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Abstract

This thesis sets out to increase the knowledge of artificial groundwater injection

(AGWI) in Sweden on behalf of the Swedish Transport Administration. This has

been done by firstly conducting a literature reviewwhich provided the background

which comprises mainly groundwater theory and subsidence. Then several

methods were utilized; Interviews, cost analysis, case studies and a simplistic

numerical modelling in order to obtain an overall understanding of the AGWI

facilities. The interviews provide in-depth knowledge of how the technique

is handled in different industry contexts. The cost analysis provided with an

understanding of the economic relations for an AGWI facility. The case studies

provided generalizability and knowledge in how the AGWI is conducted in real

projects. Finally, the numerical model provided with knowledge of how a can

be developed and what interesting information it can and should contain. The

results showed that the AGWI as a subsidence mitigation technique have been

developed and is now a subject of increased focus and demand from the legislator

and designer perspective, but not the STA. The results show as well that we can

expect changed preconditions both geographically and temporally varying, for

the AGWI and therefor a change in how the AGWI is handled by the STA is

recommended to change. Another result was that the cost analysis showed that

the common idea of tap-water is a cheaper alternative than re-injecting the leaked

water back to the tunnel is debatable, even false. The case studies showed that the

most common water utilization was tap water and that only a few facilities has

re-injection capabilities. The STA is recommended to increased their focus on the

AGWI technique, to plan for a long term operation and maintenance perspective

and to demand calculations of the AGWI costs in relation to water use and the

facilities sustainability with the view on future estimated climate change.
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Sammanfattning

Denna uppsats syftar till att öka förståelsen om skyddsinfiltration i Sverige på

uppdrag av Trafikverket. Bakgrunden baseras på en litteraturgranskning som

huvudsakligen handlar om grundvattensteori och marksättningar. I uppsatsen

används sedan flera olika metoder; Intervjuer, kostnadsanalys, fallstudier

och en förenklad numerisk modell för att få en övergripande förståelse för

Trafikverkets skyddsinfiltration-anläggningar. Intervjuerna gav en djupare

förståelse och kunskap om hur tekniken hanteras i olika sammanhang i branchen.

Kostnadsanalysen gav en insikt i de ekonomiska relationerna för hur en

skyddsinfiltration-anläggning fungerar. Fallstudierna gav generaliserbarhet till

studien och kunskap om hur skyddsinfiltration genomförs i verkliga projekt.

Slutligen gav den numeriska modellen kunskap om hur en modell kan utvecklas

och vilken relevant information den kan och bör innehålla. Resultaten visade att

skyddsinfiltration som en teknik för att minska marksättningar har utvecklats

mycket genom tiden. Tekniken får nu ett ökat fokus och därmed krav

från lagstiftarens och projektörens sida, men däremot inte från Trafikverket.

Resultaten visar också att vi kan förvänta oss förändrade förutsättningar både

geografiskt och tidsmässigt för skyddsinfiltration. Därför rekommenderas att

ändra hur skyddsinfiltration hanteras av Trafikverket. Ett annat resultat var att

kostnadsanalysen visade att den rådande bilden om att dricksvattenanvänding är

ett billigare alternativ än att återinjicera det läckta vattnet tillbaka till tunneln

kanske inte stämmer. Fallstudierna visade att det vanligaste vattenutnyttjandet

var dricksvatten och att endast ett fåtal anläggningar har återinjiceringsförmåga.

Trafikverket rekommenderas att öka sitt fokus på skyddsinfiltration-tekniken

och planera för ett långsiktigt drift- och underhållsperspektiv. Dessutom bör

Trafikverket kräva beräkningar av skyddsinfiltration-kostnaderna i förhållande

till vattenanvändning och anläggningens hållbarhet med tanke på framtidens

uppskattade klimatförändringar.
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1 Introduction

1.1 General

When infrastructure projects involve construction below the groundwater level

and depending on the physical property of the surrounding geology, a risk of water

leaking into the tunnels occurs. To mitigate this leakage, construction involves

pre-grouting and waterproofing to seal the tunnel and prevent the groundwater

from leaking into the tunnel. However, due to the technical challenges of the

sub surface and the cost intensive solutions to create a fully sealed construction

it is common that a tunnel will experience some leakage through is life span

(Dammyr et al., 2014). If the leakage it is not compensated for it can, depending

on the size, type of soil and rock and fractures, cause subsidence and consequently

pose damage to the infrastructure above. In order to mitigate this while

not creating completely sealed tunnels, artificial groundwater injection, can be

applied (Institution Of Structural Engineers, 2004).

The principle of the technique is that water is artificially injected into the soil

or into fractures in the rock through, for instance, a drilled borehole where an

increased hydraulic head can be achieved (Hanson, 2000). The terminology

varies and depending on the usage of the technique it is called Artificial recharge

(AR), Artificial groundwater injection or infiltration (AGWI) and Aquifer thermal

energy storage (ATES). In regards AR, the technique is used as a measure for

recharging an aquifer with the purpose of restoring a reservoir back to an initial

state or increase the amount of water possible to extract from an aquifer. AGWI

is, within this thesis, used as a mitigation measure for land subsidence control.

Water is injected into the ground to restore a changed pore-pressure distribution

or a change in the coupling interaction, stress and pore-pressure, within the

sub-surface voids which, both, can result in subsidence. ATES is used for heat

extraction by utilizing the specific heat capacity of water, where water is injected

into the ground during summer and pumped up in the winter to be able to use the

kinetic energy (heat) of the water (Jiang et al., 2016). However, this thesis will

focus on the second usage, where the technique is a mitigation measure for land

subsidence thus surface stability with the abbreviation AGWI. See figure 1.1 where
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AGWI is depicted.

Figure 1.1: Illustration of different AGWI facilities. Figure in courtesy of
”Artificial injection for control of groundwater level” 1994, cover figure

(Olofsson, B. & Palmgren, S., 1994)

AGWI injects, as stated above, water to mitigate the risk of subsidence. Since

the leakage is a continuous process the injection needs to be continuous thus the

source of water needs to be continuous. The source of water can be extracted

from natural gatherings of rainwater, a municipal water supply or, depending

on the quality, a recycle of the in leaked water (Olofsson, B. & Palmgren, S.,

1994). The amount of required injected water is governed by the approved

limits of leakage into the tunnel, the permeability of the tunnel sealing and the

hydraulic conductivity of the surrounding medium. The latter varies depending

on factors such as distribution of hydraulic head, porosity and homogeneity of

the surrounding medium (Hiscock and Bense, 2014), see chapter 2 for more

information.

The technique AGWI is a common technique utilized both internationally

(Kværner and Snilsberg, 2013; Chai et al., 2004; El Mansouri and El Mezouary,

2015) and locally in Sweden (Olofsson, B. & Palmgren, S., 1994). In Sweden,

which is the geographical focus of this thesis, groundwater related activities

are recognized as ”Water Operations”. ”Water Operations” is a legally binding

term that requires a permit to be conducted (Naturvårdsverket, 2008). For
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the projects involved in the thesis at hand, the permit is provided by the Land

and Environmental Court in conjunction with a set of project dependent pre-

conditions and leakage limitations to follow. Typical pre-conditions are that the

STA is required to coordinate and agree with the local authorities. The agreement

typically contains how and where to mitigate and control the risk of subsidence

andhow, where andwhen to transport and treat the leakedwater from the tunnels.

The risk of subsidence due to groundwater leakage into the tunnels, is mitigated

within the project with different types of measures, but typically with AGWI, such

as the verdict in the City Line and Bypass Stockholm project emphasises (Land

and Environmental Court of Nacka through Infosoc Rättsdata AB, 2010; Land

and Environmental Court of Svea, 2015; Land and Environmental Court of Nacka,

2014)

This thesis is initiated by the Swedish Transport Administration (STA) therefore

the focus has been on relevant projects administrated by the STA that involves this

technique. The STA is the authority that administrate and plan the tendering,

construction and operation phase for public state owned infrastructure projects

including transport by sea, air, road and rail in Sweden (STA, 2019).

The projects investigated in this thesis are the Stockholm based projects: City

Line, E4 Bypass Stockholm and the Western Link in Gothenburg. The projects

constitutes some of the largest infrastructure projects in Sweden (Trafikverket,

2015). All these projects use AGWI facilities extensively an is described in further

detail in chapter 4.

Due to the groundwater leakage and the usage of AGWI, the STA needs to apply

to the Land and Environmental Court for the permit of ”water operation”. For

the projects within this thesis this consists of managing the leaking water and

transporting it out of the tunnel construction and preferably connect it to the

municipal network of water treatment. Based on the application, the court either

approves the original application or reply with new demands, such as limitation

on amount of the leaked groundwater (mm/min) and what groundwater level the

project have to maintain. This demand applies through the whole life span of the

projects, which can be up to 120 years (Graah, 2019). The cumulative amount

of water that needs to be consumed for injection and compensated for can be a
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significant volume. The injection facilities requires a comprehensivemaintenance

scheme thus the total cost of this facility can be significant, especially if the source

of water is fresh municipal water (Olofsson, B. & Palmgren, S., 1994).

Due to a request from the Swedish government in 2018 the STA has intensified

the work and focus of climate adaptation to its variety of facilities and projects

(Liljegren, 2019). There are a broad spectrum of structures that is under STAs

responsibility that will most likely get impacted by the climate change. Examples

of these are railroads and highways near coastal areas impacted by the expected

sea rise (Jideblad Arnesten, 2019) and in general the same infrastructure will

get impacted by the predicted increase and intensification of precipitation and

temperatures (Liljegren, 2019). This thesis will investigate the climate impacted

subsurface infrastructures ie. tunnels and the issues related to these structures in

general and in a future climate change scenario.

1.2 Aims and Objectives

The aim of this thesis was to serve as a base for further research of the

AGWI technique as well as support document for planning and maintenance of

AGWI facilities for both designers, clients and contractors within STA related

infrastructure projects. In order to achieve this the thesis viewed the AGWI

technique from different perspectives. As mentioned earlier the STA has

increased its focus in climate change. Therefore, the thesis will assess the usage

of AGWI in STA projects and investigate how climate change could impact this

technique. The thesis will investigate aspects of a simpler and more theoretical

model of a AGWI facility which could be used as an initial step of the design

process and for the planners to evaluate the design. In addition, these projects are

designed to last many years, as mentioned earlier up to 120 year. Therefore, this

thesis will conduct a cost analysis between two alternative water usages with a 120

years perspective. To achieve the above mentioned aims the thesis have a set of

objective related questionswhichwill be answered in the conclusion section:

• What are the AGWI related risks in a changed climate in terms of water

utilization and mitigation of subsidence?
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• How can the STAoptimize the technique for the current and future facilities?

• How should the STA plan for future AGWI facilities?

1.3 Delimitation

This thesis view the current state of the design and usage as constant during its

designed life span. Furthermore, both rising and lowering the groundwater levels

can lead to serious damage (Jones, 2007; Solano Rojas et al., 2017), but since the

thesis investigates the subsidencemitigationmeasure, AGWI, this thesiswill focus

on the situation where the groundwater is lowered. The lowering have several

origins such as excessive groundwater extraction leaking subsurface structures

and other climatic reasons, however it is the two latter which this thesis will

investigate and assess. Although a very important topic, the quality of water is

however not assessed in this thesis due to the limited time span and the chosen

focus.
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2 Background

2.1 Theoretical Background

(The following subsection is mainly based on knowledge extracted from the book

Hydrogeology by Hiscock and Bense (2014)). Groundwater is by definition the

water that inhabit the volume of the subsurface pores creating the so-called

saturated zone. The properties of groundwater is governed by the geology,

hydrology, topography and chemical constituents of thewater and its surrounding

medium. The main parameters describing these properties is porosity, hydraulic

conductivity, Dracy’s law, hydraulic head and storativity.

Porosity has two different deviations; Total porosity and effective porosity. Total

porosity is the void fraction of the total volume of a given medium. Effective

porosity describes the fraction of the total volume that consists of open void

and where water either can be retained and/or flow through, in other words the

voids needs to be large enough and interconnected (Fetter, 1994). Total porosity

is comprised of two different properties, specific yield and specific retention.

Specific yield, which is used as the storage term for unconfined aquifers, describes

the volume of water released from groundwater storage per unit surface area of

aquifer per unit decline in the water table. The specific retention describes the

fraction of water retained in the soil or rock against the force of gravity. For a

coarse-grained aquifer, the specific yield will almost be equal to the total porosity

since the proportion of the retaining capillary film will be much smaller than the

proportion of the void volume. In contrast, awell-distributed fine-grained aquifer,

the specific retention will be the governing parameter due to the capillary films

large proportion in relation to the void volume.

Hydraulic conductivity describes the ability of a flowing medium, in this case

water, to flow through a specific medium depending on the properties of

the flowing medium, such as viscosity, and the surrounding medium where

porosity and grain size are governing factors. In soils of large grain size,

the value of hydraulic conductivity are usually high and vice versa. The

difference, or indifference, in hydraulic conductivity is utilized when describing
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the homogeneity and isotropy of the geology.

The flow of groundwater was described through experiments on an inclined

cylinder containing a porous medium where the flow of water was examined by

the French Municipal Engineer Henry Darcy in 1856, and is encapsulated in the

Darcy’s law, see equation 1 below.

Q = −K ∗ Adh
dl

(1)

where K = hydraulic conductivity, A = cross-sectional area of the flow and dh/dl =

describes the hydraulic gradient. The negative value is indicating the inclination

hydraulic head thus the flow direction.

The flow direction of groundwater is dependent of the difference of hydraulic

head. It is the hydraulic head that describes the pressure within the groundwater

and is the sum of the pressure head, ψ, which is the height difference between the

point of a measure and the water level and the elevation from the reference point

zero, z, to the point of measure in a porous medium.

A term that is commonly used for flow is transmissivity. This describes the rate

of a flow through a medium with a certain unit width under a unit hydraulic

gradient and is the product of hydraulic conductivity and the width, b, of the

flowing medium, often an aquifer, see equation 2 below:

T = K ∗ b (2)

where the units is T for transmissivity (L2t−1, t = time), b is saturated thickness

of the Aquifer (L) and K is hydraulic conductivity (L/t)

Storativity is the ability of an aquifer or an aquitard to store or retain water is

important when investigating the capacity of groundwater extraction for drinking

water purposes etc. Depending whether the aquifer or aquitard is confined or

unconfined, the Storativity varies. For a confined aquifer the storativity is a
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product of a storage term, Ss and the aquifer thickness b:

S = Ss ∗ b (3)

and depicts the volume of water that an aquifer releases from storage per unit

surface area of aquifer per unit decline in the component of hydraulic head

normal to that surface. Whereas for unconfined aquifers the storage term is

called unconfined storativity (or specific yield) and is the volume of water that

an unconfined aquifer release from storage per unit surface area of aquifer per

unit decline in water table and is almost the same as total porosity.

The groundwater table level is situated where the piezometric head is at 0

ATM.

The basic elements describing the groundwater recharge ability is comprised

by the precipitation (P), evaporation and evapotranspiration (ET), runoff, both

overland and interflow, (SR), groundwater discharge (GR) which includes river

baseflow and artificial abstraction and change in the storage (∆ S) providing the

budget formula eq. 4:

P = ET + SR +GR ±∆S (4)

This provides a general understanding of what influences the groundwater

(Gustafson, 2012) and some of these parameters will be assessed in the following

chapters in regards anticipated future climate.

2.1.1 Subsidence

In addition to the negative impacts of water accumulating in the tunnel which

needs to be handled, pumped and transported, a phenomenon called subsidence

can as well occur.

Subsidence is a downward, often uneven, movement of the ground caused by

several sources of impact. These sources of impacts can be divided into two

main divisions, man-made or natural where man-made is the dominant, and
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four subdivisions. Deformable rocks and soils which experience a decreased

pore space, often due to extraction of groundwater and an increased load on

the overburden e.g. a new heavy building. This can occur in clay, peat, silts,

anthropogenic landfills, permafrost or some sands; rock structures with larges

fractures or cavities creating cave-like formations which normally occurs in man-

made mining cave, limestone or gypsum formations; tectonic subsidence, and

landslide induced subsidence (Fookes et al., 2005).

The former division, deformable rocks and soils, where clay is present will be the

main subsidence focus in the current thesis due to the context of the case studies,

see chapter 4. According to Fookes et al. (2005) subsidence due to clay soils

(and rock) are the most typical cause of destructive subsidence. The clay induced

subsidence originate either from fluid abstraction and/or loading compaction. In

both cases the water will migrate from the pores in the clay creating space for a

downward movement. This phenomena is called consolidation and is considered

impossible to counter act post the consolidation (Fookes et al., 2005).

Subsidence can occur in clay layers due to extraction of groundwater from both

the upper and lower groundwater reservoirs, increased load exposure e.g. new

housing development or dumping of soil. In addition, the gradation of organic

material can cause subsidence (Berzell, 2011). Due to clay and other soil contents

of low hydraulic conductivities the subsidence can last for up to several decades.

In other words, the change is very small thus difficult to detect before an eventual

damage is done. In order to handle subsidence, it is advised to have a control

program which provides an overview of the actual change in surface level in order

to act before a damage occurs (Berzell, 2011).

2.2 Literature review of artificial groundwater injection
research

Based on the literature review conducted in this thesis, the landscape of the

research regarding artificial injection into the subsurface are dominated by

artificial recharge i.e. where water is injected into the groundwater reservoir to

compensate for an over consumption and to maintain a predefined level. Smaller
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amounts of the studies investigates specifically the artificial groundwater injection

as a subsidence mitigation measure in infrastructure projects which is confirmed

in (Yoo, 2005) and the once that do, often have a more geotechnical perspective

rather than a hydrogeological perspective (Kværner and Snilsberg, 2013; Dammyr

et al., 2014; Spross and Larsson, 2014).

In regards the connection between AGWI as a subsidence mitigation measure,

climate change and how this might get impacted in the future only one study

by Ouessar et al. (2017) has been found. However the only connection used in

Ouessar’s study was an exact factor of the estimated groundwater change which

was implemented in the numerical model (Ouessar et al., 2017).

Therefore, the background will consist of a separate synergistic research,

investigating subsidence, artificial groundwater injection, groundwater flow and

climate change.

