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Abstract

We discuss the idea of building a 2 km high mountain in the Netherlands.
In this paper, we give suggestions on three important areas for the com-
pletion of this project. Issues like location, structure and sustainability are
investigated and discussed in detail.
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1 Introduction

The Netherlands does not have any tall mountains. Indeed, its name even de-
rives from the fact that it is essentially flat. According to Thijs Zonneveld, a
journalist and former professional cyclist, this is a serious shortcoming of his
country. As a possible remedy, he proposed building a 2 kilometer high moun-
tain in the Netherlands. The response was immense. Immediately, there was a
lot of excitement at the prospect of building a mountain, but also a fair amount
of skepticism about whether it can actually be done (see [11]). In this report we
aim to address some of the obstacles and opportunities that may arise in the
construction of such a mountain.

The idea of building a massive structure is not new. In the past, numerous
plans have been proposed for extremely tall buildings and structures. However,
what all these plans have in common is that they never left the drawing board.
The Dutch, however, are renowned for their large-scale engineering works such
as the dikes, polders, and the Delta Works. Still, it is not hard to see that build-
ing a mountain would dwarf these accomplishments by comparison. Consider
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that currently, at a height of 828 meters, the Burj Khalifa in Dubai is the tallest
building in the world - truly a marvel of modern engineering. Imagine then the
extremely special care and consideration, the vast amount of work and the in-
credible ingenuity that is required to achieve a structure that is more than double
that height.

After Thijs Zonneveld proposed building a mountain, a group of companies
joined forces in the organization ‘Die Berg komt er!” [9]. The aim of this orga-
nization is to bring Zonneveld’s vision into reality and build a mountain. Right
now, they concentrate on studying the feasibility of building a 2 kilometer high
mountain in the Netherlands. One of the companies involved, Bartels Consulting
Engineers, brought this problem to the Study Group Mathematics with Indus-
try (SWI) held in Eindhoven from 30 January to 3 February 2012 to aid in this
investigation.

The main questions Bartels Consulting Engineers posed at the SWI were:

Where should the mountain be built?

What shape, size and structure should the mountain have?

Which materials can be used to build a mountain?

How will the mountain impact the environment, soil levels and (local) weather?
Can the mountain be made sustainable?

How could one set up the necessary infrastructure?

N oo o ~ w N PE

How can the mountain be used? (Both during construction and after com-
pletion.)

Our aim during the SWI was to answer these questions as best we could.
In Section 2, we discuss possible locations for the mountain and in Section 3,
we discuss the impact a mountain would have on the ground it is built on. In
Section 4 we make some general remarks about possible ways of constructing
the mountain, in Section 5 we take a more in-depth look at possible materials that
may be used, and in Section 6 we discuss possibilities for making the mountain
sustainable. In Section 7 we conclude with a summary of our results, we present
our conclusions and make suggestions for further research.

One final remark: we will assume throughout this report that the man-made
mountain will have a height of 2 kilometers and a width at the base of roughly
14 kilometers.

2 Location

At the start of the Study Group, Bartels Consulting Engineers handed us the
following selection of eight possible locations to build the mountain, which are
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listed in the table below. The numbers in the table corresponding to the locations
are positioned on the map of the Netherlands in Figure 1.

Number of location

Description

In sea/on land

O~NO A WNP

near Bergen aan Zee

near The Hague

o [fhe coast of Zeeland

o [fhe coast of Texel

in the IJsselmeer, near the Afsluitdijk
in the 1Jsselmeer, close to Flevoland
in the Markermeer

in the province Flevoland

in sea
in sea
in sea
in sea
in sea
in sea
in sea
on land

4 4
4 5 #
7 - .
™, - = 8
-\\ 5 _.\..

Figure 1: Eight possible locations to build the mountain. The numbers corre-
spond to the numbers in the table of locations.

To select the most suitable location, we formulated several criteria:

< Flight routes. Schiphol is one of the largest airports in Europe. The air

tra [c should not be hindered in any way by the mountain.

Hence, the

mountain should not be placed on a flight route of Schiphol. These flight
routes are depicted in Figure 2. Locations 2 and 7 are on busy flight routes,
making them less preferable as a building location.

= Shipping routes. The seaport of Rotterdam is one of the largest in the world
and it is crucial for the Dutch economy. Therefore, it is unwise to hinder
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Figure 2: Routes of flights from and to Schiphol.

ship tra [c1d and from this seaport. Moreover, ships coming from the IJs-
sel crossing the lJsselmeer should not be hindered either. This e [Cectively
rules out locations 3 and 6.

= Sea currents. The sea currents are quite strong near the North Sea coast.
Building a mountain there would have a severe influence on the flow of
these currents. This would cause changes in the location and shape of
sand banks and would cause coastal erosion. Also, the currents will put
stress on the building foundations. It would need to be verified through
modeling and simulation, but it is likely that building a mountain at lo-
cation 2 would have just such an amplifying e [eck on the local currents.
This does, however, raise the question whether the power of these currents
could be harnessed for energy production, for instance, by large turbines.
Again, (computer) modeling would likely provide some insights.

