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High temperature aquifer thermal energy storage (HT-ATES) is an energy efficient way

to store heat in the subsurface, recovery efficiencies of 60-85% have been found in earlier

research. The TU-Delft is step by step changing its policies into a more environmental

friendly approach and a HT-ATES system could be the next step in this process by

functioning as a buffer for geothermal wells. This thesis is the first step in researching

if a HT-ATES system is possible on the campus of the TU-Delft. The most efficient

situation for a HT-ATES system is described and based on that situation and the demand

of the TU-Delft geological Formations are selected for further research. Layers are

selected based on information from the DINO-loket and NLOG. The layers that are

interesting and seem to be suitable for the use as a HT-ATES are a part of the Maassluis

formation starting at a depth of 160 meters, the Formation of Oosterhout, the Berg

sand formation at the base of the Breda formation and the Texel greensand. For the

Maassluis Formation it is known that 2-3 wells are needed to fulfill the demands. These

geological formations where selected based on their general geological description or

there lithological description and it looks like these geological formations can fulfill the

demands of the TU-Delft.
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Chapter 1

Introduction

1.1 Problem Description

Over the last few years the demand for sustainable and environmental friendly inno-

vations is growing, especially in the energy market. The main source in the European

union for energy production is still fossil fuels [5]. The reason the demand for green

energy is growing is that people and companies realise that the amount of fossil fuels

are not infinite and global warming is an issue. A technical university can be the leader

in the process of innovating the energy market, that is why the TU-Delft is changing its

policies.

On the campus of the TU-Delft, shown in figure 1.1, the different buildings are relative

close by each other. The campus is on this moment still dependent of district heating

which is generated on the TU-Delft campus. 75% of this is heat is created using boilers.

The TU-Delft had a total CO2 emission of 15.000 ton [4] in 2016, but the TU-Delft

wants to reduce emissions.

Since march 2015 the technological university of Delft started ”het Delft plan”. This

plan is focused on the future of energy and how the Netherlands can be the energy

gateway of Europe. One of the main elements of this plan is to convert, store and then

trade & transport this energy [6] [7]. High temperature aquifer thermal energy storage,

or short HT-ATES, could contribute significantly in reaching this goal.

The TU-Delft has a plan to start exploiting geothermal energy [8]. The organization

that promotes this project is called the DAP. With this plan most of the heat demand

of the TU-delft campus will be replaced with the warm water exploited via geothermal

energy. Geothermal energy can provide a base load energy demand, but the production

rate can not be increased or decreased fast to react on fluctuation in the demand. This

1
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problem can be solved by using extra gas fueled boilers or by using high temperature

aquifer thermal energy storage. The latter option being the more environmental friendly

approach.

Figure 1.1: A map showing the TU-Delft campus (made by Clouter)

1.2 Goal

The goal of this thesis is to determine the suitability of a HT-ATES on the TU-Delft

campus. Giving the conditions for the TU-Delft campus. An ideal geological Formation

is described and based on that situation the subsurface is evaluated. This thesis can be

used as background information and shows suggestions for further research.

1.3 Approach

To achieve this goal first background information is given in chapter two. This chapter

explains the concept of a HT-ATES and explains geological terms needed to understand

the thesis. Chapter three is about the conditions of the TU-Delft. Explaining what the

demands are for extraction and total storage. This chapter also contains information

regarding geothermal wells on the TU-Delft. Chapter four describes design challenges
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of a HT-ATES system. In chapter five the geological setting in the area TU-Delft is

described. First step in this is to define an ideal geological formation based on earlier

chapters. Then the subsurface is researched. Last part of the chapter is showing which

formations are most suitable for HT-ATES. After this the results of the research are

discussed. Finally a conclusion about the suitability of an HT-ATES is drawn and

recommendations for further research are given.



Chapter 2

Background Information

Aquifer thermal energy storage, or ATES, is already commonly used in the Netherlands,

in this chapter there will be an explanation about how an ATES works. Then the defi-

nition of a HT-ATES will be explained, and the benefits of an HT-ATES in comparison

with an ATES will be discussed. Finally, to get a better understanding of all the different

geological definitions a short explanation of basic geology will be given.

2.1 Aquifer Thermal Energy Storage

In different faculties of the TU-Delft a constant ambient temperature of 20 degrees Cel-

sius is desired. But in the winter the average temperature outside will be approximately

3 degrees Celsius [9]. Currently fossil fuels are used to heat the buildings. In the summer

the temperature can reach 25 degrees Celsius during the day. This means that the build-

ing needs cooling, if electricity used for this process is not green energy the temperature

regulation of the building has a strong negative influence on the environment.

Excess heat can be stored in the summer and re-use this in the winter. This can be

done above ground and in the subsurface. The disadvantages for above surface storage

is that it would take a big storage unit to store large amounts of water. In this thesis

the focus will be on the use of the subsurface for the storage of the water. This way of

storing energy can reduce the amount of CO2 emissions and contribute to a sustainable

and environmental friendly future. In the subsurface big amounts of water can be stored

but there are regulation restrictions

ATES is the process of storing energy in the underground. In figure 2.1 a basic ATES

system is shown. In the summer the water in the cold part of the aquifer is pumped up

to the heat exchanger. The cold from the subsurface and the heat from the building is

4
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exchanged so the cold water gets warmer and is then pumped in the warm part of the

aquifer. The result of this exchange is that the building is cooled down. In the winter

this warm water is pumped back up to the heat exchanger, loses its heat through the

heat exchanger, the building is heated and cold water is pumped into the cold part of

the aquifer.

Figure 2.1: Systematical figure of an ATES system (Salcedo Rahola et al.)

2.2 High Temperature Aquifer Thermal Energy Storage

In the Netherlands there are approximately 1500 ATES [10] this is because the subsurface

of the Netherlands has a high potential for ATES. On the TU-Delft campus alone,

already three systems are currently in use [11]. In a typical ATES the temperature

difference between the injected or extracted water and the groundwater temperature

has a maximum of 15 degrees Celsius [12]. The system of the TU-Delft will inject

temperatures of 70 degrees Celsius and this is called a HT-ATES. According to Rapport

6 from Drijver B. [13] 99% of the ATES are low temperature systems there are only a

few HT-ATES. Different from a ATES, HT-ATES is that the HT-ATES is not used for

cooling the building in the summer but only for heating.