Asmentioning above there are notmany studies conducted in regard to AGWI as a

subsidencemitigationmeasure in infrastructure projects. However but those who

have (Institution Of Structural Engineers, 2004; Yoo, 2005; Spross and Larsson,

2014), stresses the importance of stabilizing the soil during construction and

that the injection of water in the vicinity of the site compensate for the possible

drawdown happening due to the pumping occurring inside the construction site

(Institution Of Structural Engineers, 2004), see figure 2.1.

According to Yoo (2005) who investigated the interaction between a subsurface

structure (tunnel) and the groundwater, the leakage of groundwater into the

tunnel causes a drop in water pressure within the pores of the surrounding

mediumwhich results in consolidation and again subsidence thus possible risk for

damaging the overlaying structures. Yoo (2005) even concluded that both before,

during and after the tunnel construction the groundwater drawdown is active and

that the surrounding soil experiences different stress distribution which needs to

be considered during analysis.

As mentioned in the introduction the problem of subsidence due to groundwater

drawdown is a worldwide challenge. A study of this problem has been conducted

for Shanghai and shows that there is a close relationship between groundwater
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Figure 2.1: Modified figure showing drawdown of the pressure head/water
pressure outside the construction site. In courtesy of ”Design and Construction
of Deep Basements Including Cut-and-Cover Structures” 2004, p.38.

pumping, the drawdown and the land subsidence (Chai et al., 2004) and that the

main factor of subsidence prevention is an enhanced control and management of

the groundwater pumping. This is confirmed in a different study but in the same

City, Shanghai (Jiang et al., 2016). The study by Jiang et al. (2016) emphasise

the importance of implementing AGWI, before the subsidence occurs because

AGWImay have little effect on the land subsidence when the groundwater level

in the cone of depression is lower than its previous still water level (Jiang et al.,

2016).

A study from Norway that studied the impacts of a tunnel in fractured

Precambrian gneiss rocks argues that introducing a tunnel that runs through

fractured rock can convert hydraulic discharge to recharges resulting in a changed

groundwater chemistry. Additionally an injection of water can compensate

this but will lead to secondary hydrological effects such as artificially elevated

hydraulic heads thus provoke discharge in relatively low laying areas thatwouldn’t

normally experience outflows (Kværner and Snilsberg, 2013).

In Sweden a study by Olofsson, B. & Palmgren, S. (1994) has been conducted that

investigated several differentAGWI facilitiesmainly in and aroundStockholmand

Gothenburg. The study showed a wide span of different types such as injection

tunnels, Borehole filter injection, drilled injection pipes from the tunnel and
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injection dams. The study shows as well a variation in terms of execution, chosen

type andplan. Manyof the investigatedAGWI facilitieswere established in ahurry

after a in situ identification of subsidence where the decision of AGWI was taken

rather quickly. With less time to plan a facility the study argue that the result of the

actual injection and the endurance suffers and that many facilities needed to be

maintained and/or replaced frequently. Olofsson, B. & Palmgren, S. (1994) claims

that it is important with a long term and holistic perspective when constructing

an AGWI facility and that the budget should include costs for a control program,

maintenance, surveys and the usage of electricity and water consumption.

The majority of the AGWI drilled injection pipes are drilled down to the

regolith layer. The regolith layer is a loosely and heterogeneous distributed

layer consisting of different kinds of materials, typically (in Sweden) consisting

of glacial deposits, which lays on top of the bedrock and can provide aquifer

properties (Encyclopedia.com, 2019). However, some AGWI wells are drilled

down into the rock fractures where the fractures can serve better properties of

storage and transporting the injected water (Olofsson, B. & Palmgren, S., 1994).

The positioning of these drilled installations is where the injection can get in

contact with the impacted reservoir in order to prevent these reservoirs from

emptying.

2.3 Groundwater and climate change

A study by Cook et al. (2013) have shown a 97% consensus within the climate

research community that we are experiencing climate changewith global warming

as result, due to anthropogenic activity. According to Masson-Delmotte et al.

(2018b) from the International panel of Climate Change (IPCC), the temperature

since pre-industrial levels, will increase to levels between 1.5 and 2 degrees by

the end of the century. The climate change will most likely result in an overall

increased precipitation in wet areas and more drought in dry areas, but at the

same time pose an increased evaporation. Simultaneously, the sea level can raise

up to a meter, depending on what scenario occurs.

As mentioned in section 2.1 the groundwater replenishment ability is dependent
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on, but not limited by the runoff, precipitation and evaporation. These factors

are described and emphasised in the literature in regards the influence of climate

change on groundwater (Scanlon et al., 2012; Treidel et al., 2011; Sandberg,

2017). Asmentioned above the IPCC have estimated, that all these factors, runoff,

precipitation and evaporation, is likely to change. Surface runoff mainly due to

land-use change, increased evaporation due to change in the growing season of

vegetation and temperature increase and increased precipitation due to increased

evaporation (Masson-Delmotte et al., 2018a).

This global climate change perspective is funnelled down to the local Swedish

climatic context through the Swedish Meteorological and Hydrological Institute

(SMHI). SMHIhas predicted that by the end of the century Swedenwill experience

a 2-6 degree increase in the yearly average temperature, increased duration

of the growing season by 30-100 days and a 20-60 % increased precipitation

compared to the 1961-1990 data set depending on what scenario used and

geographical positioning (Swedish Meteorological and Hydrological Institute,

2019a, 2017).

The Swedish Geological Survey (SGU) in collaboration with SMHI has predicted

that climate change will change the conditions for the groundwater in Sweden

and showed that the fluctuations between the max and min will change for the

whole of Sweden. In addition, the north will experience increased levels while the

South East will experience decreased levels. For the rest of Sweden, the levels will

more or less remain the same through the end of the century. (Vikberg, Emil and

Thunholm, Bo and Thorsbrink, Magdalena and Dahné, Joel, 2015).

2.4 Numerical modelling

Numerical modelling has, in this thesis, been used as a mean of predicting

groundwater flow. The numerical model calculates groundwater processes

of multiple depending parameters such as described in section 2.1 depicted

in equation 4. The foundations of numerical models are conceptualising of

the investigation area with inflow and outflow, placing boundaries, boundary

conditions and discretization of the different domains within the system and
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assessing the input values and parameters such as porosity and hydraulic

conductivity (Hiscock and Bense, 2014).

The fundamental equation for the utilized numerical groundwatermodels is based

onDarcy’s Law (Gustafson, 2012). The equations, often differential, are iteratively

solved in a matrix form by a computer software code, such as MODFLOW, based

on the assumption of homogeneously, isotropy and initial conditions that the

user has assumed (Olofsson, 1991). The model is successful when the model run

converges depending on the convergence criterion. It converges, as Fetter (1994)

describes it -when the process is repeated until the maximum difference in head

value from one iterion to the next is less than the preset (convergence) criterion.

When the model is finally converged the output, values are then calibrated based

on field or real time data and the output of the model should be as close as the

model requires. It is important to emphasise that a model will always be an

approximation of the real world only as accurate as the quality of input data and

knowledge of the modeller and should be used based on that pre-condition. It is

likely that a model will never be an exact replica of the groundwater process and

condition due to its complexity (Fetter, 1994).

In order to model groundwater flow numerically a traditional approach is to

view the flow as interconnected grids where each cell in the grid has predefined

parameters that governs the flow process. The literature states many different

approaches such as continuum models, discrete fracture network model (DFN),

representative element volume (REV), finite volume modelling (FVM), finite

element modelling (FEM) or finite difference modelling (FDM) (Fetter, 1994;

Gustafson, 2012; Hiscock and Bense, 2014; Olofsson, 1991) which can be utilized

for this purpose. However, for the model included in this thesis FDM will be

utilized.

There are several suppliers of software’s for groundwater modelling. Some of the

traditional software’s are ”FEFLOW” of the DHI (Originally by WASY GmbH)

and ”GMS” by Aquaveo using the MODFLOW code and utilizes FEM and FDM

respectively. In this thesis the MODFLOW (FDM) code through GMS is utilized

in order to model a typical AGWI situation based on general situation case

studies.
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The MODFLOW program, which, in this thesis, is provided through the GMS

platform and their supplier Aquaveo, have a variety of capabilities of groundwater

relevant processes. These processes is handled by different packages which are

listed in theAquaveowebpageAquaveo (2019). The packages utilized in this thesis

are the recharge package and the well package due to the purpose of predicting the

interactions between the tunnel and the injection. For the groundwater flow itself

the MODFLOW code that handles these interactions of multiple grids in multiple

axis is based on the partial differential equation developed by Harbaugh et al.

(2000)
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where

- Kxx, Kyy and Kzz are values of hydraulic conductivity along the x, y, and z

coordinate axes, which are assumed to be parallel to the major axes of hydraulic

conductivity (L/T);

- h is the potentiometric head (L);

- W is a volumetric flux per unit volume representing sources and/or sinks of

water, with W<0.0 for flow out of the ground-water system, and W>0.0 for flow

in (T−1);

- Ss is the specific storage of the porous material (L);

- t is time (T);
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3 Method

The aims and objectives of this thesis cover a broad field of approaches from risks

of climate change, possible optimization measures to future recommendations.

Therefore, the utilized methods span as well over a broad field. In order to

achieve knowledge about how the STAworks with AGWI facilities in a current and

future climate interviews were conducted. The AGWI technique was conducted,

according to the literature reviewed in the background, in a more practical

manner. The thesis will therefore assess the development of a simple theoretical

model that bases some of the hydrogeological input on actual infrastructure

projects in Sweden. Infrastructure projects are investment intensive projects and

how close it is possible to achieve the initial goals and need of a project is governed

by how well these projects are funded. In addition, these projects are designed to

last many years, up to 120 year is common (Graah, 2019). Therefore, this thesis

will conduct a cost analysis between two alternative utilizations of water with a

120 years perspective. Finally, as a method section of its own, three projects

has been assessed to provide generalizability and investigate how the AGWI has

been incorporated into large infrastructure projects in Sweden and if and how the

conducted approaches deviates. The interview involves representatives from all

three case studies.

3.1 Interviews of Industry professionals

An interviews of project professionals were conducted in order to answer the pre-

defined questions stated in the introduction. The AGWI technique was handled

in a more practical manner thus conducting interviews with the professionals

that actually work with the technique were assumed to provide an even deeper

knowledge in the handling and management of artificial groundwater injection.

The result section 5.1 provides the findings from the interviews which were an

extraction of the response to the questions asked, see below, during the different

interviews. What was chosen to be extracted was based on how the answers

correlates with each other and if the answers provided with new information.

The information from the interviews are not directly referenced in the text but
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a list states the participant in appendix B A.1.1 and the interviewees are asked and

approval has been received for this.

The selection of the interviewees was governed by availability, relevant

background, project and technique affiliation. The interviewees were a mix

of professionals from both the private and public sector and had mainly a

hydrological, hydrogeological and/or geological background. They are listed in

the appendix section 2.2.

The interview structure was similar in all, except two, of the conducted interviews

and the following questions were as homogeneous as possible in order to achieve

comparable information and to uphold a level of structure. The interviews can

therefore be characterized as semi-structured (O’Leary, 2017) andwere conducted

mainly on a one-to-one basis with two exceptions. It started off by an introduction

of the interviewer and the associated thesis to provide context for the interviewee.

The interviewee got the chance to inform about their background and what their

rolewere in regard to the relevant project. The questionnaire, which can be viewed

to its full below, started off with general questions about what the challenges

and experiences of AGWI are according to the interviewee. Followed up by

more project specific questions about the challenges and experiences. Further on

questions about the specific AGWI facilities were asked. The final questions were

about the operation phase and future climate and what has been done in relation

to this. See full list below.

• Generally, looking back on your experience with artificial groundwater

infiltration, what is the challenge?

• From an administrative perspective, how do you go about leakage into the

tunnels and infiltration how is the process and who is responsible (limits of

GW levels, amount of leaked water, etc)?

• What STA project are you connected with?

• What are the challenges regarding AGWI in your project and what makes

this project, if any, different from others of your experience?

• What kinds of infiltration facilities (boreholes, pools, from inside the tunnel,

recycle the groundwater, usage of clean water?) is decided upon in your
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project

• How did you solve the risk of increased injection/leakage due to the change

of pressure distribution and the added infiltration in relation to the expected

amounts of leaked groundwater?

• Are the future climate incorporated in the design and how?

• Are there any other types of mitigation measures that has been conducted?

For the two that did not follow the same structure, the interview questions, which

can be viewed below, were more related to their own field of competence and

how this can relate to the thesis. The first was with the climate adaptation

coordinator of the STA and the second was with a senior geologist at the SGU. The

questions started off similar to the other interviews with an introduction of both

parties. However, after the introduction the questions deviated. For the senior

geologist from the SGU, the questions were related to the anticipated change in

groundwater fluctuations and levels for Sweden in the next century and what kind

of impact this could have. For the climate change adaptation coordinator, the

questions were related to climate change in general and how the STA have and

will worked with these challenges. The following questions were in regards the

AGWI technique compared to climate change adaptation and how AGWI could be

more sustainable and adapted to a future climate change. See full list below.

• How would you consider the work of climate adaptation that has generally

been conducted within the STA?

• Since the “Förordning (regulation), 2018:1328” have been valid from 1.1.19,

how do Sweden/STA work with this? Since the climate adaptation strategy

started already in 2014, something should have happened. Any concrete

examples of what project specific that has been done?

• What is the biggest challenge in terms of actually conducting the

planned/required adaptationmeasures, both general but as well in the STA?

The questionnaire to the geologist at the SGU was as follows:

• It seems that the focus is on rapid reacting reservoirs and RCP 4.5, if this is
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the case, whys is that?

• in figure 12, there are no measurement/value of the fluctuations of slow

reactive reservoirs in the Stockholm, east area. Are there no large and slow

reactive reservoirs there?

• What are the current problems of the groundwater in Sweden?

• Can you deviate between Stockholm and Gothenburg?

• What will be the groundwater problems of the future in Sweden?

• Are there any other issue regarding the infiltration of groundwater?

Due to the variability and quality nature of the questions and the amount of

interviewee a statistical analysis was not considered suitable thus not conducted.

However the results from these interviews was related to the results of the case

studies and climate change reports and can be viewed in section 5.

3.1.1 Ethics and liability

Since this report includes information from both the clients, here represented by

the STA, and the contractor and/or the consultant some conflict of interest may

arise. The attempt to tackle this has been by transparency, to explain the relevant

background of the interviewer andwhat the aims and objectives of the thesis were.

The impressionwas that the interviewees and other professionals contacted in this

report have been openhearted and honest, however, one cannot exclude the risk

of biased answers.

3.2 Numerical Modelling

The literature review has shown that the AGWI technique has been handled in

a more practical manner rather than utilizing a theoretical model. Therefore

the purpose of this model was to investigate the possibility of creating a

general representative and simple model based on accessible data from relevant

hydrogeological reports, measurement data bases and public available data bases.

For the data andparameters not provided in the available data the software default
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settings were utilized. The chosen numerical model was GMS by Aquaveo who

utilizes theMODFLOW code (Aquaveo, 2019) which has a FDM approach (USGS,

2019). The reasoning for using this software was because of its global usage, its

long lasting existence since 1986 (USGS, 2019) and the software accessibility and

support availability within the institution affiliated to this thesis.

3.2.1 Conceptual model

The chosenmethodwas to view the problem froma steady state 2D cross-sectional

perspective using a grid approach. A grid approachwas in this thesis defined as an

environment built up by a grid mesh system with a x, y and z -axis, however only

with a 1-meter unit y-axis. This is in contrast to the traditional approach where it

usually starts with a large spatial data input such as topography or morphology

and then creates the boundaries where a grid was fitted to this data set. One

can describe the grid approach as making the spatial data fit to the grid and not

opposite.

Firstly, the modelling started off by creating a grid system of 800 m x 1 m x

120 m with a 160 x 1 x 24 grid distribution. The suitable length and stretch

was chosen based on the impact area on figure 4.6. The data was acquired

from a public accessible database of the Stockholm city council (Counsil, 2019), a

data base served by the Swedish University of Agricultural Sciences (SLU, 2019)

and information from the reports of the tunnel projects of City line and Bypass

Stockholm (Berzell, 2011; Sundkvist et al., 2007). The chosen stretch follows the

street called ”Kungsgatan”which stretches over themiddle of theCity Line project,

which can be viewed in figure B.3. The 1 meter in the y-axis was chosen because

this model should only be a representative cross-section of a general project in a

urban area. The dimensionswere therefore adjusted in accordance to the affiliated

project the model was used for.

The contextual boundaries were chosen to be the Stockholm ridge on the east side

or right side of the grid and the lake Klara , which is a side lake of lakeMälaren, on

the west or left side, see figure 4.4. These boundaries formed hydraulic barriers

defined as constant head boundary by the assumption that both has an unlimited
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supply of water. The reasoning behind the assumption of unlimited amount of

water, thus constant head, was because of the Stockholm ridges ideal and assumed

large groundwater storage properties, andMälarens large volume of water. These

volumeswere assumed to be of suchquantity that the anticipated amount of inflow

to the chosen system can be neglected in at the boundary.

Between the boundaries the layers topsoil, clay, regolith and bedrock which be

viewed in 1.1, were applied in a suitable manner based on the data available and

the theory of their properties.

3.2.2 Data input

The data for the topography was extracted from the Swedish University of

Agricultural Sciences (SLU) database (SLU, 2019). However, the database did

not acquire data of the four layers the model contains only data for top elevation

and soil depth. The soil depth thus the bedrock top surface, where converted to

elevationdata through theGIS tool called ”raster calculator” (Athan et al., 2019) by

subtracting the top surface elevation with the bedrock depth. Based on these two

elevations the clay and regolith elevations were created through the data provided

in the City Line report, (Sundkvist et al., 2007). According to the report the clay

elevation varies from 0 in the eastern part of the model to up to 10 meter below

the top elevations near the lake Klara and therefore the clay have been set to vary

in the model as well. According to the City line report the regolith elevation varies

from 1meter close near the lake Klara to almost 30meters in the Stockholm ridge.

However, according to the report the typical depth was 2 - 3 so for the sake of

simplicity a fixed thickness of 2 meters was chosen. In other words, the regolith

layer was set at a fixed level of 2 meters above the bedrock elevation and in order

to make the clay layer vary, the top of the clay elevation had a 3 meter fixed depth

in relative to the top elevation but the bottom of the clay layer varies in relation to

how the regolith and bedrock layer varied. See figure 3.1 for the layering and B.3

for the geographical context.

