 10 years Sweco Norge AS
has designed tens of small hydropower projects with
tunnel and shaft solution. In most of these projects
the power house has been constructed above
ground, but it might also be possible to design and
construct an underground power house located in a
rock cavern.

2.2 Alternative Waterways

In the following, different and most common solu-
tions for underground waterways (tunnel and shaft)
are described. A combination with surface solutions
can also be possible or preferable. Typical alternative
design of the waterway is illustrated in Figure 2.2.

Figure 2.1. Installation of penstock in dich (Photo: Werner Stefanussen).
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Figure 2.2. Alternative design with inclined shaft and unlined pressure headrace tunnel (Ref).
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mining
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we always seek the best solutions for our clients. We are
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proactively to improve our systems.
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5
&

Raise Boring

Drill &Blast - 350 m

Figure 2.3. Typical small hydro layout (Norhard.no)

Normally the tunnel length is within 1 km, with a
cross section of minimum size, like 12 to 14 m2. The
length of the shafts are normally 300 to 500 meters,
and with diameters from 1to 1,5 meters. The limita-
tions in length are due to the economically aspects
of a small hydropower, or technical reasons for the
shaft drilling. When performing an economical eval-
uation of the project, the cost of the underground
works will certainly be a limitation. The restricted
length of the shaft is because of the present techno-
logy for the light weight equipment to be used in
these projects without road access to the intake
location. The weight restrictions of helicopters are
setting the limitations of the equipment to be used
for shaft drilling.

2.3 Several Possible Tunnelling Methods

In small hydroelectric projects that require an under-
ground waterway, the tunnel is usually built by one
of the following methods:

e Trenching

Drill and blast tunnelling
Raise drilling

» Directional drilling

e TBM boring

As a rule, trenching is the most cost-effective solu-
tion for such projects; however, the topography and
nature of the projects do not always allow for
trenching. If a tunnel is needed, the other options
have historically been between D&B tunnelling, raise

drilling or directional drilling, or a combination of
those methods.

The SHEPPs that consist of a tunnel more often than
not have some physical constraints that limit the
construction method:

1. There is naturally a big elevation difference
between the tunnel portals.

2. There is generally as much overburden as practi-
cally possible towards the downstream portal to
avoid challenging geology, hydraulic fracking, and
hydraulic jacking, and to lower costs.

These limitations mean that the vertical profile of a
SHEPP tunnel is frequently similar to the illustration
(see Figure 2.3.), with limited inclination in the
downstream portal and high inclination towards the
upstream portal.

2.3.1 Trenching

Trenching is the most common way to lead water
into the turbines when it comes to smaller hydro-
power plants

2.3.2 Drill and blast tunnelling

The traditional way of constructing such projects has
been to drill and blast the flat part and raise bore the
incline. A concrete plug is installed where hydraulic
jacking forces are lower than the minor principal
stress in the surrounding rock, and further through a
pipe in the tunnel towards the powerhouse.

As indicated above, the required tunnel diameter is
normally small, in the order of 8 to 10 m2. However,
to obtain high tunnel performance, the smallest tunnel
profile is normally in the range of 12 to 14 m2. With
this cross section, small high performance two-
boom jumbos can be used for drilling the blasting
rounds. The loading and mucking equipment must
be adapted to each other and to the tunnel profile.

Figure 2.4. Small size 2-boom tunnel machines
(Photo: Werner Stefanussen).

Figure 2.5. Low height mucking and transport equipment
(Photo: Werner Stefanussen).
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Our experience is positive using front loaders with
extra low height. They are efficient in loading, with a
large volume scoop and have high maximum speed.
These can be used for mucking and transport of the
blasted rock mass for until 400 meters. If the tunnel
is longer, construction of a turning niche is necessary
every 250 meters. By using the correct equipment,
the tunnels can be constructed with an upwards
inclination of 1:5 (20%).

The most common blasted cross section is, however,
between 16m?2 and 25 m?, due to limitations in the
available equipment as well as the challenges of
excavating efficiently with D&B at diameters smaller
than 16m?2. If the tunnel was to be excavated with

other methods, a profile like Figure 3 would be
typical.