Efficiency of HT-ATES systems ranges from 60% to 85% of the injected energy [14].
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2.3 Benefits of a HT-ATES

There are a few benefits of HT-ATES compared to normal ATES. In a normal ATES the

heat that is extracted has a lower temperature. Most of the times this heat can only be

used for the pre-heating of ventilation air. To use the water as a source for heating in a

normal heating system the water needs to be heated using a heat pump. This is, relative

to heating colder water with a gas fueled boiler, more energy efficient but compared to

a HT-ATES this is less energy efficient. Concluding that a HT-ATES is more efficient

then using a ATES because less energy is needed to heat the water used in the regular

heating system [13].

Assuming the total amount of injected water is the same, the total storage capacity

increases when using a HT-ATES comparing to a ATES. The reason is that the temper-

ature of the water is a lot higher than in a normal ATES. Higher storage temperature

means more energy stored using the same volumes.

2.4 Basic Geology

2.4.1 Porosity

The shallow subsurface of the Netherlands contains mostly sands, sandstone and clay

formations. Rocks can have permeability and porosity. Porosity is defined as the spaces

between the rock particles or expressed in formula:

Porosity =
V olumepores
V olumerock

∗ 100←→ Φ =
V P

V R
∗ 100 (2.1)

As can be seen this is a percentage, also formula (2.1) shows that the grain size does

not necessary influence the porosity. The heterogeneity of the layer does influence the

porosity, when there are big particles with small particles filling the spaces between the

particles this decreases the porosity.

2.4.2 Permeability

Permeability determines how easily fluid can flow through the material [15]. The per-

meability is linked to the porosity, but can be influenced by shape of particles and

heterogeneity in particle size. The SI unit of permeability is m2 but in practical use it

is mostly in described as Darcy or meter/day. Hydraulic conductivity is another way
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Figure 2.2: An example of a unconfined aquifer and a confined aquifer. ( c©Hans
Hillewaert )

of describing the permeability. When the hydraulic conductivity is high the fluid can

easily flow through the layer, when the hydraulic conductivity is very low it is almost

impossible for water to flow through. [15]

2.4.3 Aquifers

“An aquifer is a water-bearing stratum of permeable rock, sand or gravel“[16]. There are

two types of aquifers, confined and unconfined aquifers this is shown in figure 2.2. An

unconfined aquifer is a aquifer that is not sealed by a impermeable, or low permeable,

layer. A confined aquifer is a aquifer that is sealed by a impermeable, or low permeable,

layer.

To confine warm water, a sealing, low permeability is required, this is favourable for

a HT-ATES. The reason for this is to prevent up-floating of the warm water to other

layers. The confining layers also reduce the amount of energy lost due to conduction

between the different layers because there is almost no flow between the hot water and

the low permeable layers.



Chapter 3

Conditions HT-ATES

Figure 3.1: TU-Delft
campus with the dif-
ferent buildings high-
lighted in blue ( c©TU-

Delft)

In this chapter the conditions for a HT-ATES system for the

TU-Delft are discussed. This is done by first showing the energy

demand of the TU-Delft. Including capacity in terms of volume

that needs to be stored each year. Pumping rates are calculated

based on the demands of the TU-Delft. After this there will be

discussed how many wells are needed depending on the capac-

ity. Concluded by explaining a model that calculates amount of

wells needed. Concluding the chapter with information about

the geothermal wells.

3.1 Current Energy Demand TU-Delft

The heat network of the TU-Delft is not only the different fac-

ulties, it also contains some of the student apartments on the

TU-Campus. In figure 3.1 all the different buildings that are

part of the TU-Delft heating network are shown in blue [4]. The

heat is currently still produced by gas boilers. In table 3.1 data is

shown regarding the energy use in 2012 of the TU-Delft, numbers

are obtained via [4].

3.2 Size & Capacity of Heat Storage

The capacity for the HT-ATES in terms of GJ is between 100.000 and 200.000 GJ. To

get an idea of the amount of water that needs to be stored formula (3.1) is used.

8
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Table 3.1: Energy use of TU-Delft in 2012 [4]

Gross floor area: 550.000 m2

Electricity 195.444 GJ

Heat 173.088 GJ

Gas 1.992.000 m3

Primary energy 204.607.000 kWh

V =
Q

c ∗∆T
(3.1)

In this formula the V is the volume of water in m3, Q is the amount of heat in joules, c is

the volumetric heat capacity 4.18 MJ/(m3*K) [17] and ∆T is the temperature difference

between two wells. In this project it is assumed that the volumetric heat capacity is 4.18

MJ/(m3*K) but this can change because the water injected contains dissolved salts.

A minimum ∆T of 15 degrees Celsius and a maximum ∆T of 25 degrees Celsius is

assumed. The volume of the injected water for the two different ∆T’s is calculated and

shown in 3.2. These numbers are only the injections volumes, this is volume without

losses and porosity.

Table 3.2: Calculations on injection volume

∆T GJ Volume (m3) Volume (liter)

15◦
100.000 1,59 * 106 1,59 * 109

200.000 3,18 * 106 3,18 * 109

25◦
100.000 9,55 * 105 9,55 * 108

200.000 1,91 * 106 1,91 * 109

These calculations gave the total energy stored, but to fulfill curtain peak demands

in the winter and store the amount of residual heat in the summer the power stored

needs to be considered as well. The amount of power the wells need to deliver to fulfill

peak demands is equal to 2.4 MW. The biggest peaks in the peak demand can not be

accomplished with this heating capacity. The amount of full load hours where given in

this email conversation also and determined to be 1600 hours. The amount of 2.4 MW

is used to identify a pumping rate using the volumetric heat capacity and the difference

in temperature following equation (3.1) and shown in table 3.3.
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Table 3.3: Calculations on pumping rates

∆T pumping rate (m3/s) pumping rate (m3/h) pumping rate (liter/s)

15◦ 3,82 * 10−2 138 38,2

25◦ 2,29 * 10−2 83 22,9

3.3 Amount of Wells

With the calculations given in table 3.2 and table 3.3 a estimation of the amount of

wells needed to fulfill the demand can be made. The design pumping velocity can be

determined by using equation (3.2) [18]:

vontw = 1000 ∗ (k/150)0,6 ∗
√

vv
2 ∗MFImea ∗ ueq

(3.2)

In this formula the vontw in m/h and is the design velocity of the infiltration well, the

k is the permeability in m/d (meters per day), vv is the specific blockage speed in m/a