After these layers were implemented, they had to be interpolated and the

interpolation was conducted through the GMS softwares own ”layer fixer”. In
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addition, the following layers that here not interpolated for were redistributed to

follow the topography, see the result in the figure 3.1 below.

Figure 3.1: Figure showing the grid with the interpolated SLU layering where
the left side is on the west side, close to the lake Klara and the right side is east
and close to the Stockholm ridge. The first layer is topsoil, the second is clay,
thirds is regolith and the rest further down is bedrock

3.2.3 Hydrgeological paramters

The initial constant head was chosen to follow the surface elevation of

approximately 13 meter on the east side at the Stockholm ridge side and

approximately 8 meter on the west side, on the banks of Mälaren.

The chosen conductivities were based on the average values from the relevant

areas stated in Sundkvist et al. (2007) for the different layers for the relevant area

around the grid which was ”Bangårdsområdet”, ”Gamla Brogatan” and parts of

the Stockholm ridge. The thesis by Aslan (2019) who was investigating AGWI of

the Bypass Stockholm project, was used where the Sundkvist et al. (2007) did not

provide clear values whichwas for the bedrock fractures. The table 3.1 below show

the different parameters used in the model converted into the unit m/d:

Table 3.1: Chosen hydrogeological parameters based on the information in
Sundkvist et al. (2007) and Aslan (2019)

Horizontal conductivities [m/d]

Fill 8.64

Clay 0.0000864

Regolith 2.52

Rock 0.00864

Rock fractures 0.432

The Sundkvist et al. (2007) report did not mention the possible porosity of the
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different layer and therefore the report by Aslan (2019) was again used for this,

see table 3.2 below:

Table 3.2: Chosen porosity values based on the information in Aslan (2019)

Porosities

Fill 0.3

Clay 0.01

Regolith 0.3

Rock 0.05

Rock fractures 0.05

The tunnel input of the model was represented by a 4x3 cell mesh equivalent to

a double tunnel with a smaller service tunnel as the Swedish tunnel standard

requires (STA, 2013, 2011) was put in the middle of the grid and 40 meters

below the ground which was an approximate of the depth of the City Line tunnel

(KOURINNOI, 2017).

The tunnel leakage properties were implemented in the cell mesh, however, only

10 cells creating the wall of the tunnel were applied well properties since the

middle of the tunnel is hollow thus not pose a direct impact on the scenario. The

cells were appointed with negative values to achieve an extraction rather than an

injection rate. The values were extracted from KOURINNOI (2017) and were the

actual measured values of the relevant third subdivision of the City Line project

andwere converted into the unit ofm3/d permeter tunnel, see table 3.3 below and

evenly distributed between the 10 wells.

Table 3.3: Values for calculating the injection rate per meter tunnel in the units of
m3/dpermeter for the City Line, dimensions extracted from KOURINNOI (2017)

Injection rates

Approximate injection rate of the third subdivision 300l/min

Subdivided tunnel length 1000m

Converted max measured injection rate 0.432m3/day/meter

Max injection rate per cell 0.0432m3/day/meter

In addition, several fracture zones intersects the tunnel alignment and the whole

23



impact area, see figure B.2. In order to apply some fracture properties a zone of

higher conductivities was added from east to west within the rock layers through

the tunnel with a conductance as stated above in table 3.1.

Figure 3.2: Figure showing the grid with the grid with the different hydraulic
conductivities representing the different layers in different colors. blue = topsoil,
red = clay, cyan = regolith, yellow = bedrock and green = fracture zone

The model was then run and the result can be viewed in the result section 5.4.

After the successful convergence of themodel with the above input, injectionwells

with the rate of 0.432m3/day/meter and lowering of the groundwater level to a

current measured level from the geo archive, Counsil (2019), were applied. The

injection wells or AGWI facilities was chosen to inject in both the regolith layer

and the fracture zone splitting the injection rate between them so compensate

for the leakage into the tunnel. The measured groundwater levels came from

two measurement point within the vicinity of the stretch with the coordinates of

x=6579884,7702 and y=153214,37 for the west boundary and x=6580118,44 and

y=153524,57 for the east boundary.

Since SGU has not predicted a significant groundwater level change for the

Stockholm area in the next century, see C.1, and therefore the model did not

include a decrease of the level.

3.3 Cost Analysis

To provide a broader perspective of the AGWI facilities a simple cost analysis

was conducted. The cost analysis compared the cost of using tap water versus

the re-injection of water for the artificial groundwater injection. The comparison

was only set during the operation phase not considering the construction phase.

The exclusion was due to the assumption that during the construction phase,

the leaked injected water was of such poor water quality that it would need a

similar, comprehensive and very cost intensive treatment in both alternatives.
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To facilitate a forecast of the total future cost within the lifetime of 120 year an

estimation of the future price increase was included. The inflation goal of 2 %

developed by the national bank of Sweden can provide an indication of the future

price scenario and was utilized (Bank, 2019). The Stockholm water and sewage

organisation (SWSO) that is responsible of the price of tap water and sewage

water treatment in Stockholm was contacted in relation to the costs and expected

increase of the price. The current water costs were taken from the sewage and

water bill (VA taxa) (Stockholm Vatten & Avfall, 2019) and a dialogue with SWSO

was established.

The amounts of leakage used in this analysis were taken from the City Line report

Sundkvist et al. (2007) where table 3.4 below states the predicted leakage into the

tunnel during operation phase with AGWI, the full original table can be viewed in

appendix C.4.

Table 3.4: Amounts of leakage with injection from the City Line project, extracted
from Sundkvist et al. (2007)

Estimated leakage rates

Leakage rate of the third subdivision stretch (31+060 - 31+900) 55l/min

Leakage rate of the third subdivision stretch (33+500 - 34+500) 275l/min

Total 325l/min

As stated above, only the amount of predicted injected water during operation

phase was utilized and the calculation of the price alternatives can be viewed in

the figures 3.3 and 3.4 below. The construction phase cost are included in the

overall calculation, see figure C.2 to figure C.6.

Figure 3.3: A shortened table showing the assumed costs of the municipal tap
water alternative during operation phase
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The figure 3.3 show the leakage in the operation phase of 330l/minwas converted

into m3/year to fit the VA taxa units. The cost was divided into fixed and

variable. The fixed was connected to the table 3.5 which show a yearly fixed

cost depending on which prize category the total consumed volume of water

falls into. The variable cost depends solely on how many cubic meters of water

that was consumed and the prize of that is stated to be 7,4 SEK/m3 within

SWSOs jurisdiction. Due to uncertainty and limitations of the individual project

agreements, the cost of connecting to the municipal network and the treatment

were not included for the municipal tap water alternative.

Figure 3.4: A shortened table showing the assumed costs of the re-injection
alternative during operation phase with only the third and most expensive
construction alternative

The costs of re-injecting of water includes the pipeline construction cost permeter

within the City line project. Figure 3.4 show the distance to the different AGWI

facilities in the City line project, here estimated to be 3800 meters. Only the

most expensive alternative of 30’000 SEK per meter was included in the table.

The selection of the pump and thus the pump price was only assumed based

on the best of the authors knowledge, but the capacity and power consumption

were found within the Xylem product catalogues of industrial pumps where a

triple pressure reduced pump with a capacity of max 640 m3/h. The price of

4 mill was assumed to include everything within an extra pump station. The

maintenance cost which is an important cost in this duration of 120 year was

assumed to represent all the workload and possible new parts needed for a

complete maintenance. The electricity consumption over the whole year of full
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effect each half-day (3*22kWh*(24/2))*365) was assumed and a price of 0,7 per

kWh was extracted from the historical table of Vattenfall (Vattenfall, 2019).

Figure 3.5: Table showing the price fixed price category from the ”VA-taxa”
(Stockholm Vatten & Avfall, 2019)

The yearly costs of both alternatives which was the water consumption perm3 and

price category for the tap water alternative (the maintenance was not included

because the AGWI facilities is assumed to be similar in both alternatives thus

require same facility maintenance) and extra maintenance and extra electricity

of the extra pumps for the re-injection alternative was finally applied an price

increase rate of 2%every year the next 120 years. The price increasewas calculated

by using the simple formula V1 + (V1 ∗ rate) where V1 was the initial value (7,4
[SEK/m3]) for every year until the 120 year. The calculated prices and amounts

can be viewed in the 5 and the whole tables with all the data in appendix C from

figure figure C.2 to figure C.6.

Additional assumptions were made:

• Assumed that thewater used for re-injection in the operation phasewas fully

usable and was infiltrated without losses.

• Assumed no pipe leakage, neither from the extra constructed 3800-meter-

long pipeline nor the pipes from the municipal pipe network.

• Assumed the same AGWI facilities in both alternatives, therefore not

included in the comparison

• The projects pay the full price of 7,4 SEK perm3

27



4 Case Studies

To provide generalizability, an investigation of planned and built AGWI facilities

in STA projects as case studies was conducted. The projects, as stated in the

section 1, is three major infrastructure projects City line, E4 Bypass Stockholm

and West link and were chosen because of the project size involving several

relevant professionals to interview and significant amounts of data, the different

geographical positioning and type. The two first is Stockholm projects and the

last is a Gothenburg project. In principal the AGWI installation is the same for all

the three different projects. The AGWI installation are all utilized tominimize the

risk of subsidence in sensitive areas.

The main source of information is extracted from three different hydrogeology

reports affiliated to the different projects (Sundkvist et al., 2007; Berzell, 2011;

Sundkvist and Wallroth, 2016). These reports are not written by the same

consultants nor at the same time thus the information included in the reports

varies. However, the common purpose of these reports is to apply for a permit to

inject water into the ground and to transport leaked water from the tunnel.

In relation to the subsidence mitigation measure, AGWI, an ”area of impact” is

important to define. The area is defined, within these projects, as the area that by

a lowering of the groundwater level the risk of damage to its infrastructure such

as buildings, roads, conduits and agricultural drainage is high. All three projects

have a predefined area of impact which are the furthest reaching area of impact

up to a certain point. In the projects described below, they are all defined by the

area where one can expect 0.3 meter or more of groundwater lowering due to the

project construction, see figure 4.6 as an example of an impact area, here in the

City Line.

4.1 West link Project

The West link Project is a railway project in Gothenburg of 8 km length whereas

6.6 km is in tunnels. It started construction in 2018 and has a planned

construction until 2026. According to the Swedish Transport Administration
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(2019) Gothenburg is an important hub with railway coming from the north

(Norway and the ”Väner line” from Kil), East (The mainline from Stockholm)

and South (The West Coast Line from Lund) and that the current capacity is

already breached. Therefore the West Link project is designed to give room

for more public traffic, accommodate the current needs of traffic handling and

future growth of the city (Sundkvist and Wallroth, 2016; Swedish Transport

Administration, 2019).

4.1.1 local hydrology

According to SMHI precipitation data (Swedish Meteorological and Hydrological

Institute, 2019b) Göteborg has already a yearly average precipitation of 700 -

800 mm and according to the hydrogeology report of the West link project,

the net precipitation is 420 mm/year. Of this 420 mm/year, less than 100

mm/year is estimated to serve as groundwater replenishment before the start

of the project. However, during lowering of the groundwater levels and the

more sensitive construction phase in terms of subsidence risk and the operation

phase, a groundwater replenishment of 100 - 200 mm/year is estimated to occur

(Sundkvist and Wallroth, 2016).

4.1.2 local geology

The project can be deviated into three parts, south-east, west and north-East. The

topography surrounding the project varies from the valley passage of ”Mölndal”

river in the south-east end, elevated only 4-6 meters above sea level (masl) to

hills at around 100 masl. flanking the ”Mölndal” river passage. In the western

part the project continues straight west and then north in a hilly area with heights

fluctuating between 20 to almost 80masl. As the stretch go into the north-eastern

parts and closer to the ”Göta” river, the topography flattens out only deviated by

the hills of ”Gullberg” and ”Kvarnberget” with heights of 29 masl and 24 masl

respectively.

At the banks of Göta River, the soil layer depth is significant, while in hilly areas

there are mainly landfill/topsoil or thin soil layers. The soil layers in the area’s
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valleys comprises generally an overburden layer of the landfill/topsoil, which rests

on top of a clay layer. The clay, in turn, rests on a layer of coarser material,

regolith or till, which again rests on top of the rock. The western link’s stretch lies

within markedly distinct geological and hydrogeological environments. The soil

conditions along the route are mainly made of impermeable surfaces and built-

up areas. What is characterise Gothenburg is however its thick layers of clay (up

to 100 meters) spread out to a wide area, see the yellow colored area in figure

4.1.

The bedrock consists of granitic to tonalitic gneiss. These gneisses constitutes the

western part of a larger north-south line with gneisses, extending from western

Värmland, down the Göta River and through central Gothenburg. They are of

magmatic origin but have been deformed and transformed under later mountain

development. The gneiss has generally a strong foliation. The gneiss foliation

generally strikes in the north-west-south-easterly direction to the northeast-

south-west direction and plunge slightly steep to the west. The dominating

tectonic structures within the area is comprised of durable overlaying zones with

north-south directions. These zones often dropmedium-steeply to the west.

In addition to these larger zones, cracks of different origins and character occur

in the area. Open cracks without fracture filling (for example, quartz, calcite and

clay) parallel to the direction of deformation are usually more open and water-

conducting than other fractures, based on information from performed water

wells and observations in existing tunnels. The area’s topography is clearly linked

to the structural conditions, where larger zones ofweakness are located along clay-

filled valleys as stated above.

4.1.3 Local Hydrogeology

In principle, effective groundwater occurs exclusively in the rock fracture- and

zone systems. This is mainly positioned, as stated above, in the clay-filled valleys

of but the systemhas some prevalence in thewhole area aswell. The rock fracture-

and zone systems can within short distances be completely separated and stand

under completely different water pressures and have different water conducting
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Figure 4.1: Figure showing the geology surrounding the West Link project,
extracted from PM: Hydrogeology ”Västlänken och Olskroken planskildhet”
2016, p. 49

properties. See table 4.1 for hydraulic conductivity of the rock layers.

Table 4.1: Characteristic values of hydraulic conductivity within the inner
investigation area.

Geological type Value
Rock 4 x 10^-8 - 2x10^*-7 m/s
Bedrock outcrop 1-2 x 10^-7 m/s
Fracture zones 2 x 10^-7 - 5 x 10^*-6 m/s
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In the investigation area it can be assumed that the natural groundwater level in

the rock lies between +0 and +40. In connection with draining rock installations,

reduced groundwater levels can be expected. Measurements of the connection

between the rock groundwater and soil reservoir has been conducted and has been

characterized as limited with a maximum connection radius of 3 meters.

Lower groundwater reservoirs are found in valleys and sinks all over the area.

Lower groundwater reservoirs consist of regolith layer on rock, mainly moraine

or sand. The lower groundwater reservoirs have good hydraulic contact with

underlying rocks where the upper part of which can be fractured. In such areas,

water-bearing soil layers deposited on rock and superficial rock can form common

groundwater reservoirs. Upper groundwater reservoirs occur in superficial

regolith layers on clay, mostly filling, swelling material (sand) and dry crust.

Upper and lower groundwater reservoirs hydraulic connection was characterized

as limited.

Generally, it can be assumed that the groundwater level in the upper reservoir

was 1.5 - 2.0 meters below the ground surface except where leaking pipes and

drainage trenches and buildings can give rise to anomaly levels. The groundwater

replenishment was estimated to be 100-170 mm over a year.

Soil samples of the regolith layer on rock was dominated by sand with more or

less elements of silt and gravel. For the regolith ground in the lower magazine,

the hydraulic conductivity based on analysis of soil samples can be assumed to be

between 10-5 and 10-4 m /s.

4.1.4 AGWI

As the figure of the impact area 4.2 show, there are several places where an

permanent AGWI facility is suggested for however, there will exist more AGWI

facilities during the construction phase. The amount and where these are to be

placed is up to the contractor in how it will mitigate the investigated risk identified

in the report (Sundkvist and Wallroth, 2016).

The facility is constructed to inject, through drilled or excavated manhole

chambers, waster suitable layer in the soil or rock. Where these are
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constructed depends the function of hydrogeological parameters such as hydraulic

conductivity, storativity and effective porosity, see 2.1 for more information,

where the sensitive infrastructure lays that needs to be protected and where

the facility can be constructed due to restrictions in land use within a city

centre. During the construction phase all the AGWI facilities will be connected

to the municipal water tap while there can be possible with other types of water

sources.

The highlighted risks are the damage affiliated to leakage into cellars or basements

of existing buildings, changed chemical content in the groundwater, spread of

contamination and changed pattern of the yearly groundwater level fluctuations.

On the contrary, according to the report (Sundkvist and Wallroth, 2016) these

risks are expected to be low due to that most of these risk are associated with

groundwater lowering in the lower aquifer which will be mitigated by the AGWI

facility itself.
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Figure 4.2: Figure showing a map of the impact area for groundwater and
possible permanent AGWI facilities in the West link project extracted from
PM: hydrogeology ”Ansökan om tillstånd enligt miljöbalken för anläggandet av
Västlänken och Olskroken planskildhet Göteborgs Stad, Mölndals stad, Västra
Götalands län” 2016, p. 211

4.2 Stockholm Bypass E4

The E4 Bypass Stockholm is a 21 km long road infrastructure project where 18

km will run in tunnel with depths close to 60 meters below sea level, see figure

4.3. The Construction started in 2016 and is planned to finalize in 2026. The

purpose of the Bypass is to lead the throughput traffic away from the city centre

to decrease the congestion and pressure of the current highway going through the
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city (Trafikverket, 2019).

Figure 4.3: Figure showing overview of the different surface and subsurface
structures in Bypass Stockholm E4, extracted from PM: hydrogeology ”E4
Förbifart Stockholm” 2011, p. 4

4.2.1 local hydrology

See table 4.2 for precipitation, runoff, evaporation/evapotranspiration and

approximate recharge from the runoff into the tunnel. However, throughout

the project chainage the estimate of this recharge that will actually contribute to

leakage varies between 30% - 60 % (in some special areas the percent can rise to

75%) (Berzell, 2011).
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Table 4.2: Water budget of the E4 Bypass Stockholm (with assumed unchanged
vegetation)

Hydrology

Precipitation 600-650 mm/year

Overall runoff 200-220 mm/year

Evaporation/evapotranspiration (yearly average) 400-450 mm/year

Part of runoff contributing to tunnel leakage 60 mm/year

The project alignment bypasses the city centre on the west side of Stockholm

and will run through a rural area called Lovön in the middle of the alignment

flanked by the more urban areas on the south (Sätra/Skärholmen) and north

(Vinsta/Barkarby/Akalla). Therefore, it is reasonable to assume a difference in

the runoff values. The middle, ”Lovö”, section can be assumed that a higher

amount of the precipitation can contribute to the recharge thus the leakage in the

tunnel due to the larger areas of permeable surfaces whereas the north and south

with more impermeable surfaces will contribute less from the runoff.