= Protected environment/nature. Sustainable development and renewable en-
ergy will be a key issue in this project. Naturally, the construction and
placement should have a minimal impact on the existing ecosystem, flora
and fauna. Proximity of protected environments is therefore an important



108 SWI 2012 Proceedings

limiting aspect. Location 4 is close to the island of Texel, which has a rich
and rather unique ecosystem, and for this reason we recommend against
building the mountain there.

= Accessibility. Construction resources (e.g. people, material, machines) need
to e [Lciehtly reach the construction site. This is hard to assess for a given
location as it depends on many di [erent factors, and needs to be looked at
in more detail in future studies.

< Impact on society. Existing societal structures (e.g. cities, infrastructure)
need to experience as little interference as possible from the project. Lo-
cation 5, in particular, does not meet this criterium, as it is near important
infrastructure (i.e. ‘de Afsluitdijk’).

Under these criteria, only locations 1 and 8 do not raise any immediate ob-
jections: one is in sea and the other is on land, see Figure 3. As we will explain
below in Section 3, we prefer location 1, which is in the sea near Bergen aan Zee
because we estimate that the soil will respond rather extremely to the pressure
that the mountain would exert, and this would have less severe consequences if
this happened o [=shore.

Figure 3: The two locations that we believe are most favorable. One location is
in the North Sea, about 15 km o [Shiore near Bergen aan Zee. The other location
is on land, situated in the province Flevoland.

3 Soil mechanics

In this section we focus on the e [eck of the mountain on soil, by estimating how
far the mountain will sink into the ground. We also estimate how much soil will
be displaced, and whether this will cause hills or depressions to form nearby.
Since these e [ecks would likely need to be prevented, we propose some methods
to do so.



Up and Beyond - Building a Mountain in the Netherlands 109

3.1 Model

Let us first look at a model for soil mechanics that is popular in the field of high-
rise buildings (see, for example, [19]). Figure 4 shows a schematic picture of the
soil and the load exerted on it by the building. The lines in the ground illustrate
the curves along which the soil would slide if the load of the building is too high.

| 4
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q
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Figure 4: Popular model for the failing of soil caused by skyscrapers, [19].

The model states that if the load is higher than a certain value, the soil will
slide. More specifically, zone Il will move downwards, sliding along both zones
Il. As a result, zones Il will slide sideways along the curved line at the bottom.
This causes zones | to slide sideways and to rotate a bit. The result is that the
ground will rise in the shape of a funnel.

These are exactly the e [ecks that we want to avoid during and after the con-
struction phase. However, it is not clear whether the above model can still be ap-
plied in our case. The expected area of the base of the mountain is several orders
of magnitude greater than the area of the base of a large building. Furthermore,
the load of the mountain on the soil (being orders of magnitude greater than
the load caused by skyscrapers) causes zones Il to be several kilometers deep.
The soil is too heterogeneous at these depths (also containing rock type areas)
for these failure curves to make sense. A more realistic model is thus needed to
comprehensively understand the e [ecks of the load of a mountain.

The shape of the mountain has not yet been decided upon, so we allow our-
selves to make major simplifications in modeling the mountain and the soil. A
schematic picture is given by Figure 5. We model the mountain as a solid cone.
The assumptions on the size, weight and other relevant quantities are given in
Table 1. For the expected weight of the mountain, we assume that it will be con-
structed mainly from concrete. The value of the resulting weight is estimated in
Section 4. Note that these estimates only serve the purpose of supplying rough
estimates on the weight and base area of the mountain.

Soil consists of layers, and our model needs to take this into account. We only
use common knowledge about these layers, which can be found for example in
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Quantity | Value Description

A 1.5-10% m? base area of the mountain

d 1.4-10*m diameter of the mountain

E 2.0 - 107 N m~2 | static stress-strain modulus for the soil
g 9.8 ms2 Earth gravitational acceleration

h 2-10°m height of the mountain

1 5.0-10%°m thickness of the soft soil layer

m 6.9 - 1012 kg mass of the mountain

Table 1: Quantities and their units.

Figure 5: Schematic picture of our model of the mountain and the two soil layers.
The first layer (light brown) is the soft layer. The bottom layer (dark brown) is
modeled as a hard layer (not deformable), and consists of a second and third
layer as mentioned below. The thickness of the layers as depicted here does not
correspond to the actual ratio between them.

[10].

The first layer from the top, formed during the Quaternary period (this period
started 2.6 million years ago and is still ongoing) is very thin in comparison to
the other layers below, so we will neglect this layer in our model.

The second layer, formed during the Neogene period (between 23 and 2.6 mil-
lion years ago) consists mainly of sublayers of either clay or sand. Its thickness
depends heavily on the location. In Flevoland, it is about 500 meters thick (see
[71).