(meters per year), MFImea is the measured MFI, and the ueq is the amount of full load

hours. A few of those values are known or assumed using [18], in this case MFI is

assumed to be 2, specific blockage speed is assumed to be 0,1, the amount of full load

hours was 1600. Substituting the values and rewriting gives the next formula:

vontw = 1000 ∗ (k/150)0,6 ∗
√

0, 1

2 ∗ 2 ∗ 1600

 vontw = 3, 953 ∗ k0,6

1500,6
(3.3)

As can be seen the velocity can be calculated when the permeability is known. The

design velocity is in meters per hour. So the area of the well needs to be know, this is

given by the next formula:

A = 2 ∗ π ∗ rwell ∗ h (3.4)

In this formula A is the area in m2, the rwell is the radius of the well in meters and the

h is the height of the extraction part of the well in meters. Knowing the area of the well

and the pumping rate the velocity can be calculated using:

v =
Q

A
(3.5)
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In this formula Q is the flow rate in m3/h which if the temperature difference is minimum

should be 138 m3/h. With all these values three unknown values remain. These values

are the permeability, the radius of the well and the height of the well. For the convenience

there is assumed the thickness is 20 or 30 meters and the rwell will be divided into two

different situations:

One will be an aquifer that is above 500 meters depth, in this case the maximum diameter

of the well can be one meter wide. For this case we take two rwell that will be 0.5 meters

and one will be 0.25 meters.

The second situation is below 500 meters depth this means a blow out preventer will be

needed. Also extra regulations apply for this depth. The range of rwell will be between

0.05 and 0.015 meters [19].

A model was made to calculate different scenarios. The results of these scenarios are

shown in figure 3.2. These graphs show how the amount of wells is dependent of the

permeability. Decreasing permeability increases the amount of wells. When the hori-

zontal permeability of a geological formation is known this can be put in the model to

estimate the amount of wells needed with the given capacity.

3.4 Combination With DAP

The last condition for a HT-ATES is the geothermal wells. The hot water that will be

stored is hot water that is retrieved via geothermal wells. The HT-ATES will then be

used as a buffer to help fulfill the demand of heat during cold periods. The plan of DAP

is to make a doublet and extract warm water from a reservoir. The depth of these wells

will be around 2500 meters deep [8]. For extracting the best option is to produce at a

constant rate. A buffer can help with producing at a more constant rate with a high

efficiency. When the demand is to low for the geothermal system the excess heat can

be stored in a buffer and when the demand is to high the buffer can be used to full-

fill the need of warm water. In this way, unfavourable fluctuations in production rate

can be avoided. is is better than reducing the production or increasing the production

depending on the demand. With such a buffer system the well can produce at a constant

rate without losing lots of heat.
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Figure 3.2: Figure showing the increase in amount of wells when permeability de-
crease. Two scenarios are described one with a small area and one with a big area.



Chapter 4

Design Challenges

Density driven flow decreases efficiency and is a phenomena that arises in a HT-ATES.

The Density driven flow is a big design challenges and is discussed in the first paragraph.

In the next section problems concerning HT-ATES and possible solutions are listed. To

conclude the chapter factors that increase efficiency are explained.

4.1 Density Driven Flow

During operation of a HT-ATES there are three different stages, the first stage is the

pumping of hot water into the aquifer. The second stage is the storage phase in which

the hot water is staying in the aquifer. The third stage is the extraction stage in which

the hot water is being retrieved for space heating.

During the first phase the ambient groundwater is colder then the injected water. Figure

4.1 shows that when the temperature increases the density decreases, this means a

density difference within the aquifer arises. This leads to a thermal front. This is shown

in figure 4.2. The thermal front leads to heat loss. The higher the temperature difference

the steeper the front angle. The steeper the angle the more heat loss[20]. So ideally this

angle is kept as small as possible.

There are two forms of convection involving the HT-ATES, the first one is forced con-

vection and the second is free convection. Forced convection occurs because water is

pumped into a aquifer, according to Ward [21] the least tilting of the thermal front

occurs during fast pumping. Tilting is the when the angle of the front is increasing.

To keep the thermal front as small as possible during the first phase the pumping rate

should be high.

13
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Figure 4.1: Density of water plotted against increasing temperature (Engineering-
toolbox)

Figure 4.2: A picture of a thermal front and how a thermal front causes energy loss.
This picture shows the proces of a thermal front during injection. (Schout et al[1])

During the second phase, the storage phase, the water stays still in the aquifer. During

this phase the tilting of the thermal front continues. The reason for this is the tem-

perature difference en thus the density difference between the hot injected and colder

ambient water. The next formula describes the tilting time of the front and the factors

influencing this the next formula is shown [1]:

t0 =
H√

(khkv)
∗ Ca

Cw
∗ (π2(µ0 + µ1))

32G(ρ0 − ρ1)g
(4.1)

In this formula the t0 is the characteristic tilting time in seconds to reach a tilt of 60

degrees with the horizontal, H the thickness of the aquifer in meters, kh and kv are
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Figure 4.3: Figure illustrating loss in recovery efficiency due to tilting (Kimbler et
al.)

the permeabilitys in vertical and horizontal direction in m2. Ca and Cw are the heat

capacities of the aquifer and of water ( j
m3K

), µ0 and µ1 ( kg
ms) are the different viscosity’s

and ρ0 ρ1 ( kg
m3 )the different densities with the 0 the ambient water and 1 the injected

water, G is Catalans constant and g is gravitational constant.

The viscosity also has an influence on this thermal front. The viscosity of water also

decreases with increasing temperature [17]. This means that the higher the temperature

the more easily the water flows through the aquifer. This increases the tilting speed

and decreases the efficiency of the HT-ATES. The reason this decreases the efficiency is

because the cold water at the bottom of the layer gets closer to the well. The hot water

has a lower viscosity so the flow resistance is reduced.

During extracting the hot water, the front is tilted further and efficiency drops because

less warm water can be pumped upwards. This is illustrated in figure 4.3, this pictures

shows that a part of the hot water can not be retrieved.

The water that is injected is just normal cubic meters and goes down to the aquifer.

In the aquifer the spaces where the water can be stored is only the pores, the porosity.
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To get an idea of how much space the cone will take in the subsurface and how that

influences the recovery efficiency the next formula is used [21]:

When the porosity of an aquifer is known the amount of volume in the subsurface can

be calculated with formula (4.2).