4.2.2 Local Geology

From the south west, see figure 4.3 the terrain rises up to an elevation area with

superficial rock or only thin soil layers. further north west, the terrain falls again

down towards the area at the center of ”Skärholmen” and the commercial area at

the ”Kungens kurva”.

The Sätra area is characterized by three higher hill tops, where the surface

hill is represented by rock outcrop, separated by two clay-filled valleys -

”Skärholmscreek’s valley” and ”Sätraån’s valleys” - which propagate in the east-

west direction.

Further on over one out of threes ”Mälar passage” to island of ”Kungshatt”, below

the ”15/000” chainage in figure 4.3, the characteristics are strongly hillywith steep

slopes and high hill tops. A north-west-southeast valley divides the island into

a larger, high-altitude northeastern part and a less slightly lower south-western

part. In the northeastern elevated area, the highest ground levels comprise of
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bedrock outcrop along the beach to the southeast (”towards Sätra”) and in the

north-western part of the elevation area. In between, there are smaller ridges that

divide the area into smaller areas with soil-filled dips.

Over the second ”Mälar passage” the ”Lovö island” is characterized by larger

coherent hill and moraine covered hills along the island’s beaches in the north

and to the west. On the southern part of the island there is a near east-west hill

and moraine covered area.

Again, over the third ”Mälar passage” to the area of ”Trafikplats Vinsta” (junction

Vinsta), consists of a larger hilly areas with heights of up to approx +40 meters.

A wide valley extending to the northeast-south-west borders in the north which

spreads on a number of hill plateaus, about +35 meters, with intervening soil-

filled shallows.

Further on the topography is slightly flat whereas a hilltop of around +60 meter

erects close to the ”Lunda” area. From this hilltop towards Trafikplast Hjulsta the

topography varies between Bedrock outcrop and moraine covered surfaces

The area between the Hjulsta junction and Akalla is characterized by larger clay-

covered areas and smaller heights with hills andmoraine soil. The clay areas have

surface level around +10 to +15while the elevation areas reach up to atmost about

+45 which means about 30 meters above the surrounding surface. The valley

towards Häggvik junction has surface level at around +17 meters and the rock

levels is between +2.5 and +5 meters.

Häggvik junction area is characterized by an larger area of bedrock outcrop within

the Hanstaskogen forest, west of the junction, with smaller slopes in the terrain.

The bedrock section reaches at most up to +50 and - where the project passes - to

about +35. At the Häggvik site, the landscape opens up. The soil layer that covers

the rock consists mainly of moraine and thin clay layers (mainly dry crust). Near

existing roads there are also landfills. The rock levels vary between approximately

+18 m and +35 m.

The report (Berzell, 2011) divide the geology characterization into twomain types.

One is typically represented by a valley shaped cross section bordered by rock

outcrop with a layer of regolith (0-5 meters) on top of the rock. The regolith is
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then covered by a very varied clay layer (0 - 17 meters) which again is covered

by some topsoil (0-5 meters) The other characterization is described by only a

regolith layer of 5 meter on top of the rock where the rock has 10 times higher

hydraulic conductivity horizontally than vertically

The south area geology characterizes of some area of organic soils overburdens to

the clay layer indication of dried up lakes. The clay layers vary in type from often

dry at the shallowest levels to a changing loose or tight type of clay. The clay lays

upon a regolith layer of varying thickness. The regolith layer is varying between a

sandy moraine type to a silty sand moraine.

The rock layers consist mainly of medium to coarse grained sediment gneiss

indicating a former sea sediment transformed to a foliated granite like rock type.

The foliation has a mainly north-eastern strike orientation and plunges steep to

medium steep towards south east. Corridors of pegmatite corridors indicates that

the original rock has been fractured, leaving the open gaps with pegmatite or even

”greenstone”. The fracture zones are mostly crossing perpendicular to the tunnel,

has a mainly vertical slope with a south east direction.

In the middle, Lovö area, investigations have shown that the regolith layers

consists of a variation between silty sand moraine, sandy moraine and sandy

gravels. The island is majorly covered by clay in the same composition as in the

south only limited by a area in the north and north west of bedrock outcrop.

Lovö areas rock layers consists mostly of a mix between Gneiss and granitic

variations, with mostly medium to coarse grains. The rock is as well foliated,

however there are some areas in the middle of Lovön that have a mixed structure.

The area is heavily fractured with varying intersects. All, except for in the north

”Mälar passage” where the fractures have near horizontal fractures, the fractures

have a near vertical dip.

For the area between the north ”Mälar passage” toHjulsta junction the soil geology

consist of the same composition, topsoil over the clay, the clay over the regolith

layer and then the rock. However, this section has as well a deviating composition

with more regolith covered surfaces.

The rock layering varies between granite, gneiss and a granite-gneiss mixture,
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except for the area closest to Hjulsta where a more sediment gneissic type is to

expect. The rock is foliatedwith a strike of northwest direction. The rock ismostly

medium to coarse grained with the exception of the sediment gneiss which is fine

to medium grained. The area consists of many long reaching fractures that runs

in a mostly perpendicular intersection in relation to the tunnel where the largest

with the anticipated largest impact has a vertical dip.

The soil geology of the last section, Hjulsta to Akalla junction, do not deviate

significant from the previous section, but can be characterized of having more

bedrock outcrops. The rock layers start of at where the previous section ends, with

a sediment gneiss followed by a mix of granite and gneiss to a fully granite type.

The fractures are, as the previous section, far reaching and has an anticipated

same far reaching high hydraulic connectivity. The fracture dips varying between

vertical to seep towards south or south west.

4.2.3 Local Hydrogeology

In general, the established water balances are based on groundwater formation

at the ground surface in areas with different soil types. Then, how much was

estimated to be able to reach the lower groundwater reservoir and the bedrock

reservoir. Finally, this was set in relation to the calculated leakage into the E4

Bypass Stockholm different construction sites by different waterproof categories.

The groundwater replenishment was calculated to be 210 mm/y for areas with

rock and regolith soil and 175 mm/y for the clay and silt areas.

As mentioned in the section above, the composition is topsoil or landfill over a

layer of clay where this layer is followed by a layer of regolith and then rock. As

mentioned in earlier sections, it is often the regolith layer where the groundwater

storage is at its highest or is the most suitable. Therefore, the regolith layers

are of interest when describing the hydrogeology of the area. In the table below,

4.3, the hydraulic conductivity of the regolith layers from the different sections is

stated.

39



Table 4.3: Water budget of the E4 Bypass Stockholm (with assumed unchanged
vegetation)

Hydraulic conductivity, regolith layer [m/s]

South, Kungens kurva 1x10−4 − 1x10−5

Lovö and Kunsghatt Islands medium to high transmissivity

Vinsta to Hjulsta 1x10−5–1x10−7

Hjulsta to Akalla overall high transmissivity

The fractures zones in the project are a combination between short and far

reaching zones with a mix of high and low conductivities but with a majority

of high conductive zones. Lovö area is characteristic due to its relatively higher

frequency of short reaching fractures zones whereas Vinsta has more far reaching

high conductive zones, see Appendix B figure B.4, B.5, B.6, B.7 and B.8.

4.2.4 AGWI

Depending on where the highest influence of groundwater lowering is thus where

the highest level of waterproof is proposed, visualised in the figure (copy the

figure of ), the AGWI facilities play an important role. Apart of being a safety and

secondary mitigation measure during construction phase, the AGWI installations

within the project of the Stockholm Bypass E4 can be used more as a permanent

mitigation measure in these areas. Some of the reasoning in the hydrogeology

report (Berzell, 2011) is that in some areas the rock fractures cannot be completely

filled with the injecting material, the ground is prone to subsidence and the area

with its infrastructure is as well very sensitive for subsidence. In these areas,

AGWImight be a fixed primarymitigationmeasure alongside the tunnel grouting,

lining and water proofing.

4.3 Stockholm City Line

The City Line is an infrastructure project that finished in 2017 (with a construction

start in 2009) in Stockholm, implemented to increase the commuter train capacity

through Stockholm. It is a 6 km long tunnel crossing through Stockholm city
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center stretching from ”Tomteboda” in North-West Stockholm to the ”Södra

Station” in the south part of Stockholm. The tunnel is mainly in rock, with a

varying rock cover between 40 and 10meters. The exception is in the outlets in the

north and south where the outlet is formed in a concrete tunnel. The low point of

the tunnel is 42meters below surface level. In addition to the tunnel itself, twonew

stations, ”Odenplan” and ”City”, has been constructed as well as several vertical

shafts for ventilation and water, pump station, several temporary access tunnels

during construction and a service tunnelmoving parallel to themain tunnel.

Since the tunnel of City Line stretches under a highly developed and therefore

sensitive urban area below the groundwater level, the requirement is clear; no

room for lowering the groundwater to a level that can or will result in damages on

the facilities above the tunnel. To mitigate the risks of damage AGWI is a well-

used technique throughout the tunnel stretch today.

4.3.1 Local hydrology

Stockholm has a characteristic relation with its water bodies. With ”Brunnsviken”

in the north, ”Värtan” in the west, ”Riddarfjorden” and ”Saltsjön” in the south and

Klara sea in the East, the city is surrounded bywater in every direction. Due to this

context the city has throughout its history been forced to handle the fluctuating

water levels versus the increasing land reclamation thus increased population.

The last and still current measure was to create a sluice gate between the current

old town and the Island of ”Södermalm” only called ”Slussen”. The first was

constructed in 1642 and since then it has been replaced by four new sluice gates

where the fifth sluice gate is currently, 2019, in construction phase with a planned

due date in 2026. Stockholms Stad (2016)

For the water budget, see table 4.4 below. According to the table precipitation is

entirely consumed by the runoff and the evaporation. Since Stockholm is a heavily

urbanized city thus high levels of impermeable surfaces applies which naturally

leads to higher runoff amounts. There are some green areas within the city center

such as ”Vasaparken”, ”Humlegården” and park “Observatorielunden” butmainly

Stockholm consists of surfaces that do not infiltrate or retain the water.
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Table 4.4: Water budget

Hydrology

Precipitation 650 mm/year

Total natural runoff (Surface and groundwater) 400 mm/year

Evaporation (yearly average) 250 mm/year

Groundwater replenishment

In the regolith layer 100 -130 mm/year

In the post glacial fluvial deposits 150 - 400 mm/year

In rock fractures (natural unaffected environment) 15 -50 mm/year

In rock factures influenced my leaking utilities 40 -100mm/year

In clay 0 - 20 mm/year

4.3.2 Local geology

The typical geology of the Stockholm area is illustrated in figure 4.4 showing the

fractured bedrock with regolith laying on top followed by clay and an overlayer of

topsoil. According to the hydrogeology report of the City Line, the regolith layer

thickness varies from 0 - 10 meters, clay between 0 - 20 meters and the topsoil

from 0 to 10 meters (with a thickness up to 25 meters where a certain deviation

between regolith and topsoil has not been achieved).

While the abovementioned strata distribution is typical for Stockholm the geology

do however vary, as figure 4.5 shows. The dominant cover is bedrock outcrop and

clay (red and light yellow respectively) with the Stockholm signature formation as

the green stretch through the city which encompasses the Stockholm ridge. The

Stockholm ridge is a glacial fluvial deposit with thickness up to 30 meters from

the last ice age containing well distributed regolith. There are some areas where

the regolith is present as a cover, see the blue cover in figure 4.5.

The topography is governed by the level of the bedrock and it varies relatively

heavily, 4.5. The highest point lays around the city area of ”Vasastan” and

can be up to about 28 meters. In the area west of the City Station and east

of Kungsholmen, there have been many land reclamations projects which has

resulted in a thick layer of topsoil or landfill close to the ”Klara sjö” or Klara sea,
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Figure 4.4: Figure showing a typical cross section a Stockholm geology.
In courtey of Trafikverkets presentation ”Västlänken Sammanträde med
Samhällsbyggnads-rådet SGU Hydrogeologi 2017-03-22”, p. 9.

where the bedrock lays at depth of about 30 meters

The rock consists of crystalline rocks such as gneiss of granitic composition which

in this context is called ”Stockholms-granite”. The fracture and fault line in

Stockholm ismainly spilt into three different groups; one with a NW-SE toWNW-

ESE Strike, another group with a NE-SV direction and the last in a E-W direction.

The rock quality is mainly characterized as good but where tunnel width is at

its widest and fractures have for instance clay and chlorite, extra reinforcement

measurements have been applied.

4.3.3 Local Hydrogeology

Even though the Stockholm city surfaces generates high amounts of runoff and the

evaporation consumes the rest of the precipitation, groundwater replenishment

still exists. According to table 4.4, the replenishment comes from the regolith

layers, the glaciofluvial deposits (The Stockholm ridge), rock fractures, clay and

leaking utilities.

These different sources that encompasses the replenishment retrieves its water

from different sources. As mentioned earlier and can be viewed in blue color
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in the 4.5 there are some regolith layers that runs all the way to the surface.

These layers, with its good storativity property, can therefore work as inlets for the

aquifer that constitutes of both the regolith layer and connecting rock fractures.

The Glaciofluvial deposits gain its water from the hydraulic connection both from

the north and south, ”Brunnsviken” and ”Riddarfjärden/Saltsjön” respectively.

In addition, it is assumed that the Klara sea has some hydraulic connection with

some of the layers/fractures.

Figure 4.5: Figure showing the geology surrounding the City Line, extracted
from PM: Geohydrology ”SPÅRTUNNEL TOMTEBODA – RIDDARHOLMEN”
2007, p. 9

4.3.4 AGWI

Map 4.6 show the area where the AGWI is positioned. One can see that the area of

highest sensitivity, area near the city central station at chainage 34+000, is where

the most of the AGWI is positioned as well.

In the City line the need of AGWI facilities varies from no need to a permanent
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need in both upper and lower reservoir. The need of AGWI in both upper and

lower reservoir is often due to a combination of housing constructed directly upon

the clay layers or wooden pile foundation and tests indicating under consolidated

clay layers meaning that there is subsidence occurring even prior to the project.

This is compensated for in order to achieve the requirement of ”no damaging

groundwater level declination” In other areas, where there is no need, the clay

is often over consolidated and there does not exist any structures sensitive to

subsidence within the predefined area of impact.

However, due to that several foundations in Stockholm are based on wooden

piles, these are a subject to decomposition if the groundwater level declines. By

declination of the groundwater level, the water vapors are now filled with oxygen

which leads to bacterial decomposition of the wooden piles and the wood starts to

rot (Olofsson, 1991).

Figure 4.6: Figure showing the predefined area of impact of minimum 0.3
meter groundwater level declination in courtesy of PM GEOHYDROLOGI
SPÅRTUNNEL TOMTEBODA – RIDDARHOLMEN
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5 Results

5.1 Findings from the case studies and affiliated
interviews

The literature reviews and the interviews have shown that in Sweden the AGWI

technique has been a subject of change throughout the last years. The technique

has developed from a technique that was viewed as a non-robust spontaneous

quick fix to amitigationmeasure that is a required part, either or both temporarily

and permanent, of a tunnel infrastructure project in Stockholm and Gothenburg

(Olofsson, B. & Palmgren, S., 1994). An argument for this development, from

one of the interviewees, was that this change has happened due to concrete as a

material has been imposed stronger environmental requirements which has given

room for the benefits of AGWI as a compensation measure for the leakage into

tunnels instead of an increased use of stronger concrete. Another interviewee says

that they are still struggling with structures below the groundwater level that were

built in the 50’s and the 60’s due to its times lack of emphasis on injection facilities

which still results in anthropogenic decrease of the groundwater level today. This

issue impacts new projects such as the city Line project by, for instance, increase

the need of injection due to other older ratified, but still, leaking structures.

One of the interviewed professionals from the Bypass project argues that there

has also been a change in the mindset around groundwater as a topic and

focus within Swedish infrastructure projects. From being more of a secondary

concern mostly managed by a watertight tunnel till now, where the project

manager of the E4 Bypass Stockholm project claims that groundwater issues is the

number one challenge to tackle. Several of the other interviewed hydrogeologists

have confirmed that the subsidence mitigation technique AGWI has as well

experienced a change in terms of verdicts from the Land and Environmental court

in regards the application of AGWI and the transport of leaked groundwater.

This was especially highlighted in the interviews in which the professionals where

working on new infrastructure projects. Here they emphasised that the design

of a well-functioning AGWI facility is currently a demand from the Land and
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Environmental court rather than an option and that there is great emphasis on

this technique.

The hydrogeologists within the City Line emphasised the challenge in urban

areas of knowing what kind of subsurface structure that actually has an impact,

where the structure impacts and when. It can happen that several different

groundwater impacting projects are developed simultaneously within an urban

area and to deviate between the different impacts from the different projects,

thus responsibilities, is very challenging. As Yoo (2005) has concluded, that

both before, during and after the tunnel construction the groundwater drawdown

is active and therefore leading to a very challenging task to deviate between

the once involved and what impact they impose. According to an interview

with consultants from the Bypass Project, this is what has happened. Where

the project has got the permit to proceed, thus the responsibility by the Land

and Environmental court, bound to maintain certain groundwater levels, there

has been another developing subsurface project nearby. These projects, argues

the interviewee, were not and maybe still is not constrained by the same rigid

requirements from the court due to the size of the project and maybe a debatable

impact on the groundwater. According to the interviewee, this has likely impacted

the bypass project by an increased need of injection.

An emphasised challenge from the interviews of the Western link project was the

regolith and fracture relationship, that since injection often is conducted into the

regolith layer one can expect an much larger impact area than when working with

for instance clay, who has a relatively local impact. The same apply for injection

into the fracture zones. The regolith layer can be hydraulically well connected to

the fractures which has a relatively high transmissivity rate thus the injectedwater

can reach far and can be difficult to calculate.