The third layer, formed during the Paleocene period (between 66 and 23 mil-
lion years ago) also consists mainly of clay and sand, but because of the pressure
induced by the second layer, it is more compressed. In Flevoland, this layer is
also about 500 meters thick (see [7]).

The fourth layer, formed during the Cretaceous period (between 146 and 66
million years ago) consists mainly of limestone.

Based on these data, we propose a model for the soil in Flevoland with some
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major simplifications. We propose a two-layer system, with a soft (mobile) layer
to model the Neogene layer, and a rigid (immobile) layer to model the Paleocene
and Cretaceous layer. Depending on the phenomena we want to study, we model
the soft layer either by an incompressible viscous fluid or by an elastic medium
with a linear stress-strain relation given by o = E [{3$ee Table 1), where o denotes
the stress and [the strain. The value of E that we take is based upon the values
of this modulus for soft clay and loose sand (see [12], Table 2-7 on page 99).

Since the values of E for the Paleocene and the Cretaceous layer are at least
an order of magnitude greater, we model these layers as being rigid. Hence our
model of the soil consists of two layers; the soft layer on top, and a rigid layer
below (see Figure 5).

3.2 Results

First we calculate how far the mountain will sink into the soil in our model. This
distance is indicated by A[L_We will model the part of the soft soil layer under
the mountain as an elastic medium for which we have the linear stress-strain
relation

o =EL] Q)

The stress on the soil is given by the force that the mountain exerts on the soil
divided by the area: o = F/A (for the sake of simplicity, we assume here that
the force is equally distributed over the area). F is the gravitational force of the
mountain, which is given by the mass of the mountain times the gravitational
acceleration: F = mg. The strain is given by the ratio between the thickness of
the soil and how far it is compressed: [ & A[ZI $ubstitution of these quantities
into (1) yields

mg EAEI

A
Hence, we obtain

arz M9L 0 @)
EA

where we have used the values in Table 1.

To predict how the soil around the mountain will react, we model the soft soil
layer as an incompressible fluid, while using the result given by (2). A schematic
view of this situation is given by Figure 6. If the mountain sinks a distance
of ACF 11 m, then this means that the following volume of soil needs to be
displaced around the mountain:

V =AA=1.7 - 10° mS.

If this volume of soil would be distributed over a ring-shaped area around the
mountain up to 3 kilometers away from the mountain, this would mean that on
average, in this area the ground would rise 11 meters upwards.
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Figure 6: Schematic picture of the situation after the mountain has sunk into the
soil. The shape of the surface of the soil in the surroundings is artificial.

3.3 Discussion

Since our model is a huge simplification of reality, our estimate that the moun-
tain will sink 11 meters into the soil may be far from accurate. It is important
to enhance the model to get a more accurate estimate. The estimates can be
improved significantly by running computer simulations. This would allow one
to take into account a number of aspects that our estimates ignore, such as the
fact that the load is likely not uniformly distributed, and that the soil is in reality
a complex and highly heterogeneous medium.

However, suppose that our estimate of 11 meters is of the right order of
magnitude (or too small), then major problems can be expected while building
the mountain. Even if one can come up with a solution that keeps the structure
from collapsing while the mountain sinks into the soil, the problem remains that
a huge amount of soil will be displaced to the surrounding area. If the mountain
is going to be built on land, this could cause serious problems. If the mountain
is going to be built in sea, it is still necessary to investigate whether this excess
of soil can cause problems, but it seems less likely.

It may be better to prevent the mountain from sinking into the soil. A naive
approach would be to use a foundation with long concrete pillars (approx. 100
m); see Figure 7. This has several advantages: first, the soil gets compressed
by the driving force of the pillars, thus becoming more resistant to the load.
Second, these concrete pillars will experience a shear force by the surrounding
soil, which will carry a significant part of the weight of the mountain.

The downside of this approach is that one needs to cover at least 30% of the
base area of the mountain by pillars to prevent the concrete from failing under
the bulk pressure induced by the weight of the mountain.

A more innovative approach would make the mountain less dense than the
soil that it rests on (see Figure 7). Since the soil behaves like a liquid on the
length scale of the mountain, this idea is based on the same principle that makes
a boat float on water. However, this is likely not possible with currently available
materials and construction methods, and so would call for a major innovation.
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Figure 7. Two di[erknt types of foundation: (concrete) pillars or a very light
structure.

To conclude, our model indicates that one cannot neglect the depth that the
mountain will sink into the soil. This will not only make it more di Cculk to con-
struct the mountain, but will also raise the ground surrounding the mountain.
Therefore, we advise to investigate how one can prevent the mountain from sink-
ing into the soil. We propose to look either at a deep foundation with pillars, or
to make the mountain much less dense than the soil it rests on.

4 Structure

It should be noted first o [that there are no physical objections to building a
mountain. However, the practicality of such an endeavor can be called into ques-
tion.