R* =
πεBr20.05,bottom

V i
(4.2)

In this formula R* is the recovery efficient, ε is the porosity of the given rock, B is the

thickness of the aquifer and r0.05,bottom is the radius from the well to the edge of the

warm water on the bottom of the reservoir during the storage phase. The numerator

is the volume of a cone with a given porosity. This formula only applies under the

assumption that the thermal front moves linear through the aquifer.

4.2 Problems Concerning HT-ATES

A few HT-ATES where active in the Netherlands, one in Utrecht on the university

campus of Utrecht and one in Zwammerdam. Both where shut down the one. The

HT-ATES in Zwammerdam was shut down because financial reasons. The HT-ATES in

Utrecht was shut down because of a leak in a valve. [22].

One of the problems is the clogging of the aquifer due to the precipitation of carbonates.

The reason for this is that carbonates have, in contradiction to normal minerals, a lower

solubility when temperature increase [23] . When the hot water is injected in an aquifer

then these carbonates will precipitate and reduce the permeability so more energy needs

to be used to pump the water or the carbonates will clog the filter. A solution for this

is ion exchange and hydraulic acid. The ion exchange was used in Utrecht but had a

clogging still occurred in Zwammerdam the hydraulic acid was used which did prevent

the clogging [13]. This does have negative effects on the PH values of the aquifer.

For a HT-ATES another thermal storage system needs to be made if the TU-Delft wants

to cool the building by using ATES.

4.3 Factors That Increase Efficiency

The lower the density difference the less loss due to density driven flow occurs. Van

Lopik et al. [12] has made a report on the influence of dissolving salt in the injection

water. Salt content influences the density of the water. This reduces the loss of energy
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due to a smaller density difference. Higher salt content in the warm injected water could

increase the efficiency.

According to Ward et al [21] rapid injection of the water decreases the amount of tilting

of the thermal front during the injection phase. This is because the forced convection

exceeds the free convection and the thermal front acts more like vertical line.

The permeability can also have an influence on the efficiency of a HT-ATES. To decrease

pumping power needed the horizontal permeability should be high. To decrease the effect

of density driven flow the vertical permeability should be low.

Figure 4.4: A schematic overview of what happens when heterogeneity occurs inside
a layer. The brown layer has low hydraulic conductivity and the black stripe is the
well. The arrows indicate the injection of hot water and the dark blue color shows the

warm injected water, the light blue shows the ambient water.

According to a research from Bourbiaux heterogeneity can influences the thermal losses.

Small-size impermeable heterogeneity’s act like a heat accumulator making it more ef-

ficient and large/thick heterogeneity’s reduce the thermal efficiency [24]. This principle

is shown in figure 4.4. From which can be seen that the efficiency increases due to

the presence of the small layers with low permeability. A favourable aquifer has small

impermeable heterogeneity’s in the form of layers.

Recovery efficiency increases with multiple cycles where one cycle contains the injection

storage and extraction of the hot water [12] [21]. This is because the losses from previous

cycli reduce losses of current cycle.



Chapter 5

Geological Setting TU-Delft

In this chapter the geological setting below the TU-Delft is described. To do this first the

most favourable aquifer is described based on the last chapters. Different sedimentary

rocks are explained in appendix A. Different geological units and their characteristics

are described in appendix B. The second section of this chapter reports uncertainties

related to the available data. Then suitable layers that come close to the favourable

aquifer are researched further. As a conclusion of this chapter the most suitable aquifers

are listed.

5.1 Favourable Aquifer

Ideal geology

Porosity The layer has a high porosity.

Vertical permeability The vertical permeability needs to be low to decrease

tilting of the thermal front.

Horizontal permeability The horizontal permeability needs to be high to in-

crease the pumping capacity

Heterogeneity The aquifer has small impermeable layers within the

aquifer but needs to have a heterogeneous grain size.

Cap-layer The layer above the aquifer has low permeability.

Heat capacity The aquifer has a high heat capacity.

Depth Shallow as possible because greater depth increases

drilling costs, decreases maximum bore hole diameter,

and permeability & porosity decreases with depth.

18
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Ideal injected water

Density water Difference in density needs to be as small as possible.

This can be done by dissolving salt in the injection

water or injecting the water deeper, the deeper the

aquifer the warmer the ambient ground water. The

disadvantage of a deeper aquifer is that the drilling

costs increase and permeability decreases.

Composition water Dissolving hydraulic acid in the water decreases clog-

ging caused by deposition of calcium-carbonates.

5.2 Difficulties

Dozens of wells are drilled in the area around Delft for hydrocarbon exploration. These

hydrocarbons can be found below a depth of approximately 1000 meters[3] [25]. Because

of construction in urban areas a lot of information is available of the top layers, from the

surface down to around 40 meters. Unfortunately, little is known about the shallower

aquifers which are suitable for HT-ATES.

The second point of attention is the porosity decrease. The pressure increases when

the depths increases this is because of all the overlaying layers pressing on the lower

layers. The porosity and thus the capacity of the aquifer will decrease with depth. The

Advantage of the deeper layers is that the ambient temperature is higher and thus less

heat will be lost to the surroundings.

The last point is that the well logs located on the TU-Delft campus and nearby the

campus all where drilled by the NAM in the 1950’s. These drilling’s are old en do not

give consistent names to the different formation. To solve this problem three well-logs

from Pijnacker are used that where drilled around 2010, these wells are located between

4000 and 5000 meters from the TU-Delft campus.

5.3 Different Aquifers

To get an overview of the subsurface four cross section are obtained from the DINO-

loket. In figure 5.1 the above ground situation is shown with the two different locations

of the cross sections and with the TU-Delft campus shown in red. The cross-section

in appendix C.2 is a West to East cross-section and the cross section in appendix C.3

is a North to South cross section. These cross-section are obtained using DGMdiep
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v4.0 option. This means that only the larger geological structures are shown. The next

cross-sections shown are shown in appendix C.4 and appendix C.5. These cross sections

give information to a depth of 400 meters. In the appendix C.1 the explanation of the

different abbreviations is shown.

Figure 5.1: A map with indicated in red the TU-Delft campus. The lines represent
the different locations of cross-sections and the letters indicate the starting and end

point of the cross-sections

To get a better idea of the different hydraulic conductivities of different layers figure

5.2 is helpful. In this figure the typical range of hydraulic conductivities of different

layers is shown. As an example look at the range for sand that goes from 10-1 to 5*102,

where the loose, well sorted, large particle layers have high hydraulic conductivity and

the dense, small particles badly sorted layers have low hydraulic conductivity.