The interview continues with the challenge of the uncertainty affiliated with

groundwater flow in general but AGWI specifically and the increased emphasis on

AGWI facilities from the legislator side. Due to the deep clay layer in Gothenburg

and the uncertainty of defining the area of impact this can lead to developing

AGWI facilities where it might not be actually needed which leads to inefficient

projects.
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The above statement is confirmed by the Bypass professionals who said that a

very difficult part is to estimate the impact area and the possible risk and damage

induced by the project. Especially assessing these risks, a long time before the

project starts thus a long time before all the elements of the project has been

settled. The reasons for this early phase are indeed many but an important part

is that the Land and Environmental court requires reliable information in an

early stage due to a long-lasting scrutiny process of the Swedish legal system.

However, the process has many stages which opens for an iterative work for the

hydrogeologists in terms of handling new knowledge as the projects settles and

then provide this to the court as the project unfolds.

The Bypass professionals continues with an emphasis on a challenge of rural

projects and its requirements of injection. Here, in contrast to urban projects, it is

a question of availability and capacity. In rural areas the municipal water is not as

well developed and therefore it can be challenging to find a suitable pipe network

to connect to, both in terms of water capacity and suitable distances. Especially

during the construction phase when the need of water both for the construction

works and the injection apply.

Through the interviews of the West Link and Bypass professionals a difference

between the projects were highlighted in terms of the prerequisites for

the requirement and permits. According to the interviewee the regulated

groundwater limits in the Bypass Stockholm project are more fixed, whereas in

the Western Link the limits are varying depending on data of other reference

projects and local project data that regulates this required level. For instance,

the initial required limits of the groundwater levels in the Western link were

exceeded even before the start of the project arguably due to another groundwater

impacting project that did not have the same requirements therefore the limits

were changed.

From the information provided in the West Link main hydrogeology report

(Sundkvist and Wallroth, 2016), there will be no significant deviation from the

traditional AGWI facility in terms of how the facility is constructed. The only

possible AGWI related deviation between the West Link project and the Bypass

project, is the land use challenge. The AGWI facility will for the West Link mostly
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be situated within the city centre where land use is restricted and the facilities

needs to be constructed in alternative places in contrast to a large part in the

Bypass project, such as the Lovö Island, where the projects is placed in rural

areas with different requirements of land use and water availability/capacity as

mentioned above. For the West Link it will be a challenge for the whole project to

find a suitable placement in the city centre of Gothenburg but as well constrained

by the agreement with the city council. Since space is scarce thus expensive,

alternative area of placing the facilities will be conducted. For instance, according

to interviews of professionals affiliated with the relatively newly opened (2017)

City line commuting train project, several private basements have been utilized.

It has been challenging to work within private areas due to the constraints of

access and liability. The key has been to act transparently and include the relevant

stakeholders early in the decision making.

In addition, many basements in the City Line project are situated below the

groundwater level and therefore, a challenge has been to regulate the water in

a suitable level that does not flood the wood pile based basements that lays

deep in the ground but at the same time maintain the level required to mitigate

subsidence. This has resulted in some basements flooding which has imposed the

injection volume to be adjust and the possible damage has been handled.

Table 5.1: Comparison table between the case studies

Case study comparison

E4 Bypass Stockholm West Link City Line

Phase Construction Initial construction Operation

Type Road Rail Rail

AGWI Re-injection Yes, only a few Yes, only a few Yes one is in operation

Land use Urban and rural Urban Urban

Governing groundwater levels Fixed Flexible based on measurements Fixed

5.2 Findings in regards the AGWI technique

The AGWI technique is still used as a secondary mitigation measure for the

groundwater level lowering. The primary mitigation measure for a subsurface

structure is different kinds of concrete admixtures utilizations such as grouting,

linings and waterproofing. (Dammyr et al., 2014; Gustafson, 2012; Olofsson,
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1991) The goal is always to create as water tight structure as possible within the

approved budget of the project. However, due to the large investment of the

mitigation measures stated above, which can, according to Olofsson (1991), be

larger than the excavation itself, some leakage and lowering of the groundwater

is accepted. In addition, an interviewee from the STA viewed that creating a

fully water-tight construction was even economically inefficient due to all the

constraints and uncertainty to achieve such a construction. Therefore, the AGWI

is implemented in the risk zones to mitigate the possible leakage into the tunnel

due the tunnel not being fully watertight.

According to the interviews conducted in this report and literature reviewed, the

tradition is to utilize clean tap water (Jiang et al., 2016; Olofsson, B. & Palmgren,

S., 1994). The reason why usage of tap water is the most frequent source of

water is according to the interviews, mainly an economical question. According

to estimations conducted by the interviewed professionals of the City Line, there

is a large difference between the price of facilitating utilization of re-injecting of

the leaked injected water and the price of connecting to the closest municipal

water supply and utilize tap water. The general cost of re-injection of leaked

groundwater is, according to the interviewee far greater than utilization of the

closes municipal water pipe. The reason is according to the interviewees both

from the STA and the private consultancies, simply due to the spatial difference

of the AGWI installation in relation to the different projects pumping station(s)

and the cost of constructing a new pipeline from the pumping station to the areas

within the projects that require injection.

When asked about the possibilities of re-injecting water rather than use of tap

water, all of the interviewers answers that all of the projects includes a few AGWI

facilities that are designed for the possibility of re-injecting water. However,

an argument, from several independent interviewees, is the challenge of water

quality and the resulting clogging and contamination of water reservoirs due

to re-injection. With a difference in the water chemical constituents between

the injected water and the water within the reservoir the risk of clogging and

other related problems in regards water quality may occur. This quality issue is

assessed in Dr Preene et al. (2016); Olofsson, B. & Palmgren, S. (1994); Jiang et al.
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(2016).

Two independent interviewees representing different projects bothmentioned the

possible cost savings of utilizing the AGWI technique. One argued that it didn’t

seem economical sustainable to construct a fully water-tight construction due to

its relatively high cost compared to a lesswater tight construction. HereAGWI can

compensate for the amount of water leaking into the tunnels due to the remaining

leakage.

5.3 Findings in regards groundwater related climate
change

As stated in the background the climate change research conducted by the IPCC

is funneled down into the Swedish context by SMHI. According to the SMHI

the estimated temperature increase will be between 2-6 degrees by the end of

the century (Swedish Meteorological and Hydrological Institute, 2019a). The

precipitation is as well expected to increase by the end of the century between

20 - 60% compared to the period of 1961-1990. The pattern is expected to change

towards an shortened period and increased precipitation pattern during winter

time (Swedish Meteorological and Hydrological Institute, 2019a).

In addition, due to an estimated decrease in snow and ice (SwedishMeteorological

and Hydrological Institute, 2017) the reflection of the radiation will decrease

and might lead to a further increase of the temperature, further increase in

evaporation thus increased intense precipitation. This can, according to the article

of Vikberg, Emil and Thunholm, Bo and Thorsbrink, Magdalena and Dahné, Joel

(2015), compromise the water supply in Sweden and areas where surface water

is extracted for drinking water purposes might need to supply larger areas. Due

to this, areas such as south east Sweden will continue to experience water supply

scarcity in the future to come.

In the report of Vikberg, Emil and Thunholm, Bo and Thorsbrink, Magdalena and

Dahné, Joel (2015) the small and rapidly reacting reservoirs for both Stockholm

and Gothenburg are categorized as regime 4 which is characterized by its highest

groundwater levels at spring time and lowest in the fall due to the pattern in
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evaporation and evapotranspiration in these areas. Simultaneously, the report

forecasts that this pattern will change.

For the Stockholm and Gothenburg perspective the major difference is estimated

to be that Gothenburg, compared to Stockholm, will experience an even increased

precipitation regime than today (Asp et al., 2015; Berglöv et al., 2015). SGU have

at the same time estimated that both areas will experience an absolute decrease

of the groundwater levels, however the decrease is not expected to be significant

(Vikberg, Emil and Thunholm, Bo and Thorsbrink, Magdalena and Dahné, Joel,

2015). View table C.1 in the appendix for a more detailed overview of the SGU

groundwater level estimations.

A different measure than the groundwater level is the groundwater fluctuations.

The fluctuations between maximum and minimum variation will, according to

the SGU report Vikberg, Emil and Thunholm, Bo and Thorsbrink, Magdalena

and Dahné, Joel (2015), in the inner central and south parts of Sweden increase,

while there might occur less fluctuations in the Stockholm area by the end of the

century. For the larger and slow reacting reservoirs, west Sweden can experience

larger fluctuations between the maximum and minimum levels while the center

parts (Östergötaland) and the north can experience less variations. The RCP 8.5

scenario provokes a large anticipated variations by the end of the century relative

to the RCP 4.5 scenario.

Another issue that the SGU is forecasting andmentioned by the SGU professional

is the quality of the groundwater. A changed chemical content due to a forecast of

temperature increase can result in higher organic content can worsen the issue of

clogging for groundwater facilities such as well and AGWI.

5.3.1 Climate change adaptation

It was emphasised in the interview with the STA climate adaptation coordinator

that when the case study projects were initiated, several years ago, the awareness

of the climate change within the STA was not at the same scale as it is today.

For instance the job ”Climate adaptation coordinator” did not exist at the time

of approval for two out the three projects and according to the interviewee, none
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in the STAworked with climate adaptation when these projects started. However,

climate adaptation is currently more integrated in resent projects.

As a response to the last question in regards the biggest challenge the climate

adaptation coordinator says that a denominator for the work and challenges as

a climate coordinator is that there is no general rules or regulations on how to

actually conduct climate adaptation measures for projects. This, according to the

interviewee, applies all projects, the STA. The STA climate coordinator says that

a lack of coordination and that every new project needs to start over again and

gather its climate change resources has been a challenge which since 2014 has

been addressed.

However, the adaptation work has intensified since the ”Förordningen” and a

new climate adaptation group has been established. This group has decided that

the STA as a whole need to plan their new projects based on the estimated sea

level rise which within the climate scenario of RCP 8.5 and that other parameters

should been planned based on RCP 4.5. In addition, a study affiliated with the

adaptation group is currently researching how to calculate the cost of actually

adapting towards a certain RCP versus the cost of not plan according to a RCP

at the same time that the actual RCP scenario will occur.

5.4 The model results

The result after running the model with the inputs stated in the method section

2.4 can be viewed in figure 5.1.

Figure 5.1: Figure showing the visualized result of the model run including the
input as stated under the section 3.2.2 and 3.2.3 where the head distribution
travels from high (blue) to low (red)

After the model was successfully converged with the input stated in the method

section 2.4, the groundwater elevation extracted from the Stockholm Geology
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archive, (Counsil, 2019), was implemented. The relevant data, i.e. the data

in the vicinity of the chosen 800 m stretch, provided by the geo-archive came

from two conducted groundwatermeasurements and the groundwater levels were

according to the measurements situated 1.34meters on the west side of the model

and 0.31 meter on the eastern side. This was implemented by lowering the

constant head boundaries on each side, see result on figure 5.2 below.

Figure 5.2: Figure showing the visualized result of the model run including
the input as stated under the section 3.2.2 and 3.2.3 and a lowering of the
groundwater level according to the Counsil (2019)

To compensate for the dry cells thus the lowered groundwater levels in the model,

injection was implemented through the well tool to represent a location specific

AGWI facility. Since AGWI facilities are constructed to inject into the regolith

layer and fractures two wells were inserted into these layers in the model as well,

see the two yellow markings and results in figure 5.3.

Figure 5.3: Figure showing the visualized result of the model run including the
input as stated under the section 3.2.2 and 3.2.3, a lowering of the groundwater
level according to the Counsil (2019) and two injection wells situated into the
regolith layer and the fracture zone

In figure 5.3 one can see that the amount of 0.432m3/day/meter divided into the

regolith layer and the fracture zone compensates for the tunnel extraction however

with some remaining dry cells. The remaining dry cells are on the other side the

top layers that should not contain any water thus should be dry.

It is clear that the areas with the highest and positive head values, see as well 5.4,

are the once in the vicinity of the two AGWI facilities, whereas on the opposite

side of these two injection wells has lower and negative head values. The Lower
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Figure 5.4: Figure shows the head legend attached to figure 5.3

head boundary on the right/east side of the model, where the ridge lays, is as well

visualized by the cyan colour scheme.

By zooming into the model, figure 5.5, one can see that the model results show

an expected outcome on both the right side and left side, where the head starts of

at the indicated boundary condition and runs almost linearly towards the middle.

In addition, it indicates correctly dry cells above the appointed groundwater levels

where there should not be any water. In the center zoom, figure 5.6, the lowest

heads (orange to red color) is around the tunnelwalls. Howeverwhere the fracture

runs through, as can be viewed in 3.2, one can find significant higher head values.

Also, one can see the above the tunnel there is an area of high heads close to the

surface thus an accumulation of water.

(a) Left/west zoom (b) right/east zoom

Figure 5.5: The three figures show an in-zoomed part of the visualized result
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Figure 5.6: Figure shows an in-zoomed part of the center of the figure 5.3

5.5 Cost analysis results

The full cost analysis can be viewed in appendix C from figure C.2 to C.6. The

main result from the cost analysis was that according to the calculations the re-

injection alternative had the lowest total cost. The cost of the most expensive re-

injection alternative, 30 000 SEK per meter constructed pipe, was calculated to

be 705 mill SEK and the tap water alternative 1 023 mill SEK (both rounded off

to the nearest million). The tap water alternative was in other words more than

300 mill SEK or almost 43% more expensive than the re-injection alternative in

a 120-year perspective. The largest contributor to the total cost of tap water was

the variable cost per consumedm3 of almost 627mill SEK. The largest contributor

for the re-injection of water was the maintenance of above 488 mill SEK which is

almost 70% of the total cost of the re-injection alternative. The rest was electricity

of almost 99 mill SEK which constitutes 14% of the total cost.

Themain finding from the dialoguewith unitmanager Erik Karlsson at the SWSO,

was that the expected price increase was not possible to provide since the SWSO

only look at a period of 3 years when deciding the prices within the water and

sewage bill. However, what was said was that for the next 3-year period, the yearly

price increase has been set to 5 %.
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6 Discussion

6.1 Methodology

Due to the nature of this thesis to increase knowledge of AGWI within the STA

thus result in a support document for the STA, the methodology was decided to

span over several methods including interviews, modelling, cost analysis and case

studies. These methods have sustained the thesis with necessary information

of the AGWI as a whole. The risk of not including all would have resulted in

knowledge gaps vital to understand the AGWI in the STA.Without the interviews,

the in practical knowledge on how the AGWI is conducted in actual projects

and the related challenges, would be very difficult maybe even impossible to

obtain. Without the case studies, the understanding of all the parameters and

aspects would have been very hard to acquire by only the interview where the

questions needs to be specific in order to be suitable for an interview session. As

explained, retrieving an actual cost analysis was not successful thus the reason to

establish a simple cost analysis. All projects are highly governed by the budget

and with water being increasingly scarce even in Sweden, the cost analysis can be

argued to provide an input to the future investment discussions and decisions.

As mentioned in the method section, the literature review indicate a practical

approach to the AGWI and therefore the modelling provided the thesis with

valuable information in regards how to implement a more theoretical approach

and how that can benefit.

The interviews were conducted on ten different professionals with mainly a

hydrogeological background but with different project background within the

industry. The industry of hydrology and AGWI is not particularly large, therefore

by interviewing these professionals with different project background within

Sweden I argue that this niche industry was well represented by the interviewees.

The answers from these interviews was included in this thesis as a merged

extraction, see 3.1 and 5.1 and was based on the authors understanding in what

was relevant to the topic. In other words, there is a risk that some aspects from

the interviews that were relevant to the thesis have not been included. This of

course impacts the reliability negatively and is therefore important to highlight.
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To compensate in some degree for the lack of reliability a reference of to whom

have said what is added and the names of the interviewed is listed in Appendix A

A.1.1, however due to some involved individuals secrecy demands the nameare not

directly referenced in the text. To acquire a level of generalizability the questions

asked where similar, only with some deviating depending on which discipline the

interviewee represented, see 3.1 for the listed questions.

The case studies differs both spatially and temporally, the City Line is a rail

project in operation, the Bypass Stockholm is road project far into its construction

phase and the West Link is a Gothenburg rail project just started to construct.

This difference is argued to provide the thesis with generalizability of the thesis

outcome, however within a Swedish context.

The simple cost analysis includes several infrastructure processes and values from

actual sources such as Vattenfall and Xylem. It was however conducted with

multiple assumptions and the authors own knowledge of infrastructure projects

therefore the reliability can therefore be debated. There might be parts of the

cost analysis that is not repeatable and even wrong but through a support of this

thesis affiliated supervisors some increased reliability can be argued. In addition,

the purpose was not to show how a cost analysis is made but to show a different

perspective on how to estimate the cost of water with a future perspective.

One can argue that the usability and validity of the numerical model with

the theoretical and simplified steady state 2D cross-sectional approach is

questionable due to the general approach, data used and number of assumptions

taken. At the same time, the model was never supposed to actually provide with

a solution of how to model a validated 2D cross sectional model because this

would possibly require more time and dedication than available. In addition, all

modelling of groundwater flowwill always contain assumptions thus uncertainties

due to the heterogeneous and anisotropic nature of the subsurface mediums.

What the model provides, however, was a introduction to how a model can be

created based on the information and data available. Finally created, the model

can as well provides the designers or the planners with for instance knowledge

of how the groundwater flow might travel, how the tunnel might impact the

overburden and groundwater level with and without AGWI and of the AGWI
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facilities in different positions and its different impacts. With this visual input

the designers and planners can possibly start earlier to question the conditions in

detail thus provide a better result earlier. The model will of course require more

study to be fully valid and usable, which is recommended to continue with, but is

argued to provide a base which to continue further study from.

6.2 Results

6.2.1 The AGWI technique and case studies

As the results show, the AGWI technique has gone through a change from a

technique that was viewed as a non-robust spontaneous quick fix to a mitigation

measure that is now a required part in many of the largest tunnel infrastructure

projects in Stockholm and Gothenburg and in Sweden. Some of the interviews

indicate the tougher regulations of the concrete as a reason for this change, others

propose the increased focus on groundwater in infrastructure. The statement that

the concrete is more regulated now than before comes from a STA representative

and by this fact the statement can be argued as valid but since this is only from

one source the reliability is low. This particular statement has not been assessed

further in the study and has therefore no cross referencing. However, as shown

in the result section 5.2 Olofsson, B. & Palmgren, S. (1994) states concrete as

a relative large investment in the tunnelling projects which can substantiate

the above statement by emphasising the economic impact of concrete in tunnel

projects. AGWI can therefore compensate for the possible decreased use of

concrete to seal the tunnel. The statement in regards the increased focus of

groundwater in infrastructure projects can be argued to be valid since it originates

from a senior hydrogeologist that has experience of several larger tunnel projects.