2.3.3 Raise drilling

The shafts are normally constructed by use of pilot
hole and reaming (raise drilling) and are normally
inclined (to about 450). They can however be verti-
cal in other situations. Due to the advantage of using
light weight machinery to possibly use helicopter
transport to the shaft location, the equipment has
limited capacity by length. Normally, in our experi-
ence, the shaft length can be at a maximum of 600
meters. The diameters can be in the range of 0,7
meters to 4 meters. However, due to the water quan-
tity, normally the shafts are constructed with a dia-
meter of 1to 2 meters. The shaft is connected to the
tunnel at the end of the tunnel.

Lately, new developments in shaft drilling equip-
ment have been developed in Norway. This gives the
possibility to perform the drilling from the lower
end, and upwards to the intake position. The length
with this technology can be up to 1000 meters and
even longer. Deviation controlled shaft drilling is also
possible.

Figure 2.7. Raise drilling. Ready for reaming the shaft (Photo: Bard Skatvold).




Small Sustainable Hydropower Projects

Publication no. 32

Helicopter is used for transportation of equipment if
no access road is possible.

2.3.4 Directional drilling

The alternative to the conventional method has been
directional drilling performed with a heavily custom-
ized directional drilling rig such as that devised by
Norwegian company Norhard AS. The Norhard drill-
ing rig consists of a pilot tri-con bit for drilling with
carbide raise drill cutters to ream up the diameter of
about 0.7 m. The hole can then be reamed up with
several drillings up to a diameter of 1.5 m. The drill
string is powered by a non-rotational drill string
from the outside (see Figure 2.8).

Figure 2.8. Norhard breakthrough with pilot hole on
Grytendal project (NGK, 2019).

2.3.5 TBM boring

As the SHEPPs have become increasingly complex in
recent years, TBMs have been introduced on several
projects in Norway. The use of TBMs for excavation
of unlined tunnels has proven to have its own unique
advantages:

* Reduction of needed cross section, due to less
surface roughness

» Better tunnel quality, resulting in less rock
support and lower life cycle costs

* Less impact to the environment

* Reduction of tunnel construction time

Due to the lower surface roughness of the tunnel
wall in @ mechanically excavated tunnel, the water
flows better, and the needed theoretical cross sec-
tion can be reduced by 40 to 60 percent. A more
detailed graph is given in Figure 2.9.

The more efficient water flow, and the capability of
using the tunnel as the water carrying pipe, reduces
the need for excavated material significantly. This
means less excavated material needs to be removed
and stored and is also economically advantageous.

100 10

60 6

TBM Cross section (m2)
@
3
@
TBM Diameter (m)

0 20 40 60 80 100
Theoretical Blasted cross section (m2)

——TBM Cross section (m2) —— Diameter TBM (m)

Figure 2.9. Reduction of theoretical cross section with
mechanized tunnelling (Log, modified based on NTNU,
1998).

Less rock support is required in general in mechani-
cally excavated tunnels, and because of the better
tunnel quality there are lower lifecycle costs to main-
tain the tunnel. Mechanized tunnelling also disturbs
the environment far less than drill & blast operations.
The empirical data from TBM-excavated hydropower
projects in Norway support these points. Results
show that there is a reduction in installed rock sup-
port of between 40 to 90 percent when boring a
tunnel with a TBM instead of blasting it. The theory
behind this result is that a lot of the rock support in
blasted tunnels with small cross sections is installed
to stabilize rock that has been damaged by the
blasting. The TBM-bored tunnel walls are less dam-
aged, which also increases tunnel quality, ultimately
leading to lower maintenance cost of the tunnels
and longer tunnel life. Also, the smaller tunnel
dimension and the circularity of the hole increases
the stability of the rock and decreases the need for
rock support.