Due to the broad nature of the project it is di [culk to make precise state-
ments about the sort of structure that this construction should conform to. We
do know that it should have the appropriate shape and height, and it should be
stable enough to serve as a platform for the construction of other buildings and
facilitate activities that involve a large number of people. Based on this, some
considerations can readily be made.

Comparing our man-made mountain with those in nature might seem like
an obvious starting point; however, such comparison does not yield any useful
insights. When it comes to natural mountains there is no intention to them, nor,
for that matter, a design that one could copy e [ectively.

An obvious approach to building a mountain would be to simply pile on sand
and rocks until a mountain is created. A number of artificial archipelagos have
been created this way o [fhe coast of Dubai. For instance, consider the ‘The
World’ archipelago. This is a group of islands that have been shaped to resemble
a map of the earth when viewed from above. It has a surface area of roughly
5.6 km?, and an average elevation of 13 m when measured from the sea floor.
Approximately 0.3 km® of sand was deposited over the course of 5 years by an
approximate work force of 30,000 men and women. At the start of construction
the cost was estimated at 14 billion dollars. A report by Fugro NPA Satellite
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Mapping suggested that the islands were both eroding and sinking; Nakheel, the
company in charge of development of ‘The World’, denied those claims (see [6]).

It would seem then that scaling this construction method to the size of a
mountain, where approximately 100 km? of sand would have to be deposited, is
not feasible for reasons of cost and stability.

Let us then consider the scenario in which the mountain is merely a structure
that from the outside looks like a mountain, so that a comparison with a high-
rise building is more appropriate.

In general, tall buildings are constructed because of their ability to provide
large usable spaces while taking up a small area at the ground level. This is quite
an attractive feature for buildings to have in large cities, where space for con-
struction is scarce. It is important to understand however that the motivation for
building exceedingly tall high-rise buildings, such as the current record holder,
Burj Khalifa in Dubai, is not economical but mainly comes from the prestige that
goes with owning (and demonstrating the ability to construct) such a tall struc-
ture. It is commonly believed that construction costs grow exponentially with the
height of the building. This, put together with the extra structural precautions
required to make the building withstand extreme winds and earthquakes, not to
mention the vast stresses and strains generated by the weight of the building
itself, calls into question whether it is sensible or cost-e [ective to build so tall a
building. Their main commonality with a man-made mountain would therefore
be that both these constructions are built mostly for their impressive height,
rather than for their practicality. We thus have to ask ourselves whether the
stated goals of having a structure that can both function as a mountain on the
outside and provide practical and cost-e [ective spaces on the interior are at all
compatible.

There are two major di Lerknces between an artificial mountain and a high-
rise building. First, with an artificial mountain it is more important to have a
functional exterior than a functional interior, while with high-rise buildings it
is the other way around. Whereas the facade of ordinary buildings typically
will not contribute significantly to the total weight, with an artificial mountain
one would expect its facade — e.g. the soil and secondary buildings on top of
it — to have considerable weight. The second di [Cerknce is that the width-to-
height aspect ratio in high-rise buildings is roughly 3:7 while for a mountain
these values would most likely be inverted. Also, high-rise buildings in general
have vertical facades, whereas we want the facade of our artificial mountain to
be slanted, in order to use it.

The general rule with high-rise buildings, when it comes to structure, is that
about 30% of the volume of the building is made up of structural elements such
as walls and pillars. Although it is conceivable that a clever method of construc-
tion, such as a (geodesic) dome, could reduce this number in case of an artifi-
cial mountain, it seems unlikely that any dramatic improvements can be made.
While the lower height-to-width aspect ratio would facilitate a more widely and
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evenly distributed pressure at the base of the building, the central section of the
base, where the mountain is tallest, would have to withstand large pressures and
would therefore need to be of a higher density and be made of materials that
could withstand extreme compressive forces. Furthermore, the surface of the
structure would have to be heavily reinforced to facilitate secondary structures,
such as other buildings, roads, or simply soil and flora, natural structures like
rivers and lakes, and ice formations — factors which are usually not relevant in
traditional buildings. In short, it may even be optimistic to assume that only 30%
of the volume of the mountain would correspond to structural elements. This
number is important since it can be used to estimate the minimal volume of ma-
terials needed in the construction based on an approximation of the volume of
the mountain.