The trend from the legislator such as the Land and Environmental courts side of

increased demand of AGWI, as stated in the result section 5.1, substantiate this

statement and higher the reliability.

If the preconditions of how to construct a tunnel is similar in the future, this

trend of increased focus of groundwater and AGWI can be argued to continue.

However, the result from the interviews can indicate a risk that the STA is not
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totally onparwith this trend. The result indicate that the STAdoes not regulate the

AGWI very thoroughly by not demanding documented investigation of different

means of water use. The future risk can therefore be that the STA, if not an

increased focus and scrutiny is applied, accepts AGWI facilities that is not on par

with the STAs’ future needs, only the legislators’ requirements and the designers

current knowledge. For STA as one of the larger infrastructure clients in Sweden

with theirs ability to shape the industry it is therefore recommended to follow

up on this aspect and possibly other related aspects in future projects both from

an sustainability perspective but as well economical. In terms of economical

perspective and based on the result from the cost analysis, an optimization aspect

is to investigate if more AGWI facilities can be converted from a tap-water based

facility to a re-injection facility.

Even though the different projects within the case studies vary in both phase, type,

geography, land use and how the governing groundwater levels, see table 5.1, the

handling of the affiliate AGWI facilities seems to be conducted similar. Almost all

the facilities are tap-water based with only a few facilities that have a re-injection

capability. It is however important to add that the study did not acquire detail

drawings of the facilities since these often was conducted by a third party, often a

sub consultant to the main consultant thus difficulties to obtain this information

for all three projects. In other words, how the AGWI physically was constructed

is not discussed in this thesis.

The two differences that will be emphasised, is the Land use and the governing

groundwater levels. The land use in for instance in the West Link project is only

with the urban constraints whereas the Bypass obtain a mix of rural and urban.

The rural aspect of the Bypass project, as the result section states, can result in the

sameproblems that only the re-injectionmet in the urban constrain. In rural areas

the access of available water is comprised by longer distances resulting in larger

construction costs even for the tap-water alternative. The creates an even larger

cost difference between the two alternatives in favour of the re-injection based on

the cost analysis made in this thesis. In theWest Link the governing groundwater

level is, according to the interview result, a flexible or varying limit based on

current and prior measurement made which provides with indications on how
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the actual groundwater level should be. Since this is the youngest infrastructure

project in the case study one can assume that this is due to previous experience

of earlier projects. Here the groundwater level was set in an early stage with less

data resulting in possibly a too high level, thus basement flooding, or a too low

level, resulting in a risk of subsidence and degradation of woodpile foundations.

In addition it can enable avoiding mitigating for other groundwater impacting

projects by indicating project specific impacts and of the impact is significant

lower or higher one can argue that some other groundwater impacting elements

is posing the possible impact. As the result 5.1 states, this situation occurred

in the west link project. The opposite has been indicated in the interviews to

have occurred in the Bypass project where low groundwater levels was measured

but the project hydrogeologists argued that this impact could not come from the

project. However, the project needed to mitigate for it anyways.

6.2.2 The interviews

The interviews and case studies show that both the STA and the consultant

do not assess other water use alternatives in depth. The results from the

interviews and the case studies show that the consultants do not provide with a

comprehensive description of different water use alternatives and motivation of

the chosen one, only that there exists options for future re-injections for some of

the AGWI facilities. At the same time the STA does not require such description

which naturally can explain the consultants lack of assessment. In addition, an

interviewed consultant said that the current impression of Stockholm recipient

capacity, LakeMälaren, was very good and said that due to the relatively lowwater

use for most of the AGWI facilities the utilization of tap water did not greatly

compromise the sustainability. However, from a global perspective or even a

Swedish perspective, with the south east already suffering from water scarcity

i.e. groundwater lowering (Vikberg, Emil and Thunholm, Bo and Thorsbrink,

Magdalena and Dahné, Joel, 2015), to inject tap water which is later pumped back

up to the municipal storm water or sewage network for purification can be argued

to be unsustainable which is as well-argued by the STA climate change adaptation

coordinator.
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Another interesting finding from the interviews, which was confirmed by both

the STA and the consultants, was the impression of the cost difference between

the two different water use alternatives. The consensus was that the re-injection

of water was much more expensive than connecting to a nearby municipal

water pipe. This was naturally used as an argument for utilizing the tap water

alternative. However, the results of the cost analysis show the opposite, view

appendix C from figure C.2 to figure C.6.

Another input from the interview with the climate coordinator at the STA was

the sustainability in regards the AGWI techniques common traditions of using

tap water for injection. The climate coordinator viewed this as unsustainable and

questioned why re-injection is not usually utilized. In addition, the coordinator

wondered how the different plans of the AGWI facilities have been assessed for

future climate change. The coordinator emphasised that a plan for possible

climate change adaptation needs to be included in the different relevant reports

provided on behalf of the STA and for the AGWI technique, use of re-injected

water should be assessed.

6.2.3 Climate change impact

The future climate forecast indicates an increased precipitation which can be

argued to increase the reservoirs of groundwater and the results show that in

some areas in Sweden the groundwater levels indeed will increase due to an

anticipated increased precipitation. However, the precipitation is estimated

to be more intensive and due to increased temperature, the evaporation and

evapotranspiration will increase as well. What impact this will have on the

groundwater level in general is not certain and is governed by many factors,

but since groundwater reservoir can have a relatively long recharge time i.e.

the available water will need a significant time until it reaches the aquifer it

can be argued that groundwater level and replenishment is as well impacted

negatively by the possible increased evaporation and evapotranspiration. Water

scarcity is expected to increase and is already a problem in the south east part

of Sweden (Swedish Meteorological and Hydrological Institute, 2017). Although

geographically varying, the change in precipitation patterns and temperature
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increase which can lead to an increased groundwater scarcity, especially for south

east Sweden due to the longer evaporation period is, according to the interviewed

specialist from SGU, a groundwater problem in the future to come.

This changed climate patterns such as shorter winter periods thus longer

evaporation period can impact the water resource quantitatively but as well in

a qualitatively perspective (Swedish Meteorological and Hydrological Institute,

2017). Water quality was not assessed in this study but is nevertheless important

for the daily operation and maintenance of the AGWI facilities. By increased

temperatures, the water chemistry will change, and the organic growth is likely to

increase. With a changed water chemistry and an increased organic growth, the

challenges in regards operation and maintenance of the AGWI can be worsened.

The required pre- and post-treatment might increase and clogging of the filters

due to for instance increased organic growth in the filter openings will lead to an

increasedmaintenance and operation cost. If the issues of clogging is not handled

the AGWI facilities will not function properly thus not infiltrate the amount of

water required to sustain the predefined groundwater limit, increasing the risk of

degradation of thewoodpile based foundations in Stockholm andGothenburg and

risk of subsidence. This can lead to the need of establishing an increased number

of AGWI facilitieswhich furtherwill increase the total, operation andmaintenance

costs.

As stated above, the SGU indicates a geographically different groundwater change.

The North is estimated to get a get increased groundwater levels, south and south

east decreased levels while the east and west not a significant change where some

decreases and some maintain on the same level. However, this means that the

preconditions are different in different areas of Sweden. A tunnel project in the

north such as Kiruna will not have the same needs and requirements to the AGWI

facilities as a tunnel project in the south east such as Kalmar. In Kiruna the

estimated increased groundwater levels might result in less need of AGWI and the

water available can as well be of less concern in terms of quantity. On the other

hand, if a tunnel is to be implemented in theKalmar area theAGWIwillmost likely

have more requirements in terms of efficiency and where the water comes from.

Since the Kalmar area is estimated to experience lowered groundwater levels thus
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more groundwater scarcity it will be important how and where the AGWI facility

will take its waters from and possible a re-injection could be more suitable. In

this regard it will be important for the STA to plan for future AGWI facilities with a

local context and a long run perspective so that the operation phase and its affiliate

maintenance costs is compared to the costs of the water usage.

6.2.4 Model results

The purpose of this model was to establish a simple model for planners and

designers to enhance the understanding of the areas hydrogeological nature

which can assist in the decision-making process. The result show that the

model can indeed, based on the input parameters, visualize the chosen context

(”Kungsgatan”) in a manner that provides general but important aspects. The

important aspects that the model show is for instance the direction of the flow,

indication of groundwater levels and impact of the AGWI facility versus the tunnel

leakage. In this case the main flow direction goes from Lake Klara towards the

Stockholm Ridge which can be viewed as positive since the water will therefore

flow from a source that currently, according to the interviews, is excessive to

a relatively smaller source of water, the Stockholm ridge. However, since the

tunnel leakage pose such lowhead values the flowdirectionwill naturally emigrate

towards the tunnel from all directions. An indication of the groundwater level

through the stretch can assist in the identification of the risk for structures such

as the typical Stockholm foundations as described in section 4.3 and others that

will be impacted by a lowering of the groundwater. It is an essential part for a

successful project to know how the interaction between the AGWI facility and

the tunnel leakage is and as the mode result show, the model can provide with

a general understand of this. As can be seen in figure 5.3 the impact of the AGWI

wells is clearly shown which can help the decision making process of where the

facility should be implemented to provide optimal injection and for instance in

this case, the AGWI could be chosen to be split into three wells instead of two

with the third places on the west side of the tunnel this could result in a more

evenly spread compensation measure. This, the impact of the AGWI positioning,

the tunnel leakage and the hydraulic head distribution is however recommended
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to study further.

Same as all groundwater models, the model at hand involves uncertainties and

assumptions. The once uncertainties to highlight were themeasured groundwater

levels, geomorphology and parameters such as hydraulic conductivities, porosity

and infiltration rates. Due to lack of other relevant measurements in the vicinity

of the chosen stretch the utilized groundwater levels comes from only two

measurements. Twomeasurements on a stretch of 800meter can, due to the high

level of heterogeneity in bedrock mediums, have a very low spatial correlation. A

study of hydraulic heterogeneity and kinematic porosity by Earon and Olofsson

(2018) has actually shown that in distances greater than 500 meters no spatial

correlations have been identified. The distance between the two measured points

is just above 400 meters which is within the 500 meter range but it would still

be applicable to conducted measurements between these positions to acquire a

higher confidence in the data thus this can be characterized as a weakness. The

geomorphology input in this model is based on the layers extracted from the

SLU data base. The used data sets can contain a high resolution (some up to

1:50000) providing a rough estimation and therefor an uncertainty in regards the

geomorphology apply. However, this data sets are the once available at hand and

since the data is provided (not necessarily obtained) by the SGU they canbe argued

to be reliable. The parameters used is naturally another aspect of uncertainty. The

reason for the uncertainty particular for this case, is that the parameter comes

from mainly three different sources, the hydrogeological report of the City Line,

the thesis report by A. Aslan based on the Bypass Stockholm project and the

thesis report by B. Kourinnoi which is based on the City Line project. These

sources contain uncertainties in them self and by merging them the uncertainties

is naturally transferred. However, they correlate well spatially since both are in

Stockholm and all are affiliated to real and important projects with an assumed

high level of scrutiny and can therefore be argued to be both reliable and valid

for this particular area of interest. On the other hand, it is recommended that

the parameters used in this study is studied further for instance the porosity, as

stated in Earon and Olofsson (2018); the porosity is increasingly important for

municipal decision makers.
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Another weakness can be that some of the input data is not necessarily available at

a project start such as the parameters from the other projects and the groundwater

levels, however by using the model as a template, a list of what parameters to

demand can in an early phase be created. In addition themodel was a steady state

cross section based model with a 2D perspective inspired by an actual place of the

City Line, a weakness can therefore the possible applicability for other areas and

other projects with different conditions not being very high. At the same time,

the level of detail is not high and therefore the requirements of changing it is

low as well. In future studies it would be very interesting to conduct a focused

model study to see the possibility of and the suitability to conduct a transient

model following for instance the fluctuations of the groundwater levels with a 3D

perspective. This would be more difficult to create and use however by trying to

compromise for someof the details it could be a good tool to utilize for the planners

and designers. This might especially be the case for projects where the conditions

vary both by depth but as well length (y-axis) since the 2D perspective focus on

the x- and z-axis.

Even if these results might are not be correct the model will at least provide the

planners and designers an overview and understand therefore assist them in the

iterative process of questioning the hydrogeological situation such as, where will

the water run from?; where and how should the AGWI facility be built, west or

east of the tunnel, in the regolith or the fracture zone?; How will the groundwater

level get impacted by the tunnel and AGWI facility?

6.2.5 Cost Analysis

The fact that the common assumption of that the Tap-water alternative is the least

expensive and that this cost analysis indicates the opposite is argued to motivate

further assessment of the actual cost. However, it is important to emphasise

that the assumptions made, and the different costs included were conducted in

a simplistic manner and is based on the authors and reviewers best of knowledge.

The calculation has been reviewed but not by one of the professionals that is

responsible of such budget costs in the different infrastructure projects. The

calculations may lack some components that could impact the results and some
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assumption might of course be false such as the use of only the inflation rate as

the possible yearly price increase. The inflation rate was set to be 2 % which

only covers the inflation. However it is likely, if they are not subsidized, that

organisations such as SWSO will need a higher increase than the inflation to earn

money and as mentioned in the results section 5.5 the next 3 year the actual

planned price increase is 5 %. What the increase will be after this period is highly

unlikely but as an example, if the increase continues to be 5 % the next 120 years

the price per cubic meters will increase from the current 7.4 to 2459 [SEK/m3] by

the year 2138. This is more than 30 times greater than the 2 % of 78 [SEK/m3]. In

other words, the price of the water cost per m3 will most likely be more than 2%

indicating an even larger difference between the tap-water and the re-injection

alternative. This could arguably substantiate amotivation of an increased demand

of re-injection facilities. Therefore, as optimization measure one can recommend

an investigation of the current and future planned AGWI facilities to assess an

conversion of the tap water usage to a re-injection facility. This would be an

expensive optimization measure and therefore it would be recommended to start

with the tap water facilities that is positioned close to the pump station and start

comparing the cost of converting the facility with the total cost in a 120 year

perspective.

At the same time, even if not obtained, a negotiated project specific price for

water consumption was likely occur. What this price would be is impossible to

know but if the price is lowered to half, 3,7 [SEK/m3], the difference in total cost

with a 2% price increase would result in almost none difference only 4 mill SEK.

The tap-water would cost 709 mill SEK and re-injection would cost 705 mill SEK.

However, as said above the price increase is argued to be higher than 2% and for

instance with a 3% percent increase the tap-water alternative would still be 164

mill SEKmore which is 11%more (1633mill SEK) than the total re-injection price

of 1469 mill SEK. A 11% difference is argued to still be considered as large enough

to motivate the STA to assess this further.

Another important aspect was as the SGU indicate, that thewater scarcity in South

East Sweden will continue to increase. Even if the Stockholm area is predicted

to not experience a significant change and that lake Mälaren is considered as
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lake with an excessive water resource, the areas that is estimated to experience

a change in the future might impact the Stockholm water resources. This can

be either by transporting water to a larger area due to that smaller groundwater

reservoirs west and south of Lake Mälaren might dry up or water intensive

industry will be forced to move close to the lake. This can result in increased

demand of Mälar water and treatment thus the price of Mälar water would most

likely increase even further.
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7 Conclusion

7.1 General

Even though that the AGWI in infrastructure project is a well-used subsidence

mitigation measure both in Sweden and in the world the literature regarding it,

especially in combination with climate change was difficult, almost impossible to

obtain sources of. This study has however tried to fill the gaps by looking broad,

choosing severalmethods to create an understanding of the AGWI in STA projects

and creating a base for further research.

At the same time as the SGU forecasts unchanged absolute groundwater levels

for the Stockholm and the Gothenburg area, east and west respectively, the study

show that the preconditions of the groundwater thus the AGWI will change in

the future both spatially and temporally. Even if Gothenburg and Stockholm

might experience unchanged conditions for its groundwaters, other areas, such

as south east Sweden, that is estimated to experience more issues related to

its groundwater would most likely pose an increased demand of Gothenburg

and Stockholm water sources. This will arguably lead to a changed economical

and infrastructural condition resulting in a price increase of the water available.

The study has shown that the common idea that utilizing tap-water instead of

re-injecting is the cheapest alternative might even be false or at least worth

questioning. By investigating the current AGWI facilities and assessing the

possibility to convert some of themost common tap-water facilities to re-injection

facilities the projects can be optimized.

The study has indicated a trend of AGWI focus, demand and usage from a

consultancy and legislator side however missing this from the STA. The STA, as

far as the study goes, does not demand any calculation of the AGWI different

water alternatives nor a demand of investigation of the AGWI impacts in the long

run for the benefit of the operation and maintenance phase. The risk if the STA

does not follow up on this and just continue in the same manner in regards how

the AGWI is assessed, can be inefficient, uneconomical and unsustainable AGWI

related projects.
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7.2 Future recommendations

The STA is therefore recommended to overall increase their focus and demand

of the AGWI in their project. Focus and plan more for the long-term impacts

involving more the operation and maintenance aspects for the projects because

this is where the largest costs and largest uncertainties are. Demand more

motivation on what kind of injection facilities that has been decided, what

the decision is based on and how the facility meet the future of possibly

lowered groundwater levels and water scarcity. Due to the estimated changed

preconditions of the groundwater in Sweden, varying both temporally and

spatially, the STA is recommended to plan based on the local conditions and

the estimation of the local climate change looks like to be able to optimize the

AGWI facility to the conditions. A study of water quality is highly recommended

to investigate the impact on current and future AGWI facilities and its need

of treating water to avoid negative impacts such as clogging. The STA is

also recommended to follow up on the aspects from this study, evaluate the

cost analysis, develop the models’ validity, applicability and possible extensions

through continued student engagements. These student engagements should as

well look into innovation of water use for AGWI such as rainwater harvesting and

an in-depth study of the relationship between AGWI and the estimated climate

change would sustain the STA with more and important understanding of the

AGWI facilities.

70



References

Aquaveo (2019). MODFLOWModeling with GMS.

Aslan, A. (2019). Modeling contingency infiltration scenarios in modflow.