Excavation with TBMs also offers several environ-
mental advantages. The TBM and muck haulage are
typically run on 100 percent electric power from the
grid, which in Norway consists of 94 percent renew-
able energy. In addition to the already mentioned
environmental aspects that include reduced exca-
vated material, mechanized tunnelling eliminates
the risk of nitrous run off and plastic waste that are
present in D&B material deposits.

2.4 Investigations and design criteria

The geological and topographical investigations
includes study of the geology by field survey and
laboratory investigations of rock samples. Special
focus is paid to the entrance area of the tunnel, and
the intake area of the shaft. Relevant investigations
are review of geological and topographical maps,
experience from other projects in the area, field
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survey, investigation pits, core drilling, geophysical
investigations.

To have exact topographical maps, it is recom-
mended to perform aerial survey by scanning, and
processing detailed topographical maps.

For the pressure tunnels, the rock cover must
comply with the water head pressure to avoid
hydraulic splitting. Norwegian splitting criteria is
used, based on empirical formulas, or by performing
hydraulic splitting tests.

In areas with severe geological conditions, it might
be relevant to perform core drilling investigation.
The core drilled hole may also be used to perform
permeability tests of the rock mass.

2.5 Rock support

The Norwegian Tunnelling Method is based on
unlined water pressure tunnels. The typical rock
support methods in tunnels are rock bolts and fiber
reinforced shotcrete. Norwegian reinforced shot-
crete arches are also used to a certain extent. Full
concrete lining is only used in special situations with
severe fault zones with swelling clay materials.

The concrete plug (conus) is constructed at a loca-
tion of the tunnel where the criteria to avoid hydro-
fracturing requirements are fulfilled. From this point
a steel-, a cast-iron- or a GRP penstock is used to
connect to the power station. The length of this pen-
stock depends on the topographical conditions and
can be from 50 meters to several hundreds of
meters.

The rock support in the tunnels where the penstock
is used, the rock support normally includes system-
atic pattern rock bolting and shotcrete with fiber.

Rock support in inclined drilled shafts is not used. If
severe geological conditions are encountered,
grouting is performed as down-stage grouting.

2.6 Cost and construction time

Construction cost and construction time is essential
for all hydropower projects, and especially related to
small hydropower plants. Construction of the intake
dam is normally a small investment but may depend
on the topographical and geological conditions.
Small concrete dams are normally constructed with
a dam height of 5 to 6 meters. The intake arrange-
ment in projects in Norway needs special arrange-
ment due to the cold climate with snow and ice.

The solution with buried pressure pipe is normally
the most economical solution. However, use of high-

performance tunnelling and shaft drilling equipment
has shown to be competitive, due the possibly
shorter (straight on) underground solution.

Lifetime, future maintenance cost and safety aspects
of the waterway should also be taken into
consideration.

From Sweco Norge experience with design of sev-
eral small hydropower projects, the cost of the
waterway by using underground design (tunnel and
shaft) will normally be 20 to 50% higher than the
buried penstock solution. In the case when only the
underground solution is feasible, the cost is not an
issue.

Based on the typical Norwegian tunnel excavation,
an advance rate of 40 meters per week, and about 2
months for the construction of the drilled shaft, the
time schedule can in some projects be more favour-
able by using the underground solution, compared
to the traditional solution.
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3 Tips and tricks

3.1 Introduction
In this chapter for tips and tricks, we have included
examples of best practises. The examples are
collected from both small and larger hydropower
plants. We believe that the principles can be used by
all sizes of projects.

3.2 More salmon and more power in
Palmafossen

This chapter is based on an presentation given by

Yngve Tranay, Voss Energy and a presentation given

by Morten Kraabal, Multiconsult.

It is a story about improving the conditions of wild
salmon, and at the same time increasing the energy
production from the same waterfall.

3.2.1 Facts about the renovated Palmafossen

Precipitation field: 532 km?
Mean flow: 36 m3/sec
Max. flow capacity: 30 m3/sec
Min. flow ability: 6 m3/sec
Installed effect: 3.6 MW
Pipe diameter: 3.6 metre

Annual production: 14.0 GWh

o

e
M

3.2.2 Public-friendly facility

The facility and the area around are open to the
public and is organized to facilitate both relaxation,
display, and teaching:

* QOutdoors area with installations from the old
power plant.