Finally, it had been suggested to us that the mountain could be constructed in
stages. Here, for instance, one would start with a small hill and gradually expand
it over time, so that during the construction the mountain is already functional
in some way. The following question then arises: How does the expansion relate
to the amount of materials added? That is, at which stage of the construction
would one have a structure capable of satisfying at least some of the functional
requirements? To tackle this, we can express the height of the mountain as a
function of the volume: let h be the height of the mountain, V the volume of the
mountain and pm the ratio of material to air inside the mountain. Assume that
the mountain has a conical shape with a fixed slope s, then

Hence, setting pm = 30% and s = 2/7, starting with 1 km? of material would
result in a hill of roughly 450 meters tall. Adding another 1 km? (spreading it
uniformly over the surface) would increase the height to 571 meters. Repeating
this process, the gain in height per added unit of volume decreases steeply.
Indeed, increasing the volume of the mountain from 99 km?3 to 100 km? would
result in a height gain of only 8 meters (cf. Figure 8). Looking at it from another
perspective, one could say that if one wanted to double the height, one would
have to use 8 times the material already used. Also note that the slow-down
occurs at the end of the construction in this scenario. Di Cerent ways of adding
the material (e.g. building the mountain in layers) could move this phenomenon
to a di[erknt stage in the construction. The fact remains, however, that this
slow-down has to occur at some stage of the construction. This intrinsic slow-
down is thus another serious issue to contend with, if the mountain is to be a
(financial) success.
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Figure 8: Schematic of the cross section of a conical mountain for 5 km? incre-
ments with a first layer of 1 km3.

5 Materials

One of the largest limiting factors when building a mountain would be the amount
of materials needed, the production costs of this material, its availability and the
environmental impact of mining and/or manufacturing materials in such large
quantities.

In this section we again approximate the total volume of the mountain by
assuming its shape resembles a cone. For the sake of comparison we consider
a cone with a diameter at the base of 14 km and a height of 2 km, resulting
in a volume of approximately 100 km2. Under the optimistic assumption that
only 30% of this volume would be comprised of actual material we reach a total
volume of 30 km?® of material.

In Table 2 we consider for a few common construction materials with some
rough estimates for the total amount of material needed, how many yearly world
productions that represents, the total prices, and how many times the total
yearly emissions of carbon dioxide of the Netherlands (= 176 mega tonnes of
CO; per year [1]) the production of these quantities of materials would repre-
sent.

In all rows the values refer to 30 km? worth of material.

Required | World Prod. | Total Price NL CO»

Materials || (102 kg) (Years) (102 Euro) | Emissions (Years)
Rock 7.50 - 1.95 -

Sand 7.95 - 2.10 -
Concrete 6.90 3.8 3.90 357
Plastic 291 29.1 29.10 1005

Steel 24.00 30.0 135.00 641
Glass 7.80 - 270.00 422

Table 2: Estimates on the required material, see [2], [5], [8], [4].

The table is quite clear: a man-made mountain cannot be built using traditional
construction materials. The CO, emissions in particular stand out. An obvious
requirement of any building materials used would therefore be that, besides
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availability, they could be produced in a more-or-less CO, neutral way. This may
very well be the biggest hurdle when building a mountain. Note that even if our
estimated material density of 30% is o [Chy, say, three orders of magnitude, that
is, one could build it with a material density of 0.03% instead, then this would
still result in the equivalent of 350 years worth of Dutch CO, production, in the
most favorable case.

To these estimates one would have to add costs, both financial and envi-
ronmental, for transporting these materials. Not to mention salaries for the
workforce which would likely have to consist of tens of thousands of people, the
material required, the costs of purchasing the land where the mountain would
be built and many other costs which would add significantly to the already exor-
bitant numbers seen above.

Another obstacle is simply the amount of time required to finish the project;
if we take the fastest material to produce from Table 2 it would take almost 40
years just to produce the material, provided that one could buy 10% of all the
material made in the world during that period.

Taking all the above in consideration, it is clear that the current materials and
techniques are simply not su [cieht for this project. Innovative ideas are needed
to see the mountain become reality. One step forward that comes to mind is to
explore new construction techniques based on cellular or foam-like structures.
Geodesic domes are a prime example of this. They use a minimal amount of
material to cover a large area. The drawback is that they are expensive, di =1
cult to build, and they cannot withstand the large pressures that for instance a
classically constructed building can handle. As an illustration of how geodesic
domes could be used to construct a mountain, consider the artist’s impression
of a multi-stage building consisting of dome-like elements, shown in Figure 9.
Note that in this impression, the mountain ‘grows’ outward from a certain initial
core structure.

6 Sustainability

In this section, we investigate how natural resources can be used to produce
renewable energy at the site of the mountain, during and after construction, and
how the mountain can be designed in such a way that the most is gained from
the available resources. We will focus on means of generating energy that exploit
the mountain’s height, since there would be no point in generating energy on a
mountain if it could be generated more e [ciehtly elsewhere.

The aim in building a mountain would be to construct a so-called Zero-Energy
Building. This is a popular term to describe a building with a zero net energy
consumption and zero carbon emissions per year. Hence, the total amount of
energy produced on-site should at least compensate the total amount of energy
used in the building, but also, it should compensate for the energy spent during
the construction phase. Considering that the estimates on the CO, emissions in
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Figure 9: An artist’s impression on building a mountain in stages.

the previous section were enormous, compensation for these emissions poses
another serious problem.
We propose to use wind, sunlight and water as possible sources of energy.