The cross-sections in combination with the nomenclature from appendix A and figure

5.2, aquifers based on there general description and the general characteristics of these

aquifers could be chosen for further research. The most important demands were that

the layer has the capacity to store enough water, so high enough porosity and thickness,

and a seal to prevent losses due to thermal up-floating. The layers that can be suitable

and need further research are:

• Formation of Oosterhout (OO). Depth ≈ 245 meters, thickness ≈ 150 meters.

• Texel Greensand Member. Depth ≈ 560 meters, thickness ≈ 20 meters.

• Holland greensand Member. Depth ≈ 910 meters, thickness ≈ 50 meters.

• The Lier Member. Depth ≈ 1140-1150 meters, thickness ≈ 50 meters.
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Figure 5.2: General hydraulic conductivity values used for assuming suitable layers,
retrieved and enhanced from [2]

Figure 5.3: A map showing the
three different well logs used with
yellow dots, and the TU-Delft

campus shown in red.

Figure 5.4: The lithology found in the well log
from Pijnacker of the Berg sand layer.

These layers are all chosen based on their general description which is a big approxima-

tion, these layers could deviate from there general description. To find more interesting

aquifers the well logs from Pijnacker are used. These logs contain the composition of

the layers with colors and symbols, the grains size is also shown and the percentage of

different sedimentary components. In figure 5.3 a map is shown with the drilling’s of

Pijnacker. The well logs from the wells PNA-GT-01, PNA-GT-02 and PNA-GT-04 are

used for evaluation. From these wells a new suitable layer was found. The suitability of

these layers is discussable because of the fact that the Pijnacker wells are located a few

kilometers away from the TU-Delft campus. The layer that seemed to be suitable was

the Berg sand layer as is shown in figure 5.4.

The last suitable layer that was found was found using subsurface ground data from the

DINO-loket [25]. A figure and place of the drilling is shown in figure 5.5. There are

already a few ATES on the TU-Delft campus which are all situated in the layer between
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25-40 meters depth and the layer that start at around 45 meters and goes to a depth

of 75 meters [26]. Because of the fact of the interference between different wells these

layers will not be discussed. One layer that is interesting and can be seen in figure 5.5

is the layer that start at approximately 160 meters and stops at 180 meters depth. This

layer is described as a layer that contains fine to medium sized grains. This seems as

a good option the reason will be explained in detail later on.There is know these layers

have lots of small impermeability’s that need to be taken into account.

Figure 5.5: A figure of the subsurface data with on the left the TU-Delft campus
shown in red and the drilling site circled in red. The right part show the lithology with
in green clay, yellow fine sand, yellow brownish sand medium fine and in yellow brown

coarse sand.

In the next sections the last five different suitable layers discussed earlier in this chapter

will be discussed in detail.

5.3.1 Formation of Oosterhout (OO)

This formation is situated below the formation of Maassluis, for the situation of the TU-

Delft this layer starts on a depth of 245 meters and has a thickness of around 150 meters.

What made this layer interesting for further research was that it was described as a layer

that had small layers that had low hydraulic conductivity. The first step in the research

is gathering at available data that could be researched, there is known that there are

4 wells close to the campus so this can be used. These wells are shown in appendix

D.1, it is important to keep in mind that the wells DEL-07 and DEL-08 are on the

TU-Delft campus. The other two wells DEL-04 and DEL-03 are situated approximately
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1 kilometer from the campus and the last well DEL-06 almost 2.5 kilometers from the

campus.

The old logs are only used to show where the layers start and the thickness beneath the

TU-Delft campus and shown in appendices E.6 to E.9. Combining the legend E.1 and

the well log in appendix E.2 there can be seen that this layer is mostly made out of sand

and siltstone with a little bit of marl stone. Silt decreases the permeability. In the top

of the layer the grain size of the sand is bigger but there is a lot of silt present which

means heterogeneity of grain-sizes which influence the permeability negatively. There

are two wells in Pijnacker also that are being viewed, these do not show silt but show

very small grain-size. This aquifer is missing a seal.

The information available shows this layer is not a very suitable layer for storage. To

make sure further research should be done because the depth makes it a interesting

layer.

5.3.2 Berg Sand Formation

The Berg sand Formation is unconsolidated, sandstone rich and well sorted. The layer

on top is limestone and can function as a seal. The only question remaining is if this

layer is also situated below the TU-Delft campus. This layer is likely to be situated

just below the Breda Formation, which for the situation of the TU-Delft campus had a

final depth of 420 meters. The presence of this layer needs to be researched. Also the

Breda Formation itself needs to be checked on permeability and porosity, this layer is in

general not an ideal layer but could be interesting because it is not situated very deep.

5.3.3 Texel Greensand Member

This formation is situated below the Texel marlstone, at the TU-Delft campus this layer

is situated at a depth of 560 meters and is 20 meters thick. This layer is interesting

for further research because it contains small layers with low hydraulic conductivity and

mostly consist out of sand-stone. The marl-stone is probably a good cap layer because

it is made up out of marls and small clay particles. Studying the lithology of this layer

shown in figure E.3. The figure shows that it has a seal. It contains mostly out of lime

stone and marlstone. Which both have low permeability and that makes the aquifer less

interesting. It could be different below the TU-Delft because of the fact that it starts on

a a depth of 530 below the TU-Delft and in Pijnacker it starts on a depth of 955 meters.

So the pressure is a lot higher and this could influence the permeability in a negative

way.
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Figure 5.6: An overview of results from testing of cores retrieved from NLOG [3],
with the horizontal permeability given in miliDarcy and the density given in g/cm3 for

the Holland greensand member.

5.3.4 Holland Greensand Member

This layer is situated below the middle Holland claystone member which looks like a

good cap layer. The layer start on a depth of 904 meters in both wells that are situated

on the TU-Delft campus. It is 50 meters thick and contains fine grained to very fine

grained sandstones with a low permeability. However, permeability could be enhanced

by the presence of bio-turbation which could greatly increase the porosity [27]. What is

interesting about this layer is that the porosity and permeability are known due to the

testing of core samples these values are shown in figure 5.6.

This is a promising layer for the use of storage because of experience from hydrocarbon

exploitation which indicate it is good reservoir. In addition to this core samples are

available and tested shown in figure 5.6. These are obtained from a borehole that is

located on the TU-Delft campus (DEL-07). From the lithology it is clear it contains

mostly well sorted fine sandstone. The thickness was found to be around 50 meters

below the TU-Delft campus. The layer directly above the Holland greensand Member is

a silt stone that has a low hydraulic conductivity and acts like a seal. The only problem

that arises is that the permeability is to low and lots of wells should be needed do fulfill

demands.