* Qutdoors information boards with storytelling
about the conservation decision, the salmon
from Voss, Voss Herad's power plants and the
construction period for the new Palmafossen
power plant.

* Display screen with fishing videos and photos.

* The public can come down to the roof of the
power plant for a picnic and feel close contact
with the river.

* Qutdoor amphitheatre with seating for 40 peo-
ple, which can be used for teaching and tours for
school classes.

3.2.3 Salmon solution

The project is designed to secure safe ascent and
descent for all fish including eels. It is the first
project in Norway that includes safe design for the
fish in both directions. The solution has expanded
the spawning and rearing area for the fish with 8
kilometres.

Figure 3.1. Palmafossen with the salmon ladder to the right of the waterfall (Photo: Voss Energy).
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Figure 3.2. The principal design of a hydropower plant with safe ascent and descent for all fish (Photo.: Multiconsult).
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Figure 3.3. The grid with small slits in front of the water
intake. (Photos: Voss Energy and Multiconsult).

The project design also facilitates further research of
the fish in the river, by installing i.e. cameras for
monitoring and counting the fish and solutions for
catching, counting, and tagging fish for research
purposes.

Above, the principal design of a hydropower plant
with a safe ascent and descent for all fish is shown.
On the waterside of the bottom tap hatches it is
installed a grid with small slits to ensure that the fish
is not drawn into the turbines.

3.2.4 Award winning project

The Palmafossen hydropower plant at Voss Energi
received the Damkrona 2022 award for "outstanding
construction art and environmental design” at the
Water Resources Engineering Forum in Oslo in 2022.
NORCE LFI received the award together with Voss
Energi, NINA, SINTEF and Multiconsult.

The Damkrona is an honorary award that has been
established to promote innovative and engineering-
wise good solutions that safeguard good dam safety
as well as landscape, aesthetic and/or environmental
qualities with good implementation in terms of HSE.

Large resources are used to obtain good solutions in
connection with the new construction and rehabili-
tation of dams. An important purpose of Damkrona
is to make this work visible.

3.3 Underwater piercing - the Norwegian
method

This chapter is an extract from a proceeding from the

Norwegian Rockblasting Conference in 2017. The

original proceeding was written by Espen Hugaas

and Olaf Remcke, Orica.

3.3.1 History

Norway's topography has made it natural to utilize
the many high-lying large lakes for hydropower res-
ervoirs. To lead the water into power plants, tunnels
have then been driven under and out into the water
reservoirs. Tunnelling under water is a common
method used in this country. Historically, this method
goes back a long way. The first underwater piercing
was probably carried out around the 1890s when a
tunnel was blasted under Demmevatn west of
Hardangerjgkulen. The reason why there was a
desire to be able to lower Demmevatnet was not
electricity, but to prevent floods. Around ten years
later, the first underwater piercing was executed in
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connection with hydropower. Since that time, many
piercings have been carried out under water.
Especially in the sixties, seventies and eighties when
Norway constructed large parts of its current hydro-
power production. It is somewhat uncertain how
many underwater piercings that have been blasted
over the years, but there are several hundred (prob-
ably over 600). The deepest breakthrough related to
hydropower is a little over 100 meters (approx. 120
meters depth to the hatch construction). The deep-
est breakthrough for all purposes were made in the
North Sea for construction of a pipeline’s landfall.
The water pressure here was close to 200 metres.

3.3.2 Types of underwater piercing

The selection of piercing methods has been divided
into two main methods: Open and closed break-
through. Open breakthrough means that the tunnel
system that is breaking out into the water is con-
nected to the atmosphere either through an open
shaft or through an access tunnel. With open break-
throughs, , the water can flow in freely and gain a
tremendous force together with the rock masses
that enter the tunnel system. When choosing this
impact method, it is therefore important to be able
to slow down these forces. This is mitigated by,
blasting with a water-filled tunnel, and also a
partially water-filled shaft. How much water and 