Master’s thesis, KTH, http://kth.diva-portal.org/smash/record.jsf?pid=diva2

Asp, M., Berggreen-Clausen, S., Berglöv, G., Björck, E., Johnell, A., Mårtensson,

J. A., Nylén, L., Ohlsson, A., Persson, H., and Sjökvist, E. (2015).

Framtidsklimat i Stockholms län − enligt RCP-scenarier. Technical report.

Athan, T., Blazek, R., Contreras, G., Dassau, O., Dobias, M., Ersts, P., and Ghisla,

A. (2019). Raster calculator .

Bank, T. S. N. (2019). The inflation target.

Berglöv, G., Asp, M., Berggreen-Clausen, S., Björck, E., Mårtensson, J. A., Nylén,

L., Ohlsson, A., Persson, H., and Sjökvist, E. (2015). Framtidsklimat i Västra

Götalands län − enligt RCP-scenarier. Technical report.

Berzell, A. (2011). Tillståndsansökan Miljöbalken E4 Förbifart Stockholm.

Technical report, Stockholm.

Chai, J.-C., Shen, S.-L., Zhu, H.-H., and Zhang, X.-L. (2004). Land subsidence

due to groundwater drawdown in Shanghai. Géotechnique, 54(2):143–147.

Cook, J., Nuccitelli, D., Green, S. A., Richardson, M., Winkler, B., Painting,

R., Way, R., Jacobs, P., and Skuce, A. (2013). Quantifying the consensus

on anthropogenic global warming in the scientific literature. Environmental

Research Letters, 8(2).

Counsil, S. C. (2019). The Geoarchive. https://etjanster.stockholm.se/

geoarkivet/. Accessed: 2019-04-18.

Dammyr, Ø., Nilsen, B., Thuro, K., and Grøndal, J. (2014). Possible concepts for

waterproofing of norwegian TBM railway tunnels. Rock Mechanics and Rock

Engineering, 47(3):985–1002.

Dr Preene, M., Dr Roberts, T., and Professor Powrie, W. (2016). Groundwater

control: design and practice, second edition. Technical report, CIRIA, London.

71

https://etjanster.stockholm.se/geoarkivet/
https://etjanster.stockholm.se/geoarkivet/


Earon, R. and Olofsson, B. (2018). Hydraulic heterogeneity and its impact

on kinematic porosity in Swedish coastal terrains. Engineering Geology,

245(August):61–71.

El Mansouri, B. and El Mezouary, L. (2015). Enhancement of groundwater

potential by aquifer artificial recharge techniques: An adaptation to climate

change. IAHS-AISH Proceedings and Reports, 366(June 2014):155–156.

Encyclopedia.com (2019). World of Earth Science.

Fetter, C. W. (1994). Applied hydrogeology. Prentice Hall, Upper Saddle River,

3. ed.. edition.

Fookes, P., Lee, E. M., and Milligan, G. (2005). Whittles Publishing.

Graah, O. (2019). Förbifart Stockholm – Infrastrukturprojekt för 34,4 miljarder

kronor.

Gustafson, G. (2012). Hydrogeology for rock engineers. T / Formas, 2009:2.

Stiftelsen bergsteknisk forskning (BeFo), Stockholm, english ed.. edition.

Hanson, G. (2000). Konstgjord grundvattenbildning, 100-årig teknik inom

svensk drickvattenförsörjning. VA-FORSK.

Harbaugh, A. W., Banta2, E. R., Hill3, M. C., and Mcdonald4, M. G. (2000).

MODFLOW-2000, THE U.S. GEOLOGICAL SURVEY MODULAR GROUND-

WATER MODEL USER GUIDE TO MODULARIZATION CONCEPTS AND

THE GROUND-WATER FLOW PROCESS. Technical report.

Hiscock, K. M. and Bense, V. F. (2014). Hydrogeology - Principles and Practice

(2nd Edition). John Wiley & Sons.

Institution Of Structural Engineers (2004). Design and Construction of Deep

Basements Including Cut-and-Cover Structures. Institution of Structural

Engineers.

Jiang, F., Xu, H., Wu, J., He, Z., Jiang, S., and Shi, X. (2016). The effects

of artificial recharge of groundwater on controlling land subsidence and its

influence on groundwater quality and aquifer energy storage in Shanghai,

China. Environmental Earth Sciences, 75(3):1–18.

72



Jideblad Arnesten, E. (2019). Impacts of future sea level rise and high water on

roads, railways and environmental objects: a gis analysis of the potential effects

of increasing sea levels and highest projected high water in scania, sweden.

Student Paper.

Jones, M. (2007). Impact of Past Groundwater Development.

KOURINNOI, B. (2017). Grundvatteninläckage till Citybanan. Technical report,

KTH SKOLAN FÖR ARKITEKTUR OCH SAMHÄLLSBYGGNAD, Stockholm.

Kværner, J. and Snilsberg, P. (2013). Hydrogeological impacts of a railway tunnel

in fractured Precambrian gneiss rocks (south-eastern Norway). Hydrogeology

Journal, 21(7):1633–1653.

Land and Environmental Court of Nacka (2014). Deldom 2014-12-17, M 3346-11.

Land and Environmental Court of Nacka through Infosoc Rättsdata AB (2010).

Land and Environmental Court, 2009-M 3980.

Land and Environmental Court of Svea (2015). Dom 2015-12-04, M 11838 -14.

Liljegren, E. (2019). Regeringsuppdrag om Trafikverkets

klimatanpassningsarbete. Technical report.

Lithèn, J. and Wadsten, m. (2016). Underlagsdokument till PM Hydrogeologi,

ansökan om tillstånd till vattenverksamhet. Technical report, Swedish

Transport Administration, Gothenburg.

Masson-Delmotte, V., P.Zhai, Pörtner, H. O., Roberts, D., Skea, J., Shukla, P.,

Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R., Connors, S., Matthews,

J. B. R., Chen, Y., Zhou, X., Gomis, M. I., Lonnoy, E., Maycock, T., Tignor, M.,

Waterfield, T., Hoegh-Guldberg, O., Jacob, D., Taylor, M., Bindi, M., Brown,

S., Camilloni, I., Diedhiou, A., Djalante, R., Ebi, K., Engelbrecht, F., Guiot, J.,

Hijioka, Y., Mehrotra, S., Payne, A., Seneviratne, S. I., Thomas, A., Warren,

R., and Zhou, G. (2018a). Impacts of 1.5ºC global warming on natural and

human systems supplementary material. In: Global warming of 1.5°C. An IPCC

Special Report on the impacts of global warming of 1.5°C above pre-industrial

levels and related global greenhouse gas emission pathways, in the context of

73



strengthening the global response to the threat of climate change, sustainable

development, and efforts to eradicate poverty. Technical report, IPCC, Geneva.

Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P. R.,

Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R., Connors, S., Matthews,

J. B. R., Chen, Y., Zhou, X., Gomis, M. I., Lonnoy, E., Maycock, T., Tignor, M.,

andWaterfield, T. (2018b). IPCC, 2018: Summary for Policymakers. In: Global

warming of 1.5°C. An IPCC Special Report on the impacts of global warming of

1.5°C above pre-industrial levels and related global greenhouse gas emission

pathways, in the context of strengthening the global. Technical report, IPCC,

Geneva.

Naturvårdsverket (2008). Vattenverksamheter Handbok för tillämpningen av

11 kapitlet miljöbalken.

O’Leary, Z. (2017). The essential guide to doing your research project. 3rd

edition.. edition.

Olofsson, B. (1991). Impact on groundwater conditions by tunnelling in hard

crystalline rocks. Trita-KUT 1063. Royal Institute of technology, Stockholm.

Olofsson, B. & Palmgren, S. (1994). Djupinfiltration för grundvattennivåkontroll.

Technical report, KTH.

Ouessar, M., Gabriels, D., Tsunekawa, A., Evett, S., and Change, C. (2017). Study

ofManagedAquifer Recharge andClimate Change, Using aNumericalModel:

The Figuig Aquifer (EasternHigh Atlas, Morocco) inWater and Land Security

in Drylands.

Sandberg, J. (2017). Water scarcity in coastal areas of sweden: Assessment of

water availability and reservoir sensitivity in vindö, värmdömunicipality, based

on climate change scenarios. Technical report, Trafikverket.

Scanlon, B., Leblanc, M., Taylor, R. G., Gurdak, J. J., Bierkens, M. F. P.,

MacDonald, A., Konikow, L., Fan, Y., Edmunds, M., Shamsudduha, M., Chen,

J., Treidel, H., van Beek, R., Yeh, P. J.-F., Taniguchi, M., Famiglietti, J. S.,

Yechieli, Y., Allen, D. M., Hiscock, K., Holman, I., Longuevergne, L., Maxwell,

74



R. M., Wada, Y., Döll, P., Green, T. R., and Rodell, M. (2012). Ground water

and climate change. Nature Climate Change, 3(4):322–329.

SLU (2019). Digital maps and geodata.

Solano Rojas, D. E., Wdowinski, S., Cabral-Cano, E., and Osmanoglu, B.

(2017). Differential subsidence in Mexico City and implications to its Collective

Transport System (Metro). AGU Fall Meeting Abstracts.

Spross, J. and Larsson, S. (2014). On the observational method for groundwater

control in the Northern Link tunnel project, Stockholm, Sweden. Bulletin of

Engineering Geology and the Environment, 73(2):401–408.

STA (2013). Järnvägsutredning inklusive miljökonsekvensbeskrivning Sundsvall

- Härnösand. Technical report.

STA (2019). About the Swedish Transport Administration.

STA, T. (2011). TRVK Tunnel 11. Technical report.

Stockholm Vatten & Avfall (2019). Vatten- och avloppstaxa 2019.

Stockholms Stad (2016). Nya Slussen. Technical report, Stockholms Stad.

Sundkvist, U., Strandanger, A., and Berzell, A. (2007). Tillståndsansökan för

vattenverksamhet spårtunnel Tomteboda - Riddarholmen. Technical report,

Swedish Transport Administration, Stockholm.

Sundkvist, U. and Wallroth, T. (2016). Ansökan om tillstånd enligt miljöbalken

för anläggandet av Västlänken och Olskroken planskildhet Göteborgs Stad,

Mölndals stad, Västra Götalands län. Technical report, Swedish Transport

Administration, Gothenburg.

Swedish Meteorological and Hydrological Institute (2017). Klimatet förändras

och det påverkar dig. Ett kunskapsunderlag för att arbeta med ”Lärande för

hållbar utveckling”. Technical report.

Swedish Meteorological and Hydrological Institute (2019a). Framtidas klimat -

Klimatscenarier.

75



Swedish Meteorological and Hydrological Institute (2019b). Normal uppmätt

årsnederbörd, medelvärde 1961-1990 (Average precipitation for Sweden

between 1961-1990).

Swedish Transport Administration (2019). The West Link Project (Västlänken).

Trafikverket (2015). Sveriges största satsningar på infrastruktur 2015. Technical

report, Trafikverket.

Trafikverket (2019). E4 Förbifart Stockholm. Last accessed 14 May 2019.

Treidel, H., Aureli, A., Taniguchi, M., Kooi, H., Green, T. R., Gurdak, J. J., Allen,

D.M., andHiscock, K.M. (2011). Beneath the surface of global change: Impacts

of climate change on groundwater. Journal of Hydrology, 405(3-4):532–560.

USGS (2019). MODFLOW and Related Programs. Accessed: 2019-03-29.

Vattenfall (2019). Prishistorik över Rörligt elpris - Price history of a varying

electrical price.

Vikberg, Emil and Thunholm, Bo and Thorsbrink, Magdalena and Dahné,

Joel (2015). Grundvattennivåer i ett förändrat klimat-nya klimatscenarier.

Technical report.

Yoo, C. (2005). Interaction between Tunneling and Groundwater—Numerical

InvestigationUsingThreeDimensional Stress–Pore PressureCoupledAnalysis.

Journal of Geotechnical andGeoenvironmental Engineering, 131(2):240–250.

76



Appendices

77



Appendix - Contents

A First Appendix 79
A.1 Interviews . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

B Second Appendix 81
B.1 Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

C Third Appendix 88

78



A First Appendix

A.1 Interviews

The interviews where conducted throughout the project period with various

professionals related to AGWI in connection to, but not exclusively, operation of

large projects and future climate.

A.1.1 List of interviewees below

Anna Roxell STA

Eva Liljegren STA

Anders Strandanger STA

Klas Hansson STA

Ola Forsberg STA

Karl Persson Bergab

Ludvig Almqvist Bergab

Annika Nilsson Bergab

Emil Vikberg SGU

Mesgena Gebrezghi ÅF Pöyry AB
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B Second Appendix

B.1 Figures

Figure B.1: Figure showing an extracted legend for the hydrogeological maps for
the City Line project, extracted from the hydrogeology report (Sundkvist et al.,
2007) 57
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Figure B.2: Figure showing the orientation of the dominating fractures
intersecting the City Line alignment and the rock levels ranging from red to dark
blue, see B.1, extracted from the hydrogeology report (Sundkvist et al., 2007) p.
98
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Figure B.3: Figure showing a Geohydrological map of the Stockholm ridge. The
map shows soil types, extent of groundwater reservoirs in lower water bearing
layers and interpolated groundwater level, see legend B.1, extracted from the
hydrogeology report (Sundkvist et al., 2007) p. 91
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Figure B.4: Figure showing the orientation of the dominating fracture zones in the
area aroundKungensKurva junction in the south extracted from the hydrogeology
report (Berzell, 2011) p. 38
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Figure B.5: Figure showing the orientation of the dominating fracture zones in
the area around Kungshatt and Lovö Islands in the middle extracted from the
hydrogeology report (Berzell, 2011) p. 66
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Figure B.6: Figure showing the orientation of the dominating fracture zones in the
area around Vinsta junction in the north extracted from the hydrogeology report
(Berzell, 2011) p. 101
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Figure B.7: Figure showing the orientation of the dominating fracture zones in the
area aroundHjulsta-Akalla junction in the south extracted from the hydrogeology
report (Berzell, 2011) p. 143
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Figure B.8: Figure showing the orientation of the dominating fracture zones in the
area aroundKungensKurva junction in the south extracted from the hydrogeology
rock report (Lithèn and Wadsten, 2016) p. 9

C Third Appendix

This section includes figures related to the climate change forecast and cost

analysis
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Winter Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall
Geographical
North (Norrland)Absolute Increased Increased Increased Increased

Fluctuations Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased
Central (mellersta, Österbro, Karlskrona, Karlstad, Västerås, Mariestad)Absolute Increased Increased

Fluctuations ΔDecreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased No change No change No change No change No change No change No change No change
West (Uddevalla, Trollhättan, Göteborg)Absolute No change Decreased Decreased No change No change Decreased No change No change Decreased

Fluctuations ΔNo change No change No change No change Increased Increased Increased Increased
East (Uppsala, Stockholm, Norr-LinköpingAbsolute Decreased Decreased Decreased Decreased Decreased Decreased

Fluctuations ΔN/A N/A N/A N/A N/A N/A N/A N/A No change No change No change No change No change No change No change No change
S-W (varberg,Halmstad, Helsingborg )Absolute No change No change No change No change No change No change No change No change

Fluctuations ΔNo change No change No change No change Increased Increased Increased Increased No change No change No change No change No change No change No change No change
S-E (Kalmar, Öland, Gotland)Absolute Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased

Fluctuations ΔDecreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased No change No change No change No change No change No change No change No change
S (Växjö, Kristianstad, Karlskrona, Malmö, Ystad)Absolute No change No change No change No change No change No change No change No change

Fluctuations ΔNo change No change No change No change Increased Increased Increased Increased
RCP 8.5

2021-2060 2069-2098 2021-2060 2069-2098
Winter Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall

Geographical
North (Norrland)Absolute Increased Increased Increased Increased Increased Increased Increased Increased Increased Increased Decreased Increased Increased Increased Decreased Increased

Fluctuations Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased
Central (mellersta, Österbro, Karlskrona, Karlstad, Västerås, Mariestad)Absolute Increased Increased

Fluctuations ΔDecreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased No change No change No change No change Increased Increased Increased Increased
West (Uddevalla, Trollhättan, Göteborg)Absolute No change No change Decreased No change No change Decreased No change No change Decreased No change No change Decreased

Fluctuations ΔNo change No change No change No change Increased Increased Increased Increased Decreased Decreased Decreased Decreased No change No change No change No change
East (Uppsala, Stockholm, Norr-LinköpingAbsolute N/A N/A N/A N/A N/A N/A N/A N/A No change Decreased

Fluctuations ΔN/A N/A N/A N/A N/A N/A N/A N/A No change No change No change No change Decreased Decreased Decreased Decreased
S-W (varberg,Halmstad, Helsingborg )Absolute Increased No change Increased Decreased Increased No change Increased Decreased

Fluctuations ΔNo change No change No change No change Increased Increased Increased Increased Increased Increased Increased Increased Increased Increased
S-E (Kalmar, Öland, Gotland)Absolute Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Increased Decreased Decreased Decreased Increased Decreased Decreased Decreased

Fluctuations ΔDecreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased
S (Växjö, Kristianstad, Karlskrona, Malmö, Ystad)Absolute Decreased Decreased Decreased Decreased Decreased Decreased Decreased Decreased No change Decreased Decreased Decreased No change Decreased Decreased Decreased

Fluctuations ΔIncreased Increased Increased Increased Increased Increased Increased Increased

Slow reacting reservoirs Rapid reacting reservoirs

Increased
Decreased
No change

RCP 4.5
Slow reacting reservoirs Rapid reacting reservoirs

2021-2060 2069-2098 2021-2060 2069-2098

Figure C.1: Table showing an over view of the predictions by SGU in the 2015
report ”Grundvattennivåer i ett förändrat klimat – nya klimatscenarier” and its
geographical distribution and variation in Sweden

Figure C.2: Table showing the assumed costs of the municipal tap water
alternative
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Figure C.3: Table showing the assumed costs of the re-injection alternative

Figure C.4: Table showing the estimated leakage into the tunnel divided into 4
stretches (”Sträcka”) called ”sektion” with different rates with/ without injection
(”Utan/med infiltration” respectively) and construction phase or operations phase
(”Byggskede” or ”Driftskede” respectively)
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Year Cost Variable price Cost
Fixed Variale