5.3.5 The Liermember

This Layer start around 1140 meters deep and is approximately 50 meters thick. It is

located below the lower Holland marl member which could act as a cap layer. The reason

this layer is researched further is because this used to be a reservoir for hydrocarbons, so

there is porosity and permeability present. The temperature in this layer is also higher

but costs of drilling will be higher. Just like the Holland greensand member there were

core test done on samples of this layer. The results of these test are shown in figure 5.7.

The same as for the Holland greensand member holds for this layer. It used to be an

old reservoir and has a cap layer so is a promising layer.
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Figure 5.7: An overview of results from testing of cores retrieved from NLOG [3],
with the horizontal permeability given in miliDarcy and the density given in g/cm3 for

the Liermember samples.

Figure 5.7 shows that in comparison with 5.6 the horizontal permeability and the poros-

ity are less then that of the Holland greensand member. This layer is suitable for storage

but is deeper then the Holland green sand member and less permeable. The preference

would go to the Holland green sand member.

5.4 Suitable HT-ATES Aquifers Above 500 Meters Depth

The unnamed layer that starts on a depth of 160 meters and is 20 meters high. According

the Dino-loket [25] this layer is in the top part of the Maassluis formation and the

Maasluis formation is described as a layer with high horizontal permeability (10 ≤ k ≤
100 m/d) and low vertical permeability (0.001 ≤ k ≤1 m/d), this data is retrieved using

the Regis II option. This layer is promising and could fulfill the minimum permeability.

Using the model the amount of wells needed is calculated to be 2-3 wells assuming a

horizontal permeability of 50 m/d.

The Formation of Oosterhout was determined as a semi suitable because of the lithology

obtained from the Pijnacker wells, further research should be done because of the fact

this layer could have a small layer within the formation made up out of sand in the

subsurface of the Delft area. The layer is interesting because it is deep and probably

has higher porosity and permeability then layers lower then this.

The Berg sand formation or the bottom section of the Breda formation (depth of 420

meters) is suitable for a HT-ATES. The problem is that it is not found in the outdated

wells on the campus. This could be because of the fact of outdated nomenclature. It
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was found in Pijnacker, core samples of the old drilling’s should be studied and tested

to make sure this layer is present in the area of TU-Delft.

5.5 Suitable HT-ATES Aquifers Below 500 meters Depth

The permeability and porosity decreases with depth and drillings cost increase with

depth. The only advantage of deeper layer is the higher ambient temperature. Because

of the mining act drilling below 500 meters give extra regulations and make it harder to

reach the pumping demands.

The Texel greensand Member is found in the Pijnacker wells but is more compressed

there. There is a change it is in better state below Delft because there the layer is

located on 560 meters of the depth as in Pijnacker.

Going deeper makes it less and less interesting for a HT-ATES. The Lier Member is

deeper then the Holland greensand member so this is less interesting then the Holland

greensand member. The Holland greensand member proofed to be a good reservoir but

has a low permeability.

Concluding that only the Texel greensand is interesting for further research.



Chapter 6

Discussion

The wells of Pijnacker where used to study the geological composition. These wells are

located 4-5 kilometer away from the campus, the geology is different there then it is

beneath the TU-Delft. Some layers like the Texel greensand Member are located twice

as deep in Pijnacker as at the TU-Delft this makes them more compressed and because

of that the Pijnacker wells do not always show accurate composition. Statements about

geological Formations have uncertainty in them because of the distance from the TU-

Delft of the wells used.

As was stated earlier there is little information about the subsurface of Delft. The major

geological units are known and via well logs the start and end point of those units can

be determined with little uncertainty. These are only the major geological units with

very limited description and composition. There is not much information about the

permeability, porosity and more characteristics available. Only of the shallow subsurface

and deeper sub-surface detailed information is available. The reason for this is old oil

reservoirs present in the area of the TU-Delft and the interest in shallow subsurface is

because of construction buildings and roads. Detail is missing about different layers and

still needs to be further examined.

This is the first time the suitability of a HT-ATES is studied. Some layers for further

research are listed. Further research could study the boreholes cores that are found in

Het Centraal Kernhuis in Zeist. The first step is to study the different layers and examine

if they are really present in the drilling’s on the TU-Delft campus. If so the next step is

to study the presence of seal, or suitable layers within a bigger formation. For example

the Oosterhout Formation seems to be suitable but looking at core samples will give a

more exact depth of permeable layers within the formation. After this the samples could

be tested on vertical and horizontal permeability but also porosity and heat capacity.

Better models can be made and the best suitable aquifer can be chosen. When these
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things are known the amount of wells needed to fulfill demand can be calculated using

the model described in this thesis.



Chapter 7

Conclusion

The goal of this thesis was to determine the suitability of a HT-ATES on the TU-Delft

campus, and the conditions for the TU-Delft campus. One aquifer can be stated as

suitable for HT-ATES. That is Part of the Maassluis Formation. Using this Formation

the amount of wells needed to fulfill the conditions of the TU-Delft is between 2-3 Wells.

The condition for this situation is that the peak-demand results in a pumping rate of

138 m3/h.

For the other layers the suitability can not be stated. Further research should be done

for the next three aquifers:

• Formation of Oosterhout.

• Berg sand formation or the bottom of the Breda formation.

• Texel greensand.

For these layer the horizontal and vertical permeability should be tested. When these are

known a comparison with the Maassluis Formation can be made. And a most favourable

scenario can be chosen. In the discussion a plan for further research was described.

Summary

The first part of the thesis is explained what a high temperature aquifer thermal energy

storage was and how the efficiency could be as high as possible. The general concept of

a HT-ATES is the storage of high temperature water in an aquifer. This water can be

used for heating buildings. The advantage of this in comparison with a normal aquifer

thermal energy storage is that there is a bigger amount of energy stored. To improve

the efficiency of a HT-ATES two different factors play a role. One of the factors is
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the composition of the water and the other factor is the geology of the aquifer used

for storage. The composition of the water is not discussed in detail in this thesis.

The Density of the water should be high and dissolving hydraulic acid in the water is

favorable.