6.1 Wind energy

Windmills have historically played a major role in the Netherlands by providing
an alternative to water driven mills. More recently, wind power is being used as
a renewable energy source. Today, around 2500 wind turbines are operational in
the Netherlands, with a total wind energy production of 4000 GWh/year.

In the last decades, much research has been performed concerning wind en-
ergy production and the e [ciehcy of wind turbines. This research varies from
development of new types of wind turbines to determining the optimal spacing
between turbines in a field of wind turbines, a so-called wind farm.

Commercial wind turbines, usually vertical, have a height varying from 80 to
150 meter producing around 2 — 5 MW. Although many features of the turbine
play a role in determining the capacity of the turbine, the major di Cerknce in
capacity is due to the blade length.

The capacity of a wind turbine can be determined as follows (W: wind power)

1
W = 2 AsweptPairV . (4)
Here, Aswept iS @ number that is mainly determined by the blade length, pair is
the density of air and V is the wind speed. This formula shows that the amount
of energy produced is very much influenced by the wind speed. Optimization
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studies have shown that the ideal spacing between di Cerent turbines in a wind
farm is about 12-20 times the blade length, since then the wind speed arriving at
a turbine is not a [ected by the surrounding turbines. Thus, in order to achieve
the most e [cieht wind energy production level, this has to be taken into account
when placing wind turbines in a wind farm.

Since our aim is to build a 2 km high mountain, it is worthwhile to look at
how high altitudes a [ect the wind speed and influence the energy production,
when using wind turbines. As can be seen from equation (4), the power produced
is proportional to the cube of the wind speed, i.e. W V3.

The e [ect of altitude on wind speed can be estimated as follows (see [15]):
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Here Vy, is the wind speed at a given height h,,, take for example 10 meters, and
Vy is the wind speed at altitude hy. Formula (5) implies that at 2 km above sea
level the wind speed is approximately twice the speed at sea level (10 meters).
By using relation (4) we can see that this results in eight times more energy per
turbine at 2 km altitude than at sea level.

As promising as it may seem, achieving this large gain may as of yet not be
possible. Turbines constructed with today’s technology are not built to cope
with very high wind speeds. Nevertheless, recent developments raise hope for
producing much more stable and strong wind turbines, see [13].

Another important aspect to consider is the stage-by-stage construction of
the mountain. This provides the possibility to produce wind energy already af-
ter the construction of the first stage. Furthermore, since wind energy is as yet
not often produced at high altitude, this way of construction will provide oppor-
tunity to develop and implement the cutting-edge technology in this field.

6.1.1 Tunnels in the mountain

One of the methods for wind energy production worth considering is wind tun-
neling. Making a long, relatively narrow tunnel through a building or mountain
will cause air to be sucked in at a high velocity, similar to a chimney. This method
is not widely used in traditional high-rise buildings due to stability problems, as
having a high wind speed at the top introduces a large horizontal strain. How-
ever, stability in this sense is not an issue for the mountain, because of the
height-to-width ratio is very small. Thus, tunneling appears to be a perfect way
to use the construction to generate power from wind. Studies have shown that
wind power can be increased by approximately 5-6 times with the tunneling ef-
fect, see [18]. Taking into account both the e [ecks of altitude and wind tunneling,
it seems that one could generate 30 to 40 times more power from a turbine in
a wind tunnel at the top of the mountain than than one could generate from a
traditional wind mill at sea level of the same size as the diameter of the tunnel.
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6.2 Solar energy

A popular source of renewable energy is solar energy. Nowadays this is mostly
collected using photovoltaic solar panels. Of course, an enormous area such as
the surface of a mountain could easily serve as a subsoil for solar panels. Also,
if the mountain would be built in layers, the panels could be installed on the
first layer and reused in the next. This way there would be gain already in an
early stage of construction. However, it should be noted that solar panels do
not seem to be significantly more e [cieht at high altitude than at sea level. Still,
they might be implemented in places that would otherwise go unused.

Heat storage could generate energy as well, and solar radiation could con-
tribute to the heating. On sunny days, heat could be collected inside or outside
the structure. We now discuss some possibilities to use heat in more detail.

6.2.1 Solar chimneys

A number of new techniques in renewable energy have been developed over the
years, one of them is a so-called ‘solar chimney’, an installation which combines
three simple techniques. It consists of three essential elements: a glass roof, a
chimney and wind turbines. Basically, this construction works as follows. Solar
radiation heats up air below the glass roof with open sides. Attached to this roof
is a high chimney. Air at large altitudes is cooler, and the di [erkénce in tempera-
ture of the air below the glass roof and at the top of the chimney causes the hot
air to rise, creating a draft within the chimney. This principle of air acceleration
causes high wind speeds which can generate energy using wind turbines (see
Figure 10).