31+060 - 31+900 33+500 - 34+500 31+060 - 31+900 33+500 - 34+500
2017 182 468 kr 629 336 kr 7,4 213 919 kr 1 069 596 kr
2018 186 117 kr 641 923 kr 7,548 218 198 kr 1 090 988 kr
2019 189 840 kr 654 761 kr 7,69896 222 562 kr 1 112 808 kr
2020 193 637 kr 667 856 kr 7,8529392 227 013 kr 1 135 064 kr
2021 197 509 kr 681 214 kr 8,009997984 231 553 kr 1 157 765 kr
2022 201 459 kr 694 838 kr 8,170197944 236 184 kr 1 180 920 kr
2023 205 489 kr 708 735 kr 8,333601903 240 908 kr 1 204 539 kr
2024 209 598 kr 722 909 kr 8,500273941 245 726 kr 1 228 630 kr
2025 213 790 kr 737 367 kr 8,670279419 250 640 kr 1 253 202 kr
2026 218 066 kr 752 115 kr 8,843685008 255 653 kr 1 278 266 kr
2027 222 427 kr 767 157 kr 9,020558708 260 766 kr 1 303 832 kr
2028 226 876 kr 782 500 kr 9,200969882 265 982 kr 1 329 908 kr
2029 231 414 kr 798 150 kr 9,38498928 271 301 kr 1 356 506 kr
2030 236 042 kr 814 113 kr 9,572689065 276 727 kr 1 383 636 kr
2031 240 763 kr 830 395 kr 9,764142847 282 262 kr 1 411 309 kr
2032 245 578 kr 847 003 kr 9,959425704 287 907 kr 1 439 535 kr
2033 250 489 kr 863 943 kr 10,15861422 293 665 kr 1 468 326 kr
2034 255 499 kr 881 222 kr 10,3617865 299 539 kr 1 497 693 kr
2035 260 609 kr 898 847 kr 10,56902223 305 529 kr 1 527 646 kr
2036 265 821 kr 916 824 kr 10,78040268 311 640 kr 1 558 199 kr
2037 271 138 kr 935 160 kr 10,99601073 317 873 kr 1 589 363 kr
2038 276 561 kr 953 863 kr 11,21593094 324 230 kr 1 621 151 kr
2039 282 092 kr 972 941 kr 11,44024956 330 715 kr 1 653 574 kr
2040 287 734 kr 992 399 kr 11,66905456 337 329 kr 1 686 645 kr
2041 293 488 kr 1 012 247 kr 11,90243565 344 076 kr 1 720 378 kr
2042 299 358 kr 1 032 492 kr 12,14048436 350 957 kr 1 754 786 kr
2043 305 345 kr 1 053 142 kr 12,38329405 357 976 kr 1 789 881 kr
2044 311 452 kr 1 074 205 kr 12,63095993 365 136 kr 1 825 679 kr
2045 317 681 kr 1 095 689 kr 12,88357913 372 439 kr 1 862 193 kr
2046 324 035 kr 1 117 603 kr 13,14125071 379 887 kr 1 899 436 kr
2047 330 516 kr 1 139 955 kr 13,40407572 387 485 kr 1 937 425 kr
2048 337 126 kr 1 162 754 kr 13,67215724 395 235 kr 1 976 174 kr
2049 343 868 kr 1 186 009 kr 13,94560038 403 139 kr 2 015 697 kr
2050 350 746 kr 1 209 729 kr 14,22451239 411 202 kr 2 056 011 kr
2051 357 761 kr 1 233 924 kr 14,50900264 419 426 kr 2 097 131 kr
2052 364 916 kr 1 258 602 kr 14,79918269 427 815 kr 2 139 074 kr
2053 372 214 kr 1 283 775 kr 15,09516634 436 371 kr 2 181 855 kr
2054 379 658 kr 1 309 450 kr 15,39706967 445 098 kr 2 225 492 kr
2055 387 252 kr 1 335 639 kr 15,70501106 454 000 kr 2 270 002 kr
2056 394 997 kr 1 362 352 kr 16,01911129 463 080 kr 2 315 402 kr
2057 402 897 kr 1 389 599 kr 16,33949351 472 342 kr 2 361 710 kr
2058 410 955 kr 1 417 391 kr 16,66628338 481 789 kr 2 408 945 kr
2059 419 174 kr 1 445 739 kr 16,99960905 491 425 kr 2 457 123 kr
2060 427 557 kr 1 474 653 kr 17,33960123 501 253 kr 2 506 266 kr
2061 436 108 kr 1 504 146 kr 17,68639325 511 278 kr 2 556 391 kr
2062 444 830 kr 1 534 229 kr 18,04012112 521 504 kr 2 607 519 kr
2063 453 727 kr 1 564 914 kr 18,40092354 531 934 kr 2 659 669 kr
2064 462 802 kr 1 596 212 kr 18,76894201 542 573 kr 2 712 863 kr
2065 472 058 kr 1 628 137 kr 19,14432085 553 424 kr 2 767 120 kr
2066 481 499 kr 1 660 699 kr 19,52720727 564 493 kr 2 822 463 kr
2067 491 129 kr 1 693 913 kr 19,91775142 575 782 kr 2 878 912 kr
2068 500 951 kr 1 727 792 kr 20,31610644 587 298 kr 2 936 490 kr
2069 510 970 kr 1 762 347 kr 20,72242857 599 044 kr 2 995 220 kr
2070 521 190 kr 1 797 594 kr 21,13687714 611 025 kr 3 055 124 kr
2071 531 613 kr 1 833 546 kr 21,55961469 623 245 kr 3 116 227 kr
2072 542 246 kr 1 870 217 kr 21,99080698 635 710 kr 3 178 551 kr
2073 553 091 kr 1 907 621 kr 22,43062312 648 424 kr 3 242 122 kr
2074 564 152 kr 1 945 774 kr 22,87923558 661 393 kr 3 306 965 kr
2075 575 436 kr 1 984 689 kr 23,33682029 674 621 kr 3 373 104 kr
2076 586 944 kr 2 024 383 kr 23,8035567 688 113 kr 3 440 566 kr
2077 598 683 kr 2 064 871 kr 24,27962783 701 875 kr 3 509 377 kr
2078 610 657 kr 2 106 168 kr 24,76522039 715 913 kr 3 579 565 kr
2079 622 870 kr 2 148 292 kr 25,2605248 730 231 kr 3 651 156 kr
2080 635 327 kr 2 191 257 kr 25,76573529 744 836 kr 3 724 179 kr
2081 648 034 kr 2 235 083 kr 26,28105 759 733 kr 3 798 663 kr
2082 660 995 kr 2 279 784 kr 26,806671 774 927 kr 3 874 636 kr
2083 674 214 kr 2 325 380 kr 27,34280442 790 426 kr 3 952 129 kr
2084 687 699 kr 2 371 887 kr 27,88966051 806 234 kr 4 031 172 kr
2085 701 453 kr 2 419 325 kr 28,44745372 822 359 kr 4 111 795 kr
2086 715 482 kr 2 467 712 kr 29,01640279 838 806 kr 4 194 031 kr
2087 729 791 kr 2 517 066 kr 29,59673085 855 582 kr 4 277 911 kr
2088 744 387 kr 2 567 407 kr 30,18866547 872 694 kr 4 363 470 kr
2089 759 275 kr 2 618 755 kr 30,79243878 890 148 kr 4 450 739 kr
2090 774 460 kr 2 671 131 kr 31,40828755 907 951 kr 4 539 754 kr
2091 789 950 kr 2 724 553 kr 32,0364533 926 110 kr 4 630 549 kr
2092 805 749 kr 2 779 044 kr 32,67718237 944 632 kr 4 723 160 kr
2093 821 864 kr 2 834 625 kr 33,33072602 963 525 kr 4 817 623 kr
2094 838 301 kr 2 891 318 kr 33,99734054 982 795 kr 4 913 976 kr
2095 855 067 kr 2 949 144 kr 34,67728735 1 002 451 kr 5 012 255 kr
2096 872 168 kr 3 008 127 kr 35,37083309 1 022 500 kr 5 112 500 kr
2097 889 612 kr 3 068 289 kr 36,07824976 1 042 950 kr 5 214 750 kr
2098 907 404 kr 3 129 655 kr 36,79981475 1 063 809 kr 5 319 045 kr
2099 925 552 kr 3 192 248 kr 37,53581105 1 085 085 kr 5 425 426 kr
2100 944 063 kr 3 256 093 kr 38,28652727 1 106 787 kr 5 533 935 kr
2101 962 944 kr 3 321 215 kr 39,05225781 1 128 923 kr 5 644 613 kr
2102 982 203 kr 3 387 639 kr 39,83330297 1 151 501 kr 5 757 506 kr
2103 1 001 847 kr 3 455 392 kr 40,62996903 1 174 531 kr 5 872 656 kr
2104 1 021 884 kr 3 524 500 kr 41,44256841 1 198 022 kr 5 990 109 kr
2105 1 042 322 kr 3 594 990 kr 42,27141978 1 221 982 kr 6 109 911 kr
2106 1 063 168 kr 3 666 890 kr 43,11684817 1 246 422 kr 6 232 109 kr
2107 1 084 432 kr 3 740 228 kr 43,97918513 1 271 350 kr 6 356 751 kr
2108 1 106 120 kr 3 815 032 kr 44,85876884 1 296 777 kr 6 483 886 kr
2109 1 128 243 kr 3 891 333 kr 45,75594421 1 322 713 kr 6 613 564 kr
2110 1 150 808 kr 3 969 159 kr 46,6710631 1 349 167 kr 6 745 835 kr
2111 1 173 824 kr 4 048 543 kr 47,60448436 1 376 150 kr 6 880 752 kr
2112 1 197 300 kr 4 129 514 kr 48,55657405 1 403 673 kr 7 018 367 kr
2113 1 221 246 kr 4 212 104 kr 49,52770553 1 431 747 kr 7 158 735 kr
2114 1 245 671 kr 4 296 346 kr 50,51825964 1 460 382 kr 7 301 909 kr
2115 1 270 584 kr 4 382 273 kr 51,52862483 1 489 589 kr 7 447 947 kr
2116 1 295 996 kr 4 469 918 kr 52,55919733 1 519 381 kr 7 596 906 kr
2117 1 321 916 kr 4 559 317 kr 53,61038128 1 549 769 kr 7 748 845 kr
2118 1 348 354 kr 4 650 503 kr 54,6825889 1 580 764 kr 7 903 821 kr
2119 1 375 321 kr 4 743 513 kr 55,77624068 1 612 380 kr 8 061 898 kr
2120 1 402 828 kr 4 838 383 kr 56,89176549 1 644 627 kr 8 223 136 kr
2121 1 430 884 kr 4 935 151 kr 58,0296008 1 677 520 kr 8 387 598 kr
2122 1 459 502 kr 5 033 854 kr 59,19019282 1 711 070 kr 8 555 350 kr
2123 1 488 692 kr 5 134 531 kr 60,37399667 1 745 291 kr 8 726 457 kr
2124 1 518 466 kr 5 237 222 kr 61,58147661 1 780 197 kr 8 900 987 kr
2125 1 548 835 kr 5 341 966 kr 62,81310614 1 815 801 kr 9 079 006 kr
2126 1 579 812 kr 5 448 805 kr 64,06936826 1 852 117 kr 9 260 586 kr
2127 1 611 408 kr 5 557 782 kr 65,35075563 1 889 160 kr 9 445 798 kr
2128 1 643 637 kr 5 668 937 kr 66,65777074 1 926 943 kr 9 634 714 kr
2129 1 676 509 kr 5 782 316 kr 67,99092616 1 965 482 kr 9 827 408 kr
2130 1 710 039 kr 5 897 962 kr 69,35074468 2 004 791 kr 10 023 957 kr
2131 1 744 240 kr 6 015 921 kr 70,73775957 2 044 887 kr 10 224 436 kr
2132 1 779 125 kr 6 136 240 kr 72,15251476 2 085 785 kr 10 428 924 kr
2133 1 814 708 kr 6 258 965 kr 73,59556506 2 127 501 kr 10 637 503 kr
2134 1 851 002 kr 6 384 144 kr 75,06747636 2 170 051 kr 10 850 253 kr
2135 1 888 022 kr 6 511 827 kr 76,56882589 2 213 452 kr 11 067 258 kr
2136 1 925 782 kr 6 642 063 kr 78,1002024 2 257 721 kr 11 288 603 kr

89 091 488 kr 307 278 432 kr 104 447 793 kr 522 238 966 kr
∑ 396 369 920,59 kr    626 686 759,24 kr                  

Figure C.5: Table showing the price development for the municipal tap water
alternative, 120 year ahead with a inflation of 2 percent
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Cost of pipe construction
Year Maintenance Electricity Year Maintenance Electricity

2017 kr 1 000 000 kr 202 356 2077 kr 3 281 031 kr 663 936
2018 kr 1 020 000 kr 206 403 2078 kr 3 346 651 kr 677 215
2019 kr 1 040 400 kr 210 531 2079 kr 3 413 584 kr 690 759
2020 kr 1 061 208 kr 214 742 2080 kr 3 481 856 kr 704 574
2021 kr 1 082 432 kr 219 037 2081 kr 3 551 493 kr 718 666
2022 kr 1 104 081 kr 223 417 2082 kr 3 622 523 kr 733 039
2023 kr 1 126 162 kr 227 886 2083 kr 3 694 974 kr 747 700
2024 kr 1 148 686 kr 232 443 2084 kr 3 768 873 kr 762 654
2025 kr 1 171 659 kr 237 092 2085 kr 3 844 251 kr 777 907
2026 kr 1 195 093 kr 241 834 2086 kr 3 921 136 kr 793 465
2027 kr 1 218 994 kr 246 671 2087 kr 3 999 558 kr 809 335
2028 kr 1 243 374 kr 251 604 2088 kr 4 079 549 kr 825 521
2029 kr 1 268 242 kr 256 636 2089 kr 4 161 140 kr 842 032
2030 kr 1 293 607 kr 261 769 2090 kr 4 244 363 kr 858 872
2031 kr 1 319 479 kr 267 004 2091 kr 4 329 250 kr 876 050
2032 kr 1 345 868 kr 272 345 2092 kr 4 415 835 kr 893 571
2033 kr 1 372 786 kr 277 791 2093 kr 4 504 152 kr 911 442
2034 kr 1 400 241 kr 283 347 2094 kr 4 594 235 kr 929 671
2035 kr 1 428 246 kr 289 014 2095 kr 4 686 120 kr 948 264
2036 kr 1 456 811 kr 294 794 2096 kr 4 779 842 kr 967 230
2037 kr 1 485 947 kr 300 690 2097 kr 4 875 439 kr 986 574
2038 kr 1 515 666 kr 306 704 2098 kr 4 972 948 kr 1 006 306
2039 kr 1 545 980 kr 312 838 2099 kr 5 072 407 kr 1 026 432
2040 kr 1 576 899 kr 319 095 2100 kr 5 173 855 kr 1 046 961
2041 kr 1 608 437 kr 325 477 2101 kr 5 277 332 kr 1 067 900
2042 kr 1 640 606 kr 331 986 2102 kr 5 382 879 kr 1 089 258
2043 kr 1 673 418 kr 338 626 2103 kr 5 490 536 kr 1 111 043
2044 kr 1 706 886 kr 345 399 2104 kr 5 600 347 kr 1 133 264
2045 kr 1 741 024 kr 352 307 2105 kr 5 712 354 kr 1 155 929
2046 kr 1 775 845 kr 359 353 2106 kr 5 826 601 kr 1 179 048
2047 kr 1 811 362 kr 366 540 2107 kr 5 943 133 kr 1 202 629
2048 kr 1 847 589 kr 373 871 2108 kr 6 061 996 kr 1 226 681
2049 kr 1 884 541 kr 381 348 2109 kr 6 183 236 kr 1 251 215
2050 kr 1 922 231 kr 388 975 2110 kr 6 306 900 kr 1 276 239
2051 kr 1 960 676 kr 396 755 2111 kr 6 433 038 kr 1 301 764
2052 kr 1 999 890 kr 404 690 2112 kr 6 561 699 kr 1 327 799
2053 kr 2 039 887 kr 412 783 2113 kr 6 692 933 kr 1 354 355
2054 kr 2 080 685 kr 421 039 2114 kr 6 826 792 kr 1 381 442
2055 kr 2 122 299 kr 429 460 2115 kr 6 963 328 kr 1 409 071
2056 kr 2 164 745 kr 438 049 2116 kr 7 102 594 kr 1 437 253
2057 kr 2 208 040 kr 446 810 2117 kr 7 244 646 kr 1 465 998
2058 kr 2 252 200 kr 455 746 2118 kr 7 389 539 kr 1 495 318
2059 kr 2 297 244 kr 464 861 2119 kr 7 537 330 kr 1 525 224
2060 kr 2 343 189 kr 474 158 2120 kr 7 688 076 kr 1 555 728
2061 kr 2 390 053 kr 483 642 2121 kr 7 841 838 kr 1 586 843
2062 kr 2 437 854 kr 493 314 2122 kr 7 998 675 kr 1 618 580
2063 kr 2 486 611 kr 503 181 2123 kr 8 158 648 kr 1 650 951
2064 kr 2 536 344 kr 513 244 2124 kr 8 321 821 kr 1 683 970
2065 kr 2 587 070 kr 523 509 2125 kr 8 488 258 kr 1 717 650
2066 kr 2 638 812 kr 533 979 2126 kr 8 658 023 kr 1 752 003
2067 kr 2 691 588 kr 544 659 2127 kr 8 831 183 kr 1 787 043
2068 kr 2 745 420 kr 555 552 2128 kr 9 007 807 kr 1 822 784
2069 kr 2 800 328 kr 566 663 2129 kr 9 187 963 kr 1 859 239
2070 kr 2 856 335 kr 577 996 2130 kr 9 371 722 kr 1 896 424
2071 kr 2 913 461 kr 589 556 2131 kr 9 559 157 kr 1 934 353
2072 kr 2 971 731 kr 601 348 2132 kr 9 750 340 kr 1 973 040
2073 kr 3 031 165 kr 613 374 2133 kr 9 945 347 kr 2 012 501
2074 kr 3 091 789 kr 625 642 2134 kr 10 144 254 kr 2 052 751
2075 kr 3 153 624 kr 638 155 2135 kr 10 347 139 kr 2 093 806
2076 kr 3 216 697 kr 650 918 2136 kr 10 554 081 kr 2 135 682

∑ kr 488 258 152 kr 98 801 967

Figure C.6: Table showing the price development for the re-injection of water
alternative, 120 year ahead with a inflation of 2 percent
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