The most favorable aquifer is a confined aquifer. High porosity leads to a high storage

capacity. Horizontal permeability is favourable to be high. To prevent a thermal front

and up-floating of warm water it is favourable to have low vertical permeability which

could be a result of heterogeneity in the form of small impermeable layers. The heat

capacity of the rock should be high. For the depth it is most favourable if this is above

500 meters because of the mining act, decrease in permeability and porosity with depth

and cost increase with depth.

The amount of injected water is somewhere between 9,55*105 and 2,18 *106 m3 depend-

ing on the temperature difference between extracted and injected water. The minimum

temperature difference leads to a pumping rate of 138 m3/h and with this pumping rate

the minimum permeability needed to fulfill the needs of the TU-Delft could be calcu-

lated. A model is made with three variables. That are the height of the well, the radius

of the well and the permeability. This model show that when permeability decreases

amount of well increase exponential.

Geological formations that are suitable because of the geological characteristics. Study-

ing the local geology and general information given some layers could be described as

suitable, these are:

• Maassluis Formation starting at a depth of 160 meters.

• Oosterhout Formation.

• Berg sand Formation or the bottom of the Breda Formation.

• Texel greensand Member.

Further studies in these layer should be done.

A HT-ATES system could be a sustainable way to help the DAP reach its peak demands

and make the DAP project more feasible.
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Different sedimentary rocks

The definition of a sedimentary rock is a rock that is formed by the deposition of particles

that are formed due to the weathering of rocks. another way these sedimentary rocks

are formed is due to organic activity[28]. There are different sedimentary rocks but for

this research only four will be discussed, these different rocks are clay, sandstone, chalk

and marl, because of their presence in the subsurface below the TU-Delft campus.

A.1 Sandstone

Sand-grains are formed by the weathering of and erosion of pre-existing rocks. The

definition of sand is that the grain size is between 63 µm and 2 mm. This scale is

further divided into five smaller classifications depending on the grain size, these are

very fine, fine, medium, coarse and very coarse. One of the most important factors that

influences porosity is the heterogeneity in grain-size, when the grain-size is heterogeneous

(well sorted) the porosity will be higher. In general the porosity of sandstones is high,

most of the aquifers and reservoirs are sandstones [29]. Because of the activity of animals

or plants the porosity can change, this process is called bioturbation [27]

A.2 clay

Clay-grains have a grain-size that is smaller then 4 µm. One of the most important

physical properties of clay is that is has permeability or in other words low permeability.

A clay layer can be used as a seal.
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A.3 Limestone

Limestones are all the rocks made up out of calcium carbonate (CaCO3). Within this

term one other term is important to remember that is chalk. Chalk is a variation of

limestone and present in the subsurface below the TU-Delft. Chalk consists primarily

shells of small creatures that secrete calcium carbonate. Commonly limestone has a small

porosity. But because of dissolving of calcium carbonate secondary porosity occurs which

could greatly increase the porosity. Primary porosity is the porosity formed during time

of deposition and secondary porosity is the porosity formed after deposition, this can be

dissolving of calcium carbonates but also bioturbation[29].

A.4 Marl

Marl is an a mixture of two different grain types. It consist out of a calcium carbonate

rich rock mixed with clays or silt. Silt are particles classified with a particle size between

sand and clay. Marl is a rock with high porosity’s. In general marls have low hydraulic

conductivity but there are some exceptions.[30]
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B.1 Basic geological units found beneath Delft

B.1.1 Upper North Sea group (NU)

As seen in the cross-section the Upper North sea group has a quite straight profile with

an almost constant bottom depth of 400 meters. Using the nomenclature of the DINO

loket there is found that this group is defined as a sequence of clays and fine grained

coarse sands with some local deviations[25]. To get a better idea of these layer another

function of the DINO-loket called the appelboor a stratigraphy beneath the TU-Delft

campus is obtained and shown in figure B.1. As can be seen the Upper North Sea group

is divided in different smaller layers. The meaning of the abbreviations can be found in

appendix C.1. In appendix D.2 results from nearby wells are shown.

B.1.1.1 Holocene deposits (HL)

These are the deposits that where deposited during the last 12.000 years mostly clay

sand or peat in the area of the TU-Delft. This layer is not suitable for storage so will

not be discussed further.

B.1.1.2 Formation Kreftenheye (KR)

This is a thicker layers then the Holocene deposits, with dominantly coarse sands and

gravel and is around 15 meters thick below the TU-Delft campus. The presence of sands

means that this layer is permeable and most likely contains water. This could be a
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suitable layer for storage but it is a small layer close to the subsurface and probably

close to groundwater extractions and also is missing a cap layer.

B.1.1.3 Formation of Peize and of Waalre (PZWA)

Figure B.1: Picture of the
stratigraphy on the location
of the TU-Delft campus ob-

tained via DINO-loket.

The formation van Peize is made up by sand layers with

coarse grains but also contains some clay and silt and also

smaller sand grains which can decrease permeability. In

conclusion there can be said that this layer is suitable for the

use of storage but it does misses a cap layer. Below the Peize

Formation the Waalre formation is found the exact layer

boundary needs to be investigated. The Waalre formation

is mostly made up by small grains of sand with some layers

of clay.

B.1.1.4 Formation of Maassluis (MS)

This layer has dominantly coarse sand grains and shells,

sparsely there are some clay layers. The layer is below delft

thick around 150 meters thick. The difference between this

layer and the formation of Waalre is that the van Waalre

layer does not contain shells adn the Maassluis does contain

shells.

B.1.1.5 Formation of Oosterhout (OO)

In the top of the formation there are some clay layers, be-

neath that the formation is mostly coarse grained sands

and middle coarse grains. This is promising for a storage

because these small layers with lower hydraulic conductivity

can increase the efficiency. The thickness of the formation

is about 130 meters thick.

B.1.1.6 Formation of Breda (BR)

This layer is consist of a complex sequence of shallow marine deposits and coastal de-

posits, or in other words a sequence of clays and sand. In this part of the Netherlands the
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Breda formation is not that thick (10-20 meters). This layer could be an interesting cap

layer, but is probably too thin to use it as a storage layer. This layer is often described

as a heterogeneous layer with small particle as silt and clay so this layer probably has

low porosity and permeability.

B.1.2 Lower and middle north sea group(NL NM)

This is a big group in most of the Netherlands but as can be seen in the cross-sections

this layer is only a few meters thick beneath the TU-Delft campus and not interesting

for this research

B.1.3 Chalk group (CK)

This group is mostly containing limestones and marly limestones this could possible

function as a cap layer. This layer is not as thick below delft as it is in the rest of the

Netherlands, it start around 400 meters deep and end around 150 meters deeper.