To have an e [ective solar chimney, a large area at ground level should be cov-
ered by a transparent roof, so as to catch as much heat from the sun as possible.
A single 1000 meter tall solar chimney can provide energy for 30,000 Dutch
households, see [16] (see also [3], [14] for further literature on solar chimneys).

Using solar chimneys has several advantages compared to other energy sour-
ces. For instance, since it uses both direct and di [uSe radiation it is more suited
to the Dutch weather conditions, whereas traditional solar power plants can only
use direct radiation, which means they only work on sunny days. Also, because
the construction of a solar chimney is relatively simple and there are few moving
parts, the structure is very reliable (and therefore it requires little maintenance).
Moreover, the power plant needs no cooling water, which is commonly used
in solar power plants today. The greatest advantage, however, is that all the
necessary technologies are already widely available and relatively cheap.

In 1982, a prototype solar chimney was built in Manzanares, Spain. It is a
195 m high chimney with a diameter of 10 m, with a collector that is 244 m
in diameter. It achieved a yield of 50 kW. Designs for chimneys with a yield of
100 MW exist. Until now these chimneys have not often been used. There are two
reasons for this. First, the e [ciehcy of a solar chimney is fairly low compared to
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Figure 10: Principle of the solar chimney: a glass roof collector, chimney tube
and wind turbines. The enlargement shows the use of water filled tubes.

that of traditional power plants. Second, their size often raises objections from
the people who would have to live near them. Considering that we are trying to
build a mountain that is much larger still, the latter issue seems to be minor by
comparison.

6.2.2 The ‘Tower of MegaPower’

A similar idea to a solar chimney that may be investigated further is that of the
so-called ‘“Tower of MegaPower’ (ToOMP). The idea was proposed in [17] where a
more detailed description and a first study can be found.

A ToMP is a tall tunnel-shaped device that is placed upright above a body of
water and that generates energy through the following process: at ground-level,
water evaporates and rises upward through the tunnel. Due to the colder air at
high altitudes, the vapor will condensate and fall back down. By placing a turbine
in the condensed water’s path, energy can be generated. In other words, a ToOMP
imitates the rain cycle in a sustained way.

Like a solar chimney, a ToMP seems very well suited for integration into the
mountain.

6.3 Hydroelectric energy

A simple way of generating energy that is easily integrated in the project is hy-
droelectricity. One can construct several lakes on the mountain that collect rain-
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water. These lakes can be used to store and produce energy, but could also
provide venues for recreation. The lakes can be constructed at di Cerent alti-
tudes. This way, a surplus of generated energy can be stored by pumping up
water from one lake to another, higher up the mountain. This energy can then
later be reclaimed by using a hydroelectric power installation. This way, the
system functions a lot like a battery. Apart from using the water to store and
generate energy, this water can also be used in various ways to supply the needs
of the mountain’s facilities.

7 Summary, conclusions and recommendations

We have taken on the challenge posed by Bartels Consulting Engineers during
the Study Group Mathematics with Industry in Eindhoven, the Netherlands, and
investigated both the possibilities of and the di [culkies in constructing a 2 kilo-
meter tall artificial mountain in the Netherlands.

Where to build a mountain. The Netherlands is a relatively small but densely
populated country. The mountain would have to be built in an uninhabited zone.
This clearly creates a severe restriction. We considered eight possible locations
suggested by the organization of ‘Die Berg komt er!’, and came to the conclusion
that it is best to either build it on land in the province of Flevoland, or to build it
in the North Sea near (the appropriately named) Bergen aan Zee. We chose these
locations on the basis of several criteria imposed by the presence of settlements,
industry, infrastructure and nature.

Another important factor to take into account when choosing a location is the
e [eck such a massive structure would have on the underlying soil, and specifi-
cally on the areas around it.

Of the two locations that seem the most convenient, we believe that the moun-
tain would best be placed in sea rather than on land, considering the e [ecls the
building of a mountain would have on the surrounding soil, as the soft Dutch
soil would shift significantly under the load of a mountain. In fact, we estimated
that without a proper foundation the mountain could sink as much as 11 meters
into the ground, and that this displacement would result in raising the ground
around the mountain on average by 11 meters as far as 3 kilometers away.

Furthermore, we conclude that to minimize the e [ecks of the mountain on the
surrounding soil, it would be best to come up with a method that would prevent
the mountain from sinking at all. The traditional way would require many and
long concrete pillars to be driven into the soil; alternatively, one could lower the
average density of the mountain, for instance by building it on a cushion made
of a very light material, so that the mountain floats on the soil, like a ship in the
water.

We recommend that extensive measurements of the profile of the soil layers
is performed, down to much greater depths than is standard practice. This data
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can be used in a computer model to assess the ramifications on the surrounding
soil (and possibly, sea currents) and the structural requirements in much greater
detail than we were able to, in a couple of days.