B.1.3.1 Ommelanden formation

This layer is made up out of limestones that are compressed due to the depth. Also

cementation occurred, that process decreases the porosity. To be sure the porosity is

low and if this layer can function as a cap layer logs available in this area need to be

looked at. The start of this layer is found by looking at data from NLOG [3] and found

to be around 420 meters deep and the bottom varies from 490 to 500 meters depth.

Below this layer the Texel marlstone follows.

B.1.3.2 Texel marlstone

Mostly limestones and marly limestones, the thickness below delft is around 40-50 me-

ters. For this layer also the logs needs to be viewed to see if it can acts as a cap layer.

B.1.3.3 Texel greensand

According to the the nomenclature these are green sands with small layers of less hy-

draulic conductive marls between the sandstone. If the porosity is high and the layers

above are impermeable or have small permeability this could be a suitable layer for a

HT-ATES. According to date form NLOG [3] this layer is 20 meters.
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B.1.4 Rijnland Group(KN)

This is the biggest group in size of all the main groups, it start around 600 meters below

the surface. The bottom of the layer is around 1700 meters deep, this depth is not going

to be researched. This has two reason the first reason is that going to deep makes the

drilling costs to high, the second reason is that most of the available boreholes only go

to a depth of 1200 meters so limited information is given for the deeper layers. The

deepest formation that is researches is the Vlieland claystone formation which begins

below 1200 meters depth and is between 200 and 300 meters thick. The geology within

this group is very heterogeneous.

B.1.4.1 Upper Holland marl

Below the TU-Delft the thickness of this layer is approximately 200 meters only in the

DEL-06 well this layer is thicker but this data is obtained further away from the campus

then the other four well, this can be seen in appendix D.1. This whole layer is described

as a marl layer. The exact porosity needs to be looked at to determine if this can be a

suitable layer for storage.

B.1.4.2 Middle Holland claystone member

This layers start on a depth of about 800 meters and is circa 100 meters thick. This

layer has less lime in it and is made up of shaly claystone and is calcium carbonate rich.

This could be a good cap layer looking at this description.

B.1.4.3 Holland greensand member

A layer that is 50 meters thick in the area of TU-Delft problem is that in the well

DEL-03 this formation was not found, the reason for this is that is was described in

this well as a part of the Lower Holland marl member. This layer contains very fine-

grained and fine grained sandstones. This layer is characterised by lots of bioturbated

nature which means that plants are animals influenced the geology. Bioturbation can

increase or decrease the permeability depending on what kind of processes followed

after the bioturbation [27]. If the layer was positively affected by the bioturbation this

layer could be a suitable layer for storage especially when the middle Holland claystone

member is less permeable.
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B.1.4.4 Lower Holland marl member

This layer start around 950 meters depth and is circa 180 meters thick. This layer can

be determined by low gamma ray values when looking in the logs. Most of the layer is

build up out of sand and silty clay stones. Which means this formation has probably a

low porosity and permeability.

B.1.4.5 The Liermember

The NAM used to produce hydrocarbons from this layer this mean more information

about porosity and permeability is known. When looking in appendix D.2 there is shown

that the depth of this layer changes, implying this is not a horizontal layer but a layer

with a dip.The layer has a thickness of 50 meters and has a starting depth of circa 1120-

1210 meters, in the data available some anomalies are found concerning the thickness.

The layer contains very fine and fine grained sandstones.

B.1.4.6 Vlieland claystone formation

This is a thick formation with different layers within the formation. The formation start

on a depth of circa 1250 meters and goes down to a depth of 1570 meters which means

this is not in the area of interest because drilling below this layer is to expensive. Most of

the formation is claystones with some marls and some small layers with fine sandstone.
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C.1 Cross-sections

Figure C.1: Abbreviation of the different geological units that can be seen in the
different cross-section

Table C.1: Explanation of the different abbreviations

NU Upper North Sea group UR Formation of Urk

NL NM Lower and middle North Sea group SY Formation of Stramproy

CK Chalk lime group PZWA Formation of Peize and Waalre

KN Rijnland group MS Formation of Maassluis

S Upper Jura deposits OO Formation of Oosterhout

HL Holocene deposits BR Formation of Breda

KR Formation Kreftenheye
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Figure C.2: A cross section from
point A to A’ (West to East) retrieved
from DINO-loket. Only major geologi-

cal units.

Figure C.3: A cross section from
point B to B’ (North to South) re-
trieved from DINO-loket. Only major

geological units.
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Figure C.4: A cross section from
point A to A’ (West to East) retrieved
from DINO-loket, to a depth of 420 me-

ters.

Figure C.5: A cross section from
point B to B’ (North to South) re-
trieved from DINO-loket, to a depth of

420 meters.
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D.1 Stratigraphy obtained from wells close to TU-Delft

campus

Figure D.1: A map with the TU-Delft campus shown in pink and the position of the
five boreholes used to create the stratigraphy, retrieved from NLOG and altered.
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Figure D.2: A stratigraphy obtained using data from NLOG.



Appendix E

Appendix

E.1 Overviews of different well logs
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Figure E.1: Legend for the lithology in appendices E.2 to E.5
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Figure E.2: A Pijnacker well log retrieved form NLOG [3] with the red lines showing
where the Oosterhout formation starts.
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Figure E.3: A Pijnacker well log retrieved form NLOG [3] with the red lines showing
where the Texel greensand layer starts.

Figure E.4: A Pijnacker well log retrieved form NLOG [3] with the red lines showing
where the Holland greensand member starts.
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Figure E.5: A Pijnacker well log retrieved form NLOG [3] with the red lines showing
where the Liermember layer starts.
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Figure E.6: A Delft well log retrieved form NLOG [3] with the red lines showing
where the Oosterhout formation starts.
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Figure E.7: A Delft well log retrieved form NLOG [3] with the red lines showing
where the Texel greensand layer starts.

Figure E.8: A Delft well log retrieved form NLOG [3] with the red lines showing
where the Holland greensand member starts. The points that are shown in these logs

correspond with the core testing results in figure 5.6
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Figure E.9: A Delft well log retrieved form NLOG [3] with the red lines showing
where the Liermember layer starts.The points that are shown in these logs correspond

with the core testing results in figure 5.7
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