How to build a mountain. Building a 2 kilometer high mountain would be an
endeavor of unprecedented scale in human history. Comparison to existing man-
made archipelagos tell us that a solid mountain made of sand and rocks would
cost too much, erode too easily, and involve too much work to be completed in a
feasible amount of time. This leads us to conclude that instead one would need
to apply more refined construction techniques that allow for rapid progress and
that require significantly less material than a solid mountain would.

In Section 4 we presented a table that states for a number of common building
materials the total price, a comparison of the necessary amount with the current
world production, and a comparison with the total annual emission of CO; in
the Netherlands. These estimates give us a strong indication that not enough of
these materials is available (in the world) to finish the project on a time scale
of decades. Furthermore, even if availability was not a problem, the production
of these materials would be far too damaging for the (global) environment to be
justifiable. Thus, we have to conclude that with the materials and techniques
that are currently common, a 2 kilometer high mountain cannot be built.

Hence, the problem of producing massive quantities of cheap building mate-
rials without producing large amounts of CO» or other pollutants must first be
resolved before a mountain can be built. This is certainly the most important and
di Cculk problem that comes with building a mountain, but also the one where
the reward is the greatest.

How to make the mountain sustainable. The mountain can be designed in
such a way that electrical energy can be generated in several ways. Some modern
ideas like a ‘Tower of MegaPower’, wind tunnels through the mountain and solar
chimneys seem good candidates, since the mountain is very susceptible to the
integration of such devices. Indeed, the integration of devices that rely on the
di Cerknce in temperature at the ground and at greater altitude, or on the higher
wind speeds that come with greater altitude, seem to o [erlthe greatest rewards.

Summary. With the current techniques, materials and knowledge it is not pos-
sible to build a 2 kilometer high mountain. It seems that vast leaps in thinking
about structural design and material use have to be made: the mountain needs
to be as light as possible, as cheap as possible, as ‘clean’ as possible, and it needs
to be built in a relatively short time as well. This opens up grand new challenges
in material development, design and logistics.

As for the sustainability of the project, there are certainly many ways in which
the mountain can be used to generate clean energy.
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The building of a mountain in the Netherlands turns out to be both challeng-
ing and inspiring; it certainly invites one to go up and beyond.

8 Acknowledgments

We would like to thank Bartels Consulting Engineers and in particular ir. Sigrid
Mulders for participating in the Study Group Mathematics with Industry and
proposing this wonderful challenge. During the week, we consulted experts in
several fields. Thanks are due to prof.dr.ir. Bert Blocken, dr.ir. Hans Hoen-
derkamp, ir. Rijk Blok and ir. Juan Manuel Davila Delgado for their time and
e [ork.

References

[1] http://statline.cbs.nl/statweb/publication/?vw=t&dm=sInl&pa=70946ned
&d1=a&d2=0-1,15&d3=a&hd=121112-1143&hdr=t&stb=g1,92.

[2] http://minerals.usgs.gov/minerals/pubs/commodity/cement/index.html.
[3] http://www.floatingsolarchimney.gr/.

[4] http://ec.europa.eu/enterprise/sectors/metals-minerals/non-metallic-
mineral-products/glass/index_en.htm.

[5] http://en.wikipedia.org/wiki/plastic#production_of_plastics.

[6] http://www.telegraph.co.uk/news/worldnews/middleeast/dubai
/8271643/the-world-is-sinking-dubai-islands-falling-into-the-sea.html.

[7] http://www.geologievannederland.nl/boorprofiel.

[8] http://en.wikipedia.org/wiki/list_of _countries_by steel production.
[9] http://www.diebergkomter.nl/.

[10] http://en.wikipedia.org/wiki/geologic_time_scale.

[11] http://www.nu.nl/column-vrijdag/2604966/berg-onzin.html.

[12] J. E. Bowles. Foundation Analysis and Design. S.I.: McGraw-Hill, 1977.

[13] G. G. H. D. GmbH. Market status of high altitude wind energy.
http://www.gl-garradhassan.com/en/highaltitudewind.php/, 2011.

[14] C. D. Papageorgiou. Floating solar chimney technology for eu and mediter-
ranean countries. Unpublished, 2009.



Up and Beyond - Building a Mountain in the Netherlands 125

(15]

(16]
(17]

(18]

(19]

E. Peterson and J. Hennessey. On the use of power laws for estimates of
wind power potential. Journal for Applied Meteorology, 17:390-394, 1978.

S. B. und Partner. The solar chimney. Unpublished, 2002.

R. van Ginkel, F. Hoos, R. Krom, and P. van Summeren. Toren
van 5 km in Noordzee voor opwekken energie. De Ingenieur, 20:
http://www.lgwkater.nl/energie/index1.htm, 1995.

T. Van Hoo [ B. Blocken, L. Aanen, and B. Bronsema. A venturi-shaped roof
for wind-induced natural ventilation of buildings: Wind tunnel and CFD
evaluation of di[erkent design configurations. Building and Environment,
46:1797-1807, 2011.

A. Verruijt and S. van Baars. Soil Mechanics. Delft : VSSD, 2007.



